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.o Thou
For whose path the Atlantic's level powers
Cleave themselves into chasms, while far below

The sea-blooms and the oozy woods which wear

The sapless foliage of the ocean, know
Thy voice, and suddenly grow grey with fear,
And tremble and despoil themselves: O, hear |

-
i

from Suelley‘sa'Ode to the West Wind® (1822).
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ABSTRACT

On 4 August 1980, Hurricane Allen devastafcd {hr
- northern fringing reef located just offshore from the
Bellairs Research Institute of McGiT1 University in
Barbados. During the summer and one winter month of 1981;
a re-survey of the reef was done using S.C.U.B.A. , and
the results compared with a similar survey made in 1974,
The point method of line transects was used to record the
reef substrates.
The results of the two surveys were compared and
| statfl,é\t'lcally tested usin§ a chi-square test(xz). As well
as determining whether the changes in substrate cover were
significant within an individual ellipse, the data for
Qeach substrate/species for the entire reef was tested. On
fa reefal scale, the changes before and after Hurricane
Al len were significant for all substrates and species with
the exception of Millepora sp. Among the corals, Porites
"porites has been most affected by the catastrophe : its

coverage was reduced by 96X . Madracis mirabilis, another

branching coral, decreased by 90X . The other corals

(Siderastrea siderea, Porites astreoides, Montastrea

annularis, and Agaricia agaricites) were reduced by 75% -

25% . Onshore transport is suggested by the relatively

high abundances of Acropora cervicornis (20%) and Madracis

mirabilis (30%) in the rubble of the fringing reef (t\he

former only grows seaward of the fringing reef). Offshore
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transport is suggested by the -relatively poor

(. .
representation of Porites porites (32%) in the rubble.

Shannon-Weaver diversity indices of the corals dropped
b
from 1.61 to 1.26 . : , .
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T SOMMAIRE

Le 4 aoiit 1980, 1'buragan Allen a dévaste le récif
frangéant nord, situé immédiatement au large de 1'Institut
Bellairs de l'unfiversité McGill 3 la Barbade. L'été‘et un
mois d'hiver en 1981 ont &té consacrés & un examen du récif
a 1'aide de SCUBA. Les résultats ont été compares 3 ceux
obtenus au cours d'études similaires faites en 1974. Une
methode ponctuelle de cueillette de données le long de
parcours lingaires a #te utilisée pour déterminer les
types de substrats des recifs. |

-~ -~
Les résultats des deux observations ont Ete compares et

EValué; statistiguement a 1'aide du test khi carr;'(xz). En

plus de determiner si les changemgnts d'aire occupie par
diverses especes coralliennes sont signif{zatifs dans chaque
ellipse individuelle , les données relevees pour chaque
substrat / espéce on été evaluées pour l'ensemble du ré%if.
A 1'échelle du récif, les changements avant et apres
1'ouragan Allen se sont averes significatifs pour tous les

substrats et especes a l'exception de Millepora sp. Parmi

Tes koraux. Porites porites a ate le plus affecte par la
,}.,, s
catastrophe, 1'aire qu'il occupait avant l'ouragan ayant ete

reduit de 96%. L'aire occupé@ par Madracis mirabilis, un

autre corail branchu, a décru de 90%. L'aire occupee par

les autres coraux (Siderastrea siderea, Porites

astreoides, Montastrea annularis, et Agaricia agaricites)

a déecru de 75% - 25% . Les abondances relativement

elevées d'Acropora cervicornis (20%) et Madracis mirabilis




(30X) dans 1les debris du récif frangeant, "alors que

(:ﬁ ) 1'Acropora cervicornis ne croissent qu'au 1large de ce

récif, indiquent un charriage vers la cote. Par contre,

les quantités relativement faibles de Porites porites
(32%) suggerent un transport de débris vers le large. Les
indices de -diversité de Shannon-Weaver des coraux ont

N

diminu® d' 1.61 a 1.26.
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INTRODUCTION
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INTRODUCT ION

The impact of hurricanes on coral reefs was first
studied in the late 1950's (Stephenson et al. 1958).
$everal studies have followed, !ith the emphasis on
describing the qualitative rather than the quantitative
aspects of storm effects.

Recognition that hurricanes have been major forces in
determining the nature of the sedimentary record, has
given rise to a new form gf catastrophism. This “new
catastrophism® involves local disturbances rather than
wor ld-wide catastrophies. Much of the sedimentary record
of the past was affected by intense storm periods of
relatively short duration. Ager (1980) suggests that
geologic history is composed of 'lon§ periods of bdredon
and brief periods of terror®.

The objectives of this study are to determine the
qualitative and quantitative changes on the northern
Bellairs fringing reef following the passage of Hurricane
Allen, and to assess the potential for preservati;n in the

sedimentary ‘record of this *brief period of terror®.
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HURRICANES

Hurricane, in the language of the Carib Indians, is

huiranvucan or *"big wind” (Dunn & Miller, 1964). A

hurricane is an intense low-pressure center surrounded by
winds greater than 63 knots (73 mph or 33.5 m/s). “

Hurricanes originate over all warm tropical oceans in
the latitudes between 52 and 30° from the equator. They
do not form closer to the equator than approximately 50 N
and 5% S, because the Coriolis force at lower latitudes is
too small to create the rotational circulation.

Present most of the time over oceans at about 30°

latitude, are large high-pressure areas known as the .

Hawaiian and Bermuda highs in the northern hemisphere. To
the north are the prevailing temperate westerlies and to
the south are the persistent north-east trade winds. It
fs within the trade winds that most tropical storms

originate.

A) HURRICANE SEASON

The West Indies hurricane season extends from June
to November, but most hurricanes occur during the months
of August, September, and October, when ocean temperatures
are at their peak, and temperature and humidity of the air
near the surface are still at their highest. With the
start of winter cooling of the air in high latitudes,
troughs in the westerlies that serve as external

mechanisms for forming hurricanes intrude more frequently




and vigorously into the tropics than during the midsummer
( Simpson & Riehl 1981).

B) DEVELOPMENT

Atmospheric vortices, such as hurricanes, frequently
develop near the intertropical convergence, a region where
the trade winds of the northern and southern hemispheres
meet, Low pressure and circular winds are involved in
the formation of hurricanes. |

Hurricanes develop as the atmosphere absorbs large

‘quantities of moisture from the ocean. Sunlight filling

on the ocean surface adds heat to the water and causes
evaporation. The resulting warm, moist air feeds the
hurricane as the air is pulled toward the low surface
pressure. Within the cloud bands surrounding the eye of
the hurricane, the latent heat released by the
condensation of vapour to rain (2.4 joules per kilogram)
heats the rising air currents, increasing their rate of
rise. This process is a major driving force of the

hurricane.

C) IMPORTANCE OF TEMPERATURE

Hurricanes rarely develop where ocean surface
temperatures are below 26.59 C (Fig. 1 ). Such high
temperatures may be necessary to maintain the vertical
circulation in a hurricane.

The sea surface north of 52 N has its highest

temperatures from June to November, and these are the
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Principal tracks of tropical cyclones in
relation to sea surface temperatures,
Isotherms show average sea surface
temperature in September for the northern p
hemisphere and in_March for the southern
hemisphere ( Palmen & Newton 1969).
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months in which hurricanes develop most frequentiy. There
has never been any hurricanes in the South Atlantic’
Ocean, because the 1ntartr6pica1 convergence never lies

south of 52 S ( Barry & Chorley 1970), and the sea surface

temperatures do not reach ‘sufficiently high values

(Nefburger et al., 1973).
| Hurricanes weakén considerably and may even dissipate
when moving over cold ocean currents or water in which the
temperatures are below the threshold value of 26.5° C.
Hurricanes dissipate rapidly over landfafl. The less
hunid air and the absence of the warm ocean surface which
acts as a heat source drasticallly decreases the
conversion of water vapor to cloud droplets with a
reduction in the amount of Jatent heat to drive the
hurricane (Dunn & Miller 1964, Eagleman 1983). Loss of
energy by friction over land also slows and dissipates the

storm.
D) MOVEMENT

The direction of the surface trade winds, combined
with the winds at higher levels, influence the direction
ofia hurricane. During their early stages in the North
Atlantic while the hurricanes are still strongly
influenced by the easterly trade winds, they tend to move
towards the west or north-west. If they reach north of °
300 latitude before dissipating, they are swept by the

prevailing upper level westerly winds of the middle

latitudes, to the north-east.
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E) LIFETIME AND SPEED

I

.The average lifetime of a Nest Indies hurricane is
nine days, although those. occurring during August appear
to be more durable, Tasting for an _average of twelve days.
The mean speed of travel of a hurricane is qnly 20 km/h ,
but a considerable area may be affected within a

hurricane's lifetime.

F) AVERAGE FREQUENCIES

Prior to the satellite era, observations of
hurricanes over wide expanses of ocean were severely

limited. During the past thirty years in the Atlantic

-region, an average of 9.8 named storms, and 6.0 hurricanes

have been recorded per year.

Stnce 1886, there have been only eight seasons Q{th
nine or more hurricanes, which is an av@rlye frcquenéy of
once every twelve years. During 1980, eleven storms in
the Atlantic region were named of which niéc attained

hurricane status (Lawrence & Pelissier 1981).

6) PRECIPITATION .

Most of the rain occurs in the high-wind area close
to the center of the hurricane, however at wind speeds
above 50 kt (26 m/s or 58 mph), not more than half the

falling water may be caught by the typical rain gauge.

Many factors affect the rain gauge record: the intensity

-

4
%
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and size of the circulation of mass through the hurricane,
the hurricanefs path with respect to the gauge ( whether
to the right or the left ), the speed at which the
hurricane progresses, plus local factors such as
buildings, trees, or hills. As a result, a wide range of
values of hurricane precipitation have been reborted
world-wide, from practically nil ( despite hurricane-force
winds ), to as much as a metre of rain.

Since measurement of hurricane precipitation has
been inadequate, other methods employing aircraft
traverses and numerical conputatioﬁ are now being used.
Profiles show that rainfall decreases logarithmically with
respect ta distance from the center o%:the storm. An
estimate, by computer simulation, of the average amount of
rain falling on a rain gauge during a hurricane is 35 ¢m .
Estimates are based on assumptions about the speed of
hurricane travel, and assume that passage of a storm takes
two days, and that the centre of the hurricane passes

directly over the rain gauge (Simpson & R{;hi 1981).

",

10°




H) HURRICANE ALLEN ( 1 - 11 August, 1980 )

Hurricane‘Allen was the first and most powerful storm
of the 1980 Atlantic hurricane season (Fig. 2). A
classical Cape Verde hutricane, Allen moved westward off
the coast of Africaon 29 July as adisturbance associated
with a tropical wave. Allen moved steadily west-
northwestward for ten days, guided'by a steady steering
current and a strong Atlantic subtropical high-pressure
ridge (Fig. 3). - ¢

Allen was tracked by satellite from the time of its
inception on 29 July (Fig. 4). Aircraft reconfaissance
missions began on 3 August and continued until landfall in
Texas (10 August). Radar fixes were occa?ionally
available as the storm moved within range of the radars
along its path.

The storm's motion (direction and speed) was
calculated every six hours. It maintained a stéady path,
but weaved its way among several Caribbean islands, so
that the eye always remained over water. The average
direction of motion for the ten-day period was toward a
heading of 289° with a range of 267°- 308°. The speed of
movement ranged from 18 - 22 kt (9.3 m/s - 11.3 ﬁ/s)
across the Atlantic and eastern Caribbean. Allen began to
decelerate on 7 August while centered just ﬁguth of Cuba,
and reached its minimum forward speed of 6 kt ( 3.1 m/s )

late on 9 August, jdst prior to landfall (qurence &

Pelissier 1981).

11




Fig. 2.

The view from space of Hurricane Allen,
(courtesy of M. Lawrence).
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Fig. 3. Hurricane Allen after passing Barbados
(courtesy of M. Lawrence).
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Fig. 4.

The path of Hurricane Allen (courtesy of
M. Lawrence).
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1) Impact on Barbados
The eye of the storm passed just north of Barbados

and then/just south of St. Lucia early on 4 August.
Minimum surface pressure was near 950 mb when the south
portion of the eyewall passed very close to extreme
northern Barbados at 0000 GMT 4 August.

The highest measured wind velocity wa§ only 68 kt
(35.0 m/s or 78.3 mph) at the Grantley Adams International
Airport on the south coast of the is 1and. Equipment
recording wind veolocity failed at the Caribbean
Meteorological Institute in St. James on the west coast,
but rainfall was measured at 10.6 cm, On the north side -
of the island, no wind measurements were recorded, but a
950 mb hurricane is 1ikely to have winds of 100kt (51.5
m/s or 115.2 mph) or higher under the eyewall. According
to a local newspaper report by A. Brantford of The Nation
( August 6, 1980), "Hurricane Allen lashed Barbados with
ILIS mph winds and torrential rain* Local officials
estimated damage at U.S. $6 m;llion, primarily to agri-
culture, private housing, and the fishing 1ndustrj. No

deaths were reported.

18
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1) HURRICANE DAVID ( 25 August - 7 September, 1979 )

Hurricane David originated as a depression

approximately 2400 km east of the Lesser Antilles on 25

August 1979, and intensified to its maximum strength Jusl:L

south of Puerto Rico. Hurricane David passed far to the
north-northwest of Barbados on 28 August 1979 (Fig. 5),
and data recorded at Grantley International Airport

indicated maximum sustained wind speeds were 29 mph (12.96

.m/s), with peak gusts of 40 mph (17.88 m/s) (Hebert 1980).

The highest measured wind velocity was only approximately
half the 78.3 wmph (35.0 m/s) winds which accompanied
Hurricane Allen one year 1ater and were also measured at
the airport. Rainfall recorded on the day of Hurricane
David on the west coast Husbands station of the Caribbean
Meteorological Institute was 1.68 cm , an insignificant
rainfall when compared to the 10.\ cm which fell on the
day of Hurricane Allen.

Barbados did not receive the full fo'rce of Hurricane

David, but the seas were disturbed from the usual calm

" state. Damage to the coral reefs following Hurricdane

David was not investigated by the researchers present at
the Bellairs Research Institute at that time. Therefore
the re-survey done in 1981, records the damage caused by
Hurricane Allen and may represent a minor amount of damage

from Hurricane David.

19
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The path of Hurricane David (From Hebert
1980). ‘
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A) NORMAL CONDITIONS

1) Maves

Waves which have travelled‘great distances across the
ocean, are greafly modified by reef morphology before they
reach the "shoreline.

- As the wave enters shallow water (water of depth
less than 1/25 of the wave length), wave orbits are
modified from circles to ellipses and become progressively
more elongate near the bottom. The water particles
adjacent to the bottom have only horizontal movement,
shifting landward under the passing crest, and seaward
under the passing trough. Tﬁe frictional drag causes a

-

loss of energy and wave speed is decreased. Although wave

. speed diminishes shoreward, the wave period remains

constant, therefore wave length decreases and the wave
crests become more closely spaced.

As waves move into shallower water, the wave height
begins to ;ncrease sharply until the wave breaks. A
height increase of more than 50 ¥ may occur.

Waves are refracted by irregular coastliines and
shallow bottom tOpography; Nater depth under a single
wave crest is different from point to point and the
reduction of wave speed does not take place evénly. As a
result the wave becomes curved or refracted.

Orthogonals are imaginary ]ines perpendicular to the
wave crest. Over reefs where the arthogonals converge,
wave energy is crowded - into a narrower zome and

. N et

23
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concentrated., The waves increase greatly in height and
large breakers are produced. In bays, where orthogonals
diverge, theoriginal unit of wave energy is spread more
thinly along a greater length of wave\ crest, causing the
wave to be attenuated, and to lose height despite the
normal tendency of shoaling waves to increase in height.

As a result, on bay shores, waves break with little force.

2) Currents

As the incoming waves approach the shoreline, the
waves break and momeatum forces are released as the wave
energy is dissipated (Collins 1976). These forces are
then available to drive longshore currents and rip
currents. HWave energy is released as heat, sound, and
stirring up of the sediments (Beer 1983).

Rip currents and associated longshore currents
comprise the nearsﬁore cell circulation system. A
longshore current forms when waves approach a straight
shoreline obliquely. The current flows parallel to the
coastline close to shore, but 1its velocity rapidly
decreases beyond the break'er zone. Rip currents flow
directly seaward at nearly right angles to the shoreline.
They are fed by a system of longshore currents which
increase in velocity approximately half-way between two

adjacent rip currents (Beer 1983). To compensate for the

~water moving seaward with the rip currents, there is a

slow mass transport of water moving shoreward through the

breaker zone between the rip currents.

24
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Marsh et al. ( 1982 ) describe water circulation on
two Guam reef flats. Wave-driven water crosses the margin
roughly perpendicular to the shoreline. It then grédual]y
changes direction until it is flowing as a longshore
current in a moat adjacent to the shoreline. After
flowing in the longshore current for distances of up to
1500 m , the water moves seaward in a more dispersed
pattern and exits the reef flat through major cuts or
grooves in the reef margin. Current speeds under non-
existent Qm;&erate surf conditions range from 0.0 - 0.6
m/s on the windward side, and up to 0.6 m/s, although
usually less than 0.2 m/s , on the leeward side. These

results agree with other studies, where measured values

range from 0.0 - 0.5 m/s ( Maragos 1978).




B) STORM CONDITIONS

1) Waves

Three important differences between the generation of
wind waves under hurricane conditions and the generation
of normal wind waves are:

a) winds within a hurricane are not constant in speed

b) the direction of winds within a hurricane is circular.
Norm;l winds are generated by winds blowing in one
direction

c) the hurricane moves over waves gefierated at various
angles to the path of the storm. The resulting
pyramidal waves are formed by two wave trains
approaching at a wide angle to each other
(Bretschneider 1959).

Waves, in addition to being modified by reef
morphology, also rework the nearshore sediments and modify
the topography. Ocean waves remove energy from the wind,
store it as potential and kinetic energies, and transmit
it towards the shorelines. The wave energy is dissipated
near shore in a relatively narrow zone. A fringing reef,
if present, receives the brunt of the wave forces, and as
a result offers considerable protection to the shoreline.

Shorelines which are not protected by reefs, or
coastlines exposed to storm or hurricane conditions, may
be severely eroded. Hurricane - driven waves can scour
out 10 - 15 m of beach within a few hours. A severe
hurricane of 5 - 6 hours duration can completely wash away

sand dunes 3 - 6 m high and 33 m thick at the base (Dunn &
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Miller 1964).

