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Where and What Are the British Overseas Territories?

The UK’s 14 Overseas Territories are highly diverse. They include the world’s most remote
community (Tristan da Cunha) and one of the richest (Bermuda). They include vast areas of
ocean and, in the case of Antarctica, land six times the size of the UK. A UK Government
White Paper published in June 2012 gives much useful background on all the Overseas
Territories:  http://www.fco.gov.uk/resources/en/pdf/publications/overseas-territories-white-
paper-0612/ot-wp-0612.

Figure 1 shows the map of the UK Overseas Territories with coral reefs, which are covered
in this volume, together with their 200 nautical mile boundaries; this map includes Ascension
which has appreciable corals but which does not have coral reefs. Figure 1.1 of Chap. 1 shows
the locations of all UK Overseas Territories. Each Overseas Territory has its own relationship
with the UK and constitutional relationships continue to evolve. The UK, the Overseas
Territories and the Crown Dependencies (the Channels Islands and the Isle of Man) form one
undivided Realm. Each Territory has its own constitution, its own government and its own
local laws. The constitutions set out the powers and responsibilities of the institutions of gov-
ernment, which for most Territories include a Governor or Commissioner, and elected legisla-
ture and ministers. Governors and Commissioners are appointed by the Queen on the advice of
ministers in the UK, and in general have responsibility for external affairs, defence, internal
security and the appointment, discipline and removal of public officers.

Bermuda is the most populous OT with a population of 66,000, and some OTs, such as
British Indian Ocean Territory and British Antarctic Territory, have no permanent populations
but do have scientific or military facilities. Territories with resident populations have an office
in London.

The Foreign and Commonwealth Office in London is primarily responsible for the Territories,
but most government departments also have responsibilities, particularly the Department for
Environment, Food and Rural Affairs which assists them in meeting the requirements of various
conventions, such as the Convention on International Trade in Endangered Species, Convention
on Biological Diversity and Convention on Migratory Species. The Department for International
Development has been key for several environmental projects, as has the Department of Energy
and Climate Change.

Coral Reefs in the Territories

Eight UK Territories have coral reefs, indeed some are made entirely or mostly from them, and
these collectively comprise a significant part of the world’s total area of this very highly diverse
and productive marine habitat. The marine environment of a few more such as Gibraltar,
Ascension and the Cyprus military bases have corals, sometimes in modest profusion, but the
corals do not form reefs. The largest reef systems in the Territories include the Pitcairn group in
the Pacific, which has four atolls or islands with reefs, and British Indian Ocean Territory which
contains five atolls with islands and numerous submerged atolls and banks. Five Territories
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are in the greater Caribbean region. These have abundant reefs and many islands which are
entirely coralline, while Bermuda further north in the Atlantic is an atoll and the most northerly
reef system in the Atlantic Ocean. All Territories with reefs have at least one chapter in this
volume, as does Ascension which has corals but no reefs.

Environment and Conservation

In the case of multilateral agreements and conservation and wildlife treaties, the UK is respon-
sible for international agreements, though it is the Territory itself that is responsible for imple-
menting them. That the UK is party to a particular conservation agreement does not necessarily
mean that it applies to a particular UK Territory, and a territory may not be a signatory to one
or other if political, military or logistical concerns are deemed to make that course impossible
or impractical. In 2001, Territories signed individual Environment Charters, which are impor-
tant documents encompassing (mostly very briefly) intentions and responsibilities regarding
environmental governance and processes. These are sometimes only aspirational where there
is no method of measuring success and limited mechanisms for implementing their terms, and
some aspects of the Charters have been taken more seriously than others. The UK Overseas
Territories Conservation Forum is an NGO that embraces all Territories, and has the aims of
raising public awareness about the wealth of biodiversity in the Territories, warning of poten-
tial threats to the environment or to various species, compiling data and facilitating the imple-
mentation of conservation conventions, and also of supporting conservation groups and
facilitating funding and conservation project management (http://www.ukotcf.org/index.cfm).
Most Territories also have their own local NGOs which are engaged, sometimes very actively,
in conservation issues, along with or beside government departments. However, government
departments in several Territories may be very small and under-resourced, and may be more
concerned with, e.g. fisheries than with conservation, or may, indeed, cover both of those com-
monly conflicting subject areas.

For those tropical Territories that have coral reefs, the amount of scientific or ecological
information that is known varies hugely. Bermuda has had a research station, museum and
other facilities for many decades, and more is known about its marine environment and habi-
tats than any other. Partly this is due also to its location, where it provided a convenient site for
researchers from the UK and the USA, so that much early ecological and descriptive work, and
taxonomy, was carried out there. The British Indian Ocean Territory has the largest area of
reefs of all of them and has likewise supported a considerable amount of research in recent
years. Many Territories in the Caribbean have supported substantial amounts, though
Montserrat, famous for the destructive eruptions of its volcano which recently caused exten-
sive damage including obliteration of its Capital, has supported very little investigations of its
reefs. Likewise, the several components of Pitcairn in the Pacific have received little study.
However, it has been possible to find enough scientific information about all of them for this
volume.

As is the case around the world, coral reefs of most Territories have been subject to substan-
tial environmental damage from overuse or extraction of resources. Over-fishing, poor agricul-
ture on adjacent land that causes run-off which adds surplus nutrients and blanketing sediments,
input of sewage and marine diseases from effluents, and numerous other forms of pollution
have all degraded many reefs of the world, including those of the British UK Territories. Global
climate changes have added a further “layer” to the stresses felt by reefs: Warming episodes
affected reefs in British Indian Ocean Territories in 1998 and subsequently, and in the Caribbean
in 2005 especially. Reefs serve as breakwaters for the land, and mortality of corals from warm-
ing has reduced the protection afforded by the reefs. Furthermore, sea level is rising, which
brings its own problems to small low islands, and the sea is becoming less alkaline, which
causes other stresses, especially to integral components such as calcareous red algae which are
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critical components of the reef structure. As noted by the FCO (2012) White paper on the
Overseas Territories:

The Intergovernmental Panel on Climate Change has identified the Territories as amongst the ‘most
vulnerable’ and ‘virtually certain to experience the most severe impacts’ of climate change. This will
mean sea level rise; changes in weather patterns, including higher intensity of extreme weather events;
coral bleaching; ocean acidification; and sea temperature changes. Other immediate threats include
land use change; waste management; invasive species; and threats to habitats from unsustainable
development.

The following chapters cover aspects of all those Territories with coral reefs. For some,
there is very limited information available, while three have several chapters. These show the
Territories to be a remarkable set of places, whose territorial waters greatly exceed than that of
the UK and which have a marine diversity far greater than that found around the UK mainland.
Chapter 1 maps the reefs of all of them, and notes that the UK is the twelfth biggest coral reef
nation in the world. Defining coral reefs precisely is problematic and highly dependent on
method, but however a reef is defined (with or without its sandy back-reef area, with or without
the seagrass beds that intermingle with them, with or without the biologically connected fish
nursery grounds in adjacent mangroves) their biological wealth is incalculable. Their value (or
price — not the same at all!) varies according to opinion and method of measurement, and here
one Territory has a chapter devoted to trying to assess the value of their reefs, an exercise
which may have much meaning to economists but which is anathema to many scientists at the
same time! The reefs of the UK Overseas Territories provide huge biodiversity, biological
productivity, cultural value and large tourist revenue, and thus are enormously important to the
Territories themselves.

Preface
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An Appraisal of the Extent

and Geomorphological Diversity
of the Coral Reefs of the United
Kingdom Dependent Territories

S.Hamylton and S. Andréfouét

Introduction

The 14 Dependent Territories governed by the United
Kingdom (UK) Foreign and Commonwealth Office include
in alphabetic order Anguilla, Ascension Island and Tristan
da Cunha, British Antarctic Territory, Bermuda, British
Indian Ocean Territory, British Virgin Islands, Cayman
Islands, Falkland Islands, Gibraltar, Montserrat, Pitcairn
Island, St Helena, South Georgia and South Sandwich
Islands, Sovereign Base Areas on Cyprus and the Turks and
Caicos Islands (Fig. 1.1). UK governance responsibilities for
these territories include the strengthening of democracy,
environmental protection, improvement of public services
and law enforcement (Oldfield and Sheppard 1997)

Seven of these territories incorporate substantial reef sys-
tems, including Anguilla, Bermuda, the British Indian Ocean
Territory (also known as the Chagos Islands), the British
Virgin Islands, the Cayman Islands, the Pitcairn Islands and
the Turks and Caicos Islands. These territories are composed
of small remote islands that support a disproportionately
large area of reefs, lagoons and associated marine biodiver-
sity. The total reef area inside the Dependent Territories
mapped by the Millennium Mapping Project is 4,712 km?,
which makes the UK approximately the twelfth reef nation
of the World.

At the global scale, current estimates of national and
regional reef areas derive from a variety of sources including
marine charts and maps derived from remote sensing satellite
images. They provide estimates that vary widely in accuracy.
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Basic information (reef or non-reef) on the location, extent
and geomorphological nature of reefs systems has been com-
piled in the World Atlas of Coral Reefs published by the
United Nations Environment Programme World Conservation
Monitoring Centre (UNEP-WCMC, Spalding et al. 2001).
This atlas provided a global overview of reef distribution,
however, the level of detail was largely determined by the
variable availability and specification (scale, accuracy, preci-
sion) of marine charts across different reef regions. As a
consequence, the inventory was often inconsistent from
one area to another (Wabnitz et al. 2010). Other areas have
since benefited from specific high resolution mapping
projects that have provided accurate estimates of reef areas,
itemized in different categories that follow a predefined
typology of reef types and habitats (for instance, for Hawaii
see Rohmann et al. 2005).

Starting in 2004, a global inventory of reef geomorpho-
logical diversity and units has produced consistent maps of
reef areas worldwide. The data source is made of Landsat 7
Enhanced Thematic Mapper Plus (ETM+) images, com-
pleted by occasional Landsat 5 and Aster satellite images.
The project, named Millennium Coral Reef Mapping Project
(MCRMP) has produced GIS files for many different parts of
the world, as well as selected electronic atlases produced for
non-GIS users. These regional atlases include Islands of the
Central and Western Indian Ocean (Andréfouét et al. 2009b),
Papua New Guinea (Andréfouét et al. 2006b) and the French
Territories (Andréfouét et al. 2008). Other projects have dis-
tributed degraded (both in spatial and thematic resolutions)
versions of the MCRMP products, for the Caribbean (Burke
et al. 2004) and globally (Burke et al. 2010). The principles
used to design the MCRMP typology, as well as the main
hierarchical structure are described elsewhere (Andréfouét
et al. 2006a; Andréfouét 2011). The typology and products
have proved to be relevant in various contexts: for instance,
we can cite geological appraisals (Andréfouét et al. 2009a),
conservation planning (Green et al. 2009; Dalleau et al.
2010; Allnutt et al. 2012), fisheries and food security
(Bell et al. 2009) and enhancement of the inventories of

C.R.C. Sheppard (ed.), Coral Reefs of the United Kingdom Overseas Territories, Coral Reefs of the World 4, 1
DOI 10.1007/978-94-007-5965-7_1, © Springer Science+Business Media Dordrecht 2013
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Fig. 1.1 Location of the UK Dependent Territories. Asterisk denotes reef territories

specific habitats such a seagrass beds (Wabnitz et al.
2008) or seamounts (Allain et al. 2008). Ongoing applications
include connectivity and vulnerability to climate change
assessments.

This chapter uses MCRMP products to conduct a geo-
morphological appraisal of the reef systems of the UK
Dependent Territories with the following three objectives:

1. To identify where the coral reefs of the Dependent

Territories are,

2. To generate a consistent and accurate measurement of
reef areas, and

3. To delineate the morphological zones associated with
these reef systems.

Methods

From a geomorphic perspective, coral reefs are three-
dimensional structures that have evolved over geological
timescales according to local sea level variations, subsid-
ence, tectonics, hydrodynamic and climate forcing, and
dominant living community types. They range in area
from 1 to 100 km? in extent (Hopley 2011). As a result,
reefs display a myriad of shapes and structures at a scale

that can be resolved by high spatial resolution (1-30 m)

optical spaceborne sensors down to a water depth of about

40 m in very clear waters. Typical depth penetration limit

is around 20-30 m.

The UK Dependent Territories assessment was carried out

using GIS layers generated as part of the Millennium Coral

Reef Mapping Project (MCRCP). High resolution Landsat 7

ETM+ satellite images of coral reefs were interpreted

using segmentation and photo-interpretation techniques

to delineate regions belonging to different morphometric
groups within a globally applicable typology of 800 classes

(Andréfouét et al. 2006a). A reef “typology” refers to the

definition of categories of reef objects according to a series

of characteristics relevant for a given purpose (Andréfouét

2011).

The MCRCP hierarchical typology employs five hierar-
chical levels (Andréfouét et al. 2009a):

e Level 1: discriminates between oceanic and continental
reefs;

e Level 2: discriminates the main reef complexes. Atolls,
banks, uplifted atolls and islands can be either oceanic
or continental. Then, the continental patch reefs,
barrier reefs, fringing reefs and marginal structures
are defined.
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e Level 3: discriminates further details within each of the
Level 2 blocks that are too numerous to cite here, but
include for instance barrier, fringing and patch reefs of
islands (either oceanic or continental), as well as different
categories of these types: outer barrier, coastal barrier,
multiple barrier, faro barrier, etc.; or lagoon exposed
fringing, ocean-exposed fringing, etc.

e Level 4: defines the geomorphological units discernable
on Landsat imagery within each of the previous blocks,
including forereef, reef flat, pass, sedimentary terraces,
enclosed lagoon, reef island, etc.

e Level 5: combines categories for Levels 1-4 to provide
a final typology of 800 classes worldwide, although
any single reef complex is likely to include between 1
and 20 classes at most. A level 5 label is thus the
concatenation of the Levels 1-4. For instance a
“Oceanic”/“Island”/*“Coastal Barrier Reef”/“Reef Flat”
makes a Level 5 description. Each combination is
unique.

This appraisal was primarily conducted at Level 3 of the
typological hierarchy, which provided an optimal simple, yet
detailed level to facilitate comparison between the different
territories.

In addition to the various geomorphologic attributes,
each of the MCRCP polygon shapefiles has an associated
“Reef” attribute that denoted whether the geomorphic unit
supports significant coral communities (with a 1 value
assigned to reefs and 0 assigned to non-reefs). For instance,
the Level 4 classes “forereef”, “reef flat”, “subtidal reef
flat”, “pass”, “pinnacle”, etc. are considered as Reef, whereas
terrace (i.e., sedimentary areas), lagoon, etc. are not con-
sidered part of the coral reef per se. To calculate the overall
reef areas in the present assessment, we considered all
polygons with a Reef attribute of value 1, for which the
geometry calculator was employed to calculate the area,
followed by the summary statistics tool to sum the areas of
all the reef polygons.

Reef extent will clearly depend on the definition used:
the “Reef” definition used here was largely consistent and
compatible with a classical definition of coral reefs. For
instance, it was compatible with the definition that state
that coral reefs are “physical structure which has been built
up and continues to grow over decadal time scales, as a
result of the accumulation of calcium carbonate laid down
by hermatypic corals and other organisms” (Spalding et al.
2001). Other definitions as provided by The Encyclopedia
of Modern Coral Reefs elaborate further on the geomorpho-
logical components of coral reefs, including coral tracts
(large areas of indefinite extent) and massive structures (in
basal area and thickness and wave resistance) (Done 2011).
These definitions were also consistent with the MCRMP
definition.

Results

The reef systems of the Dependent Territories included 19
Level 3 reef classes, covering a total reef area of 4,712 km?
(this figure relates to the areas that were identified as
Reef only, as explained above). These included reef areas
from atolls, barrier, banks, fringing and patch categories
(Table 1.1).

If we compare the MCRCP estimates with Spalding et al.
(2001), it can be seen from Fig. 1.3 that in many cases (5 out
of 7 nations), the UNEP-WCMC study delineated more
extensive reef areas than the MCRMP. The differences are
significant in several instances (reaching 139% in the case of
the British Virgin Islands). Similar discrepancies have been
reported elsewhere (Andréfouét et al. 2006b; Wabnitz et al.
2010), illustrating the inherent variability associated with the
different mapping approaches.

Discussion: Characteristics of Each Territory

For each Territory, we provide the Level 1 and Level 2
MCRMP label, and some information from the literature
combined with the new inventory at Level 3 (Fig. 1.2).

Turks and Caicos (Oceanic/Island)

The limestone islands of the Turks and Caicos Islands group
stretch across the northern extent of the relatively small Turks
Bank and the much larger Caicos Bank (area 3,933 km?).
The margins of these banks slope down to a deeper shelf
structure at a depth of 20-30 m that descends into oceanic
water exceeding 4 km depth (Sullivan et al. 1994). Across
the northern shore of the Caicos Islands is a coastal barrier
reef complex with exposed fringing reefs on the oceanward
aspect. Geologically, the subaerial islands that have devel-
oped in the Turks and Caicos Islands (area 924 km?) consist
of oolithic limestone sediments, with eolianite hills that
have developed on the windward shores reaching up to
75 m above sea-level and karst limestone cliffs (Wanless
and Dravis 1989). Of the overall typology, the Turks and
Caicos Islands consisted of 11 different classes, with the shelf
terrace occupying 60% of the mapped shallow platform.

Anguilla (Oceanic/Island)
Anguilla is a low coralline island (area 192 km?), which has

developed on a volcanic base, as part of the Lesser Antilles
arc, which stretches 800 km across the eastern margin of
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Table 1.1 A morphometric summary of the reef areas of the Dependent Territories (N.B. The right hand side column
quotes % cover of the five most dominant geomorphic classes and therefore does not sum to 100%)

Area mapped/km?
2,537 43

Territory
Anguilla

Bermuda 733 340

British Indian Ocean 2,859

Territory

15,639

British Virgin Islands 4,500 138

Cayman Islands 471 471

Turks and Caicos Islands 6,885 822

Pitcairn Islands 89 39

the Caribbean Sea (Stein et al. 1982). The total area of reef
systems mapped for Anguilla was 2,537 km? comprised of
submerged banks and terraces, a shelf slope and fringing
reefs. The fringing reefs have developed along the north
and south coast of the island together with a number of
offshore cays that support smaller reef platforms. The dom-
inant morphological feature mapped for Anguilla was the
submarine shelf shared with St Martin to the southeast,
which occupied 89% of the area of the reef system. Along
the northern extent of this Bank are exposed linear seg-
ments of fringing reef along the shelf edge. This 17 km-
long reef along the southeast coast is considered to be one

Reef area/km?

#classes  Five dominant level 3 classes
7 Shelf slope (89%)
Main land (8%)
Ocean exposed fringing (2%)
Shelf terrace (1%)
Bank lagoon (0.4%)
7 Island lagoon (34%)
Outer Barrier complex (32%)
Ocean exposed fringing (13%)
Intra-lagoon patch reef complex (11%)
Main land (8%)
10 Drowned atoll (77%)
Atoll lagoon (15%)
Atoll rim (4%)
Drowned Bank (3%)
Bank lagoon (1%)
9 Shelf slope (91%)
Lagoon exposed fringing (3.5%)
Outer barrier reef complex (2.8%)
Intra-lagoon patch reef complex (1%)
Shelf patch reef complex (0.8%)
9 Main Land (56%)
Island lagoon (16%)
Coastal Barrier reef complex (7%)
Ocean exposed fringing (6%)
Shelf terrace (5%)
11 Shelf terrace (60%)
Main land (14%)
Shelf slope (12%)
Shelf structure (8%)
Coastal barrier reef complex (3%)
9 Main land (52%)
Shelf slope (20%)
Bank barrier (10%)
Atoll rim (7%)
Ocean exposed fringing (71%)

of the most important unbroken reefs in the eastern
Caribbean (Putney 1982).

British Virgin Islands (Oceanic/ Island)

The Virgin Islands constitute the eastern extremity of the
Greater Antilles arc and, in administrative terms, the shallow
shelf on which the Virgin Islands sit can be subdivided into the
US Virgin islands in the lower south western portion of the
shelf and the British Virgin Islands on the upper north eastern
portion. There are 40 uplifted volcanic islands, small cays,
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= UNEP
= MCRCP
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Pitcairn Turks and Caicos  Virgin Islands

Islands (British)

Fig. 1.3 Reef areas for each of the Dependent Territories compared between the previous reference (World atlas of coral reefs, Spalding et al.

2001, in blue) and the millennium coral reef Mapping project (red)

reef platforms and rocks in the group, the largest of which is
Tortola (54 km?). These rise from the Puerto Rican shelf,
which sits at 65 m below sea level. The small shelf patch reef
complex has largely developed within a matrix of volcanic
uplift around the larger islands across the central shelf area.
On the eastern windward side an outer barrier reef complex
has developed in association with Anegada, a relatively flat
emergent coral limestone platform (altitude 8 m) (Oldfield
etal. 1999).

Cayman Islands (Oceanic/Island)

The flat, low lying Cayman Islands consist of three islands:
Grand Cayman, Cayman Brac and Little Cayman, which sit
at the western end of the Greater Antilles group. The islands
sit along the Cayman Ridge, which forms the northern mar-
gin of the east—west aligned Oriente Transform Fault (Brunt
and Davies 1994). The Cayman Islands have a collective
land area of 261 km? which supports a series of terraced

fringing and barrier reefs upon which spur and groove for-
mations have developed that display considerable variabil-
ity in structural form in relation to local wave power
dynamics around the islands (Roberts 1974). A total reef
area of 126 km? is supported by these islands in the form of
an outer and coastal barrier reef complex, exposed fringing
reef and shelf terrace.

British Indian Ocean Territory (Oceanic/Island)

The British Indian Ocean Territory lies at the southernmost
extension of the north—south aligned Chagos-Laccadive
Ridge and is composed of a limestone cap several 100 m
thick that has developed over the hotspot that now lies under
Reunion (Sheppard and Wells 1988; Parson and Evans 2005).
The reef systems of the British Indian Ocean Territories are
comprised of 2,859 km? reef area, which fall into ten classes
related to the major morphological units (Andréfouét et al.
2009b). These include five atolls (The Great Chagos Bank
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(the largest atoll structure in the world at 9,210 km?), Diego
Garcia, Egmont, Peros Banhos and Salomon). There is also
an atoll whose islands disappeared and which became awash
in the past 250 years (Blenheim), and many drowned banks
of which Speakers Bank, Pitt Bank, Victory Bank and
Centurion Bank are perhaps the best known. Each of the
atolls has substantial lagoons, ranging in size from 11 to
940 km? with carbonate rims of varying degrees of subaerial
exposure around their perimeter. All atolls and submerged
banks appear to be actively growing reefs (Sheppard and
Wells 1988).

Pitcairn Islands (Oceanic/ Island)

The Pitcairn group is comprised of four widely spaced
atolls and islands in the South Pacific Ocean that fall along
two geological structural lineations associated with
hotspot activity of the clockwise-spreading Pacific plate
(Spencer 1995). These four structures are Pitcairn Island
(a volcanic island), Henderson Island (an uplifted atoll)
and two small atolls, Oeno and Ducie. Collectively the
islands can be classified into nine geomorphic units, dom-
inated by emergent volcanic and reef islands, which rep-
resent 52% of the area mapped. Pitcairn is a volcanic
island that rises 3.5 km from the seafloor with a peak that
stands 347 m above sea level with continuous narrow
fringing reef around it (Benton and Spencer 1995). The
atoll of Henderson Island is a reef-capped volcano that
was uplifted as a result of crustal loading by the adjacent
Pitcairn volcano (Fosberg et al. 1983; Wells and Jenkins
1988), giving rise to several unique biodiversity charac-
teristics for which Henderson has been designated a
UNESCO World Heritage Site. Oeno atoll has a marked
outer reef rim perimeter, with an island of area 0.7 km?
that has developed at the centre of the lagoon. Ducie atoll
(6 km?) is the most easterly atoll of the Indo-Pacific reef
province and the southern most atoll of the world, thought
to be the surface expression of a field of seamounts
(Spencer 1995).

Bermuda (Oceanic/Island)

Bermuda is comprised of 150 isolated coral limestone islands
in the Sargasso Sea, western Atlantic Ocean, that have
formed along the rim of an extinct submarine volcano
approximately 1,000 km east of the North Carolina on the
continental USA coastline. The extinct volcano sits on top of
the Bermuda Platform, a topographic high of the Bermuda
Pedestal, a basement that lies in water depths around 75 m
(Vacher and Rowe 1997). The land area (56 km?) is predomi-
nantly comprised of a network of ten main islands that are

S.Hamylton and S. Andréfouét

joined by causeways. The extinct volcano rim surrounds a
substantial island lagoon (246 km?). The Bermuda reef sys-
tem (total area 677 km?) is formed by the most northerly
coral reefs in the world, which form a large outer barrier reef
structure that encompasses an island lagoon of area
246 km?.

Further Refinements to the Reef Inventory

Figures 1.4 and 1.5 demonstrate the full detail (Level 5) con-
tained in the MCRCP products for the Chagos Islands and
Anguila. The additional level of detail is apparent from the
number of classes represented at this level, which are 24 and
71 for the Chagos islands and Anguila respectively (as
opposed to 10 and 22 at Level 3).

The identification of 4,712 km? of reef within the UK
Dependent Territories was possible using a remote sensing
dataset of the requisite accuracy, resolution, consistency
and completeness for consistently delineating shallow reef
morphological units. Such consistency is important for
regions that span the Atlantic, Indian and Pacific Oceans
yet fall under a common governance framework. All of the
major (Level 2) morphological reef units identified in the
MCRCP global typology including atolls, banks, uplifted
atolls, islands, patch reefs barrier reefs, fringing reefs and
marginal structures are represented in the UK Dependent
Territories.

As satellite remote sensing images have become increas-
ingly available at a resolution commensurate with reef
landform morphological variability (1-100 km?), morpho-
metrics derived from them represent an important source of
information for managing both global environmental
change and anthropogenic influences on reefs. Assessment
of reefs according to morphogenetic phenomena, such as
tectonic activity, sea level rise, sediment and hydrodynam-
ics, provides a fundamental basis on which ecological
dynamics and the impacts of human activities can be super-
imposed and understood. To this end, this geomorphologi-
cal assessment, generated for the first time from consistent
images of the UK Dependent territories, presents a useful
foundation for the incorporation of morphodynamic infor-
mation into marine environmental management decisions
and policies.

While this study draws on the best available data for the
time being, this assessment could be further improved by
combining higher specification remote sensing data and tar-
geted ground referencing field campaigns in a coordinated
manner across the UK Dependent Territories. This additional
effort will allow mapping in greater detail fine geomorpho-
logical structures (e.g., spur and grooves, different types of
reef flats) as well as biological assemblages and benthic
cover.
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Fig. 1.4 The Chagos Islands (or British Indian Ocean Territory), illustrating the detail included at Level 5 in the MCRCP geomorphological map
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Fig. 1.5 Anguila, illustrating the detail included at Level 5 of the MCRCP Geomorphological map
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Coral Reefs of Anguilla

Stuart P. Wynne

Introduction

Anguilla (18°12.80N and 63°03.00W) is the most northerly
of the Caribbean Leeward Islands. It is a low lying coral-
line landmass approximately 24 km long. Its central por-
tion, at its widest point, has a width of approximately
5 km, tapering off rapidly towards easterly and westerly
ends (Fig. 2.1). Most of itis a limestone platform (Fig. 2.2),
with Crocus Hill, at an altitude of 65 m, being the highest
point above sea level. The surrounding shallow platform,
the Anguilla bank, is the most northern formation of the
Lesser Antilles, separated from the Greater Antilles by
the Anegada Gap. These islands and shallow substrates
are based on a much larger limestone platform which is
contiguous with several adjacent islands, most notably St
Martins (Hubbard 1989). Anguilla has only a very few
small extrusive basalts and tuffs, and thus contrasts
strongly with adjacent islands which include substantial
volcanic structures which emerge through the limestone
to several 100 m high. A long chain of submerged shallow
water off the northern side of Anguilla provides much
substrate for reefs and for huge expanses of sandy sub-
strate. This covers a total of about 14,600 ha of sublittoral
substrate less than 20 m deep.

Aside from mainland Anguilla there are a number of off-
shore cays and rocky outcroppings, the most significant
being Sombrero Island, Dog Island, Scrub Island, Prickly
Pear Cays, Sandy Island, Anguillita and Scilly Cay (Fig. 2.3).
Various protected areas are present in Anguillian waters
whose purposes vary from preservation of historical sites to
conservation of reef and seagrass areas. Table 2.1 gives
details of these protected areas, and baseline surveys of the
‘ecologically based” marine parks (see Fig. 2.1) were con-
ducted in 2007 where 30 sites were surveyed as part of a
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project funded by the British Government through the
Overseas Territories Environment Programme to increase
the efficacy of the management of these areas(Wynne 2007a).
In general the majority of Anguilla’s underwater habitat con-
sists of coral reefs, seagrass beds, sand and/or algal flats.
A detailed atlas of these habitats was produced in 1994 by
the Natural Resources Institute of the United Kingdom (NRI
1995; Sheppard et al. 1995).

Economy and Services

The Valley is Anguilla’s capital and the only true ‘town’ on
the island with a population of 1169 (2001 Census). Other
settlements on the island overlap onto each other and as such
their names relate more to geographical locations rather than
‘villages’. All main services are based in The Valley, for
example post office, Government buildings, hospital, library,
as are most shops, banks, schools and telecommunications.
Anguilla’s economy relies heavily on tourism, a sector that
began expanding rapidly during the 1980s. Prior to this only
a few 1,000 foreigners visited the island annually, but by the
end of the following decade visitor numbers were estimated
to be up to 80,000 per annum (Gell and Watson 2000). The
other important economic sectors are financial services, con-
struction and Government services. In terms of dollar value
other sectors such as agriculture and fishing are not of major
importance. Aside from local demand the fishing industry is
driven by the increasing tourist sector and concerns exist
regarding fisheries sustainability and the ecological impact
of such activities on the extensive coral reefs that surround
the island.

Fishing Industry

Thirty years ago, Olsen and Ogden (1981) estimated the
maximum sustainable yield (MSY) for demersal stocks to
be 2,740 t for finfish and 230 t of lobster and 230 t of conch

C.R.C. Sheppard (ed.), Coral Reefs of the United Kingdom Overseas Territories, Coral Reefs of the World 4, 13
DOI 10.1007/978-94-007-5965-7_2, © Springer Science+Business Media Dordrecht 2013
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Fig. 2.1 Map of Anguilla. The main ‘ecologically based’ marine protected areas. Three other areas afforded protection are not illustrated:
Sombrero Land/Sea Reserve, Junks Hole Marine Park, and Rendezvous Bay (Photograph S. Wynne)

Fig. 2.2 Limestone cliffs along the northern coast of Anguilla (Photograph S. Wynne)

and other shellfish, with 80% of the production potential
coming from the 22% of the shelf area containing coral reef
communities. Nearshore resources by 2000 had declined
under increasing pressure (Gell and Watson 2000). Export
duties allowed an estimate of lobster exports in 1979 of at
least 28,364 kg, though the true value was probably much

higher. In 1980, fishers were discarding scarids and snap-
pers up to 2.3 kg as trash fish and fish pots used Epinephelus
striatus, now commercially extinct in many parts of the
Caribbean, as lobster bait (Salm 1980). However, by 1987,
signs of overfishing were apparent for lobster and potfish
(Stephenson 1992).
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Fig.2.3 Typical small islands around the main island of Anguilla: Sci

1ly Cay in the north (Photograph S. Wynne)

Table 2.1 Details of Anguilla’s marine protected areas. It should be noted that at the time of writing legislation for these areas is limited although

this situation is poised to change in the next few years

Name Status Area (km?)
Dog Island Marine park c.10
Prickly Pear and Seal Island  Marine park c.33
Sandy Island Marine park c.5

Shoal Bay-Island Harbour Marine park c.19

Little Bay Marine park c.l

Junks Hole Marine park <1
Sombrero Island Land-Sea Reserve  c.1
Rendezvous Bay No Anchoring c.2

Zone

Today, Anguilla’s fishing industry is largely artisanal with
the majority of fishers owning one small open vessel pow-
ered by outboard engines (average length 7.4 m) and employ-
ing only one other crew member. There are two main target
groups, lobster and finfish, which are geographically sepa-
rated and serve distinct markets. There is also a small conch
fishery present. The finfish fishery, in terms of total weight,

Purpose and Description
Ecological (reef) marine park surrounding Dog Island and three cays.
Popular fishing area (traps). Turtle nesting on beaches

Ecological (reef) marine park surrounding Prickly Pear and entire Seal
Island Reef. Popular fishing area (traps). High levels of tourism
(yachting) around Prickly Pear East

Ecological (reef and seagrass) marine park surrounding Sandy Island.
Popular fishing area (traps). High levels of tourism (yachting). Foraging
juvenile turtles

Ecological (reef) marine park stretching from Fountain Beach to Island
Ridge. Popular fishing area (traps and spear). High levels of tourism
(beach goers). Foraging and nesting turtles

Ecological (seagrass) marine park triangular area originating from
Pelican and Flat Cap points. Popular fishing area (hand net, hook and
line). High levels of tourism (yachting). Important foraging turtle area

Historical site whose boundary is that within a radius of 500 yards from
the ship wrecked Spanish Galleon El Buen Consejo

Historical site whose boundary is that within 2000 yards of the islands
centre. Important for bird populations. Marine portion is mixed reef and
deep water habitat much of which is popular with fishers

Site who is given special protection from anchoring under the Cruising
Permit Act. Extensive seagrass beds exist in the area

accounts for approximately 67% of landings, and although
most is sold locally some fishers do sell their catch in St
Martin. Hotels & restaurants in Anguilla generally purchase
deep demersal and offshore pelagic species along with the
majority of lobster landings, whereas demand for home con-
sumption is largely for reef species. This essentially means
pressure on Anguilla’s coral reef systems is driven mainly by
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Fig. 2.4 Composition of landings made by Anguilla’s fishing industry split into the six main target groups (Murry 2008) (Photograph S. Wynne)

Fig. 2.5 Family composition
of reef fish caught by local
fishers. Data collected via
interviews during 2009
(provided by Professor Nancy
Carder). These results have
been used rather than those
presented by Wynne (2010)
as they represent what the
fishers caught rather than
what they landed. Parrotfishes
for example are often used as
bait and so, aside from rarer
large individuals, do not get
brought ashore (Photograph
S. Wynne)

40%

local demand for food, not tourism. An exception to this is
the small ‘crayfish’ fishery (Panulirus guttatus, a species
closely related to Panulirus argus, the main lobster species
targeted) that is harvested in shallow reef areas. In 1999 it
was estimated that c.4.5% of the population was employed in
the fishing industry, an industry that in 2006 provided only
1.4% of the islands GDP (XCD 6.11 million). There are
plans to encourage fishers to move towards large (offshore)
pelagic species, which at present are mainly the target of the
sports fishing industry. This would relieve pressure on reef
resources and also satisfy the growing tourist market which
generally favours the bone-free fillets that these species pro-
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vide. Reef fish comprise an estimated 53% of landed catch
(Fig. 2.4), with typical composition as detailed in Fig. 2.5.
Data collected as part of the 2007 fisheries census suggested
that there are currently around 300 fishers operating in
Anguilla (Murray 2008). However, recreational fishing in
Anguilla is a popular past-time with most people partaking
in it at some point in their daily lives. Spear fishing (by
locals) is currently permitted in all parts of Anguilla’s marine
environment and is a popular past-time for many islanders. It
is likely though that due to its highly efficient nature, man-
agement measures will be introduced in the near future to
limit its impact.
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Fig. 2.6 Skeletal Acropora reef on the south coast of Anguilla (Photograph S. Wynne)

Coral Reefs

Much of the shallow sublittoral in Anguilla supports seagrass
beds and expanses of sand and algae, as well as reefs. As far as
its reefs are concerned, Anguilla is surrounded by a mixture of
fringing, barrier and patch reefs interspersed by the sand/algal
flats and seagrass beds. Shallow, sheltered habitats support large
areas of seagrasses, mostly of extensive shallow beds of
Thalassium testudinum (turtle grass) with some deeper beds of
Syringodium filiforme (manatee grass), and coral reefs inter-
sperse with these (Gell and Watson 2000). On the whole the
reefs exist in shallower regions although there are areas of exten-
sive deeper reefs beyond recreational dive limits. In the 1970s
coral communities cover approximately 22% of the entire
Anguillan shelf area (Olsen and Ogden 1981). In general the
reefs around Anguilla can be split into two geographical regions:
the northern coastal region and the southern coastal region.

Southern Coast

The southern coastal region, at least historically, can be cate-
gorised as an Acropora sp. dominated fringing reef system
that is ecologically and structurally influenced by its exposed
nature. Although historical data are lacking, this system
appears to have degraded severely since the early 1980s when
it was reportedly still in a relatively pristine condition. Exact
reasons for this demise are unclear but hurricane damage dur-
ing the 1980s (and later in the 1990s) had a severe effect, and

White Band Disease that is known to have been affecting
Acropora sp. throughout the region at the time, had also
severely affected Anguilla by the 1990s (Sheppard et al. 1995;
Bythell and Buchan 1996). The reefs simply did not recover
after these events and in most shallow reef areas which exhib-
ited classical elkhorn reef structures, the coral cover was
essentially dead (Sheppard et al. 1995) (Fig. 2.6). Currently
the south coast reef areas are characterised by Acropora pal-
mata rubble with very low benthic diversity or low relief
rocky pavement areas with scattered soft corals, macroalgae,
sponges and small hard corals (for example Montastraea sp.,
Diploria sp., Siderastrea sp. & Agaricia sp.). Some relatively
extensive seagrass beds also exist along the south coast.

Northern Coast

The northern coastal region is dominated by patch, barrier and
fringing reef systems interspersed by sand and/or algal flats,
with a combined estimated area of 14,600 ha (Sheppard et al.
1995). In a similar way to the south coast it appears that histori-
cally there were extensive Acropora sp. reefs that exist today
mainly as vast rubble fields. Having said this, a few patches of
intact Acropora palmata stands can still be found along the Seal
Island reef system, much of which appears to be new growth,
and large expanses can be found of Porites also (Fig. 2.7).
Although much reduced today, vast areas of Montastraea
spp. were also known to have been present historically in north-
ern coastal regions. This genera is still the most dominant in the
area but of the existing colonies many are exhibiting signs of
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Fig. 2.7 Extensive colony of Porites off Sandy Island, North coast (Photograph S. Wynne)

Fig. 2.8 Montastraea annularis infected by Yellow Blotch Disease in Shoal Bay East, Anguilla (Photograph taken by S. Wynne in June 2007)

disease (mainly Yellow Blotch Disease) which is probably the
cause of its overall decline (see Fig. 2.8). Although northern
reef areas appear to be slowly degrading, it does not appear to
be as severely affected as the south coast, with extensive areas
of relatively high diversity still present (albeit with high levels
of macroalgae). This diversity still extends to the hard coals
with dominant genera being Montastraea sp., Diploria sp.,

Siderastrea sp. & Porites sp. As with south coast reef systems,
reasons for the degradation of the northern reef system are likely
a mixture of stressors that probably interact with each other in
complex ways. For example, climatic factors such as hurricanes
and bleaching physically damage corals that then find it difficult
to recover because (for example) eutrophication encourages dis-
ease, and macroalgae is more able to dominate in their place.
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Grazing species become less able to keep the macroalgae under
control, a problem that is exacerbated by reduced densities of
Diadema antillarum since the mass mortality event in the 1980s
(Tuya et al. 2004) and by overfishing of herbivorous fish spe-
cies. All of this ultimately leads to habitat degradation.

In 1994, overall 435 ha of dead elkhorn reef was mapped
in Anguilla, much of it located across the entrances to bays
and off several sheltered beaches (Sheppard et al. 1995). It
appears that other than some renewed growth in some areas,
most remains as areas of rubble.

Temporal Changes

Most reports suggest Anguilla’s reef systems have been in
decline since before the 1980s although data to back this up
are sparse. The extensive mapping study in 1994 showed that
large expanses of the shallow elkhorn (Acropora palmata)
was dead, most likely due to White Band Disease (Sheppard
et al. 1995). A study investigating the impacts of hurricane
Luis in 1995 (Bythell and Buchan 1996) compared Anguilla
to the British Virgin Islands and concludes that its reefs had
‘undergone extensive mortality of the dominant coral
Acropora palmata’ since they were first affected by White
Band Disease in 1976. The earliest marine ecological survey
work conducted in Anguilla was undertaken by the Bellairs
Institute (Barbados) who conducted reasonably extensive
survey work in 1990 (Oxenford and Hunte 1990). Since 2007
annual monitoring began (see following section), and in
2009 a dedicated study was also conducted that attempted to
revisit the sites used by the Bellairs Institute in 1990 (Wynne
2010). Although these sites were established pre-GPS a num-
ber of them were relocated and surveys replicated. The com-
parative study revealed that over the last 20 years both hard
corals and reef fish populations have declined (although there
is some variability between sites). Combining all the sites,
coral cover has dropped from an average of 14% in 1990 to
4% in 2009. This is a 70% decline in less than 20 years. At
one site close to Forest Bay the decline was as high as 98%.
Overall, reef fish populations have dropped by approximately
a third. The 1990 study did not record fish size so biomass
estimates are not possible. This situation is of significant
concern because, even though White Band Disease report-
edly began to affect Anguilla’s reef systems in 1976, the
Bellairs study concluded that in 1990 there were a ‘variety of
diverse and attractive marine habitats (which are) in rela-
tively good condition, with little apparent impact from human
activities’. This certainly does not seem to be the case today.
On a positive note, macroalgae levels were more variable
since 1990 with some sites showing an increase while others
showed a decrease. Reasons for this remain unclear but it is
likely that it is at least in part thanks to a partial recovery of
Diadema antillarum since the mass mortality event in the
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1980s. Although some areas of reef still have very limited
numbers present others appear to be recovering and have
very high densities.

Present Monitoring

In 2007 the Department of Fisheries and Marine Resources
initiated the Anguillian Marine Monitoring Programme
(AMMP), a long-term project annually assessing key sites
within Anguilla’s shallow marine environment. The surveys at
these sites were in areas that did not exceed 15 m in depth. In
the first year five sites were surveyed as part of a pilot study
(Wynne 2008a) that tested methodology and served to train
research staff. Over the following years more sites were added
to the programme (Wynne 2008b), so that by 2010 the full
complement of 15 sites had been reached. Ten of these sites
were located on coral reef areas and five on seagrass beds. At
the ten coral reef sites full benthic surveys are conducted annu-
ally using SCUBA equipment, together with fish counts that
assess total species diversity and size class/abundance of com-
mercially and ecologically important families. Full survey
methodologies can be found in Wynne (2007b). At the ten
sites surveyed hard coral cover ranges from almost 15% to less
than 1% and macroalgae cover ranges from almost 30% to less
than 1% (Table 2.2). Coral diseases at the monitoring sites are
sometimes relatively common and can affect more than 50%
of colonies present (Table 2.3). The most prevalent diseases
are currently yellow blotch disease infecting Montasraea sp.
(see Fig. 2.8) and cyanobacterial overgrowths/infections
affecting a variety of species but most noticeably Siderastrea
siderea. White Band Disease is not often recorded but this is
likely due to the current paucity of Acropora palmata.

Across the ten reef sites surveyed the five most abundant
fish species were Thalassoma bifasciatum (1,240 ha™),
Acanthurus coeruleus (867 ha™), Acanthurus bahianus
(840 ha™), Scarus iserti (787 ha™') & Chromis multilineata
(413 ha™'). The abundance measure is mean number of indi-
viduals per hectare of available habitat, i.e. that representa-
tive of the study sites. Of the commercially and ecologically
important fish families surgeonfishes (Acanthuras sp.) are
the most prolific followed by parrotfishes (Scarus sp. &
Sparisoma sp.). Mean results for all families included are in
Table 2.4, and the mean size class of these fish families is
10-15 cm (Fig. 2.9) in terms of relative biomass. This mea-
sure is a simplified method of calculating biomass based
purely on length of fish.

The current monitoring effort has concluded that
Anguilla’s shallow (<15 m) coral reef systems are in a rela-
tively poor state of health with low hard coral cover, high
macro algae cover and smaller than expected mean fish size
classes. The corals that are present are threatened by numerous
factors including (but not limited to) disease, climate change,
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Table 2.2 Percentage covers of main benthic characteristics of the ten coral reef sites
monitored as part of AMMP. Results are for all surveys combined between 2007 and
2009. For individual results see Wynne 2008a, b and Wynne 2010. Other benthic charac-
teristics not detailed include (but are not limited to) sand, calcareous algae and mobile

invertebrates

Site Name
Anguillita
Sandy Island
Long Reef
Limestone Bay
Shoal Bay East
Island Harbour
Scrub Island
Forest Bay
Little Harbour
Sile Bay
MEAN

Bare rock®

81.7
54.0
66.6
57.6
65.2
61.1
65.7
84.1
83.0
66.3
68.5

Macroalgae

0.7
5.5
3.1
27.3
19.1
27.3
18.2
8.2
10.9
13.2
13.4

Hard coral

43
14.5
11.1

5.1
10.3

1.0

3.8

3.0

3.1

0.9

5.7

Soft coral
3.8
1.4
2.1
3.5
24
1.6
13
0.5
1.0
0
1.8

Sponges

24
33
1.1
4.2
0.3
0.7
0.7
0

2.0
0

1.5

“Bare rock refers to rock or dead coral skeletons covered with turf algae, coralline algae,
and/or light sediment

S.P.Wynne

Table 2.3 Coral health results across the ten coral reef sites monitored as part of AMMP. It should be noted that the sites that have the highest
percentage of corals 100% healthy also have the lowest percentage cover of hard corals (Table 2.2)

Site Name
Anguillita
Sandy Island
Long Reef
Limestone Bay
Shoal Bay East
Island Harbour
Scrub Island
Forest Bay
Little Harbour
Sile Bay
MEAN

Coral tissue

healthy
97.3
81.1
92.1
98.6
87.7
97.0
96.2

100
94.9

100
94.5

Colonies

100% healthy

92.8
45.5
77.6
94.8
75.0
76.4
90.7
100
79.3
100
83.2

Coral tissue

diseased

0.3
0.1
0.0
0.0
0.4
0.0
0.0
0.0
0.0
0.0
0.1

Colonies
with disease

1.9
1.3
0.0
0.0
8.8
0.0
0.0
0.0
0.0
0.0
1.2

Coral tissue

recently dead

0.3
2.6
1.0
0.0
1.7
0.9
0.2
0.0
0.9
0.0
0.8

Coral tissue
long dead

2.2
16.2
6.9
1.4
10.2
2.1
3.6
0.0
4.2
0.0
4.7

Colonies
mortality

7.2
54.5
22.4

52
25.0
23.6

9.3

0.0
20.7

0.0
16.8

exhibiting

Table 2.4 Percentage of total number of individuals within each size class across all surveyed reef sites split into commercially and ecologically
important fish families

<Scm
Surgeonfishes  7.38 14.57 22.39
Parrotfishes 8.56 12.61 4.67
Grunts 3.14  0.06 0.69
Snappers 0.02 0.02 0.15
Groupers 0.02 0.06 0.20
Silveries 0.03 0.20 0.08
Triggerfishes 0.00 0.00 0.15
Goatfishes 0.00 0.04 0.92
Angelfishes 0.00 0.00 0.02
Butterflyfishes  0.06  0.53 0.02
Squirrelfishes  1.30  0.07 0.16
Large Wrasses 0.09 0.09 0.02
Other 0.30 0.54 0.10
Total 20.88 28.78  29.56

6.51
3.12
1.11
0.35
0.46
0.19
0.50
0.86
0.04
0.00
0.08
0.05
0.05
13.30

0.25
2.13
0.49
0.00
0.07
0.30
0.53
0.03
0.03
0.00
0.02
0.07
0.11
4.03

0.00
0.98
0.04
0.02
0.03
0.08
0.13
0.03
0.04
0.00
0.00
0.05
0.09
1.49

0.00
0.80
0.03
0.00
0.02
0.18
0.11
0.00
0.04
0.00
0.00
0.03
0.07
1.28

0.00
0.38
0.02
0.00
0.03
0.02
0.02
0.00
0.00
0.00
0.00
0.00
0.06
0.52

0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.07

0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.06

0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.05

5-10cm 10-15cm 15-20cm 20-25cm 25-30cm 30-35cm 35-40cm 40-45cm 45-50cm >50 cm  Total

51.10
33.31
5.57
0.54
0.88
1.14
1.43
1.87
0.17
0.60
1.63
0.39
1.37
100
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Fig. 2.9 Percentage of relative biomass that each size class of all commercially and ecologically important fish families accounts for across all

surveyed reef sites (Photograph S. Wynne)

overfishing of various fish species and organic pollution. These
threats are difficult to separate as they are all interlinked, and
difficult to manage as their sources can be numerous and often
outside management areas. For example, although organic
pollution can be derived from numerous local sources (yachts
illegally dumping grey water; leeching from poorly main-
tained septic tanks; and salt ponds, a natural sink for organic
nutrients, being connected to the sea — either anthropogeni-
cally by pipes or naturally via storm breaches) it is likely that
the pollution is predominantly influenced by regional fac-
tors, for example heavy nutrient loads introduced into the
Caribbean Sea via the Orinoco outflow. Despite this, local
management is essential where possible as it will only be
through all nations doing whatever they are able that the
regional influences may be mitigated.

