LONG-TERM CHANGES IN MANGROVE FORESTS AND CAYS FOLLOWING

HURRICANES AT TURNEFFE ISLANDS, BELIZE

by

Faustino Chi

M.Sc. (Aquatic Tropical Ecology)
The University of Bremen, 2003

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF

THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY
in
THE FACULTY OF GRADUATE STUDIES

(Forestry)

THE UNIVERSITY OF BRITISH COLUMBIA

(Vancouver)

June 2012

© Faustino Chi, 2012



Abstract

Fringing cays develop on the back-reef sediment apron in exposed reef environments. Long-
term datasets that document disturbance and long-term recovery are rare. In this study,
patterns of disturbance and recovery of the fringing cays on Turneffe Islands, Belize were
examined focusing on the interaction between cay geomorphology and vegetation, and the
role of mangroves. Historic aerial photos and field observations taken before and after
catastrophic Hurricane Hattie in 1961 were combined with contemporary imagery and

permanent and temporary plot data.

Some cays were devegetated during Hurricane Hattie and subsequently revegetated.
However, there was a 26% loss of vegetated cays between 1945 and 2008. Devegetated cays
have revegetated in the same general location, but have shifted an average of 18 m away
from the reef toward the west-northwest. Cay vegetation has changed from dominance of
Cocos nucifera L. before Hurricane Hattie to mangrove forest dominated by Rhizophora

mangle L. However, much of the vegetated area in 2008 was inundated by tides.

Remeasurements of permanent sample plots indicated that there was significant increase in
mangrove biomass on two of the three sampled cays between 2002 and 2008. Leaf litter was

the dominant fraction in the litter fall with a mean residence time of 2.5 months.

Factors that played an important role on the distribution of vegetation on the fringing cays

included: exposure to wave energy, tidal inundation, substrate elevation and distance to the



reef. | identified three distinct geomorphic-habitat zones on the fringing cays: sheltered

leeward, ridge, and exposed reefward, each had distinctive substrates and plant communities.

Rhizophora mangle dominated the leeward zone and has a competitor-stress tolerator plant
strategy. It was also the most abundant species in the reefward zone, but typically did not

reach large sizes.

In the absence of permanent human settlements, the vegetation on fringing cays has the
capacity to recolonize in the same general location following a hurricane. Once vegetation
was established on or adjacent to reforming fringing cays, these plants promoted further
sediment accumulation and stabilization, indicating a self-reinforcing system. Given the
exposure of these cays to recurrent hurricane damage, development of these cays seems

unwise.
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Glossary of Terms

1. Back-reef - area behind, or to the landward of a reef. This zone usually includes a
lagoon between the reef and the land (Allaby and Allaby 1999).

2. Cay areas:

a. Vegetated area - area of vegetation which has colonized above and below the
spring high tide, excluding bare substrate above the spring high tide.

b. Vegetated and bare substrate - area of vegetation which has colonized
above and below the spring high tide including those areas without vegetation
(bare substrate) which are also above the spring high tide.

c. Vegetation and substrate above spring high tide - area of vegetation and
bare substrate which are above the spring high tide only.

3. Cay vegetated centroid - a centroid calculated from the polygon of the cay vegetated
area.

4. Cay vegetated polygon - a digitized polygon created around the periphery of the cay
vegetated area.

5. Fore reef - the portion of a reef seaward of reef crest. A synonym of reef slope
(NOAA CoRIS 2009).

6. Fringing cay - a cay that forms on the sediment apron of the back-reef on Turneffe.
This type of cay is predominantly found on the eastern side of Turneffe and in close
proximity to the coral reefs that surrounds the atoll.

7. Lagoon - a lagoon that forms in the back-reef area. For the eastern side of Turneffe

the lagoon is between the large islands and the fringing cays.
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10.

11.

12.

13.

14.

15.

16.

Large islands - islands located on the leeward side of the fringing cays (e.g., Black
Bird Cay which is on the leeward of Soldier Cay).

Leeward zone - zone found on the fringing cays to the lee of the ridge zone.
Littoral forest - a widely adopted forest type in Belize to mean coastal forest without
cocal and mangrove (Wood et al. 1988).

Motu cays - sand cays with shingle ridges.

Rampart (of coral rubble) - a narrow ridge built by waves along the seaward edge
of a reef flat. It consists of boulders, shingle, gravel or reef rubble (NOAA CoRIS
2009).

Reef crest - the sharp break in slope at seaward margin or edge of reef flat (NOAA
CoRIS 2009).

Reefward zone - zone found on the fringing cays between the reef crest and the
ocean facing edge of the ridge zone.

Ridge zone - zone which develops on the fringing cays at a certain distance away
from the reef crest and is above the spring high tide.

Spur and groove - a system of shallow ridges (spurs) separated by deep channels
(grooves) oriented perpendicular to the reef crest and extending down the upper

seaward slope (NOAA CoRIS 2009).
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Chapter 1: Introduction

Mangrove forests, seagrass beds and coral reefs are ecologically rich and are economically
important throughout the tropics, but their connectivity is poorly understood (Pittman and
McAlpine 2003). Each of these ecosystems can thrive in isolation (Parrish 1989). Where they
occur together, such as at Turneffe Islands in Belize, considerable interactions occur (e.g.,

Sheaves 2005; Valentine et al. 2008; Mumby and Hastings 2008).

Because of their offshore locations, atoll ecosystems are exposed to and reflect the effects of
gradients of wave and wind energy, including periodic tropical storms and hurricanes (Diaz
et al. 1996). Periodic hurricanes are part of the natural disturbance regime in Belize’s coastal
landscapes. Due to their geographic location, offshore cays (adjacent to the coast of the
mainland) receive the brunt of tropical storms. These offshore cays also experience episodes

of human development.

There is a general lack of knowledge on long-term recovery after catastrophic disturbance in
atoll ecosystems, and in particular, in mangrove-dominated atolls. Additionally,
anthropogenic impacts on mangrove forests are increasing worldwide and this merits
attention. Documenting change over time is crucial, especially since events such as
hurricanes and human development can substantively alter the landscape, sometimes
rendering it unrecognizable from its previous state. Long-term observations are essential to
understanding the natural variability and resiliency of, these coastal ecosystems. Baselines

are important for assessing the effects of humans on disturbance and recovery processes. The



documentation of past ecosystem response to environmental change is particularly relevant in

a time of global warming.

Turneffe Islands, also referred as Turneffe Atoll (hereafter “Turneffe), is the largest atoll in
Belize, and is 12 km outside the Belize Barrier Reef, due east of Belize City. Turneffe is
sufficiently far offshore that it is not directly influenced by water pollution and sediment run-
off from the mainland, making this atoll an interesting site to study recovery from natural
disturbance and in the absence of permanent human settlements. The vegetation at Turneffe
is composed mainly of flooded mangrove islands and higher elevation sandy cays that
support cocal and littoral forest. Murray et al. (1999) estimated that 70% of the vegetation of

Turneffe was dominated by mangrove forest.

A group of vegetated cays can be found on the eastern seaboard of Turneffe which are in
close proximity to the reef that surrounds the atoll. Stoddart (1965) distinguished eight cay-
types in Belize defined by topography, sediment and vegetation. For the eastern seaboard of
Turneffe, he identified three types: vegetated sand cay, vegetated and shingle cay, and
vegetated shingle cay. In this thesis, cays in close proximity to the Turneffe reef, are termed
“fringing cays”, (see Glossary), while the Turneffe islands west of these fringing cays are

referred as “large islands”.

Cays on Turneffe have long been affected by human use as indicated by pottery remains of
the Maya civilization (Stoddart 1963). In the 20" century, Turneffe had cays with and

without human settlements, which were affected by Hurricane Hattie. This hurricane in



October 1961 caused catastrophic damage to human settlements, cocal forest, mangrove
forests, littoral forest, and cay substrates. After the hurricane, the surviving human population

left the atoll, although they continued to use it as fishing grounds.

Around the mid 1980’s tourism grew from being a moderate contributor to the Belizean
economy to the fastest growing industry. Tourism is now Belize’s largest industry. With
tourism came development, particularly coastal development and resorts were built primarily
on the eastern side of Turneffe. In addition, Turneffe is experiencing a demand for coastal
real estate. Several cays are currently for sale. In order to balance development and push for
conservation, both the Turneffe Islands Coastal Advisory Committee (TICAC) and the
Turneffe Atoll Sustainability Council (TASC) play crucial roles in overseeing revisions of
the Turneffe Islands Development Guidelines, and they are pressing for better management

practices.

This research project examines the dynamics of mangroves and cays of Turneffe and yields
valuable information on the disturbance and recovery processes in these ecologically
sensitive and hurricane prone landscapes. This in turn can provide insights for guidelines for

resort or suburban developments, and for reforestation projects in disturbed habitats.

1.1 Focus and objectives

The focus of this thesis is on the fringing cays found on the eastern seaboard of Turneffe. The

goal of this research is to map and describe the characteristics of these cays and to estimate



change over time based on historic and contemporary data with a focus on mangrove forest
distribution and the effects of hurricanes. The objectives of this thesis are to: 1) quantify
patterns and test for causal agents that contributed to changes on cays and cay vegetation; 2)
investigate tree and stand-level growth in mangrove-dominated stands on fringing cays; and,
3) document and analyze spatial patterns in cay geomorphology and in mangrove structure

and composition.

1.2 Approach to the problem and outcome

Information sources for this research program includes historical records and aerial
photographs, contemporary aerial photographs and satellite images, surveys of permanent
sample plots, and temporary plots. Dr. David Stoddart, a retired geographer and Professor
Emeritus from the University of California, Berkeley, graciously provided his original
photographic slides from on-the-ground and aerial photographs of Turneffe and related
scientific material from Belize. These photos were valuable to assess the effects of before

and after Hurricane Hattie of October 1961.

The thesis has the following structure: Chapter 2 commences with a review of the literature
on disturbance, islands and cays, and mangrove ecology, then focuses on the geomorphology,
biodiversity, and human use of Turneffe and the effects of Hurricane Hattie. Chapter 3
commences with a review of the processes that affect the fringing cays, and then presents
data on spatial patterns and possible causal agents that explain the observed patterns. Chapter

4 investigates the above-ground biomass, basal area and litterfall in red mangrove-dominated



fringing stands based on permanent plots remeasured over a period of 6 years. Chapter 5
investigates the substrate composition of eight cays and the effects of substrate condition and
exposure on vegetation structure and composition, and examines the plant strategies of local
mangrove species. Chapter 6 contains an integrative discussion of disturbance dynamics in
fringing cays and concludes with remarks concerning conservation policy and planning, and

suggestions for future research.



Chapter 2: Literature review

In light of the rapid global loss of mangrove forests (Spalding et al. 2010), it is important to
consider patterns of recovery from natural and anthropogenic disturbances. The following
review identifies some of the factors that shape mangrove disturbance and recovery, and then
provides a detailed summary of what is known about disturbance and recovery dynamics on

Turneffe.

2.1 Disturbance

Ecologists define disturbance as any relatively discrete event in time that removes organisms
and opens up space that can be colonized by individuals of the same or different species
(Pickett and White 1985; Begon et al. 1990). Disturbance, once considered an anomaly
disrupting stability in ecological field studies (Gerritsen and Patten 1985), is now recognized
as a key process that maintains diversity in communities, promotes secondary succession,
contributes to nutrient cycling and drives evolution (Harper 1977; Connell 1978; Bormann
and Likens 1979; Paine and Levin 1981). Ecologists now recognize that natural systems are
largely structured by disturbance (e.g., Pickett and White 1985; Waide and Lugo 1992;
Huggett 1995). Large, infrequent disturbances play an important role in many forested
landscapes, in part because the resulting landscape pattern influences the rate and pattern of
energy flow, nutrient cycling, wildlife and human responses, and susceptibility to subsequent

disturbance (Turner and Dale 1998).



Forest ecosystems are subject to a variety of disturbances, which can be differentiated along
scales of severity, spatial extent, frequency, and duration (Karr and Freemark 1985; White
and Pickett 1985; Jordan 1985; Lugo et al. 1986; Foster 1988a and 1988b). The main agents
of natural disturbances in forests are fire, weather (extreme events vs. general weather), soil
disturbance (geomorphic processes), and insects and pathogens (herbivory) (Gibson 2002;
Feller 2002). Anthropogenic disturbances include fire, livestock husbandry, logging,
fuelwood cutting, and clearance for agriculture, aquaculture, road building, urban

development, and resort development.

Island ecosystems can be structured by disturbance events and differences exist between
tropical and temperate islands in that tropical islands are exposed to extreme weather events
that are rare in temperate latitudes (Whittaker 1995). An extreme weather event can impact
both island and mainland systems; however, because of the geographical and geologic
attributes of islands (e.g., offshore islands are surrounded by water), the disturbances are not

typical of the mainland regimes when scaled to island size (Whittaker 1995).

Analysis of the disturbance regime of a landscape can be of great value for understanding
community and landscape structure and composition, and for developing appropriate
management plans. The subject of disturbance interactions is a growing field in science and
there is much work still to be done, particularly in tropical forests. For example, Grove et al.
(2000) observed that any study that attempts to quantify interactions between past human
disturbance and cyclone damage in rain forests will provide valuable insights to ecologists,

and will be of importance to decision makers, developers, and resource managers.



2.2  Wind, waves and tides

The breakage or uprooting of trees by rare events such as wind storms is referred to as
windthrow or blowdown. However, the disturbance caused by wind storms results from
interactions among regional climate, local soil, topographic, and stand characteristics, and the
growth and form of individual trees (Newton 2007). Damage can be in the form of
defoliation, debranching, stem failure, root failure or uprooting (Mergen 1954). The amount
of damage caused by wind is a function of wind speed, duration, and the direction from
which the winds originate (Newton 2007). In the Caribbean, some areas experience intense
and slow-moving weather systems with such frequency that hurricanes may be considered
essentially a chronic disturbance and the vegetation is continually recovering from wind

damage (Foster et al. 1998).

Boose et al. (1994) examined the impacts of severe hurricanes on forested landscapes in the
northeastern United States and Puerto Rico and concluded that wind damage served as an
important source of landscape-scale (~ 10 km) patterning in forests and was a major factor in
vegetation dynamics at that scale. At the stand-scale (~ 1 km), extensive blowdown was
considered to be an important factor regulating hydrological, energy and nutrient regimes
(Boose et al. 1994). The stand-level impact was also highly dependent on the local history of
natural disturbances and human activity (Foster et al. 1999; Chazdon 2003). The survival,
releafing, and sprouting of windthrown and damaged trees may provide important biotic
control on subsequent ecosystem development (Scatena et al. 1996; Zimmerman et al. 1996).

Even on relatively small islands such as Puerto Rico, at the landscape scale, the decline in



wind intensity inland has produced historical gradients of hurricane impacts that control

canopy structure and forest composition (Scatena and Larsen 1991; Boose et al. 1994).

In the aftermath of hurricanes, a considerable amount of biomass remains in redistributed
accumulations and contributes to the process of ecosystem recovery (Peterson and Pickett
1991; Cooper-Ellis et al. 1999). The probability of fire and other disturbances increases with
an increasing load of fine woody debris and leaves (Patterson and Foster 1990; Lynch 1991;
Paine et al. 1998). It has been observed that despite the effects of hurricanes, forests
exhibited a remarkable resilience to a visually catastrophic event and maintained tight biotic
control over ecosystem processes, despite major structural damage (Bowden et al. 1993;
Foster et al. 1997). However, the infrequent, unanticipated, and often substantial impacts of
intense storms make it difficult to undertake integrated and long-term assessments of

environmental, vegetation, and ecosystem responses (Cooper-Ellis et al. 1999).

Coastlines are transition zones between land and sea. They have distinctive biophysical
conditions and are continually modified by erosion and accretion. Exposed intertidal zones
can receive high energy input from incoming waves, which deliver their energy as they break
on the shore. Davis and Hayes (1984) argued that the relative effects of waves and tides
rather than the absolute values were more important in shaping the coast. Dronkers (2005)

described a nonlinear mutual dependence between water motion and coastal geomorphology.

Wind forces on the ocean surface accumulate and propagate in the wave field. The wave that

has the most influence along coastlines is the progressive, surface wave produced by wind



(Davis 1996). Wave energy depends on wind speed and fetch. The longer the area exposed to
wind and the stronger the wind blows for an extended time, the greater the fetch and the
greater the resultant waves. The emerging collection of waves is known as the wave train. As
the wave train propagates into shallow water, a change in wave height and wavelength can be
observed. This process is referred to as shoaling. When a wave breaks, the energy stored in
the bending of the ocean's surface is transferred, first into potential energy, since the wave

height increases then into sound, heat, and momentum transfer.