2) Storm Surge

Storm surge which oftens accompanies a hurricane, is
a rapid, local elevation of sea level due to a combination
of the wind driving the water against the 1and and a drop
in atmospheric pressure. Many factors affect the height
of the surge :
1) the central pressure
2) the radius of maximum winds

3) the speed of the approach to a coast

4) the angle the hurricane track makes with the coast-

line
5) convergence of wind-driven currents at sea
6) the shape and slope of the continental shelf
7) the shape of the coastline
8) the stage of the tide
9) short-period waves, breakers, and swells
(Dunn 1964, Simpson & Rieh 1981).

Hurricane Eloise (1975) made landfall over the
Florida panhandle. The rise in sea level above the mean
was 4.9 m . The area affected was to the right of the
hurricane's path where the highest storm surge is
generated. The configuration of the coast, the relatively
steep offshore profile, and the fast forward motion of the
storm contributed to the high sea level. The storm
crossed a steep segment of the continental shelf in the

northern Gulf of Mexico where water depths average less
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than 3 m nearshore and drop rapidly to depths of more
than 15m 1in less than 1 km (Simpson & Riehl 1981). The
storm approached the Florida coast at nearly 40 km/h and
had estimated ( equipment failed ) wind velocities in
excess of 210 km/h (Morton 1976). Wave energy and
currents moved large masses of rubble. Sand removed from

the beach was transported alongshore and offshore.

3) Currents

In the northern hemisphere, the winds are fastest on
the right-hand side of the moving hurricane, therefore the
greatest rise of water in coastal areas occurs when the
angle between the coast-and the hurricane path is less
than 90° on the right-hand side. Under these conditions,
water is trapped between the shore and the hurricane, and
fast bottom currents can be produced (Murray 1970).

Murray (1970) studied bottom currents off the
Florida panhandle during the passage of Hurricane Camille
(1969). During the storm, bottom current speeds ranged up
to 1.6 m/s and their direction rotated from alongshore
parallel to the wind, to seaward against the wind.

Off the island of St. Croix, U.S. Virgin Islands, the

sediment transport rates in the shore zone in Cane Bay

were between 0.2 and 1.2 x 105m3/yr during fair weather, and
1.0 x 105 m3/yr or greater during storms (Hubbard et al.
1982). Turbulent suspension by breaking waves, and mass
transport by unidirectional longshore currents are

responsible for almost all sediment trankport (Hubbard et
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al., 1982).

In St. Croix, on the duter shelf which begins at the
seaward base of the reef, strong wave-generated
currents move large amounts of carbonate material
offshore, primarily during storms. Sediment transport
rates of 14 - 151 kg/m yr during fair weather, aré
considerably less than the rates of 146 - 247 kg/m yr
measured during storms.

The large differences in transport rates are
explained by Hubbard et al. (1982) as a function of two
processes. First, oscillitory wave motion is much more
effective in suspending bottom sediments durirg storms.
Second, at a point when the waves can no longer sustain
the hydraulic head resulting from water being piled up
against the shore by storm waves, water flows seaward
along the bottom at velocities estimated at 0.5 - 0.8 m/s.
This latter process is considered to be the major

mechanism for offshore sediment transport during storms.

29




XML e weeas

C) THE BARBADOS COAST

The wave conditions around the island of Barbados are

primarily influenced by the trade winds which blow from
the east. Disturbances to the normal conditions are
caysed by the passage of easterly waves, hurricanes,
tropical storms, and localized squalls and thundersto}ns.
Hurricanes and tropical storms causevthe major
disturbances to the wind regime (Deane 1974).

The leeward or west coast is protected from the
prevailing waves generated by the trade winds, but is
susceptible to damage caused by hurricanes in the symmer,

and swells during the winter.

1) Waves

Waves generated by the trade winds arrive on the west
coast from the north and south ends of the island. The
annual shore wave energy is of the order of 1 - 2.5
magnitudes greater on the north, east, and south-east
coasts than on the leeward west coast (Hernandez-Avila &
Roberts 1974). '

Observations of wave direction, height, and period
for nine of the twelve months from April 1969 to March
1970, were conducted in deep water off the west coast of
Barbados (Bird et al. 1979). The recurrence of waves from
the north and the south was ohse;ved to be approximately
the same (Bird et al. 1979), although in an earlier study
{Richards & Bird 1970) the prevailing direction of wave
approach during a two-year period (1967 - 1969) was
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determined to be from the south-west. The high energy
period was primarily in the nihter when the waves were
from the north.

The outer bank reef, meanders along the west coast at
an average distance of 400 m offshore, and rises to within
9 - 10 m of the surface in some places. This bank
refracts the ifcoming waves (Richards & Bird 1970),
causing the direction of wave travel to change with
decreasing depth of water so that the crests are parallel

to the depth contours (Beer 1983).

2) Currents
Aswavessboa]andbreakacrossthefringingree}s,a
surf zone is created in which piling of water occurs to
produce the longshore drift (Wong 1971). The longshore
drift diverges from the mid points of the coral-fringed ‘
headlands to meet a much weaker and variable flow from the
bayheads. They combine to form an'oblfque seaward flow at
the edge of the reefs where the water depth changes
abruptly. This is an example of nearshore cell
circulation. Towards high tide the pattern is clear;r
than at low tide and seaward drift speeds of up to 0.3 m/s
are recorded at the reef edges. Ouring storm conditions,

the drift becomes more complex with greater fluctuations

in direction and speeds which may exceed 0.5 m/s (Bird

I

t al. 1979).

——— eivame
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Swells are surface gravity waves with a period o/
about ten seconds (Beer 1983). They are slow, roliﬁz:
waves, but close to shore are observed as breaké}a
In Barbados, swells are most common in the winter, and are
the result of mid-latitude disturbances in the North
Atlantic. The effect of the swells on the west coast of
arbados is dependent on their direction of orig}n.
Swells arriving from the north-east strike the north-east
coast with relatively little refraction, and the west
coast is sheltered from their effects. Swells arriving
from the north spread southward along both the east and
west coasts of Barbados, but are considerably refracted in

developing surf along the shore (Donn & McGuinness 1959).

4) Hurricane Conditions

The majority of Caribbean storm tracks pass well
north of Barbados, but occasionally storms of hurrtcane
magnitude pass over, or close to, the island. 1In the
first two centuries of historical records (1651-1850),
eleven hurricanes passed gtar the island of which three
were devastating. L@%//

Prior to Hurricanes David and Allen in 1979 and 1980
respectively, the only hurricanes recorded in the past
century‘were in 1898 and 1955 (Skeete 1963). The
predominant winds of the 1955 hurricane came from the
north-east and south-east and coincided with low tide.
The storm passed quickly and there was no storm surge.

N
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The historical records of Barbados and the other
Caribbean islands, indicate that the passage of 2 slow-
moving fully developed hurricane over the north end of
Barbados, comparable to Hurricane Allen, may produce
surges of at least 2 metres and possibliy 4 metres above
mean levels on the west and south-west coasts, with

breaking waves considerably higher (Bird et al. 1979).
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PREVIOUS STUDIES

Storm effects have been studied by comparing pre- and
post-hurricane conditions since the late 1950's, but only
within recent years have the comparisons been
quantitative, in addition to descriptive. The earlier
studies in Jaluit and Funafuti Atoll, Guam, Belize, Texas,
Florida, and the Bahamas were largely qualitative
descriptions. Later work in Jamaica and the U.S. Virgin

Islands contained quantitative comparisons.

A) ATOLLS

The changes produced by hurricanes on atolls have
been documented on Jaluit Atol1 in the Marshall Islands
(Blumenstock et 21.1961) and on Funafuti Atol1 (Maragos et
al. 1973, Baines & MclLean 1976).

The initial effects produced by tropical storms at
these locations include the creation or extension of
rubble bars, deposition of thick sheets of coral gravel,
and scouring of channels. On Funa¥§t1 Ato11 (89S, 1799E)
after the passage of Hurricane Bebe (October 1972), a
rampart was formed along the southeastern seaward reef
flat of the atoll. The rampart had the following
dimensions: length 18 km, mean height above reef flat 3.5
m, and width 37 m. Much of the debris originated from
a submarine reef terrace situated in water depths of 10 -

20 m. The mean diameter of the rampart components was 9 -
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10 cm ; the largest storm block had a diameter of 7 m.

Most of the fragments were poorly sorted pre-storm coral

rubble and shingle. Five percent of the total mass was

derived from the skeletons of recently 1iving corals such

as Acropora, Pocillopora, and Pavona (Maragos et al.
1973). '

On the shallow reefs ( water depth 2 - 10 m ), the
reef framework remained intact, although the reef biota
was virtually destroyed. fhe survivors, ( a few colonies

of Pocillopora, Acropora, and Porites, some echinoids, and

small patches of coralline red algae ) were found in
recessed areas where there had been protection from the
destructive surge and scour.

Jaluit Atoll, hit by Typhoon Ophelia in 1958, was
surveyed shortly thereafter (Blumenstock, 1958) and
resurveyed in 1960 by Blumenstock et al.(1961). Funafuti
Atol]l was re-examined by Baines & Mclean in 1973 and 1975,
or one and three years after the 1972 passage of
Hurricane Bebe. The findings were similar at both
locations. The primary change seen after the initial
post-typhoon survey was the landward movement of the
rubble bars or rampart. Maragos et al. (1973) and Baines
& McLean (1976) speculated that the rampart would
eventually connect with the existing island, and Qdd to
the atoll's land area. The gravel sheets and scour
channels were also expected to be permanent features.

The most notable effect of hurricanes on atolls s

the formation of ramparts or ridges resulting from the
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transport of rubble from offshore reefs at depths of 10 -

20 m, to the shallow reef flat.

B) GUAM

———ete

A typhoon is likely to pass over Guam every seven
years (Randall & Eldredge 1977). The effects of the most
recent typhoon, Typhoon Pamela (1976) were recorded by
Randall & Eldredge ([977), and 0Ogg & Koglow (1978).

The breaking of waves which normally occurs at the
fore-reef edge of the reef-flat platform is shifted
seaward into deeper water during tropical storms. Typhoon
Pamela produced on the reef-flat platform, new deposits of
freshly broken coral transported from the reef margin and
reef front zones, a minor redistribution of unconsolidated
deposits, and fragmentation of branching and foliaceous
growth forms (Randall & Eldredge 1977). Typhoon-induced
distribution of fragments on sandy substrates promoted
colonization of these unstable substrates. The few corals
which were overturned, had been poorly attached to the
substrate.

In the reef -a}gin zone, the surge channels aqd
buttresses were éffective in dissipating wave energy. The
effects of the typhoon were minimal : breaking of branches
of ramose corals, toppling of isolated corals, and
scouring and abrasion of the ocuter ends of the surge

channels.

Most damage was found in the deeper forereef slope
‘ !
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zones, because the biota in this region are the least
adapted to high wave regimes. To a depth of 20 m coral
branches were fragmented, large coral colonies were
toppled, and branches from stout colonies were snapped.
Much of the damage was caused by large colonies breaking
off from the substrate and rolling around.

0gg & Koslow (1978) described considerable beach
erosion and deposition, and storm effects to the Guam
reefs. The patchy nature of the damage suggests that it
was caused by the movement of rubble and tree 1limbs.
Within a few days of Typhoon Pamela, on the east coast
where the most damage had occurred, a bright green mat of

early colonizing algae (Bryopsis, Enteromorpha) appeared.

The green algae were succeeded by red xlgae and within 18
months the red algae had been largely replaced by newly
recruited corals.

Both studies concluded that because Guam is located
within a storm track and is therefore regularly exposed to
typhoons, the reefs are adapted to withstand the storm

waves and suffer only minimal damage.

C) BELIZE

Hurricane Hattie, one of the most severe hurricanes
of 1961, passed over the Belize reefs on October 30 - 31.
The area which includes three atolls, numerous cays,
coastal lagoons, and a lbo-uile long barrier reef, had
been studied by Stoddart from 1959 - 1961, prior to the

§
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hurricane (Stoddart 1962). The reefs were re-surveyed
following Hurricane Hattie, in 1962, 1965, and 1972.

A 1962 resurvey of the barrier reef which was
approximately 8.1 km north of the storm centre, determined
that 75 - 80% of the corals had been destroyed. The

corals most heavily damaged included Acropora cervicornis,

A. palmata, Porites porites, P. furcata, Cladocera

Eusmilia fastigiata, Favia fragum, Isophyllastrea rigida,

Mycetophyllia lamarckana and Agaricia agaricites. Roughly

. S

100% of Acropora cervicornis and 80% of A. palmata were

killed. Montastrea annularis had the highest survival

rate (50%), but corals with similar growth forms such as

Diploria labyrinthiformis, D. strigosa, D. clivesa,

Siderastrea siderea, Solenastrea bournoni, and Porites

astreoides, also had better survival rates than the more
fragile branching corals. Survival of the massive,
slower-growing species and destruction of fragile,
rapidly-growing corals also occurred at Low Isles, Great
Barrier Reef, with the passage of a cyclone (Stephenson et
al. 1958), and in Puerto Rico, with Hurricane Edith (Glynn
et al. 1965).

The re-survey of 1965 (Stoddart 1969, 1971)
indicated that very litt]g recolonization had occurred. In
aregion extending at Teast 24 km north and 19 km south of
the storm track, the only corals found alive ( Montastrea
annularis, Siderastrea sp., Diploria sp., and Acropora

palmata ) were those which had survived the hurricane.

~
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Recolonization was limited to sparsely scattered Acropora

palmata, Millepora, and minor non-frame building corals :

Agaricia sp., Manicina areolata, Porites astreoides,

Eusmilia fastigiata, and Mycetophyllia lamarckana.

Acropora cervicornis was still rare or absent. The rubble

and dead coral heads were covered with Padina, Halimeda

and other algae. Sponges and gorgonians were recovering
more rapidly than the corals.

By 1972 additional recovery had taken p1lace, but
despite the fact that 10 years had passed since the
hurricane there were still]l wide areas devoid of living
coral. Pieces of massive corals were scattered over the
reef surface and fields of finger-sized Porites and
Acropora debris remained where they had been felled.

Acropora cervicornis was more widespread than in 1965 but

still relatively scarce. In contrast to the other

corals, Acropora palmata was making a good recovery and

many new colonies ranging in height from a few centimetres
to one metre were growing on coral skeletons (Stoddart
1974).

The major effects of hurricanes on the Bel ize reefs
are : 1) removal of live corals over several kilometres of
reef, 2) selective destruction of fast-growing branching
species ove} a more extensive area, 3) interruption of
active reef growth for an undetermined period of time, and
4) generation of large amounts of coarse sediments which

accumulate on the reef flats and in the sediment aprons at
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the foot of reef slopes.

Stoddart observed that recovery of reefs which have
suffered massive damage takes more than 10 years, although
reefs which have only been subjected to moderate damage

will recover in less than a decade.

D) TEXAS

The area around central Padre Island, Texas, was hit
by an intense hurricane, Larla, in September 1961, and a
much weaker hurricane, Cindy, in September 1963. Hayes
(1967) observed the affected area for a two and a half
year period beginning in September 1961 and ending in May
1964 .

Hurricane Carla was described by the New Or leans
Hurricane Centre (U.S. Weather Bureau), as one of the
largest, most intense, and most destructive hurricanes
ever to strike the U.S. Gulf Coast. Rock fragments,
macro-invertebrates, and coral blocks were transported
from depths of 15 - 24 m and thrown onto the beach.
Following the passage of the storm, density currents
spread a layer of sand over a previously homogeneous mud
bottom in depths of 14 - 18 m, and deposited a turbidite
further out on the shelf.

A hurricane beach ridge was formed on the barrier
island comp lex. Coarse shells and sand, were deposited
as hurricane beach deposits. Other storm effects included
deposition and burial of Sargassum spp. seaweed and

cutting back of foredunes by 30.5 m. As many as four of
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the environmental assemblages described by Parker (1960)
in his study of the ecology and distributional patterns of
marine macro-invertebrates of the northern Gulf of Mexico,
were mixed together in hurricane beach sediments.

Hurricane Cindy, with maximum winds of only 128 km/h
was a weak hurricane. Jts major effect was the deposition
of a swash bar over the contact between the Hurricane
Carla beach and the forebeach zone. In April 1964, less
than a year after Hurricane Cindy, no evidence of the
swash bar remained.

Hayes (1967) concluded from his study of the effects
of Hurricane Carla and Cindy that hurricanes cause much
mixing of faunal assemblages, are important sediment
movers, and disrupt normal sedimentary processes. Mild-
storm sediments are not as common in the rock record as
those formed during maJor storms or during normal
conditions. Hayes also noted the similarity between
quantum theory and energy expenditure in nearshore marine
environments. Quantum theory accounts for the stability
of the atom on the premise that in radiation the energy of
electrons 1is discharged not <continuously but
intermittently in discrete amounts or quanta. Energy 1in
nearshore sedimentary environments seems to be expended in
a similar manner i.e. within short time intervals that are

separated by long periods of relative calm.
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E) SOUTH FLORIDA

Hurricane Donna crossed south Florida September 9 -
10, 1960 and was comparable in severity to the "Labor Day
Storm® of 1935, previously the strongest of Florida's
recorded hurricanes.

Post-Donna conditions were examined by Ball et al.
(1967). Pre-Donna conditions were determined from
photographs, cores, maps, and bottom markers made

available by the Shell Development Company to the

4

invéﬁtigators.

On the seaward reefs of tﬁe Florida reef tract,
massive head corals were the most storm-resistant. Coral
colonies which had branches leaning away from the
incoming waves suffered less damage than those colonies
with branches oriented in other directions. Boulder
pavements were formed from freshly broken coral rubble.
Rubble and sand were transported shoreward.

The patch reefs located in the inner portions of the
reef tract were lTess affected than the outside reefs,
although there was much variability in the degree of
damage. The predominance of massive coral forms and the
relatively protected position of the reefs were factors -
probably responsible for the sparse damage to the patch
reefs, The variation in damage may have been due to
different distances of the patch reefs from the protection
of a seaward reef, and to different water depths over the

patch reefs.
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In Florida Bay, deposition 'of sand over mudbanks took
place in the tidal passes between the Keys. The lagoons
and linear mudbanks suffered some erosion, but the general
topography remained unchanged. Extensive layers of mud
and marine grass were deposited in supratidal
environments. A small island, Sandy Key, was breached by
sterm currents, and a cross-bedded spillover lobe of

skeletal sand 213 m long, 91 m wide and 2 m thick formed.