Lionfish

During the latter part of 2009 the Department of Fisheries and
Marine Resources lead a public awareness initiative to inform
people of the pending arrival of the invasive Lionfish (Pterois
volitans), and also laid out a targeted eradication response
plan (Wynne 2009) that would be initiated once their arrival
had been confirmed. This confirmation came on the 16th
August 2010 when a local dive operator spotted an individual
close to Anguillita Cay. A few days later the specimen was
captured by Fisheries Officers, photographed, and brought

ashore for positive identification. In the months that followed
sighting frequency began to increase and by the end of the
year ‘permanent arrival’ had become a reality. Government
effort is being targeted at bathing beaches and important reef
areas, with future monitoring and reports by the public track-
ing their spread and impact. It is likely that this invasive spe-
cies will unfortunately become another threat to Anguilla’s
coral reef ecosystem and as such new management measures
are needed to mitigate its impact. These measures will be all
the more urgent as with no known predators in the Caribbean
this species can decimate juvenile fish populations and nega-
tively affect local livelihoods. The Department of Fisheries
and Marine Resources currently issues ELF capture devices
to dive operators to help safely target this venomous species.

The Future

Changes to the management of Anguilla’s marine environ-
ment are long overdue, and results from current monitoring
combined with the arrival of the Lionfish mean these changes
are now more urgent than ever. Indeed, plans are afoot to
bring in a number of new management measures that are
designed to promote the sustainability of Anguilla’s marine
resources, including its coral reefs. Plans include (but are
not limited to) restricting spearfishing, the introduction of
closed seasons, and enhanced management of the Marine
Parks to include areas closed to fishing. The mention of such
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plans has already come up against public resistance, and
until this matter is addressed any management strategy will
likely fail. With this in mind the present focus is on public
outreach, and a programme of educating stake holders so
that they understand why management measures are being
introduced and the benefits that they will receive in the long
term. Plans are also in place to increase surveillance and
enforcement capabilities of Governmental Departments
through officer training workshops and the overhaul of the
present Fisheries Department vessel.
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Introduction to Reefs and Shorelines
of the British Virgin Islands

Shannon Gore

Introduction

The British Virgin Islands (BVI) have long been a popular
tourist destination because of the islands’ idyllic sandy white
beaches, crystal blue waters and dramatic scenic vistas.
These natural resources have allowed tourism to become a
significant driver of the contemporary economy along with
tax and asset protection for offshore financial businesses.
The country’s low population of 25,383 (Central Intelligence
Agency 2011) and limited large scale developments have
helped maintain most of these natural resources. However,
like many Caribbean islands, future economic growth and
development threaten the very reason why people visit the
islands.

Oceanographic and Geologic Setting

The British Virgin Islands (BVI) are a small archipelago
located 95 km east of Puerto Rico in the north-eastern
Caribbean. The Atlantic Ocean is to the north of the BVI and
the Caribbean Sea to the south (Fig. 3.1). Geologically, these
islands form the eastern edge of the Greater Antilles island
chain and with Puerto Rico (PR) and the United States Virgin
Islands (USVI), excluding St. Croix; collectively rise from
the Puerto Rican/Virgin Island (PR/VI) platform. This bank
is a carbonate microplate deposited over an inactive and sub-
siding island arc during the Oligocene to Holocene between
the North American and Caribbean Plates and has undergone
extensive submarine and subaerial erosion (Byrne et al. 1985;
Masson and Scanlon 1991; Van Gestel et al. 1999). The PR/
VI platform is bounded by the Puerto Rican Trench 125 km

S. Gore (<)

Conservation and Fisheries Department,
Government of the Virgin Islands, 3323, Road Town,
Tortola VG1110, British Virgin Islands

e-mail: sd_gore@yahoo.com

to the north (depth 8,395 m) and the Anegada Passage to the
southeast (depth 1,915 m). The southern edge of the platform
is marked by the Virgin Islands Basin (depth 4,091 m), the
south-western edge by the Muertos Trough (depth 5,550 m)
and the western edge by the Mona Passage (depth 4,000 m).

The BVI has 60+ high volcanic islands (max. elevation of
522 m) composed of Cretaceous volcanic rock and their sed-
imentary products (Helsley 1960). These strata generally
trend east—west and slope moderately to steeply towards the
north. The oldest rocks (the Water Island Formation, devel-
oped during the Lower Cretaceous) are exposed on the south-
western islands of the BVI (Pelican Island, the Indians, the
majority of Norman Island, Peter Island and Dead Chest as
well as the southern portions of Salt and Cooper Islands).
The youngest exposed rock (the Necker Formation (Middle
Eocene)) comprises the smaller islands to the northeast of
Tortola and Virgin Gorda (the majority of Guana Island, the
northern side of Great Camanoe, and northern portions of the
Dog Islands, all of the Seal Dog Islands, Moskito, Prickly
Pear and Necker Islands) (Figs. 3.2, 3.3, and 3.4).

Towards the end of the volcanic period that occurred
approximately 35-40 million years ago, volcanic rocks were
intruded by granite-like magma which formed the coarse-
grained igneous rocks of the Virgin Island Batholith (Figs. 3.5
and 3.6). This incorporates the eastern end of Tortola, south-
ern end of Great Camanoe, all of Little Camanoe, Beef Island
and Scrub Island, as well as the majority of the Dog Islands
and Virgin Gorda (Smith et al. 1998).

The islands are generally separated into two island chains
by the Sir Francis Drake channel, which is approximately
6 km wide channel and with a maximum depth of 50 m. The
southern chain includes all the islands between Norman and
Necker Islands and the northern chain includes Little Tobago
(just west of Jost Van Dyke) to the Dog Islands.

Anegada, in contrast to the high volcanic islands of the BVI,
is a carbonate emergent reef island with a maximum elevation
of 8 m (Martin-Kaye 1959) (Fig. 3.7 and see Chap. 3). The island
flanks the far north-eastern margin of the PR/VI platform and

C.R.C. Sheppard (ed.), Coral Reefs of the United Kingdom Overseas Territories, Coral Reefs of the World 4, 23
DOI 10.1007/978-94-007-5965-7_3, © Springer Science+Business Media Dordrecht 2013
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Fig.3.1 Location map of the British Virgin Islands

Fig. 3.2 Underwater reef mosaic along the coast of Dead Chest (Credit A. Jenik)
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Fig. 3.3 Dead Chest Island is one of the oldest islands in the BVI and is part of the Water Island Formation (Credit S. Gore)

Fig. 3.4 The Indians are geologically part of the Water Island Formation (Credit S. Gore)

is approximately 25 km northeast of the BVI island chains. Itis  flat and limestone ridge (Anegada Limestone Formation) on
the only reef island on the platform and is comprised of two and around which contemporary coastal sedimentary environ-
main elements adjacent to each other, a Pleistocene limestone  ments have developed (Anegada Ridge Plain Formation).
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Fig.3.5 Large granite boulders of the Virgin Gorda Batholith along the southern coast of Fallen Jerusalem. Aerial view (Credit S. Gore)

Fig. 3.6 The Baths (Credit
S. Gore)

east to southeast. Average wind direction varies throughout
Climate the year but generally, the predominant winds are from the
east-northeast during the winter (December to February);
The BVI lie within the Northeast Trade Wind Zone where east during the spring (March to May) and east to south-
prevailing wind and waves approach from the east-north- east during the summer and fall (June to November).
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Fig.3.7 Anegada and its surrounding reef (Credit S. Gore)

With the exception of tropical storms and hurricanes, the
highest wind speeds occur from December to February and
June to July. Winds generally blow between 6 and 9 m per
second (ms™') but can be as low as 3 ms™' during the fall and
during the winter, gusts may reach over 15 ms™.

The hurricane season extends from June to November
with August and September being the most active months
(Hubbard 1989). The earliest recorded hurricane in the BVI
was in 1713 (Pickering 1983). Since 1851, the earliest data
set documented by the National Weather Service (HURDAT
data from the US National Hurricane Centre), 35 hurricanes
have passed over or within 100 km of the BVI, 17 of which
were major hurricanes (category 3 or above) (NOAA 2011a).
Hurricanes and storms generally pass the BVI from the
southeast to the northwest but high-energy waves may
approach the islands from any direction.

From October to April, large south running swells, locally
called “groundseas”, come from the north and are generated
by storms in the North Atlantic Ocean. These long-period,
high energy waves commonly have wave heights greater than
1 m with peak heights of up to 5 m. However, extreme swell
events other than from tropical storms or hurricanes are rare
and are considered as 20-year events. The last two docu-
mented events for the BVI occurred in October 1991 (NWS
2008) and March 2008 (Cooper et al. 2008). In 2008, a low-
pressure system moved off the mid—Atlantic states and gener-
ated extreme wave growth with very long period swells (NWS
2008) (Fig. 3.8). These propagated across the Atlantic to the
northeast coast of South America and as far as the West
African coast and Antarctica. At the same time, a NOAA data

buoy (#41043) located approximately 270 km north of the US
Virgin Islands recorded waves greater than 4.5 m with a
period of 17 s (NOAA 2011b). Extreme wave heights of 6-9 m
were common around Puerto Rico with waves reaching
9-12 m across the outer reefs. In Anegada, the fringing reef
significantly attenuated incoming waves and despite some
localized erosion, waves did not breach any of the ridges
along the north shore (Atwater et al. 2012).

The BVIlies in the path of the Equatorial Current that sets
westward with an average speed of 0.3 m/s (Hydrographer of
the Navy 1978). Tides are mixed semi-diurnal, and the tidal
ranges around Tortola are typically between 0.29 and 0.65 m
(National Oceanography Centre 2011).

Temperature in the BVI varies little throughout the year,
and average daytime temperatures range from 25°C to 29°C
and drop about 6°C at night.

Seawater temperatures around the Virgin Islands gener-
ally range from 26°C to 29°C but long-term water tempera-
ture records from nearby St. John, USVI, indicate an increase
in mean monthly seawater temperatures by 0.6°C/decade
over the past 20 years (Edmunds 2004). The inflow of North
Atlantic waters through the nearby Anegada Passage (Johns
et al. 2002) may allow for mixing of cooler waters from
upwelling but no long term monitoring data exists for waters
specifically around the BVI.

Rainfall amounts to approximately 1,150 mm per year
collectively in the BVI, but Anegada experiences the least
amount, approximately 890-1,016 mm per year (Downs
1997). The heaviest periods of rainfall occur during October
and November. In November 2003, for example, an average
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Fig. 3.8 Extreme swell event in March 2008 (Credit S. Gore)

of 508 mm (20 in.) of rain fell over a 5 day period in the BVI
(DDM 2003). Record breaking rainfall occurred in 2010,
with 634 mm (24.98 in.) falling over the BVI within 3 days.
This caused extensive flooding throughout the BVI, and it
was considered a 50-year flood event by the BVI Department
of Disaster Management (DDM). On Anegada, however,
flooding and consequent damage was minimal as floodwaters
are distributed and absorbed through Anegada’s extensive
wetland ecosystems.

Coastal Features and Reefs

The Territory has a total land area of 153 km? and approxi-
mately 420 km of coastline with settings that vary significantly
throughout the Territory. This variability is based on differ-
ences in the islands’ underlying geology, directional orienta-
tion to seasonal wind and waves, sedimentary characteristics
(i.e. grain size and composition), and morphologic diversity
based on planforms, adjacent seaward features (coral reefs,
marine vegetation, carbonate platforms) and adjacent terres-
trial environments (watersheds and associated features).
Coral reef flats may be broad, as in Virgin Gorda (Fig. 3.9)
and a reef flat which connects Jost Van Dyke with Little Jost
Van Dyke (Fig. 3.10), and there are small sandy cays such as
the aptly named Sandy Cay which is a National Park
(Fig. 3.11).

The high islands of the BVI are dominated by steep slop-
ing hills and a diverse range of coastal features including

moist and dry coastal woodlands, freshwater drainage path-
ways locally called ‘ghuts’, salt ponds, wetlands, mangroves
(Fig. 3.12), lagoons, sandy and coralline rubble beaches, and
cliffs. A number of low-lying mangrove cays are developing
over coral reef/rubble flats nearshore along the southern
coast of Tortola and the south-central section of neighbour-
ing Beef Island. Additionally, one vegetated sand cay exists
as part of an incipient tombolo (Sandy Spit, Fig. 3.13) and an
unvegetated sand cay is forming over a narrow elongated
reef flat ~340 m off the southern coast of Necker Island.

Marine habitats around the volcanic islands include sea-
grass meadows, muds, carbonate banks and coral reefs. The
majority of reefs are fringing reefs which have developed
nearshore on a narrow shelf which averages 500 m in width
between the low tide shoreline and the 20 m bathymetric
depth contour. Cross-sectional reef morphology shows a
strong correlation between reef ecology and degree of expo-
sure to waves (Woodroffe 2002; Geister 1977) but due to
variable wind and wave exposure and the close proximity of
neighbouring islands within the BVI, there is rarely a clear
distinction between windward and leeward reefs around the
high islands. Additionally, many of the fringing reefs lack an
identifiable reef crest, partially due to white-band disease
that affected Acroporids in the late 1970s (Aronson and
Precht 2001).

The contemporary coastline of Anegada has a near con-
tinuous carbonate beach (fine to coarse-grained sands) with
local occurrences of beachrock and red mangroves
(Rhizophora mangle). The western side of Anegada, also
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Fig.3.9 Fringing reef in Taylor’s Bay, Virgin Gorda (Credit S. Gore)

Fig.3.10 Reef flat between Jost Van Dyke and Little Jost Van Dyke (Credit JAG. Cooper)

known as the Anegada Ridge Plain Formation, consists of
shore-parallel dune ridges and shallow hyper-saline wet-
lands. The eastern side of the island, the Anegada Limestone
Formation, is an emergent Pleistocene limestone flat on and

around which contemporary sedimentary environments have
developed. Subtidal marine environments around Anegada
include carbonate sands and muds, seagrasses, algal plains
and coral rock.
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Fig.3.11 Sandy Cay National Park (Credit S. Gore)

Fig.3.12 Red mangroves in Hans Creek, Beef Island (Credit S. Gore)
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Fig. 3.13 Sandy Spit (Credit S. Gore)

Anegada’s surrounding Horseshoe Reef covers 133 km?
and is one of the largest contiguous coral reefs in the
Caribbean. It is composed of two distinctive facies, a high
energy reef front on the northeast windward side of the
island, and a series of patch reefs orientated and aligned
systematically to prevailing currents and waves along the
island’s southern leeward side (Brown and Dunne 1980).
These particular reefs display a high species diversity and
greater coral abundance than those reefs found on the north-
ern side of the island (Dunne and Brown 1979).

The fringing reef on the north side of Anegada extends
beyond the eastern end of the island to the southeast for
14 km and at an area called the “White Horses” turns 90° to
the southwest for another 8.5 km. The section of the reef
extending beyond the eastern tip of the island is considered a
barrier reef (http://www.reefbase.org) despite the lagoon
area being an open bank (Hubbard et al. 2008). This reef sys-
tem is the primary source of carbonate sediments found
between Anegada and Tortola (the Anegada Bank) and pro-
vides carbonate rich sediments to the Atlantic facing beaches
along the northern island chain.

Threats to Marine Resources

Prior to the 1960s, the economy of the British Virgin Islands
was based on subsistence fishing and farming (Encontre
1989). However, with the natural environment of the BVI

regarded as an economic asset coupled with the increase in
international travel, the development of a tourism industry
marked a historical change in economic thinking. The first
cruise ship to visit the Territory came in 1960 followed by
the opening of Laurence Rockefeller’s Little Dix Bay Resort
on Virgin Gorda in 1964. In 1969, the first yacht charter com-
pany opened; marking the beginning of what would later
result in the greatest concentration of charter yachts in the
world (Spalding et al. 2007). The reefs remained a prime
attraction (Fig. 3.14) with a modest recovery of staghorn cor-
als in some places (Fig. 3.15).

Since the onset of a tourism-based economy, a paradigm
shift occurred from preserving natural resources for local
subsistence to the exploitation of natural resources for eco-
nomic gain. Early legislation reflected foresight to protect
natural resources at the time but as the connection between
people and the environment diminished, legislation fell
short of protecting the assets for which people would visit
the BVI. Additionally, the environmental legislation that did
exist did not keep up with the advancement of scientific
knowledge.

Updating environmental legislation has since become a
well-recognized need in the BVI, with some success includ-
ing the VI Fisheries Act, 1997; the VI Fisheries Regulations,
2003; the VI Planning Act, 2004; and the BVI Systems Plan
2007-2017 which proposes the protection of 30% of each
marine habitat type. However, despite some legislation pro-
tecting environmental resources, there are still gaps. For
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Fig. 3.14 Reefs of the BVI are one main attraction for tourism (Credit S. Gore)

Fig.3.15 Staghorn corals have made a small recovery in some parts of the BVI (Credit S. Gore)

example, enforcement of legislation often lacks the resources
(personnel, patrol vessels, vehicles) needed to implement
penalties. Even the penalties are often not sufficient to deter
people from violating the laws in the first place.

Other gaps in legislation include the lack of specific regula-
tions, such as water quality standards to control sedimentation

caused by unpaved roads and other types of coastal
developments. Additionally, management plans such as
those for watersheds and beaches are limited to ensure marine
resource sustainability. One consequence of lack of regula-
tions or adherence to them is garbage dumped on reefs, and
heavy sedimentation after rains (Fig. 3.16).
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Fig.3.17 Bleaching from 2005 (Credit A. Jenik)

Lack of (or in some cases limited) legislation and man-
agement plans are not the only problems threatening marine
resources in the BVI. Coral reefs in the BVI, like many other
Caribbean reefs, experienced the epidemic of white-band
disease that affected Acroporids in the late 1970s (Aronson
and Precht 2001) as well as the region-wide disease-induced
mass mortality of Diadema antillarum in 1983-1984
(Carpenter 1988). Additionally, hurricanes and tropical
storms passing near or through the BVI have further caused
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deterioration of reefs around the BVI. In 2005, the average
water temperatures in the Caribbean region were the warm-
est in over 150 years which led to the most severe bleaching
event ever recorded in the basin (Eakin etal. 2010) (Fig. 3.17).
Water temperatures remained higher than the long-term aver-
age for over 10 weeks in the Virgin Islands, and along with
the consequent outbreak of white plague disease, live coral
cover was reduced by 60% in the BVI (Hime 2008) and
neighbouring USVI (Miller et al. 2009).
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Fig. 3.18 Grounding at the RMS Rhone Marine Park, Salt Island (Credit A. Jenik)

Other threats to the marine environment include groundings
(Fig. 3.18) and anchor damage from yachts, ghost fishing
from the loss of fishing pots and the invasion of lionfish
(Pterois volitans) which first appeared in March 2010.
Despite these threats upon marine resources in BVI, the
Territory’s population remains low, and large scale develop-
ments remain minimal but are, however, on the rise.
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Marine Protected Areas and
Management in the British Virgin Islands

Nancy Woodfield Pascoe, Joseph Smith-Abbott,

and Shannon Gore

Introduction

The British Virgin Islands (BVI) has 14 declared protected
areas in the marine environment, including one marine park
and 13 fisheries protected areas, managed by the National
Parks Trust of the Virgin Islands (NPT VI) and the Conservation
and Fisheries Department (CFD) respectively. In addition to
this, the ‘British Virgin Islands Protected Areas System Plan
2007-2017 (Gardner et al. 2007), approved by Cabinet in
2008, identifies another 40 areas for inclusion in the marine
protected area (MPA) network, with designation in progress
and pending completion in 2013 (Fig. 4.1). The health of the
natural resources contained in these sites varies, with some
sites having healthy ecosystems while the habitats and
resources in others are severely stressed and have been
included in the MPA network because they are adjacent to
terrestrial national parks and require management as part of
an ecosystem approach. An example of the latter is The Baths
National Park.

Within the BVI, there are several different management
objectives for the protected areas, which led to the adoption
of the management categories developed by IUCN-The World
Conservation Union (IUCN 1994) as the official framework
for management of these areas in the BVI. The overall goals
of protected areas in the BVI include conservation, sustain-
able resource use, recreation, economic development, educa-
tion and community involvement.

The NPTVI is one of the oldest national trusts in the
Caribbean region, created in 1961 under the National Parks
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Ordinance (1961) with an ability to declare national parks,
and later, marine parks under the Marine Parks and Protected
Areas Ordinance (1979). The National Parks Ordinance was
recently revised and is now known as the National Parks Act
(2006). Protected areas can also be declared under the
Fisheries Act (1997) with a primary focus on protecting areas
that are important for the life cycle of fisheries, such as spawn-
ing areas and juvenile habitats.

The BVI Marine Environment and the MPA

There are many different habitats throughout the BVI, includ-
ing coral reefs, mangroves, seagrass meadows, and sandy
beaches (utilised for turtle nesting). There are four main spe-
cies of mangrove in the BVI, including: red mangrove
(Rhizopora mangle), black mangrove (Avicennia germinans),
white mangrove (Laguncularia racemosa) and buttonwood
(Conocarpus erectus). There are six different species of sea-
grass, including turtle grass (Thalassia testudinum), manatee
grass (Syringodium filiforme), shoal grass (Halodule wrightii),
paddle grass (Halophila decipiens), widgeon grass (Ruppia
maritime) and Halophila baillonis (Anderson et al. 1986).

Every island in the BVI is surrounded by coral reefs of
varying size, health and composition. The Anegada Horseshoe
Reef is the third largest contiguous reef in the Eastern
Caribbean at 63 km (39 miles) long, containing both patch
reefs and barrier reefs. There are 63 popular dive sites, which
include 57 coral reef sites and 6 artificial reefs that have been
created by shipwrecks.

Coral Reefs of the BVI

Most reefs in the BVI other than Anegada are considered
fringing reefs under the classic definition; they grow near-
shore and lack a sizeable lagoon separating them from shore.
However, reef morphology varies throughout the Territory
because of variations in exposure to wind and waves as well

C.R.C. Sheppard (ed.), Coral Reefs of the United Kingdom Overseas Territories, Coral Reefs of the World 4, 37
DOI 10.1007/978-94-007-5965-7_4, © Springer Science+Business Media Dordrecht 2013
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Fig. 4.1 Proposed marine protected area network for the BVI (Created by NPTVI)

as to proximity to neighbouring islands. Because incoming
waves are significantly attenuated by coral reefs (Young 1989)
due to the change in water depth and friction (Roberts et al.
1975), Gore (2011) recognized this was an important factor
on beach form and classified these fringing reefs into three
categories, based on their morphology. Each type of fringing
reef is briefly described below.

‘Headland attached linear reefs’ are parallel to the coast,
usually not more than 500 m offshore but are connected
closely to land in some way, usually a headland (Fig. 4.2).
This particular type of fringing reef in the BVI has a distinct
reef crest, usually composed of Acropora palmata but since
the outbreak of white-band disease throughout the Caribbean
region in the late 1970s (Aronson and Precht 2001),
Montastrea annularis has become the dominant reef species
in the BVI. The forereef often has the highest coral coverage
since it is based furthest from land-based pollutants and is
exposed to higher wave energy which increases flushing.

A ‘terrace flat’ is a low gradient, broad lagoon (less than
500 m) composed of unconsolidated sediments, seagrasses,

algae, small patch reefs and most commonly coral rubble
(Fig. 4.3). Strong wave energy dissipation occurs over the ini-
tial fore reef, and subsequent wave reduction occurs through
the shoaling process of the shallow flats.

‘Graded reefs’ are continuous reef slopes that differ from
reef flats in that the profile from shore deepens much quicker,
often less than 500 m from the shoreline so waves do not
shoal (Fig. 4.4). These types of reefs have a higher relief, and
coral coverage on them is often greater than those found on
reef flats. Graded reefs usually extend from the shore seaward
uniformly or may have spur and groove formations.

The conservation of these different reef habitats, along
with others including mangroves, has been the goal of a pro-
gramme to create a network of marine protected areas across
the BVI. The NPTVI began its marine conservation pro-
gramme in 1991 due to the rapidly increasing number of plea-
sure boats cruising BVI waters as the charter tourism industry
grew steadily within the Territory.

The NPTVTI has established a network of mooring buoys in
order to eliminate anchoring on the reefs. A marine conservation
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Fig. 4.2 Headland attached linear reef at Oil Nut Bay, Virgin Gorda (Photo by S. Gore)

Fig. 4.3 Terrace flat reef at Palm Bay, Scrub Island (Photo by S. Gore)

permit is required by law to use the NPTVI mooring buoys
and these can be purchased from all BVI charter and dive
companies and also at all marine ports of entry. Across this
network there are over 160 mooring buoys that have been
installed at coral reefs and sensitive marine habitats to pre-
vent anchor damage and are patrolled and maintained daily

by a team of NPTVI Marine Wardens. GIS and GPS technology
is used to map the mooring buoy locations and report mainte-
nance and patrolling activities on a weekly basis. Anchoring
is illegal at the RMS Rhone Marine Park. The NPTVI moni-
tors the fleet size of the local charter industry with frequent
surveys, with over 600 vessels recorded in 2010. However,
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Fig. 4.4 Graded reef at Beef Island (Photo by S. Gore)

Fig. 4.5 The Baths National Park, the most visited tourist destination in the BVI (Photo by F. Peters)

this figure does not include private vessels based in the BVI,
or day-sail and term charter vessels that originate from the US
Virgin Islands (USVI), or the many transient private vessels
travelling through the Caribbean that may visit the BVI. In
order to manage the demand for its mooring sites, NPTVI have
a 90 minute time limit for mooring use, with no overnight

use as the moorings are frequently at locations exposed to
swell. Issues concerning carrying capacity for these dive and
snorkel sites will be the subject of an upcoming study as part
of an overall carrying capacity report for the NPTVI protected
area system, which will include both marine and terrestrial
areas (Fig. 4.5).
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Future activities also include the completion of a manage-
ment plan for the network of MPAs with a focus on zoning,
permitted activities, education and sustainable use. The
NPTVI will re-engage stakeholders consulted in the MPA
network design process and broaden its consultation process
to include more land based businesses, Government
Departments and those indirect stakeholders whose activities
may be impacting MPAs directly or indirectly through
improper land based activities.

The United States Coral Reef Task Force recognized the
NPTVIin 2006 when it was awarded a Coral Reef Task Force
award for its efforts to improve the management of marine
resources in the BVI through the development of a network of
marine protected areas with use of sound science and stake-
holder input, the development of strong partnerships, and a
commitment to multilateral environmental agreements.

Designing the MPA Network

The network of marine protected areas in the BVI was
designed by the NPTVI, in collaboration with CFD and other
partners as part of an Overseas Territories Environment
Programme (OTEP) funded project entitled, ‘Assessment and
Improved Management of New and Existing Marine Protected
Areas in the British Virgin Islands’ (2004-2006). The overall
goal of the NPTVI was to create a network of marine pro-
tected areas that met the following criteria (Woodfield Pascoe
and Smith Abbott 2010):
e To create a Marine Protected Area (MPA) network that
reflects the major marine and coastal habitats of the BVI;
* To protect 30% of the important biological habitats across
the BVI. (e.g. hard corals, soft corals, seagrasses, man-
groves, turtle nesting beaches, fishery habitats);
» To cluster protected areas together so that they can be eas-
ily managed; and,
» Toensure that there are marine protected areas distributed across
the BVI in order to ensure ‘resilience’ within the network.

The first project goal was to ground-truth near-shore
marine habitats in order to update a 1991 GIS dataset of the
coastal resources of the BVI (Blair Myers et al. 1992), which
had been the basis for the initial MPA network design. The
updated GIS dataset was then used with the decision making
program MARXAN, and in this programme the NPTVI col-
laborated with The Nature Conservancy who provided exper-
tise and training.

The BVI was divided into three geographic units to build
resilience into the network through even distribution of MPAs
in each unit. This process eliminated the potential to place
heavy reliance on an extensive reef system around the island
of Anegada to the detriment of other areas (Fig. 4.6).

Certain areas were ‘locked’ into the MPA network. These
included areas that NPTVI and CFD had identified as impor-

tant due to their biodiversity, their importance as fish nurser-
ies or fish breeding habitats. This information came from
local fishermen and from previous projects determining the
locations of spawning aggregations conducted by CFD in col-
laboration with partners in the USVI. CFD also have a long
term sea turtle monitoring programme that provided informa-
tion on important nesting beaches and foraging areas.

Additionally the software was programmed to select at
least 30% of each biological habitat type (i.e. soft corals, hard
corals, algae, seagrasses, mangroves) from the coastal
resource GIS dataset (Fig. 4.7).

Four potential MPA network scenarios were created with
varying levels of clustering of MPA areas and locked-in areas.
These maps were then taken to stakeholders for feedback,
including fishermen, dive operators, the charter boat industry
and relevant government departments. To ensure participa-
tion in the stakeholder review process, meetings were orga-
nized on the four main islands in the BVI (Tortola, Anegada,
Virgin Gorda and Jost Van Dyke) using existing organizations
such as fisheries associations, the Charter Yacht Society, the
Dive Operators Association, and the Marine Association.

Because the NPTVI has a long established relationship
with the charter and dive industry which has come from over
25 years of managing mooring buoys in sensitive reef sites, it
was relatively easy to ensure the participation of this sector of
the marine industry, and the fisheries extension officers at
CFD were critical in assisting with this process with regard to
fishermen. Separate meetings were held for fishermen and the
dive/charter industry due to potential conflicts of interests,
and to make participants feel more comfortable when provid-
ing feedback. The main outcomes of the meetings was to have
stakeholders draw on large printed maps that displayed the
four MPA network models, indicating areas they currently
use for fishing, diving, and anchoring, in addition to making
suggestions of areas that should be protected.

Stakeholders were also asked to select the MPA network
model they preferred the most. The MPA network model
eventually selected was the one with the highest level of clus-
tering and locked-in areas. Some amendments were then
made to this MPA network based upon the stakeholder feed-
back. Very small isolated areas were also removed to leave
larger MPAs more evenly distributed across the BVI.

The final stakeholder selection was also the preferred
choice of NPTVI and CFD because the high level of cluster-
ing and number of locked-in areas meant that the MPA net-
work included all the important biodiversity areas that the
two organisations wished to protect and because the individ-
ual MPAs were large enough areas that entire reef systems of
all types were well represented, on both northerly and south-
erly coastal exposures (see Fig. 4.1).

This final map was included in the proposed British Virgin
Islands Protected Areas System Plan 2007-2017 (Gardner
et al. 2007). The NPTVI then collaborated with the Survey
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Fig. 4.6 The geographic regions of the BVI that were utilized in the MARXAN analysis (Created by A. Huggins)

Department to create the legal maps for these areas so that
they can be officially designated as MPAs. The management
categories developed by IUCN - The World Conservation
Union have been adopted in the System Plan to define all
marine and terrestrial areas. Each area within the MPA net-
work has been assigned a management category using the
information gathered from the stakeholders and from the
assessment of conservation value attached to the area, e.g.
Strict Nature Reserve, Protected Landscape/Seascape, Marine
Park, Habitat Management Area, Managed Resource Area,
and Species Management Area (Table 4.1). These maps will
then be used to consultatively create the zoning plan for the
MPAs where permitted activities can occur, as part of the
management planning exercise, in accordance with the
requirements of the National Parks Act 2006 (Fig. 4.8).

In addition to this, the boundaries of the MPAs and zones
of permitted activities within them will be identified using
marker buoys. As the MPA network is very extensive, a pub-
lic relations campaign will be run to inform all stakeholders

of the different management categories, the prohibited activi-
ties and the zones in the relevant MPAs. Promulgation will
include all media sources, such as internet, newspapers, pub-
lications and brochures in the BVI, the US Virgin Islands and
Puerto Rico.

Lessons Learned in Designing an MPA Network

1. In designing the MPA network, NPTVI first identified
areas that were rich in biodiversity and important for
fisheries and locked these areas into the software so that
they would be included in every MPA network scenario.
The MARXAN software also requires in-depth informa-
tion about the potential human stressors to the marine
environment and their threat range. The greatest human
impacts identified included anchorages, mooring buoy
fields, landfill sites, marinas, hazardous material locations,
hotels, sedimentation sources, marine dumps and urban
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Fig. 4.7 The BVI Coastal resource atlas that was produced in 2006 (Created by NPTVI)

Table 4.1 MPA network management categories

Strict Nature Reserve — The conservation and management objectives are to preserve habitats, ecosystems and wildlife species in as undis-
turbed state as possible while maintaining biodiversity and established ecological processes, and to secure examples of the natural environment
primarily for scientific study and research, environmental monitoring, and science education

Protected Landscape/Seascape — an area of land and/or sea where the interaction of people and nature over time has produced a distinctive
character with significant aesthetic, ecological or cultural heritage value and often with high biological diversity, where management aims to
maintain and support this harmonious interaction of people and nature

Marine Park — a natural area of sea containing a representative sample of major natural regions, features, or scenery, or where wildlife, habitats,
or surface features are of special significance and are not materially altered by current human occupation or exploitation, to be maintained in
perpetuity with conservation and management objectives: to protect natural and scenic areas of national and international significance for
spiritual, scientific, educational, recreational, or tourism purposes

Managed Resource Area — an area of land and/or sea large enough to absorb sustainable resource uses without detriment to its long-term
natural values, to be managed to ensure long-term protection and maintenance of biological diversity while providing a sustainable flow of
natural products and services to meet community needs

areas. Therefore the potential MPA scenarios generated the areas selected for the MPA network were naturally
were a reflection of the special biodiversity areas, the high protected due to their geographic location as being areas
level of clustering of MPAs that was a requirement, and with the least human influence and greatest biodiversity
the minimum predetermined permitted distance of each and many were also located around some of the uninhab-

from human stressors. These criteria meant that some of ited southern cays.
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Fig. 4.8 Management categories for the MPA network, based upon the IUCN framework for protected area management (Created by NPTVI)

2. Stakeholder meetings and government involvement dilemma is ongoing and NPT VI will utilise the stakeholder
throughout the planning process ensured that everyone meetings for the MPA management planning process to
was aware of the MPA goals (the 30% goal became very generate ideas about alternatives in the future, but overall
well known in the BVI and regionally.) sustainable use of the marine environment by all sectors is

3. It is critical to plan field work in a strategic manner that the only certain way forward.
ensures optimal field assessment and representation of 6. The way in which information is presented to stakeholders
geographic units. The BVI was divided into three geo- can affect how much feedback is provided. For example,
graphic units for the MARXAN analysis to ensure equal using large paper maps was most successful, and people
ground truthing of polygons to maintain accuracy in the were also more inclined to attend meetings when they saw
selection of 30% of each habitat type for inclusion in the that their opinions were being recorded and taken into
MPA network. consideration.

4. A greater understanding of the stakeholder groups is 7. The building of trust between government and community
important. As the NPTVI did not traditionally have a rela- entailed continued engagement of stakeholders throughout
tionship with fishermen it was not always possible to the MPA planning process, particularly when zoning areas.
engage fisherman. Therefore, working with the CFD In the present case, the final scenario that was selected was
fisheries extension officers was essential and helped agreed upon in its entirety by all stakeholders.
improve these relationships. 8. Many small island nations do not have access to university

5. There are broad issues of fisherman incomes directly experts or scientific researchers so field work can be limited
conflicting with conservation. Therefore, future activities by capacity issues and resources. Therefore, scientific,

should aim to create alternative sources of income. This management, and monitoring training is an important part
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Fig. 4.9 Taylors Bay Fisheries protected area, on the southern coast of Virgin Gorda (Photo by A. Dickerson)

of the long term project goals. Finding the right people to
undergo training is equally important to ensure that capac-
ity is retained within an organization.

9. Building resilience into the system by using both geo-
graphic distribution across an area and by using natural
features can reduce conflict between stakeholders and the
requirements of conservation. Some areas included in the
MPA network, both fulfilled the strict criteria for inclusion
and are located on the north or south sides of islands that
are naturally too exposed, deep or rough to be utilized by
stakeholders. Thus conflict was avoided in protecting the
area and the 30% goal of habitat protection was still
achieved, an example being Taylor’s Bay Fisheries
Protected Area (Fig. 4.9). The MPA network includes an
array of reef types due to the large areas that have been
selected for protection.

Monitoring Change Within MPAs

Long term monitoring is required to measure the effective-
ness of the MPA network and ten monitoring sites were estab-
lished across the BVI as part of the OTEP funded project,
with locations in all represented habitats.

However the NPTV has insufficient capacity to conduct reg-
ular monitoring of these transects and so continued collabora-
tion with CFD is important to assess the health and status of
the MPAs. NPTVI Marine Wardens are primarily responsible
for the maintenance of the mooring buoys leaving little to no
time for research activities. In the long term, a marine biologist
and research assistant would be based at the NPTVI and

would work in collaboration with the CFD on monitoring
transects. Collaboration between these two departments is
critical in order to share resources, technical skills and maxi-
mize efficiency of effort. The marine biologists at CFD
assisted in the establishment of the OTEP project monitoring
sites and also conduct periodic monitoring across the Territory,
particularly during extreme events, e.g. mass bleaching or
coral disease.

Threats to the MPA Network

The BVI has been threatened by both natural disasters
and anthropogenic impacts. Hurricanes have frequently
impacted the area over time, whilst flooding from torrential
rains has resulted in landslides which subsequently harm
the marine resources due to increased sedimentation. Most
recently, the bleaching event of 2005 has had devastating
impacts, resulting in almost 90% of the BVI reefs being
bleached at that time and live coral cover reduced by 60%
(Hime 2008).

Human impacts on the BVI are vast and include: anchor
damage from charter and private vessels, increased numbers
of mega-yachts and mini cruise ships; coastal development of
marinas, hotels, and wvillas; over harvesting of conch
(Fig. 4.10), spiny lobster and whelks; unregulated fishing
practices that include fish pots and spears; increased sedimen-
tation due to development on adjacent steep hillsides, the
creation of unpaved roads and improper erosion control; sew-
age discharge from charter and private vessels and ocean out-
fall disposal of terrestrial waste; and from too many vessels
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Fig.4.10 Overharvesting of conch has led to the creation of enormous
conch middens along Anegada’s southeastern coast (Photo by
N. Woodfield Pascoe)

that originate from the BVI, USVI, Puerto Rico and throughout
the Caribbean.

However, despite these threats, the creation of a national
network of carefully regulated MPAs will go some way to
mitigating the threats, and provides a mechanism for man-
agement of the reefs and other marine resources of the BVI.
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Anegada: An Emergent Pleistocene

Reef Island

Shannon Gore

Introduction

Anegada was named after the Spanish word meaning
“flooded” or “drowned,’” and the island, when first found,
may have looked a lot different than it does today. Anegada’s
extensive salt pond and wetland systems, particularly on the
western side of the island, create the impression that the
Spanish translation of the island’s name still holds true today
(Fig. 5.1). The future of this low-lying island, with a maxi-
mum elevation of 8 m (Martin-Kaye 1959) is uncertain due
to the potential impacts from climate change such as erosion
and subsequent flooding that may result from sea level rise
(Mimura et al. 2007) and the increased frequency and inten-
sity of storms (Bender et al. 2010). However, Anegada’s geo-
logic history and the oceanographic processes that shape the
island reveal a different story. Since the island lacks exten-
sive real estate and commercial development and has a low
population (288 in 2006, (DGO 2007)), the island’s natural
ecosystems, processes and past geologic signatures of
extreme events have been maintained and preserved. Even
though limited research has been carried out on the island,
what is known reveals a resilient island; contradicting the
name it was originally given.

Anegada’s Physical Setting

The island of Anegada is 38 km? in area and extends 17 km
along a west to southeast arc (Dunne and Brown 1979)
along the north eastern most part of the Puerto Rico/Virgin
Islands platform (Fig. 5.2). A wide coral reef fringes the
northern coast and extends to the southeast of the island
for approximately 17 km. The island’s orientation exposes
it to the northeast trade winds, Atlantic swell waves and to

S. Gore (<)

Conservation and Fisheries Department, Government of the Virgin
Islands, 3323, Road Town, Tortola VG1110, British Virgin Islands
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occasional tropical cyclones. Its location 125 km south of
the Puerto Rico trench makes the island susceptible to
seismic activity (ten Brink et al. 2004). Anegada’s low
elevation also makes the island vulnerable to potential
impacts from climate change such as erosion and island
inundation (Mimura et al. 2007) resulting from the
increased frequency and intensity of storms (Bender et al.
2010) and sea-level rise.

Geologic Genesis

Anegada is entirely different from the rest of the British
Virgin Islands (BVI), United States Virgin Islands (USVI),
and Puerto Rico all of which make up the Puerto Rican/
Virgin Islands (PR/VI) platform (with the exception of St.
Croix) (Fig. 5.3). This platform is part of the earth’s crust
that is actually a tectonic microplate which fits like a jigsaw
piece between the North American and Caribbean plates
(Van Gestel et al. 1999; Masson and Scanlon 1991). All the
islands on this microplate, except for Anegada, are volcanic
in origin and those islands that make up the BVI formed
roughly 80 million years ago (Helsley 1960).

Anegada, on the other hand, formed as part of a massive
coral reef system during the last Interglacial highstand
(Marine Isotope Stage S5e) between 130,000+2k and
119,000+ 2k years before present (ybp) (Chen et al. 1991;
Hearty et al. 2007). During this period, sea levels were higher
than today, somewhere in the range of 2.5—-15 m higher in the
Caribbean (Hearty et al. 2007). Reef accretion along the
windward (north-eastern to eastern) edge of the platform,
like other windward facing Caribbean reefs, grew under sim-
ilar conditions found today (Geister 1977).

Over the 100,000 years following the last interglacial
highstand, the climate became cooler, and sea levels lowered
to a maximum of 120 m below current levels (Fairbanks
1989; Bard et al. 1990). Ice volumes in North America, high
latitude Europe and in the Antarctic ice sheets reached maxi-
mum levels ~30,000years ybp which led to the last glacial

C.R.C. Sheppard (ed.), Coral Reefs of the United Kingdom Overseas Territories, Coral Reefs of the World 4, 47
DOI 10.1007/978-94-007-5965-7_5, © Springer Science+Business Media Dordrecht 2013



Fig.5.1 Wetlands of Western Anegada (Credit: S. Gore)
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Fig. 5.3 Satellite image of Anegada (Credit: Image Science and Analysis Laboratory)

Fig. 5.4 Anegada Limestone Formation (Credit S. Gore)

maximum (LGM) over the following 10,000 years (Lambeck
et al. 2002). During this time (~20,000-30,000 ybp), the
entire PR/VI platform was exposed (Bush et al. 1995) and
was a time in which one would have been able to walk to
Puerto Rico from Anegada. The coral reef that formed the

north-eastern part of the PR/VI platform had died off and
began transforming into a solid slab of limestone called the
Anegada Limestone Formation from years of exposure to
sun, wind, rain and the many other elements of nature (Gore
2012) (Figs. 5.4 and 5.5).
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Fig.5.5 Exposed corals seen in the Anegada Limestone Formation (Credit S. Gore)

About 20,000 years ago, following the last glacial maxi-
mum, sea levels in the Caribbean started rising. Reconstruction
of past sea levels has been modelled through the use of corals,
particularly Acropora palmata in the Caribbean (Lightly et al.
1982) since this species grows specifically within a narrow
depth range and is exclusively confined to the reef crest. Dating
these corals provides for a widely used means to identify past
sea levels (Blanchon and Shaw 1995; Toscano and Macintyre
2003). Using this method, three periods of postglacial rapid sea
level rise, termed melt-water pulse (MWP) occurred ~14,000
ybp, ~11,000 ybp and ~8,000 ybp (Blanchon and Shaw 1995;
Toscano and Macintyre 2003). During these periods, rates of
sea level rise were in the range of 35 mm year™ up to
60 mm year (Blanchon 2011). During the third period, sea
levels rose 6.5 m and reefs back-stepped in an attempt to “keep
up” with rapid sea level rise (Neumann and Macintyre 1985).
This response is seen in many Caribbean reefs (Hubbard 1997)
and is suggested to exist around Anegada (Dunne and Brown
1979). Additionally, beachrock found offshore up to 150 m
from the modern coast indicates a former shoreline, possibly
just before the last melt-water pulse 8,000 ybp (Fig. 5.6).

The island of Anegada today is divided into two distinct
geologic formations that geographically split Anegada in half
(Fig. 5.7). The eastern side of the island, the Anegada
Limestone Formation is distinguished by the indurated coral
reef limestone with modified karst topography including
solution pits and sinkholes, locally called slobs (Howard
1970). This formation forms an arcuate ridge along the north
central to north-eastern side of the island and gently slopes
southward. Coral sampled at ~2-3 m above sea level, from a

quarry located at the eastern end of Anegada, was dated using
U/Th232 to be ~121,096 ybp (US ten Brink, personal commu-
nication, 4 April 2011), thus confirming its formation during
the Pleistocene.

The western side of the island, as well as a narrow strip of
unconsolidated sediments parallel to the northern edge of the
now lithified emergent reef (Anegada Limestone Formation)
is comprised of dune and beach ridge complexes, lagoons and
mangroves. This part of the island is named the Anegada
Ridge Plain Formation (Gore 2012). Since little is known
about the controls on sediment supply in island formation
(Woodroffe 2002), as well as a lack of dating investigations
on Anegada’s ridge plain, the exact temporal formation
sequence for this portion of the island is unknown. However,
it is speculated as sea levels began to lower following the last
interglacial highstand, a period of intense storms possibly
occurred in the Caribbean (Hearty 1997; Hearty et al. 2007)
which would have helped form the inner wave-built ridges.
While this area was sub-aerially exposed during the last gla-
cial maximum, an eolian sand veneer may have formed over
these basal ridges. As sea level started to rise again, ridges
continued to develop, most likely during high energy events,
from sediments produced by the frontal reef.

Although no other island on the PR/VI platform resem-
bles Anegada’s limestone and ridge-plain characteristics,
Anegada has a few similarities with the limestone islands of
the Bahamian Archipelago to the northwest (including the
Bahamas, Turks and Caicos Islands, the Mouchoir, Silver
and Navidad Banks), as well as the islands to the southeast of
Anegada along the outer Lesser Antilles arc, also known as
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Fig. 5.7 Geology of Anegada

the limestone Caribbees (Anguilla, Dog, Sombero, St. Martin/
St. Maarten, St. Barthélemy, Antigua, Barbuda, Guadeloupe,
Marie-Galante and Grande Terre).

Similar to the Anegada limestone formation, most of the
major islands of the Bahamian archipelago are exposed

Pleistocene reefs (Cant 1977) with elevations 5 m above the
present sea level (Hearty 1998). Some of these islands also
display multiple Holocene beach-accretion ridges that
formed in the low lying areas (Enos 2011), similar to those
found in the Anegada ridge plain formation.
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Fig. 5.8 Marine and Coastal habitats of Anegada

The limestone Caribbees also have exposed Eocene to
Pleistocene limestones which are built entirely or partially
over the volcanics (Martin-Kaye 1959). The island of
Barbuda in particular lacks any exposure of a volcanic base-
ment and most closely resembles Anegada. The island has
karstic features similar to the Anegada limestone formation
as well as similar Holocene formations that include barrier
reefs, lagoons, mangroves and ridge plain formations.

The differences between the Bahamian archipelago and
the limestone Caribbees is the latter form a shallow veneer of
limestone (Eocene to Pleistocene in age) over volcanics
while the Bahamian archipelago limestones reach depths up
to 10 km (Sheridan et al. 1988). The depth of limestone and
the underlying geology of Anegada are currently unknown.
Additionally, Anegada is separated from the Bahamas by the
Puerto Rican trench (depth 8,395 m) to the north and the
Anegada Passage (depth 1,915 m) separates the island from
the limestone Caribbees to the southeast.

Modern Coastal Systems of Anegada
Coral Reefs
Anegada’s Horseshoe Reef collectively covers approxi-

mately 133 km? (Fig. 5.8) and is composed of two distinctive
facies, a high energy reef front along the north-eastern

15
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windward side of the island, and a series of patch reefs with
a marked northwest/southeast orientation aligned to prevail-
ing wind and wave patterns on the southern leeward side
(Brown and Dunne 1980).