Tides in the Caribbean are described as microtidal. A microtidal environment experiences
small changes in sea level from low to high tide. For example, a mean range of 15 cm has
been reported for Carrie Bow Cay, Belize (Kjerfve et al. 1982) and a range of 30 cm for the

country of Belize (Gischler 2003).

2.3 Hurricanes and tropical storms

Hurricanes are described as heat engines that convert the heat energy of the tropical ocean
(26 °C or warmer) into wind and waves (Emanuel 2005). The formation of a hurricane begins
with a low pressure zone created by poorly organized clusters of thunderstorms with weak
surface winds. At this point it is called a tropical disturbance. As the low strengthens and the
thunderstorms become more organized, it becomes a tropical depression and is given an
identifying number. When sustained surface winds exceed 63 km/hr, it has become a tropical
storm, at which point it is given a name. A tropical storm can mature into a hurricane when

the surface winds exceed 119 km/hr. A mature hurricane is a cyclone, or vortex, revolving
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counterclockwise, in the Northern Hemisphere. This vortex can extend upward 10 to 15 km
above the sea or land surface and outward to a radius of 1000 km around the eye. The central
eye is characterized by low pressure and low wind speeds, and is surrounded at a radius of
approximately 30 km by the eyewall, an area of intense convection where the highest wind
speeds and precipitation occur (Foster and Boose 1995). Past the hurricane eyewall, wind
speeds and precipitation normally decline exponentially, such that severe wind damage
seldom extends beyond 100 km from the eyewall (Frank 1977). The removal of warm moist
sea air upon landfall causes hurricanes to weaken, although tropical storms are known to
regain their intensity if they move back out to sea, but colder oceans diminish their power
(Foster et al. 1998). The parabolic path which is often followed by hurricanes in the Northern
Hemisphere is influenced by the tropical winds and the prevailing westerlies at higher
latitudes (Simpson and Riehl 1981). In the Atlantic, the hurricane season extends from June

to November when ocean temperatures are warmest.

To make the predicted hazards of approaching hurricanes clearer to emergency forces,
hurricane forecasters use a disaster-potential scale, the Saffir-Simpson Hurricane Wind Scale,
based on the hurricane’s intensity. Based on the United States Department of Commerce,
National Oceanographic and Atmospheric Administration’s website for its National
Hurricane Center (Schott et al. 2009), a Category 1 hurricane has sustained winds of 119-153
km/hr. This category has very dangerous winds and will produce some damage to trees.
Large branches of trees will snap and shallow rooted trees can be toppled and extensive
damage to power lines and poles can result. In contrast, the highest category, a Category 5

hurricane, can have sustained winds greater than 249 km/hr and will produce catastrophic
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damage to vegetation. Nearly all trees will be snapped or uprooted, and power poles will be
downed. Fallen trees and power poles will isolate residential areas and cause power outages
that can last for weeks to possibly months. Most of the affected area will be uninhabitable

from weeks to months.

2.4 Islands and cays

An island is certainly an intrinsically appealing object of study. It is simpler than a continent
or an ocean, and a visibly discreet object that can be labeled with a name and its resident
populations identified (MacArthur and Wilson 1967). There is good evidence that humans
have extinguished island endemics. Wherever we have colonized islands, whether in the
Pacific, Caribbean, Atlantic Ocean, Indian Ocean, or the Mediterranean, we have impacted
adversely the native biota, often diminishing the ecosystem services on which we rely

(Diamond 2005).

Islands exist in various shapes and sizes, are extremely variable in their arrangement in
space, geology, environments, and biotic characteristics (Whittaker and Fernandez-Palacios
2007). Islands can be divided into two broad categories: 1) true islands, being land wholly
surrounded by water; and 2) habitat islands, being other forms of insular habitat, i.e. discreet
patches of habitat surrounded by strongly contrasting habitats (Whittaker and Fernandez-
Palacios 2007). Throughout much of the Caribbean, the word “island’ is widely

interchangeable with the word “cay’. Cays are usually a low insular bank of sand, peat, mud,

12



rock, coral, etc. The fringing cays found on the eastern side of Turneffe, Belize, which are

the focus of this study, fall under the latter definition.

A great deal of research on island dynamics has been conducted on barrier islands,
particularly concerning their formation and migration (Rosati 2009). Barrier islands are
considered a coastal landform formed by relatively narrow strips of sand parallel to the
mainland coast (Bird 2000). Three different explanations for the formation of barrier islands
have been proposed: 1) upbuilding of offshore bars; 2) cutting of inlets through spits; and 3)
submergence of ridge-like coastal features (Schwartz 1971). Barrier islands may consist of
organic debris. However, their common materials are sand and gravel (Hoyt 1967). As
described by Hoyt (1967), barriers islands are generally elongate islands, which are parallel
to the shore and separated from the mainland by a bay, lagoon, or marsh area. Individual
barrier islands range from a few kilometers to over 100 km long. Width is commonly only a
few kilometers. Because coastal environments are affected by similar phenomena (e.g., tide,
wind, and storm), observations on barrier islands can provide interesting insights for fringing
cays, which are deposits of coral sand and rubble that form on the inside of back-reef. The
fringing cays of Turneffe are much smaller in size than many barrier islands found globally,
which are in the average length of over 1 km (Stutz and Pilkey 2011). The coral reef directly
seaward of the fringing cays is believed to produce much of the substrate found on these cays
from coarse coral rubble to fine sand. They may have also organic soils from littoral forest

and organic peat from mangroves as components of their substrate.
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Islands are exposed to wind, wave and current energy. Globally periodic intense disturbance
is considered a natural feature of many islands (Whittaker 1995). According to Lugo (1999),
while hurricanes have the highest frequency of recurrence among major ‘stressors’, the
susceptibility of Caribbean islands to hurricanes is intermediate. According to Whittaker
(1995) species and ecosystems of storm-prone regions have evolved and are evolutionarily
conditioned by storms and the relatively short recurrence intervals of hurricanes should not
threatened these ecosystems. He contends that the threat may be greatly increased, however,
when humans are added into the equation. The impact of hurricanes on small islands may be
very different from large islands, as it is likely that the entire area of a small island may be

affected (Whittaker 1995).

Abbot and Black (1980) conducted a study of vascular plant species on 76 sandy cays in
Western Australia, over a period of three years and identified some of the distinctive features
of these small islands. Their study attributed slight changes in the turnover patterns to an
increase in rainfall and to the passage of a cyclone. Furthermore, they pointed out that for
small islands the species number does change with time because: 1) these cays do not have a
constant area or shape, because they consist wholly of sand and coral debris deposited by
wave action; 2) sandy cays have extensive, gently sloping beaches that receive large numbers
of propagules in flotsam stranded by wave action; and, 3) most sandy cays occur in tropical
regions, and are subject to frequent cyclonic or hurricane disturbances that often cause waves
temporarily to inundate cays and wash vegetation away. Also on small islands, wave action
may prevent establishment of plants or the limited area of soil present may be a small target

for propagules to reach and the continual deposition of seaspray may limit the available
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niches to only the most salt-tolerant species (Whitehead and Jones 1969; Buckley 1981 and

1982).

2.5 Mangrove forests

Mangroves are woody plants and grow in tropical and sub-tropical latitudes along the land-
sea interface. Mangroves can exist in conditions of high salinity, extreme tides, strong winds,
high temperatures and muddy, anaerobic soils. There may be no other group of plants with
such highly developed morphological and physiological adaptations to extreme conditions
(Kathiresan and Bingham 2001). The word “mangrove” has been used to refer either to the
constituent plants of tropical intertidal forest communities and to the community itself
(Tomlinson 1986). The term “mangal” is also used to describe mangrove communities. Duke
(1992) defined a mangrove plant as, “...a tree, shrub, palm or ground fern, generally
exceeding one half meter in height, and which normally grows above mean sea level in the
intertidal zone of marine coastal environments, or estuarine margins.” Mangroves can be
categorized based on certain features. Tomlinson (1986) developed five criteria for “true
mangroves”. They: 1) have complete fidelity to the mangrove environment, occur only in
mangal, and do not extend into terrestrial communities, 2) play a major role in the
community and have the ability to form pure stands, 3) have morphological specializations
that adapt them to their environment, for example, aerial roots and vivipary, 4) possess
physiological mechanisms for salt exclusion, and 5) are in taxonomic isolation from
terrestrial relatives at least at the generic level. Criterion number one is the most significant.

Tomlinson (1986) recognized three groups of mangroves: major mangrove species, minor
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mangrove species and mangrove associates. The major species are the strict or true
mangroves. Minor species of mangroves are distinguished by their inability to form a
conspicuous element of the vegetation; thus occurring in peripheral habitats and only rarely
in pure communities. The mangrove associates usually form part of a transitional community

and are usually members of the beach community.

Mangrove distributions are strongly affected by temperature (Duke 1992) and moisture
(Saenger and Snedaker 1993). Large-scale currents have the potential to influence
distributions of propagules by preventing them from reaching some areas (De Lange and De
Lange 1994). The combined effects of these factors which appear to be consistent around the
world produce characteristic distributional ranges for most species (Duke et al. 1998; Fig.

2.1).

16



40°N -

20°N =

20°8 -

= 40°N

= 20°N

-
—
o

I il
s ) 17-20
B 2 -2
B - 35
B -0
Tl -

Figure 2.1. World distribution and diversity of mangroves species. (Adapted with permission
Spalding et al. 2010).

Belize is home to three true mangroves, Rhizophora mangle L, Avicennia germinans L., and
Laguncularia racemosa Gaertn., and the mangrove associate Conocarpus erectus L. All of
the above species are widely distributed on Turneffe. Murray et al. (2003) estimated that
mangroves are found in 60 to 80% of Belizean offshore cays. Mangrove forest cover in

Belize has been recently estimated at 75 000 ha (Cherrington et al. 2010). The distribution of

17



mangroves in Belize is largely controlled by three factors: the barrier reef, the shallow

gradient of the coastline and the narrow tidal range (Murray et al. 2003).

2.5.1 Economic importance of mangrove forests

The basic building blocks of human welfare can be attributed to the goods provided by
natural ecosystems. All ecological functions of forests are also economic functions (Pearce
2001). Costanza et al. (1997) identified 17 specific goods and services provided by
ecosystems: gas regulation, climate regulation, disturbance regulation, water regulation,
water supply, erosion control and sediment retention, soil formation, nutrient cycling, waste
treatment, pollination, biological control, refugia, food production, raw materials, genetic

resources, recreation and cultural services.

Mangrove ecosystems provide goods and services. Spaninks and van Beukering (1997) have
elaborated on these services and have pointed to the often neglected value of mangrove
products that result in the conversion of mangrove forests to marketable products, such as
aquaculture. Various studies have been undertaken that have identified the economic
importance of mangrove forests. The Food and Agriculture Organization of the United
Nations (Christensen 1982) described quantitatively the various uses of mangrove resources
in the area and thus provided comparative data for land-use planning in Thailand. Hodgson
and Dixon (1988) demonstrated the benefits from tourism coupled with fishery production
substantially outweighed the short-term benefits that may accrue from increased logging in

Palawan. Lal (1990) compared the net benefits of converting mangrove lands to rice and
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sugar cultivation by estimating the benefits of mangrove-related products that would be lost
after conversion in Fiji. Bennet and Reynolds (1993) estimated the benefits to fisheries and
tourism of mangroves in Malaysia. Gammage (1997) explored the different commercial and

community uses of mangrove ecosystems in El Salvador.

A study conducted along the Mesoamerican reef system of Belize and Mexico showed that
extensive mangrove habitats enhance the biomass of fishes on Caribbean reefs (Mumby et al.
2004). Cooper et al. (2009) found that in total, the value of reef and mangrove-related
fisheries, tourism, and shoreline protection services in Belize was estimated to be US$395 to
$559 million per year and that mangroves provided an estimated US$174 to $249 million of

this total, some independently, and some through their supporting role for nearby coral reefs.

2.5.2 Mangrove forest and shoreline protection

Mangroves are tightly bound to the coastal environments in which they occur (Kathiresan
and Bingham 2001). The chemical and physical conditions found in mangrove environments
both affects and is created by the plants themselves, as a result perturbations to the system
can have long-term effects (Kathiresan and Bingham 2001). In this coastal position,
mangroves bear the full brunt of hurricanes and tropical storms (Piou et al. 2006). Damage to
the mangroves affects sediment budgets and promotes coastal erosion (Kamaludin 1993).
The eroded sediments may then cause further damage to the adjacent mangroves by
smothering prop roots. It has long been reported that mangroves protect and stabilize

coastlines. In the aftermath of the Indian Ocean tsunami, Dahdouh-Guebas et al. (2005) and
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Danielsen et al. (2005) found that mangroves played a critical role in storm protection. More
recently in Mexico, after the passage of Hurricane Dean 2007, the UNDP (2010) reported
that the damage to houses was 6% in areas protected by mangroves, while it was 16% in
areas where mangroves had been destroyed. However, the degree of protection depends on

the condition of the mangrove forest.

With their intricately entangled above-ground root systems (Fig. 2.2), mangrove
communities protect shorelines during storm events; the root barrier is capable of absorbing
wave energy and reducing the velocity of water (Mazda et al. 1997). Measurements of wave
forces and modeling of fluid dynamics suggested that mangrove vegetation protects
coastlines by reducing wave amplitude and energy (Massel et al. 1999). Analytical models
performed by Hiraishi and Harada (2003) showed that 30 mangrove trees per 100 m? in a 100
m wide belt can reduce the maximum tsunami flow pressure by more than 90% . Mangrove
roots tend to retain sediment and consolidate the soil thereby facilitating accretion. Erosion in
mangrove-covered shorelines is less likely or will erode significantly more slowly than

unvegetated shorelines during periods of high wave energy (Saenger 2002).
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Figure 2.2. Aerial roots of red mangrove (Rhizophora mangle) during low tide at Big
Calabash Cay, Turneffe, Belize.

During storm events, a mangrove shoreline can also act as an effective windbreak (Oliver
1982). A mangrove canopy produces frictional drag which causes a rapid decrease in wind
speed immediately inland of the mangrove community (Saenger 2002). This windbreak, or
“bioshield” serves as a protection to leeward areas. When mangroves are damaged during
storm events, the mangrove community usually, but not always, recovers in the absence of
human-induced stress (Chi 2003; Piou et al. 2006). Coastal areas affected by storms usually
suffer loss of substrate, which makes it problematic for mangroves to colonize eroded areas.
Field (1998) identified several site characteristics to consider when planting mangroves.

They were: insolation, gradient of site, stability of the site, exposure to wind, exposure to
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waves, rate of siltation, nature of the soil, absence of debris, salinity of the soil water, tidal
currents, depth of tidal inundation, availability of fresh water, height of water table,

availability of propagules or seeds, and presence of pests.

2.5.3 Mangrove forests as shelter and nursery grounds

Coral atolls and their terrestrial and marine ecosystems are a key component of tropical
biodiversity, are rich in marine resources, and provide opportunities for recreation and
tourism (Peckol et al. 2003). Mangroves are an integral component of these ecosystems and
are unigue amongst vegetation communities in that they span the marine and terrestrial
environment. The health of coastal and ocean ecosystems is dependent on coastal wetlands
which also supports commercial and recreational fisheries (Gosselink 1984). Mangrove
communities have been shown to be important in serving as an intermediate nursery habitat
that may increase the survivorship of young fish (Mumby et al. 2004). The research
conducted by Mumby and colleagues included Turneffe as one of their research sites. Some

fish species moved from mangroves into their adult habitat in stages.

The Turneffe mangroves are closely connected with seagrass beds, patch reefs, and coral
reefs. The intricate relationship between these adjacent ecosystems is particularly important
in the inner lagoons of the atoll. Mangroves enhance fish biomass in two ways: 1) efflux of
detritus and nutrients may enrich primary production in neighboring ecosystems; 2)
mangrove may provide a refuge from predators and/or plentiful food that increases the

survivorship of juveniles (Mumby et al. 2004). As a result, mangroves are considered nursery
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ground for fish. It is very common to find larval and juvenile fish among the mangroves of
Turneffe. Studies done in Belize by Sedberry and Carter (1993) found that most of the fish
collected from mangrove waters are juveniles of species that live on the reefs as adults. The
abundance of fish can be very high in mangrove systems where fish biomass can be from 10
to 66 g/m? (Flores-Verdugo et al. 1990). There may be a diurnal pattern to use of mangroves
by fish. In southwestern Puerto Rico, fish found in the mangroves during the day may
completely disappear at night, probably migrating to sand flats and seagrass beds (Rooker

and Dennis 1991).