F) FLORIDA - BAHAMAS REGION

Five years after the passage of Hurricane Donna over
the Florida Keys, Hurricane Betsy swept by with comparable
intensity over the same area.

On the reef tract, Hurricane Betsy acted upon a biota
whose less resistant elements had been removed by
Hurricane Donna. However damage attributed to Hurricane

Betsy included uprooted and overturned Acropora palmata,

fragmentation and redistribution of A. cervicornis, and

truncation of Millepora complanata. Little damage to head

corals was observed (Perkins & Enos, 1968). Even less
damage was observed on the patch reefs. A few coral heads
were overturned and sea fans uprooted.

Hurricane Donna produced more rubble than Hurricane
Betsy and caused large-scale movement of sand. The
extensive supratidal sedimentation which occurred during
Hurricane Donna was almost nonexistent during Hurricaue
Betsy. Paucity of 1loose sediment and meagre

recolonization of corals limited the amount of material

44




available for rubble and redistribution. Perkins & Enos
(1968) suggested that locally, sediments deposited by
Hurricane Donna would be recorded 1in the sedimentary
record, but little evidence of Hurricane Betsy would

remain.
6) JAMAICA

In addition to Barbados, Jamaica was also severely
affected by Hurricane Allen. Winds were approximately 110
km/h at Discovery Bay on the north coast of Jamaica. The
effects on the nearby reefs weééydé;cribed by Woodley
(1980) and Woodley et al. (1981). .

The dominant coral in the shallow ( 0 - 5§ m } reef

zone, Acropora palmata, was devastated. Damage was caused

by violently-moving water, rolling corals, suspended
fragments, and scouring sand. Hurricane effects were
visible to a depth of 50 metres, but dissipation of wave
impact depended on, in addition to depth, aspects of the
local reef profile such as slope and shelf width. Damage
decreased with increased depth in all corals. The

densities of Diadema antillarum in shallow areas were

more sharply reduced than in deeper areas. At a depth of

5 metres, the number of D. antil lapum per metre squared

was reduced from 9.3 to 0.1,\at 8 metres from 13.3 to 6.1,
and at 10 metres the density\dropped from 6.3 to 3.8 D.

antillarun/nz.

The amount and type of damage to sessile organisms
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was dependent on their shapes, sizes, and mechanical
properties. Damage to gorgonians, corals, and sponges was
caused by the abrasion, burial, and tearing or fracture of '
tissue and skeleton. The subsequent mortality of the
organisms ranged from partial in casés where damage was
minimal, to complete mortality where damage was extensive.
The relationship between coral growth forms and
susceptibility to damage was illustrated. At a depth of 6
metres, planar living areas of branching Acropora sp. were
reduced by up to 99%, colonies of foliaceous and

encrusting Agaricia agaricites were reduced by 23%, and

massive Montastrea annularis by only 9%. At a depth of 14

metres, Acropora cervicornis was reduced to 40% of its

1977 coverage, almost all colonies had broken away from
the substrate, and maximum transport of live fragments was
6 metres. Only 2% of encrusting colonies of Agaricia
agaricites had become detached ( Woodley et al., 1981).
Survival of Acropora sp. fragments was very poor.
Only 4 of 254 A. cervicornis fragments tagged nine days

after the hurricane were alive five months later. Of
fifty-four fragments of A. palmata tagged at depths of 2,
4, and 6 metres within four weeks of the hurricane, only
28X were alive after sixteen weeks. The survivors had had
significantly larger areas of live tissue than those that
died.

Large amounts of substratum were exposedkby abrasion,
erosfon, fracture, aqd death, and were suitable for

recolonization. At a depth of 16 metres, a 100-m2 plot

-
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assessed fn 1976 as 13% bare or covered with filamentous
algae, was re-assessed as 37.5% bare six weeks after
Hurricane Allen, Woodley et al. (1981) believe that the
almost total mortality of the slowly sexually recruiting

Acropora cervicornis which is a good spa'ce competitor

under usual wave conditions found at Discovery Bay should
favor the growth and recruitment of the hardier, longer-

1ived Montastrea annularis and more fecund Agaricia

agaricites which survived the storm. Areas exposed to
strong wave forces may therefore become dominated by

massive and encrusting or foliaceous corals.

H) U.S. VIRGIN ISLANDS

Hurricanes David (1979), Frederic (1979), and Allen
(1980) passed close to the U.S. Virgin Islands. Of the
three hurricanes, David, accompanied by heavy swells
caused the most damage in this area.

Rogers et al. (1982) examining the effects in St,
Croix of Hurricane‘s David and Frederic, found much of the
dominant shallow water reef coral, Acropora palmats,
overturned, and segments of A. cervicornis, Millepora

complanata, and Dendrogyra cylindrus toppled or scattered
over the reef. On the north coast, damage was heavy but

patchy. Pre-hurricane data were available for the south
shore forereefs of Robin Bay. The structural complexity
of the reefs was determined bj the following procedure: A
diver stretchad a 10-m 1ine just above the reef bottoa of

~
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each transect, then extended a chain below this Tine
following the contours o\ the reef. The ratio of the
number of metres of chain ao the number of metres of line
gives‘ an index of reef topography‘ or structural
complexity. By comparing this index before and after the
hurricane, the change in structural complexity was
evaluated. The structural complexity of the Robin Bay
reef decreased uniforﬁly indicating the uniformity of
destruction at that site. \\\

The sur:vey was done Appwroxi-ately one month after
the hurricanes, and the percentage of live A ga‘lnta was
the same as before the hurricanes because the broken
bnnch(es were still alive,

On the north coast, the mean number of broken A.
palmata branches per metre squared decreased with depth.
Eight labeled A. palmata fragments were examined thirteen
months after the storms for invertebrate colonizers. A
total of 61 taxa were found from the fol lbwing groups :
foraminifera, sponges, polychaetes, tunicates, bryozoans,
and some hydroids, corals, and other cnidarfa. Of the
settled scleractinian colonies, 84% wvere Agaricia spp.,
12% Porites spp., and 4% Favia spp.

Hurricane David resulted in a decrease in the amount
of live coral ;nd an increase in the amount of rubble on
the reefs of 5t. Thomas and St. Croix (Rogers et al.
1993). No significant changes nré recorded in the mean
percent cover of the most abundant coral species, total

-
numaber of coral species within transects, diversity
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indices or eveness. Rogers et al. (1983) conclude from

the results that coral mortality was not species spegific.

1) MISCELLANEOQUS EFFECTS

In addition to the papers cited above which deal
solely with hurricane effects, several studies refer
briefly to the topic.

Bak & Luckhurst (1980) working in Curasao, found more
spatial change in quadrats at 10 and 20 metre depths, than
in deeper quadrats at 30 and 40 metres. This difference
they attributed partially to the influence of storms.
Mortality of large coral colonies was highest in the
shallower zones where physical and biological disturbances
were more pronounced. Mortality was lower in more
constant environ-ent§ ( i.e. deeper water ), although in

Pue;io Rico Luckhurst observed extensive damage to beds of

Acropora cervicorni; at a depth of 21 metres following the
passage of Hurricane David. ’
After the flood rains and extensive fresh water
runoff of Hurricane Flora, Goreau (71964) observed
bleaching of Scleractinia, glll!ggra. Znn‘ihidea. and
Actinfaria. He concluded that the bleaching under these
circumstances was due to contact with low-salinity surface
water, a!tﬁgugh this phenomena had also been observed
under natural, non-stressed conditions at depths below

30 metres by Goreau. Jaap (1979) observed discoloured

colonics'of Nillepora complisnats, Acropors palmaty,

o
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Montastrea annularis, and Palythoa spp. on the reef f]lats
at Middle Sambo Reef, Flor%da Keys. He believed that the

expulsion of the endosymbiotic algae, Gymnodinium

microadriaticum, resulting in the discolouration or

bleaching , was caused by thermal stress.

I have also observed examples of Dendrogyra
cylindrus in a bleached, but otherwise healthy state, off
the west coast of Barbados in approximately 9.2 m of
water. On two subsequent dives, approximately two weeks
apart, some of the bleached coral colonies had regained
their normal color, some were mottled, and others had
become bleached.

A similar situation termed "polyp bail-out®™ occurs on
the Great Barrier Reef. The partial or total spotting of
colonies and the actual dissociation of polyps was

observed in the coral Seriatopora hystrix Dana. (Sammarco

1982¢c) suggested that polyp bail-out is an escape response
to some unknown env ironmental stress and a form of asexual
reproduction.

The direction of hurricanes on the western tidal
flats of Andros Island are known from the presence of
%urricaue "traiis® (Bourrouilh-Le, 1982). The hurricane
“"trails”® have an elongated and elliptic shape ranging from
200 - 300 m wide, and 1 - 5 km long. They are an
accumulation of thick layers of aragonitic mud more or
less dolomitized, alternating with stromatolitic crusts,
pisoid layers, intraclast layers, or stromatolitic thin

laminations yith mangrove leaves.
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Gulf Coast cores show that major hurricanes produced
extensive shell layers in lagoonal environments, and
graded beds on the inner continental shelf (Nummedal
1982). These diagnostic units, and dating by radio-
isotopic methods of the core sediments are extending our
know ledge of hurricane chronology.

A study of the population dynamics of the reef fish,
the redlip blenny, Ophioblennius atlanticus, on the

Bellairs and nearby fringing reefs (Labelle, 1982)
inc Juded the period when Hurricane Allen hit the island of
Barbados.

Many species of inshore fish still behaved abnormally
a week after the hurricane. Territorial fish were re-
establishing their territorial boundaries or acquiring the
territories of fish lost in the hurricane. Many fish had
severe cuts on their bodies or were empaled with sea
urchin spines. Unusually large numbers of moray eels and
other predators were observed.

The redlip blennies population was abnormally small
in the early part of 1981. The actual mechanism by which
the population was drastically reduced 1s not known,
although there are several possibilities :

1) the pool of larvae available for recruitment was washed
away

2) damage to the reef resulted in loss of shelters

3)*sandblasting” caused el imination of the food supply

(coralline red algae and other algae).
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The redlip blenny population was able to withstand the
high levels of mortality and regained its original

abundance after a few months.




CHAPTER 5




STUDY AREA

This study was conducted from the south-eastern
Caribbean island of Barbados which is located at latitude
139 N, and longitude 59° 30 ' W. Barbados 15
approximately 161 km east of the chain of islands
comprising the Lesser Anti1lles, and 322 km northeast of
Trinidad (Fi1g. 6).

The 1sland of Barbados 1s the only emergent portion
of the Barbados ridge which curves northeast from the
broad Venezuelan shelf to Barbados and then extends
northwest unt1] 1t terminates northeast of Guadeloupe

(0Officer et al. 1959). Barbados 1s bounded by steep sea-

floor slopes that to the east grade 1nto an abyssal plain
of the Atlantic Basin at a depth of 4,575 m, and to the
west, descend 2,562 m into the Tobago Trough (U.S. Navy

Hydrographic Office 1964).

A) REGIONAL GEOLOGY

Barbados lies west of a subduction zone whose trench
has been filled by the deltaic sediments of the Orinoco
River system. The intensely deformed early Cenozoic
sediments of the east side of the island are part of an
accretionary prism, and the Tobago Trough between Barbados
and the Lesser Antilles volcanic arc represents a fore-arc
basin (James et al. 1977).

Barbados occurs at the structural high, the thickest

and probably oldest part of the accretionary prism.
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Barbados and the southeastern Caribbean region
(From Barbados Preliminary Atlas).
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and probably oldest part of the accretionary prism.
Geophysical studies indicate that the prism is composed of
deformed sedimentary rocks that attain a structural
thickness of at least 20 km near the forearc basin
boundary and wedge out to the east over a distance of 300
km (Westbrook 1975).

Barbados may be considered to be composed primarily
of three layers (Speed 1979, 1981, Speed & Larue 1982):

1) an upper layer of autochthonous Pleistocene reefs
(Mesollela et al. 1970) that cover all but approximately
50 km of the island's 430 km

2) an intermediate zone of one or more nappes of early
Eocene - middle Miocere pelagic rocks, which are thought
to be allocthonous forearc basfin deposits.

3) a basal complex of deformed layered rocks of probable
accretionary origin.

The extensive accretionary prism of the Lesser
Antilles forearc is underthrust by the relatively west-
moving Atlantic 1lithosphere. This activity was
responsible for the gradual tectonic uplift of Barbados
and the intense deformation of the early Cenozoic
sediments. Throughout the Pleistocene, the relatively
slow uplift of the island continued while fringing reefs
developed during eustatic high stands of sea 1level
(Mesolella et al. 1969, 1970). The Pleistocene reefs form
the noticeably terraced topography of Barbados. In 1891,
Jukes-Brown and Harrison, correctly identified the

terraces as fossil coral reefs. It had earlier been
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thouéht that the terraces had been formed by wave-cutting.
Absolute dating of the reefs indicates that the age of the
reefs increases with increasing elevation and distance
inland. The terrraces have been dated at 60,000 B.P.
(James et al. 1971), 82,000 , 105,000 and 125,000 B.P. A
higher elevation series formed between 170,000 and 230,000
B.P. (Mesolella et al. 1969). 1In addition, work by Bender
et al. (1972) indicates that some reef tracts may be more

than 700,000 years old.

8) STUDY SITE

Research was based at the Bellairs Research Institute
of McGil) University. The institute is located just north
of Holetown on the west or leeward coast of the island of

Barbados (Fig. 7).
- The west coast is dotted with fringing reefs which
extend most commonly from the headlands. In front of the
research institute are two fringing reefs : the northern
and southern Bellairs fringing reefs (Fig. 8). The reefs
are growing on a gently sloping shelf which extends from
the beach into water of 10 m depth at approximately 300 m
from shore. Beyond the shelf, the sea floor gradually
deepens to form a narrow trough with a depth of 20 m. A
bank reef lies seaward of this trough. Situated between
the seaward edge of the shelf and the bank reef are
several depressions of a maximum depth of 34 m, which are

thought to represent sinkholes which formed when sea level
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Fig. 7. Barbados - location of research area.
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Fig. 8.

The Bellairs fringing reefs.
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was lower, The depressions are currently being

investigated (T. Ortiz, in prep.).

1) Reef Description

The northern Bellairs fringing reef is approximately
200 m x 150 m. Water depth ranges from an inshore depth
of one metre to the fore-reef depth of seven metres , but
portions of the inshore reef crest may emerge during
spring low tides. The mixed semi-diurnal tides have a

mean range of 0.7 m and a diurnal range of 1.10 m (Lewis

1960) .

2) Reef Zonation

The Bellairs fringing reefs have been described and
zoned by Lewis (1960) and Stearn et al. (1977). The terms
used in the latter paper are adopted in the description
that follows (Fig. 9).

The swash zone, comparable to Lewis' reef flat zone,
is the innermost region of the reef. Its width is 20 - 30
m and its depth at low tide ranges from 0 - 1 m. Since
the waves commonly break in this zone, the substrate is
composed primarily of mobile sand and dead coral rock.

The crest zone (Lewis’ Diploria - Palythoa zone)

extends approximately 40 m from the swash zone. An
irregular surface , composed of coralline algae-encrusted
coral skeletons is the predominant substrate and is at an
average depth of one metre. There are few corals (small

numbers of Porites porites and Porites astreoides) but

Favia fragum attains its highest représentation within
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Fig. 9. Ecological zonation on the Bellairs fringing
reefs (From Stearn et al. 1977).

Key to ecological zones :

a. Swash
b. Crest
c. Coalesced spurs
d. gpu:: and g::oves
e. Porites porites
f. sand
g. rubble
h. Madracis mirabilis
. l*r?!grg cervicornis
e. P ar cora
. Bank reef
1. Platy coral
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this zone.

The coalesced spur zone or reef crest zone of Lewis,

is a region of diverse corals ( Porites porites, Porites

astreoides, Agaricia agaricites, Montastrea annularis,

Montaistrea cavernosa, Siderastrea siderea, Favia fragum,

Millepora squarrosa, Millepora complanata, and Madracis

mirabilis ) at a de;th of 1 - 2m. Irreqular sand areas
at depths of 2 m occur between the coral-covered coalesced
spurs. Corals represent approximately 50 X of the hard
substrate with coralline red algae and coral skeletons
making up the remainder.

The spur and groove zone (seaward slope, lewis 1960)

is the zone where Porites porites is most prominent.

Other corals that are well-represented are Porites

astreoides, Montastrea annularis, Montastrea cavernosa,

Agaricia agaricites, Madracis mirabilis, Millepora

complanata, and Millepora sguarosa. This region

represents the seaward face of the fringing reefs.
In addition to these zones, Stearn et al. (1977)

described a Porites porites bank zone which was found only

on the southern side of the southern Bellairs fringing
reef in approximately 3 metres of water and is not present
in the study area.

This zonation may still be applied to the narthern,
Bellairs fringing reef although in the sﬁrvey following
the passage of .Hurricane Allen, the diversity of the

corals and particularly the abundance of Porites porites

has been drastically reduced.
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CHAPTER 6

METHODS
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RETHODS

Stearn et al. (1977) surveyed the northern Bellairs
frainging reef 1n 1974, 1n order to determine the carbonate
budget of the reef. This survey allowed a comparison to
be made of the state of the reef, before and after,

Hurricane Allen.

A) FIELD METHODS

SCUBA (Self Contained Underwater Breathing Apparatus)

was used to carry out the field work.

1) Line Transects

Six line transects were laid out on the northern
Bellairs fringing reef to correspond as closely as
possible to those surveyed 1n 1974 (Fig. 10). The
location of these transects was determined from close
examination of an air photo showing the transects on the
reef 1n 1974, characteristic reef morphology and compass
bearings. The three longest transects, passing through
the northern, central, and southern portions of the reef,
extended from near-shore to the seaward lobes. The other
transects, each cut perpendicularly through one of the
longer transects, and were therefore roughly parallel to
shore.

A rope, marked at one-metre intervals, was stretched
~along the contours of the reef. Nails, painted bright

orange for easier visibility, were hammered into the reef
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Fig.

10.

Aer1al photo of the northern Bellairs
fringing reef, showing location of
transect lines and ellipses.
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at the points corresponding to the metre marks on the
rope.