The fringing reef along the northern shore of Anegada
supports a reef system with lagoon, back reef, reef crest, and
forereef sub-environments. This section of the reef is broken
only by a few narrow channels. The width between the north-
ern Anegada shoreline and reef crest (the lagoon area) show
spatial variability ranging between 5 m and up to 3 km. The
lagoon floor comprises primarily carbonate sands, seagrasses
and/or algae. The north-western lagoon has well-developed
patch reefs while further east, patch reefs are less established
(Brown and Dunne 1980).

A barrier reef extends approximately 14 km southeast-
wardly beyond the eastern tip of the island to an area charted
as “The White Horses” where the horseshoe shape of the reef
turns almost 90°. From the White Horses, deep patch reefs
(30 m depth) run in a south westerly direction for 8.5 km, to
approximately 9.5 km northeast of Pajero’s Point, Virgin
Gorda.

During the mid-1980s, a healthy reef ecosystem existed
on Anegada with live coral coverage reaching 100% in a few
areas (Anderson et al. 1986). However, throughout the
Caribbean, an epidemic of white-band disease affected
Acroporids during the late 1970s (Aronson and Precht 2001)
and was followed by a disease-induced mass mortality of
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Fig. 5.9 Aerial image of the eastern side of Anegada and current channels running parallel to the coast (Source BVI Survey Dept.)

Diadema antillarum in 1983-1984 (Carpenter 1988).
Additionally a number of hurricanes which passed the BVI
added to the shift of reef-building corals from Acroporids to

Montastraea annularis and a reduced the live coral coverage
to 8-19.5% by the late 1990s (Nemeth et al. 2003).

Seagrass Beds

Seagrass beds cover approximately 28 km? of the shallow
(<10 m depth) marine area surrounding Anegada (Blair
Myers et al. 1992) and include Thalassia testudinum,
Syringodium filiforme, Halodule wrightii, and Halophila
baillonis (Anderson et al. 1986). The densest seagrass beds
are located to the south and west of the island. Large patches
of seagrasses occur off the north shore in Windless and Bones
Bight, where wave energy is attenuated by the fringing reef
and off the eastern tip of the island, seagrasses, algae and
sand form distinctive channels running parallel with strong
current flows (Fig. 5.9).

The accumulations of algae and seagrasses (also called
beach cast) can be seen along most of the entire coastline year-
round (Fig. 5.10). Large accumulations that form conspicuous
wedge-shaped blocks called banquettes (Boudouresque and
Meinesz 1982) often form between Pomato Point and Setting
Point, particularly following hurricanes.

Mangroves

The south central to south-eastern shoreline of Anegada is
composed of mangrove forest rather than sandy beaches
(Fig. 5.11). Two types of mangrove forest habitat are repre-
sented. Several small communities of mangroves (Rhizophora
mangle) cluster along the central shoreline and are not directly
linked to any inland bodies of water. The second type of
mangroves are continuous “mangrove wetlands’, described by
Jarecki (2004) as an ecosystem which includes a hypersaline
aquatic habitat (i.e. a salt ponds), the pond’s shoreline and its
fringing mangroves. The south eastern mangrove wetlands of
Anegada include three salt ponds and four species of mangroves
(Rhizophora mangle, Avicennia germinans, Laguncularia
racemosa and Conocarpus erectus). The existence of mangrove
forests along this section of Anegada’s south eastern coastline
is indicative of a stable or prograding coastline.

The same four species of mangroves that are found on the
eastern side of the island are also found in the western interior
of Anegada. Mangroves fringe seven interconnected salt ponds
which collectively comprises one of the largest remaining
mangrove wetland systems in the Lesser Antilles (Scott and
Carbonell 1986; Jarecki 2004). In November 1999, this area was
awarded recognition of international importance as a Ramsar
site (Ramsar Site#983). (http://ramsar.wetlands.org/Database/
Searchforsites/tabid/765/language/en-US/Default.aspx).


http://ramsar.wetlands.org/Database/Searchforsites/tabid/765/language/en-US/Default.aspx
http://ramsar.wetlands.org/Database/Searchforsites/tabid/765/language/en-US/Default.aspx
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Fig.5.11 Walkway to the fishermen’s dock on the southern coast (Credit: Conservation and Fisheries Department)

Salt Ponds

The interior ponds of Anegada were once marine bays
connected directly to the sea through inlets on the north shore
of the island but were altered to a hypersaline state due to an

extreme sedimentary event, such as a tsunami, that blocked
marine waters from entering the bay (Atwater et al. 2012). A
thick sheet of sand found as far as 2 km inland containing
grains of the foraminiferan Homotrema rubrum, reducing in
concentration landwards, is indicative of a marine overwash
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Fig.5.12 Flamingo Pond, Western Anegada (Credit S. Gore)

origin (Pilarczyk and Reinhardt 2012; Mackenzie et al.
1965). This layer of foraminiferan rich sediments lies directly
over the limestone bedrock or marine pond mud and below a
laminated cyanobacterial mat (Atwater et al. 2012). This
stratigraphic change from marine pond to hypersaline pond
indicates marine waters had to have been blocked from enter-
ing the bay. This change is believed to have been caused by
a transatlantic tsunami that formed after the Lisbon earth-
quake of 1755 (Atwater et al. 2012).

Sedimentary features of ponds in Anegada include lami-
nated cyanobacterial mats, organic muds and sand. Water
depths within the western ponds respond to seasonal changes
in the mean sea level rather than rainfall and evaporation
cycles (Jarecki 2004).

Within Anegada’s western salt ponds (Fig. 5.12), a num-
ber of fetch-limited barrier islands (described by Cooper
et al. 2007) have formed and reflect local variable wind
directions (Fig. 5.13). It is unknown if these islands formed
before or after the ponds turned hypersaline. Although shore-
line processes of these particular islands are unknown, the
vegetation has changed. Schomburgk (1832) mentions these
small islands as having more “vigorous” vegetation than the

surrounding banks during his visit in 1831 but today,
vegetation is sparse because of years of grazing by feral ani-
mals (Downs 1997).

Beaches

The near continuous sandy coastline around Anegada varies
spatially due to their orientation to prevailing wind and
waves, planforms and sedimentary characteristics.
Additionally, they differ temporally and can be divided into
four physiographic regions.

The first region is located on the south central to south
eastern Anegada coastline, fringing the Anegada Limestone
Formation and consists of a mangrove forest described
previously (Fig. 5.14). This region has prograded a maxi-
mum of 60 m between 1953 and 2002 (Gore 2012).
The entire southern coastline exhibits finer grained
sands than the northern shore beaches; however, in con-
trast to the southeastern coastline, the southern coastline
of the Ridge Plain Formation consists of characteristic
cuspate forelands developed by a sequence of low ridges
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Fig.5.13 Fetch limited barrier islands found within the salt ponds in Anegada (Credit S. Gore)

Fig.5.14 Mangroves along the south eastern coast of Anegada (Credit BVI Survey Dept.)

where waves approach from two different directions
(Fig. 5.15). The series of forelands along this section of
Anegada form distinctive windward (facing southeast) and
leeward (facing southwest) beaches and demonstrate vary-
ing degrees of accretion and erosion.

The third distinct region of coastline consists of beaches
along the northern Ridge Plain Formation which are gener-
ally exposed to the prevailing wind and waves and create
a series of broad crenulated bays separated by wide sand
bluffs (Fig. 5.16). Historic changes along this region
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Fig. 5.15 Cuspate forelands on the south western side of Anegada

(Credit: BVI Survey Dept.)

Fig. 5.17 1953 Aerial photo of the north western coast of Anegada
(Credit BVI Survey Dept.)
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alternating periods of accretion and erosion by up to £90 m
(Gore 2012).

In general, beaches along the Ridge Plain Formation have
had the most dramatic temporal changes. The far western
side of the island has shown up to 285 m of erosion between
1861 and 2009 while to the south, up to 135 m has accreted
(Gore 2012). This suggests this margin of the island has
morphologically adjusted to prevailing conditions by shifting
in a counter clockwise movement.

Beaches along the northern Anegada Limestone Formation,
the fourth region, also face prevailing wind and waves but are
relatively straight compared to the north western shoreline
(Fig. 5.17). Crenulated bays along this section of the coast
only exist where narrow channels break in the fringing reef
(Dunne and Brown 1979).

Unlike the other coastlines around Anegada, this region
has exposed outcrops of both Pleistocene bedrock and beach-
rock which limits shoreline erosion (Fig. 5.18). As a result,
the temporal changes on the western side of the island, com-
pared to the dramatic temporal changes on the western side
of the island, show more relative stability with no more than
+30 m of accretion/erosion between 1953 and 2002.

Dune Ridges

From a bird’s-eye view, multiple foredune ridges found in
Fig.5.16 Anegada’s north western coastline (Credit J. Scheiner) the Anegada Ridge Plain Formation (Fig. 5.19) run parallel
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Fig.5.18 Exposed beachrock near Loblolly Bay (Credit S. Gore)

Fig. 5.19 The Anegada Ridge Plain formation named after the shore
parallel ridges (Credit: BVI Survey Dept.)

to shore and reflect an abundant sand supply, strong onshore
winds and the local vegetation’s ability to trap sand
(Sanderson et al. 1998; Woodroffe 2002). However, since
beaches and dunes accustomed to high-energy regimes
require extreme storm activity to cause significant morpho-
logical impact (Cooper et al. 2004), the existence of the

north coast fringing reef that induces significant wave
attenuation and energy dissipation offshore, renders the
exact temporal formation sequence of the Ridge Plain
Formation unknown.

Ridges found along the north ridge plain rise up to 4 m
(Fig. 5.20) and are higher than those along the southern shore
of the island (Atwater et al. 2012). However, sand deposits
thicken towards the west (~10 m) and to the south (Insular
Environments 1973) which may be indicative of antecedent
topography sloping in a southerly direction, similar to the
Limestone Formation to the east.

Conclusion

Jumping to the conclusion that Anegada is eventually going
to flood and disappear because of climate change is merely a
misunderstanding of this dynamic reef island’s ability to
aggressively adjust to change. The trans-Atlantic tsunami
and over 30 hurricanes passed Anegada within 150 km since
1713. Over this period, at least seven dune ridges continued
to form along the north shore from high energy waves capa-
ble of moving sand landward. Mangroves have also contin-
ued to prograde along the southern coast. This shows the
island’s resiliency is based on Anegada’s current ability to
adjust to both extreme events and prevailing conditions.
Although the coastline may display alternating areas of ero-
sion and accumulation of sand, in some cases nearly 300 m
of change, the long-term result has been a counter-clockwise
rotation of the western side of the island.
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Fig.5.20 High dunes found along the north western shores of Anegada (Credit: S. Gore)

A better understanding of the formation of Horseshoe reef
in relation to Anegada’s development of the Ridge Plain
Formation may provide greater insight for those changes
resulting from sea level rise. Additionally, gaining a better
understanding of how the loss of live coral coverage may be
morphologically altering Horseshoe Reef and what those
implications may have on the shoreline is still needed.
However, this type of research may become more difficult
over time with extensive coastal development imminent.

Without taking into consideration Anegada’s coastal
dynamics, coastal developments could cause the island to lose
its resiliency to natural events. This in turn could threaten the
island’s biodiversity that currently sustains globally and
regionally important species (McGowan et al. 2006a) of breed-
ing seabirds (McGowan et al. 2006b), plants (Clubbe et al.
2004), populations of sea turtles (McGowan et al. 2008) and
the critically endangered Anegada Rock Iguana (Cyclura pin-
guis) (Bradley and Gerber 2008). Depending on how develop-
ment proceeds, the fragile nature of the island could forever be
changed. Only then can we blame ourselves for allowing such
an amazing island to drown and live up to its name.
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Coral Reefs of the Cayman Islands

Alan Logan

Introduction

The British Overseas Territory of the Cayman Islands lies in
the north-western part of the Caribbean Sea between 19°15'—
19°45'N and 79°44'-81°27'W and consists of three islands,
Grand Cayman, Cayman Brac and Little Cayman, the last
two known as the Sister Islands. All are low-lying and are
prominences on the submerged Cayman Ridge which is an
extension of the east—west trending Sierra Maestra mountain
range of south-eastern Cuba (Roberts 1977) (Fig. 6.1). The
ridge is bordered to the south by the Cayman Trench where
depths exceed 5,500 m and the Yucatan Basin to the north-
west with depths around 4,500 m (Wells 1988; Spalding
et al. 2001). Grand Cayman, lying approximately 250 km
south of Cuba and 280 km north-northwest of Jamaica, is the
largest of the three islands at almost 200 km?, while Cayman
Brac and Little Cayman are smaller and arranged en echelon
at about 120 km east-north-east of the main island. The pre-
vailing trade winds are generally from the north-west in win-
ter and the south-east in summer and the tidal range is less
than 1 m (Wells 1988).

This chapter discusses the submarine topography of the
nearshore areas, coral reef geomorphology and zonation,
biotic communities and substrate types of the reef complex
as a whole. Then, the next chapter discusses a variety of
related reef topics such as the ongoing programme of reef
assessment as related to anthropogenic and other threats,
coral bleaching and diseases, and iconic reef fish such as
groupers and lionfish. This chapter concludes with a short
overview of the regulatory structure and reef management
methods designed to protect the reefs, mechanisms which
assume special importance where their accessibility and
pristine condition are the basis for a thriving diver-tourism
industry.

A. Logan (D<)

Centre for Coastal Studies, University of New Brunswick,
5050, Saint John, NB E2L 4L5, Canada
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Submarine Topography

The geology of the Cayman Islands is now well known (Matley
1926; Brunt et al. 1973; Roberts 1977; Jones 1994). Jones
(1994) has discussed the tectonic setting of the islands, in par-
ticular the active spreading centre of the Mid-Cayman Rise and
its relation to transform fault movement in the region (Fig. 6.1).
The nearshore submarine topography acts as a base for reef
development, in that a narrow submerged fore-reef shelf about
0.5-2.0 km (average 500 m) in width surrounds all three islands
and has two well-marked submarine terraces at 8—10 m and
20 m depth (Roberts 1977; Logan 1981) which are remarkably
similar for all three islands. This suggests regional stability and
contemporaneous reef and lagoonal development that allow the
recognition of similar substrates and associated communities
from all three islands (see substrate-community maps in
Roberts 1988, 1994; Logan 1988, 1994). These terraces are
described for Grand Cayman by Rigby and Roberts (1976) and
Roberts (1977, 1994), and for Cayman Brac and Little Cayman
by Logan (1994). The shallow (or upper) terrace slopes gradu-
ally from either the shoreline or fringing reef to a depth
of between 8 and 10 m where there is a former sea cliff, now
heavily colonized by reef growth, sloping down to about 15 m
depth. The shallow terrace often shows spur-and-groove reef
development. The deep (or lower) terrace has a depth of
between 15 and 20 m and consists of a sand plain with scattered
patch reefs and remnants of spur-and-groove. The seaward
edge of the sand plain terminates at a slight ridge, beyond
which is a steep drop-off down the fore-reef slope into deep
water. Occasionally, as at Bloody Bay on Little Cayman, the
deep terrace is absent and the drop-off occurs at the edge of the
shallow terrace as an almost vertical wall. Typical profiles
showing the submarine terraces and their reef zones are shown
in Fig. 6.2a, b. The fore-reef slope beyond 40 m depth is virtu-
ally unexplored but fathometer profiles from Grand Cayman by
Rigby and Roberts (1976) show a very steep wall to about
150 m, beyond which is a slight reduction in slope which prob-
ably represents a fan of proximal reef sediments stacked up
against the base of the old reef wall.

C.R.C. Sheppard (ed.), Coral Reefs of the United Kingdom Overseas Territories, Coral Reefs of the World 4, 61
DOI 10.1007/978-94-007-5965-7_6, © Springer Science+Business Media Dordrecht 2013
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Fig. 6.1 Map and section of the central Caribbean to show the Cayman Islands as ridge pinnacles and the postulated relative movement of plates

in the region (After Jones 1994)

The Reef Complex and Its Facies

The dominant influence on shallow marine substrates and
their communities in the Cayman Island is the prolific growth
of reef-building corals and coralline algae which help estab-
lish the biogenically-constructed limestone coral reefs. Initial
reef growth on a shallow shelf under optimum conditions
eventually leads to a complex of reef and reef-dependent
environments termed the reef complex (Henson 1950). Here,
over time, there is an interplay of constructional and destruc-
tional processes which results in reef growth on the one hand
and the formation of reef-derived sediments on the other.
The presence of a fringing reef near sea level and spur-and-
groove structure on the deeper reefs reduces the effects of
waves and provides quiet-water conditions in the lee of the
reefs, where lagoon and shore communities can develop.
Lagoonal substrates are dominated by sediments varying
in grain size from fine sands to coarse rubble. Sandy areas
are often inhabited by sparse algae such as species of
Halimeda, Penicillus, Avrainvillia and Udotea, while shells
of the infaunal bivalve Codakia orbicularis are scattered

over the surface of the sand. Where gravel or rubble occurs,
attached green algae and Sargassum are present, as well as
the brown algae Padina and Turbinaria and scattered coral
heads of Agaricia agaricites, along with sea urchins belong-
ing to Echinometra and Diadema. Marine grasses are patchy
in distribution and dominated by Thalassia testudinum, with
Syringodium filiforme and species of Halodule sometimes
forming mixed stands (Logan 1994, Fig. 6.4). The sponge
Tedania ignis is common in these grass beds, along with cal-
careous green algae and echinoids, while small coral colo-
nies belonging to Porites occur between the blades.
Callianassa and/or Arenicola sand mounds are present
throughout the grass beds. Patch reefs dominated by species
of Montastrea (Logan 1994, Fig. 6.6) are commonly seen in
lagoonal areas, with single stands of Acropora palmata
(Logan 1994, Fig. 6.5) in the lee of the fringing reef. Other
corals encountered are Porites astreoides, P. porites, Diploria
strigosa, D. clivosa, Colpophyllia natans, Siderastrea siderea
and Agaricia agaricites, the latter often occurring as a prom-
inent understorey species. The hydrozoan Millepora compla-
nata in bladed growth form is also locally present (Logan
1994, Fig. 6.9).
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Fig.6.2 (a) Idealised three-dimensional offshore profile typical of all three
Cayman Islands where shallow and deep terraces are present. (b) Profile off
Bloody Bay, Little Cayman with no deep terrace and sand plain. Key to

Coral Reef Zonation

Coral reefs, consisting mainly of a consortium of scleractinian
corals and calcareous algae, are found at three depth levels
in the Cayman Islands (Rigby and Roberts 1976; Roberts
1977, 1994; Logan 1994). The shallowest reefs (not includ-
ing lagoonal patch reefs) form a linear wave-resistant crest
at sea level responsible for lagoonal development in its lee
around most of Grand Cayman and Little Cayman but only
rarely on Cayman Brac. This reef is essentially a narrow
fringing reef built on the apex of two oppositely-sloping
surfaces and thrives in high energy wave conditions. The main
reef-builders are massive wave-resistant corals, although
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behind, D barren rock pavement, E shallow terrace reefs with spur-and-
groove, F'sand plain, G deep terrace reefs (Modified after Logan 1994)

even they may suffer extensive damage during hurricanes,
resulting in the formation of a rubble flat zone on its land-
ward side. A barren rock pavement separates the active
fringing reef from a second reef development on the shallow
terrace while a sand plain separates this reef from a third
reef development at 15-20 m depth which extends down
the fore-reef slope to the limit of coral growth at about
70 m. The zonation pattern of the reefs is remarkably similar
for all three islands. Where submerged Pleistocene Ironshore
Formation outcrops across bays, it usually acts as a locus
for developing fringing reefs at or near sea level, although
Blanchon and Jones (1997) have shown that storm-derived
rubble may also control the location and architecture of
some fringing reefs around Grand Cayman. Landwards of
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Fig. 6.3 Waves breaking over nearshore fringing reef and associated rubble flat with storm deposits of boulder ramparts on the shore, near Brac

Reef Hotel, Cayman Brac

these reefs are the lagoonal facies of grass beds, patch reefs
and sand deposits, all comprising an integral part of the reef
complex (Logan 1994).

Fringing Reef Rubble Flat

Shorewards of the active fringing reef is a zone of rubble
derived from the mechanical breakdown of the reef by
storms. This zone is extensively developed along the south
coast of Little Cayman from The Flats to Sandy Point near
the east end of the island (Logan 1994, Fig. 6.7) and is gra-
dational with typical lagoonal substrates at depths close to
sea level. Here wave energy is high and limestone blocks
made up of dead fronds of Acropora palmata and zoned
blades of Millepora complanata have been tossed shore-
wards into the rubble zone. There is a general dearth of
living corals, only low-relief robust forms such as Porites
astreoides, P. porites, Diploria clivosa, Siderastrea siderea,
and Agaricia agaricites can survive here. Crustose coral-
line algae are common but calcareous green algae such as
Halimeda are rare. Active bioerosion by parrot fish, sea
urchins and the sponge Cliona contribute to the barren
nature of this zone. Furthermore, much of the rubble flat is
exposed at low tide (Logan 1994, Fig. 6.8) and bears the
brunt of wave activity, thus providing a constant source of
biologically and physically derived sediments for the
lagoonal and shore areas and even forming boulder ram-
parts on the shore during the most violent of storms
(Fig. 6.3).

Active Fringing Reef

The breaker zone around the Cayman Islands is narrow
and usually defines the outer limit of bays and sounds
(Fig. 6.4). This is the zone of the reef crest, dominated by
an Acropora-Millepora thicket, and spans the Palythoa-
Millepora and Acropora palmata-Diploria strigosa
zones described for Caribbean fringing reefs by Geister
(1977, 2011). According to this scheme Acropora cervi-
cornis should occur shorewards of the fringing reef but
this species is now rare almost everywhere in the Caymans,
although it survives as isolated stands in the barren rock
pavement zone seawards of the fringing reef and occasion-
ally near the drop-off. Acropora palmata occurs as large
arborecent colonies robust enough to withstand the con-
stant surf, the upwardly-inclined fronds preferentially ori-
entated towards the open ocean. Gaps between colonies
are often filled by the hydrozoan Millepora complanata
which forms a low hedge of vertically-inclined, upwardly-
flaring blades, the flat faces facing the direction of wave
advance (Logan 1994, Fig. 6.9). Understorey species
include the zoanthid Palythoa caribaeorum and low relief
colonies of species of the corals Porites, Diploria, Agaricia
and Montastrea, with the foraminiferan Homotrema
rubrum common in interstices. Fenner (1993) listed ten
coral species from the reef crest in Cayman Brac. Although
the reef crest acts as a protective barrier for the enclosed
sounds and bays, channels do occur, allowing lagoonal
water to periodically drain back to the open sea (see
Fig. 6.4).
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Fig. 6.4 Development of fringing reefs at Frank Sound and Gun Bay, east end of Grand Cayman resulting in lagoons with sands and grass beds
(dark patches). Note banded reef zones on seaward side of fringing reefs. (Google Earth)

Barren Rock Pavement

Seawards of the fringing reef a shallow terrace forms the
upper part of the shelf and comprises a barren rock pavement
to a depth of about 8 m depth, merging seawards into the
well-developed coral reefs of the shallow terrace. The barren
rock pavement zone occurs around all three islands and com-
prises a rock surface gently dipping seawards from either the
fringing reef or the shoreline (where a fringing reef is absent)
to near the seaward edge of the shallow terrace. Subparallel
grooves, named radial grooves by Rigby and Roberts (1976),
extend seawards and may join up with sand-filled grooves of
the spur-and-groove zone of the shallow terrace reefs.
Typically the grooves are 3—4 m in width, about 1 m in depth
relative to the adjacent rock surface, and have a U-shaped
profile. Although they appear to be erosional the origin of
these groves is unclear, and their possible influence on spur-
and-groove development on the shallow terrace is not known.
The rock pavement between the grooves is sparsely colo-
nised by a variety of organisms capable of withstanding the
relatively high wave energy environment of this zone. These
include isolated heads of the corals Acropora palmata,
Porites astreoides, Diploria clivosa, D. strigosa and species
of Montastrea. Common algae include Stypopodium, Padina,
Galaxaura, Amphiroa, Dictyota, Turbinaria and Sargassum.
Stands of gorgonians are also common, particularly the sea
fans Gorgonia flabellum and G. ventalina which may show
alignment of the plane of the colony normal to the direction

of wave advance for stability (Logan 1994, Fig. 6.11).
Nevertheless, in the most violent of storms many sea fans are
uprooted and end up on the nearby beaches.

Shallow Terrace Reefs

The barren rock pavement zone grades seawards at depths of
6-8 m into a fully-fledged, highly-diverse coral reef colonis-
ing the seaward edge of the shallow terrace and, in places,
draped over remnants of the old sea cliff (Fig. 6.2a). This is
the zone of spur-and-groove, a feature seen in reefs world-
wide (Shinn 2011) where coral spurs and intervening grooves
are developed in response to wave energy conditions. This
zone is present around almost all of Grand Cayman and Little
Cayman, but less so around Cayman Brac (see substrate maps
in Roberts 1988, 1994 for Grand Cayman and Logan 1988,
1994 for Cayman Brac and Little Cayman). Relief between
spur tops and adjacent grooves averages 3—4 m. Spur tops
are colonised mainly by branching or domal coral growth
forms but the flanks are dominated by platy growth forms that
form overlapping shingle-like structures. Coalescence of the
sides of adjacent spurs often result in roofing over to form
caves and tunnels (Logan 1981) which support shade-loving
communities (coelobites), with a coralline algae community
at the tunnel entrance, grading into a demosponge-bryozoan
community further into the tunnel and a sclerosponge-
brachiopod community in dimly-lit areas with less than 1%
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Fig. 6.5 Beginning of sand plain at junction with shallow terrace reef off Seaview Hotel, Grand Cayman. Note sticks from dead branching corals

on sand. Pipe fish is about 0.5 m long

surface illumination, where biotic coverage is much reduced
(Logan 1981, Fig. 4; Logan 1994, Figs. 6.13-6.14). The
dominant coral on the spurs is Montastrea annularis and its
sibling species which adopt a variety of growth forms from
columnar-lobate to massive on the open reef to platy on the
flanks. Species of Diploria and Porites are common, repre-
senting the Diploria-Montastrea-Porites coral community
found throughout the Caribbean and in Bermuda. Bifacial
Agaricia agaricites and A. tenuifola are also common, both
box-like in growth form in open areas, but platy on the reef
flanks. Acropora cervicornis was formerly common on the
spur tops but is now rare. Other corals include Colpophyllia
natans, Siderastrea siderea, Montastrea cavernosa, Porites
astreoides, Eusmiliafastigiata, Dichocoenia stokesi, Manicina
areolata, Mussa angulosa, Meandrina meandrites and spe-
cies of Diploria, Scolymia and Mycetophyllia. Other groups
represented include gorgonians, green algae and demosponges,
plus the shade-loving sclerosponges Goreauiella auriculata
and Ceratopora nicholsoni.

Sands

The grooves between the spurs are floored by sediments rang-
ing in texture from coarse coral rubble to fine sands. The
coarse sediments comprise fragments of the branching corals
Acropora cervicornis and Porites porites, the fine sands
Halimeda segments and the red foraminiferan Homotrema
rubrum. These sands continue onto a sand plain of upto 350 m

(Fig. 6.5) separating the spur-and-groove zone of the shallow
terrace from the reefs of the deep terrace at the edge of the
drop-off and down the fore-reef slope. The sand plain is a bar-
ren zone, with only a few isolated lens-shaped patch reefs, but
forms a consistent and easily mappable feature on aerial pho-
tographs (Roberts 1988; Logan 1988). However, in Bloody
Bay, Little Cayman, for a distance of about 2 km, the deep
terrace and its associated sand plain are inexplicably absent,
the shallow and deep terrace reefs merging in water as shal-
low as 7 m to produce a very shallow drop-off known as the
Little Cayman Wall, popular with divers. This spectacular
area is part of the Bloody Bay to Jackson’s Point Marine Park
(Wells 1988) and is illustrated in Logan (1994, Figs. 6.15—
6.19) and in Fig. 6.6.

Deep terrace and Fore-Reef Slope Reefs

Sand plain sediments at their seaward edge are banked up
against a prominent lip of coral reef at about 15 m depth, the
reef edge forming a dam with occasional gaps that allow
sediments to be funnelled down the steep fore-reef slope into
deep water (Roberts 1983) (Fig. 6.2a, b). Initially the sea-
ward slope of the reef is gradual but increases rapidly below
about 20 m. Remnants of spur-and-groove are represented by
massive buttresses which overhang the steep slope and har-
bour cryptic habitats not yet studied. These reefs show high
coral coverage and diversity (Fenner 1993). Many coral col-
onies show platy growth form in response to diminished
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Fig. 6.7 Deep terrace reef, Little Cayman Wall, off Jackson’s Point,
30 m depth, showing Montastrea cavernosa (left), red sponge Haliclona
rubescens and alcyonarians

light. Enormous plates of Agaricia are attached precariously
to the steep slope by their narrow bases and become unstable
at the slightest disturbance. Massive hemispherical mounds
of Montastrea cavernosa (Fig. 6.7) and large sheets of
Mycetophyllia ferox occur. Multi-coloured sponges exhibit a
wide variety of growth forms, from encrusting to whip-like
to tubular to vasiform, with large barrel sponges belonging to
Xestospongia in evidence. Gorgonians are abundant, as well
as a host of other invertebrates such as crinoids, bryozoans,
molluscs and ascidians.
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Biology and Ecology of the Coral Reefs
of the Cayman Islands

John R. Turner, Croy McCoy, Matt Cottam, Jeremy Olynik,
Austin Timothy, Janice Blumenthal, John Bothwell, Fred
J. Burton, Phillippe Bush, Paul Chin, Oliver Dubock, Kristian
D. Godbeer, James Gibb, Lisa Hurlston, Bradley J. Johnson,
Alan Logan, Gene Parsons, and Gina Ebanks-Petrie

Introduction

In this chapter a variety of topics is elaborated upon, including
climate, ocean currents, reef and associated habitats, the
ongoing programme of reef assessment and protection as
related to anthropogenic and other threats, coral bleaching
and disease, and the increasing problem of the invasive
lionfish. Also included is information on the regulatory struc-
ture and reef management methods designed to protect the
reefs in the Cayman Islands, which assume special impor-
tance where their accessibility and pristine condition are the
basis for a thriving diver-tourism industry.

General
The Cayman Islands UK Overseas Territory is made up of

three small low-lying subtropical islands in the NW
Caribbean. The islands are tips of an underwater mountain
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chain and as such are characterized by a very narrow coastal
shelf, usually of less than 1 km in width, with considerable
reef development upon it, which falls steeply to very deep
water close to shore. With a total land mass of approximately
260 km?, the majority of the islands 56,000 population live
on the largest and most developed island of Grand Cayman.
Little Cayman and Cayman Brac are located about 100 km to
the North East and are considerably less developed. Immense
economic, social, and environmental change has come very
rapidly to the Cayman Islands. These remote western
Caribbean Islands were undiscovered until 1503, remained
unsettled until about 1700 (Craton 2003), and for hundreds
of years stayed nearly unchanged—such that they came to
the attention of the outside world in the 1950s as the “islands
time forgot”. It was not until the 1960s that unprecedented
tourism and financial booms began, with expanding human
population and development which catapulted the islands
into the twenty-first century and bringing attendant threats to
biodiversity (Ebanks and Bush 1990). In recent years,
changes due to local stressors have accelerated, and it has
become clear that even isolated oceanic islands will have to
face upcoming global challenges such as climate change.

Tourism and Finance

Scheduled air service to the islands began in 1948 (Giglioli
1994) and due to their tropical climate, friendliness, safety,
and pristine waters, tourism in the Cayman Islands began to
boom, growing from 3,440 visitors in 1966 to 76,600 in 1975
(Ebanks and Bush 1990). Cruise ships first visited in the late
1960s (Craton 2003) and in 2010 tourist arrivals to the
Cayman Islands reached 1,597,800 by sea and 288,300 by
air (Cayman Islands Government 2011b). In addition to a
growing tourism industry, by the 1970s the Cayman Islands
had become a major centre for international finance (Craton
2003). Through immigration, the population of the Cayman
Islands expanded rapidly, more than doubling between the
1960s and 1980s (from 8,511 in 1960 to 25,900 in 1988) and
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nearly doubling again (to 54,878) by 2010 (Cayman Islands
Government 201 1a). Due to the rise in population and tour-
ism, development also boomed, with clearing of land, dredg-
ing of canals and other major works beginning in the 1960s
(Ebanks and Bush 1990). With the fast pace of development
came an urgent need for natural resource management and
conservation legislation (Ebanks and Bush 1990). In 1978, a
Marine Conservation Law was enacted to protect coral reefs
(a major source of tourism dollars through the diving indus-
try) and important fishery species such as turtles, conch, and
lobster (Cayman Islands Government 1978). Protections
were expanded in 1986, when a system of Marine Protected
Areas was put in place to protect fish populations and other
species (Cayman Islands Government 1986). On land, intro-
duction of conservation legislation has lagged behind: there
is still a need for a National Conservation Law to designate
terrestrial protected areas and implement conservation plans
for key habitats and species (DaCosta-Cottam et al. 2009),
but the Bill has stalled.

Natural History

Knowledge of the biodiversity of the Cayman Islands has
grown greatly since their discovery. The logs of early explor-
ers provided the original records of turtle and crocodile popu-
lations around the Cayman Islands (Smith 2001). The first
scientific expeditions to the Cayman Islands began with natu-
ral history collections in the late 1800s and early 1900s and the
Oxford Expedition in 1938 documented much of the flora and
fauna in the islands (Davies and Brunt 1994). Long-term local
studies started with the foundation of the Mosquito Research
and Control Unit (MRCU) in 1965. Established to control
rampant mosquito populations, its founder Dr. Marco Giglioli
became increasingly involved in environmental research and
monitoring of development. Under his leadership, the MRCU
conducted early studies such as the Natural Resources Study
of 1974-1975, which provided baseline data on the marine
environment and highlighted the need for environmental man-
agement (Davies and Brunt 1994). This led to the formation of
a Natural Resources Unit within MRCU, and in the mid-1990s,
the formation of the Cayman Islands Department of
Environment (DoE). The DoE is now the main government
agency responsible for the management of natural resources in
the Cayman Islands. To this end, the department monitors
habitats such as coral reefs, seagrass beds and mangroves, and
conducts research and monitoring programs on various key
species, including grouper, conch, lobster, and turtles. Non-
governmental organizations have also played a key role in
environmental research and conservation education: these
include the National Trust for the Cayman Islands (founded in
1987) and more recently the Central Caribbean Marine
Institute (CCMI) and the Guy Harvey Research Institute. The
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Cayman Islands have also participated in regional initiatives
such as the Caribbean Coastal Marine Productivity Program
(CARICOMP) and the DoE and local NGOs have collabo-
rated with overseas organizations on research studies (e.g.
Godley et al. 2004; DaCosta-Cottam et al. 2009). Most
recently, a new UK Government Department of Environment
and Rural Affairs (DEFRA) Darwin Initiative project with
Bangor University UK and The Nature Conservancy USA has
been instituted to assess the effectiveness of marine parks and
plans to meet future challenges.

While immense changes have occurred since the Cayman
Islands were discovered, particularly since the 1960s (Ebanks
and Bush 1990), the environment in the Cayman Islands now
faces even greater challenges, including invasive species such
as lionfish, coral bleaching, and ocean acidification, to name
only a few. Changes brought about by these emerging threats
may rapidly rival the challenges of the past 500 years, neces-
sitating current conservation action, foresight, and planning.

Geography

The Cayman Islands consist of three small low-lying islands
situated in the middle of the Caribbean Sea southwest of
Cuba, and are the peaks of a submerged ridge that runs west-
ward from the Cuban Sierra Maestra mountain range formed
entirely from calcareous marine. The largest of the three
islands, Grand Cayman, now has a population of 53,100
whilst Little Cayman and Cayman Brac (collectively known
as the Sister Islands) are sparsely populated with only 2,300
inhabitants between them (Economics and Statistics Office,
Government of Cayman Islands).

Oceanography

The Islands are geographically situated on the northern
boundary of the Caribbean main stream current, which is a
spin-off of the North Atlantic Gyre, composed of the North
Equatorial Current and the Guyana Current, which enters the
Caribbean through passages in the Lesser Antilles (Kinder
1983). According to Stoddard (1980), ocean currents in the
Cayman Islands move predominantly in a northwesterly
direction, with velocities recorded on the largest island,
Grand Cayman averaging 30 cms™ and exceeding 35 cms™!
for nearly 20% of time during which it was monitored
(Darbyshire et al. 1976). Data from the Department of
Environment static current drifters released in the winter at
Little Cayman and Cayman Brac show a strong component
moving to the southeast, looping back towards the islands
before reaching the island of Jamaica. Thereafter, current
movement is seemingly westward towards Grand Cayman
before entering the loop current between Yucatan and into
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the Gulf of Mexico. Drifter data for Grand Cayman also
show a strong southeast-bound current; however at about
18°S, it picks up the Caribbean main stream current, travel-
ling westward, passing by the Misteriosa Banks then enter-
ing the loop current between the Yucatan and into the Gulf of
Mexico. Currents around the Cayman Islands are complex in
terms of small scale spatial diversity (including stratification),
duration, intensity, and velocity. This complexity may be
attributed to their location and the physiographic properties
of the Caribbean basin, over which the generally westward
moving Caribbean main-stream current flows. Starting from
about 75°W, the seabed topography of the northwest
Caribbean is disrupted by such features as the Nicaraguan
Rise, the Cayman Trench, the Cayman Ridge, and the
Cayman Rise. In general, the Cayman Islands, due to their
small size and large-scale oceanic regimes, seem to be the
focal point of a somewhat confused “crossroads” of the main
stream Caribbean current, exhibiting inconsistent patterns
and unexplained loop currents as it is forced northwest
through the trough between Jamaica and the Nicaraguan
Rise, then encounters the deep (>6,000 m) Cayman Trench,
then forced up and over the shallower Cayman Ridge as it is
funnelled towards the Yucatan Channel and into the Gulf of
Mexico.

Climate

The climate of the Cayman Islands is influenced by their
location in the western Caribbean Basin. The islands have a
tropical marine climate with two distinct seasons: a wet sea-
son from May to November and a relatively dry season from
December to April. Air temperatures (recorded on Grand
Cayman) range from a low of 11.20°C to a high of 36.50°C,
but the mean monthly air temperatures only range from
24.75° C (February) to 28.40°C (July). North-easterly trade
winds predominate for most of the year, with hurricanes
occurring mainly between August and November. Direct hits
from hurricanes strike the islands about once every 10 years,
however the islands are brushed by tropical storms or hurri-
canes every 2.21 years. Tompkins (2005) estimates that
between 1887 and 1987 a tropical cyclone passed within 100
miles of Grand Cayman once every 2.7 years, and passed
directly over it once every 12.5 years. Hurricanes Gilbert
(1989) and Ivan (2004) were particularly significant in recent
years, with Gilbert decimating Acropora populations, and
Ivan stripping sand and soft corals from shallower reefs, most
notably around Grand Cayman (Croy McCoy pers. comm.)
Tropical storms are common in both the wet (summer) and
dry (winter) seasons (Blanchon and Jones 1997). However,
while hurricanes often strike in late summer, winter storms
are often associated with cold northerly fronts. High fre-
quency and severity of storms led Blanchon and Jones (1997)
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to suggest that severe storms are the primary physical agent
impacting the marine environment in the Cayman Islands.

Marine Habitats

In the Cayman Islands, coral reefs, lagoons, seagrass beds
and mangroves constitute the major coastal interface habi-
tats, but beaches, maritime cliffs and ironshore are also of
significance. Here we elaborate on aspects of coral reefs,
lagoons, seagrass beds, mangroves and beaches.

Coral Reefs

Coral reefs have been outlined in the preceding chapter.
Here, specific features such as spur-and-groove which varies
depending upon the exposure of the coastline, are expanded
upon (McCoy et al. 2010). The orientation of the islands in
relation to the winter storms from the north to northeast and
the summer storms and hurricanes from the south to south-
east result in distinct energy zones. Grand Cayman has three
types; the south and east coasts of the island are the high-
energy exposed windward aspect, the north is the moder-
ate energy protected-windward aspect and the west is the
low energy leeward aspect (McCoy et al. 2010). The north-
east to southwest orientation of the Sister Islands results in
only two energy zone; high-energy exposed windward
aspects in the south and moderate energy protected-wind-
ward aspects in the north (Dromard et al. 2011). Development
of spur-and-groove on all three islands depends upon the
exposure of the coastline to winter storms from the north and
north-east and summer storms and hurricanes from the south
to southeast. The south and east coasts of all three islands
have the highest energy zones overall and therefore the great-
est development of spur-and-groove structure (McCoy et al.
2010; Dromard et al. 2011). Coral cover values for the
Cayman Islands as a whole were 25% in 1997 and declined
to 18% by 1999. Mean coral cover was stable between 1999
and 2004 but declined to 14% in 20006, there being negligible
change in 2008, followed by an unusual bleaching event in
deepwater around Grand Cayman only in 2009 (Fig. 7.1).
This has resulted in coral cover in 2011 of about 11%.

The major habitats and their coverage on Cayman coral
reefs are shown in Table 7.1, and are mapped in Fig. 7.2a—c.
Table 7.1 defines these as (1) aggregate reef where hard coral
cover (alive and dead) exceeds 70% substrate coverage and
soft corals and sponges are also present. (2) Spur and groove
is usually associated with the seaward edge of the reef crest,
and with the edge of the fore reef, near the escarpment, ori-
entated perpendicular to shore and escarpment and typically
composed of hard coral cover (alive and dead), exhibiting a
high vertical relief relative to the surrounding pavement and
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Fig.7.1 Deep reef at Grand Cayman deep reef from 20 m to about 60 m,
showing bleached corals in September 2009 (Photo: Patrick Weir)

sand channels. The spurs are usually formed by accreting
hard corals, and the grooves usually comprise sand or hard-
bottom. (3) Individual patch reefs are isolated coral forma-
tions, dominated by hard corals, although some soft corals
and sponges may be present. (4) Aggregated patch reefs are
aggregated coral colonies, where colonies (alive and dead)
exhibit > 70% substrate coverage and hard corals generally
dominate, although some soft corals and sponges may be
present. Confined areas of bare sand or hardbottom are pres-
ent within the matrix of the reef aggregation. (5) Reef rubble
consists of unstable coral rubble, usually found on the back
reef portions of the reef crest. Reef rubble is often colonised
with filamentous or other macroalgae. (6) Reef crest is semi-
emergent or emergent coral reef. (7) Sand plains consist of
expanses of uncolonised sediment (ranging from coarse sand
to silt) located between the shallow and deep terrace reefs.
(8) Colonised hardbottom exhibits coral cover within the
range of 10-70% of the substrate. Dominant features are
low-relief pavement or rubble, or low-relief rock and sand
grooves, colonised by algae, soft corals, and sparse hard corals,
which are dense enough to partially obscure the underlying
rock. (9) Uncolonised hardbottom is pavement, often dominated

by algae but exhibiting a hard coral, soft coral, and sponge
cover of <10%. (10) The Wall is a near-vertical or vertical
slope extending from the shelf-margin to great depths and
characterised by abundant coral and sponge colonisation
from the drop-off to 120 m depth. (11) Beachrock is cemented
sand derived from calcite precipitating out of seawater,
resulting in the formation a flat rock-like substrate.

Marine Protected Areas in the Cayman Islands include
Marine Parks, Replenishment Zones, Environmental Zones,
No Dive Zones and Wildlife Interaction Zones: totalling
19,311 acres for Grand Cayman, 2,281 acres for Little
Cayman, and 914 acres for Cayman Brac. Total for the
Cayman Islands: 22,506 acres (91.08 km?). Although coral
reefs surround the three islands, good examples of reefs are
at Seven Mile Beach marine park, Southwest Point (Sand
Cay High Heads), and North Side Reefs in Grand Cayman;
White Bay marine park in Cayman Brac, and Bloody Bay
marine park in Little Cayman. Coral reefs throughout
Cayman are protected through the Marine Conservation Law
and Regulations and coral reefs within Marine Parks have an
additional level of protection. However, the Marine Park
Regulations do not afford outright protection against activi-
ties related to construction and development.

The coral reefs of Cayman are affected by environmental
factors, some of which operate on a global scale or regional
scale such as changes in Earth’s atmosphere, ocean
acidification, and dust storms. Other factors, such as marine
pollution and nutrification, are generally more localized, and
linked to issues of coastal management.

Coral Bleaching

In the Cayman Islands, the first observance of a coral bleach-
ing event occurred in 1983. Bleaching also occurred in 1987,
1991, 1994, 1998, 2003 and 2005. The acute global coral
bleaching event of 1998 resulted in the highest mortality
measured to date. During the 1997-1998 El Nifio weather
event, local sea surface temperatures rose above 30°C for 25
days, from August 9th through to September 3rd. Surveys
indicated approximately 90% of all corals in Grand Cayman
were affected, and an observed mortality of 10% at two
9 m-deep reef sites on the North Side of the island were
recorded (Bush and McCoy unpub.). A near 1°C increase in
SSTs in the tropics has been observed over the past century,
and some corals are already living at or very near to their
upper thermal tolerances. A regional temperature increase
of +1°C relative to the 1961-1990 mean is expected by the
end of 2100 which will likely result in coral bleaching across
the entire Caribbean (McWilliams et al. 2005). More alarm-
ing projections of more than 1°C by 2015 and even about
2°C have been made for the 2050s for the Caribbean Sea
(Sear et al. 2001; Nurse et al. 2001; Sheppard and Rioja
2005). The 2005 bleaching event, which affected coral reefs
throughout the Caribbean, also affected coral reefs in Cayman
Islands, but with little mortality, and an event in 2009 caused
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Table 7.1 Areal coverage of coral reef habitats in the Cayman Islands (GC Grand Cayman, CB Cayman Brac, LC Little Cayman). Units in acres
in all tables is the unit used in Cayman Islands (1 acre=0.404 ha)

Coral reef habitats

Category
Aggregate reef
Spur and groove

Individual patch
reef

Aggregate patch
reef

Reef rubble
Reef crest
Sand plain

Colonised
hardbottom

Uncolonised
h’bottom

Wall
Beachrock
Total

Area within protected areas

Total area (acres) (acres)
GC CB LC GC
122.9 0.0 7.8 61.8
5153.1 2940.3  2045.1 1397.4
0.8 0.1 0.0 0.0
37.1 68.7 9.8 34.1
840.3 55.0 281.7 3254
496.7 39.4 264.6 204.2
217.1 14.8 9.4 145.4
1190.9 481.0 611.7 485.3
4131.3 14945 13954 13725

No measurements—vertical feature
6.4 0.0 0.3 6.4
12196.7  5093.7 46259  4032.6

CB
X
903.5
0.1

53.6

25.4
19.4
14.8
86.2

293.3

X
1396.2

bleaching on the deep terrace around Grand Cayman. The
mass bleaching event of summer 2009 was the response to a
hot deep water gyre that stretched all the way from the

Area outside protected areas

(acres)

LC GC CB LC
7.8 61.1 X 0.0
811.1 3755.7 20369 1234.0
X 0.8 0.0 X
9.8 3.0 15.1 0.0
175.2 514.9 29.6 106.6
155.6 292.4 20.0 109.0
9.3 71.7 0.0 0.2
257.5 705.6 394.7 354.2
436.1 2758.8  1201.2 959.3
0.3 0.0 X 0.0
1862.7 8164.1 3697.5 2763.2

% habitat protected

GC
50.3
27.1

0.0

92.0

38.7
41.1
67.0
40.7

332

100.0
33.1

CB LC
X 100.0
30.7 39.7
100.0  x
78.0  100.0
46.2 62.2
49.2 58.8
100.0 98.2
17.9 42.1
19.6 31.3
X 100.0
274 40.3

surface down to 460 m, with temperature loggers at the time
recording elevated sea temperatures of over 30°C around
Grand Cayman. This was accompanied by a period of calm
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weather and absence of cloudcover (Croy McCoy pers.
comm.) meaning that solar radiation was additionally high.
The mass bleaching of coral colonies that followed was par-
ticularly severe on Grand Cayman where the hot water gyre
was centred. Bleaching occurred but to a less severe degree
on Little Cayman, which was on the periphery of the gyre.
Surprisingly, being situated just a short distance away,
Cayman Brac almost escaped the coral bleaching event.
From observations made at the time, it is clear that bleach-
ing was much more severe on deeper reefs than on shallower
ones. Colonies at depth rapidly expelled all zooxanthellae,
turned bright white and remained so for several months. In
contrast, many coral colonies situated much closer to the
surface appeared to regain at least some degree of pigmenta-
tion much more rapidly (Croy McCoy pers. comm.) thus
indicating re-colonisation by zooxanthellae. Figure 7.1
shows bleached colonies at depth, and bleaching occurred
between 20 and 60 m , making this bleaching event highly
atypical when compared to most solar induced bleaching
events.