2.5.4 Mangrove forests and sea level rise

There are many anthropogenic reasons for coastal wetland loss, ranging from development
by humans to subsidence/sea level rise (Orson et al. 1985). Coastal wetlands are both highly
vulnerable to sea level change, but are also adaptable under certain circumstances. The
capacity of mangroves to maintain soil elevations near to sea level will ultimately determine
their stability (McKee et al. 2007a). Coastal wetlands have the ability to aggrade (grow
vertically) (Nielsen and Nielsen 2002) when sediment is available. However, in the absence
of substantive sediment inputs to counter sea level rise, large areas can be lost because of the
low overall elevation of the marsh surface. Mangrove forest will be able to cope with sea-
level rise where the rate of sedimentation approximates or exceeds the rate of local sea-level
rise (McKee et al. 2007a; Ellison and Stoddart 1991). In some locations, mangrove
communities survive by migration inland during periods of sea-level rise. Indeed, Hendry

and Digerfeldt (1989) have shown that mangrove communities in western Jamaica were able
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to keep pace with mid-Holocene sea-level rise (ca. 3.8 mm/yr). Torrescano and Islebe (2006)
working at El Palmar, a swamp along the Rio Hondo River south of the Yucatan Peninsula,
near the Belizean border, found that there have been changes within the last 500 years from a
tropical forest type to a mangrove-dominated forest due to changes in sea level. Mangroves
develop in a range of environments from autochthonous (e.g., mangrove litter dominated) to
allochthonous (e.g., river run-off, anthropogenic discharges). According to some ecologists,
macrotidal sediment-rich environments, such as northern Australia, is more promising for the
survival of mangrove communities where strong tidal currents redistribute sediment
(Semeniuk 1994; Woodroffe 1995), than in microtidal, sediment-starved environments like in
many small islands (Parkinson et al. 1994). It has been suggested that where the rate of
shoreline recession increases, mangrove stands will become spatially compressed and suffer
reductions in species diversity (Bijlsma et al. 1996). Turneffe being of an autochthonous
system, it is likely that mangroves will have a much more difficult time dealing with sea

level rise if the rate of mangrove peat accumulation is less than the rate of sea level rise.

Some species of mangroves appear to be more robust and resilient than others to the effects
of human disturbance, climate change, and sea-level rise (Ellison and Stoddart 1991;
Aksornkaoe and Paphavasit 1993). The capacity of mangroves and other coastal wetlands to
respond to sea-level rise by landward migration is now severely limited in many localities by
agricultural clearing or other human land uses. The mangroves of Turneffe have very limited
or no space for migration. The eastern fringing cays, which are the focus of this study, are at
sea level, and there is limited space between the reef and the larger islands. Most of the

mangrove cays within the inner lagoons of Turneffe are permanently flooded and so are
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already below sea level. Based on sediment cores analysis, Gischler (2003) found that sea
level has risen 3.5 m over the past 4000 years at Turneffe and therefore mangrove areas were

lost. Human-induced global warming may accelerate this process.

Mangrove forests usually create thick, organically rich sediments as their substrata.
Mangroves also produce peat which is primarily organic matter in composition and
dominated by fine roots; as a result mangrove plants contribute directly to soil formation.
Loss on ignition experiments done by McKee et al. (2007a) showed that the organic content
of peat deposits from different sites in Central American mangroves averaged 65%. This
shows that mangrove forests have great below-ground productivity and play a significant role
in carbon sequestration, not only above but also below ground (Fujimoto 2004). According to
McKee et al. (2007a), the Caribbean region is an important reservoir of mangrove peat. Peat
cores from Twin Cays, Belize indicate deposits up to 10 m thick (Macintyre et al. 2004).
These types of offshore peat-forming mangroves are particularly vulnerable to human
disturbance. McKee et al. (2007a) has clearly shown that the removal of mangrove
vegetation stops soil accretion, while decomposition, physical compaction and erosion

processes continue, leading to submergence and land loss.

Because of their location at the interface between land and sea, mangroves are likely to be
one of the first forest ecosystems to be affected by sea-level rise and therefore act as a
‘canary in the coal mine’ for climate change impacts. Ellison and Farnsworth (1997) studied
the response of R. mangle to increased inundation, mimicking the sea-level changes expected

in the Caribbean in the next 50 to 100 years. After 2.5 years of higher water, (with
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approximated field conditions in Belize, the source locale for the seedlings), plants had
significantly lower rates of photosynthesis and growth, were shorter and narrower, and had
fewer branches and leaves, and more acid-sulfide in their soils. The study suggested that
increased mangrove growth rates predicted for increasing atmospheric CO, may be offset by

decreased growth resulting from changes in tidal regimes.

Snedaker (1993) argued that mangroves in the Caribbean are more likely to be affected by
changes in precipitation than by rising sea levels. He contended that mangroves require large
amounts of fresh water to reach full growth potential. He hypothesized that a decrease in
rainfall in the Caribbean would reduce mangroves' productive potential and increase their
exposure to full-strength seawater. In this scenario, peat substrates would subside as a result
of anaerobic decomposition by sulfate-reducing microorganisms, leading to the elimination

of mangroves in affected areas (Snedaker 1993).

2.5.5 Mangroves and hurricanes

Stand-replacing hurricanes are a fundamental, evolutionarily significant component of
mangrove forests fringing the Caribbean Sea (Ross et al. 2006). Return intervals for major
hurricanes in this region was 20-30 years (Lugo and Snedaker 1974). Although there was
little evidence that hurricanes produce “‘long-term detrimental impacts to unmodified coastal
systems’” (Conner et al. 1989), such storms were capable of accelerating, disrupting, and
reversing numerous geomorphic events and ecological processes, and devastating human

settlements in coastal areas (Tanner 1961; Lugo et al. 1983; Conner et al. 1989). In addition
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to hurricane characteristics, the damage to coastal forest from hurricanes was also influenced
by species composition, age structure, and geomorphic characteristics (Michener et al. 1997).
Oceanic storm surges that carry high-ionic-strength water and organic-rich sediments several
kilometers inland, can also damage coastal environments (Chabreck and Palmisano 1973;
Cablk et al. 1994). Salt spray together with winds can have local effects on vegetation
through desiccation and salt stress (Hook et al. 1991). Hurricanes can also affect the long-
term sustainability of mangroves with primarily organic (e.g., peat) soils such as those
occurring on Caribbean islands located far from terrigenous sources of sediment (e.g.,
continental landmasses) (Cahoon et al. 2002). In these environments, continual production
and addition of new organic matter (e.g., roots) is necessary to maintain mangrove sediment
elevation because the peat is constantly decomposing (Middleton and McKee 2001).
Hurricane Mitch buried mangroves in Honduras under 15 cm of sediment. However, these
mangroves suffered no mortality (Cahoon et al. 2002). The same hurricane caused massive
sedimentation on mangrove surfaces in the Gulf of Fonseca and destroyed extensive areas of
mangrove forests. Recovery, especially of L. racemosa, was apparent despite high sediment

elevation (Hensel and Proffitt 2002).

Hurricanes may act as major selective forces governing coastal ecosystem structure and are
capable in the broad-scale conversion of one ecosystem state into another state, e.g., forest
into marsh, and mangrove into open water (Michener et al. 1997). Studies on the long-term
effects of disturbances are rare. Ferwerda et al. (2007) compared recovery in clear-cut
mangroves with hurricane-affected mangroves in Darwin, Australia, 25 years after

disturbance. They attributed the difference primarily to the absence of shade in the clear-cut
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area which could have affected the settlement and growth of different species, and favoring
Avicennia marina in the clear-cut area. Knowledge of the long-term effects of clearing, and
the factors involved in the regeneration process can make an essential difference for the

success of restoration and management of mangrove areas. With the increased attention for

restoration issues (King 1991; Ellison 2000), this knowledge becomes even more important.

2.5.6 Mangrove biomass, litter and bird guano

The interaction and degree of environmental gradients define a constraint envelope for
determining the structure and productivity of mangrove communities (Twilley and Rivera-
Monroy 2005). Distinct mangrove community types include riverine, fringe, basin, scrub,
and overwash communities. These distinct communities reflect local variations in topography
and hydrology within a coastal landform that influences the distribution of soil resources and
abiotic regulators along with hydroperiod gradients (Lugo and Snedaker 1974). The
importance of these environmental gradients, resources, regulators and hydroperiod in
controlling vegetation patterns and productivity of mangrove ecosystems is well documented
in the literature (Lugo and Snedaker 1974; Boto and Wellington 1984; McKee 1993; Chen
and Twilley 1999; Feller et al. 2002 and 2003; Krauss et al. 2006). Salinity and nutrient
availability have also been recognized as one of the main factors in controlling mangrove
forest structure and productivity (Lugo and Snedaker 1974; Cintron et al. 1978; Chen and
Twilley 1999; Feller et al. 2002 and 2003; Castafieda-Moya et al. 2006). Mangrove species
respond to low nutrient availability with morphological and physiological plasticity (Feller et

al. 2002 and 2003; Lovelock et al. 2004). Long-term fertilization experiments of R. mangle in
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Belize (Feller 1995; Feller et al. 2002; Lovelock et al. 2006), Florida (Koch and Snedaker
1997) and Panama (Lovelock et al. 2004; ; Feller et al. 2009) have suggested that scrub
forests respond positively to phosphorus additions increasing above-ground net primary
productivity (NPP 4) and shifting resource allocation from roots to shoots. These experiments
have also shown that fringe mangrove trees in Belize respond positively to nitrogen addition
but not to phosphorus. Understanding the allocation of carbon to above- and below-ground
biomass and productivity is significant for the global carbon budget of mangrove ecosystems
(Bouillon et al. 2008). Recent estimates for mangrove forests indicate that litterfall (NPP ),
wood (NPPy), and root production (NPPg) account for ~31%, 31%, and 38% of the global
NPP, respectively (Bouillon et al. 2008). Mangrove forests produce organic carbon well in
excess of the ecosystem requirements and are considered important sources of carbon export
(~40%) to adjacent coastal waters and local carbon burial (~10%) (Twilley et al. 1992;

Duarte and Cebrian 1996; Jennerjahn and Ittekkot 2002; Bouillon et al. 2008).

A key source of nutrients for plants that colonize nutrient-poor environments can be from
bird guano deposition, and, as discussed in Chapter 4 in this thesis, this seems to be a factor
on the fringing cays at Turneffe. Birds are an integral part of most freshwater ecosystems
(lakes, rivers, wetlands) but their function in the trophic dynamics of these water bodies has
often been ignored (Kerekes 1994). Bird colonies increase nutrient concentrations and
phytoplankton productivity in the Barents Sea (Golovkin 1967), mangrove productivity in
Florida (Onuf et al. 1977), and benthic macroalgal production in the Baltic Sea and South
Africa (Bosman et al. 1986). Piscivorous seabird colonies also can affect terrestrial habitats.

Lindeboom (1984) concluded that penguin excrement was the primary source of nitrogen for
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the Marion Island ecosystem, located east in the Southern Indian Ocean. Allaway and
Ashford (1984) reported that seabirds were responsible for depositing about 0.7 kg dry
weight/m?/year of nutrient-rich excrement onto coral islands on the Great Barrier Reef,
Australia, maintaining the forest that provides nesting sites for the colony. Bosman and
Hockey (1986) noticed that the presence of guano-producing seabirds changed significantly
the structures of the algal, and invertebrate communities. Leaf grazing of mangrove trees that
support bird colonies was higher than nearby unenriched mangroves, presumably in response
to greater nutritive value in the leaves from enriched areas (Onuf et al. 1977). Bird perch
experiments by Powell et al. (1991) demonstrated that the presence of a single bird roosting
consistently at the same location can alter the species composition and increase the biomass

of a small patch of the surrounding seagrass bed.

2.6  Turneffe geomorphology

Turneffe rests on an isolated carbonate platform (Gischler and Hudson 1998), and these
offshore islands have never been connected to the mainland. This makes it an autochthonous
system. The continental margin of Belize is structured by a series of five north-northeast-
striking fault-blocks that form the basement of the 250 km long barrier reef and the three
isolated oceanic platforms, Turneffe, Lighthouse Reef and Glovers Reef (Gischler and
Lomando 1997; Fig. 2.3). All three platforms are surrounded by deep water and have

breakwater reefs encircling lagoons (Stoddart 1962).
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Figure 2.3. Location of Belize City, Carrie Bow Cay, Belize Barrier Reef and three offshore
atolls: Turneffe, Lighthouse Reef and Glovers Reef. Inset map shows location of Belize
within Central America and the Caribbean. (Adapted with permission Gischler 2003).



According to Gischler and Hudson (1998), plate tectonics produced the morphology of ridges
and valleys that control the distribution of modern reefs in southern Belize. Winds and
storms controlled most of the sediments that developed on these platforms, and subsequent
reefs often developed due to the build-up of sediments, especially on windward margins
(Wood 1999). A shallow reef grows around the platform when the rate of carbonate
production at the margins was high, combined with a steady rate of subsidence (Wood 1999).

A lagoon with patch reefs formed within the perimeter reef.

The following account of the Holocene flooding scenario for Turneffe was provided by

Gischler (2003; Fig. 2.4).

“During the late Pleistocene, Turneffe Islands were dish-shaped limestone islands that were
probably fringed by coral reefs. As the rising Holocene sea level approached the level of the
bedrock surface, rising groundwater enhanced soil development. Subsequently marine
waters breached the peripheral bedrock rim (perhaps through relic tidal channels in the
elevated Pleistocene reef margin) and entered the central depressions, allowing mangroves
to colonize the inner parts of the islands, this happened between 7000 and 2700 years BP. As
sea level continued to rise, mangrove-rimmed lagoons with extensive Halimeda [seagrass]
growth formed, comparable to the present situation in Turneffe Islands. At even higher sea
levels, mangrove areas diminished in size and reefs colonized or retrograded onto the
peripheral rim of the Pleistocene islands. In Turneffe Islands, this stage of peripheral reef
development started around 4800 years BP reflecting the different bedrock elevation

(Gischler and Hudson 1998; Gischler and Lomando 2000). Open marine conditions
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eventually developed in the lagoons on the northernmost part of Turneffe Islands. In the main
lagoonal part of Turneffe Islands, open marine conditions did not develop due to the high
bedrock elevation and the protected position of Turneffe behind another platform. Flooding
of the Turneffe platform at relatively low rates of sea level rise as well as protection and lack

of open marine conditions has led to extensive mangrove development.” (Gischler 2003, pp.

127-128).
8000 YBP 7000 YBP 6000 YBP 5000 YBP 4000 YBP i .
Sea level -15m Sea level -10m Sea level -7m Sea level -5m Sea level -3.5m Leadll

A

carbonate sediment,
mangrove Halimeda-dominated

Figure 2.4. Schematic sketches showing Holocene development for Turneffe. (A) 8000 YBP
(years before the present), sea level ca. 15 m below present level. Turneffe was an emergent
limestone islands; transgression of marine water, probably through the precursors of modern
tidal channels; Pleistocene patch reefs probably still emergent as small cays in lagoon; (B)
7000 YBP, sea level about 10 m below present level. Parts of Turneffe flooded and
mangrove-dominated; small Pleistocene areas probably still emergent at margin and in
lagoon; (C) 6000 YBP, sea level about 7 m below present level. Mangrove-dominated parts
of Turneffe increase in area; (D) 5000 YBP, sea level about 5 m below present level. Large
areas in the east are still emergent, but a mangrove-encircled lagoon develops with
Halimeda-dominated sediment; (E) 4000 YBP, sea level about 3.5 m below present level.
Turneffes’ main lagoon largely developed; seaward tidal channels open; parts of the north
still emergent; carbonate sedimentation initiated on northernmost part, probably still
surrounded by mangroves. (F) Present situation. (Adapted with permission Gischler 2003).
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2.7 Turneffe biodiversity

Although there may be as many as 15 atolls or atoll-like structures in the Caribbean, the
Mesoamerican Caribbean Reef contains four of the best developed atolls, including Turneffe
(Kramer and Kramer 2002). Turneffe is composed of a group of cays with an encircling coral
reef structure. The windward and leeward mangrove rims encircle up to 8 m deep lagoons
with restricted circulation. The lagoon in the northernmost part of Turneffe is well-circulated
and has abundant patch reefs of coral with no extensive mangrove development (Gischler
and Hudson 1998). The eastern seaboard of this atoll has a distinct group of fringing cays not
seen on the other Belizean atolls (Fig. 2.5). In spite of these distinctive features, Turneffe
lacks the conservation status of the other atolls, with the exception of two spawning
aggregation sites and the declaration of a public reserve at Cockroach Bay (northern

Turneffe).
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Figure 2.5. Map of Turneffe showing the eastern fringing cays. (Redrawn from McGill
1996).



