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••• Thou 

For whost pat-h the Atlantic's llvel powers 

Cleave thellselves 1nto chaslls. while f.,. belo. 

;rhe sea-b1oo.s and the OOZ1 woods which wear 

The SlpleSS fo1119'e of the ocean, know 

Thy vo 1 ce, and sud den ly grow grly w1 th 'e.r. 
""-

And tre.ble and, despofl the.selves: O. he.r 1 

. 'ro. SII.ll.y's ·Od. to th. West lUnd- (,1122). 
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AISTIACT 

On 4 August 1980,. Hurricane Allen devastated the' 

n.or'thern f,r1ng1ng reef locl.ted just offshore 'ro. the 

Bella1rs Research Institute of McG111 University in 

Barbados. During the SURer and one winter month of 1981, 

a 'r e - sur vey 0 f the r e e f wa s don eus 1,n 9 S. C. U. B. A. , and 

the results compared with a s1m11 ar survey lIade in 1974 • 

The point aethod of 11 ne transects wu used to record the 

reef substrates. 

The results of the two surveys were cOllpared and 

stat::t,St1cally tested us1ng a chi-square test(X 2 ). As well 

as determ1 ni ng w"ether the changes 1 n sub strate cover were 

s1gnificant w1thin an ind1vidu.l ellipse. the data for 

each substrate/spec1es for the ent 1 re reef was tested. On 

a reefal scale, the changes before and after Hurricane 

Atllen were s1gn1f1cant for a11 substrates and species w1th 

the exception of M11lepora Spa AlRong the cora1s. Porites 

, porites has been lIost affected by the catastrophe: its 

coverage was reduced by 961. Madr aci s mi rab il 1$. another 

branching coral, decreased by 90S. The other corals 

(Siderastrea siderea, Pori tes astreoides. Montastrea 

annularis, and Agar1c;a Igar1c1tes) were reduced by 751 -

251. Onshore transport 15 sU9gested by the relatively 
, 

hi gh abundances of Acropora cerv 1corn; s (201) and M~:Clrac1 s 

a1rabil!! (301) in the rubble of the fr1ng1ng reef (t'ne 

forller on 1y grows seaward of the fr 1 ng1ng reef). Offshore 
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t r .ft s po r t 1 s su 9 9 est e d b Y the 'r e '1 a t 1 ve l,Y poo r 
(, 

Jepres~,ntlt1on of Porites por1îts (321) in ttle ru~ble. 

Shanno~-Wel~e'r d1versity 1n'd1els e' the co'rÎls dropped 
l, 

f'ro_ 1.6 1 to 1.26 . 
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SOMAliE 

~ ~ ~ , 
Le 4 AOUt 1980, l'ouragan Allen a devaste le recif 

frangeant nord, ~ '" situe 1mmed1atement au large de l'Institut 

Bell airs de l'uniVersité McGi 11 i la Barbade. L'eté et un 
,.~ ,. - ,,~ 1I01s d'hiver en 1981 ont ete consacres a un examen du rech 

,1 l'aide de SCUBA. 
, ,; .; ~ 

Les resultats ont ete compares a éeux 

obtenus au cours d'études 5 1mi 1 aires ' fa i tes en 1974. Une 
, 

Methode ponctue 11 e de eue i 11 et te de" donnee s 1 e long de 

parcours linéaires' 
,,; ,; .,; 

a ete ut11'isee pour determiner les 
, 

types de substrats des recifs . . 
,; ,. ~ ~ 

Les resu1tats des deux observations ont ete cOllpares et 

éva lués statistiquement à l'aide du ~~st khi carré (.1(2). En 

plus de déterminer s'i les Changem~nts d'aire occupée plr 
.. 

diverses especes coralliennes sont signifieatifs dans chaque 
" ,. e 1 1 i P sei n div i due 1 1 e ,le s don n e'e s rel ev e e s pou r cha que 

... ... ",.; ..... , 
subs trat / espece on ete ev a 1 uees pour l'ensellb 1 e du rec if. 

.... 
A " .... l'echelle du recif. les changements avant et apres 

l'ouragan Allen se sont avérés significatifs pour tous les 

substrats et espèces a l'exceptiof1 de Millepora sp. Parmi 

~ 
, " ..... 

'1 es 0 r a u x. P 0 rit e 5 p 0 rit e s a ete 1 e plu s a f f e ete par 1 a 

cata ~oPhe. l'aire qu'il occup,ai~ avant l'ouragan ayant été 

redu i t de 961. 
,. 

l'ai re occupee par Madraci S lIirabill!. un 
~ ~ -lutre corail branchu, a decru de 901. L'aire occupee par 

1 e s a u t r e seo r a u x (§. 1 d e !..!~!!.!! .!.!!!!.. e.! • f..Q!'.!!'!'! 

astreoides, Montastrea annularis. et Agaricia agaricites) 
.... ,.. 

a decru de 751 - 251 . les abondances re 1 at i vement 
.; ~ 

elevees d'Acropora cervicornis (20S) et Madr.ch .trabi lis 
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(301) dans "" ,. les debri-s du rec1f frangeant, alors que 

l'Acroeora ~!.icornfs ne croissent qu'au 1 arge de ce 
/ ,~ 

recif, indiquent un charriage vers la cote. Par contre, 
, '" les quantites relativement faibles de Porftès porites . ' 

(321) suggèrent un transport de debris vers le' 1 ârge. Les 
", 

indi.ces ,de' divers He de Shannon-Weaver des c,oraux ont 

",. " dflllf nue dl 1.61 a 1.26. 
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IITI08UCTIOI 

The i.pact of hurricanes on coral reefs was ffrst 

studied in the late 1950'5 (Stepbenson !!.!.l. T958). 