Coral Diseases

The reefs of Grand Cayman have similar or lower levels of
prevalence of coral diseases at the community level when
compared with other countries around the Caribbean basin
(Weil, Créquer & McCoy, unpub.). The most common and
perhaps most severe diseases affecting reefs of Cayman
Islands are yellow band, white plague and black band dis-
eases. Yellow band disease affects the three species of
Montastraea (M. faveolata, M. franksi and M. annularis) and
normally persists, producing extensive mortality on individual
colonies. White plague affects a wide range of hosts, includ-
ing the major reef builders, and may kill extensive areas of
living tissue relatively quickly. This disease tends to be sea-
sonal but not persistent, with higher levels of prevalence dur-
ing warmer months. Black band disease presents as a dark
red or black microbial mat, which migrates over the surface
of the coral, resulting in tissue degradation, and exposure of
the coral skeleton. A study in 2011 (Hillyer, unpublished
MSc thesis) found that disease prevalence in hard corals was
very patchy at small scales, and varied according to island
and aspect. Prevalence was highest on Cayman Brac and Little
Cayman (combined disease 13.10% £ 1.19% SE, and 10.91%
+1.53% SE) on southern coasts, explained in part by the den-
sity of sensitive hosts.

Physical Destruction of Coral Reefs

Physical destruction of coral reefs due to anchor damage
from commercial and recreational boating has contributed
significantly to the degradation of reefs in the Cayman
Islands. Coral reefs in areas exposed to heavy marine traffic,
including cruise ships, for example, in the vicinity of George Town
harbour, have been almost completely destroyed. Further,
coastal development has caused nutrient and sediment-rich
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runoff from the terrestrial environment, exacerbated by land
clearance, roads construction and emplacement of impervi-
ous surfaces, combined with the removal of buffering coastal
vegetation. A major cause of impact has been dredging and
channelling for fill and access, which impacts coral reefs
within the footprint of activity, and beyond through increased
sediment loading.

Sounds (Lagoons)

The majority of the inshore coast of the Cayman Islands
comprises reef-protected shallow saltwater lagoons. Good
examples on Grand Cayman are North Sound, Frank Sound,
East End, Bodden Town lagoon and Pease Bay Lagoon, and
on Cayman Brac: Dick Sessinger’s Bay and North East Bay,
and on Little Cayman: South Hole Sound (Fig. 7.3), Mary’s
Bay, Charles Bight, Preston Bay and Point of Sand. In the
Cayman Islands, the term “Sound” is most commonly used
to describe lagoon areas. The largest sound in the Cayman
Islands is North Sound on Grand Cayman, the second-largest
semi-enclosed lagoon in the Caribbean. The key habitats in
the sounds are: backreef areas of dead, unstable coral rubble
and rocks located on the landward side of the fringing reef,
often colonised with filamentous or other macroalgae; lagoon
corals; hardbottoms of low-relief pavement or rubble, often
colonised by algae; seagrass beds; unvegetated mud and sand
sediments; vegetated sediments; mud; and beachrock
(Table 7.2).

The varied habitats and substrates support a high diversity
of marine invertebrates. In addition to echinoderms such as
urchins and starfish, the complement of species includes
commercially significant species, including Queen conch
Strombus gigas and Spiny lobster Panulirus argus. Whelks
Cittarium pica constitute fisheries in the Cayman Islands, of
sufficient size to impact natural populations to the extent that
they have required interventory management. Key species,
such as Queen conch and Spiny lobster, though subject to
regulatory management, remain at population levels well
below historic norms. Lagoon areas include “no-take” areas
(Replenishment Zones) for Queen conch and Spiny lobster.
No marine life may be taken by diving or removed by exca-
vation without prior written approval of the Governor-in-
Cabinet.

Though local waters are actively policed by Marine
Enforcers of the Department of Environment, poaching
remains an issue. Affected species include Queen conch
Strombus gigas, Spiny lobster Panulirus argus, and Green
turtle Chelonia mydas. The Sandbar in Grand Cayman’s
North Sound supports large numbers of Southern stingrays
Dasyatis americana (Fig. 7.4). This quasi-natural tourist
attraction is one of Grand Cayman’s most popular features
with cruise-ship visitors. The sheltered, productive waters of the
sounds provide habitat to adult marine turtles, which feed on
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Fig.7.3 Reef, lagoon and mangroves at South Hole Sound, Little Cayman

Table 7.2 Areal coverage of lagoonal habitats in the Cayman Islands (1 acre=0.404 ha)

Lagoon habitats
Area within protected areas Area outside protected areas

Total area (acres) (acres) (acres) % habitat protected
Category GC CB LC GC CB LC GC CB LC GC CB LC
Seagrass 15808.8 36.3 452.4 7803.4 2.8 283.3 8005.3 33.6 169.1 494 7.6 62.6
Sediment 2109.7 139 540.8 1339.8 0.6 343.5 769.9 133 197.4 63.5 4.0 63.5
Hardbottom 2097.2 60.4 311.5 1099.0 18.1 204.1 998.2 423 107.4 52.4 30.0 65.5
Vegetated sand 4021.0 11.7 336.4 1751.5 0.1 252.6 2269.5 11.6 83.8 43.6 0.5 75.1
Mud 2472.5 0.0 0.0 1969.8 X X 502.7 X X 79.7 X X
Lagoonal coral 143.9 0.0 25.4 68.8 X 23.0 75.1 X 2.3 47.8 X 90.8
Backreef 319.9 349 154.1 146.2 8.3 93.9 173.7 26.6 60.2 45.7 23.7 61.0
Beachrock 11.2 0.8 7.6 2.6 0.0 4.6 8.7 0.8 3.0 229 5.9 60.3
Total 26984.1 158.0 1828.2 14181.1 29.8 1205.0 12803.0 128.2 623.2 52.6 18.8 65.9

coral reefs and seagrass beds, and the shallows and intertidal
areas support a variety of shorebirds and waders. Least tern
(Egg bird) Sterna antillarum, and Bridled tern Sterna
anaethetus dive for food in nearshore waters. Common
migratory (non-breeding) seabirds include the Royal tern
(Sprat bird, Old Tom) Sterna maxima. The combination of
sheltered and productive waters, aesthetic appeal, and prox-
imity to population centres, contribute to significant recre-
ational pressure on lagoons. Swimming, snorkelling, scuba
diving, recreational fishing, and pleasure boating and sailing,
are the main activities, enjoyed by visitors and residents
alike. Recreational pressure on lagoons is generally increas-
ing. Diversification of recreational activities, such as the
recent growth in the popularity of personal watercraft (jet
skis), has added to pressures on popular areas.

Seagrass Beds

In the Cayman Islands, seagrasses, along with coral reefs and
mangroves, constitute one of the three major coastal interface
communities. As highly productive habitats, seagrasses provide
a nursery for the juvenile stages of many marine organisms,
and contribute to sediment stability and water clarity. The
Cayman Islands support extensive seagrass beds in shallow
lagoonal back reef areas, where fringing coral reefs shelter
them from wave-action and storms. Significant seagrass beds
can be found in North Sound, Frank Sound, and at the East End
of Grand Cayman, and in Dick Sessinger’s Bay on Cayman Brac,
and in South Hole Sound and Mary’s Bay on Little Cayman.
The total coverage of seagrasses locally is approximately
7,000 ha, with the most extensive beds located in North Sound,
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Fig. 7.4 Stingray, Dasyatis americana at Sandbar, North Sound, Grand Cayman
Table 7.3 Areal coverage of seagrass habitats in the Cayman Islands (1 acre=0.404 ha)
Seagrass habitats
Area within protected areas Area outside protected areas

Total area (acres) (acres) (acres) % habitat protected
Category GC CB LC GC CB LC GC CB LC GC CB LC
Seagrass beds 15808.8 36.3 452.4 7803.4 2.8 283.3 8005.3 33.6 169.1 494 7.6 62.6

Grand Cayman (Table 7.3). Several different species of
seagrasses are found in the Cayman Islands, although Turtle
grass Thalassia testudinum is the dominant species. Green
turtles Chelonia mydas and sea urchins are among the few
animals which are able to digest cellulose and feed directly on
living seagrasses. Seagrasses, however, provide a substrate and
a source of organic matter which supports a diversity of
epiflora and fauna, including diatoms, algae, sponges, amphi-
pods, polychaete worms and echinoderms. This diversity of
infauna attracts larger predatory species, including fish. As
such, seagrass beds underpin numerous food webs, and include
culturally, commercially and trophically important species.
Seagrasses are highly sensitive to changes in water quality,
including clarity and salinity. Since the late-1960s, local sea-
grass beds have been severely impacted by extensive dredging
of shallow lagoons to facilitate access, and dredging for fill,
using (often unscreened) cutter-head hydraulic and mechanical
dredges. In 2001, the DoE resurveyed the original 1976
Wickstead Report (see reference in Wells 1988) sites and found
local seagrass beds to be significantly impacted by dredging

activity, both directly, through the removal of substrate and physical
modification of the environment, and indirectly, through the
introduction of particulate matter into the water column.
A policy on no further commercial dredging in the North Sound
was established in 1997; however, navigational channels and
other projects deemed “minor” continue to receive approval.
The unwritten nature of this moratorium, and the fact that it
does not extend to areas of coral reef, seagrasses and lagoons
outside of North Sound, make it weaker protection than these
key ecosystems need. The environmental impacts of recent and
previous development activities remain evident to this day.

Mangroves

In the Cayman Islands, “mangrove trees” comprise four species:
Black mangrove Avicennia germinans, White mangrove
Laguncularia racemosa, Red mangrove Rhizophora mangle,
and Buttonwood Conocarpus erectus. A tolerance for
wet and salty conditions is a common feature of all four;
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Fig.7.5 Mangrove, Grand Cayman mangrove wetland

Table 7.4 Areal coverage of mangrove habitats in the Cayman Islands (1 acre=0.404 ha)

Area within protected
areas/buffers (acres)

Mangrove habitat

Total area (acres)
Category GC CB LC GC
Seasonally flooded mangrove 697.3 19.3 700.0 65.5
shrubland/woodland
Seasonally flooded mangrove ~ 12138.6  23.4 464.2 1467.2
forest/woodland
Tidally flooded mangrove 4776 0.0 0.0 394.5
shrubland/woodland
Tidally flooded mangrove 2802.0 0.0 19.0  1046.6
forest/woodland
Total 161154 427 1183.2  2973.8

however, their specific tolerances are markedly different.
Red mangrove is the pioneering species, and typically con-
stitutes the entirety of the seaward fringe of mangrove forest.
Buttonwood, by comparison, occupies the opposite extreme
of this range, preferring the driest and least saline environ-
ments of the four mangrove species.

Good examples of mangroves can be found in the Central
Mangrove Wetland (ca. 8,500 acres), North Sound Mangrove
Buffer and Barkers Mangrove on Grand Cayman (Fig. 7.5);
Westerly ponds on Cayman Brac; and the Crown Wetlands
(especially Tarpon Lake and surrounds), Booby Pond
(northern mangrove fringe), and South Hole Sound in Little
Cayman. While all species of mangrove are highly tolerant
of root submersion in water, this tolerance remains within
critical boundaries. Normally, oxygen concentrations decline

Area outside protected areas/
buffers (acres)

% habitat protected

CB LC GC CB LC GC CB LC
0.1 26.0 631.8 19.3 674.0 94 03 3.7
0.1 9.6 10671.4 234 4547 121 0.3 2.1
X X 83.1 X X 82.6 X X

X 0.0 17554  «x 19.0 374 x 0.0
0.1 356 131417 426 11477 185 03 3.0

in the pneumatophores (aerial roots) during high tide, and
recover quickly during low tide, when the roots are once
more exposed to the air. Immersion of the pneumatophores
for more than a few days, however, results in a sharp decline
in oxygen stored within the roots, effectively “drowning” the
trees, and resulting in the mass mortality of submerged
forest. Hence, mangroves are highly intolerant of elevated
levels of standing water, and susceptible to interruptions to
natural drainage. Large scale die-offs of mangrove result in
canopy loss and decay of the underground root system,
resulting in the exposure and oxidation of the peat layer
below. This results in subsidence of the peat layer, often
resulting in the formation of permanent pools.

Habitat and plant assemblages associated with the Black
mangroveAvicennia germinans, Whitemangrove Laguncularia
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racemosa,Red mangrove Rhizophoramangle,and Buttonwood
Conocarpus erectus, incorporate the following vegetation
formations, as described by Burton (2008): (1) Seasonally
flooded evergreen sclerophyllous forest; (2) Tidally flooded
mangrove forest; (3) Seasonally flooded/saturated sclerophyl-
lous evergreen woodland; (4) Tidally flooded evergreen wood-
land; (5) Seasonally flooded/saturated evergreen shrubland;
(6) Saturated sclerophyllous evergreen shrubland and
(7) Tidally flooded evergreen shrubland (Table 7.4).

Terrestrial protected areas including mangroves in the
Cayman Islands are limited to Animal Sanctuaries,
National Trust property, and the mangrove fringe associ-
ated with the North Sound Environmental Zone. The
Animal Sanctuaries established under the Animals Law
(1976), incorporate four significant inland pools, ponds
and mangrove lagoons (two in Grand Cayman, one in
Cayman Brac, one in Little Cayman), extending to a total
of 341 acres. As of Jan. 2009, National Trust owned/shared
ownership properties, protected under the National Trust
for the Cayman Islands Law (1987), extended to a total of
ca. 3,109 acres.

Mangrove constitutes one of the Cayman Islands’ most
undervalued and severely impacted habitats. Coastal man-
grove contributes to biodiversity through provision of a secure
nursery area. Protected from large predators within the matrix
of the mangrove root system, the larvae and juvenile forms of
many reef and open sea species grow in mangrove, before
moving seaward as they mature. Spiny lobster Panulirus
argus spends up to 2 years maturing in mangrove roots.
Mangrove provides habitat to a variety of crabs, including
Eurytium limosum and Aratus pisonii, the grapsid crab
Sesarma angustipes, the fiddler crab Uca speciosa, and land
crabs including Gecarcinus lateralis and the White Land crab
Cardisoma guanhumi. Habitat loss and busy coastal roads
inflict a heavy toll on land crabs, which of necessity under-
take periodic mass-migration to the sea to lay their eggs.
Many fish typically associated with coral reefs are obligate
mangrove dwellers in their juvenile stages. Mangrove is also
most significant from a terrestrial perspective, with respect to
its complement of birdlife and an important roost for several
species of local significance, including West Indian Whistling-
duck Dendrocygna arborea and Greater Antillean grackle
Quiscalus niger. Black mangrove Avicennia germinans pro-
vides nesting habitat for a significant proportion of the islands’
Grand Cayman parrot Amazona leucocephala caymanensis
and the White-crowned pigeon Patagioenas leucocephala.
Mangrove is also of particular value to resident and migratory
waders, such as the Snowy egret Egretta thula. While the
floral diversity of mangrove is predominately restricted to the
four mangrove species, dry keys within the mangrove com-
plex contribute to the floral diversity of the system, with
species such as Mahogany Swietenia mahagoni, Red birch
Bursera simaruba and Manchineel Hippomane mancinella.
The endemic and critically endangered herb Agalinis kingsii
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also occurs locally with in mangrove shrubland in the Cayman
Mangrove Wetland.

Traditionally, mangrove has been regarded as worthless
land, and a breeding ground for mosquitoes. In 1965 the
Mosquito Research and Control Unit, MRCU, was estab-
lished, and rapidly implemented a systematic dyking and
canalisation programme for the mangroves, in combination
with ground-based fogging, and aerial application of larvi-
cide. The effect was to radically reduce the population of
mosquitoes throughout the islands, however, local attitudes
to mangrove or “swamp” improved little. With the concur-
rent economic boom associated with the advent of the bank-
ing and tourism industry, mangrove was targeted for profitable
residential and canal development. Besides important roles
in nutrient regulation, carbon sink, and coastal protection,
the mangrove has an important role in rainfall production.
Saturated air derived from the moist understory, and transpi-
ration from the leaf surface, rises above the Central Mangrove
Wetland and develops into localised cloud. The clouds are
carried westward by the prevailing wind, contributing to the
rainfall of central and western Grand Cayman. Rainfall in
these areas is some 40% higher than in districts on the wind-
ward side of the Central Mangrove Wetland. In addition, the
mangrove provides important sources of freshwater. The
hydrological influences and ironpan formation associated
with large mangrove areas contribute to elevation of the
freshwater table in land peripheral to the wetland, resulting
in the formation of some of the island’s most fertile farm and
grassland. Canalisation and development disrupt this func-
tion, causing salinisation of freshwater lenses, and depleting
terrestrial freshwater availability.

Beaches

In the Cayman Islands, sandy beach and cobble originates as
an erosional product of calcareous algae and the coral reefs
which surround much of the islands, carried to the shore by
coastal currents and storm events. Due to its unconsolidated
and mobile nature, sandy beach and cobble is susceptible to
lateral movement under the influence of local currents and
storms, resulting in the migration of the beach and associated
communities along the shoreline. The mobile nature of
unconsolidated sandy beach and cobble also extends land-
ward from the active shoreline to incorporate the beach ridge.
Though naturally vegetated with coastal shrubland, the beach
ridge remains an active component of the beach, prone to
recover its dynamic nature in the event of erosion or lateral
migration of the foreshore. The coral sand which forms the
sandy beaches of the Cayman Islands is typically “fine sand”.
The Seven Mile Beach Nourishment Project, implemented
by the Department of Environment (2004), determined the
mean grain size on Seven Mile beach to be 0.4 mm, with an
88% shell content. This property contributes greatly to the
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aesthetics of the beach. The natural dimensions of fine sands
limit desirable options for artificial beach restoration, exclud-
ing coarser sand sources from consideration. As such, beach
sand should be regarded as a valuable and largely irreplace-
able national resource, and should be maintained and man-
aged as such. Cobble beaches and boulders ramparts comprise
large reef fragments. On some beaches, cobble dominates
the entirety of the shoreline. In others, cobble exists in con-
junction with fine sand and a variety of intermediates, most
often forming an extant cobble ridge at the top of the beach,
abutting, and subsumed beneath, the permanent vegetation
lines. The Crown owns and is legally responsible for areas of
the seabed and beach, up to and including the mean high
water mark. As the set-back for developments in coastal
areas is generally measured in relation to the mean high
water mark, consideration of the predictions of climate
change, including increase in storm severity and sea-level
rise, requires reconsideration of revision of survey baselines.
Key beach habitats are: Seven Mile Beach, East End Beach,
Smith’s Barcadere, Barkers Beach and Rum Point (artificial)
in Grand Cayman; Public Beach on Cayman Brac, and Spott
Bay, Point of Sand, Preston Bay Beach, South Hole Sound
and Owen Island on Little Cayman.

Cayman’s beaches are important for nesting turtles.
Historically, Cayman was considered the largest rookery for
Green turtles Chelonia mydas in the Caribbean. Estimates
place the original rookery at over one million individuals.
Sandy beach provides the sole nesting habitat for the Cayman
Island’s remnant population of marine turtles. During a typi-
cal nesting season, from May to October, DoE staff find on
average 43 nests in Grand Cayman, 12 nests in Cayman Brac,
and 11 nests in Little Cayman. Typically, a female will lay
3-6 nests per season. Currently, annual nesting is credited to
less then 20 individuals per species. Nesting turtles are noto-
riously site-specific. Localised degradation of critical beaches
may disproportionately impact a small population. Beaches
support a variety of birdlife, especially herons, waders and
other shorebirds, with shallows, strandline flotsam and mari-
time invertebrates providing important food sources. The
Antillean nighthawk (Rickery-Dick) Chordeiles gundlachii
nests in bare areas of beach ridge. The fast-draining, shifting,
salt-exposed environment is too extreme to support significant
plant diversity; however a few highly tolerant species sur-
vive, such as Juniper Suriana maritima, Lavender Argusia
gnaphalodes, Bay vine Ipomoea pes-caprae, Inkberry
Scaevola plumieri, Cocoplum Chrysobalanus icaco, and the
endemic Tea banker Pectis caymanensis robusta. Ghost crabs
Ocypode quadrata are common along beaches, where they
excavate burrows in the sand, and the Grand Cayman Curly-
tailed lizard (Lion lizard) Leicephalus carinatus varius
remains a common sight on sandy beaches, though it is prob-
ably in severe decline, with many large colonies lost to
beach-front development. Sister Isles Rock Iguanas Cyclura
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nubila caymanensis also nest in this habitat, preferring the
beach ridge and associated shrubland. Historically, the
American crocodile Crocodylus acutus was a beach nester,
though Cayman’s population has long since been extirpated.

In several places in the Cayman Islands, highly organic
and sometimes eutrophic ponds, pools and mangrove lagoons
are separated from adjacent clear-water coastal lagoons by
the filtering barrier of the beach ridge. Beach ridge integrity
is a significant factor in natural storm defence. Structured in
large part by successive storm events, the natural beach ridge
provides an effective barrier to storm surge. Levelling, exca-
vation and devegetation compromises the structural integrity
of the beach ridge, weakening its function as a physical bar-
rier, and facilitating the ingress of storm surge. In many
cases, the natural forces of erosion may rapidly come to bear
on damaged areas, exploiting weakness in a positive feed-
back loop, widening fissures and channels, deepening holes,
uprooting vegetation and exacerbating loss of sandy beach
and cobble.

The natural environment is the mainstay of the Cayman
Islands’ tourism product, and sandy beaches are integral to
both the landscape and seascapes of the Islands, and contrib-
ute disproportionately to the natural aesthetic, benefiting
quality of life for residents through the provision of scenic
vistas, and contributing a financial premium to commercial
undertakings. Inappropriate coastal development may thus
be expected to have a very significant impact on the percep-
tion of the Cayman Islands as being “spoilt” or “unspoilt” by
residents and holiday makers.

Cayman’s Ironshore and Maritime Cliffs

The majority of the rocky coastline of the Cayman Islands
comprises ironshore: white limestone, which weathers to a
grey colour. The “Tronshore formation” was named by Matley
(1924), referring the hard calcrete crust or caliche that typi-
cally develops on the weathered surface of the rock (Jones
2000). Though locally generally sharp and jagged, on a larger
scale, ironshore constitutes a mostly flat or gently sloping
topography.

Maritime cliffs are formed at the junction between land
and sea, as a result of erosion. Notable examples on Grand
Cayman include the vertical maritime cliffs of Pedro St
James (max. 17 m) and High Rock (max. 12 m). The lack of
any protective fringing reef in these areas results in the cliff-
tops being exposed to heavy wave action during severe
storms.

On Cayman Brac, the Bluff (max. 46 m) represents the
Cayman Island’s most spectacular maritime cliff feature
(Fig. 7.6). The Bluff is most extant in the eastern portion of
the Brac, where the cliff falls vertically to the sea surface.
However, a low-lying coastal platform bounds the majority
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Fig. 7.6 Ironshore and the Bluff, on Cayman Brac

of the Bluff, separating the majority of the relict maritime
cliff from the sea. Wave-cut notches in the cliff provide clear
indication of previously elevated sea levels. This partial sep-
aration of the cliff face from the immediate stresses of the
marine environment creates a unique habitat, and gives rise
to species found nowhere else in the islands. The coastal
platform also supports the majority of the population of
Cayman Brac; however, since the advent of Hurricane Ivan,
development of the high land on the top of the Bluff has
accelerated. Landward, maritime cliffs and ironshore sup-
port a sparse but intriguing vegetation, which often adopts a
dwarf, prostrate, sometimes almost encrusting form, in
response to the intense environmental conditions of soil and
freshwater scarcity, wind exposure and salt-spray. Under
these conditions, trees such as Buttonwood Conocarpus
erectus suffer a natural bonsai effect: their diminutive size
belying their age.

Seawards, maritime cliffs and ironshore generally become
increasingly denuded of vegetation, but support increasing
populations of marine invertebrates, such as chitons
(Polyplacophora sp.). Due in part to the porous nature of
limestone, permanent rock pools and associated communi-
ties are not a feature generally associated with ironshore.
Maritime cliffs and ironshore are currently critically under-
represented within the protected areas of the Cayman
Islands.

Geologically, the Ironshore Formation comprises some of
the youngest rock in the Cayman Islands. Ironshore is com-
posed of soft fossiliferous white limestone, deposited through

numerous transgressions of the sea during the Pleistocene
period. Cores into the ironshore have dated the surface layers
to 129,000 years old, with deeper layers up to almost 500,000
years old (Vézina et al. 1999; Jones 2000). The majority of
high land, bluff and maritime cliffs are older Cayman
Formation dolostone, probably dating to the Lower / Middle
Miocene period, ca. 5—15 million years old. The maritime
cliffs of Pedro Bluff comprise the Pedro Castle Formation
dolostone and limestone. This younger rock, dating from the
Pliocene (ca. 2 million years old) overlies the Cayman
Formation in areas limited to the region of Pedro Castle,
Grand Cayman, and the West end quarry, Cayman Brac. The
oldest rocks in the Cayman Islands are the Brac Formation
limestone or sucrosic dolostone. Forming the lower parts of
the maritime cliffs at the eastern end of Cayman Brac, Brac
Formation rock dates from the Lower / Upper Oligocene
period, some 28 million years ago.

Beach rock represents a dynamic feature of the shoreline,
constantly forming and eroding. This developing limestone
generally forms smooth, seaward-dipping sheets, and is
found in areas along the edge of the shoreline (Moore 1973).
These accretions are ongoing, as is evidenced by the numer-
ous modern artefacts to be found cemented into the matrix of
the rock (Jones and Goodbody 1982). Beach rock is also
highly prone to erosion and physical damage during high
seas (Jones and Goodbody 1984).

By virtue of their inaccessibility, maritime cliffs and
ironshore have important landscape value, representing
some of the most natural/least modified terrestrial environment.
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However, the majority of the habitats constitute bare rock,
and as such, much of this area is of little biodiversity
significance. However, where conditions permit, highly
specialized conditions promote the establishment of niche-
adapted flora and fauna. One such example is the colourful
Rock crab Grapsus grapsus. Another is the herb Verbesina
caymanensis. This critically endangered endemic plant is
known only from a small cluster of individuals, growing on
the relict marine cliffs below Peter’s Cave, Cayman Brac.
The maritime cliffs do provide habitat to some of the
Cayman Islands most spectacular seabirds, most notably
Brown booby Sula leucogaster, and White-tailed tropic bird
Phaethon lepturus. In the Cayman Islands, Brown boobies
are known only from a disjunct nesting colony ranged along
the maritime cliffs constituting the eastern point of Cayman
Brac. White-tailed tropic birds also nest along the Bluff,
most notably in the vicinity of Peter’s Cave. A small breed-
ing colony of White-tailed tropic birds nested along the
maritime cliffs at Pedro St James Bluff, ca. 17-20 birds,
1996-1997. No birds have been reported at this site since
the advent of Hurricane Ivan, 2004. Vidal Key, a small
(<0.1 ha) ironshore cay off the Barkers peninsula, West
Bay, supports the Cayman Islands only known colony of
Bridled terns Sterna anaethetus (ca.20 pairs). Least tern
(Egg bird) Sterna antillarum occasionally nests on iron-
shore; however, this species has been forced onto man-
made habitats such as exposed marl, in the advent of
disturbance of much of its natural habitat. The Antillean
nighthawk (Rickery-Dick) Chordeiles gundlachii nests on
ironshore and sandy beaches, which has similarly needed to
adapt to nesting in cleared areas of marl. Some maritime
cliffs, especially those on Cayman Brac, incorporate
significant caves. In addition to their geological interest,
some support biological interest including breeding colo-
nies of birds, and bats, and Peter’s Cave and Rebecca’s
Cave, Cayman Brac, are of cultural significance.

Management of Coastal Resources

Management of reefs, sounds, seagrasses, mangroves,
beaches and rocky shore areas includes protection from a
variety of non-ecologically sound processes. Here coral reefs
are selected as an example, but many of these potential prob-
lems apply to the other habitats.

Management of Coral Reefs

Sediments: the active dredging of nearshore lagoons for fill
and access generates particulate matter. The fine nature of
this residue enables it to remain suspended in the water col-
umn for long periods, during which time it may be carried
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some distance from the activity area. In suspension, this residue
contributes to increased turbidity, reduced -clarity and
increased light attenuation through the water column, com-
promising the productive capacity of photosynthetic organ-
isms, and associations including seagrasses and corals. On
settlement, these sediments have the capacity to smother sea-
grass beds and damage the fragile feeding mechanisms of
coral polyps. Due to their fine nature, these sediments are
prone to resuspension as a result of modest wave action, or
currents generated by passing water craft. Due to the confined,
reef-protected nature of much dredged seabed, residue has a
tendency to remain captive, repeatedly cycling between sus-
pension and sedimentation, migrating within, and impacting,
the nearshore system.

Coastal development: nutrient and sediment-rich runoff
from the terrestrial environment, exacerbated by land clear-
ance, roads construction and emplacement of impervious
surfaces, combined with the removal of buffering coastal
vegetation, contribute to an increased incidence of stressors
on coral reefs, in combination with an erosion of natural
filtration mechanisms.

Dredging/channelling: for fill and access, this activity
impacts coral reefs within the footprint of activity, and
beyond through increased sediment loading.

Antiguation of legislation: though progressive in their time,
the current protective measures for coral reefs (outside of
Marine Park areas) in the Cayman Islands have remained
unchanged since 1978. Since the Marine Parks Regulations
were established in 1986, the population of the Cayman Islands
has risen from 21,545 to 56,729 in 2011 (Government of
Cayman Islands Economics and Statistics Office 2012), and
annual visitor numbers to the Islands have increased to nearly
two million; placing coral reefs under increasing pressure.
Protection measures for coral reefs should be dynamic and
responsive to change if they are to effectively address the
evolving complement of pressures to which they are subjected,
and the expectations of a tourism industry increasingly know-
ledgeable with regard to environmental provision. With other
destinations setting the current benchmark by protecting their
entire coral reef system, the Cayman Islands can no longer be
regarded as ecologically forward-thinking with less than 10%
of its coral reefs included within marine protected areas.

Anchor damage: physical destruction of coral reefs due
to commercial and recreational boating has contributed
significantly to the degradation of reefs in the Cayman
Islands. Coral reefs in areas exposed to heavy marine traffic,
for example, in the vicinity of George Town harbour, have
been almost completely destroyed.

Nutrification (eutrophication): addition of nutrients into
coastal waters promotes a shift in the natural complement of
reef species, encouraging the rapid growth of algae, which
has the potential to smother corals and compete for space.
Sewage effluent and fertilizer runoff are the most common
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sources of coastal nutrification. In the Cayman Islands,
examples of nutrification and algal domination of degraded
reefs may be seen adjacent to the effluent outlet for
Boatswain’s Beach (previously Cayman Turtle Farm).

Ocean acidification: Ocean acidification is of major long-
term concern for coral reefs as it reduces the capacity of cor-
als to calcify. Ocean surface pH is estimated to have decreased
from approximately 8.25 to 8.14 since the beginning of the
industrial era, (Jacobson 2005) and it is estimated that it will
drop by a further 0.3-0.4 units by 2100 as the ocean absorbs
more anthropogenic CO, (Orr et al. 2005). As ocean pH falls,
so does the concentration of calcium carbonate, which is
normally present at supersaturating concentrations. When
carbonate becomes under-saturated, structures made of cal-
cium carbonate are vulnerable to dissolution. Research has
already found that corals experience reduced calcification or
enhanced dissolution when exposed to elevated CO, (Gattuso
et al. 1998).

Spearfishing: this popular recreational sport targets top-
predators and removes large adult breeding stock from the
reef environment.

Diver damage: the living tissue of coral polyps is sensi-
tive to physical pressure and abrasion. Permanent death of
polyps can result from divers touching the surface of corals,
either deliberately with their hands, or accidental through
trailing equipment or fins. The modern diving community is
generally better educated regarding the sensitivity of coral
reefs, resulting in a much reduced impact from individual
divers; however, this reduction in impact is largely offset by
the extent of historical degradation and the current high lev-
els of usage of remnant coral reefs.

Invasive species: Red lionfish Pterois volitans were first
reported on Cayman reefs in 2008 (see later section).

Accidental grounding: grounding events of recreational
and commercial vessels are a regular occurrence. Grounding
may result from boats slipping moorings during severe
weather, or poor navigation.

Storm damage: there is evidence that modest storm action
may be beneficial to reef health, cleaning corals surfaces of
excessive epifauna and epiflora, especially marine algae, and
removing dead or dying skeletons. However, wave action,
strong currents, abrasion and scour arising from severe
storms can significantly impact reef structure. Studies
throughout the Caribbean show that hurricanes on average
cause a 17% decline in coral cover in the year following the
storm (Gardner et al. 2005). Climate change predictions are
for more intense storms.

Pollution: poor water quality encourages the establish-
ment and the spread of infectious diseases among corals.
Industrial pollutants, such as copper, can impact the natural
development of corals. There is also evidence that tributyltin
(TBT), a key ingredient in anti-fowling paints, significantly
impacts coral growth and recruitment. Vessel grounding
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events thus have the potential not only to inflict immediate
physically damage on coral heads, but also impact recovery
through TBT contamination (Negri et al. 2002; Smith et al.
2003). The impact of these factors on Cayman coral reefs is
largely unstudied.

Oil-spill: pollution events arising from large scale wreck-
ing and small-scale accidental and deliberate release of oil
into the marine environment have significant potential to
impact coral reefs and associated flora and fauna.

Dust: global air currents link the Caribbean with Africa,
carrying dust to the Cayman Islands from the Sahara. This
process is most pronounced during positive phases of the
North Atlantic Oscillation (Prospero and Nees 1986), and over
time is believed to have supplied the Cayman Islands with the
characteristic “red mold” earth which supports some of the
best farm and grassland. Dust events have been linked to a
decline in the health of coral reefs across the Caribbean and
Florida, primarily since the 1970s (U. S. Geological Survey).

Marine litter: while coral skeletons appear rocky and
fairly impervious to physical damage, the living polyps are
delicate, and highly sensitive to even slight physical pressure
or abrasion.

Artificial installations: a significant decline in the quality
of Cayman’s coral reefs in recent years has resulted in
increasing attempts to diversify the “attractiveness” of diving
sites through augmentation of natural features with artificial
installations. Examples include the Shipwreck City project,
which aims to deliberately wreck ships as a dive feature off
Grand Cayman, and a concrete “Lost City of Atlantis” off
Cayman Brac.

To better understand the dynamics of the Cayman Islands
reefs, the Department of Environment has commenced a
long-term Coral Reef Monitoring Programme, encompass-
ing all three islands, towards determining the scale of the
problems facing coral reefs, and to provide conservation
authorities with data to foster better management practice of
local reefs.

In 1988, the Marine Conservation Regulations made it
illegal to damage coral by anchoring in the Cayman Islands.
The Department of Environment maintains a network of over
300 permanent moorings around the islands, towards mini-
mizing anchor damage. The maximum fine imposed to-date
is CI$150,000 for 130 m? of damaged reef. In 2007, the
Cayman Islands Government strengthened protective regula-
tions on the legal harvest of marine turtles.

The establishment of the proposed Barkers National Park
would represent the first protected area in Cayman to incor-
porate a full continuum of habitats, from coastal shrubland
and mangrove, to beach, lagoon and coral reef. Dive tour
operators work in cooperation with the Department of
Environment are educating divers towards minimising impact
on coral reefs, including participation in the annual Reef
Watch survey.
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Since the mid 1980s, under the Regulations of the Marine
Conservation Law “whoever anchors any vessel exceeding
20 feet in length or a commercial vessel ... in such a manner
that damage is caused to the coral by an anchor, chain or any
similar contrivance, is guilty of an offence.”

Under the Marine Conservation Law “Whoever, unless
licensed ... intentionally cuts, carves, injures, mutilates,
removes, displaces or breaks any underwater coral or plant
growth or formation in Cayman waters is guilty of an
offence.” Also under the Marine Conservation Law “any
person who, while equipped with any kind of underwater
breathing apparatus, takes any marine life in Cayman waters
is guilty of an offence.”

While these clauses effectively protect all corals in the
Cayman Islands from a variety of threats, this protection is
incomplete. Unforeseen events such as boat groundings,
land-based stresses, people walking on shallow coral reefs,
etc. remain unaddressed. In 1986 Marine Conservation
Regulations created strict licensing procedures for spear
fishing. Importation of new spear guns and parts into the
country is illegal under these regulations. Though this was
envisioned as slowly phasing out this activity, it has been
only partially successful.

Coral reef monitoring began being undertaken by DoE
biannually, as part of CARICOMP, and is now expanded and
undertaken annually at 62 permanent sites, by DoE in col-
laboration with Bangor University and The Nature
Conservancy through the DEFRA Darwin Initiative project
to Enhance an Established Marine Protrected Area System.
The project aims to fully protect between 30 and 50% of the
shelf of the Cayman Islands.

Key Marine Species in Cayman Waters

In addition to research programmes focused on habitats and
ecosystems, recent scientific research in the Cayman Islands
has focused on key species, including major commercial spe-
cies such as turtles, conch, and lobster, and species important
to tourism such as reef fish (Nassau groupers) and southern
stingrays. Here two such species are focussed upon.

Nassau Grouper Epinephelus Striatus

The Nassau grouper Epinephelus striatus (Fig. 7.7) is a large
sea bass—a prominent member of the 12 species of groupers
reported for the Cayman Islands. It previously comprised
one of the most economically important spawning aggrega-
tion based artisanal fisheries in the Caribbean, however, it is
now severely over-fished. It ranges from inshore to about
100 m, and is to be found in coral reef, mangrove, seagrass
and estuarine habitats, from southern Brazil, throughout the
Caribbean, western Yucatan, Bahamas, Florida and Bermuda.

Fig. 7.7 Nassau grouper Epinephelus striatus

Western Atlantic: Bermuda, Florida, Bahamas, Yucatan
Peninsula and throughout the Caribbean to Brazil. Eastern
Gulf of Mexico: only off the coast of Yucatan, at Tortugas
and off Key West.

Endangered throughout its range, and locally extinct in
many locations, the Nassau grouper is listed as Endangered
A2ad on the IUCN Red List. Of the areas in the Cayman
Islands known to have hosted spawning aggregations
(SPAGs), only one, Little Cayman West End, still hosts
(albeit reduced) reproductively viable numbers. Two sites
host remnant aggregations, the reproductive viability of
which remains unknown (Cayman Brac East End and Twelve
Mile Bank NE End). Three other sites are considered non-
functional (Little Cayman East End and Grand Cayman East
End & South West Point). Two other areas of similar geo-
morphological and hydrological characteristics are anecdot-
ally reported as historical spawning aggregation sites.

Epinephelus striatus is protected under the Marine
Conservation Law (2003 Revision) Section 6(7) & 9, and the
Marine Conservation (Grouper Spawning Areas) Directives
2003. Under the current Marine Conservation Law, fishing
for Nassau grouper is seasonally prohibited in eight
Designated Grouper Spawning Areas DGSA. Nassau grou-
per may not be taken by spear, or in any Marine Park area.
The legal minimum size for take is 12 in. (30.5 cm). Pending
legislation, Nassau grouper would be protected under the
National Conservation Law (Schedule II). The Department
of Environment and the Marine Conservation Board are the
lead bodies for local protection.

As top level predators on the reefs, Nassau grouper lead a
predominantly solitary existence for most of the year. With the
onset of the full moons in January and February, individuals
migrate to specific locations where they form brief (ca. 10
day) broadcast spawning aggregations, spawning en masse.
Located off deep shelf promontories, these aggregations rep-
resent 100% of the species annual reproductive output.
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Spawning gives rise to pelagic larvae, which settle out on reefs
within 40 days. Nassau grouper life history characteristics
include large size, long-lived, slow-growth, and contracted
reproductive period, coupled with high spawning site fidelity.
These factors combine to makes this species especially vulner-
able to over-exploitation. At 7 or 8 years of age, most will
recruit to spawning aggregations as reproductive adults. The
oldest recorded individual was 29 years of age. Anecdotal evi-
dence suggests they may live much longer. Populations have
declined an estimated 60% during the past three decades. In
the Cayman Islands, spawning aggregations have been fished
down to a level such that natural replenishment is inhibited.

Historical fishing pressure: fishing pressure on spawning
aggregations is overwhelmingly responsible for the endan-
gered status of this once prolific species. Historically, thou-
sands of Nassau grouper were taken annually from SPAG
areas by a small but effective local artisanal fishing fleet. Prior
to the 2001 discovery of the Little Cayman West End SPAG,
catch from these spawning sites had dwindled steadily, becom-
ing insignificant due to overexploitation. The estimated spawn-
ing population of the “new” Little Cayman West End site was
more than halved within two seasons, following discovery.
This “boom and bust” dynamic of spawning aggregation
fisheries is typified throughout the tropics. In 2004, an 8-year
ban on fishing Nassau grouper in designated SPAGs was leg-
islated in an attempt to maintain the viability of the remaining
Little Cayman SPAG, and towards facilitating the potential
recovery of remnant SPAGs and associated local stocks. This
ban was successfully extended for another 8 years in 2012.

Poaching: as is the case with other protected species, it is
likely that some background poaching occurs. Compliance
with regulations has, however, generally been good during
the first 5 years of the ban (at least for the 5 ‘nearshore’ des-
ignated SPAGs), affording an opportunity for reestablish-
ment and replenishment. There is, however, suspected fishing
at the 12-Mile Bank site.

Current fishing pressure: Nassau grouper is a species of
significant commercial and recreational interest. Individuals
are taken primarily by hand-line, fish traps, and spear gun.
Cessation of SPAG fishing has afforded the most immediate
protection from the decimation of already depleted local
stocks, however, the very limited shelf area of the Cayman
Islands may mean that grouper populations remain sensitive
to the continued lower level harvest of adults outside the
spawning season. An attempt to lessen this potential impact
was implemented recently, in the form of a ban on the spear-
ing of this species, addressing a method of take regarded as
responsible for the majority of take of adults during the non-
spawning months.

Aesthetic value: Nassau grouper are considered an iconic
species of tropical Atlantic coral reefs. As such, they are an
important benchmark for reefs, in attracting dive tourism in
the Caribbean. During 1987-2001, the DoE undertook annual
monitoring of the Cayman Island’s SPAG fishery. Catch, size
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of fish, and sex were recorded. Results indicated a strongly
significant and steady decrease in both overall catch and indi-
vidual size over this period. A 1995 a proposal to reduce
fishing by 50% went without political support. Subsequent to
the 2001 SPAG discovery, and the subsequent unregulated
take of fish (approximately 4,000 fish during the spawning
seasons of 2001 and 2002), wide-spread public outcry engen-
dered political support for protection. In 2002 legislation for
an alternate year fishing strategy dictated that 2003 be a non-
fishing year. Calculations showed that with the resumption of
fishing in 2004, even with a catch quota of 12 grouper per
boat per day, what remained of this SPAG would be deci-
mated. A bag limit of one grouper per person per day was
introduced between May and October and a closed season
from November to April. A further 8 year ban introduced in
2012 was made more palatable by an increased bag limit of
four grouper per person per day outside of the closed season.

Invasive Red Lionfish Pterois Volitans

Red lionfish Pterois volitans favour coral reefs and rocky
outcrops, with a wide distribution in the central and eastern
Indo-Pacific. It is now spread through much of the Caribbean.
Pterois volitans (Fig. 7.8a) is found in depths ranging from
10 to 80 m (and has been reported fished from much deeper
depths), and reaches 40 cm long in the Caymans. It is a pred-
ator, showed that its main diet was a wide range of fish, and
crustaceans. The first individual was reported locally in Feb
2008, in Little Cayman, and then another was caught in
Cayman Brac in Oct. 2008, and five more caught locally
in Jan. 2009. By 2012, this invasive fish can be found on
reefs around all three islands at all depths (Fig. 7.8b), and
although some juveniles can be found in the peat escarp-
ments in seagrass beds, they do not seem to have penetrated
mangrove systems. Lionfish are voracious predators on reef
fish, and a recent study by DoE of stomach contents of
lionfish from the Cayman islands by DoE has revealed prey
to include wrasses, damselfish, parrotfish, surgeonfish,
goatfish, squirrelfish, blennies, gobies, basslets, trumpetfish,
lizardfish, hawkfish, mantis shrimp, Pederson shrimp, crabs,
seagrass, and even lionfish. The impact on reef communities
is likely to be significant, and is the subject of collaborative
research between DoE and Bangor University.

How lionfish became established in the Atlantic remains
unknown, however, it is accepted that several fish were intro-
duced into the marine waters of Biscayne Bay, Florida, as a
result of Hurricane Andrew in 1992. Lionfish have now been
documented along the US east coast, from Florida through
Massachusetts, east to Bermuda, and south throughout the
Bahamas, and the Caribbean, including Turks and Caicos,
Jamaica and Cuba. The red lionfish Pterois volitans is inva-
sive in Cayman waters, and requires implementation of active
control to prevent its spread. Lionfish represent a serious
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threat to both native marine life and, because it is extremely
venomous, human health and safety. Red Lionfish have been
subject to an intensive control programme in the Cayman
Islands since 2008. Following training from REEF, the
Cayman Islands DoE embarked on an extensive circuit of
training courses, enabling professional divers to become
trained and licensed Lionfish cullers. It may be that it will be
found to be preyed upon by one of the top level predators on
the reefs, the Nassau grouper.
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Coral Reefs of Montserrat

Andrew Myers

Island Overview

Montserrat is located within the Leeward Islands of the
Eastern Caribbean at approximately 16° 45" 0” N, 062° 12’
0” W. The neighbouring islands are Antigua 45 km to the
northeast; Redonda, a small uninhabited island 25 km to the
northwest; Nevis 55 km to the northwest, and Guadeloupe
60 km to the southeast (Fig. 8.1).

The island is volcanic in nature with multiple peaks.
Montserrat is divided into three distinct sections correlated
to three volcanic ranges. Those ranges are, from oldest to
newest: the Silver Hills in the north (403 m); Center Hills,
site of the island’s nature reserve (741 m); and the Soufriere
Hills, the youngest, tallest and currently active volcano
(1,070 m) (Le Friant et al. 2009). Montserrat is an island of
steep mountains, dense forest, deep valleys and ghauts, mul-
tiple fresh water springs, seaside cliffs, several black sand
beaches (there is one white sand beach on the northwest
coast) and a large area affected by volcanic eruptions and
lahars flows.

The island has a stated population of approximately 4,900
people. That population lives along the west coast and the
northern sections of the island (2011 census, www.gov.ms),
and over half of the island, the section south of the Belham
River valley, is an exclusion zone which is not open for
habitation. This zone varies in size with volcanic activity.

Modern Volcanic History

In July of 1995 the Soufriere Hills volcano became active
again, and since that date there has been multiple dome
growth and collapse events which caused both the evacuation
and destruction of the capital city, Plymouth, and numerous

A. Myers (D<)

Montserrat Reef Project, P.O. Box 289, Brades, Montserrat, Eastern
Caribbean or British West Indies
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smaller villages. The Soufriere Hills is an explosive
stratovolcano, whose volcanic events are characterized by
the extrusion of rock, gases and ash from vents on the dome,
often in the form of pyroclastic flows. Eruptions produce
billowing ash clouds reaching over 10,000 m into the air;
avalanches of super-heated gases, rocks and boulders, which
at times reach and travel across the sea; and dense deposits of
fine ash particles on land and sea (www.mvo.ms). Repeated
dome collapses and volcanic activity have buried extensive
tracts of land and changed the contours of the coastline
(Fig. 8.2). Dome collapses and lahars over the past 15 years
have created and extended deltas of volcanic debris into the
sea extensively on both the eastern and western southern
sections of the island. Over 1 km® of material has been
produced by the volcano with an estimated 75-90% of
that material ending up in the sea (Trofimovs et al. 2006).
Over 1 km? of new beaches and land have been formed,
burying previously existing coastline and offshore habitat
(Le Friant et al. 2009).

Montserrat’s Marine Habitat

The island has approximately 40 km of coastline, mostly
backed by towering sea cliffs with occasional beaches. The
submarine shelf, at depths from 20 to 60 m, varies greatly in
width around the island, extending approximately 5 km off
the northern section but only 0.5 km off the southern coast
(Le Friant et al. 2004). Habitat on the deeper section of the
shelf is comprised of sand flats with scattered low profile
rock platforms with coral coverage. Between the 20 m depth
contour and the shoreline habitat density increases.