Turneffe encompassed an area of 525 km?, with 125 km? dominated by mangroves. The
individual cays were characterized by a variety of mainly wetland vegetation types
dominated by mangrove forests, which reflected the low topography of the land. The higher
elevation cays were generally colonized by littoral forest, (e.g., Coccoloba uvifera L.,
Bursera simaruba L. and Thrinax radiata Lodd. ex J. A. and J. H. Schult) and Cocos
nucifera L. A number of bird species were observed to roost on the littoral and mangrove
cays of Turneffe, amongst them, the great-tailed grackle (Quiscalus mexicanus G. F.
Gmelin), white crowned pigeon (Columba leucocephala L.), brown pelican (Pelecanus
occidentalis L.), mangrove warbler (Dendroica petechia L.), and green heron (Butorides
virescens L.). An observation made by Stoddart (1962), was that introduced rats (Rattus
rattus L.) were a major pest on the large islands and smaller cays along the eastern side of
Turneffe. However, at the time of this study no rats were encountered on any of the fringing

cays visited during field work.

Turneffe’s reefs, mangrove and seagrass habitats provide important habitat for diverse
assemblage of reef fish, lobster, conch, and sportfish. Fish spawning aggregation sites are
also known to exist off both the northern and southern tips of Turneffe (Kramer and Kramer
2002), and it is believed that some sites have been lost (Kobara and Heyman 2010).
Meerman (2006) concluded that there is ample reason for declaring much of the Northern
Turneffe a conservation zone. Turneffe is the only atoll in Belize with extensive mangrove
forests in close proximity to seagrass beds and coral reefs and provides a unique opportunity

to study mangroves and their interaction with adjacent ecosystems.
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2.8 Turneffe and human settlement

Historically, the atoll was used by humans during the Maya era (Stoddart 1963). At the
Calabash Cays on the eastern side of Turneffe, a freshwater lens can be accessed via surface
wells. It is very likely that settlements were established especially around those areas, and it
was around these areas that broken Maya pottery has been recovered. During the modern era,
Stoddart’s 1960 survey documented that in addition to the larger sandy cays several of the
small eastern fringing cays were inhabited by humans. The inhabitants had domesticated
animals, mainly chickens, dogs, and pigs (Fig. 2.6). The largest piggery was located on the
Calabash Cays. These animals were seen wandering between Big and Little Calabash Cay

across the reef flat (Stoddart 1962).

Figure 2.6. Photo of pig feeding between Big and Little Calabash Cay. The largest piggery
was at the Calabash Cays. Photo taken during Stoddart’s survey of 1960-61. (Photo credit,
Stoddart).
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The settlers on Turneffe were also engaged in the planting and harvesting of coconuts. The
dominant vegetation of the higher elevation eastern cays at the time of Stoddart’s survey in
1960 was the coconut palm (Stoddart 1962). Large areas were cleared and planted to
coconuts (Fig. 2.7). Little Calabash Cay was the center of the Turneffe copra (the dried
endosperm of the coconut), industry (Stoddart 1969). Large buildings and wharves had been
erected on these cays to cater for the industry. Records obtained from the Belize Archives
and Records Service, showed that around the 1950’s the growing and harvesting of sponge
was also thriving. Special stipulations were included in approved leases for cocal plantations,
whereby lease holders were not to undertake any land development of the mangrove swamps
or any development that would affect or interfere with the sponge industry without the
consent of the director of agriculture. Both the cocal and sponge industries were affected by

subsequent hurricanes.

Figure 2.7. Aerial photograph of Soldier Cay showing the coconut palms (Cocos nucifera),
as the dominant vegetation. Soldier Cay was also inhabited by humans. Photo taken during
Stoddart’s survey of 1960-61 before Hurricane Hattie 1961. (Photo credit, Stoddart).
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Goodban (1952) reported that coconut trees were already in the settlement of Belize by 1809
and that large plantations had been established in coastal areas and the cays by 1883. Based
on available export figures, by 1870 the cocal industry had achieved an important status, and
plantations had been progressively extended until nearly all the suitable coastal and cay areas
had been planted to coconuts by 1920 (Goodban 1952). A decline of the industry occurred in
the 1930’s after Belize was struck by the Hurricane of 1931 (Goodban 1952). This hurricane
created havoc in the cocal plantations on the cays and coastal areas. Later, the storms of 1942
and 1944 struck the northern and southern areas of Belize, respectively, so that all the
plantations were subject to storm disturbance over a relatively short period of time (Goodban
1952). Coconuts are particularly vulnerable to hurricanes. Damage to plantations from the
Hurricane of 1931 was approximately 80% of bearing trees and, since the cost of
rehabilitation was high, most of the plantations were left on their own to recover. At the time
of Goodban’s report (1952), the plantations had failed to recover on their own, and no
extensive rehabilitation had been carried out. Some of these cocal forests were considered to
be breeding grounds for pests and diseases. The cocal forest of Turneffe was among the areas
affected by the earlier storms but seemed to have been rehabilitated by 1952. In this year, it
was estimated to contain 1000 acres of coconuts (Goodban 1952). The Turneffe plantations

were on government land that was leased to private interests.

In 1955, Hurricane Janet made landfall on the northern part of Belize and greatly affected the
cocal plantations in that area. Efforts were made to revive the industry by the introduction of
the Coconut Industry Board established in 1958 (Mertley et al. 1987). However, in 1961,

Hurricane Hattie made landfall south of Belize City, passing directly through Turneffe.
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Aerial photographs taken by Stoddart in 1962 show the devastation caused to the cocal forest
on the atoll. Entire cays, which had been planted to coconuts, were stripped of vegetation and
had their substrate eroded. According to retired fisher folk from Belize City, the cocal
industry was abandoned on Turneffe after the passage of Hurricane Hattie with the exception
of a few cays where coconuts were reintroduced. Indeed, by 1962, Belize only exported
around 17500 coconuts while importing 275400 coconuts from Mexico and Honduras
(Mertley et al. 1987). A decline on the industry was seen afterwards. By comparison, during

its peak in 1914, Belize exported an estimated 6 million coconuts (Goodban 1952).

Lethal yellowing, a disease associated with phytoplasmas (Beakbane et al. 1972), affects at
least 30 species of palm (Harrison et al. 1999) and has killed millions of coconut palm trees
throughout the Caribbean, Florida, and Mexico, and currently threatens the Central American
region (Maust et al. 2003). Phytoplasmas are minute cell wall-less prokaryotes that are
generally confined to the phloem of plants (Maust et al. 2003). Phytoplasmas have been
identified as the probable cause of diseases in several hundred plant species (Agrios 1978).
Lethal yellowing was confirmed in Belize in December of 1992. This disease affects coconut
trees, causing them to die within 3 to 6 months after the appearance of the first symptom
(Ashburner and Quiroz 1996). By the late 1990’s, there was an outbreak of lethal yellowing
on the cocal forest of Turneffe (Platt et al. 1999). There was a concentration of the disease on
Main Calabash Cay (Berlin 1996). At the time of my field research (2006-2008), the smaller
cays east of Calabash Cay (Big Calabash Cay and Little Calabash Cay) had no signs of lethal

yellowing, even though these cays are in close proximity to Main Calabash Cay.
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Coconuts are still an important part of the vegetation along the mainland coast of Belize and
on the cays. Even though it is not a thriving industry in Belize at the moment, coconuts have
become an integral part of the Belizean culture through food. Belizeans consume coconut
milk in the popular coconut rice and rice and beans dish. The coconut trees themselves are
important economically to the tourism industry. Resort owners spent a considerable amount
of resources in trying to keep their coconut palms healthy. As in other tropical locations
around the world, the selling point of many tourist destinations in Belize is the iconic (but

non-native) coconut palms, white sandy beaches and clear waters.

Humans are having other impacts on the Turneffe cays. A study conducted by Minty et al.
(1995) found that the youthful nature of the soils in many of the eastern cays makes them
extremely susceptible to erosion when vegetation cover was removed. Meerman (2006)
reported that the eastern side of the atoll, including the small cays, was being affected by
human activities (fishing, development and land speculation). Land on the atoll is owned by
the Government of Belize, but there has been leasing and development of land parcels on the
east coast (McGill 1996). This development is of concern to conservationists because it is
taking place in the most sensitive sites of the entire island mass. The fringing cays have
potential for turtle and sea bird nesting sites, and this area encompasses critical habitats for

the endemic species like Turneffe parrotsnake and habitat for the American crocodile.

Human activities on the atoll are increasing. At the time of this study, three operational
resorts catered to scuba divers, sport fishermen and tourists and there were two research

centers. In 2005, the first airstrip was constructed on Blackbird Cay. On March 2010, the
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Belize National Coast Guard inaugurated a multi-million dollar Forward Operating Base
located on Main Calabash Cay. Other human presence at Turneffe consists of numerous
small fishing camps scattered throughout the atoll. Small-scale commercial fishers collect
spiny lobster and conch and fish for snapper and grouper. A substantive amount of the catch
from Turneffe goes to the cooperatives in Belize, primarily from the conch and lobster

fishery.

2.9 Landfall of Hurricane Hattie of 1961 on Turneffe

Hurricane Hattie was the most recent storm to cause catastrophic damage to the vegetation
and cays of Turneffe. In 1960, Stoddart surveyed the cays along the Belizean Barrier Reef
system, including Turneffe. In October 1961, Hurricane Hattie hit Turneffe, and destroyed
entire cays, as well as most of the vegetation and human habitation (Vermeer 1963).
Hurricane Hattie was a Category 5 hurricane (Saffir-Simpson Hurricane Wind Scale) in
which the eye swept along a 40 km wide track. When plotted on hurricane charts, Hurricane
Hattie’s path went right across Turneffe (Fig. 2.8). This intense storm had winds near the
center that exceeded 240 km/hr and gusts of more than 320 km/hr (Stoddart 1963). The
fringing cays on the eastern side of Turneffe with their fringing mangrove communities,
littoral and cocal forest were severely damaged. Most of the settlers perished during
Hurricane Hattie, and Turneffe was largely abandoned as a place of permanent settlement
until recently. Hurricane Hattie completely transformed some of the cays that Stoddart had
surveyed the previous year. Within a few months after the storm, Stoddart revisited and

remapped the areas that he had surveyed in 1960 (Stoddart 1963).
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Figure 2.8. Track of Hurricane Hattie 1961. Eye of hurricane went across Turneffe and made
landfall south of Belize City. (Modified after Stoddart 1963).

2.10 Knowledge gaps and research questions

While there has been considerable work on hurricanes, mangroves and cay geomorphology,
this work has not been integrated in an analysis of disturbance dynamics, particularly in the
case of fringing cays. The following questions remain to be investigated. How do storm and
hurricane paths and routine wind and wave action affect the geomorphology and vegetation
dynamics of small fringing cays? How resilient are these ecosystems to human and hurricane
disturbance? What site-level factors contribute to the composition and productivity of

mangrove communities associated with fringing cays? Turneffe is an excellent location for
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research on damage and recovery from hurricanes in atoll ecosystems. Historic aerial
photography and Dr. David Stoddart’s field work of the 1960°’s enabled the investigation of

disturbance and recovery over several decades.
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Chapter 3: Fringing cay dynamics and the impacts of hurricanes and

humans

3.1 Introduction

In the most hurricane-prone parts of the Caribbean, the average return time of hurricanes
ranged from 9.4 years in Florida to 12 years in the U.S. Virgin Islands and Puerto Rico
between 1851 and 2001 (Gardner et al. 2005). Due to their geographic location, offshore cays
receive the brunt of these tropical storms. These offshore cays also experience episodes of
human development. In this chapter, | describe the structure of reefs in general with a focus
on the back-reef sediment apron upon which fringing cays form on Turneffe. | then present
historic and contemporary data on the human use, geomorphology and vegetation of the
fringing cays at Turneffe, followed by a spatial analysis of the changes that have occurred

since 1945.

3.1.1 Wind, waves, tides and coral reefs

In reef-bound tropical coastlines, a substantial amount of surface wave energy is dissipated
through wave breaking and bottom friction processes on coral reefs (Lowe et al. 2005). Coral
reefs that surround Turneffe were the primary wave dissipaters and, by extension, affected
the conditions of the fringing cays that formed behind the reef crest. The coral reefs were
bisected by well drained channels. In most areas, the fore reef was structured with spurs and

grooves (Fig. 3.1). These channels allowed for the reworking of sediments on the fore reef.
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Planimetrically, the orientation of spurs and grooves are typically at right angles to the

direction of refracted waves, and spacing is related to wave energy (Munk and Sargent 1948;
Emery et al. 1949; Blanchon and Jones 1995). Aerial surveys showed that the eastern side of
Turneffe had a more well-developed spur and groove formation (Fig. 3.2), than the protected

leeward side of the atoll.
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Figure 3.1. Diagram with typical characteristics of exposed and protected coral reef
zonation. Note prominent spur and groove formation on the exposed-open reef. (Adapted
with permission Blanchon et al. 1997).
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Figure 3.2. Oblique aerial photograph showing spur and groove reef formation on the ocean-
facing side of Cockroach Cay-22 and -23, Turneffe Atoll.

A pressure gradient that drives reef circulation is created when a wave breaks on a reef and
produces an increase in the mean water surface elevation (Longuet-Higgins and Stewart
1962). These wave-driven currents are responsible for the cross-reef transport of nutrients,
sediment, plankton, larvae, etc. (Lowe et al. 2005). Reef sediments in the form of sand and
coral rubble accumulated behind the reef crest on the back-reef sediment apron on Turneffe’s
eastern seaboard. In addition to routine wave energy, offshore cays and atolls bear the brunt
of incoming storms. Larcombe and Carter (2004) explained that cyclonic activity on tropical
reef shelves acted as a sediment pump. They explained that tropical cyclones contributed

sediment to the shelf system in three discrete ways: 1) by direct breakage of reef material
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during cyclone passage across the outer shelf reef tract, which means carbonate gravel and
sand were added to the back-reef sediment aprons; 2) by erosion of Pleistocene clay and
breakage of shells and other biogenic material at the seabed within the middle shelf cyclone
corridor; and 3) by rainfall-induced input of terrigenous detritus at river-mouth point-sources.

On Turneffe, the first of these mechanisms appeared to dominate formation of fringing cays.

The zonation pattern found on the eastern side of Turneffe was clearly visible from the air
(Fig. 3.3; Cockroach Cays). This planimetric view of a section of the 2006 photo-mosaic
shows the cays in relation to the larger islands and the reef system. The horizontal reef zones
found within the high wave energy environment included the fore reef and reef crest. Behind
the reef crest and with less wave energy was the reef flat zone. The reef flat zone included
the back-reef sediment apron, where sediment can accumulate above the spring high tide, and
a lagoon. Different types of vegetation can occupy various areas depending on different
parameters (e.g., tide, salinity, and elevation, type of substrate and wave energy). A unique
feature of Turneffe that differed from the other Belizean atolls was the chain of small
fringing cays with vegetation that occurred especially on the eastern seaboard of the atoll.
These small cays link mangrove, seagrass and coral reef ecosystems. These cays are under
pressure for development and have already suffered from heavy human impacts prior to
Hurricane Hattie 1961. As such, these offshore cays are worth protecting for scientific and
conservation reasons and can hold answers to the interplay of seagrass beds, mangrove

forests and coral reefs, without the effects of fluvial discharge.
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Figure 3.3. Aerial view of Turneffe’s northeastern cays (Cockroach Cay group). Photo-
mosaic from 2006 showing coral reef zonation and location of fringing cays within the back-
reef area.
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In the semi-protected environment of the back-reef sediment apron, seagrass, mangrove,
littoral and cocal forest colonized sediments, depending on their elevation relative to high
and low tide levels. Vegetation established behind the reef crest was continually affected by
routine and periodic peak wave action and tidal inundations. In the case of seagrass and
mangroves, both were well-adapted to inundation, and their survival depended on the
movement of water for the dispersion of seeds and propagules. In these environments,
seagrass can survive periodic exposure from low tides. However, unlike mangroves, they do
not have the ability to colonize above the high tide line. The episodic inundation and
enhanced wave energy during storms were important disturbance process in these low-relief

ecosystems.

Recurrent tropical storms have a profound effect on Belize’s coastline. Because of their
significant economic and ecological impacts, Caribbean hurricanes are now well
documented. The online hurricane database maintained by NOAA provides information on
specific hurricanes from 1851 forward. The best track data provide information on storm
direction, wind speed, translation speed and storm category. The effects of early hurricanes
are not well documented, except for the effects of Hurricane Hattie of 1961 on coastal Belize,
and specifically Turneffe, that were documented by Stoddart (1963). During this hurricane,
Cay Caulker, an offshore Belizean island to the north of the track of Hurricane Hattie
experienced 4.5 m of storm surge above mean sea level (Stoddart 1963) while Mullins River,
where Hurricane Hattie made landfall along the Belizean coast, experienced 6 m of storm

surge above sea level (Stoddart 1963).
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3.1.2 Human activity, storms and cay vegetation on Turneffe

Human activities on Turneffe date back to the Late Classic to early Post-Classic Mayan
periods based on dated pottery fragments (Wright et al. 1959; MacKie 1963). Wright et al.
(1959) believed that these settlements were permanent and that the Mayas engaged in fishing
and subsistence farming. There is no doubt about the potential for long-term habitation since
there were at least on three sites on the eastern side of the atoll where fresh water can be
obtained from hand-dug wells. Access to fresh water on an offshore island is essential and
the discovery of water sources can lead to prolong settlement of these areas. Settlement by
fishers and the rise of importance of the cocal industry in the late 1800°s were also influenced
by the availability of fresh water on Turneffe. Well-established settlements like the one at the
Calabash Cays had substantive buildings before Hurricane Hattie destroyed the site in 1961

(Stoddart 1963).