Several studies ha? followed, ~ith the e.phasis on 

describing the qualitative ,rather than the quantitative 

aspects of stor •• ffects. 

Recognition that hurricanes have been .ajor forces in 

deter.in1ng the nature of the sedi!entary record, has 

given rise to a new for. of cltastrophis.. This -new 
''-

c a tas t r 0 phi s.· 1 n vol v es 1 0 c â"l dis t u r ban ces rat he r th an 

world-w1de catastrophfes. Much of the sedi.entari record 

of the past .as Iffected by intense stor. per10ds of 

relat1vely shor~ durlt1on. Ager (1980) suggests that 

geo10g1c history 1s co.,osed of -long perfods of boredo. 

and brief per10ds of terror-. 

The objectives of th1s study are to deter.tn. the 

qualitative Ind quantitative chlnges on the norther" 

8el1a1rs fr1ng1ng reef fo110_ing the plsslge of Hurricane .. , 
Allen. Ind to assess tbe potent1al for preserv.tion 1n the 

~ 

sedf •• ntary record of th1s abrief perfod ~f terror~ 

.J 

.. 
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CHAPTER 2 

HURRICANES 
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HUll 1 CAlES 

Hurricane, 1n the language of the Carib Indilns, 15 

huiranyucan 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 mIs). 

Hurricanes or1ginate over all warm tropical oceans in 
"" the latitudes between 50 «nd 300 from the equator. They 

do not form closer to the equator than approximately 50 N 

and 50 S, because the Coriolis force at lower latitudes is 

tao small ta create the rotational circulation. 

Present most of the time over oceans at about 30 0 

latitude, are large high-pressure areas known as the 

Hawai1an and Bermuda highs 1n the northern he.'sphere. To 

the north are the pre va 11i ng temperate wes ter li es and to 

the south are the persistent north-east trade winds. It 

15 w1thin the trade winds that lIost tropical storms 

originate. 

A) HURRICANE SEASON 

The West Indies hurricane season extends froM June 

to Nove.ber, but .ost hurr1canes occur dur1ng the .onths 

of August, Septe.ber, and October, when ocean te.peratures 

Ire at the1r peak, and temperature and hum1dity of the air 

near the surface are still at their highest. Wlth the 

start of w1nter cooling of the air 1n h1gh lat1tudes, 

troughs ln tht westerlies that serve as external 

.echanisms for torming hurricanes intrude more frequently 

4 

", 



C> 

( , 

IRd v1gorously into the tropics than during the .1dsu ... r 

( SiI,pson Ir Riehl 19S1). 

8) DEVELOPMENT 

Atllospheric vortices, such as hurriclnes, frequently 

develop near the 1ntertropical convergence, a region where 

the trade w1nds of the northern and southern hemispheres 

Low pressure and circular winds are involved in 

the forlllation of hurricanes. 

Hurricanes develop as the atmosphere absorbs large 

qUIntit1es of moisture from the ocean. Sun11ght fal1ing 

on the ocean surface adds heat to the water and causes 

evaporat10n. The resulting warm, moist air feeds the 

hurr1cane as the air 15 pul1ed toward the low surface 

pressure. W1thin the cloud bands surrounding the eye of 

the hurricane, the latent heat released by the 

condensation of vapour ta rain (2.4 joules per kilogram) 

heats the rising air currents, increas1ng their rate of 

rise. This process 15 a major driving force of the 

hurricane. 

C) IMPORTANCE OF TEMPERATURE 

Hurricanes rarely develop where ocean surflce 

telllperatures are below 26.5 0 C (Fig. l ). Such high 

telllperatures may be necessary to maintain the vertical 

circulation in a hurricane. 

The sea surface north of 50 N has its highest 

te.peratures from June ta Novellber, and these are the 

5 
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Principal tracks of tropical cyclones in 
relation to se. surface t •• peratures. 
lsothe,.s show average sea surface 
te.perat~re in Septe.ber for the northern 
he.1sphere ~~.rCh for the south •• n 
h •• 1sphere ~ i"1.en & N •• to. 1969). 
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~oftth, in whtch hurricanes de,elop .ost frequent1y_ Tb.re 

has never ~een .n, hurrtç~nes in the South Atllnt1c' 

OC'I~, because the intertrop1cll convergence ne,er lies 

south of Sa S ( Barry' Chorlay 1910), and tha sea surface 

,t •• peratures do not reach 'suff1ciently h1gh values 

(Ieiburger li .!l., 1913). 