This typical inshore habitat (<30 m depth) is composed of
erosional material from the sea cliffs (large boulders and
varying sized rocks), ridges and low profile rock shelves and
sand gullies and plains. The reef system of Montserrat is not
created by coral growth exclusively but includes much coral
growth on rock, boulders, and hard, low profile substrate
Each of these zones support different marine life.
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Fig. 8.1 Map view of Montserrat displaying bathymetry and the submarine shelf (From Jones et al. 2010, Springer book chapter)

Shallow Water Boulder and Rock Zone

Extending from shore to approximately the 10 m depth contour,
much of the island is surrounded by the remnants of the ero-
sional decay of the island, with varying sized rocks. Within

this zone evidence of the island’s volcanic roots are clearly
apparent. As the softer material eroded/erodes from the sea
cliffs an intricate marine topography and habitat is formed.
Some of the boulders found here measure over 20 m across
and 15 m tall (Fig. 8.3).
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Fig.8.2 Repeated dome collapses and volcanic activity have buried extensive tracts of land and changed the contours of the coastline. This photo
was taken after the most recent partial dome collapse in February of 2010 which extended 600 m into the sea (© Henry Odbert)

Fig. 8.3 Example of the biodiversity found on the large boulder structures in shallow water. This one is at 5 m depth on the northwest coast
(© Kim Guinn)

The resulting substrate hosts an extensive variety of corals, Ridges and Low Profile Rock Shelves
invertebrates, sponges, juvenile and adult fish species, marine
creatures, and marine plants and algae which are typical of Further offshore, with increasing depths, the reef has a lower
Caribbean coral reef areas. This zone appears to be significant  profile, with elevations and ridges typically less than 2-3 m
in terms of providing juvenile fish nursery areas. high. Heavily sloping bottom contours create ridges in the
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Fig. 8.4 Typical low profile reef biodiversity in 15 m of water; west coast of Montserrat (© Marcus Merrin)

15-20 m depth span, and within this zone “islands” of rock
create scattered patch reef between 10 and 30 m depth
(Fig. 8.4).

The reef substrate is often eroded into a honeycombed
rock base. Though many of the same species of corals and
sponges are found on these reefs as occur on the shallower
ones, there is a greater abundance of gorgonians and far larger
barrel sponges, again typical of reefs in the eastern Caribbean
region. Pelagic species, such as jacks and mackerels, are most
common in this depth zone.

Sandy Bottom Gullies and Plains

This zone supports species that live or feed off of the sand
flats. Several reef inhabitants leave the shelter of the protec-
tive coral reef to forage for molluscs, crustaceans and marine
plants within the sand flats near the reef. Within this zone,
Montserrat’s marine habitat supports a healthy population of
southern stingrays, flying gunards, and spotted snake eels,
as well as tobacco fish and conch.

Differences in Marine Habitat Around
the Island

As noted earlier Montserrat’s submarine shelf varies greatly
in width from the northern and southern regions of the island.
This factor, as well as volcanic activity and prevailing sea

conditions, have created varying topography and health of
the reef system (Fig. 8.5).

Northern Reef System

The hard substrate shelf extends to 5 km off shore in this
region, and consistent wave action and open ocean currents
have created bunkers within the reef that allow for protective
areas for reef life. The corals of this area are exposed to
constant water movement and, as a consequence, appear to
be amongst the most healthy around the island. This region
is affected only occasionally by sedimentation from the
volcano.

Waestern Leeward Reef System

As the shelf narrows the extent of the reef from the shore
reduces. Dense reef coverage is found within 300 m of shore,
with patch reef extending to over 1 km offshore to depths
of >30 m.

Coral health varies greatly along this coast with
healthier reefs, in general, existing further from the vol-
canic runoff plains, but there are anomalies to this, where
multiple, small reefs exist close to these runoff plains
where they still support healthy reef habitat, possibly as
a result of water currents redirecting sediment though
the area.
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Data 510, NOAA, U.S. Navy, NGA, GEBCO
Image © 2012 DigitalGlobe

Fig. 8.5 Satellite image depicting the distinct reef systems around
Montserrat. Northern reef system in red; Western Leeward is yellow;
Eastern Windward is purple. Volcanic zones shown in black; and south-
ern reef system area is green (From Google Earth)

Eastern Windward Reef System

The reefs here are consistently subject to heavy wave action.
Exploration of this region has been limited, although visits
have found eroded rock substrate forming overhangs and
‘swim throughs’. Corals are affected and stressed by frequent
heavy sedimentation from volcanic runoff.

Southern Reef System

This zone is also only visited rarely because of sea condi-
tions. The reefs are found close to shore and quickly drop
to considerable depths. Visits have shown healthy corals and
abundant fish populations. Though flanked by two volca-
nic plains, water currents direct sediment away from these
reefs.

Volcanic Flanks of the Volcano: East and West
Coast

Exploration of this area is often unsafe because of volcanic
activity. Reefs experience heavy sedimentation and frequent
burial.

Reef Species of Note

Pillar Coral. Montserrat has several large and healthy pillar
coral colonies (Dendrogyra cylindrus) as well as numerous
smaller colonies (Fig. 8.6). This species is listed as ‘vulner-
able’ by IUCN. Elkhorn coral (Acropora palmata) also
exists, and is listed as a critically endangered species.
Throughout the Caribbean region huge tracts of Elkhorn
have been lost to white band disease and tropical storm con-
ditions, and what was once a very abundant coral in
Montserrat is now rarely found healthy. Though white band
disease has devastated most of the island’s Elkhorn,
Montserrat still has scattered healthy colonies within the
northern and north-western region of the island (Fig. 8.7). As
with many regions, Montserrat has abundant populations of
barrel sponges, but whereas these are in some areas common
mostly deeper than 15 m (Humann and Deloach 2002), in
Montserrat they are common on reefs less than 8 m deep.

Invasive Species

The Lionfish is an Indo-Pacific predatory fish that was first
reported within the region (Florida) in the early 1990s. Since
that time sightings have been reported throughout the whole
region. The lionfish is an aggressive predator of juvenile fish
and a prolific breeder. Coupled with no natural predators the
population quickly explodes once established (USGS/NAS
website). The first sightings occurred in Montserrat the
summer of 2011, and by 2012, multiple lionfish can be found
on every dive.

The Orange Cup Coral is another Indo-Pacific introduc-
tion which has established itself within the region since the
1940s. It is believed to be the only stony coral introduced
within the Caribbean/Western Atlantic. It is found abun-
dantly on several shallow reefs, often in shaded areas, around
Montserrat (Humann and Deloach 2002).

Coral Reef Stresses

Montserrat’s reefs are experiencing many of the same stresses
that found throughout the region, but in addition has the
unique one (amongst the Overseas Territories) of volcanic
activity, which, over the past 15 years has been destroying
and damaging the island’s marine ecosystem. The processes
which created the island have buried extensive tracts of the
inshore reefs around the lower half of the island. Heavy
sedimentation, not only occurs during active volcanic dome
growth and collapse but also occurs during non-active times
through erosional runoff, and this sedimentation smothers
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Fig. 8.6 A large healthy colony of pillar coral located off the northwest coast of Montserrat. Pillar coral is considered a vulnerable species
(© Kim Guinn)

Fig. 8.7 A healthy specimen of critically endangered Elkhorn Coral in tin 3 m of water. This coral will be affected by planned development
(© Andrew Myers)
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Fig. 8.8 Green turtle killed by the February 17th 2010 partial dome
collapse. Volcanic dome collapse can create pyroclastic flows across the
surface for several kilometres offshore depositing super heated rocks
and ash (OHenry Odbert)

beaches and its life including nesting turtles (Fig. 8.8) and
offshore it buries corals.

Coral Diseases are also prevalent, as they are in much of
the Caribbean, and extensive areas of dead Elkhorn coral can
be found on the northwest coast. While healthy colonies
exist, others exhibit White-band Disease (WBD) which, with
other White Syndromes, has killed a majority of Elkhorn and
Staghorn colonies within the region. Other diseases that most
likely are affecting Montserrat’s reefs are black-band, red-
band, and yellow blotch diseases (reported sightings though
not confirmed) (Humann and Deloach 2002).

Collateral damage from the volcano is occurring due to
redevelopment in the northern end of the island as the nation
rebuilds its lost infrastructure. With the loss of its capital

Plymouth, both the port facility and most commercial and
many residential buildings were lost. Currently there is a
plan to build a new port facility (the second port develop-
ment since the volcano) and a breakwater which will result in
the loss of habitat.

Antiquated fishing practices, and un-regulated fishing and
over fishing are prevalent. Montserrat fishermen use hand-
made fish traps or pots, gill nets and seine nets to catch most
of the fish that are landed. Fish pots are often poorly placed
on the reefs, left unchecked because of sea conditions, or
become lost when the marker buoys get cut. This results in
damage not only to the corals but also causes loss of fish that
die due to these lost “ghost” pots that continue to kill.
Because of volcanic activity and the change in the island’s
population base, accessible fishing areas have been reduced
and overfishing in some areas is occurring (Fig. 8.9).

There are few fisheries laws and currently there is no
enforcement of those that exist. According to the Caribbean
Regional Fishing Mechanism (2006) the island does not
export any fish and has 60 fishermen at this time (www.
caricom-fisheries.com/members/montserrat.asp).

Marine Protective and Damage Mitigation
Measures

Montserrat does not have marine protected areas, though
discussions into the possibilities are being conducted.
Currently a program known as the Montserrat Reef Project
(MRP) is creating new reef habitat through the installation
of designed artificial reefs. The project also identifies imper-
illed corals for propagation to the new reef system. The
MREP is a grant funded project and is currently finishing the
second phase of reef creation. The project has created over
240 reef structures known as Reef Balls since late 2010
whose intent is to generate new areas of hard substrate and
bottom relief.

In summary, the coral reefs of Montserrat provide rich
habitat for hundreds of reef species and typically support
healthy and diverse corals and abundant juvenile fish,
despite the elimination of substantial areas from volcanic
action in the last 18 years. As with many of the other
islands within the region, the reefs have suffered from var-
ious coral diseases and from damage caused by fishing and
development issues. All will need to be addressed, and
Montserrat with its small population has a great opportu-
nity to make the necessary changes to optimise the condi-
tion of its reefs and the benefits they may accrue to the
small island.
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Fig. 8.9 The use of fish pots damage the reef system by poor placement, lack of recovery by the fishermen, and indiscriminately killing when lost.
This fish pot is on the reef and filled with various reef fish; northwest Montserrat (© Andrew Myers)
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The Reefs of the Turks and Caicos

Islands

Alan Logan and Kathleen Sullivan Sealey

Introduction

The British Overseas Territory of the Turks and Caicos
Islands lies at the southern end of the Bahamian archipelago
in the tropical north-west Atlantic between 21° and 22°N
and 71° and 72° 30" W (Fig. 9.1) The territory itself is made
up of three separate carbonate bank systems: the Caicos
Bank, the Turks Island Bank and the Mouchoir Bank. The
larger Bahamian archipelago includes territories of three
countries: The Bahamas, the Turks and Caicos Islands and
the Dominican Republic. All of the land areas in the archi-
pelago are part of the Bahamas or the Turks and Caicos
Islands, but the Dominican Republic claims the submerged
coral reefs of the Silver and Navidad Banks at the extreme
southeastern extent of the chain (Sealey 2006)

The Turks and Caicos Islands (TCI), along with the rest of
the Bahamian archipelago, are characterized by clear, shallow
waters overlying white carbonate sands. The banks cover
about 90%, with the exposed landforms (islands) comprising
only about 10%, of the area of the banks (Table 9.1). Each
bank system is characterized by low-lying islands that are
the result of high carbonate production, cycles of low and
high sea level, and prevailing winds. The largest bank, Caicos
Bank, has six major islands (West Caicos, Providenciales,
North Caicos, Middle Caicos, East Caicos and South Caicos)
arranged sequentially in an arc along the northern platform
margin (Fig. 9.2). The smaller Turks Bank has two islands
(Grand Turk and Salt Cay) situated on the western side of a
much smaller platform. The two shallow carbonate banks are
separated by a deep passage, the 35 km-wide Turks Island
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Passage, which reaches depths of 2,200 m, while the Caicos
Bank is separated from Mayaguana Island and the southern
Bahamas islands of Great and Little Inagua by the 70 km-
wide Caicos Passage with maximum depths approaching
4,400 m. The Turks Islands are separated from the Dominican
Republic and Haiti to the south-east by the Mouchoir and
Silver Bank Passages. The margins of these banks are defined
by sharp drop-offs into deep water on all sides and are fringed
by coral reefs, particularly on the seaward side of the Caicos
Islands. The coral habitat includes two major groups: true
coral-dominated accreting reefs and hard-bottom non-reefal
habitats that contain corals but are not accreting coral reefs.

In this chapter we give a general description of the
carbonate bank geology, reef geomorphology and zonation,
known biotic communities, coral reef fish and fisheries,
marine parks, and assessments of reefs as related to anthro-
pogenic and other threats. TCI is the least prosperous
territory, and has the smallest population compared to other
western Atlantic British Overseas Territories (Anguilla,
Bermuda, Cayman Islands, Montserrat, and British Virgin
Islands), but has the largest shallow water marine resources,
including reefs. The chapter concludes with a short overview
of the governance and regulatory structure that impact reef
management within this island microstate.

Some of the first overviews of the coral reefs of the Turks
and Caicos Islands were given by Wells (1988) and Koltes
(1993), the latter based on one of the first coral reef research
field stations established on Grand Turk. Since then there has
been a paucity of synoptic quantitative studies on the reefs,
asmuch of the areais inaccessible except by boat. Quantitative
studies have been carried out in association with fisheries
assessments, regional assessment of reefs or placement of
marine parks (see Medley and Ninnes 1999; Gaudian and
Medley 2000; Tupper and Rudd 2002; Dikou et al. 2009).
Much of the field research has been carried out on the south-
eastern side of South Caicos and nearby Long Cay at the
School for Field Studies station on South Caicos (Sullivan
et al. 1994, 1996; Chiappone et al. 1996; Steiner 1999;
Dikou et al. 2009). Research has also been carried out on
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Fig. 9.1 Map of the Bahamian Archipelago showing islands, banks and deeps, with TCI and major passages shown at southern end of chain

(Google Earth)

Table 9.1 Bank and Island Areas and Perimeters of the Turks and Caicos Islands: Area of the shallow banks and island areas are given in square
kilometers. Bank perimeters and island shorelines are given in kilometers. The total shallow water bank area includes from the shoreline to the
200-m bathymetric contour. Land areas include the area of coastal mangroves, but not large creeks and bights

Bank area Bank perimeter Island area Shoreline

Bank type Bank name (sq. km) (km) (sq. km) (km)
Sheltered bank with Cays Caicos 6,856 375 489 568
Total of all sheltered banks 60,313 2,409 9,017 5,099
Full-exposed banks Silver Banks 2,833 226 0 0

Mouchoir 958 149 0 0

Turks Islands 607 137 22.7 41.2

Navidad 434 83 0 0
Total of all exposed banks 44,611 1,783 61.9 188.3
Totals for the entire archipelago 134,447 12,972

commercial SCUBA diving boats that operate around the
banks, both as live-aboard and shore-based dive tours
(Spotte et al. 1994; Schelten et al. 2006).

Geography and Geomorphology of Reefs

As previously mentioned the Turks and Caicos Islands form
the southern extent of the Bahamas Archipelago which
stretches from the Turks Islands north-west to Little Bahama
Bank. The islands and banks of the islands are geograph-
ically, geologically and ecologically part of this single
archipelago (Enos 2011), with Pleistocene carbonates, often
in the form of oolites and eolianites, providing the founda-
tion for Holocene reefs and sediments. Rankey et al. (2009)

studied Holocene and Pleistocene shallow marine carbonates
from Providenciales in the northwestern part of the Caicos
Platform, using sedimentology, bottom observations, remote
sensing and sub-bottom profiling. They conclude that such
northeast-facing platform margins exhibit considerable
facies variability and show the best developed reefs where
wave-dominated conditions from the open Atlantic prevail.
Furthermore, buried top-Pleistocene bedrock configuration
appears to exert a strong control on the Holocene morphol-
ogy of the reef complex in the study region. Differences
between the carbonate bank systems are perhaps the most
important aspect in describing the reef ecology of the archi-
pelago. Classification of the carbonate bank environment is
based on geomorphology, energy exposure and bank size,
with a strong latitudinal gradient. The areas of banks and
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islands included in the territory are shown in Table 9.1.
The Turks and Caicos platforms form a small part at the
southern extent of a much larger geological and ecological
system. The entire archipelago experiences a tropical dry
climate, with the Turks and Caicos as the hotter and drier
southern extreme. The archipelago stretches over 7° in latitude
(1,270 km) and extends north-westwards from the tropical
dry islands of the Turks and Caicos Islands to the subtropical
Abacos, all influenced by frontal systems from North
America. Bank systems, and their associated islands, are the
fundamental components of biodiversity in the archipelago.
There is roughly a 10:1 ratio of marine bank to terrestrial
island areas in the archipelago (Table 9.1). The bank perim-
eter includes only platform margin length. The platform
margin is characterized as the area of barrier and fringing
reef growth, upwelling and sediment transport events critical
in marine faunal distributions. The length of shoreline can be
much larger than bank perimeter length due to convolutions
and embayments on many of the islands. Near-shore reef
features include patch reefs, non-reefal hard bottom and
fringing reefs. The dry, tropical climate of the archipelago
means there are no surface water resources, and no river
run-off or sedimentation, resulting in extremely clear water,
facilitating coral growth near the shore.

The sheltered banks, such as Caicos Bank, are domi-
nated by long, often narrow, islands that stretch along the

northern and eastern platform margins. The islands separate
high energy, wind-blown environments along their eastern
shore from protected coastal wetlands and beaches along
the western shores. A typical island thus provides a barrier
to wave energy, and creates extensive soft sediment habi-
tats in its lee to the west. Caicos Bank is characterized by
well-developed exposed reefs along the eastern platform
margin (Fig. 9.3). The fully-exposed banks, like Turks and
Mouchoir Banks, lack islands along the eastern platform
margin, and are characterized by deep (mesophotic) reefs,
patch reefs, and fringing reefs along very low-lying islands.
The large tropical shallow-water marine environments of
the Turks and Caicos banks support a wide variety of reefal
systems, both true accreting coral reefs and non-reef coral
habitats. The geomorphic classification of these reefal areas
used here generally follows the published classification
schemes of Mumby and Harborne (1999) and Andrefouet
(2008).

The prevailing trade winds are from the east and north-
east, resulting in rough seas on the east side of Caicos Bank
but generally calm seas on the west side (Wells 1988). Reefs
fringe the platform on the windward side of its eastern and
north-eastern islands and on the leeward side of its northern
and western islands (Steiner 1999). Hurricanes occasionally
visit the islands from June to November (Gaudian and
Medley 2000). Air temperatures average 25 °C in winter
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Fig. 9.3 Distribution of reefs on the Turks and Caicos banks (From REEFbase GIS 2012)

and 29 °C in summer, with concomitant surface water
temperatures ranging from 22 °C in the winter to 28 °C in the
summer. The islands of the Turks and Caicos are at the east-
ern edge of the wider Caribbean Sea, and experience unequal,
semi-diurnal microtides. The tides are less than 1.5 m in
amplitude, and there are two high tides and two low tides
each day. The semi-diurnal tides create strong currents
through channels and move water on and off the carbonate
platforms. Salinity and temperature variability on the banks
are thus impacted by radiative heating and evaporation
(Buchan 2000).

The dry, tropical climate was historically (and contin-
ues to be today) attractive for solar evaporative produc-
tion of salt. Perhaps the greatest ecosystem-wide changes
to the islands occurred with the establishment of salt
ponds on South Caicos, Grand Turk and Salt Cay in the
eighteenth century with the salt trade (see the Turks and
Caicos National Museum website for overview). In fact,
historical uses of marine resources and land have likely
led to significant changes on the coral reefs, starting with
the occupation of Tiano Amerindians beginning some
700 years prior to the arrival of Columbus (Keegan et al.
2008; Sinelli 2010). Seals, turtles, seabirds and near-
shore fauna were removed from areas of human occupa-
tion. Europeans followed with the deforestation and
removal of mangrove wetlands on the small islands to
facilitate solar salt production which became the basis of
the colonial economy.

Coral Habitats and Reef Topography

Islands tend to occur at the platform margin, a narrow fore-reef
shelf gradually sloping to about 20 m, with a steeper drop-off
to 200 m depth. This is particularly well shown in the cres-
cent of islands from West Caicos to East Caicos. The 20 m
isobath approximates the transition from shallow to deep
water, where slopes steepen to 45° or more at the edge of the
platform margin. The shelf averages about 400 m in width
but increases to over 9,000 m off the southeastern margin of
the Caicos Bank. The narrow shelf, protected by islands,
supports the true accreting reef communities in the Turks and
Caicos banks. Coral reefs occur as patch reefs, fringing reefs,
and bank-barrier reef systems most extensively on the larger
Caicos Bank, but also on the Turks Bank.

The platform margin is characterized by two gently-slop-
ing terraces. The shallow (or upper) terrace slopes gradually
from either the shoreline or fringing reef to about §—10 m
depth, where there is an appreciable increase in slope to
about 15 m depth coinciding with the seaward edge of spur-
and-groove development, where present (Steiner 1999;
Rankey and Reeder 2010). The deep (or lower) terrace has a
depth of 15-20 m and consists of a narrow sand plain with
isolated patch reefs or low-relief spur-and groove reefs,
beyond which is a steep drop-off into deep water. These top-
ographic zones, which will be described in more detail later,
have some similarity to those seen in the Cayman Islands
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(Logan 1994; Roberts 1994), Belize (Riitzler and Macintyre
1982) and Roatan (Fenner 1993).

Throughout the Bahamian archipelago the transformation
(diagenesis) of soft sediments into hard bottom or rock is the
norm. The marine cementation of sedimentary material is
usually the result of subsea cementation of aragonite around
sands composed of ooliths or shell fragments. In areas
where fresh groundwater joins the sea, a process of precipita-
tion of calcium carbonate around these sand grains results in
beach rock. This cementation process is rapid in this dry trop-
ical climate (Rankey and Reeder 2010; Whitaker and Smart
1997). Sediments created by calcified algae found on the
banks, especially Halimeda, Penicillus, Udotea, and
Rhipocephalus, are cemented together through their root
systems. This process is enhanced by the presence of sponges
and corals to make for a hard bottom community. “Hard bar”
or hard bottom communities are not true accreting coral reefs,
but are important throughout the carbonate bank system.

Coral Reef Communities

There are six ecotypes comprising true (accreting) coral
reefs: bank patch reefs; near-shore patch reefs; channel reefs;
near-shore fringing reefs, platform margin bank-barrier reefs
and platform margin deep reefs. Combinations of these types
produce different reef zonation patterns from shallow to
deep water. The wide range of hard and soft coral species
in TCI reefs is shown in Table 9.2.

Bank Patch Reefs

Bank patch reefs are one of two types of patch reefs found
in the Bahamian Archipelago and are common in leeward
and lagoon environments (Alevizon et al. 1985; Sullivan
et al. 1994). These patch reefs are distributed on the banks
some distance from islands, and exposed to wave and
wind energy of the open bank. Many bank patch reefs are
found within 2 km of a margin, and are common along
the exposed southeastern platform margin of Caicos Bank
(Fig. 9.4). In addition to distance from any landmass,
bank patch reefs differ from near-shore patch reefs in that
patches tend to be clustered, rather than isolated circular
patches. Massive head corals provide the framework of
the bank patch reef and there can be great variability in
the contributions of algae, sponges, gorgonians, and hard
corals to the patch reef surface. Roughly circular in shape,
patch reefs south of Ambergris Cay can be moderate
(1,000 m?) to large (+10,000 m?) in size. Vertical relief is
as high as 10 m and is due to large coral colonies, including
acroporids (Fig. 9.5). Large patch reefs are important
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Table 9.2 Species list of Cnidaria species recorded from reef
communities in the Turks and Caicos Islands, compiled from Sullivan
et al. (1994, 1996), Steiner (1999) and School for Field Studies, South
Caicos, internal reports (http://www.fieldstudies.org/tci)

Order Actiniaria

Actiniidae Condylactis gigantea
Aiptasiidae Bartholomea annulata
Aliciidae Lebrunia coralligens
Aliciidae Lebrunia danae
Aurelianidae Actinoporus elegans

Corallimorphidae Ricordea florida

Phymanthidae Phymanthus crucifer
Stichodactylidae Stichodactyla helianthus
Zoanthidae Palythoa caribaeorum
Zoanthidae Zoanthus sociatus

Order Gorgonacea

Anthothelidae Erthropodium caribaeorum

Briareidae Briareum asbestinum
Gorgoniidae Gorgonia sp.
Gorgoniidae Pseudopterogorgia
americana
Gorgoniidae Pseudopterogorgia spp.
Gorgoniidae Pterogorgia anceps
Gorgoniidae Pterogorgia citrina
Gorgoniidae Pterogorgia guadalupensis
Plexauridae Eunicea calyculata
Plexauridae Eunicea mammosa
Plexauridae Plexaura homomalla
Plexauridae Plexaurella flexuosa
Plexauridae Plexaurella spp
Plexauridae Pseudoplexaura sp.

Order Scleractinia

Acroporidae Acropora cervicornis
Acroporidae Acropora palmata
Agariciidae Agaricia agaricites
Agariciidae Agaricia tenuifolia
Agariciidae Agaricia humilis
Agariciidae Agaricia fragilis
Agariciidae Agaricia grahamae/
lamarcki
Agariciidae Leptoseris cucullata
Astrocoeniidae Stephanocoenia intersepta

Caryophylliidae Eusmilia fastigiata

Faviidae Colpophyllia natans
Faviidae Diploria clivosa
Faviidae Diploria labyrinthiformis
Faviidae Diploria strigosa
Faviidae Favia fragum

Faviidae Manicina areolata
Faviidae Montastraea annularis
Faviidae Montastraea cavernosa
Faviidae Montastraea faveolata
Faviidae Montastraea franksi

Meandriniidae Dendrogyra cylindrus

Meandriniidae Dichocoenia stokesi

(continued)
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Table 9.2 (continued)

Meandriniidae Meandrina meandrites
Milleporidae Millepora alcicornis
Milleporidae Millepora complanata
Mussidae Isophyllastrea rigida
Mussidae Isophyllia sinuosa
Mussidae Mussa angulosa
Mussidae Mycetophyllia danaana
Mussidae Mycetophyllia ferox
Mussidae Mycetophyllia lamarckiana
Mussidae Scolymia cubensis
Pocilloporidae Madracis decactis
Pocilloporidae Madracis formosa
Pocilloporidae Madracis mirabilis
(now M. auretenra)
Poritidae Porites astreoides
Poritidae Porites bournei
Poritidae Porites colonensis
Poritidae Porites divaricata
Poritidae Porites furcata
Poritidae Porites branneri
Poritidae Porites porites
Siderastreidae Siderastrea radians
Siderastreidae Siderastrea siderea
Stylasteridae Stylaster roseus

fisheries habitats, especially for spiny lobster. It is possible
that large deep patch reefs may also provide spawning
aggregation sites for coral reef fishes.

Near-Shore Patch Reefs

Near-shore patch reefs are smaller, but more abundant along
the bank or leeward side of islands of the Turks and Caicos
Islands, occurring at 1-6 m depths (Chiappone et al. 1996).
This patch reef type is distinguished from bank patch reefs
primarily by its proximity to shore (<1 km). In addition,
near-shore patch reefs tend to be adjacent to seagrass beds
and are usually isolated and smaller than the clusters of bank
patch reefs found further on the banks. Near-shore patch
reefs are typically small, averaging 20-30 m in diameter, and
roughly circular in shape, but may be quite variable in size
(Chiappone et al. 1996). Near-shore patch reefs are con-
structed by massive frame-building corals but can exhibit
substantial variability in the relative abundance patterns
of algae, corals, sponges, and gorgonians (Sullivan and
Chiappone 1992). Maximum vertical relief ranges from 1 to
1.5 m and is due to living or dead massive corals that com-
prise the structure of the patch reef (Fig. 9.6). Near-shore
patch reefs are common in lagoonal areas near islands in
protected environments with offshore fringing or bank barrier
reefs in shallow waters, for example 2-5 km wide off

A.Logan and K.S. Sealey

Providenciales (Rankey et al. 2009). These lagoons have
limestone floors with a thin veneer of mostly biogenic
carbonate sediments, each area of which supports its own
distinctive benthic biotic community. Sediment grain sizes
vary from fine sands to coarse boulders, with sands the
dominant sediment type. Coarse-grained deposits are often
transported into the lagoon from the rubble zone of the
fringing reef during storms. Sands are often colonized by
marine grasses and algae, while patch reefs of various shapes
and sizes occur in the lagoon, some being elongate reefal
ridges with their long axis oriented normal to the shoreline.
In between, relatively barren rippled or bioturbated sands
cover large areas of the lagoons and are colonized by algae.

Channel Reefs

Channel reefs are prevalent in the Bahamian Archipelago,
and, especially in the Turks and Caicos Islands, along the
northern Caicos Bank between cays. Channels serve as major
conduits between deep water and bank water. Essentially
four bottom types can occur in channels (sand, seagrass,
hard-bottom, or reef) and community composition is depen-
dent upon the length, width, and depth of the channel
(Sullivan et al. 1994; Sluka et al. 1996). Channels with coral
reefs tend to be wider and deeper, and are dominated by
massive coral species, often arranged in finger-like ridges
parallel to the channel The sizes of channel reefs can vary
substantially (<1 to >3 ha), but many are small. Major factors
associated with the lack of substantial reef development in
such systems are attributed to turbidity, sediment transport,
and extreme fluctuations in water temperatures (Lang
et al. 1988). Channel reefs can be important locations for
spawning of fisheries target species such as the Queen
conch Strombus gigas (Hesse 1979).

Near-Shore Fringing Reefs

Fringing reefs are the dominant platform margin reef type in
the region. The presence of a fringing reef near sea level and
spur-and-groove structure on the deeper reefs, both of which
occur in TCI, comprises a reef complex that modifies the
effects of waves, reducing their energy and providing rela-
tively quiet-water conditions in the lee of the reefs, where
lagoon and shore communities can develop. Fringing reefs
are represented by three structural types: (1) those occurring
immediately offshore on an island platform, (2) those that
form ridges parallel to shore, and (3) those, both shallow
(<5 m) and deeper (>10 m) with spur-and-groove develop-
ment on the seaward side (Zankel and Schroeder 1972;
Sullivan et al. 1994). Fringing reefs are often based on
outcrops of the island platform, prevalent across bays offshore
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Fig.9.4 A typical deep bank patch reef on sloping platform margin of Caicos bank. Rounded heads of Montastrea annularis at left, large colonies
of Agaricia at right, branching gorgonians and coiled sponges in between. Depth about 12 m (Photo by Cindy Lott)

Fig. 9.5 Acropora palmata (large) and A. cervicornis (small) growing on the top of a large bank patch reef south of Ambergris Cays, depth about

6 m (Photo by Sullivan Sealey)

off South Caicos and Providenciales. Spur-and-groove or
buttress reefs consist of elongate coralline spurs or coral bars
oriented perpendicular to shore (Shinn 2011). Few spur-and-
groove reefs are reported from the TCI banks that are directly
exposed to the Atlantic Ocean (Bunt et al. 1981). Spurs or

coralline fingers are greater than 100 m in length in some
reefs, with the spur surfaces typically found in 8 m to 16 m
depth, or sometimes shallower. Spurs are separated by sand
grooves from 13 to 18+ m depth. The deeper spur-and-groove
sites extend to the fore reef escarpment, or drop-off zone, at
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Fig. 9.6 Near-shore patch reef off South Caicos showing (centre) col-
onies of Montastrea cavernosa (above) and Agaricia sp. (below) with
encrusting Millepora at right, yellow sponges, branching gorgonians in
background, depth about 6 m (Photo by Cindy Lott)

20+ m depth. At several locations in the archipelago, spur-
and-groove topography occurs on reef terraces, ranging from
wide, gently sloping surroundings to narrow and steep
(Zankel and Schroeder 1972; Bunt et al. 1981; Steiner 1999).
The eastern Caicos Bank fringing reefs are characterized by
spur-and-groove formations dominated by massive head
corals (Sullivan et al. 1996; Chiappone et al. 1996). These
spur-and-groove features extend towards the platform
margin, and are characteristic of the southeastern margin that
is not a precipitous drop-off (Fig. 9.7)

The active fringing reef, easily visible from the air, is the
reef crest, the shallowest part of the reef complex. This linear
wave-resistant reef, where present, separates the protected
lagoonal area from the open ocean and is built along the apex
of two surfaces sloping in opposite directions, one shore-
wards, the other seawards. It is well developed along the
shoreline or across bays and lagoons such as the small bay
east of Cockburn Harbour, South Caicos (Fig. 9.8). The reef
crest lies less than 2 km distant from the shoreline off

Northwest Point in Providenciales and comprises a mix of
corals such as species of Acropora, Montastrea, Diploria
and Porites, as well as the hydrozoan Millepora and a variety
of red and green algae (Rankey et al. 2009). At low tide the
top of the reef crest is at sea level or slightly emergent and
waves break over it. It comprises mainly an Acropora-
Millepora thicket, the reef crest zone in the islands spanning
the Palythoa-Millepora and Diploria strigosa-Acropora pal-
mata zones described for Caribbean reefs by Geister (2011)
and typical of moderate wave energy conditions.

Platform Margin Bank-Barrier Reefs

Barrier reefs are found throughout the Bahamian Archipelago,
and have historically presented the greatest challenge to
exploration by sailing vessels in the past. Although not at far
from shore or as extensive as the barrier reefs off Belize and
Mexico, the bank barrier reefs occur as a line or “ribbon”
along the northern platform margin of the Caicos Bank 3 km
or more off shore (Fig. 9.9). Structurally, these reefs exhibit
a similar biological community composition to fringing reefs
such as in the reef crest or breaker zone. Barrier reefs at the
platform margin may also have a spur-and-groove topogra-
phy offshore (Fig. 9.10). While the distinction from fringing
reefs is not always clear, barrier reefs differ from fringing
reefs in their greater distance from shore and the presence of
an extensive back reef environment separating the shoreline
from the reef (e.g. Belize). Barrier reefs occur along the
northern and eastern platform margin of the Caicos Bank,
especially across embayments. Although the “fringing” reef
acts as a protective barrier to inshore waters it is discontinu-
ous and there are occasional gaps (cuts) that allow inter-
change of waters between the lagoon and the open sea. The
dominant coral species on the reef crest, as elsewhere in the
northern Caribbean, are Acropora palmata and Millepora
complanata, the latter occurring in both bladed and encrust-
ing growth forms. Gorgonians are common as subsidiary
forms. A. palmata occurs as large arborescent colonies strong
enough to withstand the vigorous surf, the upwardly inclined
fronds preferentially oriented towards the open ocean. Like
its congener A. cervicornis, this species has suffered a marked
decline in recent years in many parts of the Caribbean (Lewis
1984) and the TCI is no exception. However, Gaudian and
Medley (2000, p. 590) report that “large healthy stands can
still be found at Salt Cay, and the exposed sides of Grand
Turk , South Caicos and some parts of the Caicos Bank.”
Schelten et al. (2006) also noted that A. palmata populations
are still in good condition off the coast of South Caicos.
Where it is rare or absent its role is taken over by the hydro-
zoan M. complanata which forms a hedge of vertically-
inclined, upwardly-flaring blades facing the direction of
wave advance. Other common forms are species of Diploria,
Montastrea and sponges, while pillar-like colonies of the
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Fig.9.7 Platform margin bank-barrier reefs along the southern Caicos Banks north of Ambergris Cays, showing spur-and-groove structure (Photo

by Sullivan Sealey)

meandrenid coral Dendrogyra cylindrus are sometimes
present (Fig. 9.11).

Platform Margin Deep Reefs

Wind and wave energies have predominantly influenced the
production of the bank system and island formation. The
interface of the archipelago and the ocean energies are, in
many ways interrelated and represent a defining characteris-
tic of the island system. The lack of surface water on the
small islands contributes to very clear water, and deep light
penetration energy, supporting coral growth to over 80 m.
Such mesophotic coral habitats are characterized by the pres-
ence of light-dependent corals and associated communities
at water depths greater than normal along the platform
margins of TCL. The dominant communities providing a
structural habitat in this depth zone are made up mainly of
coral, sponge, and algal species. These deep reefs thus
provide a transition area from the shallow bank systems to
the open seas of the tropical Western Atlantic.

A sand plain at the base of the shallow spur-and-groove
zone is very narrow (less than 500 m) along the windward
(east) side of the Caicos Bank and terminates at the edge of
the fore-reef escarpment between 15 and 30 m depth.
(Chiappone et al. 1996). Typically there is a slight elevation
before the edge of the escarpment is reached. This escarp-
ment is a steep and, in some places, near-vertical wall
(Fig. 9.12) extending to at least 85 m, the approximate limit
of coral growth in the region. Narrow grooves form conduits

for sediment transport downslope. The escarpment has fewer
coral species than the shallower reefs. Remnants of spur-
and-groove structure can still be recognized, the spurs form-
ing enormous overhanging buttresses where many coral
colonies, in response to reduced light, adopt a characteristic
platy growth form. Examples include Montastrea annularis
but its congener M. cavernosa generally retains the columnar
growth form seen in shallower water. Large platy colonies of
species of Agaricia spread laterally far beyond their narrow
base of attachment, eventually becoming unstable and slid-
ing downslope. Although Chiappone et al. (1996) recorded
only 16 and 18 coral species, respectively, from 2 sites on
eastern Caicos Bank, Steiner (1999) recorded 26 species of
corals in this deep zone, the most important of which are spe-
cies of Montastrea, Agaricia, Siderastrea, Stephanocoenia
and Porites. Species of Mycetophyllia, Colpophyllia and
Eusmilia are common subsidiary forms. Black corals belong-
ing to Antipathes are present on vertical faces in deeper water
(Fig. 9.12), while demosponges occur in a variety of growth
forms, mostly whip-like and tubular and include Agelas sp.
and Aplysina archeri (Steiner 1999). Enormous barrel
sponges belonging to Xestospongia muta are present, as they
are throughout the deep reefs of the Caribbean.

Non-Reefal Hard Bottom Communities

There are four types of non-reefal hard-bottom communities
in the region: channels with algal-dominated benthos;
channels with sponge/gorgonian-dominated benthos;
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Fig. 9.8 (Upper photo) Oblique aerial photo of small bay looking
southwest along southern shore of South Caicos towards Cockburn
Harbour, showing waves breaking on reef crest, lagoon with nearshore
sands (light) and grass beds (dark) behind reef; Long Cay in back-
ground (Photo by Sullivan Sealey). (Lower photo) Google Earth aerial

near-shore hard bottoms and platform margin with algal-
dominated benthos. These communities on consolidated
carbonate sediments are important habitats for corals, and
can be rugose, with ledges, cracks and crevices, but are not
actively-building or accreting with massive scleractinian
corals.

image of the same bay, showing the following zones: A back-reef sands,
grass beds and rubble; B reef crest; C platform margin hard bottom; D
high relief spur-and-groove; E low relief spur-and-groove; F platform
margin deep reefs

Channels with Algal-Dominated Benthos

Tidal channels or cuts in the banks are created and maintained
by unequal semi-diurnal tides. Channels moving water on
and off the platform can be floored by sand, coral reefs or
non-reefal hard bottoms. Channels dominated by hard
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Fig.9.9 Google Earth aerial view of platform margin bank-barrier reef ~ breaking on reef crest, with back-reef linear ridges of rubble and sand
off Whitby, North Caicos, with arrow showing direction of wave from storm waves
advance under influence of prevailing winds from the east. Waves

Fig.9.10 Google Earth aerial view of platform margin bank-barrier reef west off North Creek outlet, Grand Turk, showing back-reef sands and
rubble, reef crest with waves breaking, and alternating parallel zones of spur-and-groove development seawards

bottoms or consolidated sediments are often algal-dominated. Channels with Sponge-Gorgonian Benthos

The substratum is typically scoured and very low profile,

consisting of exposed and lithified oolite of Pleistocene or Channels with hard bottoms can also be sponge-gorgonian
Holocene age. Maximum vertical relief is generally less than dominated. The substrate is typically scoured, and very low
a meter. Algal-dominated channels are often characterized profile, with rubble. The consolidated sediments are exposed
by rooted Sargassum or other Phaeophyceae such as Pleistocene oolite. Maximum vertical relief is generally less
Turbinaria or Dictyopteris. than 1 m.
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Fig. 9.11 Platform margin bank barrier reef off western Grand Turk Island with pillar coral Dendrogyra cylindrus, Montastrea cavernosa and
sponges, depth about 15 m (Photo by Cindy Lott)

Fig 9.12 Deep reef wall off Grand Turk Island, with the sponge Agelas and large branching colonies of the black coral Antipathes at about 30 m
depth (Photo by Cindy Lott)

Near-Shore Hard Bottom Benthos near-shore hard bottom communities provide an important

community, often dominated by tolerant, fast-growing coral
Several natural processes of cementation, lithification, and species such as Diploria strigosa, D. clivosa, Porites astre-
levels of crystallization result in a hard underwater surface. oides, Stephanocoenia intersepta and Dichocoenia stokesi.
Along the rocky shores of the small islands and cays, Mixed facies of oolite with skeletal or coral sediments are
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the dominant base sediments in many areas, with low-relief
sponge and coral colonies indicative of the high wave energy
occurring in these areas. Near-shore hard bottom communi-
ties in the Bahamian archipelago are typically regarded as a
recently-submerged extension of island platforms.

Platform Margin with Algal-Dominated Benthos

The platform margin or rims of bank systems in the Bahamian
Archipelago consist of a matrix of bare sand, fringing or bar-
rier reefs, and low-relief hard bottom substrates. Low relief
hard bottom is the dominant, shallow-water (<20 m) com-
munity type found on the platform margin in this region,
especially on the exposed sides of banks such as the eastern
Caicos banks. The substratum consists of exposed, lithified
sand-rock and is not of reefal origin, as in other locations
such as the Florida Keys (Wanless and Dravis 1989). Platform
margin hard bottoms are the least variable of the hard bottom
community types, both reefal and non-reefal, throughout the
Bahamian Archipelago. This community type is consistently
dominated by algae with occasional patches of sand, and is
also referred to as “hard-bar” or windward hard bottom
(Sluka et al. 1996). The substrate is very low profile, although
occasional ledges and fissures in the substratum surface may
occur. Variations in relief are due principally to the presence
of isolated coral heads (<0.5 m). This is the primary fisheries
habitat on the Caicos Bank (Medley and Ninnes 1999; Tupper
and Rudd 2002). Steiner (1999) recorded the algae Dictyota
and Lobophora, plus species belonging to 3 genera of gorgo-
nians, and a total of 17 species of corals from off eastern
Long Cay at a 9 m-depth station in this zone, the most abun-
dant corals being Porites astreoides, Siderastrea siderea and
Dichocoenia stokesi. Similarly the hard bottom surveyed by
Sullivan et al. (1994, 1996) and Chiappone et al. (1996) off
the eastern Caicos Bank, and particularly South Caicos at
6—10 m depth, lies above the zones of high-and low-relief
spur-and-groove and is characterized by the dominance of
algae, gorgonians, sponges and 23 species of small encrust-
ing stony corals, although percent coral coverage is low. This
relatively high-energy zone may be equivalent to the sparsely-
colonized “barren rock pavement” zone described seawards
of the fringing reef crest in Cayman Brac and Little Cayman
by Logan (1994) and the “shallow forereef “ zone in Roatan
by Fenner (1993).

Reef Community Ecology and Diversity
The dominant influence on shallow marine substrates and

their communities in the area is the prolific growth of reef-
building corals, which, together with calcareous algae and
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a host of invertebrate species, help establish coral reefs.
Coral reefs, consisting of a consortium of corals and
calcareous algae, occur at three depth levels. Each coral
habitat type displays a zonation in response to light, wave
energy and currents. The reef zonation scheme off the east
coast of South Caicos, as described by Sullivan et al. (1994),
Chiappone et al. (1996) and Steiner (1999) includes bank
and lagoonal habitats, reef crest, fore reef and deep reef
developments.

Due to very specific habitat requirements (e.g. water
quality and temperature), corals are inherently sensitive to
environmental variability. Community composition and
population size structure are heavily influenced by envi-
ronmental cues (Hughes and Connell 1987; Pandolfi et al.
1999), and environmental conditions also affect individual
colony attributes, such as growth rates, fecundity, and sur-
vival (Coles and Fadlallah 1991; Dizon and Yap 2006).
While offshore reef tracts are considered to supply “optimal”
habitat requirements, corals are found in a wide variety of
seemingly highly stressful habitats near to shore and land-
based sources of pollution. Corals in the TCI are well
established in shallow back-reef and hard-bottom areas,
as well as on outcroppings and occasional substrates in
seagrass beds, sand plains and artificial structures. Some
corals can tolerate temperatures up to 3640 °C, not
unusual on the large shallow bank areas of TCI. A typical
mosaic of coral habitat ecotypes is shown off Long Cay in
the Admiral Cockburn National Park (Fig. 9.13). The
large area of shallow banks with small islands along the
margin allows for a diversity of depth, current, wave
energy and substrate settings for coral recruitment and
growth. Although these coral habitats include many of the
same species of coral, the abundance and dominance
changes between habitats.

Disturbance has long been recognized as an important
factor contributing to community composition (Connell
1978). Hurricanes are known to play important roles in coral
reef ecosystems, such as creating new space and restoring
evenness to species abundances, as well as indirectly con-
tributing to differential recruitment and population structure
(Jackson and Hughes 1985). Hurricane Irene passed through
TCI in August 2011, preceded by Hurricane ke in October
of 2008. Hurricanes present a regular disturbance regime,
subsequently inducing population changes for some corals,
including a higher incidence of colony fission (for example,
larger D. clivosa colonies which can be reduced to smaller
colonies) and fragmentation (for example Porites porites
propagating from fragments). The richness in community
diversity and structure of TCI reefs combined with the excep-
tionally clear water has made this area a text-book example
in coral reef and benthic habitat mapping (Mumby and
Harborne 1999).



110

A.Logan and K.S. Sealey

NEAR SHORE HARD BOTTOM —

BANK PATCH REEF

Fig. 9.13 Photo-mosaic illustrating the diversity of reef types in close
proximity to Long Cay, Caicos Bank where there are near-shore hard
bottoms, bank patch reefs, near-shore patch reefs, channel reefs and

Coral Reef Fish and Fisheries

The Turks and Caicos Islands have historically depended and
continue to depend on fisheries as high-value exports (spiny
lobster and queen conch, for example) and ecotourism attrac-
tions (spear-fishing, flats fishing and deep-water sports
fishing). The Division of Fisheries is part of the Ministry of
Natural Resources, and is charged with the protection of
marine resources to maintain not only biological diversity
but also economic sustainability of fisheries through regula-
tion and management of marine fisheries reserves (no-take
zones). Fisheries regulations for the major target species:
Nassau grouper (Epinephalus striatus), spiny lobster
(Panulirus argus) and Queen conch (Strombus gigas) follow
Caribbean Fisheries Council recommendations with region-
wide size restrictions, gear limits and closed seasons (TCI
Fisheries Limits Ordinance 1998). These species are wide-
ranging; their management is coordinated with other coun-
tries and jurisdictions within the wider Caribbean to maintain
sustainable stocks as part of the Caribbean Large Marine
Ecosystem initiative.

South Caicos is the center of commercial fishing and
fisheries exports. Spiny lobster, conch meat, finfish and even
conch pearls are processed and exported from this settlement
(Medley and Ninnes 1999). Fisheries officers are closely tied
to the Protected Areas Division within the same ministry, and
a series of marine fisheries reserves aim to protect key coral
reef species from over-exploitation. These marine fisheries
reserves serve as important regional research sites dedicated
to maintaining healthy reefs and fish populations (Rudd
2001; Rudd and Tupper 2002; Tupper and Rudd 2002;
Watson and Munro 2004).

Marine Parks and Protected Areas

Marine parks and protected areas have been implemented as
part of the Turks and Caicos Islands resource strategic plan
since the late 1980s (Mitchell and Barborak 1991; Zuidema

NEAR SHORE PATCH REEFS

CHANNEL REEF Q})

bank-barrier reefs to provide slightly different current and abiotic envi-
ronments for corals and reef-associated fauna (Photos by Sullivan
Sealey)

et al. 2011). With the creation of the Turks and Caicos
National Trust, along with the Ministry of Natural Resources’
Division of Protected Areas, national parks and preserves are
under co-management. The Turks and Caicos National Trust
is a non-government organization that has legal authority to
manage national parks, and is governed by council. The
National Trust has been able to raise funds and bring public
attention to coral reef conservation issues, particularly the
installation of mooring buoys, vetting zoning in marine
parks, and coral reef education.