For many years prior to Hurricane Hattie, the vegetation on the eastern cays of Turneffe had
been modified by human activities, primarily by the cutting of littoral forest and mangroves
and planting to coconuts. Stoddart (1962) documented some of the vegetation types that were
found on the cays during his survey in 1960 and 1961. The dominant vegetation was the
coconut (Stoddart 1962). According to Henderson (in Stoddart 1962), coconuts were
widespread on the sand cays of British Honduras by 1810 and were established on the atolls
as early as 1720. In addition to the cocal industry, a sponge industry was also initiated on
Turneffe in the early 19" century but had failed by the 1930’s due to disease and hurricane

damage (Stoddart 1962). According to retired fishers from Turneffe, most of the sponge
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aquaculture was conducted on the protected areas of the inner lagoons. The interplay between
the large scale historic effects of humans on the fringing cays and subsequent storms makes

the fringing cays on Turneffe a good site to study long-term changes at the landscape level.

Like mangrove forests around the world, mangroves in Belize are frequently disturbed.
Storm damage ranges from defoliation and crown damage to windthrow of complete areas
(Hutchings and Saenger 1987). Human disturbances on Turneffe vary from selective logging
to clearance of all vegetation for temporary or permanent developments, placing an ever
increasing pressure on coastal resources and habitats. Turneffe provided an ideal place to
study these impacts and processes of recovery. Knowledge of the long-term effects of
vegetation clearing, and the factors involved in ecosystem recovery following storms are
important for coastal planning and management on Turneffe as well as the rest of Belize.
With the increased attention on restoration issues (King 1991; Ellison 2000), this knowledge

becomes even more important.

The establishment and first stages of regeneration of mangroves has been addressed by
various studies (Sukardjo 1987; Clarke and Allaway 1993; Roth 1992). Factors such as fruit
dispersal (Clarke and Allaway 1993; Sengupta et al. 2005), predation by crab (Osborne and
Smith 1990) and soil properties (Duarte et al. 1998) influence the initial stage of
colonization. Anecdotal research on the dispersal of mangrove propagules emphasized long-
distance dispersal in high-energy oceanic environments where ocean currents were thought to
carry R. mangle propagules at least 100 km (Davis 1940; Murray 1986). However, more

recent studies indicate that dispersal was more limited for most species (Nathan 2001).
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Clarke and Allaway (1993) gave a mean dispersal range of a few hundred meters for A.
marina, the mean settlement of propagules of the R. mangle takes place within a few meters
from the adult tree (Blanchard and Prado 1995). This indicated that nearby presence of well-
developed mangroves may be an essential influence on the rate of re-establishment of
mangroves in human and naturally cleared areas. Krauss et al. (2008) conducted a review of
the literature on the environmental drivers of mangrove establishment and early

development.

Susceptibility to and recovery from hurricane damage also varied between Caribbean
mangrove species. Ross et al. (2006) studied recovery of fringing mangroves in Florida nine
years after the passage of Hurricane Andrew 1992. Mortality and damage were concentrated
in canopy individuals, and the changes in the relative abundance of the two dominant
mangrove species following the hurricane varied strongly along the productivity gradient.
Ross et al. (2006) found that the shade-tolerant R. mangle generally became the dominant
canopy in the competitive environment of the recovering coastal fringe forest following
Hurricane Andrew, but the shade-intolerant L. racemosa was better represented in less
productive interior fringe sites where canopy closure was delayed. Rhizophora mangle
dominated the mangrove forest of Turneffe and seems better adapted at colonizing even the
higher energy areas like the fringing cays on the eastern side of Turneffe. However,
differences in storm susceptibility depend on mangrove structure as well as species. Bardsley
(1985) determined that dwarf mangroves sustained little impact in contrast to tall emergent
mangroves from the Australian cyclone Kathy. Roth (1992) also observed higher

susceptibility of emergent mangroves to windthrow under hurricane conditions on the
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Nicaraguan coast. Patterns of mangrove mortality relative to hurricane intensity suggested
that it depends in part on local site conditions. Forest damage is greatest about the eyepath,
damage is known to decrease with increasing distance from the storm’s track (Stoddart 1963;
Doyle et al. 1995) and sites adjacent to open water in the direct windpath can sustain higher

impacts than interior sites with a higher degree of wind sheltering (Doyle et al. 1995).

3.1.3 Landscape change, remote sensing and GIS

Historical reports and maps are an important source of information on hurricane damage;
aerial photographs and satellite images are another. Historical aerial photographs are
recognized as an important source of information for studies of vegetation dynamics (Green
et al. 1993). Data from remote sensing satellites enables efficient monitoring of land use and
land cover change because of repetitive coverage at short intervals and consistent image
quality. With the rapid growth of technology and software development for geographic
information systems (G1S), the use of historical aerial photographs has opened new
possibilities for the analysis of vegetation changes. For example, with digital image
processing and GIS techniques, it is possible to detect and quantitatively analyze vegetation
changes along ecosystem boundaries over time (Aronoff 2005). These changes can then be

linked to anthropogenic or natural disturbance processes.

In Belize, historical vertical aerial photographs come from the reconnaissance work
conducted by the Royal Air Force, UK (RAF) and United States Air Force (UAF). A large

number of historical photos are now declassified and are available in libraries, archives and
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government institutions. A substantive number of RAF photo prints was housed at the
Ministry of Natural Resources in Belmopan, Belize. The collection in Belmopan has some
coverage for Turneffe. In the UK, The British Empire and Commonwealth Museum has
additional coverage for Belize. The oldest set of photographs available for my study was
from 1945, and | used this for comparative analysis of landscape change over the last six

decades.

3.1.4 Study objectives and research questions

The broad objective of this study is to examine local and landscape-scale long-term changes
in cays and vegetation patterns and process along the east coast of Turneffe before and after a
major hurricane. The specific objectives are to: 1) document changes in cay location and
vegetation composition and cover over time; 2) explore causal agents responsible for cay
changes. | tested the following hypotheses: 1) there has been a significant reduction in the
number and vegetated area of fringing cays on the eastern seaboard of Turneffe since 1945;
2) the coconut palm has not returned to the before-Hurricane Hattie coverage but instead
mangrove coverage (mainly R. mangle) has expanded on the fringing cays; 3) the majority of
the fringing cay vegetation is under the influence of tides; 4) severely eroded cays revegetate
in the same general area following storm damage; 5) the orientation of the longest axis of the
cay vegetated area is parallel to the reef crest in front; 6) there is a directionality to routine
wind and episodic storm track directions; and 7) fringing cays have shifted away (due west

north-west) from the reef crest between 1945 and 2006.
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3.2 Data and methods

3.2.1 Study area

Turneffe is approximately 30 km from Belize City and 12 km outside the Belize Barrier
Reef. It is the largest of the three atolls located in Belize and has an area of approximately
525 km?. The autochtonous nature of this atoll provides an ideal working environment for
biogeographical studies and dynamics of coastal ecosystems (mangrove forests, seagrass
beds and coral reefs) in the absence of fluvial discharge. The Turneffe platform is surrounded
by deep water (Stoddart 1962) and has a surface-breaking reef rim with a windward spur and
groove system (Stoddart 1962; James et al. 1976; Gischler 1994). Turneffe has an extensive
mangrove forest primarily dominated by R. mangle. This forest grows on a variety of
substrates and ranges from open canopied dwarf forests (<1.5 m in height), to closed
canopied forests that reach a height of >15 m. The lagoon floors are extensively covered with
the seagrass Thalassia testudinum Banks and Sol. ex K.D. Koenig and the alga Halimeda

spp. (Gischler and Hudson 1998); these species can also be found along the back-reef zone.

The fringing cays on the eastern seaboard of Turneffe (Cockroach Cays to Dead Man Cays)
extend for approximately 40 km in a north to south direction (Fig. 3.4). Access to the

fringing cays was by boat through the various channels, inner lagoons and reef breaks. The
University of Belize Institute of Marine Studies, research station, located on Main Calabash

Cay, was used as the base station during field work. Remote sensing and field work during
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2006, 2007 and 2008 was conducting in the early months of each year (February to July) to

avoid field work during hurricane season.

The fringing cays found on the eastern seaboard of Turneffe can be grouped into three
geographically separate groups (Fig. 3.4): the Northern Group (Cockroach Cay group), the
Central Group (from Pelican to Little Calabash Cay), and the Southern Group (from Little
Rope Walk to Dead Man Cay-1). In some maps, the Cockroach Cays are divided into two
groups, the Cockroach Cays and the Grassy Cays Range. To avoid confusion and to be
consistent with Stoddart’s naming and numbering of Turneffe cays, | will use the term
Cockroach Cays to describe the group of northeastern fringing cays. Stoddart produced
detailed maps of selected eastern cays based on oblique and vertical aerial photographs from
1960 and 1962 that covered cays from Dog Flea Cay to Dead Man Cays (Stoddart 1962).
When Stoddart assigned the names and numbers for the fringing cays during his
investigation, he did not include two of the cays from this group that were present during his
survey. He did mention Rope Walk Cay (also known as Lindsay Cay) and that he was unable
to visit due to its inaccessibility. The other cay was between Cockroach Cay-2 and -3. This
cay was missed and was not included in his map, but this cay was visible from aerial
photographs from 1945 and those taken before and after Hurricane Hattie. Both cays were

incorporated in this study.
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and number of cays. (Redrawn from McGill 1996).
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3.2.2 Satellite imagery and aerial photographs

3.2.2.1 Satellite imagery

| obtained QuickBird satellite images for the eastern seaboard of Turneffe, taken in August
2005 (Pacific Geomatics Ltd. Canada). In 2006, Pacific Geomatics Ltd. Canada custom
orthorectified and radiometrically-corrected tiled QuickBird imagery. Two image swaths for
the Turneffe area were delivered: image T001, the south-eastern image, and image T002, the
northeastern image (QuickBird image on the right of Fig. 3.5). Each image was
independently ortho-corrected (Projection: UTM Zone 16N; Datum: WGS 1984). Both
multispectral and panchromatic images were acquired, with 2.4 m and 0.61 m spatial
resolution at nadir, respectively. The imagery covered the eastern cays of Turneffe
(Cockroach Cays to Dead Man Cays). The QuickBird multispectral and panchromatic images
were pansharpened with ENVI software version 4.5 to produce a high resolution color image
to be used as the base layer for subsequent image rectification. The QuickBird image was
used for initial mapping and as a base for rectification of the low elevation aerial
photographs. A Landsat image from 2004, which covers the extent of the entire atoll, was
acquired from Dr. Ed Boles, University of Belize in 2006 (image to the left on Fig. 3.5). The
image was used mostly for field work and navigation during ground-truthing and to access

study sites.
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Figure 3.5. Turneffe imagery: image to the left is area coverage of entire atoll by Landsat
2004; and image to the right is the extent of coverage from the QuickBird 2005 of the eastern
side of the atoll.
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3.2.2.2  Vertical aerial photographs

In April 2006, digital vertical aerial photographs were taken of the eastern side of Turneffe.
Photos were taken in collaboration with Terrasaurus Aerial Photography Ltd., Canada and
LightHawk, USA. These photographs were taken using dual Canon EOS-1Ds Markll with a
16.7 megapixel capacity. The flight lines were oriented to ensure efficient coverage of the
eastern fringing cays, with pre-selected GPS coordinates for the flight path. Photographs
were taken at an altitude of 2500 m and objects as small as 10 cm were visible in the images.
Adobe Photoshop version 8.0 was used to organize these aerial photographs by flight-path
and for the selection process. A digital elevation model (DEM) for the coast of Belize with a
2 km pixel resolution was used for the ortho-rectification. While coarse, this DEM was
adequate for this project on Turneffe because the atoll has a very low relief and all ground
control points were at sea level (Jamie Heath, owner of Terrasaurus Aerial Photography Ltd,
personal communication). A minimum of eight GCPs were used per photo to create the
orthographic projections, two of the eight GCPs were stereopaired to match precisely to the
corresponding image data on the second photo of the pair. The GCPs included coral rocks,
and edge of narrow channels. In addition, since the QuickBird base image and aerial
photograph dates were close in time, distinctive seagrass patches, individual trees and
human-made structures were added as GCPs. It was necessary to use these additional points
because the high resolution aerial photographs each covered small areas (~ 15 ha). GCPs
were distributed as evenly as possible throughout the entire photograph. The total root mean

squared error for the 2006 georectified images was kept at an average of 0.1 m.
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Orthorectification is the process of removing geometric error, radial displacement and tilt and
relief distortions from aerial photographs so that orthophotos are of consistent scale and
derived measurements are planimetrically accurate (Morgan et al. 2010). The resulting 2006
orthophoto mosaic does not cover the entire area of the QuickBird imagery base layer.
However, all fringing cays of interest are covered on this photo-mosaic. The adjacent reef
system and proximal portions of the larger islands were included in this coverage. The
orthophotos were combined to form an orthoimage mosaic that allowed the study area to be
viewed as a single composite image. The mosaics were initially in geotiff format rendering
large file sizes. The geotiff mosaics were joined and compressed into three separate images
with ECW output format in order to be more manageable within the ArcGIS platform. The
seamless digital photo-mosaic, including color balancing and compression, was prepared by
Terrasaurus Aerial Photography Ltd. with a 10 cm resolution, using PCI1 Geomatics (version

10.1.3, Ontario Canada) digital image processing software (www.pcigeomatics.com).

Historic aerial photos were obtained from the Land Management Program Physical Planning
Valuation Office located in Belmopan, Belize between 2006 and 2007. The following sets of
photos were taken by the Royal Air Force (RAF) in 1945, 1962 and 1975, see Table 3.1 for
the extent of coverage. The scales of these aerial photographs were not available. However,
based on recognizable features (e.g., distinct channels > 3 m wide), the scale was estimated at
1:30,000. Permission was granted by the Defense Procurement Agency, Bristol, UK for the
scanning of the RAF photos located in Belmopan, Belize. An additional set of historic photos
taken by the RAF after Hurricane Hattie of October 1961 was obtained from the British

Empire and Commonwealth Museum, UK. This set has complete coverage of the eastern part
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of Turneffe. An incomplete set of historic photos taken in 1960 by the US Air Force (USAF)

were provided by D. R. Stoddart (Emeritus Professor of Geography, University of California,

Berkeley, CA).

Table 3.1. Summary of historical vertical aerial photographs taken by the Royal Air Force
(RAF) and the US Air Force (USAF) of the eastern coast of Turneffe. Partial and no
coverage means that in those cases the photos were not taken or could not be obtained or

found.
Year and extent of coverage
1960 before 1961 after
1945 Hurricane Hurricane
Group of Cays  (RAF)  Hattie (UAF) Hattie (RAF) 1962 (RAF) 1975 (RAF)
partial
Cockroach Cays  complete coverage complete no coverage no coverage
Pelican Cay complete  no coverage complete no coverage no coverage
Soldier Cays complete  no coverage complete complete complete
Calabash Cays  complete  no coverage complete complete complete
Little Rope
Walk Cay complete complete complete complete  no coverage
Dead Man Cays  complete complete complete complete  no coverage

The historic photo prints located in Belmopan, Belize were scanned with an HP

PrecisionScan Pro 3.02 at 1200 dpi. The 1960 USAF photos and the after Hurricane Hattie

photos were scanned with an Epson Expression 1640XL scanner at 1200 dpi. All scanned

photo prints were saved in tagged image file format (tiff) and Adobe Photoshop version 8.0

was used to organize and pre-process the digital copies (flipping and cropping) before

georectification. After scanning photographic prints to create a digital file, polynomial
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georectification was performed in three steps: 1) matching of ground-control points (GCPs)
on the scanned photo image with the base layer, 2) transformation of the GCP coordinates on
the scanned image from a generic raster set to a geographical projection and coordinate

system, and 3) pixel resampling.