Hurricanes weaken eons1darably and •• y e,an dissipate 
~ 

when .oving over cold oeeln currents or water in which the 

te.,eratures are below the threshold value of 26.50 c. 
Hurrteanes dissiplte rapidly over landflll. The less 

hu.,d air and the absence of the war. ocean surface which ,. 
.' 

acts 15 a heat source drast1cal 111 decreases the 

con vers ion of wlter • apor to cloud drop 1 ets w1 th 1 • 
reduction in the a.ount of litent heat to drive the 

hurricane (Dunn • Miller 1964, Elgle.an 1983). loss of 

energy by friction over land also slows and d1ssipates the 

star •• 

D) MOYEMEIIT 

The direction of the surface trade .tnds. co_btned 

.ith the .tnds It higher levals. influence th. direction 

of a hurriclne. During their earl, stlges in the lIorth 

Atlantic wh11e the hurriclnes are still strongly 

tnflueneed by the easterly trade winds. th~y tend to .ove 

towards tbe west or north-west. If the, ~e~ch nort .. of 

300 latitude before dissipating," the1 are swept by the 

pre.atling upper 1 evel westerl, w1nds of the .iddle 

latitudes, ta the north-east. 
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'E) LIFETUE Ale SPljD 

rThl l'Irl'8 11fetia. of • Vest I~d1.s hurricane 1s 

n1ne dl,s. Il tltou,h thos., oeeurrfng 1Iut'1n, August appear 

to be .ore durlbl., 1.stt~1 for an.avera,e of twel,. da,s. 

Tite •• an sp.ed of tra •• l of • hurr1ca~. 15 on " 20 k./h • 

but 1 considerable 'r.a .a, be affected .1tb1n a 

hurrtclne's l1fetiae. 

F) ,AYERA&E FREQUEICIES 

Pr10r to the satel1ft. erl. observ.t1o~s of 

hurrielnes over .ide expaftses of ocean .ar. se.er.ly ~ 

liai t.d. Dvrtftl the Plst 'th1rty years in th. At lantic .~ 

,r.,1o~. In avara,e of 9.8 n •• ad stor... and 6.0 hurriclnes 

h.ve baan rlcordld plr y.ar. 

S~nce 1886, ther. hlve b.en only li,ht s.as.ns .1tb 

n1~e .r aore "urT1canes, .hicll 15 an avera,_ frequlnel of 

Oncl every t.al VI y •• rs. Durtn, 19aO, el.,en st.r.s in 

the Atlantic rl,1on .ere n •• a4 of wh1ch n1n. It~tned 

" ... rte.ne status (Llwrenc,' ,.l1ssier 1181). 
{ , 

1) ,aECIPITATI'OI 

, 
Most of the ratn oceurs in the h1gh-w1nd ar.a close 

to tlte center of the hurricane, ho.e.e~ It .tnd speeds 

Ibo,. 50 kt (26 ais or 58 .ph). not .or. thln'half tbe 

f.,l1ng water .IY ba Clu,ltt by the typtcll ra1ft Ilu,e.' 

M.n, flctors If'eet the rl1n ,aule reeor4: the tntens1t,)' 

, 
\ 

, 
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Ind size of the circulation of .ISS through the hurricane, 

the hurriclne's plth with respect to the gluge ( whether 

to the right or the left ), the speed It which the 

hurricane progresses, plus 10cll factors such as 

buildings, trees, or hills. As a result, a wide range of 

values of hurricane precipitation have been reported 

wor1d-wide, fro. practica"y nil ( despite hurricane-force 

winds ). to as .uch as a lIetre of raine 

Sinee measurement of hurricane precipitation has 

been inadequate, other lIethods e.ploying aircraft 

t r a ver ses and nu. e rie ale o.. put a t ion a r 'e no w b e i n gus e d • 

Profiles show that rainfa11 decreases logarithmieal1y with 

respect tG d~i stance fro. the center 0\- the storll. An 

esti •• te, by co.pyter si.ulltion, ~f the averlge .mount of 

rl.tn 'lll1ng on a rl1n gluge dyring 1 hurriclne is '35 ë •• 

Est1.ltes Ire blsed on Issu.ptions Ibout the speed of 

hurriclne trl.el, Ind Issume thlt plssage of 1 storm tlkes 

two dlYs, and thlt the cent~e of the hurricane pisses 

directly over the rain gluge (Si.pson , Riehl 1981). 
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H) HURRICANE ALLEN ( l . 11 August, 1980 ) 

• 
Hurricane Allen was the first and most powerful storm 

of the 1 9 80 Atlantic hurricane season ( Fig. 2) • A 

classical Cape Verde hurricane, Allen moved westward off 

the coast of Africa 011 29 July as a disturbance associated 

with a tropical wave. Allen moved steadi ly 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 reconnaissance 

missions began on 3 August and continued until landfal1 in -Texas (10 August). Radar fixes were occasional1y 

a v a, i 1 a b l e a s the s t 0 r m m 0 v e d w i t h i n r an g e 0 f the rad ars 

a10ng its path. 

The storm's motion (direction and speed) was 

calculated every six hôurs. It maintained a steady path, 

but weaved its way among several Caribbean is1ands, 50 

that the eye always remained over water. The .average 

direction of motion for the ten-day period was toward a 

heading of 289 0 with a range of 267 0 • 30So. The speed of 

movement ranged from 18 - 22 kt (9.3 mIs - 11.3 mIs) 

across the Atlantic and eastern Car1bbean. Allen began to 

decelerate on 7 August whi1e centered just south of Cuba, 
~ 

and r e a che dit s min i m u m for w a r"d s pee d 0 f 6 k t ( 3.1 mIs e) 

late on 9 August, just prior to landfa11 (Lawrence .. 

Pe11ssier 1981). 

11 
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Fig. 2. The v1ew 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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The p.th of Hurrtcane Allen (courtesy of 
M. Lawrence). 
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1) lapact .2.!!. S,rb.dos 

The eye of the stot. passed just north of Barbados 

and then just south of St. Lucia elr 1y on 4 August. 