The data were recorded by swimming over the transect
line with a half-metre rod in hand. This rod, marked at
10 cm intervals, was placed at each nail, along the
transect 1ine. The substrate type directly adjacent to
each mark was then recorded for the initial 50 cm of each
metre ; that is, five readings were taken in each metre

interval. The types of substrate encountered included

rock, rubble, sand, coraliine red algae ( CRA ), Porites

astreoides, Porites porites, Mil 1epora sp., Siderastrea

siderea, Montastrea annularis, Montastrea cavernosa,

Agaricia agaricites, Madracis mirabilis, Favia fragum, and

Palythoa mammil losa. The methods used for the 1line

transects were a duplication of those used by Scoffin and
Martindale, and described in Stearn et al.(1977).

Water depth was measured by stretching a calibrated
line from the water's surface, straight down to the
relevant substrate. The line was attached to a diver's
flag - inner tube float at the sea surface.

Underwater photographs were taken using a Niibnos 11

camera and an Oceanic or Sekonic underwater light meter.

2) Diadema antillarum Population Density

To estimate the number of Diadema antillarum on the

reef, a continuous recording method was used. The diver
swam over the transect line. A one-metre rod, was carried

in one hand, with half a metre extending on each side of
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the transect line. Each time a D. antillarum was found

beneath the rod, it was registered in a plastic digital
counter held in the other hand. Population density was
expressed as the number of individuals per square metre of
reef surface, calculated from the known length of the

transect line and the total number of individuals counted.

3) Rubble Analysis

Dsamples of rubble were randomly collected, usually
from an area adjacent to a transect line. Rubble was
scooped up and deposited in a labeled plastic bag.

In the Tab, each bag of rubble was emptied into a
Tabeled glass dish and left to soak in a 10X solution of
househol1d bleach for approximately 24 hours. After the
sample was rinsed with fresh water, it was placed in an
oven until drying was completed.

After the samples were cooled, they were sorted into

the various constituents composing the rubble 1.e. P.

porites, A. cervicornis, etc. The number of fragments,
size range, and degree of alteration, were recorded for
each sample before they were placed in a plastic bag,

weighed, and labeled.

4) Montastrea annularis Growth Bands

Heads of M. annularis were collected from the reef,"

rinsed, and then bleached in a 10% solution of household

bleach.

A diamond - bladed saw in the Department of
/
Geological Sciences at McGill Unfversity, was used to
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slice the coral heads, along the growth axis, into s1abs
0.5 - 0.7 cm thick. These slabs were then x-rayed with a
Picker Industrial Minishot Il instrument and Kodak
Industrex AA2 film, Exposure time was 7.5 seconds at

40 - 50 kilovolts.

5) Porites porites Breaking Points

An approximate measure of the force required to
break a branch of P. porites was determined by using a
simple spring balance. The model used was a Mariner fish
weighing scale with a maximum capacity of 7.25 kg .

The hook was replaced with a fine, looped cord. The
loop was placed around a branch of P. porites and a
pulling force was applied. At the moment of branch
breakage, the force (weight) was recorded. These
measurements were done underwater in-situ, and in the

laboratory.

B) METHODS OF DATA ANALYSIS

Substrate data collected along the six transect 1ines
were compared to the raw data of the 1974 survey. T.
Scoffin graciously supplied the 1974 data. For purposes
of statistical analysis, he divided the reef into six
equal-area ellipses whose boundaries approximated the
zonation of the reef (Fig. 10). The boundaries of these
ellipses were not clearly defined in the transect counts

supplied by Scoffin, but divisions in the data made. it
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possible to redefine the boundaries of the ellipses on the
re-surveyed transects. The total numbers of substrate
counts within each ellipse of the re-survey closely approximates

those of the original survey.

1) Pre- and Post-Hurricane Reef Coverage

The chi-square test was chosen to test the
significance of the reef changes because the test
deternines whether or not the difference between two
proportions 1s significant (Simpson et al. 1960). The
most commonly used significance level is 0.05 . There is
only one degree of freedom in a 2 x 2 contingency table.
The contingency table is set up as follows:

Substrate type

Present Absent
Pre-hurricane survey a2 b
Post-hurricane survey c d
Totals ' at+tc b +d

"1 = a + b
Nz =c + d
N =a+ Db+ c +d

The formula used to determine the value of chi-sguare is :

X2 = NEad - bc) - N/2) 2 ’
a [ a+ cC +

The null hypothesis is that there is no difference in
the reef before and after the hurricanes. A value of chi-
square will be greater than 3.84 for .five per cent of the
trfals, and will exceed 6.63 for one per cent of the

trials., As 0.05 is the level of significance adopted here,
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if a value of chi-square greater than or equal to 3.84 is
calculated, then the null hypothesis is rejected and the

reef is considered significantly changed.

2) Coral Coverage and Rank

The change in coverage of each species was derived

by the following formula , using Porites porites as an

example

100 X -

ost-hurr.
pre-hurr.

of P,
P. p. counts

no.
no. 0

To determine if the species had changed in terms of
coverage rank, the total number of counts perkspgcies were
divided by the total number of all coral counts. This was
done for both pre- and post- hurricane goral counts. The
coral ranking obtained indicated whether the dominant
species prior to the hurricane had persisted, or had been

replaced by a new or new dominant species.

3) Diversity Indices

The Shannon & Weaver, and Simpson coral diversity
values of the six equal-area ellipses of the study reef
were compared before and after the hurricane.

'y

a) Shannon & Weaver's Diversity Index - The point method

of line transects is based on the expectqt{on : the total
number of '‘coral points / total number of transect points =
coral coverage (Dodge et al.1982). The relative frequency
o} coverage of a specieé is determined by dividing the

total number of points covering the species of fntgrest.

”% ‘
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by the total number of all coral points. Shannon &
Weaver's (1948) index of diversity may be calculated from
the relative abundance (H'n) or from the relative living
coverage (H'c). H'c is used when data is collected by the

point method of line transects.

H'ec = - é Pi loge Pj

where py is the living coverage proportion of the ith
species in the sample, The correlation between H'c
(1iving coverage) and H'n (number of colonies) is highly
significant (r = 0.95), so either measurement may be used
for comparative studies of coral species diversity 1in
different areas or at different times (Loya 1972).

A t-test (Hutcheson 1970) was used to test the
significance of the decr;ases ifn diversity values. The

formula to find t is
t = Hi - H2
H - 2H
= 2 2
where Sy H, ’S H,* S°H,

The variance of H may be approximated by

S2y = Ef4 log2 fi - (Ef4 log fj )2/n
2
n

.

where n = sample size and f; = number of observations in

category i. The degrees of freedom is approximated by

(SZH‘)Z + (SZH)2

et ens—

. o n2

5
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b) Simpson’s Index - To compare Sinpsonis index to Shannon

L Weaver's index, Simpson's index was modified by Loya

(1972) to the following form:
s

Dc = 1 - E‘Piz

=

0c measures the probability that two specimens picked at
random from a sample belong to different species. DOc = O
(as does H'c) if only one species is found in the sample.
Simpson's index, Dc, measures how equally or unequally
coverage is distributed among the species. It may be
considered a measure of the degree of dominance in a
sample. The less numerically equal the species are, the

less diverse is the sample and the greater the degree of

dominance.

4) Diadema antillarum Population Counts

To determine the significance of the difference of

the Diadema antillarum population counts in 1974 and 1981,

a t-test was used :

t =Xy -% JN1N2 / N1N2
(Ny - 1)512 + (Np - 1)§5°
Nl + Ny - 2

where degrees of freedom = Nj + Np - 2.
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CHAPTER 7

RESULTS AND DISCUSSION




w
A) CHANGES IN THE LIVING AND NON-LIVING SUBSTRATE

The 1981 re-survey of the transects originally done
in 1974, on the northern Bellairs fringing reef, produced
data for a quantitative comparison of the reef before and
after the hurricanes (Table 1 ). Abiotic and biotic
coverage on the reef had obviously changed (Figs. 11 -
21), but chi-square tests were applied to the data to
determine the degree of significance of the changes.

Each species or substrate type was tested
individually per ellipse (Table 2 ), and for the reef
overall (Table 3 ) using a chi-square test. For the reef
in general, rock, coralline red algae, sand, rubble,

Porites porites, Porites astreoides, Siderastrea siderea,

Montastrea annularis, Favia fragum, Agaricia agaricites,

and Madracis mirabilis had significant levels of change.

Only Millepora sp. (P = 0.074) did not change
significantly.

The hydrozoan, Millepora sp., had a high rate of
survival because the morphologies of the species growing
on the fringing reef are wave-adapted. Millepora

squarrosa's box-like structure is highly wave-resistant,

and Millepora complanata's bladed skeleton 1is sturdy and

easily sheds sediments. In addition, Millepora complanata

tends to orient itself to best withstand strong wave

action (Stearn & Riding 1973). The coverage of Montastrea

cavernosa was unchanged. 1In both the ogiginal and the re-

survey, only five counts of Montastrea cavernosa were
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TABLE 1 . SUBSTRATE COUNTS PER ELLIPSE - PRE/ POST

HURRICANE COUNTS.

SUBSTRATE ELLIPSE (PRE/POST COUNTS)

I Il [11 Iv v VI
Rock 18/16  64/114 54/123 59/107 65/194 41/73
C.R.A. 19/21 208/156 175/182 106/111 134/101 55/41
Rubble 1/1 37/49 33/47  30/51 67/63 20/19
P. astreordes 1/2 ’ 28/13 29/6 36/5 48/13 19/8
F. fragum - 5/1 2/0 1/0 1/0 -
Millepora sp. - 8/9 8/5 7/3 21/12 6/4
Sand - 14/31 57/30 44/108 66/19 40/123
S. siderea - 1/1 8/1 7/0 24/7 16/5%
P. porites - 18/4 26/2 56/0 101/3 44/2
M. annularis - 2/1 17/15 15/0 21/13  29/10
A. agaricites - 10/18 19/24 28/12 40/25 24/12
M. cavernosa - 1/3 0/2 4/0 - -
M. mirabrlrs - 1/0 370 6/0 16/} 3/0

)
|

80




F16.

11

21.

Histograms of each substrate (counts
per ellipse) before and after
Hurricane Allen.
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TABLE 2 . CHI- SQUARE TEST FBR SIGNIFICANCE OF CHAIGES
© IN SPECIES CGUITS ‘PER ELLIPSE, -

ELL IPSE SPECIES xZ DIFF ERENCE
I rock 0.051 not sig.
11 rock 17 .349 sig.

IT1 rock 31.647 sig.

1V rock 16 .802 sig.

v rock 80.812 sig.

Vi rock . ,10.432 sig

1 C.R.A. 0.050 not sig.
11 C.R.A. 13.111 sig.

111 C.R.A. 0.059 not sig.
Iv C.R.A. 0.101 not sig.
v C.R.A. o 5.345 sig.

VI C.R.A. 2.100 not sig.
I rubble 0.513 not sig.
I1 rubble 1.576 not sig.
I11 rubble 2.133 not sig.
1v rubble 5.496 sig.

v rubble 0.072 not sig.
VI rubble 0.000 not sig.
I P. astreoides 0.000 not sig.
11 P. astreoides 5.039 sig.

I11 P. astreoides 14.72% sig.

Iv ‘"P. astrecides 23.140 sig.

v P. astreoides 19.900 sig.

VI P. astreoides 3.880 sig.

1 ) F. fragum ) - -

11 F. fragum 1.511 not sig.
I1X F. fragum 0.515 not sig.
Iv F. fragum . 0.000 not sig.
v F. fragum 0.000 not sig.
Vi ‘ F. fragum - - ,
I. Millepora sp. - -

I1 Millepora sp. 0.000 not sig.
It Millepora sp. 0.341 not sig.
Iv Millepora sp. 0.911 not sig.
Y Millepora sp. 1.980 not sig.
VI Millepora sp. 0.102 not sig.
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M.
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M.
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M.
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siderea
siderea
siderea
siderea
siderea
siderea

porites
porites
porites
porites
porites
porites

annularis
annularis
annularis
annularis '’
annularis
annularis

agaricites
agaricites
agaricites
agaricites
agaricites
agaricites

cavernosa
cavernosa
cavernosa
cavernosa
cavernosa
cavernosa

mirabilis
mirabilis
mirabilis
mirabilis
mirabilis
mirabilis
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0.000
6.028
9.040.
32.256
55.186
56 .852

0.501
4.126

5.188

8.449
4,936

7.899

19.854
58.095
98.826
39.611

0.000
0.048
13.317
1.471
8.891

1.813
0.335
5.922
3.163
3.578

0.251
0.487
2.261

0.000
1.366
4.198
7.680
1.340

not stg.
sig.
sig.
sig.
sig.
sig.

not sig.
sig.
sig.
sig.
sig.

sig.
sig.
sig.
sig.
sig.

not’ sig.
not sig.
sig.
not sig.
sig.

not sig.

- not sig.

sig.

not sig..

not sig.

not sig.
not sig.

not sig.

not sig.

not sig.’

»

not sig.
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TABLE 3.

CHILSQUARE TEST FOR SIGNIFICANCE OF CHANGES

IN SPECIES COUNTS FOR THE ENTIRE REEF

SPECIES

rock

C.R.A

rubble

P.
F.

astreoides

fragum

Millepora sp.

sand

S.
P.

M
A
M.
M

siderea

porites

. annuplaris

. agaricites

cavernosa

. mirabilis

e

x2

143.765
7.992
4.346
64.748
4.927
3.182
97.745
24.503
225.907
16.303
4.241
0.098
19.734

95

sig.
sig.
sig.
sig.
sig.
not

sig.
sig.
sig.
sig.
sig.
not

sig.

DIFFERENCE

sig.

sig.




recorded.

Transect V was surveyed in the summer of 1981 and
then re-surveyed a year later in 1982. The counts were
very similar (Table 4 ). The differences were not
significanELwexcept for those of coralline red algae which
increased in coverage (x2 = 9.70 » P = 0.002). The
increase may have been due to the coloniz%éion of rock by
coralline red algae, or due to the difficulty of
distinguishing coral rock from coralline red algae which
may also be white in colour.

It is difficult to assess how much of the changes
between the original and the re-survey substrate counts
are due to different researchers. I would estimate that
“operator error" is minimal, since recordings made during
the re-survey were compared with those obtained by a
diving assistant, and the results matched.

The changes of the living and non-living substrate
types were overwhelmingly significant on a reefal scale ,
but less significant when examined ellipse-by-ellipse.
E11ipse 4 included the most affected portion of the reef
where nine of thirteen substrate types had changed
significantly. The breaking of the storm waves in ellipse
4 (T. Tomascik, personal communication) in;tead of closer
to shore as is the norm, caused major damage. Ellipsel,
located closest to shore, was the least changed due to its
constant exposure to turbulent water.

The coverage of non-living substrates (rock, rubble

and sand) was greater in the re-survey than in the
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TABLE 4 . TRAKSECT V SUBSTRATE COUNTS

SUBSTRATE TYPE SUMMER 1981  SUMMER 1982 _13 DIFFERENCE

rock 72 58 1.860 not sig.
coralline algae 20 44 9.703 sig.
rubble 16 14 0.036 not sig.
P. astreoides 1 2 0.000 not sig.
F. ¥Fragum 0 0 - -
Millepora sp. 3 0 \ 1.343 not sig.
sand 94 88 0.237 not sig.

S. siderea 0.00 not sig.

P. porites 0.00 not sig.

5

0

. annularis 0
. agaricites 3
0

2

M
A
M. cavernosa
M

. mirabilis 0.502 not sig.
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original survey. This increase in coverage wasﬁgt the
expense of the living components of the substrate such as
corals, Millepora sp., and coralline red algae. Sand and
rock more than doubled : sand increased from 221 to 461
counts, and rock increased from 301 to 627 counts. Rubble
increased from 188 counts to 230 counts.

Dead coral was classified as rock or rubble. Rubble
was any piece of loose, dead coral. Dead portions of a
coral within a live colony were considered rock. The
increased coverage of rock was due to the death of cora]}:
and scouring.

The greater sand coverage resulted from the
deposition of sand in topographically low areas of the
reef during the storm. Another possible explanation for
the increased amount of sand is a higher production of
sand following the hurricane due _to the greater
availability of rubble, and increased abundance of Djadema

antillarunm. Folk & Robles (1964) suggésted that

initially, massive corals break down into large boulders,
and branching corals break down into sticks. Coral
skeletons further disintegrate due to abrasion, ;nto
medium to fine-grained sand with a mean grain size qf:
approximately 2 phi (o;fs mm). Chave (1960, 1964)’
reported that the breakdown by abrasion of Acropora

cervicornis produced very fine (< 63 um) grains. Abrasion

of Porites porites and Madracis mirabilis from the

Bellairs reef also produced silt-sized particles (Hunter

1977). Diadema antillarum and parrotfish (Gygi 1969)




however, can account for the coral sediments on the reef
since they produce grainstof 2 - 2.5 phi (0.25 - 0.177 mm)
and 1 - 3 phi (0.50 - 0.125mm), respectively.
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B) BIOEROSION

Bioerosion is a common process on coral reefs.
Sponges, sipunculid worms, polychaete worms, bivalves,
arthropods, echinoids (sea urchins), and fish (parrotfish)
are the principal agents of bioerosion.

Bioerosion weakens the bases of massive corals making
them more susceptiﬁle to detachment from the substrate
during storms. The branching corals tend to be bored
along the central axes of branches, which significantly

weakens their structure.

The massive corals of the fringing reef are less

affected by sponge borers than the deeper water bank reef
\corals because the former calcify more rapidly and they
lTack an exposed base which sponges can penetrate. Coral
breakoff on the fringing reef results primarily from storm
wave impact. |

Evidence &btained during dives made after a winter
storm period (December 1975) suggested to MacGeachy (1978)
that éponge boring éreatly increased the susceptibility of
P. porites branches to breakage. He observed newly broken
branches in and around the P. porites zone on the southern
Bellairs reef. The br;akages commonly occurred at the
sites of sponge chambers. He believed that most of the

damage was caused by blocks of coral rubble which were

- thfonp onto, and tossed about the P. porites beds by the

stoFm waves.

100




C) ANALYSIS OF THE RUBBLE

The composition and distribution of the rubble on the
northern Bellairs fringing r;ef was examined. The
distribution of‘coral species in the rubble was compared
to the distribution of living counterparts growing on the
reef. |

1) Rubble Composition

The rubble is composed of Porites porites, Acropora

T ey o et so—— — asan

Agaricia agaricites, Favia fragum, Siderastrea radians,

Montastrea annularis, Millepora sp., Stylaster roseus,

mollusc fragments, echinoderm fragments, and pieces that
are impossible to identify due to erosion or encrustation
of the surfaces. Some of tﬁe specimens appeared,
relatively fresh with unaltered corallites, while other
specimens were highly bored or encrusted. The percentage
of each component in the rubble was determined in two
ways: 1) according to its prgportion of the total nymber
of pieces of rubble {count percentage), and 2) according
to its proportion of the total weight (weight

percentage): Only three corals, Porites porites, Acropora

cervicornis, and Madracis mirabilis were present in

significant quantities in the rubble (Table 5 and Table
6). The mean percentages of all the other identified
components collectively represent 9.5 of components, and

8.3% of rubble weight.
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TABLE § .