The focus of marine parks has been two-fold: first, to
provide protection for the natural resources of the Turks
and Caicos Islands, and second, to provide management
of marine areas to benefit tourism, fishing and boating.
The newest marine national park, Columbus Landfall
Marine National Park, was created in 2009, and covers
over 428 ha (1,280 acres) from 1-m above the high water
line to 92 m (300 ft) offshore along the platform margin
escarpment. Other important parks include uninhabited
small cays critical for seabird and turtle-nesting. The dis-
tribution of national parks and nature preserves is shown
in Fig. 9.14.

Many of the National Parks, such as Princess Alexandra
National Park on Providenciales, are located near resorts and
tourism infrastructure. This national park, along with the
new Columbus Landfall Marine Park, cover important coral
resources and account for up to 90% of the recreational water
sports activities for the country (with Grand Turk and
Providenciales being the two main tourism islands).

Coral Reef Assessments and Threats

Regional reef assessments such as “Caribbean Reefs at Risk”
(Burke et al. 2011) have long characterized the Turks and
Caicos reefs as “low risk” to anthropogenic threats because
of the low population density and isolation of the reefs.
Assessment studies by researchers have sought to characterize
reef geomorphology, obtain fisheries-independent information
on target species, and assess countries for protected areas
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Fig. 9.14 Map of Turks and Caicos National Parks, Preserves and Historical Sites, that include coral habitats (Redrawn from Turks and Caicos

National Museum)

planning. There have been several assessment studies on the
reefs of the TCI (Riegl et al. 2003; Hoshino et al. 2003;
Schelten et al. 2006; Goreau et al. 2008; Dikou et al. 2009)
and the periodic overviews by the Global Coral Reef
Monitoring Network on the status of coral reefs in the TCI.
However, few studies have been able to address regional
impacts from localized threats to coral reef resources.
The islands of the wider Caribbean overall face regional
threats of global climate change, African dust (Shinn
et al. 2000) and eutrophication from land-based sources
of nitrogen (Banks et al. 2012), as well as over-fishing
(McClenachan 2009).

Regional threats are addressed by regional treaties and
agreements, particularly for Small Island Developing
States (SIDS). Although a territory of the UK, TCI faces
the same challenges as other small island nations in the
wider Caribbean. Three threats are particularly critical in the
TCI: (1) Population growth and immigration, (2) Coastal
development and (3) Capacity to manage reefs and other

marine resources. The population of the TCI is one of the
fastest growing in the region, with about 22,000 residents,
but with ex-patriot workers and second-home owners, the
population can exceed 44,000, with most people on
Providenciales (67%), followed by Grand Turk (16%).
Historically, people have immigrated to the TCI from both
Haiti and the Dominican Republic; both countries are
only 56 km to the south on the island of Hispaniola. Over
the past two decades, the number of refugees and immigrants
from this island to the south has contributed significantly
to the high population growth rate. A staggering 18.4 million
people live on the island of Hispaniola. TCI remains an
important trans-shipment country for the movement of
people and contraband from the Caribbean to the United
States. The largest areas of reef development along the
southern extents of the Caicos Bank, the Turks Bank and
Mouchoir Bank are the more challenging areas to access
and patrol to manage protected areas as well as fishing
activity.
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Fig.9.15 Red lionfish Prerois on reefs of South Caicos, depth unknown (Photo by Sullivan Sealey)

Tourism, offshore banking and fishing are the main
industries for TCI. Tourism and infrastructure development
have altered coastal wetlands and near-shore environments
critical to coral reef biota. The challenge to balance economic
development against environmental degradation has a direct
impact on coral reefs of the TCI. All aspects of development
have coastal repercussions on these tropical, dry islands. For
example, the construction of reverse osmosis plants for the
production of freshwater from seawater, along with marina
dredging, has negatively impacted ground water hydrology
and near-shore reefs in Grace Bay (Rembert 1999).

The Turks and Caicos National Trust, along with the
Division of Protected Areas, Department of Environment
and Coastal Resources has embarked on an ambitious agenda
to protect the important reefs and coral habitats of the coun-
try, relying on the large parks near tourist centers (Fig. 9.14)
to generate funding for resource management and especially
marine fisheries reserves in more remote areas. The regula-
tory structure for reef management is in place, but as is often
the case, there are not enough resources to implement
education, outreach, monitoring, and enforcement across
large areas.

The accidental introduction of species of the venomous
Indo-Pacific lionfish Pterois spp. (Fig. 9.15) to the Western
Atlantic Ocean in 1992 brings into focus the substantial
challenges faced by TCI to effectively manage high priority
invaders and develop realistic prevention and early detec-
tion programmes for other exotics. The invasion of lionfish

to TCI waters raises considerable concern due to the

uncertainty of its ecological impact and its potential threat to

commercial fisheries and human safety. Lionfish have been
reported throughout the TCI and are the focus of several

research initiatives in South Caicos (Claydon et al. 2008).
There have been several studies to look at the condition of

reefs within the TCI in response to pressure from coastal

development, diving tourists and fishers. Goreau et al. (2008),

using spatially-extensive survey methods for reef surveys in

2006, reached some disturbing conclusions:

1. Live coral coverage is surprisingly low at all sites, usually
between 10% and 20%, with a large fraction of the dead
coral probably resulting from bleaching events in 1987 and
1990, along with mortality from coral diseases. Decreases
in coral cover are consistent with reports of regional trends
from macro-scale threats to reefs (Bryant 1998).

2. Elevated nutrient levels are suspected to have been derived
from a combination of deep-water upwelling and land-
based sources (exacerbated by increased use of water
from reverse osmosis). Eutrophication, along with climate
changes, are considered the top threats to coastal systems
globally (Moss et al. 2011). For the TCI, chronic eutro-
phication could gradually change coral-dominated reefs
into algae-dominated reefs.

3. High turbidity from dredging and cruise-ship propellers
at certain localities such as the terminal on Grand Turk
may cause increased local coral mortality downcurrent
from the source (see also Zuidema et al. 2011). Increased
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turbidity can also be a component of coastal eutrophication
and loss of seagrass meadows.

4. Damage to shallow fringing reefs and the regional decline
in Acropora palmata and Acropora cervicornis from dis-
ease, storm events and elevated sea-surface temperature
is posing a threat to TCI lagoons and beaches.

Future management of reefs will require active strategies to

protect coral reefs from some of the threats outlined above.

In this respect reef restoration projects should be encour-

aged, notwithstanding the threat of damage from periodic

hurricanes (Wells et al. 2010). The Mission Statement of the

Department of Environment and Coastal Resources pledges

“To ensure sustainable utilization of the natural resources of

the Turks and Caicos Islands, protect and promote biodiver-

sity and economic prosperity through a sustainable fishing

industry and a protected areas system”. This will remain a

formidable challenge into the future to keep this unique reef

environment intact.
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Geographic Location and Setting

Bermuda is a subtropical island group in the western North
Atlantic (Fig. 10.1a). A peripheral annular reef tract surrounds
the islands forming a mostly submerged 26 by 52 km ellipse
at the seaward rim of the eroded platform (the Bermuda
Platform) of an extinct Meso-Cenozoic volcanic peak
(Fig. 10.1b). The reef tract and the Bermuda islands enclose
a relatively shallow central lagoon so that Bermuda is atoll-
like. The islands lie to the southeast and are primarily derived
from sand dune formations. The extinct volcano is drowned
and covered by a thin (15-100 m), primarily carbonate, cap
(Vogt and Jung 2007; Prognon et al. 2011). This cap is very
complex, consisting of several sets of carbonate dunes (aeo-
lianites) and paleosols laid down in the last million years
(after Prognon et al. 2011, with reference to Vacher and
Rowe 1997) (Fig. 10.2).
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Located at 32.4°N and 64.8°W, Bermuda lies in the
northwest of the Sargasso Sea. It is isolated by distance, deep
water and major ocean currents from North America, sitting
1,060 km ESE from Cape Hatteras, and 1,330 km NE from
the Bahamas. Bermuda is one of nine ecoregions in the
Tropical Northwestern Atlantic (TNA) province (Spalding
et al. 2007).

Bermuda’s national waters include pelagic environments
and deep seamounts, in addition to the Bermuda Platform.
The Bermuda Exclusive Economic Zone (EEZ) extends
approx. 370 km (200 nautical miles) from the coastline of the
islands. Within the EEZ, the Territorial Sea extends ~22 km
(12 nautical miles) and the Contiguous Zone ~44.5 km (24
nautical miles) from the same baseline, both also extending
well beyond the Bermuda Platform.

Geography, Settlement and Early Economies

Of more than 150 islands and islets only six are of any size,
and these are connected by causeways and bridges to form a
narrow fish hook-shaped island chain 34 km in length and
1.6 km in average width (3 km at the widest). The main islands
have a land area of 53.6 km? and a shoreline of about 290 km
(State of the Environment Report 2005). Approximately 66%
of this land area is built upon.

Bermuda consists of a series of low rolling hills, generally
with heights only 40-50 m above sea-level and a maximum
of 79 m (State of the Environment Report 2005). Natural flat
areas are absent except at a few sea-level marshlands in the
middle. There are no rivers, streams, or freshwater lakes due
to the very permeable limestone cap. Rain, collected from
roof tops and stored in tanks, is the principal source of drink-
ing water.

Bermuda was not populated prior to its inhabitation by
the British. In 1609 the Sea Venture on its way to Jamestown,
Virginia from Plymouth, England wrecked on Bermuda’s
eastern coral reefs, unintentionally delivering Bermuda’s
first colonists. Only two of the castaways remained on the
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Fig. 10.1 (a) Location of Bermuda in the western North Atlantic; the
Bermuda EEZ extends over the Bermuda Rise, and includes the deeply
submerged Crescent Seamount to the NNW and Muir Seamount to the
NNE. (b) The Bermuda Platform. Aerial photograph from 1997
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10 m depth; the islands lie parallel to the south-eastern edge of the
Platform and a reef tract bounds the whole Platform (RT). Numerous
coral patch reefs (PR) occur in the North Lagoon (NL); these are sepa-
rated by sandy bottom at depths up to 23 m. Images are oriented with
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Fig. 10.2 Aeolianite strata exposed along the South Shore of Bermuda

islands when the Bermuda built boats Deliverance and
Patience set sail for Virginia in 1610. The first formal settlers,
approximately 50, arrived from England in 1612. Today the
population is about 64,000 (Bermuda Census 2010), with a
population density of nearly 1,195 persons per km?, one of the
ten highest country-wide densities in the world, but still only a
fraction of that of many similar-sized metropolitan areas. Early
inhabitants mainly pursued maritime occupations but by the
late 1800s agriculture had grown in importance (Hayward
1924) and later still tourism became the pillar of Bermuda’s
economy. The tourist industry peaked in 1980 (State of the
Environment 2005) but now international business, including
a wide variety of financial services, has become the mainstay
of the economy. There are a few small manufacturing indus-
tries in Bermuda that cater primarily to locals.

There were 206 licensed commercial fishing vessels and
307 registered fisherman in 2011 (T. Trott, pers. com.). These
fish primarily on the Bermuda Platform or along its edge
although a very few venture further offshore. Baited lobster
traps are deployed in-season but other nearshore fisheries
primarily employ hook and line, with very limited long-lining.
Nets are used primarily in shallow waters for the capture of
bait fishes. Catches are discrete for the most part and there is
little by-catch, although lobster traps seem to be effective for
the capture of the invasive lion fishes. There is no fishery
associated large-scale bottom destruction, such as would
occur with bottom trawls. Anchor damage at highly fre-
quented fishing sites has not been investigated.

Agriculture declined in importance during the first century
of settlement, followed by a recovery based on different prod-
ucts and different markets in the mid 1800s, and there was an
economically important production of exports into the early
1900s. However, since the 1940s, production has been pri-
marily for local consumption, nonetheless about 90% of fresh
produce is imported (State of the Environment Report 2005).
Only a small portion of the island is under cultivation, with
about 178 ha of arable fields or pastures designated, of which
only 154 ha were being farmed commercially in 2001. Golf
courses cover a greater area, 260 ha, and landscaped proper-
ties and playing fields total 669 ha. Fertilizers and pesticide
use on all of these add to the nutrients and toxins that move
into ground water and into the sea (State of the Environment
Report 2005). Most foods are imported, as is all fuel and
almost all other manufactured goods. Energy production is
virtually all based on fossil fuels, but supplementation by
solar and wind is beginning to be employed by a very few
individuals and proposals are under development in 2012 for
commercial-scale alternate energy supplies.

Geology

Bermuda has a complex history of volcanism. The Bermuda
Pedestal is the subaerially eroded stump of a shield volcano
formed during middle Eocene (less than 45 mya) and early
Oligocene (33-34 mya) volcanic episodes (Vogt and Jung 2007).
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Fig. 10.3 Bathymetry of the Bermuda Pedestal and nearby seamounts; Plantagenet and Challenger to the southwest have relatively shallow plat-
forms, about 50 m deep, which support photosynthetic organisms; Bowditch to the northeast is a deeply submerged volcanic peak

On the top of the eroded stump, or Pedestal, is the Bermuda
Platform.

Bermuda is one of a line of four associated volcanos that
runs NE over approximately 100 km. This line is located
near the summit of the Bermuda Rise, a NE-trending oval
swell of the ocean bottom, about 1,500 km long and 500—
1,000 km wide, which at its summit rises about 800 m above
the surrounding deep sea bottom (see Vogt and Jung 2007
and references therein). Although the volcanos were extinct
by the early Oligocene, uplift of the Bermuda Rise continued
into the Miocene, thus the overall uplift of the volcanos also
continued into this period.

Bermuda is the largest and highest of the four volcanoes
(Vacher and Rowe 1997) (Fig. 10.3). To the southwest of
Bermuda are Plantagenet (also called Argus; Plantagenet has
also been used for Irving Seamount) and Challenger Banks
(or tablemounts). These were also eroded subaerially and
have relatively flat and shallow (but fully submerged) plat-
forms. They are located about 41 km and 27 km respectively

from Bermuda and rise to within about 47 m and 42 m
respectively of the sea surface. The fourth volcano, Bowditch
Seamount, lies about 39 km NNE of the Bermuda Platform
and ascends only to about 600-800 m below the sea surface
(Seamount Biogeosciences Network 2012).

The platforms of Plantagenet and Challenger, lie at depths
of about 50 m and have areas of 65.6 km? and 74.1 km?,
respectively. There is a sharp change in slope at about 60—70 m
depth to the steepening slopes of the underlying seamounts.
The platforms and upper slopes are shallow enough to sup-
port photosynthetic communities including zooxanthellate
cnidarians (Cairns 1979; Calder 2000) and algae, which have
been found as deep as about 137 m (SRS, pers. obs.; http://
oceanexplorer.noaa.gov/explorations/1 1bermuda/).

Bermuda has the shallowest platform, at about 20 m, with
the greatest platform area, about 623 km?. Water depths in
the central lagoon are 14-16 m at many sites, with a maxi-
mum depth of 23.9 m in one of the sounds. Around the rim,
the 20-22 m isobath (Iliffe et al. 2011) separates the broad
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Table 10.1 Classification of 90 tropical cyclones passing within 333.4 km (180 nautical miles) of Bermuda in the years 1899—-1979. Intensity
values are maximum sustained centre winds at the time of closest approach to Bermuda, here converted from knots to kilometers per hour (After

Brand 2009)

Maximum intensity May to July
Hurricane (>118 kph) 2

Intense tropical storm (89—117 kph)
Weak tropical storm (63-88 kph)
Tropical depression (<63 kph)
Totals

wn N = O

upper terrace of the Platform from a distinct seaward slope,
rarely exceeding 10°. This shallow slope is followed by a
markedly steeper slope commencing at about 55-65 m depth,
which descends to almost vertical walls at about 100 m. A
ridge, possibly a drowned reef, occurs at about 60 m (Stanley
and Swift 1968; Iliffe et al. 2011).

Bermuda Climate and Marine Environment
Meteorology and Climate

The atmospheric pressure gradient over the western North
Atlantic, the Gulf Stream that flows to the west of the island,
and the prevailing conditions of the Sargasso Sea (Steinberg
et al. 2001) strongly influence Bermuda’s climate. Bermuda
has a subtropical marine environment and climate despite its
temperate latitude, experiencing relatively mild winters and
moderately warm summers. Sea surface temperatures closely
track air temperatures. Mean annual rainfall is about
1,410 mm, the driest months being April, May, and November
and the wettest, on average, is October.

Tropical cyclones approach most years; indeed the initial
colonizing of Bermuda relates to the survivors of one such
storm in 1609 (Brand 2009). “Hurricane” season in Bermuda
is officially June through November, with peak frequency
being September and October (Neumann et al. 1985; Brand
2009). September storms are both the most numerous and the
most intense (Brand 2009) (Table 10.1). Between 1871 and
1979, Neumann et al. (1985) report 127 storms passing
within 333 km (180 nautical miles) of Bermuda, an average
of more than one storm each year, of which, 49 were hurri-
cane force, for an average of just more than one hurricane
every second year.

Tropical cyclones typically approach Bermuda from the
south or southwest (about 52% of storms for the period
1871-1979) and about 88% of all tropical storms approach
from the west through the southeast (Brand 2009). Many of
these have the strongest winds in their northwest quadrant,
thus a passage to the east can have very different impacts
than one to the west. Due to the common direction of
approach and to the distribution pattern of reefs on the
Bermuda platform, long period swells moving ahead of

Aug Sept Oct-Nov Totals
7 26 14 49
5 8 14
1 6 8 16
1 2 6 11
10 39 36 90

these storms have their highest impact on the southeastern
coastline, where the breaking reefs are nearest shore (Smith
Warner International 2004); these swells can exceed 10 m in
height. To the west and north, breaking reefs lie far from
shore, and lagoonal patch reefs further attenuate wave
energy and reduce impacts on coastal areas. Maximum
storm surge is usually less than 1.5-2 m, but wave energy
and heights increase as waves move across shallow flats.
Observations after recent storms suggest that the coral
reefs, dominated by massive colonies of Diploria spp and
Montastraea spp, do not show much direct wave damage
(SRS, pers. obs.). Extreme weather events in summer can
also bring heavy, prolonged, rainfall.

Incident solar radiation shows a large annual range. For
the years 1983-2005 monthly means ranged from about
2.53 kW h m™ day™" in December to 7.03 kW h m™ day~' in
July (NASA 2010). Day length is approximately 14.3 h at the
summer solstice and only 10.0 h at the winter solstice and
cloud cover is greatest from November to April, with overcast
skies (7/8 obscured) on 35-45% of days, compared to only
15-20% of summer days (Morris et al. 1977).

Tidal and Oceanographic Features

Bermuda experiences semi-diurnal tides, with mean range
of ~0.76 m and a mean diurnal range of ~0.86 m (NOAA
Tides and Currents 2012 http://www.tidesandcurrents.
noaa.gov/geo.shtml?location=2695540). Mean daily differ-
ences are 0.02 m and 0.08 m, respectively. Tide heights
are infrequently affected by the slow passage of mesoscale-
eddies that can elevate or attenuate tidal heights by 25 cm
(Seigel et al. 1999; McGillicuddy et al. 2007). Harrington
Sound, an enclosed body of water with a single, restricted,
surface entrance has incomplete tidal loading and unloading
resulting in a reduced tidal range of about 0.20-0.25 m
(Morris et al. 1977) and delays in maximum tide levels of
about 30 min.

Morris et al. (1977) calculated current speeds for a
number of entry points into largely enclosed waters; these
were all about 5-103 cm sec™ (except at the entrance to
Harrington Sound, with a maximum of 448 cm sec™' and an
average of about 215 cm sec™!). Measured coastal and North
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Lagoon current speeds were mostly 3-9 cm sec™ and rarely
greater than 15 cm sec™ (Simmons and Johnson 1993).
Current speeds on outer rim reef sites of the North Shore are
typically 8-10 cm sec™ but exceeded 25 cm sec™ under
winter storm conditions (Badgley et al. 2006). At a South
Shore reef site measured current speeds were typically less
than 15 cm sec™. There was no clear indication of predomi-
nant tidal forcing of surface currents at all the sites investi-
gated by Simmons and Johnson (1993) and flow at some
offshore sites was largely unidirectional. At the South Shore
site currents also were not predominantly tidally influenced
(Marine Environmental Program 2007).

Marine Physical Environment

The oceanography of the surrounding Sargasso Sea has been
well characterized by a series of long term studies of physi-
cal, chemical and biological processes at National Science
Foundation funded HydroStation S and the Bermuda
Atlantic Time Series (BATS) site further offshore (Steinberg
et al. 2001).

Since 2006 and the initiation of the Bermuda Benthic
Mapping, Monitoring and Assessment Program (BMMAP),
more than 17 sites on the Bermuda platform are monitored
continuously for sea bottom temperature and other para-
meters, including oxygen concentration and saturation, pH,
chlorophyll a, and various nutrients, were measured monthly
until September 2012 (Boyer and Briceno 2010; KAC, JWEF,
WIK, SAM, unpub. obs.).

Sea Surface Temperature

The open water around Bermuda has an average annual sea sur-
face temperature about 23°C (Locarnini et al. 2006) and average
monthly minima and maxima of 19.2°C in March and 27.4°C in
August, respectively; maximum surface temperatures range as
high as 29°C (Steinberg et al. 2001). Mean annual surface water
temperature on the Platform is similar but the extreme tempera-
ture range is greater, from 14°C to 15°C during winter to
30-31°C in summer, although the surface water temperature
over the rim reefs rarely exceeds 29°C (Marine Environmental
Program 2007; Boyer and Briceno 2010).

Temperature range variation across the Platform is bio-
logically significant. From the rim to the shore, tempera-
ture extremes at the sea bottom increase and the annual
range increases from about 12.5°C to about 17.5°C. Thus,
inshore habitats experience a cold winter environment
compared to offshore and mid-platform habitats, with low
seawater temperatures extending over many weeks.
Shallow inshore sites can also be warmer in summer, but
the differences compared to rim sites are not as pro-
nounced as those during winter months. Extreme summer
weather events (hurricanes and tropical storms) cause
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rapid drops in sea water temperature through the entire
water column of the whole platform but these changes are
more extreme and long-lived at sites near the rim.

Salinity
Surface salinities in the offshore waters near Bermuda range
annually from about 36.3 to 36.7 (Practical Salinity Scale),
with an average annual value around 36.5 (http://ourocean.
jpl.nasa.gov/AQUARIUS; Thacker and Sindlinger 2007).
Gordon and Guilivi (2008) suggest that sea surface salinity
in the Sargasso Sea near Bermuda has been slightly elevated
since 1988 (at least up until 2005) and that a relatively salty
period also occurred in 1963-1969. Steinberg et al. (2001)
report anomalously high-salinity (36.8) water was present in
the upper ocean from January to August of 1997 and attribute
this to locally driven excess evaporation over precipitation.
On the Bermuda platform salinities range from about 36.4
to 36.8 (Boyer and Briceno 2010; KAC. JWE. WIJK, SAM,
unpub. obs.), with irregularly occurring highs and lows to above
37 or below 36. Despite the absence of streams and rivers, rain
on the islands strongly influences salinity at specific locations
due to surface runoff, and these may regularly have salinities of
less than 36, with an extreme known minimum of 33.9 (Marine
Environmental Program 2007). No clear seasonal pattern in
salinity values has been recognized for platform sites nor is
there a clear difference from rim to inshore sites, although the
latter may be more variable through the year.

Dissolved Oxygen

Dissolved oxygen (DO) in the water column around Bermuda
is high throughout the year with a mean % saturation of
108.4% (81.8-221.4%) (oxygen concentrations from about
5.29 mgl'to 14.65 mg 1) (KAC, JWF, JWK, SAM, unpub.
obs., http://serc.fiu.edu/wqgmnetwork/Bermuda/Datal.html)
between March 2007 to April 2011. Saturation levels are
generally lower in the summer than winter and lower offshore
than inshore, although shallow inshore sites have greater
ranges. (A number of monitored inshore sites are shallow
seagrass beds.) Seasonal (June through August) anoxia at
Shark Hole in Harrington Sound at depths greater than
15-20 m has been reported for the past 45 years (Morris
et al. 1977), and more recently hypoxia was recognized in
Little Sound (Marine Environmental Program 2007; KAC,
SAM, unpub. obs.) at bottom depths greater than 20 m.
Saturation levels well below the Platform average have also
been observed at shallower locations in the Great Sound dur-
ing summer months.

pH

Andersson and Mackenzie (2011) point out the importance
of recognizing the variability of carbonate chemistry on shallow
platforms. Surface seawater CO, chemistry in shallow water
coastal areas is not predictable from air-equilibrium models
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and differs significantly from open ocean systems (Andersson
and Mackenzie 2011). Many shallow water environments
undergo large diurnal fluctuations in seawater chemistry
associated with daily changes in benthic biological processes
that produce and consume CO,, such as photosynthesis/res-
piration and calcification/dissolution, as well as with water
exchange owing to tidal cycles and changes in winds.

In 19761977, pH of the Sargasso Sea varied between
8.11 and 8.2 (Morris et al. 1977) and for the same period it
was 7.94—-8.23 at sites on the Platform, with a decrease in the
summer related to increased water temperatures. Bates et al.
(2010) indicate average pH is lower over coral reefs at the
Platform rim (Hog Reef) than at nearby open water sites
(BATS site; Bates et al. 2010). Some inshore sites have
consistently lower pH than others, for example Harrington
Sound compared to Great Sound; summer stratification in
Harrington Sound may account for this difference (Morris
et al. 1977; Andersson and Mackenzie 2011).

During daylight, the average pH of Platform waters is
8.06 (std. dev. 0.23; median 8.11), with a measured range
from 6.67 to 8.74 (KAC, SAM unpub. obs., http://serc.fiu.
edu/wgmnetwork/Bermuda/Datal.html). Surface pH at rim
and lagoonal sites is generally less variable. There is no clear
seasonal pattern, but 2010 was very different to either 2009
or 2011 at rim sites with pH below 8 measured on a number
of dates.

Light in the Water Column

The light environment varies with daily, seasonal and probably
other temporal cycles (Siegel et al. 1995). Deep water around
Bermuda generally has high water clarity; diffuse attenua-
tion coefficient, K, values of 0.045, 0.070 and 0.080 m™!
were reported by Morris et al. (1977). Siegel et al. (1995)
report K, for 488 nm wavelength light, generally the most
penetrating wavelength, of between 0.02 m™' and 0.05 m™'
over the upper 200 m of the water column. For wavelengths
about 400-600 nm, those higher than 500 had increasingly
higher K values (Siegel et al. 1995) and for shallower depths,
up to 20 m, K was higher from fall to spring than in summer
months.

Earlier studies of Platform waters reported K, values
ranging from 0.13 m™ to 0.56 m™" (Morris et al. 1977,
McGlathery 1995). Recent studies (KAC, JWE, JWK, SAM,
unpub. obs.) found summertime K PAR values from 0.025 m™'
to 0.55 m™!, with a median of 0.12 m™' (n=270). The pattern
from the rim to inshore waters is not a simple trend, and large
areas of the North Lagoon, extending well into the lagoon,
have on average lower K PAR than found over large areas of
the north and east rim reefs.

Nutrients
Concern about anthropogenic effects in the protected inshore
water stimulated study of several parameters including nutri-
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ent levels and dynamics (Morris et al. 1977; Barnes and von
Bodungen 1978; von Bodungen et al. 1982). These showed
nitrogen loading in the restricted inshore basins (Jickells et al.
1986; Lapointe and O’Connell 1989; Simmons and Lyons
1994; Boyer and Briceno 2010) and some of these studies
implicated contaminated groundwater (Jones et al. 2010).

Geological History and Coral Reef
Development

The maximum elevation of the Bermuda volcano, since its
formation, was estimated as 2—4 km above sea-level (Pirsson
1914a, b; Vogt 1979), and it was the highest and the biggest
volcano on the Bermuda Rise. Subaerial erosion to sea-level
is estimated to have taken between 3 to 10 my (Vogt and
Jung 2007); some of this may have occurred as early as the
Middle Oligocene, about 30 mya, not long after the final
periods of volcanic activity, for which period there is evi-
dence of sea surface levels 50-75 m below present. Reef
limestone began to accumulate on the eroded Platform some-
what more recently, probably in the Early Miocene (<25 mya).
During the Miocene the global climate was moderately cool
but by the Pliocene the earth was cooling and most of the
accumulation of coral limestone on Bermuda is thought to
have occurred during the Quaternary (Prognon et al. 2011) —
a globally cold period. Coral limestone in Bermuda has been
found as deep as 200 m below present day sea-level (Gees
and Medioli 1970).

Pleistocene History, Sea-level and Coral Reef
Development

“For more than a decade it has been recognized that the
sedimentary and fossil record of Quaternary coral reefs has
the potential to help decipher the role of history in the study
of living reefs ...” (Precht and Miller 2007). Most recently, it
has been hoped that history will provide insights into what
appear to be pressing issues for reef management arising
from global changes and threats to modern reefs, for example,
understanding the recent precipitious decline of acroporids
throughout the Caribbean.

Because of its history, the Bermuda Pedestal can serve as
a stable benchmark to determine Pleistocene sea-level
changes (Hearty 2002; Hearty et al. 2007; Vogt and Jung
2007) both through submerged and emergent features (Hearty
and Olson 2011). Sea-level fluctuations during the Pleistocene
must have driven the location and rate of coral reef develop-
ment and of species diversity on the Bermuda Platform and
Pedestal. In the early Pleistocene, sea-level repeatedly rose
to about present day sea-levels and then fell to levels up to
200 m below present.
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The Bermuda islands are formed from several sets of
carbonate dunes (aeolianites) and paleosols, which record
the main glacial/interglacial cycles from about 430 kya to the
present (Prognon et al. 2011). Bermuda is on the fringe of the
marine ‘“carbonate belt”, with many coral species having
slower growth rates than their more tropical conspecifics, so
that limestone sediments accumulate relatively slowly.
Several thousand years of submergence of the Platform may
be required for development of the store of sediments
sufficient to build dunes of the size of the Pleistocene record.
Such a deposition has not happened yet during the Holocene
submergence, and Bermuda remains in an erosional period,
losing land mass during each major storm (Smith Warner
International 2004).

Other emergent deposits include isolated sublittoral and
beach deposits that record sea-level high stands and shore-
lines; however there are no emergent reef formations or
individual in situ coral fossils. The beach deposits do pro-
vide evidence of species that occurred around Bermuda at
particular times, but not the exact locations or elevations at
which the species were living. Emergent fossil coastline for-
mations in Bermuda have been correlated by aminostratig-
raphy and radiometric dating to at least three marine oxygen
isotope stages (MIS), MIS 11, 9 and 5e (Olson et al. 2006).
Odd numbered MIS all relate to interglacial periods when
sea-level highstands occurred and which were possibly
globally warmer. MIS 11, 9 and 5e are all recognized in
Bermuda as warmer-than-present periods when sea-levels
were higher than present (Hearty and Kaufman 2000; Muhs
et al. 2002). Maximum sea level heights during two of these
stages, have been estimated for Bermuda at 18-22 m above
present for MIS 11 (about 427 kya) and 10 m above present
for MIS 5e (130-133 kya). The islands of Bermuda are sup-
posed not to have been fully submerged for close to 1 my
and MIS 11 is the most recent highest known sea level
highstand.

The total range from a highstand to a subsequent lowstand
(corresponding to evenly numbered MIS) would be significant
to growth and survival of any reefs that became established
during sufficiently long and stable sea-level periods. The
extreme low stand of MIS 12 (period start about 474 kya) of
about 120—-130 m below present sea level to the extreme high
stand at MIS 11 (period start about 424 kya), of > +20 m
represents an extreme range for the Pleistocene and perhaps
a period of rapid sea level rise. MIS 11 has long been recog-
nized as one of the longer and warmer Quaternary periods
(Olson and Hearty 2009).

The modern sea-level curve for Bermuda reflects a
postglacial rise of sea-level that slowed in the last 5 ky
and reached “present” sea-level in the past 0.5-2 ky, with
no intervening highstands. The rise was about 3.7 m ky™
up to about 4,000 y BP, after which it rose at about 1 m ky™
to its present position. Sea-level rise has likely been at
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1.43-2.8 m ky™' in the past 100 years (Ellison 1993;
Pirazzoli 1987), greater than the rate of the past 4,000
years but less than in the early Modern Era.

Temperature has been considered the main control on
reef distribution (Precht and Miller 2007) and tempera-
tures during the last full interglacial period (MIS 5e) have
been simulated using atmospheric general circulation
models. Sea surface temperatures (Montoya et al. 1998)
were inferred to have increased only ~1°C relative to present.
Muhs et al. (2002) studies of molluscan and coral faunas
dated to recent interglacials, MIS 3 and MIS 5, also sug-
gest that temperatures were slightly warmer than in present-
day Bermuda, based on the presence at those times of three
extra-limital species, including the coral Colpophyllia
natans.

During the last glacial maximum (LGM), which occurred
about 18 kya, temperatures may have been between 1°C and
2.5°C (Crowley 2000; Trend-Staid and Prell 2002) or as
much as 4°C or 5°C (Guilderson et al. 1994; Beck et al. 1997)
lower than present. Nonetheless, Precht and Miller (2007,
pp-263-264) indicate that temperatures ... [in the subtropics
were] ... not low enough to terminate reef development during
the [LGM].

The Under-Pinnings of Modern Reefs

The relatively stable period in the first half of highest most
recent interglacial sea-level highstand, MIS 5e, could have
corresponded to the establishment of the fringing reefs
and coastline terraces (Hearty et al. 2007) that underlie
present day reef tracts. Apparently, Holocene reef growth
covers any surviving remnants of these older reefs in shal-
low water. Shallow patch reefs (2-10 m depth) of the
North Lagoon and deeper soft sediment basins (~15-18 m)
correspond to Pleistocene topographic features (Kuhn
et al. 1981; Logan 1988).

Data from 240 km UNIBOOM seismic tracts (12 tracts)
indicated Pleistocene foundations underneath reefs along the
northwestern through southwestern margins of the Platform,
and under patch reefs in Castle Harbour, but not under those
in Harrington Sound (D. Meischner pers. comm. to AL;
17/04/2012). Cores from a few of the patch reefs in Castle
Harbour, down to the Pleistocene substrates, showed the
same hermatypic growth forms as seen in Holocene reefs of
Bermuda. The seismic sections showed Pleistocene reefs of
similar dimensions and extension to the overlying Holocene
breakers and it seems reasonable that a reef line similar to the
Holocene one extends under the whole of the recent rim-reef.
A few Th/U dates from cores taken of the Pleistocene rim
reefs rendered values about 125 kya.

Reefs of glacial periods would be deep, submerged,
reefs. Submersible studies along the north slope (near North
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Rock) revealed little of fossil reefs with the exception of
a few vertically incised channels that offer profiles of
stacked Pleistocene formations down to 160 m, but
“Submersible observations around the platform edge by
Meischner (pers. comm. to AL) indicate the presence of a
supposed Wisconsin-age reef beginning at about 110 m and
resting on even older reefs which can be seen in gully walls
through the rhodolith cover down to 200 m depth” (Logan
1988; p. 5). The last glacial period, and other transitional
periods, may be evidenced by sea bottom profiles between
60 m and 120 m depth that are now being explored (Iliffe
et al. 2011).

Modern Reefs

Present broad reef zones are shown in Fig. 10.4. Bermuda has
a fairly consistent diversity of coral species, representing a
subset of those found in the greater Caribbean. However, spe-
cies of Colpophyllia (Mubhs et al. 2002) and Cladocora (Moore
and Moore 1946), found as fossils, no longer occur in Bermuda.
The predominant Diploria-Montastraea-Porites coral assem-
blage of the Caribbean also dominates Bermudian reefs. The
genus Acropora, an important reef-builder in the Caribbean, is
notably absent throughout the history of Bermuda.

The shallow system of rim reefs that borders the lagoon is
formed primarily by either stony corals or by vermetid
molluscs and coralline algae. The rim reef system is about
2-10 m deep and 1-1.5 km wide, and descends to the main
terrace at about 20 m depth; below this terrace is the fore-
reef slope with hermatypic corals extending to about 70 m.
Scattered coral reef patches and coral communities occur
within the North Lagoon and other inshore waters, inter-
mixed with unconsolidated carbonate sediments. The coral
patch reefs rise to within a few meters of the water surface.
Coral communities that are spread across the Platform
include meadows of seagrasses and extensive beds of calcar-
eous green algae (KAC, JWF, WJK, SAM, unpub. obs.).

In surveys of the benthic habitats of the entire Bermuda
platform, up to about 15-20 m outside the rim, soft corals
and hard corals were found at 27.8% and 33.7% out of about
530 survey sites, respectively (Fig. 10.5a, b). Thus, roughly
one third of the Platform is a coral community zone.

Modern Reef Types and Their Communities

There are two major reef-building communities in Bermuda:
a coral-algal consortium responsible for most of the reefs on
and around the Platform (Fig. 10.6a) and an algal-vermetid
consortium, found mainly around the edge of the Platform
and particularly along the South Shore. Sea rods and sea fans
(soft corals or octocorals) are very prominent members of

123

most reef habitat around Bermuda, which can cover up to
50% of the bottom on coral reefs. Cover values for soft corals
are lower along more exposed southeast facing reefs than on
reefs to the north, east or west.

Logan (1988) provided a detailed account of coral reef
zones of Bermuda, which is summarized below.

Fore-Reef Slope

Fore-reef slope coral-algal reefs occur outside the margin of
the platform from 20 m to 50 m depth (Logan and Murdoch
2011). Constructional coral growth along the southwest side
extends only to about 30 m (Meischner and Meischner 1977).
Total coral coverage ranges from about 50% (20 m) to 25%
(30 m) in the shallow part of this reef zone (Logan 1992);
coral cover and species diversity are reduced below 40-50 m
(Focke and Gebelein 1978; Fricke and Meischner 1985). The
presence of mobile rhodolith fields below 50-60 m may pre-
vent the establishment of coral reefs (Fricke and Meischner
1985). The deep fore-reef has not been studied extensively,
but submersible dives and recent mixed-gas diving studies
have described a distinctive, depauperate, hermatypic coral
fauna to 60 m (Fricke and Meischner 1985). Isolated rem-
nants of Pleistocene reefs and patches of lithified rhodoliths
(rhodolites) support an association of Montastraea cavern-
osa, Agaricia fragilis, Scolymia cubensis, antipatharians,
sponges and deep water octocorals. The deepest hermatypic
coral observed was a specimen of M. cavernosa found at 78
m (SRS and T. Iliffe, unpub. obs.). The dominant corals from
20 to 30 m are large overlapping shingle-like or platy colo-
nies of Montastraea franksi (Fig. 10.6b) and domal heads of
Diploria strigosa and M. cavernosa. These species account
for over 85% of the total coral coverage. The bottom is highly
irregular, with holes of 1-2 m relief between coral colonies.
Understorey species include Porites astreoides and Diploria
labyrinthiformis, but overall coral diversity compared to
inshore reefs is low (Logan 1992). Octocorals are common,
as is the encrusting growth form of the hydrozoan Millepora
alcicornis. There is high, but seasonal, coverage by spe-
cies of the fleshy phaeophytes Lobophora, Dictyota and
Stypopodium (Logan 1998).

Main Terrace

The main terrace of reefs extends from 10 m to 20 m depth,
seaward from the rim reefs. A series of reef ridges, sepa-
rated by sand channels and forming an anastomosing pat-
tern, similar to spur-and-groove structure (Upchurch 1970),
extends from a narrow sediment apron at about 5 m depth to
a relatively flat terrace at 15-20 m, which then merges into
the fore-reef slope (Fig. 10.6a). These ridges are particularly
well-developed along the western edge of the platform.
Total coral cover is the highest in Bermuda, frequently
reaching 50%, but coral diversity is low (Logan 1992; MEP
2007). The bottom has less relief than the fore-reef slope,
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Fig. 10.4 Reef zones on the Bermuda Platform, interpreted from a
geo-referenced aerial photomosaic (Copyright Bermuda Zoological
Society), showing 20 m and 200 m isobaths. Below: NW to SE profile
across the Bermuda Platform between points A-B indicated in the upper

and is dominated by domal colonies of Diploria spp (64%),
sheet-like or encrusting colonies of Montastraea spp (32%)
and small hemispherical colonies of Porites astreoides
(3%). Octocorals cover less than 6% of the bottom (MEP
2007).

Rim

The rim reefs, known locally as ledge flats, are developed on
the elevated shallow shoals that encircle North Lagoon. The
rim reefs project lagoonwards by lobate extensions (Fig.
10.6a). The reef tops lie between 2 m and 6 m depth and are
dissected by ramifying sand channels of about 10-15 m
depth. Reef tops show relief of about 1 m between coral
heads. Coral coverage is about 20% (Dodge et al. 1982).
Large octocorals are attached to the reef tops and channel
sides, experiencing almost continuous surge from the open
ocean. The Diploria-Montastraea-Porites assemblage is
again predominant (Fig. 10.7), accounting for over 90%
of the coral coverage, with Diploria spp alone accounting
for over 65%. A wide variety of coral growth forms occur,

I'CHI'R'MT'FR

image; vertical exaggeration approx. 600 times. CH, Castle Harbour;
CR, South Shore algal cup reef tract; FR and FRS, fore-reef slope; I,
Bermuda Islands; L, lagoon; M T, main terrace; and R, rim. Figure after
Logan and Murdoch (2011)

from domal to encrusting to platy. Sponges, zoanthids,
hydrozoans, anemones and corallimorphs are common, with
smaller colonies of less common coral species (Madracis
spp., Stephanocoenia intersepta, Siderastraea radians,
Agaricia fragilis) present as understorey species. Diverse
coelobite communities colonize shaded areas beneath coral
heads or in caves and tunnels near the base of the reef
(Logan et al. 1984).

Lagoonal Reefs

Reefs of the North Lagoon comprise patch reefs of many
sizes and shapes (Logan 1988, 1992). Typical lagoonal patch
reefs reach close to the sea surface, with steep flanks running
down to 20-23 m. Coral coverage on the tops of these reefs
is generally less than 20% (Dodge et al. 1982), although the
flanks may have higher values (T. Murdoch, pers. comm.).
Species of Diploria and Porites dominate the outer patch
reefs, Montastraea franksi the central areas and Madracis spp
the nearshore reefs (Murdoch 2007). The lagoonal reefs have
more coral species than the outer platform reefs, and in
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Fig. 10.5 Average percent bottom cover estimates based on 530 benthic transect sites of 50 m by 0.5 m for (a) Hard corals, including Millepora
and (b) Soft corals. Based on KAC, JWF, WJK, SAM unpub. data
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Fig. 10.6 (a) Aerial photograph (Copyright 1997, Bermuda descending main terrace reefs (MT). (b) A large colony of
Zoological Society) of lobate rim reefs (R) at the western end of  Montastraea franksi showing platy growth on the deep fore-reef
Bermuda, in the area referred to as the Ledge Flats, a sediment slope north off North Rock, 32 m depth. Scale on the coral is 30 cm
apron (SA) and anastomosing reef spurs and sand channels of the long
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Fig. 10.7 Rim reefs with domal Diploria spp, Porites astreoides in the
middle ground and octocorals, Plexaura flexuosa (purple), Plexaura
homomalla (black), a single Pseuopterogorgia and probably

Fig.10.8 Outer lagoon patch reef with large Diploria strigosa, branch-
ing Millepora alcicornis and octocorals, 5 m depth, Three-Hill Shoals,
North Lagoon; queen parrotfish is about 50 cm in length

addition, support a rich sessile invertebrate biota of octocorals,
zoanthids, sponges, anemones, tunicates and bivalves, as well as
a variety of calcareous algae (Fig. 10.8).

Inshore
Hard bottom coral communities, with up to 5% coral cover,
are common in Harrington, Great and Little Sounds. However,

Antillogorgia (foreground near centre, light purple), 5-8 m depth, on the
western rim, July 2007

of Bermuda’s inshore waters only Castle Harbour has
significant coral reef development; linear reefs occur around
the western and southern shorelines (Fig. 10.9) and steep-
sided patch (pinnacle) reefs are present in the north-western
and south-eastern areas.

Dredging for airport construction in 1941-1943 had del-
eterious effects on all reefs in Castle Harbour, reducing
cover to only about 5% on linear reefs and 13% on pinnacle
reefs (Dodge and Vaisnys 1977; Dryer and Logan 1978;
Logan 1992). Prior to the dredging, the waters of Castle
Harbour were pristine and supported healthy reefs (Dryer
and Logan 1978). Isophyllia sinuosa and D. labyrin-
thiformis are the dominant corals on the tops of the pinnacle
reefs, which have both low cover and diversity, whereas the
steep flanks have relatively high cover by branching species
of Oculina and Madracis. Recent surveys of Castle Harbour
reefs by Cook et al. (1994) and Flood et al. (2005) indicate
that D. labyrinthiformis, an efficient sediment-shedder,
remains dominant on reef tops and there is active recruitment
of D. strigosa, Agaricia fragilis and Siderastraea spp. Logan
et al. (1994) showed that growth rates of post-dredging-age
colonies of both Diploria spp are, surprisingly, higher in
Castle Harbour than on lagoonal and platform-margin
reefs. Madracis auretenra (misnamed in earlier studies as
M. mirabilis) continues to rank high in coverage on the
pinnacle reef flanks but Oculina diffusa appears to have
declined since the 1978 survey (Flood et al. 2005).
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Fig. 10.9 Castle Harbour, showing lobate fringing linear reefs along
the northwestern shore of the Harbour; the airport runway, the Causeway
with Longbird swingbridge are in the background. Dark blue areas of

Algal-Vermetid Cup Reefs

Algal-vermetid cup reefs (Fig. 10.10a, b) occur as a discon-
tinuous tract on the outer edge of the platform rim, particu-
larly along the south-eastern side where there are three
distinct zones running more-or-less parallel to the shoreline.
From the shore outwards, the first zone is bioconstructional
lips attached to headlands, the second is the actively-growing
tract at the edge of the near-shore platform and the third and
oldest zone is drowned cup reefs lying at depths of 10-12 m
(Meischner and Meischner 1977). These may have been at
sea-level about 7,000 years ago and the bioconstructional
lips will eventually become the actively-growing tract as
headlands are eroded. Cup reefs are generally circular to
oval in shape and less than 30 m in maximum dimension.
In profile they have an elevated rim enclosing a shallow
mini-lagoon with occasional small coral heads, and tapering
to a narrow undercut base at 8—10 m depth (Logan 1992).
Void space is high in these reefs at both micro- and macro-
scales (Logan et al. 1984). The main constructive agents are
crustose coralline algae and the partially-embedded vermetid
gastropod Dendropoma corrodens, with occasional encrusting

water are sites of dredging for the fill used to create the airport lands.
The image is oriented with N at the top

Millepora alcicornis, all of which are adapted to turbulent
conditions in high wave energy environments (Thomas and
Stevens 1991). The algal-vermetid cup reefs represent an
unusual reef type rarely found elsewhere in the world.

Other Major Members of the Coral Community
Zone

As in many other tropical locations with coral reefs, sea-
grass beds and submerged macroalgae beds are closely
associated spatially and ecologically with the corals.
However, the spatial distribution of the reefs and contact
potential of reef dwellers with seagrass and macroalgae
habitats appears to be greater in Bermuda than elsewhere
in the North Atlantic JWK, pers. obs.). This coral com-
munity zone includes most of the Bermuda Platform and
seagrasses and calcareous green macroalgae are widespread
(Fig. 10.11a, b). Numerous studies document the ecological
services provided by these species and communities as well
as the ecological connectivities among them.
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Fig. 10.10 (a) Near-shore algal-vermetid cup reef at low tide, about
6 m across, showing exposed rim and mini-lagoon, Elbow Beach, South
Shore; note outer cup reef tract in background where waves are break-

Seagrass Beds

Fewer seagrass species occur in Bermuda than in the Greater
Caribbean; five genera and six species are reported for
Bermuda: Ruppia maritima, Thalassia testudinum,
Syringodium  filiforme, Halophila decipiens and both
Halodule bermudensis and Halodule wrightii. Ruppia mar-
itima is restricted to land-locked brackish or marine ponds.

ing. (b) Waves breaking over a line of algal-vermetid cup reefs in fore-
ground, with rim reefs of nearshore platform behind. Dark smudge near
centre of the image is Seabright sewage outfall

In recent studies only four species are found in open
waters, S. filiforme, T. testudinum, H. decipiens and Halodule
sp. (not identified).

At least one seagrass species has been found at about 24%
of about 530 sites that are distributed across the Platform.
Syringodium filiforme was most commonly encountered,
followed by H. decipiens and then T. testudinum and Halodule
sp. (KAC, JWFE. WFK, SAM, unpub. obs.). Prior to those
studies the annual seagrass, H. decipiens was considered
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and Syringodium filiforme. (b) Calcareous green macroalgae. Based

Fig. 10.11 Presence, absence and average percent bottom cover
on KAC, JWF, JWK, SAM unpub. data

based on 530 benthic transect sites of 50 m by 0.5 m (a) Seagrass.
Dense cover always includes either or both of Thalassia testudinum
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rare and T testudinum was considered the dominant species.
Halophila decipiens grows in deeper or murkier water than
the other species.