Minimum surface pressure was near 950 mb when the south 

port i on of the eyewa 1 1 pa ssed very close to ex treme 

northern Barbados at 0000 GMT 4 August. 

The highest measured wind velocity was only 68 kt 

(35.0 mIs or 78.3 mph) at the Grantley Adams International 

Airport on the south coast of the is 1 and. Equipment 

recording w1nd veoloc1ty fa11 ed at the Cari bbean 

Meteorologieal Institute in St. James on the west coast, 

but rainfa11.was measured at 10.6 cm. On the north s1de 
\ , 

of the island, no w1nd measurements were recorded, but. 

950 mb'hurricane 15 11kely to have w1nds of 100 kt (51.5 

aIs or 115.2 mph) or higher under the eyewal1. Accord1ng 

to a 1 oea l newsp"aper report by A. Brantford of The Nat ion 

( August 6, 1980). -Hurricane Allen lashed Barbados with 

115 .ph w1nds and torrentia1 rain.- Local officia1s 

esti •• ted dallage at U.S. $6 .1 1110n, primar11y to agr:-i.­

cu 1 ture. pr 1 vate hous 1 ng, and the fish 1 ng 1 ndustr y. No 

deaths wer. reported. 
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I) HURRICANE DAVID ( 25 August - 7 September. 1979 ) 

Hurricane David or1ginated as a depress10n 

approx1mately 2400 km east of the Lesser Ant111 es on 25 

August 1979, and intensified to its maximum strength Just 
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 Internati onal Airport 

ind'icated maximum sustained wind speeds were 29 mph (12.96 

,mIs), w,ith peak gusts of 40 mph (17.88 mIs) (N'ebert 1980)., 

The h1ghest measured wind ve1oc1ty was only approximately 

half the 78.3 mph (35.0 mIs) winds wh1ch accompanied 

Hurricane Allen one yeu 1 ater and were al so measured at 

the a1rport. Rainfa 11 recorded on the day of Hurricane 

David on the west coast Husbands station of the Car1bbean 

Meteorologiea) Institute was 1.68 cm • an insignificant 
\ 

rai n f a 1 1 wh e n c 0 m par e d t 0 the 1;'. c m wh i chf e 1 l 0 n the 

day of Hurricane A 11 en. 

Barbados did not receive th. full force of Hurricane 
\ 

David, but the seas were distur&-ed 'from the usua1 calm 

state. Damage to the coral reefs follow1ng Hurr1~ne 
David was not investigated by the researchers present at 

the Bell airs Research Institute at that tilRe. Therefore 

the re-survey done in 1981. records the damage caused by 

Hurr i cane A 11 en and may represen t a mi nor amount of damage 

from Hurricane David. 
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Th. plth of Hurr tcan. Dlvld (Fro. H.bert 
1980) • 
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A) NORMAL CONDITIONS 

1) Waves 

Waves which hlve travel1ed great distances across the 

ocean, are great 1 y mod i fied by reef morpho 1 09Y before they 

reach the 'shorel ine . 

. As the wave enters shal10w water (water of depth 

less than 1/25 of the wave length), wave orbits are 

mOd; f i ed from circ les, to e 11 i pses and become progres s ive 1 y 

mOre elongate near the bottom.. The wilter particles 
, 

adjacent to the botto~ have on1y horizontal movement, 

shifting landward under the passing crest, and seaward .. . 

under the passing trough. The frictional drag causes a 

loss of energy and wave speed 1s decreased. Al though wave 

speed d1minishes shoreward. the wave period re.ains 

constant, therefore waV8 length decreases and the wave 

cres ts bec:ome more close ly spaced. 

As waves move info sha llower water, the weye he1ght 

b e 9 i ft S toi ne r e as e s h a r ply un t i 1 the wa v e b,r e a k s. A 

height increase of lIore than 50 S mly occur .. 

Waves Ire refracted by 1 rregu J Ir coast 1 i nes and 

thallow botto. topography. Water depth under a s1ngle 

wave crest 15 different fro. point to point and the 

reduct10n of wave speed does not tate place evén ly. As 1 

resu 1 t the wlve beco.es curved or refracted. 

Orthogonlls are i •• g:lnary lines perpendicular to the 

.ave crest. Over reefs where the orttt090na 1 S cOllverge, 

w.ye enerl' i 5 c.ro.d'ct· tato 1 narro.er ZOft. and 
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concentrated. The waves 1ncrease greatly in height and 

large break ers are produced.. In bay,s, where orthogona 1 s 

diverge, the original unit of wave energy 1s spread more 
\ 

thin1y a10ng a greater length of wave crest, causing the 

wave ta be attenuated, and ta lose height despite the 

norlllal tendeney of shoaling waves to inctease in he1ght. 

As a resu 1 t, on bay shores, waves break w1 th 1 i tt 1 e force. 

2) Currents 

As the incollling waves approach the shorel i ne, the 

waves break and .OllleAtulI forces are re 1 eased as the wave 

energy 15 dissipated (Coll ins 1976). These forces are 

then avai lable to drive longshore currents and rip 

currents. Wave energy 1s releasad as heat, sound, and 

stirr1ng up of the sediments (Beer 1983). 

Rip currents and assoe1ated 10ngshore currents 

comprise the nearshore ce 11 ci reu 1 a tion system. A 

longshore current forlls when waves approach a stra1ght 

shore'line obliquely. The current flows parallel to the 

coastl1ne close to shore, but 1ts velocity rap1dly 

decreases beyond the break'er zone. R ip currents flow 

d1rectly seaward at nearly right angles to the shorel1ne. 