RUBBLE TYPE

A. cervicornis

A. palmata

P. porites
coralline algae
M. mirabilis

A. agaricites

F. fragum

S. radians

M. annularis
'Hillepora sp.

S. roseus

mollusc fragments
echinoderm fragments

unknown

MEAN %

20
0.01
32

3

30

2

1
0.3
1
0.04
0.06

0.1
10

102

RUBSSLE - COUNTS PERCENTAGE

STAlﬁkRD EVIATION

——

13
0.06
22

4
17

0.2
0.2

0.3




TABLE 6 . RUBBLE - WEIGHT PERCENTAGE

RUBBLE TYPE MEAN %
- A. cervicornis 32

A. palmata ' - 0.64N\

P. porites ' 40

coralliné algae ; 2

M. mirabilis o 13

A. agaricites . 3

F.'fragum }

S. radians

M. annularis
Millepora sp.

S. roseus

mollusc fragnenfs

echinoderm fragments 0

unknown 7
- 103

STANDARD DEVIATION

19
0.2
20

Pod . b [ ] | ad W

0.06
0‘5
0
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The three principal constituents of the rubble,
Porites porftes, Acropora cervicornis, and Madracis

mirabilis, share a similar branching morphology which was

highly susceptible to breakage. Porites porites formed

32% of the number of rubble fragments, and 40X of the

rubble weight. Acropora cervicornis comprised 20% of the

number of rubble fragments, and 32X of the rubble weight.

Madracis mirabilis represented 30X of the number of rubble

fragments, and 13X cof the rubble weight. The small size

of Madracis mirabilis branches (average diameter of 0.8
, ¥
cm), accounts for its relatively low representation by

weight. Fragments of Madracis mirabilis were smaller and

lighter than the heavier, thicker-branched (1.3 cm

average diameter) Acropora cervicornis and Porites

porites. Fresh branches of Acropora cervicornis are also

more dense (less pore space) than Porites porites, and

Madracis mirabilis, although boring altered the densities
of the fragments. a

The force required to break a branch of Porites
goriteg was determined 13-;132 and in the laboratory. The
value obtained din-situ was 5.9 kg (standard deviation 0.9
kg ). In the lab, the force required was 5.5 kg (standard

deviation 0.6 kg ). Freshness of the Porites porites was

not critical as indicated by the similarity of the in-situ
values and the values recorded in the Tab. Chamberlain
(1978) determined that the greater the amount of

viscoelastic organic matter present in the material being
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tested, the greater the strength and the grester the
difference in testing fresh wmaterials and materials which
have dried out. Corals, when compared to molluscs,
echinoids, and vertebrate bones , have little organic
material and are among the weaker skeletal materials
(Table 7 ).

The breaking points of ten Acropora palmata colonies

were determined in-situ at Grand Cayman Island by
Hernandez-Avila et al. (1977). Twenty-three to thirty-
five kilograms of force were required to break branches
with a mean diameter of 13 cm . "Breakage always occurred
in bored areas of the stem. "

At present, there are no Ich colonies of Agroggra'
palmata growing(én‘the northern Bellairs fringing reef,
although there remains a massive dead colony in growth
position. There is strong evidence that the west coast
fringing reefs are built on a foundation of Acropora
pajmata. On the west coast, close to Bridgetown, a
harbour channel was cut through the reef. The walls of
the channel are a cross-section of the reef. The reef

foundation is composed of Acropora palmata and boulder

corals. Although living Acropora palmata is rare on

Barbados reefs today, and non-existent on the northern

/Fe11a1rs reef, observation of the harbour reef foundations

- suggest that Acropora palmata was once a common reef

‘coral. Core hole information from a Caribbean fringing

" reef in Panama indicated to Macintyre & Glynn (1976) that

Acropora palmata was the dominant reef frame-builder from
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Table 7. Strength of representative skeletal materials

in muganewtons per square metre.

Yolume £ organics = % or?anic~aattrial by
.volume contained in material. Porosity = pore
volume / total volume of material. Data for !
coral strength and porosity from Chamberlain !
(1978). Data on molluscs and echinoids from
Wainwright et al. (1976).

STRENGTH ogg%i§ts POROSITY

E e

CORALS 12-81 .02-.2 .3
MOLLUSCS Gastropods 110-270
Nautdly 174 5 0 .
Fc%ecypods 88-250 '

ECHINOIDS | a 48-96 1 .5

' ‘“
.
» »
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approximately 7,000 years B.P. until 3,000 - 2.060 years
B.P.

2) Rybble Distribution
The three main components of the rubble, Acropora

cervicornis, Porites porites, and Madracis mirabilis were

not randomly distributed over the reef. The greatest

proportion of Acropora cervicornis rubble was in the

northern portion of the reef, Porjtes porites rubble was
concentrated in the south to mid-south sections of the

reef, and Madracis mirabil1is rubble was concentrated in

the northern to central portions of the reef’(Tables ).

Acropora cervicornis does not grow on‘the northern

Bellairs fringing reef, but does grow in an area seaward
of the reef, at depths of 16 - 20 metres (Fig. 9 ).

Therefore all the Acropora cervicornis rubble present on

the reef was transported shoreward.

The greater proportion of Madracis mirabilis rubble

in the northern and central sections of the reef relative
to the rest of the reef, corresponds with the pre-
herricane living coverage. An estimated 180 mZ of the

total reef area of 18,360 mZ was live Madracis mirabilis

fn 1974, In the re-survey approximately 26 n are live

Radracis mirabilis, and 583 m are Madracis mirabilis

rubble. Fragmented branghes have likely been transported
by the storm currents onto the reef from the M. mirabilis
zone which is located between the fringing reef and the A.

¢
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TABLE 8.DISTRIBUTION OF Porites pOrites,‘nadracis
mirabilis, and Acropora cervicornis rubble.

"

COUNT % PERCENTAGES OF REEF SECTIONS

CORAL SPECIES NORTH NORTH-M}@ MID MID-SOUTH SOUTH
P. porites 28% 23% 22% 43X 48%
M. mirabilis 39% 33%X 34% 22% 17%
A. cervicornis 20% 29% 20% TBx 91.

%X RUBBLE WEIGHT

CORAL SPECIES® NORTH NORTH-MID MID ‘HID-SOUTH SOUTH

P. porites 36% 32% 35% 46% 54%
M. mirabilis 10% 13% 17% 14% 6%
A. cervicornis 43% 43% 33% 20% 21%
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cervicornis zone (Fig. 9).

—— —— — ——— - —— —a—

corresponds with its pre-hurricane live é%verage. Porites
porites coverage had been greatest along transects 1 and
Il in the southern and central portions of the reef

respectively. Thq sharp decrease in Porites porites

coverage following the hurricane is not fully accounted
for in the rubble. Roughly 2,203 m2 were live Porites
porites in the original survey. The post-hurricane survey

indicated that only 94 m are covered by 1ive Porites

porites, and 777 m2 are covered by Porites porites rubble.
A small fraction of rubble may have broken down into

sand-sized fragments, but most of the Porites porites

rubble was probably transported off the reef by seaward
currents and deposited in the deeper water rubble zone
(Fig. 9). This zone is primarily composed of Acropora

cervicornis rubble and may have been the source of some of

the older, more altered pieces of rubble found on the
fringing reef after Hurricane Allen.

The'water circulation pattern during Hurricane Allen
is indicated by the movement of the rubble. Wave-
generated currents from the north-west passed through the

Acropora cervicornis and Madracis mirabiljis zones. Rubble

and freshly broken fragments of Acropora cervicornis and

Madracis mirabilis were carried onto the fringing reef and

deposited predominantly on the northern and north-central
sections of the reef. A longshore current flowed parallel

to shore gradually dropping in velocity. Offshore or rip
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currents flowed over the southern portion of the reef and
through the grooves and sand channels, and are presumed to

have carried away much of the newly-created Porites

porites rubble.
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D) GROWTH AND ™STRESS"™ BANDS IN Montastrea annularis

Early studies of coral banding (Ma 1933), led to the
conclusion that a pair of high and 1low density bands are
produced annually (Knutson et al. 1972). Periods of no-
growth are not recorded, therefore only a minimum age for
the coral head can be determined by counting the growth
band couplets. Stresses such as cold and possibly
hurricanes which affected the coral during its growth may
be recorded as wide, high density bands.

Deposition of the high and low density bands is
affected by several factors : 1light, sediments, wind,
water temperature, reproduction, and nutrient
availability. Many researchers favor 1light as the
principal factor (Buddemeier 1974, Buddemeier et al. 1974,
Bak 1974, Baker & Weber 1975, Dodge & Vaisnys 1975, Dodge
et al. 1977, Dodge 1978, Stearn et al. 1977, and
Wellington & Glynn 1983). Other studies suggest the
importance of temperature as a factor (Weber & White

1974,1977, and Glynn & Wellington 1980). Highsmith (1979)

found both light and temperature to be critical for band

formation. He concluded that high density bands are
formed during low light levels when water temperatures are
above 28.59 C and below 23.70 C . Low density bands are
formed during high 1ight levels and at water temperatures
between 23.70 C and 28.50 C . Nutrient availability, in
association with upwelling is considered a*factor (61ynn

1977) although it may reflect dependence on water

111 *
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temperature. Buddemeier & Kinzie (1975), and Highsmith
(1979) noted that high density bands are formed at times
of sexual reproduction. The possibility that internal
mechanisms regulate coral banding may explain the
differences in banding of neighbouring corals.

In the Florida Straits, Montastrea annularis deposits

high density bands from July to September (Hudson et al.
1976). Pavona sp. in. Panama produces its high density
bands from July to December (Wellington & Glynn 1983).
Stearn et al. (1977) suggest that in Barbados, the
relatively sharp decrease in ambient light in early autumn
(September - November) stimulates production of high

density bands in Montastrea annularis. Surface water

temperatures are also above 28.59 C during these months

(Table 9 ).

In response to stress, Montasfrea annularis may

accrete thick, high density bands which are wider than the

normal high density bands of late summer - early fall.

e

"Stress bands" in Montastrea annularis have been reported

by Hudson et al. (1976) in response to unusually cold
conditions in Florida, and as a result of relocating
corals further inshore (Hudson 1981). Hudson et 21.(1976)
did not however, find in the coral skeletons any trace of
the many hurricanes which had passed over the Florida
Keys.

Thermal stress was the factor affecting the

Montastrea anhulgris described in Hudson's papers (Hudson

et al. 1976, Hudson 1981). Stress on the corals during
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TABLES9 . NEAN SURFACE TEMPERATURES TAKEN FRON_TH g
31“Tlﬁ£%l’1ﬂéi'TFTIS'TWHHHFI E(Trom
Tomascik, personal communication.

-

MONTH & YEAR MEAN TEMPERATURE (°C)
September 1981 29.21
October 1981 29.17
November 1981 29.07
December 1981 28.08
January 1982 27.30
February 1982 26.40
March 1982 26.60
April 1982 27.20
" May 1982 27.80
June 1982 27.60
July 1982 27.70
August 1982 28.50
X = 27.899¢C
s = 0.95
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the hurricane in Barbados was likely causea by decreases

in 1ight due to increased cloudiness, and {hcreased water

turbidity. The high winds accompanying the disturbance
may have affected the corals by causing : (1) high
resuspension of sediments, (2) highwater motion around
coral tissue thereby affecting food capture (Hubbard
1974), or (3) reduced light levels through turbidity
effects (Upchurch 1970).

Thirty-one heads of Montastrea annularis were

collected from the Bellairs northern fringing reef in 1982
and 1981 to determine if Hurricane Allen had affected the
growth patterns. Although in some of the examples of

Montastrea annularis there was some evidence of stress

banding or unusual growth patterns in thé/yéar of the
hurricane (Fig. 22 ), no conclusive "stress bands"” were

consistently found, and most coral heads displayed regular

¢
[ S SN S

banding (Fig.23 ). Under normal conditions, heads of

Montastrea annularis growing side-by-side will not have

the ' same growth rate;. therefore each coral head may

respond to stress in a unique manner. Montastrea

annularis heads collected in the summer of*1983 from other

Barbados west coast fringing reefs also showed possible
“stress bands* (T. Tomascik, personal communication), but
again not conclusively, T‘e "stress bands® shown in
Hudson's et al.'s (1976) paper were not remarkably
distinct.

If coral "stress" bands were deposited during the
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Fig. 22.

Examples of “"stress” bands in Hontastrcl
annnlsris. Coral "A" was collected 1in
ay , coral "B" was collected in

September 1982.
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Fig. 23. Rorail growth bands in Montastre: amnularis.
ted In lily

@

Coral "A* was collected , and
coral "B" was collected in September 1982.
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passage of the hurricane in Barbados, they may have been
masked by the onset of the normal accretion of high
density bands . In Florida, the "stress™ bands caused by
unusually cold winter temperatures (Hudson et al. 1976)
were deposited during the period of low density band
deposition therefore any high density deposition at that
time would be sharply defined. Whether or not "stress"”
bands are recorded, may be dependent on when the stress
occurs relative to the high-low density band depositional
cycle.

There 1% too much variation in band thicknesses to
state with absolute certainty that a "stress band" is

présent in the Barbados corals. Coral growth rates are

highly variable, but measurements may be recorded and a-

mean value for growth rate calculated.

Growth rates of Montastrea annularis in the Caribbean

and Florida range from 5 mm/yr (Vaughan 1915, direct
measdre@ents) to 12 mm/yr (Lewis et a1. 1968). Stearn et
al. (1977) obtained an average growth rate of 11.1 mm/yr

for Montastrea annularis in Barbados. Thirty-one heads of

Montastrea annularis collected from the study reef in the

summer of 1982, and some samples collected in 1981, had a

mean growth rate of 6.3 mm/yr + 2.0 mm . The value of 6.3

‘mm/yr was obtained by counting every distinct dense band

in each of the thirty-one coral heads. This procedure
differed from the one used by Stearn et al. (1977). The
method as described by Stearn (personal communication),

fnvolved counting only the very sharply-defined dense
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bands and rejecting coral heads which contained equivocal
banding. These conditions eliminated all but eighteen of
the thirty-one coral heads. The growth rate obtained from
these eighteen corals was 8.31 mm/yr . The use of
different methods and freedom 1in -interpretation may
partially account for the wide range of growth rates found

in the literature.
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E) CORAL DIVERSITY

Tropical gensyslems are complex and highly diverse,
ant have long been considered to be inherently stable.
The equilibrium hypothesis assumes that the species
composition of communities is usually in a state of
equilibrium and fol lowing a disturbance it returns to that
state. High diversity is then maintained without
continual changes in species composition. This viewpoint
was recently challenged (May 1973, Connell 1978) with the
nonequi librium hypothesis.

The nonequilibrium group of hypotheses is based on
the assumptions that the species composition of
communities is seldom in a state of equilibrium, and that
high diversity is maintained only when the species
composition is continually changing (Connel1 1978). There
exists three hypotheses associated with the nonequilibrium
school of though{ : the intermediate disturbance
hypothesis, the equal chance hypothesis, and the gradual
change hypothesis. According to the intermediate

disturbance hypothesis, diversity is higher when

- disturbances are intermediate in terms of frequency and

intensity. The equal chance hypothesis suggests that
species have equal abilities to colonize, exclude
potential competitors, and resist environmental
fluctations, The Tocal diversity therefore depends only
on the number of species available in the geographical

area and the local pophlation density. The equal chance
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hypothesis can be rejected because corals are not equal in
their resistance to physical extremes, nor are they
equally adept colonizers. Boulder corals such as

Sideratrea siderea and Montastrea annularis are better

suited to withstand extreme wave activity than Porites

porites and Madracis mirabilis. Corals are not equally

adept colonizers. Corals which can reproduce by
fragmentation have a greater chance of survival, than
corals which rely totally on planulae for recolonizafion.
The gradual change hypothesis assumes that gradual
environmental changes which alter the ranking of
competitive abilitigs, occur at a rate high enough so that

competitive eljﬁknation is rarely, or never attained.

. Very Tlittle support exists for this hypothesis.

1) The Intermediate Disturbance Hypothesis

This nonequilibrium hypothesis has been applied to
the tropical rain forests of Africa, tropical America, d
south-east Asia, and the coral reefs of Heron Is/land,
Australia (Connell 1978). On a coral reef, following a
catastrophic disturbance such as a severe hurricé%e and
its accompanying powerful waves, larvae of a few species
will soon arrive at the newly modified substrate.
Diversity is low since only the spec}es that are producing
larvae and are within dispersal range will be able to
colonize. As tjme progresses diversity will increase

since m speciles wi ave ad the opportunity to
i oMy, 1 i11 h had th ity |t

colonize the substrate.”™ If another disturbance does not:
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occur while the reef is still at its maximum diversity
level, diversity will gradually decrease because the most
efficient competitors will dominate the other coral
species (Fig.24 ). The highest diversity levels are
maintained where disturbances are intermediate in
frequency and intensity, and where the reef community is
kept as far from competitive exclusion (reduction or
exc]usian of some species) as possible, while allowing the
greatest number of species to recover from the disturbance
(Huston 1979). N

A disturbance may be either physical or biological in
nature. Physical disturbances which could affect reef
corals include hurricanes {cyclones, typhoons), storms,
swells, extremely cold or warm water temperatures,
unusually low tidal levels, changes in light intensities,
salinity extremes, sedimentation, volcanic activity,
nuc lear blasting, or pollution. Biological disturbances
which can affect a coral's growth include : (1) predation
by fish, echinoderms (especially sea urchins and the

starfish, Acanthaster planci), and other invertebrates,

and (2) competitive interaction among corals, or involving
corals and other reef organisms. Biological disturbances
are not the subject of this discussion therefore they will
not be discussed further.

Studies of the effects of physical disturbances such
as lava flows, storms, extremely low tides, and hurric;nes
have been conducted on coral reefs. Recolonization of

coral communities on submerged 1aga flows in Hawaii offers
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Fig. 24.