Seagrasses form dense and spatially extensive beds in
only a few locations (Fig. 10.11a). Murdoch et al. (2007)
described the recent disappearance of reef-associated
meadows in the North Lagoon.

Calcareous Green Algae Beds

Calcareous green algae form a second macrophyte dominated
sea-bottom community. These were observed at 57% of
about 530 survey sites on the Bermuda Platform (Fig. 10.11b)
but were rarely encountered along the South Shore (KAC,
JWE, JWK, SAM, unpub. obs.), a higher energy area with
coarse mobile sediments. The most common genus was
Penicillus, followed by Udotea and Halimeda. The last two
sometimes formed dense beds with more than 75% cover.

Summary

Corals and coral reefs have played a central role in the
complete history of Bermuda. They formed the platform and
the islands, and then they protected those islands.

In some locations reefs have been considered nuisances
and were removed, without much regard to the importance of
the integrity of the reef system to its own viability and to the
viability of Bermuda. Certainly, with more awareness of their
past, present and future importance, destruction will decrease
and protection will increase. Bermuda’s corals occur at the
very northern limits of coral reefs in the Atlantic Ocean so
that they are surviving under conditions that may exemplify
limiting environmental conditions for reef development.
Understanding these reefs will become of critical importance
in anticipating the effects of global climate change.
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Biology and Ecology of Corals
and Fishes on the Bermuda Platform
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Struan R. Smith, Samantha de Putron, Thad J.T. Murdoch,
Joanna M. Pitt, and Ivan Nagelkerken

Introduction

Bermuda’s shallow coral reef ecosystem contains a variety
of habitats inhabited by a diversity of algae, invertebrates
and fish species derived from the Caribbean flora and fauna,
as well as a number of endemic species. The following dis-
cusses reproduction, recruitment and growth of corals and
fishes and their patterns of distribution and key ecological
processes. The significance of a highly seasonal and spatially
complex lagoon and rim reef is examined and comparisons
are made with Caribbean reefs.

Coral Biology
Coral Reproduction

Regarding reproductive method, of the 20 described herma-
typic coral species, nine species are known from elsewhere
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to be brooders and nine are broadcasters, with two species
still unknown (Baird et al. 2009). Specific data from Bermuda
is only available for a few species, although these have con-
firmed the same mode in each case (Wyers 1985; Wyers et al.
1991; Goodbody-Gringley and de Putron 2009; de Putron
and Smith 2011). Thus, reproductive traits are similar to that
seen in the Caribbean, which contrasts with the Indo-Pacific
where broadcast spawning is massively dominant and where
<20% of species are brooders (Baird et al. 2009). Soft corals
in Bermuda are dominated by gorgonians (sea fans, sea rods,
sea plumes) as in the Caribbean, but relatively little is known
about gorgonian reproduction. Of 20 reported species from
Bermuda, reproductive pattern is only known for the sea rods
Pseudoplexaura porosa (de Putron and Ryland 2009) and
Plexaura flexuosa (Pakes and Woollacott 2008), both of
which are broadcast spawners. Of Bermudan species from
other Caribbean locations eight are spawners, one species is
a surface brooder (de Putron 2003), and reproductive mode
is unknown for 11 species.

High-latitude reefs such as Bermuda, where coral species
are at their distribution extreme, can provide interesting
insights into the study of environmental factors controlling
reproductive cycles since there is a wider range in parameters
such as seasonal seawater temperature and photoperiod.
Most scleractinians that broadcast do so over a discrete
period of 1-2 months and the timing of spawning in Bermuda
is similar to conspecifics in the Caribbean (van Woesik et al.
2006). Broadcast spawning occurs in Bermuda 7-9 day after
the full moons of July to early September in Diploria laby-
rinthiformis, D. strigosa, Montastraea cavernosa, and M.
franksi (Wyers 1985; Wyers et al. 1991). Gamete release for
gorgonians overlaps with the scleractinians, occurring 5—8
day after the full moons of August-September (Pakes and
Woollacott 2008; de Putron and Ryland 2009). In compari-
son, corals that brood planulae often do so over several
months (Harrison and Wallace 1990; Baird et al. 2009),
though planula release in Bermuda occurs over July-August/
September for Porites astreoides (de Putron and Smith 2011),
Favia fragum (Goodbody-Gringley and de Putron 2009), and
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Fig. 11.1 Coral settlement on tile racks at two locations on the north-
ern rim reef at 7-8 m depth, mean of five racks per site, +/— SE. Each
rack consisted of eight grooved ceramic tiles (15 cmx 15 cm; 4 vertical,
4 horizontal) with five racks per site. Racks were deployed for 12
months. (Smith unpublished data)

Siderastrea radians (de Putron unpublished data), and possibly
earlier for Agaricia fragilis in May/June (Smith unpublished
data). A similar restriction in reproductive season of gorgo-
nian species which broadcast spawn is seen in the studied
Bermuda species (de Putron and Ryland 2009). The short-
ened reproductive season in Bermuda means an overall lower
annual reproductive effort, which may make these popula-
tions more sensitive to disruptions that occur during the
reproductive months compared to species at lower latitudes.

Seasonally restricted reproduction in Bermuda can be
explained by the wide annual temperature range and a narrow
period of seawater temperature favorable for gamete develop-
ment (Goodbody-Gringley and de Putron 2009; de Putron
and Smith 2011). Even within the reproductive season,
optimal seawater temperatures for several species is narrow
(de Putron and Ryland 2009; de Putron and Smith 2011).
The release of fewer planulae was correlated with higher tem-
peratures and there was significant variation in the number of
planulae released in colonies from sites across the Bermuda
lagoonal seawater temperature gradient during a 2 year study
(de Putron and Smith 2011). Reproductive effort of colonies
of the gorgonian P. porosa also showed significant variation
over summer months; however, in contrast to P. astreoides,
there was a positive relationship between reproductive effort
(gamete volume) of colonies and increasing seawater tem-
perature (de Putron and Ryland 2009). The observed differ-
ences of these coral species across the Bermuda lagoonal
seawater temperature gradient demonstrates the important
role that temperature plays in controlling reproduction.
However, turbidity also varies and is highest at the inner
lagoon patch reef zone, and may cause a reduced reproduc-
tive effort there (de Putron and Smith 2011).

The lunar cycle is the primary environmental cue for
the timing of gamete and planula release for many species.

S.R.Smith et al.

Broadcasting corals usually show tight synchrony, necessary
for fertilization, whereas with brooding corals, planula
release varies with species, varying from no pattern to
tight synchrony over a few days (Harrison and Wallace
1990). Peak planulation of F. fragum in Bermuda occurred
6—12 days after the new moon, which coincides with peak
release by conspecifics in the Caribbean (Goodbody-
Gringley and de Putron 2009). Planula release of P. astre-
oides in Bermuda peaked several days before the new
moon and diminished after the new moon, which is in
slight contrast to colonies in Florida (McGuire 1998; de
Putron and Smith 2011). However, this species showed
spatial variation in this respect across different reef zones
of the 18 km wide Bermuda platform, with colonies from
the Inner Lagoon peaking a few days earlier than in the
Outer Lagoon and Rim Reef zones (de Putron and Smith
2011). These differences may be influenced by environ-
mental factors such as turbidity and sedimentation rates
(de Putron and Smith 2011).

Coral Settlement and Recruitment

Coral recruitment is a key factor influencing coral community
structure and is an index of reef health. Recruitment is the
combined result of fecundity and the availability of planulae,
settlement success, availability of suitable substrates, and of
post-settlement mortality and survival. Various studies in
Bermuda have examined each factor. Planula availability has
been studied using modified sediment traps designed to
capture settling planktonic organisms; these were deployed
at the northern rim reef (Hog Breaker) over the summer
reproductive season of July-September 1995 (de Putron
unpublished data). Planulae flux was maximal at the end of
July and decreased towards mid September. Mean planulae
flux was estimated over the deployment period at 1168.4
planulae m=2. The mean number of settled corals on tiles at
the same site and year was 279.7 spat m=. This suggests that
approximately 77% of the available planulae to this reef area
do not successfully settle (de Putron unpublished data).

Settlement tile studies have been conducted in 1983
(Smith 1985), 1986 (Smith 1988), annually from 1993 to
1996 (Smith unpublished data, Fig. 11.1) and again in 2005
(Brylewska 2007). Racks with horizontal and vertical tiles
(each 15 cm x 15 cm, approximately 0.045 m? total surface
area per rack) were deployed for different time periods. In
the early 1983 study, tiles were deployed for monthly periods
at a ship grounding site on the northern rim reef of Bermuda.
Settlement between June-September had a mean density of
162 spat m™ (Smith 1985). Later, annual settlement studies
done from 1993 to 1996 with tile racks deployed for 1 year
showed significant inter-annual and between site differences,
with higher rates than previously observed, ranging from
200 m2to 1,100 m™.
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In 2005, a study was conducted on the influence of reef
structure on settlement patterns across the various physio-
graphic reef zones: terrace, rim, outer lagoon, inner lagoon
and the enclosed basin of Castle Harbor (Brylewska 2007).
There was inter-zone variability in settlement rates with a
significantly greater mean number of recruits per tile on the
rim, outer and inner lagoonal patch reefs of the northern
platform (78-128 recruits m=). In comparison, inside the
enclosed basin of Castle Harbor, and on the southern terrace
reefs, settlement ranged from 2-32 recruits per m? Thus
there is significant temporal and spatial variation in coral
settlement in Bermuda.

Spatial variation in coral settlement does not appear to be
related to coral abundance. The patch reefs of Castle Harbor
have low coral cover (Dryer and Logan 1978; Flood 2004;
Brylewska 2007) due to anthropogenic factors, and the
terrace reef zone has the highest cover (MEP 2007; Murdoch
et al. 2008a) but settlement rates did not differ significantly
between them. Therefore, other factors also influence settle-
ment rates, such as high sedimentation (e.g. in Castle Harbor),
current patterns influencing availability of planulae, and
post-settlement mortality. Overall settlement rates in
Bermuda are comparable or higher to those recorded on other
western Atlantic reefs: Barbados 79 m=2, Bahamas 106 m™
(Smith 1992).

Survival and growth of settled polyps to juvenile stage
(defined here as those visible to the naked eye and up to 5 cm
diameter) have been studied in Bermuda by visually recording
the size of all recruits within permanent quadrats. Smith (1985,
1992) compared recruits at a ship grounding scar with adja-
cent disturbed and undisturbed reefs, noting progressive
recruitment success over a 10 year period after the grounding.
Webster and Smith (2000) identified decreased recruitment
success adjacent to a sewage outfall, and recruitment also
showed spatial variation across reef zones. Lowest recruitment
was recorded in the enclosed basin of Castle Harbor (approx-
imately 0.5-6.5 recruits m?; Brylweska 2007), compared to
approximately 15 recruits m= on the northern rim reefs (Smith
1992). Across all studies, the brooding species P. astreoides,
FE fragum, A. fragilis along with Siderastrea spp. (which
were not identifiable to species) were the dominant juvenile
recruits seen in the quadrats. However, Diploria spp. and
Montastraea spp. dominate the adult hard coral cover in
Bermuda, indicating that these species are slow to recruit
(Fig. 11.2) but suffer much lower rates of juvenile mortality
(Smith 1992; Brylewska 2007; Murdoch et al. 2008a).

Coral Growth and Calcification Studies

The earliest assessments of coral growth in Bermuda involved
determination of annual growth bands (Dodge and Thomson
1974) and recording of environmental variation in skeletal
growth (Dodge and Vaisnys 1975). These authors used x-rays
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of corallum thin sections to reveal growth density bands and
annual patterns of skeletal deposition. Bermuda’s high latitude
location with its seasonal variation of seawater temperature
and solar insolation imposes constraints on coral growth rates
(Logan and Tomascik 1991; Logan et al. 1994). Dodge (1978)
showed that Diploria strigosa only grew 3.2—4.5 mm year™,
less than the 3.5-10.0 mm year~! reported by Vaughan (1915)
for Floridian and Bahamian corals. Logan and Tomascik (1991)
and Logan et al. (1994) confirmed reduced growth rates for
Diploria strigosa, Diploria labyrinthiformis and Porites
asteoides compared to Caribbean conspecifics. Scolymia
cubensis also showed reduced growth rates in Bermuda com-
pared to Barbados (+38% vs. +52% change in polyp area per
year, respectively, Tomascik and Logan 1990) which was
related to reduced Bermuda winter temperatures.

Skeletal extension and density banding studies confirmed
an annual growth rate of 3 £0.5 mm year~! for Diploria laby-
rinthiformis from the Bermuda Terrace reef (Cohen et al.
2004). Rapid extension of the costae occurred in winter while
septa and thecae grew fastest in the summer. Skeletal thick-
ening (density) was also seasonal with greater thickening in
summer. Over decadal time scales, skeletal density was
shown to increase with increasing water temperature (Cohen
et al. 2004). The slow annual growth and extension rates and
distinct annual banding patterns have permitted the determi-
nation of remarkable coral ages in some species, with one
Montastraea cavernosa exceeding 800 years (Patzold and
Wefer 1992) and a Diploria labyrinthiformis colony exceed-
ing 225 years (Goodkin et al. 2005).

The variations in temperature and sedimentation across
the extensive reef lagoon and at the depth of the outer reef
terrace allows for an assessment of growth rates across a
range of environmental parameters (Logan and Tomascik
1991; Logan et al. 1994). These authors showed higher linear
extension rates for Diploria spp. and Porites astreoides on
shallow inshore reefs compared to corals growing on the rim
and terrace reefs, attributed to higher light and more zoo-
plankton in the shallower nearshore environment. In contrast,
a retrospective assessment of growth banding patterns of
Diploria spp. in Castle Harbour determined the negative
impact of excessive sedimentation on growth and mortality,
caused by dredging of Castle Harbour for the creation of an
American airbase in the early 1940s (Dodge and Vaisnys
1977, Flood et al. 2005).

Other studies on coral growth in Bermuda have examined
effects of anthropogenic impacts and climate change.
Laboratory and field experiments have shown limited effects
of oil and dispersed oil on Diploria strigosa (Dodge et al.
1984a, b). Growth of Siderastrea radians in simulated
environment experiments showed no impact of elevated
temperature and excess sedimentation on this species that
naturally inhabits a wide variety of habitats in Bermuda
including shallow inshore sites with large natural temperature
variations and high sedimentation rates (Cody et al. 2010).
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Fig. 11.2 Distribution of Diploria strigosa recruits per m™ recorded in BREAM surveys from 2007 to 2008. Thirty 0.25 m? quadrats were ran-
domly deployed at each site to census all juvenile corals (Murdoch et al. 2008a)

Other studies assessed the suitability of Madracis spp.
growth rates as a monitoring tool (Smith et al. 1998).
Laboratory studies of Favia fragum and Porites asteoides
have focused on skeletal formation characteristics in response
to future predicted levels of ocean acidification, showing a
clear reduction in calcification along with changes in crystal
morphology in new recruits (Cohen et al. 2009; de Putron
et al. 2011). Recent research within the ‘Bermuda Ocean
Acidification and Coral Reef Investigation (BEACON)’
assessed growth and net calcification of individual adult col-
onies of D. labyrinthiformis and P. astreoides exposed to
varying carbonate chemistry under both an in situ setting
across the Bermuda reef platform as well as within meso-
cosm experiments (Andersson et al. 2011). In sifu reefal
scale studies of air/sea carbon dioxide fluxes over the
Bermuda rim reef and fCO, have been done in the context of
CO, flux studies in the Sargasso Sea to establish parameters
of ecosystem metabolism and mass balance on the Bermuda
reef (Bates et al. 2001; Bates 2002). Bates et al. (2010)

describe a seasonal feedback system of productivity and
calcification that may not be sufficient in maintaining
net calcification under future ocean acidification scena-
rios (Kleypas et al. 1999). Continuing research on ocean
acidification at Bermuda is important as it is at a critical end
point with which to assess validity of models that predict
coral reef responses to ocean acidification.

The growth of corals in Bermuda has also been examined
in the context of biogeochemical signals of oceanographic
and climate processes via the incorporation of elements in
the skeletal matrix (Nozaki et al. 1978; Druffel 1989;
Draschba et al. 2000; Cardinal et al. 2001; Kuhnert et al. 2002;
Cohen et al. 2004; Creuger et al. 2006; Goodkin et al. 2008),
the fidelity of proxy signals for seawater temperature
(Fairbanks and Dodge 1979), and anthropogenic inputs
(Dodge et al. 1984c; Shen and Boyle 1988; Kelly et al. 2009).
One study on growth records in the axial skeleton of a soft
coral, Plexaurella dichotoma, was performed to assess suit-
ability for temperature proxy signals (Bond et al. 2005).
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Coral Symbiosis, Nutrition and Physiology

Bermuda corals contain species-specific zooxanthellae clade
distribution patterns similar to the Caribbean (Billinghurst
et al. 1997; Savage et al. 2002a) and similar photosynthetic
responses (Savage et al. 2002b). Photo-adaption responses
were measured in Montastraea franksi (Lesser and Schick
1989) but zooxanthellae appear to have attenuated responses
to factors that can induce coral bleaching in experimental
conditions (Venn et al. 2008). Cook et al (1990) described
the first coral bleaching event in Bermuda. Also, pollutant
effects on coral photosynthesis have been assessed (Cook
and Knap 1983; Owen et al. 2002, 2003; Yost et al. 2010).
Bermuda’s octocorals also share similar patterns of zooxan-
thellae clade distribution with their Caribbean conspecifics
(Goulet and Coffroth 2004).

Nutrient fluxes in corals and partitioning with zooxanthellae
has been evaluated (Piniak and Lipschultz 2004; Badgley
et al. 2006), as well as amino acid uptake (Ferrier 1991) and
nutrient sufficiency (Cook et al. 1994). Mills et al. (2004)
assessed particulate feeding, and Johannes et al. (1970) stud-
ied zooplankton consumption rates.

Reef Fish Biology and Ecology
Fish Demographics

Bermuda’s reef fish fauna is derived from the Caribbean
(Smith-Vaniz et al. 1999) but for many species there are bio-
logical and ecological differences. Growth and life history
patterns of reef fishes vary with environmental conditions at
latitudinal, regional and even habitat scales (DeMartini and
Anderson 1978; Choat and Robertson 2002) as a result of
temperature effects on metabolism and reproduction, and
variations in food availability (Warburton 1989; Ebeling and
Hixon 1991). Cooler temperatures in combination with
increased seasonality may reduce growth rates during early
life history and thus delay maturation, yet the same factors
often compress the reproductive season and allow greater
allocation of energy to somatic growth later. Further, larger
body sizes confer metabolic advantages in poikilotherms by
reducing heat loss as a result of reduced surface area to
volume ratio (Ebeling and Hixon 1991). The high latitude
position of Bermuda’s reef and the attendant strong seasonal
seawater temperature variation has resulted in some distinc-
tive traits in maximum size, growth patterns, growth rates
and longevity across many taxa.

Many fish species attain significantly larger sizes in
Bermuda (Smith-Vaniz et al. 1999). For example, the many-
tooth conger, Conger triporiceps, reaches 115 cm SL com-
pared to 100 cm SL in the Caribbean, and the brown garden
eel, Heteroconger longissimus, has reached 48.1 cm SL com-
pared to 40.2 cm SL for Caribbean conspecifics. The ocean
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surgeonfish, Acanthurus bahianus, reaches 22.7 cm SL in
Bermuda, while most Caribbean populations are less than
20 cm SL (Robertson et al. 2005b; Mutz 2006). Notably, a
serranid, Epinephelus guttatus, attained a size of 72 cm FL,
larger than all Caribbean conspecifics (Luckhurst et al. 1992).
The larger sizes of Bermuda reefs fishes can be attributed
partly to longevity (Luckhurst et al. 1992) and perhaps
improved fisheries management that may increase survivor-
ship (Luckhurst et al. 2000; Robertson et al. 2005b), but
primarily reflect increased somatic growth associated with
reduced reproduction in a colder climate.

Age and growth studies have been done on a number of
fishes. The red hind, E. guttatus lagged in growth rates com-
pared to Jamaican fish (Burnett-Herkes 1975). However, three
acanthurids had comparable or greater growth rates compared
to Western Atlantic conspecifics (Mutz 2006; Robertson et
al. 2005a). Pitt et al. (2009) found that the blue-striped grunt,
Haemulon sciurus, attained much greater ages (23 years vs.
12 years) than those in the Caribbean. However, several species
show significantly older ages compared to Caribbean without
concomitantly larger sizes, such as the coney, Cephalopolis
fulva (Trott 2006) and the lane snapper, Lutjanus synagris
(Luckhurst et al. 2000). Also, two deep water misty groupers,
Epinephelus mystacinus, were aged at 135 years and 150
years, based on otolith annuli (Luckhurst and Dean 2009).

Reproduction

Bermuda’s cool winter water appears to have displaced
reproduction for many fishes into the warmer summer and
fall months (Bardach et al. 1958; Burnett-Herkes 1975;
Robertson 1991; Luckhurst et al. 2000; Trott 2006). The
length of the spawning seasons may also be attenuated for
some species (Luckhurst et al. 2000; Trott 2006) but exten-
sive reproductive studies have been conducted on only a few
commercially significant reef species.

Spawning aggregations were initially reported for groupers
only on Bermuda’s Plantagenet (Argus) and Challenger
banks (Bardach et al. 1958). More recent studies on repro-
duction have focused on spawning aggregations of diverse
fish taxa in deep and shallow waters around the main Bermuda
platform (Luckhurst 2007). The earliest research on the red
hind, Epinephelis guttatus, was conducted in seasonally
closed aggregation areas (Burnett-Herkes 1975). Further stud-
ies were done to assess site fidelity and movement patterns
via tag/recapture studies (Luckhurst 1998; Luckhurst 2010a).
The closure of spawning sites for commercially vulnerable
serranids has appeared to stabilize population declines
over a 30 year period (Luckhurst and Trott 2008). Recently
discovered spawning aggregations of the black grouper,
Mycteroperca bonaci, have stimulated additional protection
and research (Luckhurst 2010b), and implanted acoustic tags
showed prolonged occurrence of the black grouper at
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spawning sites around the Bermuda platform from May to
November (Trott et al. 2010). The blue-striped grunt,
Haemulon sciurus, also forms spawning aggregations on a
nearshore lagoonal environment, and this area is currently
protected (Trott et al. 2009). Multi-species scarid spawning
aggregations occur on shallow reefs (<20 m) along the South
Shore (Luckhurst 2011). The limited information on spawn-
ing aggregations in Bermuda to date do show some distinc-
tions from the Caribbean. For example, M. bonaci does not
aggregate on deep promontories, as they do in Belize
(Heyman and Kjerfve 2008).

Studies on reproduction of non-aggregating species are
limited, with anecdotal reports of spawning activities, occur-
rence of gravid females and egg-laying by pomacentrids
during the warm summer months. The coney, Cephalopolis
fulva, breeds from April to July (Trott 2006). Colonies of the
common western Atlantic garden eel (Heteroconger longis-
simus) were recently discovered in Bermuda (Tyler and
Luckhurst 1994) and most members of the colonies occur as
male—female pairs in closely adjacent burrows, whereas pair-
ing is otherwise unknown in this species. These eels are
gravid in September and October. Gonadal development in
14 serranids collected in spring and summer months did not
present any temporal patterns (Smith 1958). Bardach et al.
(1958) showed that of 18 “grouper” species, 9 spawned
between June and August.

Fish Recruitment Patterns and Ecosystem
Connectivity in Bermuda

There are few historical studies on the distribution of juvenile
fishes in seagrass beds and mangroves in Bermuda (McRae
1997; Smith et al. 1998; Ward 1999) and limited anecdotal
evidence on grouper recruitment in inshore areas (Bardach
et al. 1958). Limited data have been published on larval fish
settlement to any of Bermuda’s reefs (Schultz and Cowen
1994). For larval fish across the North Lagoon and off the
south shore, most reef-associated families showed a strong
summer peak but others had larvae persistent throughout the
year (Lutjanidae, Serrranidae, Sygnathidae and
Scomberesocidae) (Glasspool 1994).

However, patterns of juvenile fish recruitment have
been studied at broad spatial and temporal scales across
the Bermuda platform in mangrove areas, seagrass beds
and rim reefs from 1999 to 2003 (Smith and Pitt 2002;
Smith et al. 2003; MEP 2004). Sampling did not detect any
fish recruitment between January and June, and subsequent
sampling has shown strong seasonal peaks in recruitment
across the lagoon and rim reef that tapers off by December
(Smith et al. 2003). Juveniles of a range of families recruit
more on lagoonal and near shore reefs than offshore rim and
terrace reefs (Figs. 11.3 and 11.4). Murdoch et al. (2008a)
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discriminated juvenile fishes (<5 cm SL) in broad—scale reef
fish surveys and detected distinctive patterns of disjunct dis-
tributions of juveniles and adults within species (and see
below).

Nearshore seagrass beds and small mangrove areas are
also significant areas for recruitment but the diversity of spe-
cies utilizing these habitats is lower than that found on the
nearshore and lagoonal reefs (Fig. 11.5). Grunts (Haemulon
spp.) were conspicuously abundant in both these habitats and
mojarras (Eucinostomus spp.) were very common at the
mangrove sites.

Ontogenetic migration from shallow-water nursery habitats
to deeper-water reef is a life history strategy used by a
variety of species circumtropically. Critical nurseries are
usually seagrass beds and mangroves in some reef systems
(Nagelkerken et al. 2002, 2008; Verweij et al. 2008) but
research on other Caribbean islands has shown that offshore
seagrass beds hardly fulfill a nursery function and are only
occupied by larger fish (Dorenbosch et al. 2007). In the
western part of Bermuda, mangroves are restricted to the
semi-enclosed lagoon of Ely’s Harbour, while seagrass beds
are found in this lagoon, along the shoreline, as well as off-
shore where the reef flat drops off. Here, the seagrass beds
and mangroves at Ely’s Harbour are likely the main nursery
grounds in the western part of Bermuda for species that are
known to be associated with these habitats during their juve-
nile stage (Huijbers et al. 2008). For some of these species,
the patch reefs on the shallow shelf area directly bordering
Ely’s Harbour function as alternative nursery habitat for
some species, probably related to the fact that this habitat
resembles that of lagoonal habitat, in terms of water-depth,
turbidity, closeness to other vegetated habitats, distance from
reefs, etc.

Due to the strong association of “nursery fish species” with
mangrove or seagrass juvenile habitats, their adults on shelf-
break reefs showed a strong and significant decline in their
densities with increasing distance from Ely’s Harbour
(Huijbers et al. 2008). The reefs investigated were located
along a spatial gradient from Ely’s Harbour across the lagoon
to Cross Bay (i.e. a southward, followed by a eastward gradi-
ent). Nursery species that showed declining adult density
along this gradient were: Acanthurus chirurgus, Chaetodon
capistratus, Haemulon aurolineatum, H. flavolineatum,
H. sciurus, Lutjanus griseus, L. synagris, Ocyurus chrysurus,
Scarus coeruleus, Scarus iserti, and Scarus guacamaia,
which are important species in terms of fishing (grunts and
snappers) and ecosystem function (parrotfishes) (Nagelkerken
unpublished data). For several of these species, the biomass
of mature fish also declined along the distance gradient,
showing that many fish do not disperse far away from their
nurseries with increasing age. It appears that the nursery
habitats studied along western Bermuda are of high importance
to maintenance of adult reef populations and to reproductive



1"

Biology and Ecology of Corals and Fishes on the Bermuda Platform

141

Rim reef - Hog
70

60

Abundance per 60 sq. m

June July Aug Sept Oct Nov Dec

Month

Patch reef - Crescent 2

Rim reef - Twin
70

60

June July Aug Sept Oct Nov Dec

Month

Patch reef - Crescent 1

60 60
50 50 i
g
g
40 - 40
=]
S
9]
30 1 =30
[-5]
(¥}
H g
20 'g 20
=]
=2
10 4 10 A
0 4 0 4
June July Aug Sept Oct Nov Dec June July Aug Sept Oct Nov Dec
Month Month
B Acanthuridae M Chaetodontidae O Haemulidae @Labridae
B Pomacanthidae BPomacentridae B Scaridae Dothers

Fig. 11.3 Temporal patterns of juvenile fish recruitment by family at two rim reef and two patch reef sites in 2002. Five 30 m X 2 m transects were

sampled monthly at each site (Smith et al. 2003)

fish stocks. Conservation of nursery habitat and connectiv-
ity-corridors between nurseries and coral reefs must be a
high priority for further research.

Reef Mapping

Bermuda’s significance as an important British naval out-
post promoted extensive hydrographic surveys, especially
the remarkably accurate survey of every single reef within

the North Lagoon by Lt. Thomas Hurd from 1789 to 1793
(Hallet 2010). Satellite and aerial photos have been used to
develop depth algorithms and to assess reef and seagrass
distribution patterns in the North Lagoon (Vierros 1999).
This work was superseded by a geo-referenced high-reso-
lution photomosaic that has been extensively ground-tru-
thed with synoptic surveys (Murdoch et al. 2008a). Limited
LIDAR bottom profiling has been performed on the South
shore reefs and several shipping channels. A complete geo-
referenced multi-beam sonar map has been made of the
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deep reefs from 40 m to 150 m in 2010 (Iliffe et al. 2011).
These various bathymetric surveys have been incorporated
in a GIS database managed by the Bermuda Government’s
Department of Conservation Services. Species—specific
survey information is now recorded in the GIS database.
The development of a GIS map of Bermuda’s reefs by
Murdoch et al. (2008a) shows several distinctive reef zones.
This and other spatial and temporally explicit data sets have
set the stage for integrated marine spatial planning where
regulated activities can be high-lighted with respect to reef

Mangrove locations

zones, critical habitats and ultimately species distributions
(Figs. 11.6 and 11.7).

Reef Zonation and Reef Community Patterns
Coral Distribution Patterns
Zonation patterns within the Bermuda reef system have been

summarized in Logan (1988). The high-energy outer rim and
terrace reefs are dominated by massive and domal corals such
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Fig. 11.6 The photo-mosaic of aerial images (shown on the right side)
was used to generate a GIS map of all reef habitats across the Bermuda
Platform, as shown on the left side of the image. The inset shows how

as Diploria spp., Montastraea spp., and Porites astreoides
(Fig 11.8, Dodge et al. 1982; Murdoch et al. 2008b). Millepora
alcicornis is also prevalent on the rim reef but less so on the
outer terrace. Stephanocoenia intersepta, Agarica fragilis,
Siderstrastrea radians, Dichocoenia stokesii and Meandrina
meandrites are uncommon or “understory” constitutents of
these zones (Fig. 11.9). Madracis spp. are rarely found on the
rim reef but are more common on the deeper terrace reefs.
Madracis auretenra colonies transplanted onto the rim reef
suffered from intensive injury by grazing parrotfishes (Smith
and de Putron unpublished data).

Lagoon patch reefs have a higher coral diversity, supporting
all the species found on the rim and outer terrace reefs but
also include Oculina diffusa, Porites porites and very rare
occurrences of Siderastrea siderea. More significantly, the
branching corals Madracis auretenra, M. decactis and
Oculina diffusa are very abundant on some reefs, particularly
in the inner lagoon (Fig. 11.10). Also, Millepora alcicornis is
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GIS mapping allows for all ~35,000 patch reefs within the lagoon to be
assigned their own unique identification number (Murdoch et al.
2008a)

a dominant species on the shallower parts of these lagoonal
reefs. Murdoch (2007) described predicted responses of
lagoonal patch reef coral assemblages in response to gradi-
ents of light, temperature, suspended particulate material and
current flow. Three spatial patterns were discerned amongst
lagoon patch reefs with the more nearshore reef characterized
by a predominance of Madracis spp and the central offshore
patch reefs dominated by Montastraea franksi, including
many old very large colonies that have been fragmented into
ramets over time (Murdoch et al. 2008a). Finally the eastern
and western lagoon patch reefs are dominated by a Diploria-
Porites assemblage.

Soft coral distribution is less well described for Bermuda
reefs. Smith and Musik (1984) described patterns on
the rim reef where Gorgonia ventalina, Plexaura spp.,
Pseudoplexaura spp. and Pseudopterogorgia spp. predomi-
nate. These same taxa occur on the outer terrace but at gener-
ally lower abundance. Muricea spp. may be more abundant



144

S.R.Smith et al.

. Coral Preserves
| Seasonally Protected Areas
) Buoyed MPA
(O No Spearfishing Zone
No Lobstering Zone

I Lagoonal Sediment Basin

" Lagoonal Patch Reef
Rim Reef (1-10 m)

Bl Fore Reef (10 - 20 m)

[ Seagrass
Land

Kilometers
T

T T T T T T 1

0 3 6 12

Fig. 11.7 Map of coral, seagrass and sediment habitats across the Bermuda reef platform, as well as the boundaries of the various kinds of marine

protected areas (Murdoch et al. 2008a)

on the south shore reefs, Eunicea spp. are less common in all
zones, Plexaurella spp. are more commonly encountered on
lagoonal patch reefs, and a new gorgonian, Leptogorgia
setacea was recently discovered in the sheltered inner
lagoon (Locke et al. 2013). Murdoch (2006) described the
distribution of the sea fan, Gorgonia ventalina, across the
lagoon when investigating the impact of the gorgonian pred-
atory nudibranch, Tritonia hamnerorum.

Reef Community Structure

Early reef geologists explosively dissected reefs and produced
detailed descriptions of framework builders, algae, cavity
dwellers, boring species and motile infauna (Scoffin and
Garrett 1974). This is the most exhaustive study of species
diversity in any of Bermuda’s reef zones. The majority of

subsequent reef studies have relied on various methods to
quantify the most abundant species on reef surfaces (Dryer
and Logan 1978; Dodge et al. 1982; Smith et al. 1998; Catell
2002; CARICOMP 2000; Flood 2004; MEP 2007; Murdoch
et al. 2008a). Overall coral coverage and species diversity
have remained quite stable on the rim reefs since the 1980s
(Dodge et al. 1982; CARICOMP 2000; Linton and Fisher
2004; MEP 2007). However lagoon patch reefs have seen
more dynamic changes in growth and mortality (Catell 2002;
MEP 2007). Murdoch et al. (2008a, b) and Murdoch (2012)
have the most recent and detailed spatially explicit assess-
ments of major reef taxa, across the lagoon, at the rim reef
(10 m) terrace reef (20 m) and fore-reef slope (3040 m)
(Fig. 11.11).

Synoptic studies of smaller sessile and motile reef inver-
tebrates and algal diversity are largely lacking. Amongst con-
spicuous invertebrates, the herbivorous gastropod Cerithium
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Fig. 11.8 Permanent study quadrat on the terrace reef at 20 m showing high percent cover by Diploria spp, Montastraea spp and Porites astre-

oides. Quadrat size is 95 cmx 65 cm (Photo: S.R. Smith)

Fig. 11.9 Rim reef dominated by brain corals Diploria spp and soft
corals (Photo credit: S.R. Smith)

litteratum 1is ubiquitous in all reef zones reaching high densi-
ties (100s per m?) on disturbed reefs (Smith 1990, Murdoch
etal. 2008a; Murdoch 2013). The endemic hermit crab Calcinus
verrilli uses cerithid shells as well as worm tubes and also

attains high densities on reefs (Smith 1988; Rodrigues et al.
2000). Erect sponges, such as Ircinia spp. or Pseudoceratina
crassa are not very common on outer rim or terrace reefs but
species such as Ircinia spp, Aplysinia spp. and Callyspongia
vaginalis are more common on lagoonal patch reefs.

Patterns in the Distribution and Abundance
of Fishes

Bermuda’s reef fishes have been studied intensively since
the early nineteenth century (summarized in Smith-Vaniz
et al. 1999) but quantitative assessments on distribution and
abundance did not begin until scientific fish trapping
(Bardach and Mowbray 1955; Bardach 1958) and visual
surveys in the 1950s (Bardach 1959). There was a gap of
effort in fishery-independent assessments of reef fish popu-
lations until Luckhurst (1994) initiated in-water fish cen-
suses. Smith (1988, 1990) studied fish activity on a
grounding site and on adjacent undisturbed reefs. Smith
et al. (1998) examined fish populations on near-shore
lagoonal patch reefs and inshore seagrass beds. The first



Fig. 11.10 Colonies of Madracis auretenra and Millepora alcicornis on a nearshore lagoonal patch reef, about 2 m deep, with a school of
tomates, Haemulon aurolineatum (Photo: S.R. Smith)
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Fig. 11.11 A map of the average percent coral cover for all hard corals, derived from six 10 m long transects at each site using the AGGRA
protocol (Murdoch et al. 2008a)
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broad-scale intensive fish surveys were conducted by J. Pitt
and S. Patterson as part of a study of the effectiveness of
Marine Protected Areas in comparison to unprotected areas,
primarily within the rim reef zone (Fig. 11.12, MEP
2005). Although they could not detect an MPA effect they
did discern spatial differences in fish distributions across
the reef platform at family and species level. Likewise,
Murdoch et al. (2008a) could not detect differences between
MPAs and adjacent reference sites.

Murdoch et al. (2008a, 2012) investigated differences in
fish populations across the entire lagoon, the rim, between
MPA sites and adjacent comparable reefs, and extended the
study to compare fish populations between 10 m fore-reef
sites (10 m) to terrace reefs (20 m) around the entire reef
platform. Many fish species showed habitat-specific pat-
terns of distribution, particularly between the lagoonal

patch reefs and offshore rim reefs. Adult and juvenile prin-
cess parrotfish, Scarus taeniopterus, were found primarily
on the outer rim reef (Fig. 11.13). Adult yellowtail snappers,
Ocyurus chrysurus, were found across the North Lagoon
and on the rim reef but juveniles were primarily found on
lagoonal patch reef. Other examples include the blue tang,
Acanthurus coerulus, which was found only on the outer
rim reef but the ocean surgeonfish, Acanthurus bahianus
was found both on lagoonal patch reefs and the outer rim
reef (Murdoch et al. 2008a).

More research is required to assess temporal changes in
the reef fish communities and the connections that link shallow
reefs (<20 m) to deep forereef and meso-photic reefs. The
deeper reefs are targeted for commercial species (grouper,
lobsters) and also appear to be a refugia for the invasive
lionfish, Pterios volitans.
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Fig. 11.13 Geospatial map illustrating juvenile and adult densities of Scarus taeniopterus, derived from AGGRA surveys
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Biogeographical Region and Environmental
Factors

Biogeographic provinces are “Large areas defined by the
presence of distinct biotas that have at least some cohesion
over evolutionary time frames. Provinces will hold some
level of endemism, principally at the level of species...[and] ...
In ecological terms, provinces are cohesive units likely, for
example, to encompass the broader life history of many con-
stituent taxa, including mobile and dispersive species.”
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of the coral reefs in Bermuda and discuss overall and taxon-
specific diversity patterns, particularly as they relate to
conservation and management of marine resources.

Bermuda is one of nine ecoregions in the Tropical
Northwestern Atlantic (TNA) (Spalding et al. 2007), dif-
ferentiated from adjacent regions by differences in sea sur-
face temperature minima. Bermuda’s marine biota is a
reduced set of the biota of the TNA. Due to its northerly
location, Bermuda has a distinct seasonality in temperature,
incident light regimes, and ocean chemistry, which are all
important factors in determining the distribution of corals
and other marine species (Kleypas et al. 1999; S.A. Manuel
and K.A. Coates, unpubl. data).

The Sargasso Sea is an important contributor to the bio-
logical diversity of Bermuda. Sargassum mats provide homes
to many co-adapted species, and spawning grounds to many
others that range more widely. Humpback whales (Megaptera
novaeaeangliae) annually migrate through the Sea and con-
gregate outside Bermuda’s shallow rim reef (Stone et al.
1987). Sargassum and associated biota are frequently
stranded on the shores of Bermuda (Butler et al. 1983) creat-
ing a diverse strandline community (Healy and Coates 2003),
and other temporary residents of the Sea move into the shal-
low waters around Bermuda for some stages of their lives.

Ecoregion Forcing Agents for Bermuda

Of the dominant geographic and physical forcing agents on
the biological diversity of Bermuda, those of most significance
include isolation, temperature, currents, sediments, bathy-
metric or coastal complexity, and environmental seasonality,
both now and in the past.

Isolation: Distance, Depth and Size

The nearest source populations for Bermuda’s marine spe-
cies are over 1,000 km away in the Caribbean and Florida.
The Gulf Stream is recognized as the primary conduit in the
recent era for the introduction of species and individuals

153

DOI 10.1007/978-94-007-5965-7_12, © Springer Science+Business Media Dordrecht 2013



154

J.M. Locke et al.

Table 12.1 Number of species of different groups with different coastline lengths in the Greater
Caribbean region (Data adapted from Miloslavich et al. 2010)

Coastline Numbers of species

Location length (km)  Corals® Sponges Molluscs Echinoderms
Guatemala 148 25 - - 23
Cayman Islands 160 50 82 477 -
Costa Rica 212 37 64 638 23
Aruba, Bonaire, Curagao 360 53 113 239 -
Trinidad, Tobago 362 29 - - 55
Belize 386 40 193 580 134
Nicaragua 493 39 - 129 65
Puerto Rico 501 53 40 1,078 121
Honduras 644 55 - 580 95
Mexico (Yucatan) 911 47 118 733 182
Jamaica 1,022 52 169 824 86
Panama 1,295 55 146 587 155
Lesser Antilles 1,322 54 126 1,119 79
Colombia 1,880 52 142 1,168 180
Venezuela 2,722 58 144 664 124
Hispaniola 3,059 53 71 572 117
Cuba 3,735 54 255 1,300 145
Bermuda — low resolution 103 26 99 942 98
Bermuda — high resolution 296 26 99 942 98

“Has been changed based on review of original data

from these source populations to the marine communities of
Bermuda. It is likely that species get carried into waters that
encounter Bermuda’s shallow platform via meso-scale eddies
from the Gulf Stream. Genetic connectivity of various
Bermuda populations with Caribbean, Bahamian and
Floridian populations are evidence of ongoing and regular
recruitment.

The Bermuda Platform is a very small area of shallow
“habitable benthic environment” (see Kleypas 1997 and
Pandolfi 1999), in a vast region of very deep water. The
coastline is about 296 km (Meyer 2012) surrounded by a
shallow marine area of about 620 km? (to 20 m depth).
Similar length coastlines in the TNA can harbour very differ-
ent numbers of species (Table 12.1) and only for corals does
there seem to be a positive correlation between numbers of
species and coastline length; for sponges, echinoderms and
molluscs for example, there seems to be much less or no
relationship (Miloslavich et al. 2010). Although Bermuda
has a comparatively short coastline, that may not be a pri-
mary limitation to species diversity on the platform. Coastline
length, area and configuration of shallow waters have
changed many times during the development of coral reefs in
Bermuda. Both extreme highstands (up to 22 m above pres-
ent day sea level) and lowstands (to perhaps 140 m below
present day sea level) occurring in the Pleistocene would
have decreased the total area of shallow water on the plat-
form (Hearty and Olson 2010). The most extreme recent sea

level highstand, corresponding to an interglacial period,
about 120 kya may have reached 9-10 m above present sea
level (Hearty et al. 2007), probably drowning many areas of
shallow reef. The last Pleistocene glaciation maximum and a
corresponding extreme sea level lowstand about 120 m below
present occurred about 18 kya. This would have limited
shallow-water habitat to a narrow band on the sloping sides
of the Bermuda Platform and nearby seamounts (Iliffe et al.
2011) (Fig. 12.1).

Climate Changes and Temperature

Environmental shifts during the Pleistocene glaciations could
have resulted in other factors than simple loss of habitat con-
straining the diversity of reef communities; sea surface tem-
perature shifts, for example, are correlated to periods of
glacial minima and maxima. There are Bermudian fossils of
two extant Caribbean coral taxa no longer found in Bermuda,
Cladocora (Moore and Moore 1946) and Colpophyllia
(Muhs et al. 2002). They are both now found in locations
with higher average minimum sea surface temperatures than
seen in Bermuda, and the known Bermudian fossils of
Colpophyllia are dated to interglacial periods (Muhs et al.
2002) when sea surface temperatures may have been higher.
However, species of Acropora, which are common in the
Caribbean, never have occurred in Bermuda and this has also
been interpreted as a temperature-related distribution even
though acroporids occur in Florida where seawater temperature
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Legend

Depth 200m
Depth 20m

Fig. 12.1 Bathymetric contours at 20 m and 200 m that might represent
Pleistocene shorelines at glacial maxima of about 80-90 kya and 18 or
424 kya, respectively. Based on Bermuda Admiralty Chart #334,

extremes are even greater (Precht and Miller 2007) than in
Bermuda. Again, a number of factors may combine, that are
related to Bermuda’s northern latitude, to exclude some trop-
ical species and not others, including duration of cooler tem-
peratures, aragonite saturation levels (Kleypas et al. 1999;
Bates et al. 2010), and low light during periods of cooler
temperatures (S.A. Manuel and K.A. Coates, unpubl. data).

Habitat Complexity

There are no significant surface freshwater outflows in
Bermuda, and no regular or high volume sources of terrig-
enous sediments, which is generally considered beneficial
to coral growth. However, some highly productive and
diverse tropical marine coastal communities, including
mangroves and seagrasses, thrive in the finer organic sedi-
ments characteristic of terrigenous sources and estuaries.
Significant and even sustaining connections exist between

reproduced by permission of the Controller of her Majesty’s Stationary
Office and the UK Hydrographic Office (www.ukho.gov.uk)

the communities of these habitats and of coral reefs
(Nagelkerken et al. 2008) so that their reduction in relative
size may decrease the success of some segments of the
average coral reef community.

Seasonality in Incident Light

The low angle of the sun, combined with increased cloud cover,
during the winter months limits total incident light at the sea
surface, and there is a significant seasonal difference in light
regime of southern versus northern exposed faces of the reefs
(e.g., Murdoch 2007). This high seasonality may be a primary
limiting factor to much marine life, including the depth distribu-
tion of seagrass (S.A. Manuel and K.A. Coates, unpubl. data).
Neither Kleypas et al. (1999) nor Bates et al. (2010) found a
strong correlation between coral growth and light for Bermuda
but, they could only consider corals that were present and which
must be tolerant of low light conditions. Corals that do not occur
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in Bermuda may well have different behaviours and physiolo-
gies, and light conditions may restrict them to lower latitudes.

Biological Diversity

A distinctive characteristic of the marine fauna and flora of
Bermuda is the absence of species that are otherwise ubiqui-
tous in the Tropical Northwestern Atlantic province. Bermuda
does not show an increased diversity due to the mixing of
species that survive at the boundaries of biogeographic
realms, in this case the Tropical Atlantic and the Temperate
Northern Atlantic. For fish, the Bermuda coastal marine
fauna includes some eurythermic tropical species (Smith-
Vaniz et al. 1999), which have geographic ranges crossing
the tropical-temperate “boundary”, but which are not
restricted to the boundary region. Nonetheless, Bermuda’s
fish species diversity is reduced relative to both higher and
lower latitude neighboring regions.

Bermuda’s isolation suggests the possibility of a relatively
high local level of endemism, and although Sterrer (1998)
suggests Bermuda exhibits low marine endemism of about
3%, recent reviews of a number of taxa indicate much higher
endemism among some major taxa that are common in coral
communities, including sponges and polychaetes. Lists of
species for these taxa can be accessed on the Bermuda
Government, Department of Conservation Services, website
www.conservation.bm.

Scleractinia

Bermuda’s reef building coral diversity fits a general idea
that lower diversity characterizes areas located at the range
limits of coral distribution. This is clearly visible on
Bermuda’s reefs, where the favids Diploria and Montastraea
are the dominant scleractinian genera together with Porites
astreoides (Fig. 12.2), and a total of 12 shallow-water genera
commonly found in the Caribbean and USA are notably
absent. However, a “fit” is not explanatory of this lower
diversity and as noted earlier, Bermuda has similar numbers
of coral species to equally small coastal areas that are much
further south in the TNA — numerous factors control the spe-
cies diversity of Bermuda’s corals. To date, 20 species of
zooxanthellate corals, in nine families and 13 genera, and six
azooxanthellate corals, in four families and six genera, are
known to inhabit shallow waters, including Bermuda’s only
endemic coral Rhizopsammia bermudensis (Locke 2009;
Locke et al. 2013, and at www.conservation.bm/corals).
Given the similarity in diversity between Bermuda and
its more northerly tropical con-provincial ecoregions in the
Caribbean, it is notable that the Acroporidae, common on
many Greater Caribbean reefs, is absent both from recent

Fig. 12.2 Bermuda’s coral reef biodiversity as illustrated by the scler-
actinian and octocorallian species commonly found on the fore-reef ter-
race at Hog Breaker (Photo: JM Locke)

and fossil reefs. Ecological factors are presumed to have
prevented the establishment of acroporids in Bermuda. This
may also be true of other genera common to the Caribbean
but not currently known from Bermuda. The species
Cladocora arbuscula and Colpophyllia natans have, how-
ever, been documented from the fossil record (Moore and
Moore 1946; Muhs et al. 2002). We can only speculate
what led to their demise though, as noted earlier, fossil
specimens of C. natans have been dated to the last intergla-
cial maximum.