They are fed by a systeM of longshore eurrents which 

1ncrease in velocity approxi.ately half-way between ,two 

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

water lIIoving seaward with the r1p currents, there 15 a 

slow -us transport of water 1II0Y i ng shoreward through ,the 

bre.ker zone between thé ri p currents. 
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Marsh et .!J. ( 1982) describe water circ.ulation on 

two Guam reef fl ats. Wave-driven water crosses the margiQ 

rough l y perpend i cu lar to the shore li ne. It th en gradua 11 y 

changes direction until it 1s flowing as a longshore 

current in a moat adjacent to the shorel ine. After 

flowing in the longshore current for distances of up to 

1500 m t 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 !9-' moderate surf conditions range from 0.0 - 0.6 

mIs on the windward 5 id~t and up to 0.6 rn/s, al though 

usua11y 1ess than 0.2 mIs, on the leeward side. These 

results agree with other studies, where measured values 

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

1) Waves 

Three important dffferences 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. 

Normal winds are generated by winds blowing in one 

direction 

c) the hurricane moves over waves g.e1ferated at various 

angles to the path of the storm. The resulting 

pyramida l 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 1n a relatively narrow zone. A fr1ng1ng reef, 

if present, receives the brunt of the wave forces, and as 

a result offers considerable protection to the shore11ne. 

Shorelines which are not protected by reefs, or 

coast11nes exposed to storm or hurr1cane conditions, may 

be severely eroded. Hurricane - driven waves can scour 

out 10 - 15 m of beach wtthfn a few hours. A, severe 

hurricane of 5 - 6 hours duration c.n completely wash away 

sand dunes 3 - 6 m h1gh and 33 Il th1ck at the base (Dunn • 
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Miller 1964). 

2) Storm Surge 

Storm surge which oftens accompanies a hurr1cane, is 

a rapid, local elevation of sea level due to a combination 

of the w;nd driving the water aga1nst the land and a drop 

in atmospheric pressure. Many factors affect the height 

of the surge : 

(Dunn 

1) the central pressure 

2) the radius of maximum winds 

3) the speed of the appro'ch to a coast 

4) the angle the hurricane track makes with the coast­

line 

5 ) convergence of wind-dr1ven currents at sea 

6} the shape and slope of the continental shelf 

7 ) the shape of the coastline 

a} the stage of the tide 

9) short-period waves, breakers, and $we Ils 

1964, Simpson & Rieh 1981). 

Hurr1calle E101se (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 stor. surge is 

generated. The configuration of the coast, the re1atively 

steep offshore profile, and the fast forward motion of the 

storm contributed to the high sea leve1. The stor. 

crossed a steep seg.ent 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 15 m in 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 0 on the right-hand side. Under these conditions, 

water 1s trapped between the shore and the hurricane, and 

fast bot tom currents can be produced (Murray 1970). 

Murray (1970) studied botto. currents off the 

Florida panhandle during the passage of Hurricane Camille 

(1969). During the storm, bottom current speeds ranged up 

to 1.6 mIs and their direction rotated fro. a10ngshore 

para11el to the wind, to seaward against the wind. 

Off the 1s1and of St. Croix, U.S. Virgin Islands, the 

sediment transport rates in the shore zone in Cane a.y 
were between 0.2 and 1.2 x 105• 3/yr durfng fair weather, and 

1.0 x 106 m3/yr or greater dur1ng stor.s (Hubbard et al. 

1982). Turbulent suspension by breaking waves, and •• ss 

transport by unidirectiona1 longshore currents are 

responsib1e for al.ost .11 sedi.ent transport (Hubbard.!! 
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.!l., 1982). 

In St. Croix, on the buter she1f wh1ch beg1ns at the 

seaward base of the reef, strong wave-generated 

currents move large amounts of carbonate materia1 

offshore, primari1y during storms. Sediment transport 
1-rates of 14 - 151 kg/m yr during fair weather, are 

considerably less than the rates of 146 - 247 kg/m yr 

measured durlng storms. 

The large dlfferences 1n transport rates are 

explained by Hubbard et al. (1982) as a function of two 

processes. First, oscil1atory wave lIot10n is much more 

effective in suspend1ng bottoll sediments duri~g storms. 

Second, at a point when the waves can no longer susta1n 

the hydrau11c head resu1ting froll water being p11ed up 

against the shore by storm waves, water flows seaward 

along the botto. at velocit1es est1mated at 0.5 - 0.8 -/5. 

This latter process 15 con~1dered ta be the lIajor 

mechanisll for offshore sediment transport dur1ng storms. 
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C) l![ BARBADOS COAST 

The wlve conditions around the island. of Barbados are 

pri_arily influenced by the trade w1nds which blo. fro. 

the east. Disturbances to the nor.al conditions are 

caused by the passage of easterly waves, hurricanes, 

trop1ca 1 storms! and loca11zed squa 11 sand thunderstor.s. 

Hurricanes and tropical storms cause the .ajor 

d h turbanees to the wi nd reg i.e (Deane 1974). 

The leeward or w~st coast is protected froM the 

prevafl1ng waves gene~ated by the trade wfnds, but 15 

susceptible to daMage caused by hurricanes· in the su .. er, 

and swells dur1n~ the winter. 