All photos from the RAF and USAF were georectified with Environment for Visualizing
Images (ENVI version 4.7, Research Systems, 2008), image processing system. The
QuickBird 2006 image was used as the base layer for all the image-to-image registrations.
The same ground control points (GCPs) were used for all image dates. A minimum of eight
GCPs were selected on each photo (Hughes et al. 2006). Each frame was then georectified
using a polynomial transformation with image-to-image control points taken from 2006
QuickBird satellite imagery. All the photographs were warped with a second-order
polynomial transformation. Images were resampled using nearest-neighbor interpolation. The
1945 photos, which were the oldest, were georectified first. Extra effort was made to
georectify the subsequent batches of photos where coverage overlapped using the same GCPs
used with the 1945 photos. This ensured that for the coverage within the overlap the same
GCPs were used for the georectification process. The selection of GCPs on the photograph
was spread as widely as possible across the image to improve accuracy throughout the
photograph. However, it was also noted that better accuracy can be obtained by concentrating
GCPs near the features of interest (e.g., Hughes et al. 2006). To improve and enhance the
image-to-image registration precision, pairs of control points with large errors were removed.
The total root mean squared error for all the historic georectified images was kept at an

average of 5 m. Fortunately, in most of the historical photos, a number of coral reef rocks and
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narrow channels were visible. These features are stable over long time periods and proved to
be the best GCPs. The georectified historical photos were then combined using ENVI
producing a photo-mosaic with a 0.60 m pixel resolution. All mosaics from the historic
photos in addition to the pansharpened QuickBird imagery were loaded into ArcGIS. The
mosaics were overlaid unto the QuickBird imagery. Each individual mosaic layer was
activated one at a time, and the swipe layer tool within ArcGIS was used to make sure that
the GCPs used during rectification matched with the corresponding QuickBird layer,
particularly those GCPs close to the fringing cays. Corrections were made in the event that
corresponding GCPs between layers were more than 5 m off from the QuickBird base layer.
As a final check to confirm consistency between the 1945 and 2006 photo-mosaics, eight
features were selected which were presumed to be stable over time and which were not
previously used as GCP’s. These map features were coral patches identified on both the 1945
and 2006 photo-mosaics located close to the reef crest and on the back-reef sediment apron.
The approximate centers of the coral patches were digitized within ArcGIS and the x and y
coordinates were calculated within ArcGIS. The average difference between the x and y
coordinates for the 1945 and 2006 images was 0.9 m (0-1.3m) and 1.3 m (0 to 2.1 m)

respectively.

3.2.2.3 Oblique aerial photographs

To provide additional information on year-to-year changes, oblique aerial photographs were

taken of the eastern cays yearly in April from 2003 to 2008 (Table 3.2). Oblique aerial
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photographs of the fringing cays were taken by Dr. I.C. Feller (Smithsonian Institution,

USA) and me in collaboration with LightHawk, USA.

Table 3.2. List of aerial surveys conducted in collaboration with LightHawk, USA and Feller
(Smithsonian Institution, USA). Oblique aerial photographs were taken of the eastern and
western sides of Turneffe with focus on the fringing cays of the eastern side.

Year Extent of coverage

2003 Eastern Turneffe from Dog Flea Cay to Dead Man Cays

2004 Eastern Turneffe from Dog Flea Cay to Dead Man Cays

2005 Eastern and western Turneffe from Dog Flea Cay to Big Cay Bokel
2006 Eastern and western Turneffe from Dog Flea Cay to Big Cay Bokel
2007 Eastern and western Turneffe from Dog Flea Cay to Big Cay Bokel
2008 Eastern and western Turneffe from Dog Flea Cay to Big Cay Bokel

A very valuable set of historic photo slides was provided by Dr. D.R. Stoddart in 2006. The
set of 1961 color transparencies (taken before Hurricane Hattie 1961), partially covers the
fringing cays of eastern Turneffe (Cockroach Cays to Dead Man Cays). Dr. Stoddart also
provided aerial-oblique and on-the-ground photo slides that he took from 1962 and 1965 with
partial coverage of these eastern cays. These color transparencies were scanned using a
Minolta Dimage Scan Elite 5400 with input dpi of 2000 and output dpi of 300. Each photo
was renamed and organized using Adobe Photoshop 8.0 and saved in JPEG file format in
order to embed additional information on its metadata. ArcGIS 9.3.1 was used to extract
approximate x and y coordinates from the QuickBird imagery of the locations where the
photo slides were taken. The software RoboGEO 5.6.4 was used to manually geotag these

photos with the estimated coordinates and to name photos according to location. Geotagged
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photos were organized by year, and ESRI™ shape files were created to make these photos

available via a specific path to be viewed on GIS.

The oblique photos were organized by year and area of coverage for comparison purposes
only and were not used for aerial coverage calculations. These photos assisted with the
identification and number of cays within a given year, vegetation type and identified the
effects of human and natural disturbance over time (presence or absence of either coconut
trees or mangrove vegetation, presence or absence of human-made structures, and effects of

storm damage on cay vegetation).

3.2.3 Image analysis and ground truthing

3.2.3.1 Vegetation and cay map preparation — 2006 photo-mosaic

For all the photo-mosaics, including the satellite imagery, the UTM map projection was used.
This permitted metric distance measurements of multi-temporal changes. The 2006 aerial
photo-mosaic was the most recent vertical image and provided coverage of the eastern
fringing cays. The high resolution images allowed a more detailed analysis of the vegetation
and it was therefore a good baseline against which to compare the subsequent photo-mosaics.
From this 2006 photo-mosaic, all visible fringing cays with vegetation along the eastern side
of Turneffe were mapped in ArcGIS. Polygons representing the various perimeters were
digitized for all fringing cays. Two cay areas were calculated from the 2006 photo-mosaic: 1)

vegetated area and 2) vegetated area and bare substrate (refer to Glossary). The area of the
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following vegetation classes was also calculated: cocal, littoral and mangrove. A vegetation
type that is widely found in coastal environments is littoral forest. The definition for littoral
forest has been widely adopted in Belize to mean coastal forest without cocal and mangrove

forest (see Glossary).

The aerial photographs from 2006 were high resolution (10 cm pixel resolution). The ground
truthing process involved identifying the group of 35 vegetated fringing cays which were
indentified from the 2006 photo-mosaic. Hard copy maps were produced with map keys and
coordinates to show location. The laminated maps were used in conjunction with a GPS
(Garmin 76CSx) to verify specific positions on the cays (e.qg., distinctive vegetation canopy
like coconut palms and vegetation boundaries). All 35 vegetated fringing cays were found
on-the-ground and the periphery of the vegetation was confirmed. The following field notes
were taken of each vegetated fringing cay: 1) dominant vegetation type (e.g., cocal- or
mangrove-dominated); 2) presence of C. nucifera on the cay; 3) photos were taken of the
periphery vegetation and/or substrate; and 4) the presence/absence of any human-made

structure(s) (e.g., sheds, shacks, houses, and docks).

3.2.3.2  Vegetation and cay map preparation — comparison of 1945 and 2006 photo-

mosaic

Upon completion of the ground truthing process for the 2006 photo-mosaic, polygons
representing the cay vegetation perimeters were digitized for all fringing cays on the 1945

photo-mosaics using ArcGIS. Each cay vegetated area was calculated using ArcGIS. These
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photo-mosaics also showed the reef system and considerable areas of the large islands. The
1945 photo-mosaic revealed information on the location and size of the fringing cays relative
to the reef crest and large islands and presence/absence of cay vegetation. The resolution of
the image enabled classification of landscape features (i.e. vegetation, reef, channels, open
water and pond areas). Figure 3.6 shows a flow chart of the general working process adopted

for the production of maps.

[Archives, libraries & flying over Turnel‘fe} Field work

Collection of ground
control points

Image selection

Scanning & W {Ground control points}
photo sequencing

Data cleaning, adjustment & processing

Satellite

imagery GCP’s
verification

Ortho-image &
georectified image

Visualization &
analysis

'
Maps, cay frequency, cay vegetation
& area & displacement vectors

Figure 3.6. Flowchart of the general working process used for the production of maps and
aerial photograph interpretation.
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3.2.3.3  Location and orientation of fringing cay vegetation

The geometric center of the 1945 and 2006 vegetation polygons created within ArcGIS was
calculated and represented by a centroid. The centroids were taken to represent the geometric
location of the vegetation polygons and were used in distance calculations. The centroid for
each of the cay vegetation polygons of the 2006 and 1945 photo-mosaic was created through
the XTools Pro 5.3 extension for ArcGIS. These coordinates were then added to the table of
cay information, along with cay area. In preparation for the field work, the 2006 vegetation
polygons and centroids were superimposed on the 1945 photo-mosaic, and maps were
printed and laminated. The names used by Stoddart to describe the cays and centroid
coordinates were also included on these maps. During the field work, all coordinates from the
2006 and 1945 centroids were entered into a Garmin 76CSx GPS and each cay or former cay
location was visited. In the field, for each cay with vegetation, field notes were added to the
previous field data on evidence of erosion and/or accretion. For all cays without vegetation,
based on the 1945 photo-mosaic, field notes included: 1) evidence of erosion (e.g., presence
of decomposing roots and stumps); 2) presence of dead vegetation (e.g., roots and stumps)
and 3) GPS points were taken of any salient features that suggested the location of the cay

prior to devegetation and/or erosion.

Polar charts and circular statistics were used to assess directionality. In order to assess the
directionality and the magnitude of displacement (centroid movement) from 1945 to 2006, a
polyline was created within the ArcGIS connecting the centroid of the 1945 polygon to the

centroid of the 2006 polygon of the vegetated area of each cay (n = 31). The azimuth of each
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polyline was calculated using ArcGIS spatial statistics tools. The length and azimuth of the
digitized polyline was used to calculate the magnitude and angular vectors averaged for all
cays. This measure is termed the Rayleigh’s concentration coefficient (r). The value ranges
from “0’, when the headings are uniformly distributed, to *1’, when all of the headings are in
the same direction (Zar 1996). The resulting mean vector was evaluated to see whether it
differed from 0 using a Rayleigh test. One-sidedness occurs when observations are clustered
around a single “preferred” direction/angle. The basic idea of the Rayleigh test is to express a
sample of independent angular observations through a mean vector. The important properties
of this vector are its length ‘r’ (0 <r <1), and its direction (0-359°). The significance level of
the Rayleigh test is a function of the mean vector’s length and the sample size. A relatively
long vector indicates significant one-sidedness, while a relatively short vector is evidence
against one-sidedness. If significant one-sidedness is detected, the direction of the mean
vector indicates the “preferred” direction of movement. The null hypothesis for this test
states that the mean vector = 0, and hence the individuals are evenly or randomly dispersed.
When the null hypothesis is rejected, the mean vector # 0, and individuals are oriented in a
particular direction (Zar 1996). The calculations for the Rayleigh test were performed using
macros created by M. Kolliker (Kolliker and Richner 2004) for use in the SAS system (SAS

Institute 9.2 (2008)).

A pair-wise comparison of the x and y coordinates of the vegetation centroid between 1945

and 2006 was conducted. The Wilcoxon’s signed rank test for paired comparison is a non-

parametric test and was used because the data were non-normally distributed.
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The eastern cays appeared to have non-random shapes and to be non-randomly aligned
relative to the orientation of the reef crest. To quantify this, the orientation of the polygon
from the vegetated area was defined by its longest axis. The longest axis which spanned the
polygon of each cay from the 1945 and 2006 photo-mosaic was calculated using a custom
code from Jenness Enterprises, (www.jennessent.com), which was ran using the Visual
BASIC for Applications (VBA Microsoft) within ArcMap. A section of the coral reef crest
directly in front of each cay was examined on the photo-mosaics (1945 and 2006) and a line
was digitized to delimit the reef crest, and the orientation of the line marking this portion of
the reef crest was calculated with ArGIS (spatial statistics tools). The longest axis from the
1945 and 2006 vegetation polygons and the reef crest polylines were used to test for a
relationship of orientation between the cays and the structure of the reef crest. Circular
moments, and the V-test, (Batschelet 1981) were used to assess the one-sidedness of the
sample. The V-test is a modification of a Rayleigh test that examines whether observed
angles are statistically clustered around a hypothesized angle, in this case the mean

orientation of the reef crest (Batschelet 1981).

3.2.4 Wind and tide from Carrie Bow Cay and Main Calabash Cay

There was no weather station at the University of Belize Marine Research Station, during
field work, nor were there any other long-term weather stations on Turneffe. Hourly records
of tide and wind (wind direction and speed) are recorded at the Carrie Bow Cay Marine Field
Station (Fig. 3.7), which is 60-km south from the Main Calabash Cay, Turneffe. Wind and

tide data from the Carrie Bow Cay weather station was downloaded from Smithsonian
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Marine Science Network (Smithsonian Institution 2008; http://nmnhmp.riocean.com). Hourly
wind measurements were taken at the station, the mean monthly and yearly wind direction
averages were calculated from the 2007 and 2008 data. Circular statistics were used to

calculate mean wind directions (Batschelet 1981; Zar 1996).

The Carrie Bow Cay weather data are the best available data for making inferential
statements on the long-term patterns for the Turneffe area. The weather station at Carrie Bow
Cay is the only station in Belize that collects weather and oceanographic parameters of
offshore conditions in a consistent manner. Carrie Bow Cay is a small cay and resembles the
fringing cays of Turneffe in size (112 m at its longest point to 35 m at its widest point) and
formation (reef sediment) and is approximately 130 m from the reef crest (Fig. 3.7). The
group of fringing cays on eastern Turneffe is presumably influenced by similar wind
conditions to Carrie Bow Cay when the wind is blowing due northeast, east, and south-east

due to the presence of the larger islands west of the fringing cays.
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Figure 3.7. Smithsonian’s Carrie Bow Cay Marine Field Station houses an Environmental
Monitoring Systems which continually monitors real time meteorological and oceanographic
conditions (aerial photograph from 2006).

To check for correspondence between tides at Carrie Bow Cay and Turneffe, a tide gauge
was set up beside the dock at Main Calabash Cay. For the later part of May and early June
2008, the tide was monitored for 7 days at 1-h intervals from morning to late evening
(between 0700 to 2100 hrs). The corresponding tidal data were acquired from the Carrie Bow
Cay Marine Field Station. Pearson's correlation coefficient was used for evaluating

concordance between the two tidal data sets.
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3.2.5 Fringing cay vegetation under the influence of tides

The spring tide high water mark boundary was based on multiple GPS points taken in the
field. On the ocean facing side of the fringing cays with beaches, the GPS points were taken
along a clear wrack line which primarily consisted of dead seagrass and algae or differences
in substrate coloration delimiting the water line. For the leeward side of the cays, with
respect to the reef crest, the spring tide high water mark was mostly inside mangrove
vegetation. The spring tide high water mark was established by following the boundary area
where a high water mark was left on the prop roots and stems of mangrove trees. A cross
reference was established in some cays by applying a thin film on roots or on a section of
rope with Kolor Kut® water finding paste and pinning the rope during low tide along the
ground across the intertidal range. The setup was inspected after a 24 hour period. Kolor

Kut® is a paste that changes color from brown to red upon contact with water.

The coordinates collected on-the-ground were converted to polygons for further processing
using ArcGIS and the 2006 photo-mosaic as the base map. The areas of two zones were
calculated: 1) vegetation and substrate above spring high tide and 2) vegetation and substrate
above and below spring high tide (refer to Glossary for definitions; Fig. 3.8). The edge of
vegetation found in a subtidal environment was mapped as the edge of mangrove prop roots

or canopies.
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Figure 3.8. A simplified fringing cay showing vegetation and substrate area above spring
high tide and vegetation and substrate area above and below spring high tide.

3.2.6  Landfall of hurricanes and tropical storms on Belize’s coastline and Turneffe

To investigate land-falling storms on mainland Belize and Turneffe, the HURDAT data were
used. For the North Atlantic Basin, the HURDAT (Hurricane Database) online database
maintained by the US National Hurricane Center provides track and wind speed data for all
known hurricanes since 1851. The HURDAT best track data set is the most complete and
reliable source of North Atlantic hurricanes (Jarvinen et al. 1984). Both databases from
HURDAT and UNISY'S were used to compile the list of storms from 1851 to 2008 for the
Belize and Turneffe area. The NOAA online database was consulted to create a Belize
coastal area and Turneffe database for all storms that made landfall from 1851 to 2008.
Extraction of relevant storms and storm parameters from the historical database was obtained
through the NOAA National Hurricane Centre Archive data, (NOAA 2010a;
http://www.aoml.noaa.gov/hrd/hurdat/DataByY earandStorm.htm), namely Hurricane Best

Track Files (HURDAT). The Atlantic Tracks File contains the 6-hourly (0000, 0600, 1200,
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1800 UTC), center locations (latitude and longitude in tenths of degrees), and intensities
(maximum 1-minute surface wind speeds in km/h and minimum central pressures in
millibars). Based on the location of the center of the eye of the storm, the points were
connected to create polylines. The polylines were used to calculate the storm’s
angle/direction as it approached or crossed the coastline or atoll. The Belize coastline was
digitized from a Landsat 2008 image. The mainland coastline was divided into north and
south with the aid of a diagonal running from the northern to the southern Belize border,
delimited by the Rio Hondo and Sarstoon River, respectively. A line perpendicular to the
diagonal was intersected with the coastal line. The mid-point dividing the northern and
southern coastline was 3 km north of the mouth of the Mullins River. The coastline was
divided to find out if there is a difference in frequency of storms affecting the northern
compared to the southern coastline of Belize. A similar approach was taken to divide
Turneffe into a northern and southern section delimited by the reef north of Mauger Cay and
the reef south of Bokel Cay, also known as Cay Bokel. The mid-point on the eastern side of

Turneffe was at 2 km south of Pelican Cay or 7 km north of Soldier Cay.