Intermediate disturbance hypothesis
graph (From Connell 1978).
{

!
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support for the intermediate disturbance hypothesis.
Grigg & Maragos (1974) reported that diversity increases
during succession, but reaches a peak value before c1limax

conditions are attained. The decline in diversity as

climax is approached is believed to be due to-

interspecific competition for space. Disturbances in the
form of exposure to sea and swell, can interrupt and set
back the process of competitive exclusion. At the exposed
lava flow sites, coral cover is low and diversity
relatively high. The species are relatively evenly
distributed since there is little competition for space.
At the leeward sites, where succession is less‘likely to
be interrupted, coral cover is high, diversiéy is low, and
competition is intense.

Dollar (1982) analyzed the "immediate" effects of
intermediate and severe storm disturbances on fringing
reefs off the west coast of Hawaii. Fourteen days after a
1974 disturbance intermediate in terms of frequency and
intensity, Dollar found that species cover diversity was
overall significantly higher over the reef. Diversity
increased in zones that had been previously dominated by a
single species, and decreased in zones of previously
equitable distribution. A re-survey, thirty days after a
severe 1980 disturbance indicated that the entire reef had
been reset at an early, low diversity, successional stage.
The number of coral species did not significantly decrease
as a result of either disturbance.

Extremely low tides in the Gulf of Eilat, Red Sea,
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act as a diversifying force, by prevenfing competitive
exclusion on the reef flats (Loya 1976).

Rogers et al. (1982) found that hurricanes could
increase or decrease coral diversity. If only moder@te
destruction took place, diversity could be increased by
elimination of the dominant branching corals ther py
increasing the amount of 1light reaching the slower—growiggr
head corals. Diversity could decrease as a result of
elimination of coral species, or initiation of new
colonies from fragments of the already dominant species.

Rosen (1981) is critical of the intermediate
disturbance hypothesis on two points. First, cyclones are
the main agent of disturbance cited but much of the
tropics and zooxanthellate coral belt lies outside the
influence of the two global cyclone belts. This point
does not invalidate the intermediate disturbance
hjpothesis. As shown by several studies, factors other
than cyclones may produce disturbances. Extremely low
tides (Loya 1976), surge and swell (Grigg & Maragos 1974),
herbivores (Paine 1966), Acanthaster planci (Porter 1972,

Glynn 1973), and Diadema antillarum or sea urchins as a

group (Sammarco 1982a, 1982b) are capable of creating
ifntermediate disturbances. Rosen's second objection is
that some areas of high diversity on a coral reef 1ie in
deeper water and would therefore be less susceptible to
cyclonic disturbance than the shallower, often lauer

diversity reef environments. This point has some merit
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although the effects of Hurricane Allen were visible down

to a depth of 50 m of f Discovery Bay, Jamaica (Woodley et
al., 1981). 1In addition, steep slopes located in deep }
water are susceptible to another disturbance, slumping

(Loya 1972).
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2) Caribbean Coral Diversity

The pre-hurricane coral diversity, of the Bellairs
northern fringing reef, measured as H'c (relative living
coverage ) is equal to 1.61 . This is comparable to the
diversity of other Caribbean fringing reefs, but low
compared to the bank reef in Barbados (0tt, 1975) or
Pacific reefs (Bull 1982, Dana 1979, Pichon & Morrissey,
198i). Shannon-Weaver diversity values for the latter two
locales average from 2.0 to 3.0 . Coral diversity on reefs
has been assessed in many studies, but actual values of
diversity indices were rarely reported._ In Bermuda,
diversity values were obtained for three_shalloﬁ water
reefs (reef tops at depths of 3 - 5 m). Data was gathered
by the point method of line transects (similar to the
method used in this study). The values of H'c obtained
were 1.55, 1.71, and 1.04 (Dodge et al. 1982). ‘

In the U.S. Virgin Islands, the passage of Hurricane
David (August 1979) was responsiblgﬁfor a decrease fn the
amount of live coral, and aQ" drease in thelénount of
coral rubble. Hurricane David did not, however,
significantly change diversity values (H'). Because the
hurricane did not preferentially-destroy the dominant
species, its effect on diversity was 1nconsistent.‘ Pre /
post hurricane H' values for four sites in the U.S. Virgin
Islands were 1.52/1.63, 1.55/1.39, 1.87/1.77, and
1.79/1.81 (Rogers et al. 1983). An increase in coral
diversity would have resulted if the dominant corals had

been most severely damaged. Only the first site was a

129




&

windward fringing reef (4 m deep), the other three sites
were also windward, but located on submerged barrier reefs

at depths of 5 - 6 m .

3) Coral Diversity of the Study Reef \"—§\>

In Barbados, diversity on the Bellairs northern

LY

fringing reef dropped following the passage of Hurricane
Allen (H'c = 1.26). In each ellipse there was a marked
decrease in diversity following the hurrfcane (Table 10
and Table 11). The sharpest decline was in ellipse 4,
where the breaking of the storm waves had caused
éspecially severe damage in that region (T. Tomascik,
personal communicatfon). The changes in Shannon-Weaver
diversity indices before and after the hurricanes were
significant in ellipses 3 - 6 inclusive (Table 12, P
£ 0.05). Species number was unchanged with eight coral
species recorded in poth the original and the re-survey.
Coral ﬁoverage was greaily reduced. The'post~hurricane
(1981) coral count was 211 compared to a the pre-hurricane
count of 713 corals ; this is equivalent to a 70% loss of
coral coverage.

Coral mortality was species-specific, or at least

morphology-specific. Branching corals such as Porites

porites and Madracis mirabilfs suffered the greatest
reduction in coverage on the reef (96 % and 90 ¥ reduction
respectively). The encrusting corals (Agaricia

agarfcites, Porites astreoides) and boulder corals

(Siderastrea siderea, Montastrea annularis, Montastrea
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TABLE 10 . CORAL DI 'EISITY - SHANNOR-NEAVER DIVERSITY
‘ INDICES (ll'&)' BEFORE (1974) AND AFTER

) (1981) HURRICANE ALLENW
ELLIP 1 2 3 A S 6
Before 0.00 1.50 1.68 1.64 1.61 1.62
"After 0.00 1.42 1,30 0.61 1.53 1.48
(
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TABLE 11.

ELLIPSE

Before
After

'CORAL DIVERSITY - SINPSON'S INDEX OF
DIVERSITY BEFORE (1974) AND AFTER (1981)

HURRICANE ALLEN.
$P 2z 3 4

0.00 0.72 0.79 0.76
0.00 0.69 0.66 0.42
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TABLE 12

. t-TEST ON CHARGES IN CORAL DIVERSITY
(SHANNON-WEAVER INDEX, H°'.).

4

ELLIPSE t VALUE DEGREES OF FREEDOM DIFFERENCE

1 - - -

2 1.07 87 not significant
3 6.86 75 ’ significant

4 20.20 33 . significant

5 2.03 104 significant

6

3.80 63 significant
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cavernosa) were not as severely damaged (Table 13).
Coral rank and relative coverage of each species

changed following Hurricane Allen. Porites porites

slipped from its pre-hurricane dominant position to a
post-hurricane fifth out of eight positions. Coverage of

Porites porites before the hurricane represented 34% of

the corals , but its post-hurricane coverage was reduced
to only 5% of the corals (Table 14). Overall, the

branching corals decreased in dominance while boulder and

"encrusting corals remained relatively unchanged, or

increased their proportion in the coral community.

4) The Study Reef and the Intermediate Disturbance Hypothesis

In the pre-hurricane survey, coral diversity was
relatively high (H'c = 1.61) despite the dominance of

Porites porites. If the Bellairs northern fringing reef

was following the theoretical undisturbed succession, 1in
1974 it was likely at, or approaching the climax stage of
competitive exclusion (Fig. 25). However dLe to Hurricane
Janet in 1955 and other previous hurricanes, the pattern
of diversity on the Bellairs reef was probably closer to
the peak diversity of the hypothetical disturbed model.
The passage of Hurricane Allen reset the successional
process back to an early, almost ﬁioneer stage with low
coral diversity (H'c = 1.26). If left undisturbed, the
diversity of the reef will continue to increase until it
reaches its maximum level. If there are no disturbances

during the recovery time of the northern Bellairs reef,
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TABLE 13 . PERCENTAGE LOSS OF CORAL SPECIES

CORAL SPECIES

agaricites
fragum
mirabilis
annularis
cavernosa
astreoides

porites

w v © x z = - >
. . L] - L ] . L

. siderea

e

PRE-HURRICAN POST-HURRICANE ¥ LOST
COUATS - COUNTS

122 91 25%.
9 1 89%
29 3 90%
85 39 54%
5 5 0x

162 g 47 71%
245 11 96%
56 14 75%

Al
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TABLE 14
ALLEN

>

agaricites
F. fragum

migabilis
annularis
cavernosa
astreoides

. porites

“© v VvV T =T =

. siderea

CORAL RANKING - BEFORE AND AFTER HURRICANE

PRE-HURRICANE POST-HURRICANE
RANK % OF CORALS RANK % OF CORALS
3 17% Y 43%

7 1% 8 0.5%
6 4% 7 1%
4 12% 3 18%
8 1% 6 2%
2 23% 2 22%
1 34% 5 5%
5 8% 4 7%

|
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Fig.

25.

Intermediate disturbance hypothesis and the
Bellairs fringing reef.
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diversity may eventually decline as the more successful
competitors dominate (competitive exclusion), as suggested
by the undisturbed pathway (Fig.25 ). If the reef is
again affected by a severe disturbance (the disturbance
mode 1), the coral diversity would be reduced to a low,
early-successional level., An intermediate disturbance
would lower the diversity to a level where high diversity
could be regained after a relatively short period of time
and would delay or prevent competitive exclusion. Unlike

the Pocillopora reefs in Panama, none of the coral species

on the Bellairs reefs are overwhelmingly dominant,
therefore a moderate disturbance which preferentially
destroys the dominant species would not increase the
diversity. The intensity of the hurricane would have to be
greater than that of Hurricane Allen to affect species

number.

Recolonization of the reef by Agaricia agaricites and

the quickly-growing Porites porites suggests that the reef

is beginning its recovery and will continue to the climax
stage unless interrupted by a hurricane, or by some other

factor or disturbance which affects coral recovery.
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F) RECOVERY and RECOLONIZATION

Coral recovery, as defined by Pearson (1981), is “"the
restoration fol lowing a disturbance of a coral assemblage

to a degree comparable to its original state”.

g

‘/"

1) Methods of Recovery

Recovery of corals may be attained by asexual

ggtion or sexual reproduction. Regeneration

\w -
involves the regrowth of partially damaged colonies or

regene

growth of new colonies from fragments. Fragmentation was,

an important means of recovery of Acropora cervicornis in

the Florida Keys following the passage of Hurricanes Donna

and Betsy (Shinn 1976). Survival of Acropora palmata

fragments in a storm's aftermath were observed in Florida

(Ball et 1. 1967, Perkins & Enos 1968), Puerto Rico

——  weman

a
(6lynn et al. 1965), and Belize (Highsmith et al. 1980)
where 46% of A. palmata fragments (average length 37.6 cm)
survived following the passage of Hurricane Gerta.

In Belize, small coral fragments (less than 40 cm )
were more numerous than large ones which may be indicative
of the pre-hurricane coral size distribution and/or
reflect a greater susceptibility of small branches or
corals to breakage. Fragment size and percent survival
are directly related. Fragments larger than 40 cm had 50%
survival, while 80X of fragments larger than 75 cm

survived (Highsmith et al. 1980).

Deposition of sexually-produced planulae on newly
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available substrate (coral recolonization), is especially
important where coral mortality was extensive or total in
an area. An unusually severe shemal (cold front with
strong northerly winds) caused widespread mortality of
Acropora along the Qatar Peninsula in the Persiaﬁ Gulf.
Recﬁlonization was achieved by the arrival and survival of

planulae from the nearest reefs, 61 km away (Shinn 1976).

2) Recovery Time and Determining Factors

Coral recovery time is variable. The recovery time
can range from a minimum of one year to as much as fifty
years. The time required for recovery is dependent on
several factors : conditioning period, grazers, rubble
beds, available colonizing surfaces, community structure
of the coral%, exposure to wave stress and other
disturbances, and the degree of pollution on the reef.

a) Conditioning Period - The conditioning period

refers to the time required for the establishment
of those algal communities (i.e. crustose coralline
algae) which form favorable surfaces for larval
sett lement, survival and growth (Bak 1976). Pearson
(1981) estimates that at least one year is required for
the surface to be conditioned.

b) Grazers - 6razing may be either beneficial or
detrimental to coral recovery. Fish and echinoids
can aid coral recolonization by crobping fleshy
frondose and filamentous algae, thereby freeing

space for crustose coralline algae and corals (Dart
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1972). Although acanthurids and schools of Scarus
croicensis "avoided grazingron recently settled corals as
small as 3 mm (Birkeland 1977), other species of
parrotfish and echinoids have been observed to feed on
larger corals (Glynn 1973, Randall 1974, Bak & van Eys
1975, Frydl 1977, Neudecker 1977, Glynn et al. 1978).

E) Rubble Beds - Extensive rubb?! 1awns, because of

their 1nstabil}ty as a substrate, hinder coral recovery
(Stephenson et al. 1958, Goreau 1959, Stoddart 1969,
1974).

d) Colonizing Surfaces - Diversity of colonizing

’

surfaces is important. The availability of crevices,
vertical faces, undersurfaces, and ridges enhance c¢oral
recovery (Lewis 1974a, Schuhmacher 1974, 1977, and Birké-
fand 1977). On the Bellairs reef, P. porites grows on
horizontal substrates, with some colonies in slightly

sheltered locations. AggricHa agaricites however was

observed on a variety of substrate orientations.

e)Coral Community Structure - The time required for

reef recovery is dependent on whether rapid-growth
branching corals or slow-growth massive corals are growing
on the reef. This factor can be 11 lustrated by comparison
of the recovery time of two reefs. Shinn (1976) observed
that the Florida Keys reefs recovered from Hurricane Donna
(1960) in Tess than five years, and required two years to
recover from Hurricane Betsy‘(1965). Stoddart (1974)

estimated recovery time for Belize reefs is thirty years.
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One of the major reasons for the discrepancy in recovery
times is the difference in coral communities at the two
1pcatidns. The Florida Key reefs were predominantly

Acropora cervicornis, while the Belize reefs were a mixed

assemblage of corals including Acropora palmata, Acropora

cervicornis, and massive corals such as Diploria sp.,

Montastrea sp., and Siderastrea sp. (Stoddart 1963). The

Florida reefs recovered rapidly because they were largely

composed of Acropora cervicornis which can reproduce by

fragmentation and has a rapid growth rate, whereas in
Belize, recovery was delayed by the slow growth rates of
the massive corals. Reproduction by fragmentation of

Montastrea annularis (Jones 1977), Acropora palmata (Bak &

Engel 1979, Highsmith et al. 1980) and Acropora
cervicornis (Gilmore & Hall 1976, Shinn 1976, and

Tunnicliffe 1978, 1980) may speed up recovery.
f) Disturbances - Grigg & Maragos (1974) conc luded

that recolonization of corals on Hawaiian lava
flows "is dependent on exposure to sea and swell.-
Recovery time 1in exposed areas is estimated to be
20 years, and 50 years on sheltered lava flows. Exposed
areas are at a lower level of ecological succession than
sheltered sites, so recovery time fis less. *

The frequency of hurricanes will also affect recovery
time. §hinn's (1976) estimate of recovery time of the
Florida Keys reefs corresponded to the estimated interval
between hurricanes in that area, once every six years

(Bal11, Shinn & Stockman 1967). Stoddart's (1974) estimated

- L 4
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period of \recovery in Belize, also agreed with the average
hurricane frequency, once every thirty yeafs. The reefs
in Guam only suffer minor damage during the fregquent
typhoons. Randall & Eldredge (1977), and 0gg & Kos low
(1978) suggest that the minimal damage and rapid rate of
recovery of the reefs is a function of hurricane
frequency. Woodhead (Appendix E, in Walsh et al. 1971) on
the basis of good coral coverage before the 1967 cyclone
at Heron Island, Australia, and the knowledge that the
previous major cyclone happened twenty years ear'lieh
determined that complete recovery of corals occurred in
twenty years or less.

g) Pollution Levels - Three years after a catastrophic low

tideon theGulfof Eilat Red Sea reef flats, the recovery
of a non-polluted control reef and a polluted reef were at
distinctly different levels (Loya 1976). The control reef
had more coral colonieg and species than before the low
tides, although Loya estimated that 5 - 6 years would be
required for full coral’ coverage to r:eturn. The polluted
reef, exposed to chronfic oil and mineral pbllution. had
undergone significantly less recovery in terms of species
numbers, percentage coral, and numbers of cdlonies of the
more commaon species. Both reefs had had a similar
proportion of surviving corals (16-205) following the
catastrophic low tides, but recolonizing corals were
twenty-three times more abundant on the unpochted reef,

Loya (1975) reasoned that the poor recolonization on the
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polluted reef resulted because the pollution damaged the
reproductive system of the corals,chcrecsed the viability
of the coral larvae, or interfaréd\gith the settling of
coral planulae by changing some physical properties of the
reef flat. Loya (1975,1976), Weiss & 6oddard (1977), and

Mergner (1981) suggest that although reefs are capable of

recovering from natural disturbances, man-made

disturbances may have an irreversible effect.

I \\ . ‘

N\
3)Coral Recovery on the Bellairs Reef

Recolonization of Poritgg ggélt.g and Agaricia
agaricites are promoting the recovery of the Bellairs

~ morthern fringing reef.

Agaricia agaricites was the dominant coral (43X of
the corals) in the re-survey, onej;c.r following the
passage of Hurricane. Allen. Its coverage 10ss was the
Teast (25%) which may partfally explain fts new domfinant
position among the corals. Many of the Agaricia colonies

encountered along the transect 1ine were small in size

(mean length 4.01 cm, mean width 2.95 cm, a = 37).

Agaricia agaricites has a diaseter growth rate of 2.45
cm/yr (Bak 1976). The dimensions of the colontes

encountered were randomly measured fn the summer of 1982
after 1t became apparent that many of the colonfes were small in size,
and ;| indicative of recolonization.

Although the hurricanes destroyed some of the.

A.grigi a2 colonies, it may have acted benefictally as o
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-eans\of reproduction through fragmentation., The
splitting of colonies and settlement of larvae are means
by which Agaricia spp. colonfzes a substrate. Oecay in
one part of a colony maj lead to the splitting of the
colony into several fragments (Lewis 1974). At Bellairs,
Agaricia may have been fragmented under pressure from
storm waves, or due to bombardment by loose reefal
material.