1) 'layes 

Wlves generated by the trade w1nds arrive on the west 0 

coast fro. the north and south ends of the island. The 

annu al' shore wa v e ene rgy 1:s of tlfe order of 1 - 2.5 

.agn i tudes greater on the north, east, and south-east 

coasts th an on the leeward west coast (Hernlndet-Avi 1 •• 

Roberts 1974). 

Observations of w""av.e direct10n, ,he19ht, and pertod 

for nine of the twelv •• onth5 fro. April 1969 to March 

1970, were conducted i n ~eep wlter off the west coast Qf 

aarbados (Bird 11 Jl. 1979). The recurrence of *aves fro. 

the north and the south was observed to be Ipprox1.ately 

the sa.e (Btrd 11!l. 1979), although in an earl1er study 

(Richards' B1rd 1970) the pre~ailing direction of vay, 

appro.eh dur1ng a tvo-yelr period (1967 - 19&9) .1' 
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deter.1ned ta be fro. the south-west. The h1gh energy 

per10d was pr1.ar11y in the w1nter when the waves were 

froll the north. 

The outer bank reef, meanders along the west coast at 

an average distance of 400 m offshore, and. rises ta w1th1n 

9 - 10 m of the surface in some places. This bank 

refracts the i~com1ng waves (Richards Ir B1rd 1970), 

causing the direction of wave travél ta change w1th 

decreasing depth of water 50 that the crests a~e parallel 

to the depth contours (Beer 1983). 

2) Currents 

As waves shoal and break Icross the fr11'1g1ng reefs, a 

surf zone 1s created in wh1ch pil1ng of water occurs to 

produce the longshore drift (Wong 1971). The longshore 

drift diverg.es fro. the mid pOints of the corll-fringed 

headlands to meet a auch weaker and variable f10w from the 

bayheads. They COMbine to form an Oblique seaward flow at 

the edge of the reefs where the water depth changes, 

abrupt ly. This is ln exa.ple of nearshore cell 

circul,tion. Towards high t1de the pattern is c1earer 

than at 10w tide and seaward drift speeds of up to 0.3 ./5 

are recorded at the reef edges. Durtng storM conditions, 

the drift beeo.es .ore co.plex w1th gr.ater fluctuattons 

1n direction and speeds wh1ch .ay exceect 0.5 ./s 

et al. 1979). --
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3) Swe11$ 

Swells are surface gravttl waves w1th l ,erfod 0t 
Ibout ten seconds (aeer 1983). Thel are slow, ro 11 ~/~I 
waves, but close to shore are observed as break,érs. 

In aarbados, swells are Most co •• on in the winter, and are 

the result of mid-latitude d1sturbances in the North 

Atlantic. The effect of the swells on the west coast of 

,arbados is dependent on their direction of or1g1n. 

Swells arriving from the north-east strike the north-east 

coast with relat1vely little refract10n. and the west 

coast i5 sheltered froll their effects. Swells arr1ving 

froll the north spread southward "ong both the east and 

west coasts of Barbados, but are considerabll refracted in 

developing surf/along the shore (Donn .. McGu1nness 1959). 

4) Hurricane Conditions 

The Majority of Caribbean stor. tricks pass wel1 

north of Barbados, but occasionally storlls of hurrfcane 

.agnitude pass over. or close to. the 1s1and. In the 

first two centuries of "historical records (1651-1850), 

e1even hurricanes passed n'-r the 1s1and of which three 
/' 

(il" were devlstating. ......~ 

Prtor to Hurricanes Dlvid and Allen in 1979 and 1980 

respect1vely, the only hurricanes recorded in the past 

century were in 1898 and 1955 {Skeete 1963). The 

predo.tnant winds of the 1955 hurricane ca.e fro. the 

north-elst and south-east and c01ncided w1th 10w tide. 

rit. stor. plssed quick 1y and ther •• as no stor. surge. 
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The h1stor1cal records of aarbados Ind the other 

Car1bbean islands, indicate that the plsslge ,f 1 slow­

.oving ful1y deve10ped hurricane over the north end of 

Sarbados, cOllparab le to Hurri cane A 11 en, lIay produce 

surges of at least 2 metres and possib1y 4 Metres Ibove 

lIeln 1evels on the west and south-west coasts, w1th 

breaking weves considerlbly higher (B.ird !!.!l. 1979). 
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PI€'IOUS STUDIES 

StorM effects have been studied by co.paring pre- and 

post-hurricane conditions since the late 1950's, but only 

wtthin recent years have the cOMparisons been 

quantitative, in addition to descriptive. The earlfer 

stud1es 1n Jalu1t and Fun.fut1 Atoll, Guam, Belize, Texas, 

Florida, and the Bahamas were largely qualitative 

descriptions. Later work in Jamaica and the U.S. Virgin 

Islands contatned quantitative comparisons. 

A) ATOLLS 
'"'\ 

\ 

The changes produced by hurricanes on atolls have 

been documented on Jalutt Atoll 1n the Marshall Islands 

(Blumenstock et Al.1961) and on Funafuti Atoll (Maragos ~ 

.!l. 1973, Baines .. McLean 1976). 