Limited study of the deep benthic habitats have provided
brief insight into corals at and beyond the mesophotic zone.
Investigations have documented 13 zooxanthellate species
from 30 to 78 m with the genera Agaricia, Scolymia and
Montastraea inhabiting depths greater than 60 m (the deep-
estis 78 m for Montastraea cavernosa) (Fricke and Meischner
1985; Venn et al. 2009).

Beyond the mesophotic zone, our knowledge of deep-
water corals consists solely of records of species occurance.
Collectively, expeditions have acquired azooxanthellate
specimens at depths from 55 m to 1966 m. Bermuda’s known
deep-water azooxanthellate Scleractinia number 23 species
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from 10 families, many species being known only from single
collections (Locke et al. 2013). Within the deep waters
(>183 m) of the western Atlantic, 102 species of azooxan-
thellate corals are currently recorded (Cairns 2000).
Considering this, it is difficult to interpret Bermuda as being
a low diversity location; instead the number of species
reported for Bermuda is likely a reflection largely of the
limited sampling.

The 48 valid scleractinian species is a significant fraction,
nearly 25%, of the 197 scleractinian species currently known
from the western Atlantic (adapted from Cairns 2000); the
majority reported from shallow-water.

Genetic Variation and Population Connectivity
Cairns and Chapman’s (2001) analysis of deep-water azoox-
anthellate corals in Bermuda revealed components of both a
warm temperate and a tropical fauna; with increasing depth,
the western Atlantic cnidarian fauna becomes increasingly
cosmopolitan (Cairns 1979), and deeper subhabitats of the
Bermuda EEZ may be biogeographically more inclusive than
those of shallow depths.

Genetic studies, utilizing various molecular markers, have
produced plausible hypotheses concerning the genetic diver-
sity and connectedness of a few scleractinian species found in
Bermuda. These concern shallow-water zooxanthellate
brooding species, Favia fragum and Madracis auretenra, and
a single broadcast spawning species, Montastraea cavernosa.
Gene flow was investigated at recent (Shearer 2004; Locke
2009; Nunes et al. 2009; Goodbody-Gringley et al. 2010,
2011) and historical scales (Locke 2009).

Studies reveal high levels of intraspecific genetic diversity
of M. cavernosa and M. auretenra, and in some cases this
diversity (i.e., numbers of haplotypes in a population from a
single geographical site) exceeded that of conspecifics within
other regions. Both species harbour unique (=private) and
shared haplotypes for the molecular markers among the loca-
tions investigated (Locke 2009; Nunes et al. 2009; Goodbody-
Gringley et al. 2010, 2011). In fact, more unique haplotypes
were observed in Bermuda than in conspecific populations of
any other geographic location (Locke 2009; Goodbody-
Gringley et al. 2011).

In contrast, Bermuda’s F. fragum population showed no
intraspecific variation, with only one haplotype determined
for each of two markers analyzed (ITS and B-tubulin);
although the single /7S haplotype was unique to Bermuda
(Goodbody-Gringley et al. 2010). The extremely different
levels of intraspecific variability reported for the two brood-
ing species F. fragum and M. auretenra (SRP54) may simply
be due to the different markers used in the two studies or
other intrinsic, biological, factors. Studies documenting high
levels of variation in M. cavernosa analyzed the same B-
tubulin region as the F. fragum study (Nunes et al. 2009;
Goodbody-Gringley et al. 2010, 2011); further evidence that
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these two species are experiencing gene flow regimes that
may be attributed to their differing life histories and, perhaps,
to their different histories in Bermuda. This does not how-
ever explain the high diversity seen in M. auretenra.

The greater level of genetic diversity in Bermuda coral
populations contradicts predictions that oceanographically
isolated reefs may be associated with lowered genetic diver-
sity (Ayer and Hughes 2004; Miller and Ayre 2004, 2008;
Nunes et al. 2009; Goodbody-Gringley et al. 2010). The
unique haplotypes found in three studied Bermuda coral spe-
cies may be relicts of early colonizers that were once present
in US and Caribbean regions but have since been extirpated,
or may be the result of post colonization diversification.

The genetic connectivity of M. cavernosa populations
within Bermuda and to USA and Caribbean populations
has been investigated on three accounts. Shearer (2004)
determined, from four and five microsatellites, that Bermuda
populations were differentiated from populations in the
Flower Garden Banks, Florida Keys, and the Bahamas.
Conversely, when compared across the Atlantic, using two
nDNA B-tubulin regions and mtDNA cox!-trnM, Bermuda’s
M. cavernosa population was not significantly differenti-
ated from populations in Puerto Rico, Belize and Panama
(Nunes et al. 2009). The connection of Bermuda M. caver-
nosa populations with those in the USA and Caribbean was
corroborated by Goodbody-Gringley et al. (2011) for popu-
lations in the Flower Garden Banks, Jamaica, Panama and
Barbados using mtDNA cox!-trnM. However, based on ITS
and a B-tubulin region, the same study revealed F_ values
that indicated Bermuda populations were differentiated
from Barbados and Jamaica respectively (Goodbody-
Gringley et al. 2011).

Bermuda’s shallow-water coral species are mostly brood-
ing species. Studies of F. fragum and M. auretenra, showed
that these species were genetically structured from USA
and Caribbean conspecifics (Locke 2009; Goodbody-
Gringley et al. 2010). More specifically, analyses of
Bermudian F. fragum using nuclear regions ITS and S-tubu-
lin, determined that gene flow was restricted between
Bermuda and Jamaica, Panama and Barbados (Goodbody-
Gringley et al. 2010). Likewise, analyses of a region of the
nuclear gene encoding SRP54 in M. auretenra populations
determined that Bermuda corals were genetically structured
from populations in the Florida Keys and Puerto Rico
(Locke 2009).

Bermuda’s connections at an evolutionary scale are inves-
tigated by Locke (2009). Shared ancestral haplotypes among
the Bermuda, Puerto Rico and Florida Keys populations
indicate that these regions might have shared an historic con-
nection, but a distinctly Bermudian clade reveals that this
connection may not be as prevalent as it was in
the past. A recent division of Bermuda and Puerto Rico
populations was proposed based on distinct haplotypes and
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phylogenetic clades for these regions. Shared phylogenetic
clades for some Bermuda and Florida haplotypes demon-
strate that the isolation of Bermuda’s genetically differen-
tiated populations may be broken in rare events.

The current theories of Bermuda coral connectivity, based
on limited study only, indicate there is free exchange of
genetic information among the reefs in Bermuda (Shearer
2004; Locke 2009; Goodbody-Gringley et al. 2010, 2011)
(but see Shearer 2004 and Goodbody-Gringley et al. 2011
for exceptions). Brooding species appear to be self seeding
with gene flow from other regions restricted to rare events, if
at all, whereas, broadcast spawning coral species connectiv-
ity is at best contradictory with inferred connections between
some but not all sampled Caribbean and USA populations.
Opposing results for the same species and sampled locations
provide an indication that these ambiguous outcomes may be
related to marker resolution.

Octocorallia

Studies of deep-water diversity are deficient and existing
reports rely heavily on anecdotal records and haphazard, acci-
dentally-collected specimens (Cairns et al. 1986; Bilewitch
2008). A number of shallow-water studies exist (e.g. Chester
1913; Grode et al. 1983), but a wide-ranging field survey of
octocoral diversity and abundance has only recently been
attempted (L.P. Holland, unpubl. data), and thus any cumula-
tive list of species may only represent the most obvious, non-
cryptic representatives and a handful of circumstantial and
anecdotal samples from the deep-seas.

We still know little of the vertical, bathymetric limits of
any given species, and most zooxanthellate octocoral speci-
mens have been obtained from less than 20 m depth, although
anecdotal records indicate that certain species (e.g. Plexaurella
nutans and Antillogorgia acerosa) may also be found at
depths exceeding 50 m on the Challenger and Plantagenet
seamounts. Study of the mesophotic zone will undoubtedly
provide insights on environmental controls on octocoral dis-
tributions and phenotypic variation (e.g., Fricke and Meischner
1985; Venn et al. 2009) and overall species diversity may be
high (Bridge et al. 2011). Most studies to date have been on
either shallow-water or deep-water zones, and not this transi-
tion region.

With one exception, all shallow-water Bermudian octo-
corals are contained within the suborder Holaxonia Studer
1887, most being in the family Plexauridae Gray 1859
(Locke et al. 2013). Of the 24 shallow-water species, 18 are
plexaurids, while five are Gorgoniidae. Briareum asbesti-
num represents the only known member of the Scleraxonia
in Bermuda; the encrusting species Erythropodium carib-
aeorum, which is common in the Caribbean, is notably
absent.

J.M. Locke et al.

Most deep-sea species have been observed only once in
Bermuda so that the lack of corroborating evidence for a
species’ presence and distribution from a number of
records presents a serious impediment to the characteriza-
tion of Bermuda’s deep-sea octocoral community. Below
30 m depth we do not know whether sole specimens or
observations represent one of a few or one of many such
colonies in the deep-seas surrounding Bermuda, but new
records of primnoids, isidids and paramuriceids, based
largely on haphazard and accidental collections, suggest
that many more octocorals await discovery (Locke et al.
2013).

Genetic Variation and Population Connectivity

The intraspecific genetic diversity of octocorals in Bermuda
has been studied only twice (Bilewitch 2006; Bilewitch et al.
2010) and only one of these studies examined population-
level differences in some depth. Bilewitch (2006) examined
species-level (and above) octocoral molecular systematics
but also provided indirect evidence of intraspecific genetic
variation in the four shallow-water species Plexaura flexuosa,
Pseudoplexaura porosa, Gorgonia ventalina and Briareum
asbestinum. Of these, all except P. flexuosa contained some
genotypes that were unique to Bermuda (Bilewitch 2006).
Bilewitch et al. (2010) further examined the population vari-
ation of B. asbestinum and found both unique and shared
genotypes in the Bermudian population. The star-like genetic
diversification of B. asbestinum, where the wide-ranging
genotypes are central to the region-specific genotypes is con-
sistent with a pattern of Caribbean ancestry with subsequent
limited allopatric diversification in Bermuda. The Bermudian
population thus appears to be semi-isolated to the extent that
allows some endemic genotypes to develop, but either the
age of the population is too young or the influx of genotypes
from the Caribbean is too frequent to have resulted in enough
genetic drift to lead to speciation (Bilewitch et al. 2010).
Although B. asbestinum may have been introduced into
Bermuda through anthropogenic means, the population
likely exceeds a century in age and remains genetically and
morphologically similar to conspecifics in the Caribbean.

Zooxanthellae

Many reef-associated marine invertebrates including hard
and soft corals, hydrozoans, sponges, and molluscs, have
symbiotic associations with Symbiodinium; a diverse
dinoflagellate assemblage comprising nine distinct lineages,
or ‘clades’ (Clade A to Clade I). As these clades vary in phys-
iological response to fluctuating environmental parameters,
assessing diversity of Symbiodinium can be used as a proxy
for predicting coral resilience to detrimental events such as
bleaching and climate change.
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In Bermuda, early research suggested that local symbiont
diversity was low. Boschma (1925) concluded that symbionts
within the corals Isophyllia dipsacea (=Isophyllia sinuosa)
and Siderastraea radians, the zoanthid Zoanthus sociatus and
the anemone Condylactis passiflora (=Condylactis gigantea)
were probably the same species, an assertion based upon
morphological uniformity. However, following the develop-
ment of DNA-based methods such as PCR-RFLP in the
1990s, it was demonstrated that Symbiodinium was, in fact,
extremely diverse (Rowan and Powers 1991), and one host
could harbour mixed molecular variants. Generally, in
Metazoa, clades A, B and C predominate on Caribbean reefs,
whereas C and D are more prevalent in Pacific reefs (Baker
2003), and some clades are associated predominantly with
certain host taxa (e.g., F, H and I in soritid foraminifera,
Pochon and Gates 2010).

Using PCR-RFLP, the diversity of zooxanthellae has been
examined in anthozoan hosts in Bermuda over a depth gradi-
ent (Billinghurst et al. 1997), at latitudinal limits (Savage
et al. 2002), in Bermudian and Caribbean conspecifics (e.g.,
Holland 2006), and at varying temporal and spatial scales
(Loram et al. 2007a, b; Venn et al. 2008). Additional data
from Bermudian hosts stems from a few samples included in
larger studies of Symbiodinium diversity in the Greater
Caribbean. At cladal level, the diversity of symbionts in
Bermuda is similar to the Caribbean, with most zooxanthel-
lae belonging to clades A, B and C. Clade D has not yet been
found in Bermuda. Most symbiont assemblages examined in
Bermudian Anthozoa are characterised by the occurrence of
a single clade, although mixed infections are also character-
istic of symbioses in certain host taxa; presence of mixed
infections may vary spatially or temporally (e.g., Loram
et al. 2007b; Venn et al. 2008), and may differ between
Bermuda and the Caribbean (e.g., Savage et al. 2002). For
example, between conspecifics, a reduced diversity is
observed in Bermuda corals; Diploria labyrithiformis con-
tains B in Bermuda, not B and C as in the Caribbean,
Montastraea franksi harbours A and B, as opposed to A, B,
C and E, and Porites astreoides contains A, and not A and C
(Savage et al. 2002). Several octocoral species exhibit a simi-
lar pattern; Plexaurella dichotoma and Briareum asbestinum
contain clade B or C in the Caribbean (Goulet and Coffroth
2004), yet only clade B in Bermuda (Holland 2006, unpub-
lished data).

In all octocorals sampled in Bermuda, only clade B has
been found (Holland 2006; Goulet et al. 2008), with the
exception of one report of clade A in the sea fan Gorgonia
ventalina (n=1, LaJeunesse 2001).

The anemone Condylactis gigantea harbours Clades A
and B Symbiodinium. In offshore sites, where water is cooler
and less variable, it may harbour Clade B alone, while at more
thermally variable inshore sites it contains either solely Clade
A, or mixed Clades A and B. As water temperatures rise and
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fall with seasonal changes, C. gigantea with mixed infections
can alter the proportions of Clade A and B symbionts, with
populations of Clade A increasing with increasing water
temperature, and Clade B increasing with declining tempera-
ture (Loram et al. 2007b; Venn et al. 2008). These variations
have physiological correlates in that more photosynthate is
incorporated into the host’s lipid and amino acid pools when
their symbiont population is dominated by the thermally-
tolerant Clade A algae, than when dominated by thermally-
sensitive Clade B algae (Loram et al. 2007b).

ITS-Level Symbiodinium Diversity in Bermuda

At present, symbiont diversity is not adequately represented
by the denotation as clades A, B, C, etc. in phylogenies based
on small or large subunits of IDNA genes. There is substan-
tial intra-cladal variation revealed by sequence variation of
spacer (ITS) regions that evolve significantly faster than
rDNA sub-units. Therefore, the past decade has seen an
increase in the use of rDNA spacer regions (i.e., ITS1 or
ITS2) to delineate symbiont genotypes and to assess the cor-
relation of resultant haplotypes (typically described as
‘types’, e.g., type B1 sensu LaJeunesse 2001) to ecological
characteristics.

Although ITS markers have revealed finer divergence
within each clade, caution must be exercised when using
them. Ribosomal DNA (including both spacer regions) is
multicopy, therefore several variants may co-exist within an
individual Symbiodinium cell (see Stat and Gates 2011).
Selective use of one ITS spacer may present a flawed strategy
resulting in underrepresentation of isolated haplotypes (see
Holland 2006). Nevertheless, the ITS region (ITS1-5.8s-
ITS2) has been sequenced to identify symbionts in various
anthozoan hosts in Bermuda (LaJeunesse 2001; Savage et al.
2002; Holland 2006). A proliferation of subsequent research
focusing solely on ITS2 haplotypes has made it difficult
to directly compare known Bermuda symbiont types to
those found within the Caribbean, primarily due to incompa-
rable datasets (see Holland 2006), although where possible
the corresponding symbiont ‘types’ identified are listed in
Table 12.2.

There is little evidence for endemism in Bermuda. There
are several generalist symbiont types, exemplified by the
prevalence of redundant haplotypes obtained from taxonom-
ically and geographically disparate hosts and a lack of
Bermuda-specific symbiont clusters in phylogenetic analy-
ses (Holland 2006). Based solely upon ITS2 data, it appears
that type B1 (sensu LaJeunesse 2001) may be the predomi-
nant symbiont in octocorals in Bermuda (Goulet et al. 2008);
this warrants further investigation.

Microsatellite markers have recently been employed to
assess symbiont diversity within the sea fan Gorgonia ven-
talina across the Greater Caribbean (Andras et al. 2011).
Haplotypic diversity within the Symbiodinium B1/B184



160

J.M. Locke et al.

Table 12.2 List of all host species with characterized Symbiodinium in Bermuda. Type/Strain: Letters refer to cladal designation, whereas
alphanumeric identities refer to ITS genotype designation (where available e.g., B2.1). ‘“+’=mixed infections, e.g., A+B. N: number of host
colonies sampled. Methods: LSU =large sub unit rDNA sequence data, ssuRFLP=small sub unit restriction fragment length polymorphism,
ITS1-ITS2=entire ITS array rDNA sequence data including 5.8S region. Numbers in superscript refer to relevant reference and those in paren-
theses refer to number of individual colonies with the preceding Symbiodinium genotype (where available)

Host species

Order Alcyonacea

Family Plexauridae
Plexaura homomalla
Plexaura flexuosa
Pseudoplexaura porosa
Pseudoplexaura flagellosa
Eunicea sp.

Eunicea tourneforti
Plexaurella dichotoma
Muricea laxa

Family Gorgoniidae
Antillogorgia americana
Gorgonia ventalina

Family Briareidae
Briareum asbestinum

Order Scleractinia

Family Astrocoeniidae
Stephanocoenia intersepta

Family Oculinidae
Oculina diffusa

Family Faviidae
Favia fragum
Diploria labyrinthiformis
Diploria strigosa
Montastraea cavernosa
Montastraea franksi

Family Mussidae
Isophyllia sinuosa
Scolymia sp.

Family Siderastreidae
Siderastrea radians

Family Poritidae
Porites astreoides
Porites porites

Family Pocilloporidae
Madracis auretenra®
Madracis decactis

Family Agariciidae
Agaricia sp.

Family Meandrinidae
Dichocoenia stokesi
Meandrina meandrites

Order Actinaria

Family Aiptasiidae
Aiptasia pallida
Aiptasia tagetes
Bartholomea annulata

Type/Strain

T WwW W W ww
o

B

B & B1',B1/B184 & A**,A2°
B
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B2.15, B®
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B
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C

B (44),A (2)

B
C

=

A

A

B¢, B', B7!
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C
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A

11511641°
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46

2
2

12
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4
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18
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1 %n/a®

32

25
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ITS1-ITS2
LSU

Reference

o
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(continued)
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Table 12.2 (continued)

Host species Type/Strain
Family Actiniidae -
Condylactis gigantea A (8),B(7),A+B (2)° A, B,
A+B°
Family Aliciidae -
Lebrunia danae C
Order Rhizostomeae -
Family Cassiopeidae -
Cassiopeia xamachana A, Al
Order Coronatae -
Family Linuchidae -
Linuche unguiculata A4

N Method Reference

17¢,179° LSU¢, gPCR based on LSU & AFLP® 6,9

LSU, ITS1-ITS2 6

12 LSU, ITS1-ITS2 6
ITS1-ITS2

“This species was referred to as Madracis mirabilis in Holland (2006) and Savage et al. (2002) (See Locke et al. 2007)
References: 'Holland (2006), *Goulet et al. (2008), *Goulet and Coffroth (2004), *Andras et al. (2011), *LaJeunesse (2001), *Savage et al. (2002),

"Billinghurst et al. (1997), #Venn et al. (2009), *Venn et al. (2008)

lineage is extremely high in symbionts in G. ventalina which
again highlights the concept that Symbiodinium diversity and
functionality are best explained by use of faster evolving and
more informative markers.

Overall, most clades found in the Caribbean are also
found in Bermuda, but mixed assemblages occur less fre-
quently in Bermuda. At present, there is no evidence of a
single lineage of symbionts evolving in Bermuda. Apparently
holobionts that colonized Bermuda are taxonomically indis-
tinguishable from their (likely) source pool to the south. This
is in contrast to the data for the hosts themselves, which have
unique Bermudian haplotypes for more than one genetic
marker.

Fish

The ichthyofauna of Bermuda is less diverse, at both the spe-
cies and genus level, than at other locations in the Tropical
Northwestern Atlantic (Smith-Vaniz et al. 1999). Most fishes
have a western Atlantic distribution, including 62% of the
nearshore fishes, but amphi-Atlantic and more widely dis-
tributed species are also common (Smith-Vaniz et al. 1999,
reprinted here as Table 12.3).

Regional Faunal Similarities

A coefficient of faunal similarity (CFS) following the
Sorensen index (Magurran 1988) was calculated by Smith-
Vaniz et al. (1999) to compare Bermuda’s ichthyofauna to
other localities with closely related faunas. Included in the
comparison were the Carolinian Bight, which approxi-
mates the area of the US east coast included in the Warm
Temperate Northwest Atlantic (WTNA) province which
represents the northerly extent of many tropical fish spe-
cies in the western Atlantic; the Florida Keys and the

Bahamas. Smith et al. (2002), in their analyses of the fish
fauna of the Tropical Western Central Atlantic, determined
that the southern coastal area of Florida harboured the
most species (442-552 fish species) per cell of 0.5° lat by
0.5° long, making it a potential source for most Bermudian
fish species.

The 58 families of fishes used by Smith-Vaniz et al.
(1999) for estimating CFS were represented in Bermuda by
283 species, in the Carolinian Bight by 598, in the Florida
Keys by 566 and in the Bahamas by 523 species. The CFS
was 0.54 between Bermuda and the Carolinian Bight (238
shared species), 0.58 between Bermuda and the Florida
Keys (245 shared species), and 0.63 between Bermuda and
the Bahamas (253 shared species) (Smith-Vaniz et al. 1999).
Bermuda is about equally similar to all these sites, although
appearing slightly more similar to the Bahamas but only
because the Bahamas had the fewest total species. The ich-
thyofauna of Bermuda is dominated by eurythermic tropical
species that are distributed in the Caribbean and along the
southeastern coast of the United States and shared among all
the locations considered.

Many Caribbean species are strongly associated with con-
tinental shelves and are generally absent from island plat-
forms isolated by deep water (Smith et al. 2002). Smith-Vaniz
et al. (1999) remark on a few notable occurrences of some
such species in Bermuda, including Orthopristis chyrsoptera
(pigfish), Pareques umbrosus (cubbyu), Holacanthus ber-
mudensis (blue angelfish), Gymnothorax saxicola (honey-
comb moray) and Mycteroperca microlepis (gag).

Reef Fish Diversity

Smith-Vaniz et al. (1999) report 430 described plus two
presumptive species of fishes native to Bermuda, with 362 spe-
cies from 79 families being significantly associated with coral
reefs and adjacent platform habitats, to depths of 200 m. Of
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Table 12.3 Biogeographic analysis of the native ichthyofauna of Bermuda based on adult occurrences. (Updated from Table 7 in
Smith-Vaniz et al. 1999, reproduced with the kind permission of the American Society of Ichthyologists and Herpetologists)

Distribution No. of species

Western Atlantic only 232 53.6
Amphi-Atlantic 77 17.8
Cosmopolitan 67 15.5
Atlantic and Indo-Pacific 24 55
Western and Central Atlantic 18 4.2
Atlantic and Eastern Pacific 4 0.9
Bermuda endemic 9+2 2.5
Total 433 -
Oceanic species 67 15.5
Nearshore species 366 84.5
Established nearshore species 341 78.7

these, 25 species are considered waifs or vagrants (Smith-Vaniz
etal. 1999), leaving 337 species from 72 families as established
components of the local nearshore ichthyofauna (Smith-Vaniz
et al. 1999). Important amendments to this list include the
recently described endemic halfbeak, Hyporhamphus collettei
Banford 2010, formerly considered Hyporhamphus unifascia-
tus, and a new record of the spotted spoon-nose eel, Echiophis
intertinctus (Richardson, 1848) (Smith 2010).

An additional 13 species of fishes are known locally only
from juveniles (Smith-Vaniz et al. 1999). These are consid-
ered waifs and they do not appear to survive to maturity,
either because adult habitat or dietary requirements are not
met or because the numbers of larvae or juveniles never reach
the critical mass required for a population to develop. During
the twentieth century, there were a number of attempts to
introduce fishery species from the Caribbean (Smith-Vaniz
et al. 1999), however it appears that none of these species
became established.

The Pacific lionfish, Pterois volitans has been present
in Bermuda since 2000 (Whitfield et al. 2002). This brings
the number of fish species known from shallow marine
habitats to 339, and the total number described from
Bermuda to 432. This introduced invasive is excluded
from any calculations of endemism rates and biogego-
graphic indices, as is the introduced freshwater species
Gambusia holbrooki.

Families of fishes with no or poor representation in
Bermuda, but which are found in potential source locations
along the US east coast and in the Caribbean, are often
small-bodied (Blennioidei, Engraulidae, Opisthognathidae)
or odd-shaped, poor swimmers (Achiridae, Pleuronectidae,
Batrachoididae, Uranoscopidae, Ogcocephalidae, Tetraodon-
tiformes) (Fig. 12.3). However, filefishes (Monacanthidae)
and triggerfishes (Balistidae), which fall into the latter cate-
gory, are well represented.

of total species

No. of established
nearshore species

of total established
nearshore species

210 61.6
56 16.4
26 7.6
19 5.6
16 4.7

3 0.9

9+2 32

341 -

Hermaphroditism could be considered an advantage for
establishing and maintaining a population derived from small
and rare initial recruitments. Families such as the protogy-
nous Scaridae, Labridae and, to some degree, the Serranidae
are well represented in Bermuda.

Endemics and Endemism

There are nine fish species endemic to Bermuda (Table 12.4)
(Smith-Vaniz et al. 1999; Smith 2010; Banford 2010). A
number are small to medium-sized and a study of larval dis-
tributions (Glasspool 1994) found larvae of these families
only within the lagoon, indicating strong retention of larvae
in these taxa, and also no evidence of regular off platform/
long distance recruits. Larval retention may be significant
to local speciation within these families.

An endemism rate of 2.7% for Bermuda is at the low end of
the 3-25% endemism seen for shallow-water fish faunas of
other isolated oceanic islands in the Atlantic and Eastern
Pacific (Smith-Vaniz et al. 1999; Robertson 2001). When only
reef fishes are included, rates of endemism for these types of
locations range from 1 to 13% (Floeter et al. 2008), suggesting
that reef-dwelling fishes have high connectivity among sites
even though their habitat is discontinuous. These low levels of
endemism are consistent with suggestions that shallow water
marine communities were largely extirpated during Pleistocene
glacial maxima (Floeter et al. 2008). Subsequent allopatric
speciation would require both a change in the recruitment
patterns that allowed the initial recolonization and very
rapid speciation. Although time is clearly an important factor,
it remains likely that dispersal is significant to the lack of
endemism seen in the reef ichthyofauna of Bermuda.

Other Notable Fish Taxa in Bermuda
A number of diversification events exist. Bermuda is one of
three locations where intergeneric hybrids of the coney,
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Fig. 12.3 Comparison of total number of species in selected families present in Bermuda, Bahamas, Carolinian Bight and the Florida Keys.

(Figure 86 from Smith-Vaniz et al. 1999, reproduced with the kind permission of the American Society of Ichthyologists and Herpetologists)
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Table 12.4 Described fish species endemic to Bermuda including key characteristics and museum catalogue numbers for collections held within
the Bermuda Natural History Museum (BAMZ) and the Smithsonian National Museum of Natural History (USNM)

Species
Family Fundulidae -
Fundulus bermudae Giinther, 1874

Fundulus relictus Able and Felley, 1988
Family Hemiramphidae -

Hemiramphus bermudensis Collette, 1962

Hyporhamphus collettei Banford, 2010
Family Engraulidae -

Anchoa choerostoma (Goode, 1874)
Family Sparidae

Diplodus bermudensis Caldwell, 1965
Family Gobiidae

Lythrypnus mowbrayi Bean, 1906
Family Malacanthidae

Caulolatilus bermudensis Dooley, 1981
Family Serranidae

Parasphyraenops atrimanus Bean, 1912

Cephalopholis fulva, and the barber or creole-fish, Paranthias

furcifer, have been reported (Bostrom et al. 2002). Hybrid
specimens from Bermuda were first described by Poey (1860,
1875) as two species of a new serranid genus but later meris-
tic and morphometric analyses suggested the individuals
were intergeneric hybrids (Smith 1966, in Bostrom et al.
2002). The most recent analysis of 15 new specimens col-
lected from Bermuda reported morphological characters
intermediate between the two parent species and genetic pat-
terns indicating hybridization between a female C. fulva and
amale P. furcifer (Bostrom et al. 2002).

Another hybrid, the Townsend angelfish — a hybrid of
Holacanthus bermudensis and H. ciliaris — is very common
(Smith-Vaniz et al. 1999), and possibly the entire Bermuda
population may be hybrids (Pyle et al. 2010). Small popula-
tions, concurrent restricted spawning seasons, and spatially
limited spawning habitat could play a role in the frequency
of hybridization; however, if the most recent supposition
about the angelfish proves correct, it may be that for this spe-
cies only the hybrid has been able to colonize Bermuda, per-
haps an example of superior performance by a hybrid.

Mitochondrial DNA studies of the slippery dick,
Halichoeres bivittatus, have revealed a ‘subtropical’ geno-
type occurring in Bermuda, Florida and the Gulf of Mexico.
It is found in close proximity to a ‘tropical’ genotype, but
in habitats exposed to cooler water temperatures (Rocha
et al. 2005a). In Bermuda, all H. bivittatus collected inshore
where greater temperature extremes occur, were of the
‘subtropical’ type, whereas half of the specimens collected
on offshore reefs were of the ‘tropical’ type. No significant
morphological differences have been recognized between

Key characteristics

Small; occurs in saltwater ponds, formerly inshore
Small; occurs in saltwater ponds, formerly inshore

Medium size; occurs offshore and inshore
Medium size; occurs inshore

Small; occurs inshore

Medium size; occurs inshore

Small; occurs inshore, lagoon and banks

Moderate size; occurs rim reef

Moderate size, occurs on deep reefs

Catalogue number

BAMZ 1998.170.005
BAMZ 1998.171.009

BAMZ 1998.170.014
USNM 391198 Holotype

_BAMZ 1990.083.012
BAMZ 1995.124.013
BAMZ 1998.171.004
BAMZ 1989.047.005

USNM 74085

the “tropical’ and ‘subtropical’ types. Thus the full, documented,
diversity of this species, from across its geographical range,
is present in Bermuda.

Finally, and uniquely, Bermuda is home to a strikingly
different colour morph of the yellowhead wrasse, Hali-
choeres garnoti (Smith-Vaniz et al. 1999; Rocha 2004)
(Fig. 12.4) which dominates the local population. An ana-
lysis of mtDNA cytochrome b showed variation correlated
with colour differences in other Halichoeres species, but no
similar differences in the Bermuda colour morph of H. garnoti
(Rocha 2004).

Factors Influencing Fish Diversity in Bermuda

The absence of certain groups of reef fishes has been ascribed
to their physiological, biological and ecological characteris-
tics — narrower temperature tolerances, limited dispersal
capabilities (e.g., brooders and sedentary, demersal spawners
with short larval durations, poor swimming capabilities,
absence of rafting behaviours), the absence of symbiotic or
commensal partners (e.g., massive sponges are not available
for sponge-dwelling gobies) (Smith-Vaniz et al. 1999) — and
to lower overall habitat diversity in Bermuda. The absence of
many common Caribbean coral species such as branching
acroporids may limit the diversity of niches (see Smith-Vaniz
et al. 1999). Similarly, the Sparidae, a family of medium-
sized fish that are strong swimmers with moderately long
larval durations and known to exhibit a range of hermaphro-
ditic strategies — all of which are characteristics that would
support their success in Bermuda — are not well represented,
presumably because of the reduced availability of the inshore,
reef-associated, habitat types.
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Fig.12.4 Colour morphs of Halichoeres garnoti. (a) Bermuda colour morph and (b) a typical Caribbean colour morph, photographed in Bermuda

(Photo: TIT Murdoch)

Conversely, the strong representation in Bermuda of some
unexpected taxa, such as poor swimmers, is attributed to
interactions of behavior and the environment. Such taxa
include triggerfishes and filefishes, whose larvae and juve-
niles are well known for their rafting behaviours.

Genetic Variation and Population Connectivity
Among biological factors that control connectivity, pelagic
larval duration (PLD) has an obvious significance, and spe-
cies with longer PLDs are generally widely distributed and
well mixed; isolated locations, such as Bermuda, are more
commonly inhabited by fish species with PLDs longer than
45 days (Brothers and Thresher 1985) while species with
shorter PLDs (<15 days) often have genetically structured
sub-populations (Thresher et al. 1989). Indeed, PLD is often
used as a proxy for dispersal and colonizing capacity.

For families with PLD data (in Victor 1986; Wellington
and Victor 1989; Sponaugle and Cowen 1994; Bergenius
et al. 2002), Bermudian species have similar larval duration
to their Caribbean congenerics, however, species known to

have long larval periods all occur in Bermuda, and Bermuda
lacks a number of shorter PLD species. A classic example is
the Goldspot goby, Gratholepis thompsoni, which has a very
long larval duration (~89 days) (Sponaugle and Cowen 1994).
The Bermuda population of the species, along with St. Croix
and Brazil, falls into a genetically uniform, very widespread,
western Atlantic grouping, established ~115,000-139,000
years ago (Rocha et al. 2005b), indicating consistent gene
flow between western Atlantic populations over geological
time and implying regular larval dispersal to Bermuda.
Earlier studies, in which electromorph variation at several
loci for a variety of fish species was examined among
Bermudian and Caribbean populations (Glasspool 1994),
showed that genetic differentiation generally covaried with
distance between populations but that the relationship to PLD
was more variable. The Caribbean population of the French
grunt, Haemulon flavolineatum, with a PLD of 2 weeks did
not appear to be panmictic. In individuals from Bermuda, a
rare allele was present at one electromorph loci and a common
allele was absent (Glasspool 1994). In contrast, the pomacen-
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trid Abudefduf saxatilis, with a slightly longer PLD of 3 weeks
(as well as demersal eggs), was panmictic. Species of Abudefduf
generally have broad distributions but short PLDs, and there is
evidence for pelagic rafting by pre-juveniles. These remain
planktonic by associating with floating objects such as
Sargassum (Jokiel 1990; Wellington and Victor 1989;
Glasspool 1994; Casazza and Ross 2008). The bluehead
wrasse, Thalassoma bifasciatum, which had the longest PLD
also appeared to be panmictic in Bermuda, Miami and the
Bahamas, but with somewhat more overall genetic separation
than seen in A. saxatilis. Thus behavioral differences are plau-
sible explanations for the different connectivities of these
species.

Levels of genetic differentiation among populations
allowed the calculation of probable migration rates among
populations (Glasspool 1994). These were 4-10 migrants
per generation for H. flavolineatum, 28-250 (mean of 41)
for A. saxatilis and between these two for 7. bifasciatum.
Various studies suggest that even a very low migration rate,
on the order of only one individual per generation, is enough
to prevent speciation (Wright 1951; Slatkin 1985), and rare
individuals dispersing long distances are thought to reduce
the genetic differences between geographically separated
populations (Palumbi 1995; Shanks 2009); thus we see
genetic differences in Bermudian populations, but not dis-
tinct species.

Based on microsatellites, black grouper, Mycteroperca
bonaci, from Bermuda are significantly different from those
in southeastern United States, Gulf of Mexico and the west-
ern Caribbean, while there are no differences among those
locations (Chapman et al. 2002). For this species, synchro-
nized, aggregative spawning, large-size, and a long life span
may be significant traits promoting self-recruitment, and
genetic discontinuities (Swearer et al. 2002).

Even within species, there is little evidence of the direct
significance of PLD to the establishment of successful popu-
lations. Schultz and Cowen (1994) found no indication that
Bermuda populations were recruited from individuals with a
propensity for a longer than average pelagic phase. Rather,
the Bermuda individuals had a significantly shorter pelagic
larval duration (PLD) in two cases, a significantly longer
PLD in two cases, and a typical PLD in the remaining two
cases, when compared to populations in South Florida and
the Caribbean.

Genetic Variation and Population Connectivity
of Other Reef Associated Fauna

Mollusca

The genetic variation and connectivity of Bermuda’s mol-
luscan populations has been investigated only briefly.
Allozyme studies have shown that populations of the queen
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conch, Lobatus gigas, were reproductively isolated from a
comparatively panmictic Caribbean gene pool (Mitton et al.
1989). Likewise, Bermuda’s populations of the direct devel-
oping bivalve Lasaea adansoni sensu latu was determined to
be genetically similar to, but still distinct from, Florida popu-
lations based on sequences of mitochondrial DNA. For both
these taxa, overall genetic diversity was higher in the
Bermudian populations than in those to which Bermuda was
compared (Mitton et al. 1989; Foighil and Jozefowicz 1999;
Park and Foighil 2000). However, studies based on sequences
of COI, 28S and ITS1 of Brachidontes exustus (scorched
mussel), which has been recognized as a species complex,
indicate no significant genetic differentiation among popula-
tions of a Bahamas clade, found in Florida Keys, Bahamas
and Bermuda (Lee and Foighil 2005).

Arthropoda

These studies are limited to the spiny lobster, Panulirus
argus. Studies of allozymes and mitochondrial DNA
(mtDNA) indicate high levels of gene flow between
Bermudian populations and those of Florida and the
Caribbean, as far south as Venezuela (Hatley and Sleeter
1993; Silberman et al. 1994). Laboratory rearing studies
indicate larval durations of 5-7 months (Goldstein et al.
2008) and estimates from earlier studies fit with the higher
end of this range (Silberman et al. 1994; references in Naro-
Maciel et al. 2011). Studies of speciation patterns of Pacific
species of Panulirus (Pollock 1992) suggested that individu-
als might remain planktonic for up to 4 years, settling and
metamorphosing only when appropriate environmental cues
are detected. Thus, for this taxon, with its unusually long
planktonic period, the lack of genetic structure between
Bermudian and Caribbean populations is easy to compre-
hend in the context of general assumptions about pelagic
phase duration and dispersal. Recent studies (Naro-Maciel
etal. 2011) of mitochondrial DNA sequence variation among
spiny lobsters of Florida, the Bahamas, the Caribbean and
Brazil, but excluding Bermuda, which also did not detect
significant levels of genetic structure, did identify two
divergent COI lineages, which overlapped geographically.
The possibility that these lineages might represent cryptic
species was acknowledged (Naro-Maciel et al. 2011).

Echinodermata

Bermuda is home to two genetically (mtDNA [COI]) distinct
lineages of the very widely distributed ophiuroid Ophiactis
savignyi, one of which is very widely distributed and seems
most likely to be present in the Atlantic due to anthropogeni-
cally influenced introduction (Roy and Sponer 2002). The other
lineage has a western Atlantic distribution— it is reported only
from Bermuda, Florida, the Caribbean and Brazil. The Bermuda
individuals of the western Atlantic lineage display one numeri-
cally common, shared, haplotype and one unique Bermudian
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haplotype. Interestingly, one Bermudian individual also dis-
played a unique haplotype in the widespread (Pacific and
Atlantic) lineage. Molecular studies of the echinoid Lytechinus
variegatus (Zigler and Lessios 2004, mtDNA [COI], protein
[bindin], isozyme) indicated there was no significant genetic
structure among populations from Brazil, Florida, other loca-
tions in the Caribbean and Bermuda.

Conservation and Management of Biodiversity
in Bermuda

The success of future efforts in marine resource manage-
ment and conservation in Bermuda depends on valid infor-
mation on the biogeography and population connectivity of
the island’s marine species. At this time, we have data from
a few molecular studies on population structures of even
fewer species that can be applied to conservation and man-
agement. Bermuda’s marine species are shared with the
other ecoregions within and bordering its biogeographical
province, allowing theories of population connectivity to be
applied to management efforts. However, uncertainty about
life histories, dispersal capabilities and behaviours, basic
population statistics and ecology, of many marine species
preclude formulation of an effective and responsive coral
reef management plan.

Gene Flow

Studies agree that within Bermuda marine populations are
panmictic and self-seeding. Due to the major currents, gene
flow is one-way — into Bermuda only. On an ecological time
scale, Bermudian populations of certain octocorallian and
scleractinian species, molluscs and reef fish appear to be
somewhat isolated from neighbouring USA and Caribbean
conspecifics. Other studies of species of scleractinian, crus-
tacean, bivalves, and echinoderms and of reef fishes con-
cluded that Bermuda populations were panmictic with
populations in the USA and Caribbean. Even rare dispersal
into Bermuda for some of these species is likely sufficient to
maintain genetic similarities. For certain species, the strength
of connections with neighboring reef ecosystems appear to
be related to reproductive mode, pelagic larval duration or
specific reproductive behaviours (i.e., brooding with no
pelagic larval stage but with rafting). However, reproductive
pattern or history in itself is not a reliable predictor of genetic
connectivity (Weersing and Toonen 2009) and any correla-
tions may be purely coincidental.

Given the limitations of current species-level information, a
best practice from the conservation point of view would be to
assume characteristics for each species that would dictate
the most conservative management measures and to adjust
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conservation plans on a species by species basis, as information
is acquired. However, an argument has recently been presented
that overly protected habitats lose their abilities to adjust to nor-
mal and natural events and become increasingly susceptible to
these natural perturbations (C6té and Darling 2010).

Endemics, by their nature, have to be managed on a local
scale, but even if carefully protected locally they may still be
subject to events that are widespread and not species specific,
for example diseases.

Population Maintenance

Studies of the scleractinian, M. auretenra, and the octocoral,
B. asbestinum, suggest genetic divergence in the largely self-
seeding Bermudian populations could be constrained by the
periodic breakdown of allopatric boundaries (Locke 2009;
Bilewitch et al. 2010). These species brood larvae until they
are competent to settle, then release planulae that in B. asbesti-
num are known to have low-dispersal potential and typically
settle in a philopatric pattern (Brazeau and Lasker 1990). It
would seem nearly impossible for these species even to ini-
tially colonize Bermuda from the nearest populations in the
Bahamas — over 1,300 km away. However, recent evidence of
rafting in a brooding coral (Hoeksema et al. 2012) indicates
there is true potential for regular, although probably infre-
quent, genetic exchange even among what would generally be
considered poor dispersers. The transport of Sargassum spp.
from the Gulf of Mexico to the Sargasso Sea (Gower and King
2011) provides a mobile habitat that could bridge the larval
and demersal stages of a wide range of fish species (Jokiel
1990; Coston-Clements et al. 1991; Casazza and Ross 2008).
An ecological connection between the Caribbean and
Bermuda, as inferred from certain population genetic stud-
ies, is directly apparent in the presence in Bermuda of recent
episodic diseases shortly after they appeared in the Caribbean
(e.g., diseases affecting sponges, Diadema, and corals). The
recent colonization of Bermuda by the invasive Pacific
lionfish (Whitfield et al. 2002) also seems incontrovertible
evidence of immigration/recruitment on an ecological time
scale. Establishment of the lionfish in Bermuda was only a
few years after their invasion of the east coast of the United
States (Whitfield et al. 2002; Ahrenholz and Morris 2010).
In some regards, being well-connected may not be
beneficial. Thus, it is necessary to have strategies that protect
local individuals and to collaborate to manage distant popu-
lations whose health can impact Bermudian populations.

Resilience

The high levels of genetic variability are suggestive of genetic
resilience, and Bermuda’s populations may possess an
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increased probability of survival during environmental or
biological changes. For example the widespread and severe
bleaching event of 2005, which drastically impacted the
Caribbean reefs of Puerto Rico and Florida, had minimal
impact in Bermuda (Wilkinson and Souter 2008, J.M. Locke,
pers. obs.). Similarly, Bermudian individuals of Diploria
labyrinthiformis are resistant to black band disease (Jones
et al. 2012). Haplotypes unique to Bermudian coral and mol-
luscan populations may be evidence of local adaptation or
they could be relicts that have been lost in other regions.
The unique biological diversity of Bermuda is important
to conservation strategies for the entire TNA. However, until

Special Concerns for Local Management
Fishery Species

Even for Bermudian marine species with high genetic
connectivities, investigation into the relative importance
of locally produced larvae versus immigrant recruits is
warranted, particularly for species that are exploited by
commercial and recreational fisheries.

Briareum asbestinum - an invader or a Native

If the Bermudian population represents a natural, rare,
recruitment event from Caribbean source populations,
then the endemic genetic diversity of the population,
as documented by Bilewitch et al. (2010), warrants
protection. Although currently not under threat, its
restricted distribution and small population size in the
northeastern islands of Bermuda would make it highly
susceptible to loss of significant genetic diversity. On the
other hand, the species may have been introduced some-
time in the nineteenth century. The centre of B. asbestinum
distribution in Bermuda lies along St. George’s Channel,
between Smith’s and Paget Islands. This channel was the
primary northeastern shipping route into St. George’s
Harbour throughout the nineteenth century until the open-
ing of the ‘town cut’ channel to the north in 1917 (Stranack
1990). If the B. asbestinum population does represent a
centuries-old introduction, its conservation as a naturally
occurring species would obviously be unwarranted.
However, the population’s apparent inability to expand
beyond its current distribution over at least the past decade
(J.P. Bilewitch, pers. obs.), and probably more than three
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more information and Caribbean-wide integrated management
is in place, conservative, local management measures are an
imperative. Currently protection is afforded to some reef
species through the dedication of marine reserves and marine
protected areas/mo take zones, and seasonally protected
areas. All corals are individually protected from the general
public but habitat destruction is not as easily governed.
Current legislation for these protections include the Fisheries
Act 1972, (Protected Species) Order, 1978, the Fisheries
(Protected Areas) Order, 1990 and 2005, the Coral Reef
Preserves Act, 1966, and the Protected Species Act 2003
(www.bermudalaws.bm).

decades (see Cairns et al. 1986) indicate it is not highly
invasive and, combined with its historical interest, it
merits maintenance.

Reef Fish

Ithas been suggested that the black grouper, Mycteroperca
bonaci, is predominantly self-recruiting, although the
population is not genetically distinct from Caribbean
populations. Thus, current management measures are
conservative, based on size, distribution and behavior
of the Bermuda populations (Pitt and Shailer 2010).
Likewise, management measures for the two endemic
species of Hemiramphidae, which are used as bait, may
be warranted.

Symbiodinium

In Bermuda, symbiont clades are identical to those
found in the Caribbean and not to those of the eastern
Atlantic (Savage et al. 2002), with little divergence of
haplotypes or endemic Symbiodinium types (Holland
2006). Furthermore, population-level markers suggest
that shared alleles and clustering between Bermuda and
Florida Symbiodinium in the octocoral Gorgonia ven-
talina are the result of connectivity between the two
(Andras et al. 2011). It remains impossible to determine
the extent and frequency of dispersal of Symbiodinium
to Bermuda, and if this occurs via host larvae or during
free-living phases. Given that up to 85% of cnidarian spe-
cies acquire symbionts exogenously from the surround-
ing environment (Schwarz et al. 2002), it is likely that a

(continued)
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(continued)
local reservoir, coupled with host specificity, maintains
the diversity of available Symbiodinium in Bermuda.
Diversity of cnidarian-algal symbioses is probably
determined by local availability of the alga in addition to
host-specificity. Physiological attributes of each clade
are an important consideration in connection with chang-
ing temperature and light regimes, although how the
Symbiodinium complement in Bermuda will protect or
endanger corals in climate change scenarios remains
unclear. The lack of clade D and the predominance of
clade B could render Bermudian reefs vulnerable in a
high temperature bleaching event (Savage 2001). Clade
B symbionts have high regional abundance in the
Caribbean (Santos et al. 2003) and are prevalent at higher
latitudes, suggesting that they are generalists adapted to
low irradiance and cooler seas (Holland 2006). In con-
trast, as they are restricted to shallower depths of the
range of some hosts, clade B zooxanthellae have also
been described as ‘sun-specialists’ (e.g., Montastrea spp.,
Rowan 1998) and ‘narrowly-adapted specialists’ (Toller
et al. 2001). There is some suggestion that the colder
temperature range in Bermuda may have resulted in coral
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