Early observations that'Agaricia has a tendency to
grow in shaded habitats (Lewis 1974), is partially
supported by this study since 44% of the Agaricia colonies
were recorded on a vertical substrate.

The Porites porites colonies now on the reef

constitute only 4% (Tablel3) of their pre-hurricane

coverage. Photographs taken in the Porites porites zone

oOf the southern Bel Tairs reef in 1974 and 1982, show the

extent of the Porites porites destruction (Fig. 26 and

Fig. 27). Similar damage was recorded on the study reef.

Most of the Porites porites colonies now on the

northern Bellairs reef, priginated after the hurricane.
One hundred and seventy-three branches of thirty-three

colonies were measured. The mean length of‘x‘; branches

was 4.9 cm (standard deviation 0.7 cm). Since Porites

porites grows at a rate of 3.6 ca/yr in Barbados as
reported by Lewis et al.(1968), and the measurements were

done two years after the hurricane, the branches of

Porites porites 4.9 cm long represent, on average,
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Fig. 26.

Fig. 27.

&

e,

Porites porites zone before (1974)
urricane Allen. .

Porites porites zone after (1981)°

urricane en.
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colonies that are less than 2 years old, and therefore
most have grown after the hurricane (Figs. 28, 29. and
30).

The following factors are relevant to the recovery of
the Bellairs reef :

a) Conditioning Period - The time required for

conditioning of the substrate was probably minimal (i.e
less than a year), because algal and coralline algal

communities were well-established in most areas of the

reef.

b) Grazers - The density of Diadema antillarum increased

following the hurricanes (Tablel5 ). Post-hurricane

density was 24.6 Diadema antillarum / m? + 6.4 compared

to a pre-hurricane density of 17.3 Diadema antillarum / m2

+ 6.4 (Hawkins 1979). The difference in means is

significant, ( t = 17.44 P < 0.001 ). Identical methods

.nere used for data collection. A reduction in the

numbers, due to over-fishing, of Queen Triggerfish may be

partly responsible for the increased density of Djadema.
Such an increase in density would likely restrict

filamentous algal growth, freeing more substrate for coral

colonization. The importance of Diadema antillarum in

cropping and maintaining the filamentous algae population
at a minimum was recently proven by the widespread

mortality of Diadema antillarum in the Caribbean. In

October 1983, D. antillarum were washed up onto the

Barbados beaches in large numbers. Dr. J. B. Lewis, in
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Fig. 28.

Fig. 29.

Newly-colonized Porites porites colony
on the study reef.

.. 3
Porites porites colonies pt various
stages of growth on the northern

Bellairs fringing reef.

hY
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Fig. 30. Protected Porites porites growth adjacent
to sand channel.
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TABLE 15 . Diadema antillarum DENSITY

TRANSECT NUMBER NUMBER OF Diadema/m? DATE RECORDED

I 24.3 Dec. 27, 1981
11 22.3 Jan. 1, 1982

I11 38.2 Sept. 28, 1982
Iv 18.2 Sept. 28, 1982
v 20.9 Jan. 1, 1982

v 20.8 Sept. 17, 1982
Vi 23.6 Sept. 27, 1982

Average density of D. antillarum = 24.6 / m +6.4
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December 1983, estimated the Diadema antillarum population

at 0.3 - 0.4 Diadema antillarum / mé . The Bellairs

reef is now covered with filamentous algae except in small

areas where aggregations of Diadema antillarum are

present. The cause of the mortality throughout the
Caribbean is unknown. Preliminary studies of the
phenomenon have begun in Barbados and a study of its
effect on coral recolonization will begin this summer.

c) Rubble Beds - Rubble beds have probably not slowed

coral recovery on the Bellairs Reef. Large patches of
rubble accumulate in topographic lows such as the sandy
groove areas (Fig. 31). In this type of environment, the
rubble is a more suitable substrate than the surrounding
sand. Rubble which accumulates on the reef tops and sides
is cemented by sponges and coralline algae, and forms a
stable substrate.

Colonizing Surfaces -Except for the levelling of Porites

porites (Fig. 32), reef morphology has remained
essentially unchanged. Crevices, vertical faces, under-
surfaces, and ridges are abundant therefore availability
of colonizing surfaces is not a limiting factor on the
study reef (Fig. 33).

e) Community Structure - The Bellairs northern fringing
reef is composed of a diverse coral community including
massive, branching and encrusting growth forms of corals
(Fig. 34). Recovery of the reef will likely require 20 -

25 years due to the presence of slow-growth corals which

only reproduce sexually.
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Fig. 31.

Rubble bed, crossed by transect line.
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Fig. 32.

Fig. 33.

View alon? a spur of the study reef prior
to levelling of Porites porites.

Diversity of surfaces for recolonization on
northern Bellairs fringing reef.
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f) Distyrbances - The average interval between hurricanes
fn Barbados in this century i{s 20 - 25 years, but another
hurricane could affect recovery at any time. Other

disturbances such as the widespread mortality of Diadema

antillarum may delay recovery.

g) Pollution Levels -Increasing levels of pollutfon in

the waters around Barbados may adversely affect coral
recovery. If pollution from urban and agricultural sources
reaches critical levels, then full recovery of the reef
could be retarded or prevented altogether. Pollution
effects on Barbados reefs are under investigation (T.

Tomascik, in progress).

Of all the factors which could affect coral recovery
on the Bellairs reef, the most significant are the density

of grazers (Diadema antillarum), the diversity of the

coral community, disturbances (bjological and physical),

and pollution levels.
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Fig. 4.

Diverse coral community on the northern
Bellairs reef in 1974.
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CHAPTER 8

GEOLOGICAL RECORD OF HURRICANES
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GEOLOGICAL RECORD OF HURRICANES

A) HOLOCENE STORM DEPOSITS

Recent 1y more storm deposits are being recognized in
the sedimentary record, but many Holocene hurricane
deposits, especially those of reefs and carbonate
sedimentation areas do not have much potentiaf}for
preservation in the rocks. (T

Various types of storm deposits have been reported
following hurricanes. On the Great Barrier Reef, Cyclone

David (January 1976) caused the movement of sediments

greater than -1 phi (2 mm) to the outer reef top, and the

removal of sediments less than 3 phi (0.125 mm). The

latter group of sediments were redeposited in the inner

"reef areas (Flood & Jell 1977).

Hurricane Donna passed over the Florida Keys 1in
September 1960. Five years later the same area was
affected by Hurricane Betsy. The major effect of
Hurricane Donna was extensive supratidal sedimentation.
Boulder-sized rubble, resulting from storm-breakage of
corals, was transported to the leeward sides of the reefs.
Cross-bedded spillover lobes were formed by the storm
currents. The scale of the cross-bed sets (0.5 - 1.5 m
thick) is comparable to the examples found in ancient
marine sand sequences (Ball et al. 1966). Muddy sediment
mounds were not eroded by the storm waves or currents,

suggesting that ancient mud mounds were storm resistant.
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Hurricane Betsy's effect was the erosion and
recycling of sediments 'n the subtidal environment and
non-deposition 'n the supratidal environment (Perkins &
Enos 1968). Perkins & Enos suggested that the sediments
deposited by Hurricane Donna would be recorded in the
sedimentary record, but li1ttle or no evidence of Hurricane
Betsy would be recorded.

Graded sediments, 1n large bays adjacent to the coast
of S.W. Florida, were deposited when hurricanes passed
over the area. The vertica)l sequence 1nc ludes a basal
shell lag, with fragments one or more centimetres 1n
length, overlain by quartz sand. The sand-sized quartz:
grains were only observed following major storms
(Perimutter 1978, 1979), and were not observed during
normal conditions or winter storms. The quartz sand fines
upward to sandy-si11t and s1lt. These finer grains were
deposited during waning post-storm stages (Per Imutter
1978, 1979).

Graded sediment sequences, 6 cm thick, deposited off
the central Texas coast in 1961 by Hurricane Carla were
observed by Hayes (1967). Twenty years later, J. McGowen
(oral communication to R.H. Dott,Jdr., 1981), found that
the graded layers had been so thoroughly bioturbated, that
they were no longer recognizable.

Three factors determine the preservation of hurricane
effects in the sedimentary record: 1) the volume of the
deposits (which is a reflection of process intensity), 2)

the frequency of the events, and 3) the degree of
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modifr1cation of the deposrts by biological activity,
winnowing, and removal by scour (Dott 1983). Supratidal
sedimentation 1s preserved 1n the sedimentary record
because once the sediments are deposited above the mean
high tide level, they are not susceptible to marine
reworking. Few organisms can withstand the exposure and
fluctuating salinity 11n the supratidal environment,
therefore there 1$ minimal destruction qf primary
sedimentary features (Shinn, 1983). Sedyments deposited
within the i1ntertidal zone and above normal wave base,
have the smallest probability of preservation, as they are
exposed to constant reworking by wave action and by
burrowing organisms. Sedimentary structures formed during
storms below wave base may be preserved 1f they are not
heavily bioturbated.

In the Pleistocene reef complex of Barbados, layers

of Acropora palmata are i1nterbedded 1n the Acropora

cervicornis zone. James et al. (1977) suggest this may be

due to pruning of the seaward Acropora palmata zone by
hurricanes, followed by deposition leeward in the Acropora

cervicornis zone.

B) ANCIENT STORM DEPOSITS N

Many sedimentary structures and lithologic features
in the sedimentary record are attributed to hurricanes
(Table 16) and storms. These structures and features

include : truncated erosional surfaces, intraformational
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TABLE 16.

AGE

Ordovician

Silurian

Devonian

Mississippian

Jurassic

\

EXANPLES OF ARCIENT HURRICANE DEPOSITS (from

Marsaglia

EXAMPLE

Ellis Bay
Anticosti
Canada

Reedsville
Appalachia
U.S.A

New Market
ND, U.S.A

Junfata &

Sequatchie Fms.

Appalachia
U.S.A.

Martinsburg Fm.

VA, U.S.A.

Eden Shale
IN,KY ,0H,

Cincinnati
OH, U.S.A.

Rochester
Ont., Cana

Keefer Quartzite

PA, U.S.A

Baggy Fm.

& Klein

Fm.
Is.

Fm.
ns

Ls.

ns

U.S.A.

Series

Fm.
da

England, U.K.

Pilton Fm.

England, U.K.

Eiffelian
Germany

Arisaig Gr
N.S., Cana

Visean
Morocco

Upper Jura
Morocco

p.
da

ssic
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conglomerates and 'ntraclasts, bioturbation structures
({the nature and perigdicity of the structures indicating
fair-weather regimes between storm events), hummocky
cross-stratification, shell lags, mixed faunas, parallel
laminae, and graded bedding (Kreisa 1981). The well-
described storm deposits are pr%ﬁs?T\;oin clastic rocks.

A storm or hurricane origin r hummocky cross-
stratification has recently been suggested (Duke 1982,
Harms et al. 1975). The structure is characterized by
sets of beds with an erosional lower contact of Jow
relief, laminae above the erosional base which parallel
it, and systematic thickening and thinning of laminae
within each set of beds (Harms et al. 1975). Hummocky
cross-stratification has been attributed to storm-
generated oscillatory and three-dimensional vortex wave
action (Dott & Bourgeois 1982, Walker 1982, Harms et al.
1982). This bedform has been observed during flume
experiments (Carstens et al. 1969, Harms et al. 1982), but

has not been observed to form in sands of Holocgne
subtidal regimes (Marsaglia & Klein 1983). h
Dott & Bourgeois (1982) described a hummocky sequence
from the Eocene Coaledo Formation of Oregon. The sharp
base of the storm sequence is overlain by hummocky-
stratified sand that grades upward into parallel-bedded
~ sand. Above this lies a micro cross-laminated zone capped
'iby a mudstone which may be burrowed (Fig. 35).
The Moosebar and Gates formations (Cretaceoys) of

northeastern British Columbia contain hummocky
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Hummocky cross-stratification sequence
attributed to storm-wave deposition
(From Dott & Bourgeois 1981). «
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stratification (Leckie & Walker 1982). The overall
progradational coarsening-upward trend is postulated to be
due to a shoaling history of a storm-dominated shelf
sequence into a coastal and non-marine sequence. Other
sequences containing storm-produced hummocky cross-
stratification include the Fernie-Kootenay transition
(Hamblin & Walker 1979), the Martinsburg Formation (Kreisa
1981), and the Campito Formation (Mount 1982).

' Cambrian conglomerates in Wisconsin are evidence of
storm activity. Layers containing rounded boulders of red .
quartzite up to 1.5 m in diameter, are interlayered with
cross-bedded marine sandstones. The sources of these
boulders were quartzite islands in the Late Cambrian Sea.
Rounding and distribution of the boulders was attributed
to storm waves of estimated heights of 6 - 8 m (Dott
1974). The typical Cambrian sediments in Wisconsin are
marine, cross-bedded, mediuﬁ-gra1ned sandstones. Dott
believes these sandstones were deposited during storms,
because he estimated that a current velocity of
approximately 100 cm/s was required for formation of the
bedform. Dott postulated this velocity was twice the
velocity of normal currents, and was attained only during
storms. The upper layers of the sandstone are heavily
bioturbated. The tops of the burrowed sequences are
sharply truncated, indicating the episodic nature of sand
transport and deposiifon. Dott (1974) suggests ghgf
::pmarine dunes were active only during stbrps. and during

e longer fair-weather intervals the organisas
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extensively burrowed the sediments. The time required for
deposition of the various layers within a sequence, ranges
from a few seconds to several years (Fig. 28).

Vertical sequences of storm deposits may be fining-
upwards as in the Martinsburg Formation (Kreisa 1981), or
coarsening-upwards as in the Moosebar and Gates
formations (Leckie & WNalker 1982).

Alternating fossil-rich layers and unfossiliferous
layers indicate episodic deposition which may be storm-
produdéd. An example is found in the Lower Emsian La Vid
shales of N.W. Spain (Stel 1975). The shales are
unfossiliferous, except for the presence of some
microplankton (Cramer 1964). Stel (1975) suggests that
hurricanes altered the water circulation {in the
depositional area, and conditions changed from anaerobic
to aerobic. A pioneer fauna established itself on rubble
brought in by the storms. Eventually abfotic conditions

returned and shales were again deposited.

C) SEDIMENTARY RECORD OF HURRICANE ALLEN

" Storms and hurricanes appear to have been important
agents in the deposition of sedimentary rocks, but the
impact of Hurricane Allen on the northern Bellairs
fringing reef may not be indelibly recorded. Rubble
deposited on the reef will either be broken down into sand
and st1lt-sized particles, or will be cemented to form a

part of the reef structure. Sand and sedimentary
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structures which formed immediately after the hurricane
have been rewvorked, therefore neither cross-laminations,
nor graded bedding will be preserved for the sedimentary
record. No significant supratidal sedimentation occurred.
Storm deposits in the deeper water seavard of the fringing
reef may be preserved, if not greatly affected by

bioturbation.

1
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WP 2

CONCLUS10NS

Hurricane Allen's major effects on the northern
Bellairs fringing reef include : 1) a severe reduction in
the coverage of branching corals, especially Porites
porites, 2) a decrease in coral diversity, and 3) on-reef

transport of Acropora cervicornis and Madracis mirabilis

rubble, and off-reef transport of Porites porites rubble.

An overall increase in non-living substrate coverage
(sand, rock, and rubble) was at the expense of the living
substrate coverage (primarily the corals). The ¢gorals,
Millepora sp., and coralline red algae collectively
represented 67% of the reef coverage 1n(%he ortginal
survey. By the time of the re-survey, the non-living
substrates had decreased to 38X of the reef coverage.
Recovery of the corals is indicated by the new

colonies of Porites porites and Agaricia agaricites. The

time required for recovery cannot be predicted due to the
multitude of factors involved.

The effects of Hurricane Allen will probably not be
preserved in the sedimentary record except perhaps in

deeper-water deposits. Hurricane deposits on the

fringing reef are subjected to bioturbation and reworking

by the waves during normal conditions and during

occasional winter storms.
Further work suggested by this study includes : 1) a

complete study similar to the one done by Stearn et al.

174




(1977) to estimate the present calcium carbonate budget
and 2) a re-survey along the 6 transect lines every 5
years to monitor the progress of the recovery of the reef.
The changes in diversity values of the northern Bellairs

fringing reef through time, could then be plotted.

.
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KEY TO ABBREVIATIONS USED IR RAW DATA

A.a.

Agaricia agaricites

CRA = coralline red algae

F.f. = Favia fragum
M.a. = Montastrea annularis
M.c. = Montastrea cavernosa

M.m. = Madracis mirabilié

M.s.