The initial effects produced by tropical storms at 

these locations include the creation or extension of 

rubble bars, depositton of thick sheets of coral gravel, 

and scouri ng of channe 1 s. On Funafut 1 Ato 11 (8°S, 1790 E) 

after the passage of Hurricane Bebe (October 1972), a 

ra.part was formed along the southeastern seaward reef 

flat of the atoll. The rampart had the following 

dimensions: length 18 km, mean height aboye reef flat 3.5 

m, and width 37 m. Much of the debrfs origfnated from 

a submarine reef terrace situated in water depths of 10 -

20 M. The mean dia.eter of the ra.part components was 9 -
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" 
10 Cil i the larg.st stor. block had a dia.eter of 7 •• 

Most of the frlillents were poorly sorted pre-stor.. corll 

l''ubb 1 e Ind sh 1 ng l e. F 1 ve percent of the tota 1 .ass was 

der1ved froll the skeletons of recently living corals such 

as Acropora. Poc1110por., and Pav~ (Mar.gos et !le 
1973). 

On the sha 11 ow reefs ( water depth 2 - 10 Il ). the 

reef frallewort rella1ned 1nta~t, al though the reef biota 

was v1rtua11y destroyed. The survivors. ( a few colonies 

of Poe1110pora, Aeropora, and Porites. $Olle ech1nojds, and 

sM.ll patches of coral11ne reel alg.e ) were found in 

recessed areas where there had been protection froll the 

des truct ive surge and scour. 

daluit Atoll, h1t by Typhoon Ophelia in 1958. was 

surveyed short ly thereafter (B 1 uMenstoek, 1958) and 

resurveyed in 1960 by Blullenstoct .!! !l.(1961). Funafuti 

Atoll was re-exillined 1t1 B.tnes .. Melean in 1973 and 1915, 

oro n e and th 1" e e ye ars a f ter the l 9 7 2 p a,s $ age 0 f 

Hurricane Bebe. The find1ngs vere sfll11ar at both 

locations. The prillary change seen after the initial 

post-typhoon suryey was the landward .ove.ent of the 

rubb 1 e bars or ra.part. Maragos et al. (1973) and aaines --
.. Mclean (1976) speculated that the raMpart would 

eventually connect with the exist1ng island, and add to 

the atoll's land area. The gravel sheets and' scour 

channels were a150 expected to be per.anent feature$. 

The .ost notable effect of hurricanes on atolls is 

the for.at1on of ra.paTts 81" rid.es resultiftl fro. t •• 
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transport of rubble fro. offshore reefs at depths of 10 -

20 m. ta the shallow reef flat. 

B) GUAM -
A typhoon 15 lik~ly to pass over Gua. every seven 

years (Randa 11 , El dredge 1977). The effects of the ",ost 

reeent typhoon. Typhoon Pamela (1976) were recorded by 

Randlll , El dredge (1.977). and Ogg & Kos 1 ow (1978). 

The breaking of waves which normally occurs at the 

fore-reef edge of the reef-flat platform is sh1fted 

seaward into deeper water during tropical storms. Typhoon 

PaAiela produced on the reef-flat platform. new deposits of 

fresh1y broken coral transported from the reef margin and 

reef front zones, a minor redistribution of uneonsolidate~ 

deposits, and fragmentation of branehing and foliaceous 

growth forlls (Randa 11 & El dredge 1977). Typhoon-i nduced 

distribution of fragments on sandy substrltes promoted 

colonization of these unstable substrates. The few corals 

wh1eh were overturned. had been poorly attached ta the 

substrate. 

In the reef .Irgin zone. the surge channels and 

buttresses were effective 1n diss1pating wave energy. The 

effeets of the typhoon were .in1.al : break1ng of branches 

of ra.ose corals, toppling of isollted corals., and 

scouring and abrasion of the outer ends of the surge 

chlnne 1 s. 

Most d •• age •• s fo~nd ia the deeper forer •• f slope 
1 
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zones. becau~e the b10ta in this region are the 1east 

adapted ta high wave regimes. Ta a depth of 20 m coral 

branches were fragmented. 1 arge cora 1 co 1 oni es were 

toppled, and branches tram stout colonies were snapped. 

Much of the damage was caused by large colonies breaking 

off from the substrate and rolling around. 

Ogg & Kos10w (1978) described considerable beach 

erosion and deposition, and storm effects to the Guam 

reefs. The patchy nature of the damage suggests that 1t 

was caused by the 110vement of rubb1e and tree 1 imbs. 

Within a few days of Typhoon Pamela, on the east coast 

where the most damage had occurred, a bright green mat of 

ear 1 y co 1 on il i ng al g ae (Br lOpS 15. Enteromorph a) appeared. 

The green algae were succeeded by red a1gae and w1thln 18 

months the red algae had been largely replaced by newly 

recru i ted cora 1 s. 

Both studies conc 1 uded that because Guam 15 10cated 

wlth1n a storm track and 1s therefore regularly exposed ta 

typhoons. the reefs are adapted to withstand the storm 

waves and suffer on1y _ln1.al damage. 

C) BELIZE 

Hurricane Hattie, one of the __ ost severe hurricanes 

of 1961, passed over the Belize reefs on October 30 - 31. 

The are a wh1ch includes three atolls, nu.erous cay~, 

cOIsta1 lagoons, and a 130-.11e long barr1er reef. had 

been stud1ed by Stoddart fro_ 1959 - 1961, pr10r ta the 
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hurricane (Stoddart 1962). The reefs were re-surveyed 

fo11owing Hurricane Hattie, in 1962,1965, and 1972. . 
A 1962 resurvey of the barrier reef which was 

approximate1y 8.1 km north of the storm centre, determined 

that 75 - 80% of the cora 1 s had been destroyed. The 

cor a 1 s m 0 s the a vil Y dam?J..Q e d i n c 1 u d e d Ac r 0 p 0 r a ç'e r vic 0 r n i s., 

~. ~~l~!!~, ~Q~1!~! ~Q~1!~!"f· f~~~!!!, fl!QQf~r! 