According to the National Hurricane Center (NHC), a landfall occurs at the intersection of
the surface center of a tropical cyclone with a coastline (NOAA 2010b). For this study,
landfall was based on NHC’s definition. The last two reported storm track locations upon
landfall were used to calculate the storm’s angle/direction. Circular statistics were used to
calculate mean storm track directions (Batschelet 1981; Zar 1996). The average return
periods for hurricanes was derived by dividing the period of record (1851 to 2008) by the

total number of landfalls at Turneffe (Keim et al. 2007).
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3.2.7  Analysis of the effects of wind and hurricanes on cay shift

The vegetation and substrate of cays and geographic location can be influenced by routine
wind and storm surge. Circular statistics were used to analyze average wind directions,
average storm track directions and cay vegetation shift (Batschelet 1981; Zar 1996). To test
whether the mean angles of two samples differ significantly from each other, the Watson-
William test was used (Batschelet 1981; Zar 1996). The directional means of the cay shift
angles (north azimuth) between 1945 and 2006 were compared to the track direction of
storms (tropical storms and hurricanes) and mean wind direction data from Carrie Bow Cay
Marine Field Station. The list of storms used for the analyses includes land-falling storms on
Turneffe between 1851 and 2008. The average monthly wind direction for 2007 and 2008
measured at Carrie Bow Cay was used for comparison, with the assumption that historical
yearly wind direction had a similar pattern. Wind direction was reported, from Carrie Bow
Cay Marine Field Station, as the direction from which it originated while storm track
direction was reported in the direction of its movement (NOAA 2010a). The inverse wind

directions were used in the analysis (direction of its movement).

3.2.8 Effects of Hurricane Hattie on cay frequency, vegetation area and type

Cays before and after Hurricane Hattie were identified as present or absent based on oblique
aerial photographs (1960 and 1962) and vertical photo-mosaic (1961 post-Hurricane Hattie).
“New vegetated cays” were identified from the 2006 aerial photographs when it was

compared to the historical photo-mosaics and photographs (vertical and oblique). The new
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vegetated cays were not visible from the aerial photographs (vertical and oblique) prior to
Hurricane Hattie 1961. New cays were areas with vegetation above water and colonizing the
intertidal zone. Vegetation from new cays was clearly separated from adjacent vegetated
cays, usually by a channel and/or bare areas of more than 4 m. These new vegetated cays
comprised of multi-stemmed trees of R. mangle with the smallest cay having a cluster of
approximately 25 stems (e.g., Little Soldier Cay). New vegetated cays were given names
related to the neighboring cays. Stoddart used a combination of names and numbers for the

fringing cays, and his name and numbering system was conserved in this study.

Polygons representing the cay vegetation perimeters were digitized for all fringing cays on
the 1945, 1961 and 2006 photo-mosaics using ArcGIS and cay vegetation area (ha) was
calculated within ArcGIS. The vegetated area on cays from the 1961 photo-mosaic, after
Hurricane Hattie, was calculated based on all standing vegetation on the cay, including living
and dead trees. The difference between standing dead trees and live trees was impossible to
distinguish on these photos since some trees could have been defoliated and re-foliated after
the hurricane. Cay vegetated areas (ha), calculated from the polygons, were compared by
using Wilcoxon’s signed rank test for paired comparison where the pairing criterion were all
vegetated cays identified in 1945, 1961 (after Hurricane Hattie), and 2006 photo-mosaic. The
Wilcoxon’s signed rank paired test is a non-parametric test and was used because the

vegetated area data were non-normally distributed.
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Oblique aerial photographs also assisted with identification of the presence/absence of C.
nucifera before and after Hurricane Hattie. Cocos nucifera has a distinctive crown and was

recognized from the photographs.

3.2.9 Short term effects of hurricanes — direct and indirect

Three cays from the Cockroach group were visited over a 5 year period (2003, 2006 and
2008) after the passage of Hurricane Keith 2000 to observe the rate of mangrove refoliation,
and recolonization by both vegetative regrowth and propagules. The area of hurricane
damaged forest on Cockroach Cays-20, -22 and -23 was measured by walking the boundary
between the dead and live trees, and taking GPS readings at regular intervals along this
boundary. A second set of GPS points was taken around the periphery of each cay’s
vegetation. The GPS point data was imported into ArcGIS and converted to polygon data in
order to calculate successive area by year in ha. Previous to Hurricane Keith, the periphery of

the Cockroach Cays had been explored in 1999 but no GPS measurements were taken.

Aerial and on-the-ground photographs from Soldier Cay and GPS coordinates and field notes
taken in 2003 were used to compare from the storm surge effects of Hurricane Ivan 2004.
Soldier Cay was visited two weeks after the indirect storm surge effects from Hurricane Ivan.
On-the-ground photographs of the reefward facing side of the cay were taken. Field notes
were taken on: 1) type (e.g., A. palmata and A. cervicornis) and size of coral rubble substrate
washed from the reef; 2) distance the substrate was washed on the cay from the reef crest; 3)

average depth of new coral rubble substrate washed on the cay, and 4) reefward facing
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mangrove vegetation condition (e.g., root burial, scarring of roots and stems and lean of tree

stems).

3.3 Results

3.3.1 Contemporary cays and vegetation - 2006 image analysis and ground truthing

3.3.1.1 Cay frequency and size

A high resolution photo-mosaic was produced from the 2006 vertical aerial photographs
which covered the eastern fringing cays of Turneffe. The largest cay had an area of 9.7 ha
and the smallest had an area of 0.002 ha (Appendix A). The back-reef sediment apron for the
northern group of cays was wider than the in southern. For example, the average distance
along the Cockroach Cays-20, -22 and -23 (northern group) between the reef crest and the
larger islands was approximately 840 m, while along the Dead Man Cays-5, -4 and -2

(southern group), it was approximately 230 m.

3.3.1.2  Cay vegetation cover and type

A total of 35 vegetated cays were identified from the 2006 photo-mosaic. Twenty one cays

were from the northern group, eight from the central group and six from the southern group.

The average cay vegetated area was 0.8 ha, with a maximum area of 9.7 ha located with the
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northern group and a minimum area of 0.002 ha located in the southern group. Only six cays

had a vegetated area of more than 1 ha. The combined vegetated area was over 28 ha.

The area of three vegetation classes, cocal, littoral and mangrove, varied widely in 2006 (Fig.
3.9). The cays without C. nucifera trees within the Cockroach group were small (mean size =
0.07 ha), when compared to the rest of the Cockroach Cays (mean size = 1.04 ha). The total
area covered by cocal forest was approximately 1.5 ha and the total cover of littoral forest

was 5.6 ha; while the total cover by mangrove forest was 21.0 ha within the group of 35 cays.
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Figure 3.9. Total areas for cocal, littoral and mangrove vegetation types. Areas calculated
from a group of 35 fringing cays identified on the 2006 photo-mosaic.
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3.3.1.3  Ground-truthing cay vegetation

Ground truthing conducted between 2006 and 2008 confirmed the number of vegetated cays
(n = 35) which were initially identified from the 2006 photo-mosaic. This was also true for
the cay vegetation classes and vegetated areas calculated from the 2006 photo-mosaic.

During the field surveys of 2006 to 2008, littoral forest was found to be widely distributed on
the fringing cays and concentrated on the higher elevation zone of the cays. Mangroves were
present on all 35 vegetated cays that were surveyed between 2006 and 2008. The dominant
mangrove specie was R. mangle. However, all three mangrove species (R. mangle, L.
racemosa, A. germinans), were found to be present on a large number of the fringing cays,
including the mangrove associate Conocarpus erectus. Mangrove vegetation of the total cay
vegetated area accounts for 21.0 ha (75%) within the list of 35 cays (Fig. 3.9). Most of the
extensive and continuous mangrove forest was found on the leeward side of cays with respect
to the reef crest. There were single mature trees on the ocean facing side of the cays, mostly
the A. germinans species, in some cases these single trees were the largest from the entire cay
vegetation. For example, an A. germinans found on the northeast side of Dead Man Cay-5,

had a DBH of 33 cm and a height of more than 7 m.
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3.3.2 Comparison of historic and contemporary remotely sensed data

3.3.2.1 Cay frequency and size in 1945

On the photo-mosaic from 1945, | identified 42 vegetated fringing cays along the eastern
seaboard of Turneffe. In 1945, only eight cays were more than 1 ha in size (Appendix B).
Cockroach Cay-28 (northern group), was the largest with an area of 5.9 ha. The smallest cay

was Big Calabash East Cay-2 (central group), with an area of 0.02 ha.

3.3.2.2 Location and orientation of cays: 1945 vs. 2006

Thirty one vegetated cays were found on both the 1945 and 2006 photo-mosaic and were in
the same general location (Appendix C). For both the 1945 and 2006 photo-mosaics, the
northern part of the back-reef sediment apron of Turneffe was wider than the southern part.
Between 1945 and 2006, cay centroids of vegetated area shifted west with a northerly
component (Fig. 3.10). Based on the Wilcoxon’s paired sample test the x and y locations in
1945 and 2006 were significant. The median change from 1945 to 2006 in the x coordinate
(11.2 m west) was significantly different from zero (p < 0.0001). The median change from
1945 to 2006 in the y coordinate (5.8 m north) was also significantly different from zero (p =
0.0048). The shift of the reefward facing edge of the vegetated cays was consistent with the
visible eroded substrate surfaces observed from the 2006 photo-mosaic and was also

documented during field work between 2006 and 2008.
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Figure 3.10. Dead Man Cay-5 (southern group cay), 2006 photo-mosaic. Yellow outline
shows periphery of 1945 cay vegetation, with yellow square as cay vegetation centroid. The
red outline delimits the periphery of the 2006 cay vegetation with red star as the cay
vegetation centroid. Black arrow indicates the direction of shift after 61 years (approximately
43 m predominantly west with a northerly component).

For the direction of movement of the cay vegetation polygon centroids (1945 to 2006), the
calculated Rayleigh test score ‘r’ of 0.6406, indicates a high level of concentration around the
mean (Rayleigh test, p < 0.0001), the mean angle of the sample was 302.5° represented by
thick arrow in Figure 3.11, the vectors had an angular variance of 0.72, and a mean angular

deviation of 48.5°.
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Figure 3.11. Orientation and magnitude (vector) of cay vegetation polygon centroid shift
(light colored lines) based from 1945 to 2006 photo-mosaic (n = 31). Distance from center of
chart measured in meters. Mean resultant length = 18 m (dark colored arrow), mean angle of
the sample = 302.5° (dark colored arrow), ‘r’ = 0.6406, Rayleigh test, p < 0.0001, angular
variance = 0.72, mean angular deviation = 48.5°.

Turneffe has a general north northeast to south southwest alignment. The coral reef system
surrounding Turneffe is aligned approximately 18° at its longest diagonal, but there are local
variations of the reef crest that surrounds the atoll. The directional mean of 46 sections of the
coral reef crest directly oceanward of the vegetated fringing cays was 34°, (with a significant
level of concentration around the mean (mean vector length ‘r’ = 0.9596; Rayleigh test, p <
0.0001; Fig. 3.12). The vegetated cays were non-circular in shape (Fig. 3.13). The orientation
of the longest axis of the vegetated cays from the 1945 photo-mosaic (n = 42), had a mean
bearing of 24° with a significant level of concentration, (mean vector length ‘r’ = 0.6247;

Rayleigh test, p < 0.0001; Fig. 3.14). While the 2006 photo-mosaic (n = 35), showed a mean
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bearing of 20°, with a significant level of concentration, (mean vector length ‘r’ = 0.6604;

Rayleigh test, p < 0.0001; Fig. 3.15).
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Figure 3.12. Orientation of reef crest directly in front of 46 vegetated fringing cays on
Turneffe (light colored lines). Orientation identified from the 1945 and 2006 photo-mosaic.
Distance from center of chart measured in meters. Mean length of the section of the
protecting reef = 311 m (dark arrow), mean angle of the sample = 34° (dark arrow).
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and longest diagonal

Figure 3.13. Cockroach Cay-28, yellow outline shows periphery of 1945 cay vegetation
polygon, with its longest diagonal and the red outline shows the periphery of the 2006 cay

vegetation polygon with its longest diagonal.
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Figure 3.14. Orientation of longest axis of the vegetated fringing cays from Turneffe.

Longest axis derived from the vegetation polygon of the 1945 photo-mosaic. n =42 (light

colored lines). Distance from center of chart measured in meters. Mean length = 116 m (dark

arrow), mean angle of the sample = 24° (dark arrow).
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Figure 3.15. Orientation of longest axis of the vegetated fringing cays from Turneffe.
Longest axis derived from the vegetation polygon of the 2006 photo-mosaic. n = 35 (light
colored lines). Distance from center of chart measured in meters. Mean length = 120m (dark
arrow), mean angle of the sample = 20° (dark arrow).

The V-test was used to test closeness to expected orientation (the orientation of the reef crest
= 34°). The diagonals from the cay vegetation polygons based on the 1945 photo-mosaic
were significantly oriented parallel to the reef directly oceanward of the cays (V-test with
expected orientation = 34°, r = 0.6247, u = 5.6383, n = 42, p < 0.0001). The diagonals from
the cay vegetation polygons based on the 2006 photo-mosaic were also significantly oriented
parallel to the reef crest (\V-test with expected orientation = 34°, r = 0.6604, u = 5.3615, n =

35, p < 0.0001).
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3.3.2.3 Cay vegetation: 1945 vs. 2006

Between 1945 and 2006 photo-mosaic a total of 11 cays were devegetated and eroded (Table
3.3). This amounts to 26% loss of the fringing cays identified from the 1945 photo-mosaic
along the eastern side of the atoll. The majority of devegetated cays and cays for which
substrate was eroded were from the northern group of Cockroach Cays (n = 9); the remaining
two were from the central group (Soldier Cay and Calabash Cays). All 11 cays lost were less

than 0.5 ha (Fig. 3.16).

Table 3.3. Net changes in number of eastern fringing cays on Turneffe since 1945.

Devegetated  New vegetated cays

Cay Devegetated by between 1945  between 1945 and
Group nt Hurricane Hattie>  and 2006 2006
North 29 1 9 1
Central 7 2 2 3
South 6 0 0 0
Total 42 3 11 4

1 Number of cays identified in aerial photographs both in 1945 and 1960 before Hurricane
Hattie. > Number of cays devegetated by Hurricane Hattie of October 1961 was based on
aerial photographs from 1961 and 1962. Devegetated indicates an absence of dead and living
vegetation from cays.
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Figure 3.16. Fringing cay vegetated area class by frequency of cays identified from the 1945
photo-mosaic and frequency of cays lost based on the 2006 photo-mosaic.

Base on the photo-mosaics from 1945 and 2006, four new vegetated cays had formed (Table
3.4): 1) Cockroach Cay between 22 and 23 (0.009 ha); 2) Little Pelican Cay (0.031 ha); 3)

Little Soldier Cay (0.006 ha); and 4) Big Calabash North Cay (0.033 ha) (Appendix B).
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Table 3.4. List of vegetated cays identified from the 1945 and 2006 photo-mosaic. Each cay
was given an ID number that can be used to interpret subsequent graphics.