Millepora squarosa
P.a. = Porites astreoides
P.p. = Porites porites

S.s. = Siderastrea siderea

* = boundary between ellipses
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APPERDIX

RAW DATA FOR RE-SURVEYED TRANSECT LINES

DISTANCE ‘l‘ FROM
I

ot i e e By AT PR

~N O e W™

w o

11

12

13
14
15
16
17 *
18
19
20

22

m+0.1] m+0.2 m+0.3 m+0.4 m+0.5
rock rock rock rock rock
rock rock rock rock rock
rock rock rock rock rock
rock rock rock rock rock
rock rubble rubble rubble rubble
rock rock rock rock rock
rock rubble rock rock rock
rock rock rock rock rock
CRA CRA CRA CRA CRA
CRA CRA CRA CRA CRA
P.a. F.f. CRA CRA CRA
rock rock rock rock rock
rock rock rock rock rock
rock rock rock rock rock
rock rock rock rock P.a.
rubble rubble rubble rubble rubble
rock rock rock rock .rock
rubble rock P.a. P.a. CRA i
CRA CRA CRA rock rock
rock rock rock rock rock
rock rock rock rock rock
rubbl; rubble rock rubble rubble
rubble rock rock rubble rubble
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DISTANCE ‘l‘ FROM

I

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4l
42
43
a“
45
46
47
48

m+0.1 wm+0.2 m+0.3 =m+0.4 " mt0.5
rubble rubble rubble rubble rubble
CRA rock CRA rock rock
sand rock rock rock sand
rock rubble rubble CRA CRA
CRA CRA CRA CRA CRA
rock CRA sand sand CRA
P.a. CRA CRA P.a. P.a.
CRA CRA rubble M.s. CRA
CRA CRA CRA rubble rubble
$-2. rubble rubble P.a. P.a.
sand sand sand sand sand
sand rubble rubble rubble rubble
A.a. P.p. M.s. P.a. * A.a.
A.a. CRA A.a. CRA CRA
A.a. CRA CRA CRA CRA
rubble rubble A.a‘ rock P.a.
A.a. rubble rubble rubble rubble
rock A.a. A.a. M.s. CRA
rubb?e rubble rock rock rock
P.a. rock A.a. M.a. CRA
CRA M.a. A.a. CRA CRA
CRA/  P.p. CRA CRA CRA
rubble rubble rock rubble rock
rubble sand rubble rubble rock
rock rock rock rock rubdle
sand sand sand sand sand
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DISTANCE ‘II FROM m+0.1
1

A

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65 )
66
67
68
6
70
71
72
73

sand
rubbile
rubble
sand
sand
o
rubble
CRA
CRA
CRA
CRA
A.a.
A.a.
P.p.
M.s.
CRA
A.a.
M.a.
CRA
rubdble
rubble
rock
rubble
rubble
rubble

m+0.2

sand
sand
sand
sand
sand
A.a.
rubble
A.a.
A.a.
CRA
A.a.
CRA
CRA
CRA
P.a.
P.a.
P.a.
CRA
CRA
rock
rubble
rock
rubble
rubble

rubble
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a+0.3 mt0.4
sand sand
rubble rubble
sand sand
sand sand
rubble rubble
rock P.a
rubble* rubble
A.a. A.a.
CRA A.a.
CRA A.a.
CRA rock
P.a. A.a.
A.a. CRA
rock P.a.
P.a. rock
P.a. P.p.
rock A.a.
M.s. M.a.
CRA CRA
CRA P.a.
rubble rock
rubble ruLble
CRA rock
rubble rubble
rubble sand

nt0.5

sand
rubble
sand
sand
rubble
A.a.
rubble
CRA
CRA
CRA
CRA
rock
M.s.
A.a.
rock
P.p.
CRA
MN.a.
CRA
P.a.
rubble
rubble
rock
rubble

sand ‘
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I

74
75
76
77
78
79
80
81
82
83
84
85 <
86
87
88
89
90
91
92
93
- 94
95
96
97
98
99

rock
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at0.1 m+0.2 m¢0.3 mt0.4 m+0.5
rubble rubble rubble sand rubble
M. a. CRA CRA rock rubble
rock sand rubble rock rock
fock rubble rubble rubble CRA
CRA M.a. M.a. M.a. M.a.
M. a. rubble rubble ruﬂLle rubble
CRA rock CRA CRA CRA
CRA A.a. A.a. rubble A.a.
CRA CRA rock rock rubble
rubble rock rock rubble rock
rock rock rock rubble rock
sand sand sand sand sand
rock sand sand sand sand
rock rock CRA CRA CRA
CRA rock P.a. S.s. S.s.
CRA A.a. rock rock CRA
CRA CRA = CRA A.a, CRA
CRA rock rock sand rubble
rock sand - sand sand * sand
sand sand sand ~sand sand
sand sand sand sand sand
sand sand sand sand sand
sand sand sand sand sand
sand sand sand sand sand
rock CRA CRA A.a. A.a.
CRA rock rock sand
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v —— —

102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124 -

0.2 m+0.3 mt0.4
sand sand sand sand
rock CRA rock CRA
S.s. S.s. S.s. S.s.
sand sand sand sand
sand sand sand sand
sand sand sand sand
sand sand sand sand
sand sand sand sand
sand sand sand sand
sand sand sand sand
sand sand sand sand
A.a. CRA A.a. CRA
rock rock rock rock
sand sand sand sand
sand sand sand sand
sand sand CRA CRA
rock rock rock rubble
P.a. A.a. CRA rock
rock rock M.a. M.a.
rock M.a. M.a. M.a.
M.s. P.a. P.a, P.a.
CRA A.a. rock rock
CRA CRA CRA rock
rock rock CRA CRA
A.a. M.s. P.p. P.p.
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at0.5

A.a.
A.a.
S.s.
sand
sand
sand
sand
sand
sand
sand
sand
rock
rock
sand
sand
CRA
rubble
P.a.
rock
N.a.
P.a.
rock
rock
CRA

A.a.
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DISTANCE H ngu 1"0"1 mt0.2 m+0.3 m+0.4 m+0.5

125 rubble rubble rubble rubble rubble

126’ rock A.a. rock rock rock *
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23 CRA  rock  P.p.

200

Y ¥
| TRANSECT II
DISTANCE ‘n‘ FROM I%:g&l -+ofg nt0.3 !:QA% nt0.5
0 *  CRA CRA CRA CRA CRA
1 CRA CRA CRA CRA CRA .
2 * CRA A.a. rack CRA CRA
3 CRA rock rock CRA CRA
4 . CRA P.a. A.a. A.a. rock
5 rubble rubble rubble rubble rdbple
6 rubble rubble rubble rock rock
7 rock rock rock rock CRA
"8 CRA  CRA . CRA CRA  CRA
9 A.%j//<\§RA CRA rock CRA
10 CRY RA CRA - CRA rock
11 CRA  CRA  CRA  CRA  A.a.
12 CRA P.p. CRA rock CRA
13 { “M.s. A.a. rock CRA CRA
14 CRA  rock  CRA CRA  rock
15 rock rock rock CRA rock
16> CRA CRA . rubble rubble rubble
17 rubble rubble rubble rubble rubdle
18 rock rock sand rock rock
19 rock rock sand rock rock
20 CRA CRA CRA CRA CRA
-2 * CRA M.a.  CRA M.s.  rubble
F 4 J CRA CRA rock A.a. %hl
A.a. M.s.

a
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STiR?"oF RANSEET

8+0.5

Il

24
25
26
27
28
29
30
31

32

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

~
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m+0.2 mt0.3 m+0.4
M.s. rock rock CRA CRA:
rock A.a. rock rock A.a.
P.a. CRA rock CRA rock
rock rock CRA rock rock
rock P.a. P.a. CRA CRA
rock rock CRA rock rock
CRA.  CRA rock  M.s.  CRA
rubble rubble rubble rubble rubble
rock CRA rock rock rock
rubble rubble rubble rubble rubble
rock rubble rubble rubble rubble
rubble rubble rubble rubble rubble
CRA rock rock rock CRA
A.a. CRA CRA CRA CRA
sand sand rock A.a. rock
CRA CRA rock rock rock
rubble rubble rubble vrubble rubble
rock rock M.s. CRA CRA
rock sand CRA CRA CRA
CRA CRA rock CRA CRA
CRA CRA rock CRA rock
CRA rock rock CRA CRA
CRA CRA CRA rock rock
N.a. M.a. M.a. M.a. N.a.
N.a. M.a. M.a. M.a. N.a.
M.a. M.a.  CRA CRA CRA




50
51
§2
53
54
85
56
§7
58
59
60
51

62

63
64
65

67

8
69
70
n
712

73

74

rock
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mt0.1 ®=+0.2 mt0.3 m40.4
CRA rock rock “rock
rock rock rock rock
sand sand sand rubbie
sand sand rock rock
" rock rubbte M.s. CRA
_CRA CRA rock rock
CRA sand rock rock
sand rubble rubble sand
sand sand sand sand
rock rock rock rock
sand sand sand sand
CRA CRA rock rock
CRA CRA rock rock
rock CRA rock rubble
rock P.a. CRA CRA
CRA A.a. rock rock
CRA rock rock rock
sand sand sand sand
sand sand sand sand
CRA rock rock * rock
rock CRA CRA rock
rubble rubble rubble rubble
rock rock rock rock
N.a. M.a. M.a. CRA
rock rock M.s.  (RA
rock CRA N.m,

at0.5

CRA
rock
sand
rock
rock
CRA
rock
sand
sand
rock
rock
rock
rock
rubble
CRA
A.a.
rock
sand
sand
rock
rock
sand
rock
rock
rock

rock




m+0.2

n+0.3

g%%%%!%§'+**I§§%¥ x?+0.1 m+0.4 m#0.5
76 | CRA CRA CRA CRA rock
77 P.a. rock rock rock CRA
78 rock rock rock rock rock
79 CRA CRA rock rock rock
80 rock rock rock rock rock
81 sand rock rock rock rock
82 rock rock sand sand sand
83 P.a. rock rock CRA rock
84 rock rock M.a. CRA A.a.
85 rock rubble rubble rubble rubble
86 rock rock rock rock rock
87 ) rock rock CRA CRA rock
88 CRA rock rock CRA rock
89 rock rock rock rock rock
90 rock rock rock rock rock
91 M.s. M.s. rock rock CRA
92 rock CRA rock rock * rock
93 rubble CRA rubble CRA rock
94 rock CRA rock rock rock
95 CRA CRA CRA CRA CRA
96 CRA rock rock rock rock
97 CRA CRA CRA CRA rock *
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STARYGFTRANSEET (1T
ITT
0 * CRA
1 CRA
2 * CRA
3 CRA
4 M.s.
5 CRA
6 rock
7 rock
8 CRA
9 CRA
10 CRA
11 CRA
12 CRA
13 CRA
14 CRA
15 CRA
16 CRA
17 rock
18 sand
19 sand
20 rubble
21 rubble
22 CRA
23 rock
24 rock

TRANSECT 111

mt0.2 m+0.3 m+0.4 mt0.5
CRA rock CRA CRA
rock rock CRA €RA
rock CRA rock rock
rock CRA CRA rock
CRA rock rock CRA
rock CRA rock rock
rock rock rock rock
CRA rock rock rock
CRA CRA CRA CRA
CRA CRA CRA CRA
CRA rock rack rock
CRA CRA CRA CRA
CRA A.a. CRA CRA
CRA CRA rock rock
rock CRA CRA CRA
rock rock CRA CRA
CRA CRA CRA CRA
CRA rock rock rock
sand sand rock rock
sand sand sand sand
rock rock rock sand
rubble CRA CRA rock
CRA sand sand rock
rock rock rock rock
rock rock * rock rock
204




DISTANCE ‘ml FROM

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
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m+0.1 m+0.2 m+0.3 m+0.4 m+0.5
I1]

rock rock rock rubble rock
rubble rubble. sand sand sand
rock CRA CRA CRA CRA
rock CRA CRA rock CRA
CRA CRA CRA CRA CRA
CRA CRA A.a. CRA rock
rock rock CRA CRA CRA
CRA CRA CRA CRA CRA
CRA P.a. CRA CRA CRA'
CRA CRA CRA CRA “ CRA
CRA CRA rock CRA CRA
A.a.  CRA CRA CRA rock
CRA CRA CRA rock CRA
CRA rock P.a. rock rock
CRA CRA CRA CRA CRA
CRA CRA CRA CRA CRA
rock rock rock rock rock
rock rock sand sarfgp sand
A.a. A.a. M.s. rubble sand
CRA A.a. CRA rubble rubble
rubble rubble rubble sand sand
sand rock sand sand rock
CRA CRA CRA CRA A.a.
rock rock rubble rock rock
rock rock rock rock rock
rock S.s. A.a. * CRA A.a.

)
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DISTANCE *al FROM I?;O.l m+0.2 m+0.3 m+0.4 m+0.5
51 M.s.  CRA CRA CRA ROCK
52 rock rock rock P.a. rubble
53 sand sand sand sand sand
54 sand sand sand sand sand.
55 rock rock rock rock rock
56 3 CRA CRA CRA CRA CRA
57 . rock  CRA CRA CRA CRA
58 rock P.a. CRA CRA CRA
59 sand sand rock sand sand
60 sand sand sand sand sand
61 sand sand sand sand sand
62 sand sand sand sand sand
63 CRA rock CRA CRA rock
64 CRA CRA CRA CRA CRA
65 CRA CRA CRA A.a. CRA
66 CRA CRA CRA CRA CRA
67 CRA CRA CRA CRA CRA
68 CRA CRA CRA CRA ‘CRA
69 CRA CRA CRA CRA CRA
70 CRA CRA CRA CRA CRA
71, 3 CRA  CRA  CRA  CRA  M.s.
72 CRA CRA CRA A.a. CRA
73 sand sand sand rock rock
74 sand sand sand sand sand
75 s;nd sand sand rock rock
76 sand sand sand sand sand
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DISTANCE *.I FROM m+0.1
ITT

77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
sand
rock
M.a.
rock
rock
rock
CRA
rubble
rock

CRA

m+0.2 m+0.3 m+0.4 m+0.5
sand sand sand sand
sand sand sand sand
sand sand sand sand
sand sand sand sand
sand sand sand sand
sand sand sand sand
sand sand sand sand
sand s and sand sand
sand sand sand sand
sand sand sand sand
sand sand sand sand
sand sand sand sand
sand sand sand sand
sand sand sand sand
rock CRA rock P.a.
M.a. M.a. M.s. rock
M.a. CRA CRA M.s.
CRA rock CRA rock
rock rock rock rock
rubble rubble rubble rubble
rubble rubble rubble rubble
rock rock rock rock
CRA CRA rock rubble *
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TRARSECT Iv

DIS;AHCE ‘a‘ FROM I3+0.1 n+0.2 m+0.3 s+0.4 mt0.5
* sand sand rock rock rock
1 rubble rubble rock sand sand
2 CRA rock rock CRA CRA
3 rock CRA CRA rock rock
4 rock rock rock rock rock
5 sand rubble rubble rubble rubble
6 sand sand rubble sand sand
7 rock rubble rubble rock rock
8 rock rock rubble CRA CRA
9 rubble rubble rubble rubble rubble
10 rubble sand sand rubble sand
11 CRA rock rock rock rock
12 CRA sponge sponge CRA CRA
13 rock sand rubble sand rock
14 rubble sand rubble rubble sand
15 sand sand rock rock rock
16 CRA CRA CRA rubble rock
17 CRA rubble A.a. rubble CRA
18 CRA CRA A.a. CRA CRA
19 CRA CRA CRA CRA CRA
20 CRA CRA CRA CRA CRA
21 CRA CRA P.a. CRA CRA
22 CRA CRA A.a. CRA ~ CRA
23 CRA CRA CRA rock A.a.
24 CRA CRA rock “A.a. CRA

208




e

W I%M).l m+0.2 m+0.3 m+0.4 m+0.5
25 A.a. M.s rock rock rock
26 sand * sand sand sand sand |
27 sand sand sand sand sand
28 CRA CRA CRA rock CRA
29 CRA rock rock rock rock
30 CRA CRA CRA CRA M.S.
31 CRA CRA P.a. CRA CRA
32 CRA CRA CRA CRA rock
33 M.c. M.c. CRA CRA rock
34 rock rock rock CRA sand
35 rock rock rubble rock sand
36 CRA CRA CRA CRA CRA
37 CRA CRA CRA CRA CRA
38 CRA rock rock A.a. CRA
39 CRA CRA rock rock CRA
40 CRA CRA CRA CRA CRA
41 CRA CRA CRA CRA CRA
42 rock CRA CRA CRA CRA
43 sand sand rubble A.a. CRA
" . CRA CRA CRA CRA CRA
45 rock rock rock rock rock
46 CRA rock CRA CRA CRA
47 CRA CRA CRA CRA CRA -
48 CRA CRA CRA rock CRA
49 rock rock rock rock rock
209
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TRANSECT V¥
m+0.2 =m+0.3
rock rock rubble
rubble rock rock
rock M.m. rock
rock rock rock
rock rock rock
rubble rock M.m,
rubble CRA CRA
rock rock rock
S.s. S.s. S.s.
sand sand sand
rock rock sand
rock sand sand
rock rock 'rock
rubble rock rubble
A.a. A.a. A.a.
rock rubble sand
rubble rock rock
rock rock rock
rock rock rock
CRA CRA CRA
rubble rubble rubble
rock sand  sand
sand sand rock
rock rock rock
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a+0.4

rubble*
rock
rock
rock
rock
rock

CRA

m+0.5

rock
CRA
rock
rock
rock
P.a.
CRA
rock
S.s.
sand
sand
s and
sand
rubble
M.s.
sand
rock
rock
rock
CRA
sand
sand
rock

sand




DISTANCE ‘ll FROM vl+0.1 m#0.2 m+0.3 wmt0.4 m+0.5

24 rock rock rock CRA CRA

25 rock rock sand sand sand
26 sand sand sand _ rock sand
27 sand sand sand sand sand
28 sand sand sand sand sand
29 sand sand sand sand rock
30 rubble rock CRA rock CRA

31 rock rock CRA CRA CRA

32 rubble rubble rock CRA CRA

33 sand sand sand sand sand
34 sand sand sand sand sand
35 sand rock sand sand sand
36 sand sand sand rock | sand
37 rock sand sand sand”  sand
38 sand sand sand sand sand
39 rock sand sand sand sand
40 sand sand sand sand sand
41 sand sand sand sand sand
42 sand sand sand sand sand
43 rock rock rock rock rock
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a4+0.3

rock
CRA
CRA
rubble
A.a.
CRA
CRA
M.c.
rubble
CRA
P.a.
CRA
sand
CRA
A.a.
rock
rock
CRA
CRA
rock
rock
CRA
CRA
CRA
A.a.

TRARSECT vI
rock CRA
rock rock
CRA CRA
rock rubble
rock rock
CRA CRA
CRA CRA
CRA CRA
rubble rubble
CRA CRA
A.a. P.p.
S.s. CRA
{and sand
rock rock
CRA P.a.
rock rock
rubble rubble
CRA CRA
CRA P.a.
rock rock
CRA rock
rubble sand
CRA CRA
sand rubble
rock rock
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ntQ. 4

rock
CRA
CRA
rubble
M.s.
CRA
CRA
M.c.
rubble
A.a.
CRA
CRA
sand
A.a.
CRA
sand *
rubble
CRA
CRA
rock
A.a.
rock
M.a.
rock

rock

8+0.5

F.f.
rock
CRA
rock
A.al
CRA
CRA
M.c.
rubble
CRA
CRA
CRA
sand
N.s.
CRA
rock
rock
CRA
CRA
rock
A.a.
rock
CRA
rock
CRA




HA e e
28

25

26
27
28
29
30
N
32
33
34
35
36
37
38
39
40
41

TARCE (m) FROM m+0.1
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mt0.2 atD.3 me0.4 mt0.5
» CRA rock rock = CRA A.a,
rock CRA CRA rock CRA
rock P.p. CRA rock rock
CRA rock rock rock rock
CRA rock rock rock CRA
rock rock sand sand  rock
sand sand sand rock rock
rock rock rock rock rock
rock rock rock rock rubble
s and sand rubble sand sand
* sand sand sand sand sand
s and sand - rock rock rock
rock rock rock rock rock
M.s. M.s rock rock A.a.
* rock rock A.a. rock CRA
rock rock roc rock P.a.
rock rock rogk rock rock*