Cay ID Cay ID
Cay 1945 Cay 2006
Dog Flea Cay 1 Dog Flea Cay* 1
Cockroach Cay 2 2 Cockroach Cay 2 2
Cockroach Cay b/w 2 & 3* 3 Cockroach Cay b/w 2 & 3* 3
Cockroach Cay 3 4 Cockroach Cay 3* 4
Cockroach Cay 4 5 Cockroach Cay 4 5
Cockroach Cay 5 6 Cockroach Cay 5 6
Cockroach Cay 6 7 Cockroach Cay 6 7
Cockroach Cay 7 8 Cockroach Cay 7 8
Cockroach Cay 8 9 Cockroach Cay 8 9
Cockroach Cay 9 10 Cockroach Cay 9 10
Cockroach Cay 10 11 Cockroach Cay 10 11
Cockroach Cay 11 12 Cockroach Cay 11* 12
Cockroach Cay 12 13 Cockroach Cay 12 13
Cockroach Cay 13 14 Cockroach Cay 13 14
Cockroach Cay 14 15 Cockroach Cay 14 15
Cockroach Cay 15 16 Cockroach Cay 15 16
Cockroach Cay 16 17 Cockroach Cay 16 17
Cockroach Cay 17 18 Cockroach Cay 17 18
Cockroach Cay 18 19 Cockroach Cay 18 19
Cockroach Cay 19 20 Cockroach Cay 19* 20
Cockroach Cay 20 21 Cockroach Cay 20 21
Cockroach Cay 21 22 Cockroach Cay 21* 22
Cockroach Cay 22 23 Cockroach Cay 22 23
Cockroach Cay b/w 22 & 23 23.5

Cockroach Cay 23 24 Cockroach Cay 23 24
Cockroach Cay 24 25 Cockroach Cay 24 25
Cockroach Cay 25 26 Cockroach Cay 25* 26
Cockroach Cay 26 27 Cockroach Cay 26* 27
Cockroach Cay 27 28 Cockroach Cay 27* 28
Cockroach Cay 28 29 Cockroach Cay 28 29
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Table 3.4. Continued

Cay ID Cay ID

Cay 1945 Cay 2006
Pelican Cay 30 Pelican Cay 30

Little Pelican Cay 30.5
Little Black Bird Cay 31 Little Black Bird Cay* 31
Soldier Cay 32 Soldier Cay 32

Little Soldier Cay 32.5
Big Calabash Cay 33 Big Calabash Cay 33

Big Calabash North Cay 33.4
Big Calabash East Cay 1 34 Big Calabash East Cay 1 34
Big Calabash East Cay 2 35 Big Calabash East Cay 2* 35
Little Calabash Cay 36 Little Calabash Cay 36
Little Rope Walk Cay 37 Little Rope Walk Cay 37
Dead Man Cay 5 38 Dead Man Cay 5 38
Dead Man Cay 4 39 Dead Man Cay 4 39
Dead Man Cay 3 40 Dead Man Cay 3 40
Dead Man Cay 2 41 Dead Man Cay 2 41
Dead Man Cay 1 42 Dead Man Cay 1 42

! Cockroach Cay between 2 and 3 was visible in the photographs, but was missed during
Stoddart’s previous surveys. Cays with asterisk (*) were found devegetated in the 2006
photo-mosaic and from field surveys (2006 to 2008). Cay names in bold represent “new
vegetated cays” identified in the 2006 photo-mosaic and from subsequent field surveys.

3.3.3 Causes of change to cays

3.3.3.1 Wind and tides

The yearly average wind speed in 2007 at Carrie Bow Cay Marine Field Station (60 km
southwest of the Calabash Cays) was 19.6 km/h with a directional mean of 51.5° (Fig. 3.17).
The yearly average wind speed in 2008 was 21.1 km/h with a directional mean of 53.7° (Fig.

3.18), indicating strong consistency in these yearly results. The mean monthly wind data
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indicates that from December to September the winds are predominantly from the east

northeast, however, during October and November the winds are from the west northwest.
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Figure 3.17. Wind speed and direction at the Carrie Bow Cay Marine Field Station in 2007.
Distance from center of chart measured in km/h. The monthly mean wind speed and direction
represented by the light colored lines. The yearly mean wind speed (19.6 km/h) and direction

(51.5°) showed by angle and length of dark arrow.
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Figure 3.18. Wind speed and direction at the Carrie Bow Cay Marine Field Station in 2008.
Distance from center of chart measured in km/h. The monthly mean wind speed and direction
represented by the light colored lines. The yearly mean wind speed (21.1 km/h) and direction
(53.7°) showed by angle and length of dark arrow.

The tidal fluctuations monitored on Main Calabash Cay confirmed a micro-tidal pattern and a
strong correlation with the readings from Carrie Bow Cay Marine Field Station (Fig. 3.19;
Pearson correlations r = 0.89, p < 0.0001). At Main Calabash Cay, an average water depth of
0.62 m with maximum of 0.80 m and a minimum of 0.39 m were recorded from May 29 to
June 05, 2008 (total of 7 days with no data available for June 01, 2008). For the
corresponding data from Carrie Bow Cay, an average water depth of 0.29 m with maximum

of 0.44 m and a minimum of 0.07 m were recorded from May 29 to June 05, 2008.
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Figure 3.19. Water depth from tide gauge at Main Calabash Cay (MCC) and Carrie Bow

Cay (CBC) Marine Field Station. Data at MCC captured mostly diurnal sea level fluctuations

(07 to 21 hrs). MCC data were taken mostly at hourly intervals and matched to the closest
corresponding date and time from the CBC tide gauge data. No data were available from

MCC for June 01, 2008.

Of the 35 vegetated cays surveyed in 2008, the entire areas of 10 cays were flooded during
spring high tide. Sixty nine percent of the total area of cays came under the influence of

spring high tide. Table 3.5 provides a summary of the group of cays from a north to south

direction and the group area under tidal conditions based on 2008 survey. The total cay area

from Table 3.5 differs from the total cay vegetated cay area described before because the cay

vegetated area does not account for bare substrate above the spring high tide (e.g., beach

areas from the fringing cays). Appendix D presents the list of cays with areas calculated from

the influence of tides on both vegetation and substrate.
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Table 3.5. Cay area (vegetated and bare substrate) for group of eastern cays on Turneffe
from 2008 survey.

Total area Area above high Area below high

Cay Group n (ha) ! tide (ha) tide (ha)
Northern 21 23.9 6.3 17.6
Central 8 2.9 1.4 15
Southern 6 3.1 1.6 15

Total 35 29.9 9.3 20.6

! Total cay area (vegetated and bare substrate) includes cay vegetation (above and below
spring high tide) and bare substrate (above spring high tide).

3.3.4 Hurricanes

Since the hurricane record started in 1851, 25 hurricanes and 21 tropical storms have made
landfall along the coast of Belize (from 1851 to 2008; Appendix E). Hurricane season in the
Atlantic typically lasts from June to November. From the 46 storms that made landfall along
the coast of Belize, most storms were skewed toward the latter part of the hurricane season
(Fig. 3.20). Specifically in Turneffe, the frequency of storm activity was highest during

September and October (Fig. 3.21).
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Figure 3.20. Number of hurricanes and tropical storms that have made landfall along the
coast of Belize. Storm frequency based on the National Oceanic and Atmospheric
Administration (NOAA) database from 1851 to 2008; including Tropical Storm Arthur (May
2008) which occurred outside of the hurricane season which runs from June to November.
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Figure 3.21. Number of hurricanes and tropical storms that have made landfall on Turneffe.
Storm frequency based on the National Oceanic and Atmospheric Administration (NOAA)
database from 1851 to 2008.
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Of 25 hurricanes that affected Belize from 1851 to 2008, 17 made landfall with hurricane
force winds ranging from Category 1 to 4, six struck as tropical storms, and two had
degraded to tropical depressions. Of thel7 hurricanes that made landfall, four were major
hurricanes ranging from Category 3 to 4. From 1851 to 2008, the coast of Belize was affected
by two hurricanes in the same year only twice. In July 1961, Hurricane Anna (Category 1)
made landfall on the southern part of Belize and was followed by Hurricane Hattie (Category
4) in October. In 1971, Tropical Storm Chloe affected the northern coastline in August and

was followed by Tropical Storm Laura along the southern coastline of Belize in November.

The tracks of hurricanes and tropical storms showed that 65% made landfall on the northern
part of the mainland coastline of Belize; whilst 35% landed on the southern part of the
coastal mainland. Most storms tracked from east to west, with the mean direction of travel or
heading of the storm tracks upon landfall was 288°, but convoluted storm tracks can result in
some unusual headings. For example, Hurricane #2 in 1934 crossed 7 km south of Turneffe
with tropical storm strength and then made a loop on the mainland of both Belize and
Guatemala. It then made landfall on the south-west side of Turneffe as a Category 1
hurricane. The storm track heading was approximately 20° as it approached the atoll, and the
eye tracked along the western side of the atoll. Also unusual, the eye of Hurricane Keith
(2000) passed close north of Turneffe as a Category 3 hurricane, then veered towards the
southeast and made landfall on the northern part of the atoll with an approximate storm

heading of 153°.
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From 1851 to 2008, 10 storms made landfall specifically on Turneffe (Table 3.6) and include
seven hurricanes and three tropical storms. Of the 10 storms, six made landfall with hurricane
force winds, three as tropical storms and one as a tropical depression. Based on the data from
1851 to 2008 (157 years), for land-falling hurricanes (n = 6), Turneffe had an average
hurricane return period of 26 years; however, the average return period for catastrophic

hurricanes (categories 3 to 5, n = 2), was 79 years.

Table 3.6. List of hurricanes and tropical storms with landfall on Turneffe based on center of
lowest pressure. List based from NOAA database 1851 to 2008.

Landfall, Wind Translation Storm
Storm ID and Category by Coastal Speed Speed Heading
Category Year Turneffe section®  (km/h) (km/h) (degrees)
3and1 1864 1 North 130 25 278
7and 2 1892 2 South 160 19 294
5and 3 1931 3 North 205 31 280
2and 1 1934 1 South-West 120 18 22
4 and Tropical
Storm 1942 Tropical Storm South 70 13 263
6 and Tropical
Storm 1945 Tropical Storm North 70 23 257
Hattie and 5 1961 5 South 240 17 248
Edithand 5 1971 Tropical Storm South 110 20 312
Frieda and Tropical
Tropical Storm 1977 Depression North 28 13 270
Keith and 4 2000 1 North-West 150 3 153
Mean 128 18 276

A The mid-point to divide the eastern coastline of Turneffe was at 2 km south of Pelican Cay
or 7 km north of Soldier Cay. Storm ID in bold are hurricanes. Wind speed and storm
translation speed based on the closest reported readings to Turneffe. Storm heading
calculated from the closest pair of coordinate points to the atoll. Storm heading in degrees
azimuth, clockwise from north (e.g., a 270° storm heads from east to west).
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3.3.5 Fringing cay shift in relation to storm track and mean wind direction

The directional means of the cay vegetation centroid shifts between 1945 and 2006 were
compared to the directional means of storm tracks (tropical storms and hurricanes) and mean
wind direction data from Carrie Bow Cay Marine Field Station (Table 3.7). Based on the
Watson-William test, the direction of cay shift was significantly different from mean wind

direction (p < 0.05) but not from storm track direction (p > 0.05).

Table 3.7. Mean angle and mean angular deviation for the directions of cay shift from a
group of fringing cays on eastern Turneffe (1945 to 2006). Cay shift mean compared with
hurricane and tropical storms mean directions (1851 to 2008) and 2 yr mean monthly wind
direction based on readings from Carrie Bow Cay Marine Field Station (2007 to 2008).
Results of Watson-Williams F-test for the two planned pair-wise comparisons.

Parameter Time span n Mean degrees  MAD degrees
Cay shift 1945 to 2006 31 303 49
Storm track direction 1851 to 2008 10 276 46
Mean wind direction 2007 to 2008 24 226 36
Comparison F DF p
Cay shift X Storm direction 1.76 39 >0.05
Cay shift X Wind direction 33.09 53 <0.05

Mean degrees = Angular mean in degrees (north azimuth), MAD degrees = Mean angular
deviation in degrees (north azimuth).
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3.3.6  Effects of hurricanes on vegetation change

3.3.6.1 Case study 1: Direct effects of Hurricane Hattie (1961)

The most severe hurricane to affect Turneffe since 1851 was Hurricane Hattie. It struck
Turneffe as a Category 5 hurricane, with winds exceeding 240 km/h and a heading of 248°.
The effects of Hurricane Hattie on cay vegetation were severe. A comparison of the vertical
and oblique photographs taken before and after Hurricane Hattie illustrates the damage to the
cays (Appendix F). Before Hurricane Hattie a total of 42 cays were identified on the 1945
and 1960 historic photographs (Appendix G). Three cays were completely devegetated
during Hurricane Hattie and 25 cays experienced severe vegetation loss, since more than
50% of vegetation had been removed or had been defoliated (Table 3.8). The majority of
severely damaged cays were from the northern part of the atoll within the group of

Cockroach Cays and central group.

Table 3.8. Group of eastern cays on Turneffe severely affected by Hurricane Hattie 1961.

Cays severely affected by

Cay Group n Hurricane Hattie * % in group
Northern 29 19 66
Central 7 5 71
Southern 6 1 17
Total 42 25 60

' The severity was based from loss of more than 50% of vegetation. Standing defoliated trees
were either dead or alive. Effects were visible on aerial photographs, reported on cay maps
and described by Stoddart (1963).
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Cay vegetated area for 1945, 1961 (after Hurricane Hattie) and 2006 values were paired.
Based on the Wilcoxon’s paired sample test, the differences in cay vegetated area from 1945
and after Hurricane Hattie (1961) were significant (n = 42, p < 0.0001), as were differences
between 1961 and 2006 (n = 42, p = 0.0016). In contrast, the difference in cay vegetated area
between 1945 and 2006 was not significant (n = 42, p = 0.0682), indicating the mean

vegetated area on the cays had recovered to levels observed before Hurricane Hattie.

The average and maximum cay vegetated areas were greater on the northern group of cays
than the middle and sourthern group in 1945, 1961 and 2006 (Table 3.9). Average vegetation
area of the central group was smaller than the northern and southern groups after Hurricane
Hattie. The central group was where human settlements and modifications to the natural
vegetation were most abundant. During Hurricane Hattie extensive damage was done to cays
with C. nucifera vegetation. Damage to mangrove vegetation included extensive mortality
and defoliation. Mangrove mortality on the fringing cays seemed to be caused by mechanical

damage, defoliation, stem breakage, and erosion of substrates based on photograph analysis.
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Table 3.9. Estimated cay vegetated area in hectares for group of eastern cays on Turneffe.
Cays identified from the 1945, 1961 (after Hurricane Hattie) and 2006 photo-mosaics.

1945
Cay Group n Average Maximum Minimum
North 29 0.685 5.934 0.029
Central 7 0.303 0.613 0.017
South 6 0.503 1.033 0.055
1961 '
North 28 0.383 4.786 0.009
Central 5 0.074 0.236 0.001
South 6 0.259 0.527 0.012
2006
North 21 1.083 9.717 0.009
Central 8 0.318 0.886 0.006
South 6 0.470 1.695 0.002

! Vegetation estimates for 1961 includes standing vegetation dead and/or alive.

Since Hurricane Hattie, the vegetation cover has recovered but the type of vegetation
changed. Cocos nucifera was a dominant species on the fringing cays prior to Hurricane
Hattie, but it was significantly reduced by the hurricane and has continued to decline (Table
3.10). Before Hurricane Hattie, 76% of the cays had C. nucifera as part of the vegetation but
in 1962, immediately following the hurricane, only 52% of the cays appeared to have C.
nucifera as part of the vegetation (Appendix H). Two of the three devegetated cays had
coconut palms as the dominant vegetation and were also inhabited by humans at the time of
the storm. Cockroach Cay-6 with the largest cocal forest experienced almost complete loss of
C. nucifera. The presence of C. nucifera on the fringing cays of Turneffe has declined further
since Hurricane Hattie. There was an overall decrease of C. nucifera presence to 48% of the

cays by 2006. Cays without C. nucifera trees were found on the northern group of cays in
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2006, which also includes the highest number of cays that are periodically overwashed by
tides. By 2006, 80% of the fringing cays had mangrove forest as the dominant vegetation

type. Other dominant vegetation types were cocal, littoral and mixed forest (Appendix I).

Table 3.10. The proportion of cays with Cocos nucifera (Cn) as part of the vegetation before
and after Hurricane Hattie (1961) and from the 2006 photo-mosaic and surveys; and the
proportion of mangrove forest as a dominant vegetation type on the fringing cays.

Mangrove as

Cay Presence of Cn Presence of Cn Presence of Cn Dominant
Group 1960 1962 2006 Vegetation 2006
North 19/29 15/29 13/21 18/21
Central 717 3/7 4/8 7/8
South 6/6 4/6 5/6 3/6

3.3.6.2  Case study 2: Direct effects of Hurricane Keith (2000)

Hurricane Keith made landfall on the northwestern part of Turneffe on October 2000 as it
reversed from its eastern course. Hurricane Keith affected the atoll as a Category 1 hurricane
with wind speed of 150 km/h on an approximate heading of 155°. While this event was much
less intense than Hurricane Hattie, observed vegetation changes provide insights into the

modes of damage and recovery from hurricanes.

Although I could not obtain aerial photographs prior to Hurricane Keith, | had visited the
peripheries of Cockroach Cays-20, -22 and -23 prior to the hurricane and observed thriving
vegetation and inferred that the interior of these cays were vegetated prior to the storm. At

that time there were no signs of windthrow or herbivory that could have caused mass
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mangrove mort