!I~~~f~l!, ~!nlfl~! !!~Ql!!!, iiQ~r!!!!~! !!~1!n!, 

Eusmi 1 ia fastigiata, Faxia fragum, Isophy11astrea rigida, 

!1lcetophy11 ia 1amarckana and Agaricia agaricites. Rough1y 

100% of Acropora cervicornis and 80% of A. ~lmata were 

k ; 1 1 e d . M 0 n tas t r e a ~l a ris h a d the h i gjl est sur v i val 

rate (50%), but cora1s with similar growth forms such as 

.Q..:!..J?1 0 ria 1 a b y r i n t h i for mis , 0 • s tri 9 0 sa, Q. fIl'! 0 sa, 

Siderastrea siderea, 1.Q.lenastrea bournoni, and Porites 

astreoides, also had better surviva1 rates than the more 

fragile branching corals. Surviva1 of the massive, 

slower-growing species and destruction ~f fragile, 

rapidly-growing corals also occurred at Low Isles, Great 

Barrier Reef, with the passage of a cyclone (Stephenson et 

!le 1958), and in Puerto Rico, with Hurricane Edith (G1ynn 

ll.!l. 1965). 

The re-survey of 1965 (Stoddart 1969, 1971) 

indicated that very litt1e reco1onization had occurred. In 

a region extending at least 24 km north and 19 km south of 

the storm track, the on1y corals found a1ive ( Montastrea 

~Iaris, Siderastrea sp., ~loria sp.t apd Acropora 

~lmata ) were those which had surv1ved the hurricane • 
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Recolonization was 1imited to sparse1y scattered Aeropora 

palmata, Mi11epora, and minor non-frame building corals: 

Agaricia sp., Hanicina .!.!.lilata. Porites astreoides. 

Eusmilia fastl~lat~. and ~~~!!Q~~~lli~ l!~~!f~~n!. 

Ac ropor a cer vi corn i s was st i 11 rare or absen t. The rubb 1 e 
.. 

and dead cora l heads were covered with Padina. Hali.eda 

and other algae. Sponges and gorgonians were recovering 

more rapidly than the corals. 

8y 1972 addltional recovery had taken place. but 

despite the fact that 10 years had passed sinee the 

hurricane there were sti 11 .ide areas devoid of living 

coral. Pieces of massive corals were scattered over the 

reef surface and fields of flnger-sized Porites and 

Acropora debris remained where they had been felled. 

Acropora cervicornis was more widespread than in 1965 but 

still relative1y scarce. In contrast ta the other 

co r al s. Acrop ara 1!..!1!!!.! wa s mak; n g a good rec~o ver y and 

many new colonies ranging in height from a few centilletres 

to one lDetre were growing on coral skeletons (Stoddart 

1974). 

The .aJor effects of hurricanes on the Bel ize reefs 

are 1) rello val of 1 ive cora 1 s over severa 1 kil o.etres of 

reef. 2} selective destruction of fa5t-grow1ng branching 

species over a lIore extensive area, 3~ interruption of 

ac t iv e reef growth for an undetermi ned per i ad of t ime, and 

4) generation of large a.ount5 of coarse sedillents which 

accullu 1 ate on the reef f 1 ats and in the sedi.ent aprons at 
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the foot of reef s 1 ope s. 

Stoddart observed that recovery of reefs which have 

suff e red ma ss ive damage takes more than 10 years, al though 

reefs which have only been subjected to moderate damage 

wi 11 recover ln 1 ess than a decade. 

0) TEXAS 

The area around centra 1 Padre Is 1 and, Texas, was hi t 

byan intense hurricane, Car la, in September 1961, and a 

mue h we a k e r h u r r i ca ne, C l n d y, i n Sep t e .. 1> e r 1 963. H a y es 

(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 Orleans 

Hurr i cane Centre (U.S. Weather Bureau). as one of the 

1argest, 1II0st intense, and .ost destructive hurricanes 

ever to strike the U.S. Gu lf Coast. Rock fragMents, 

macro-invertebrates, and coral blacks were transported 

froll depths of 15 - 24 '" and thrown onto the beach. 

Followtng the passage of the stor_, densi ty currents 

spread a 1 a1er of sand over a prey ious 1 y ho.ogeneous .ud 

bot t~. in depths of 14 - 18 ., and depos ited a turb i di te 

further out on the she 1 f. 

A hurricane beach r1dge .as for.ed on the barrier 

i 51 and COMp 1 ex. Coarse she 1 1 s and sand, were depos i ted 

as hurricane beach deposits. Other stor. effects included 

deposition and burial of Sargassu. spp. seaweed and 

cutt i ng back of foredunes by 30.5.. As .any as four of 
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the environ.enta1 asselRblages described by Parker (1960) 

in his study of the ecology and distributional patterns of 

marine macro-invertebrates of the northern Gulf of Mexico, 

were mi xed together in hurricane beach sediments. 

Hurricane Cindy, with maximum winds of on1y 128 km/h 

was a weak hurricane. Its major effect was the deposi tion 

of a swash bar oyer the contact between the Hurricane 

Carla beach and the forebeach zone. In April 1964, 1ess 

than a year after Hurricane Cindy, no evidence of the 

swash bar rema i ned. 

Hayes (1967) conc 1 uded trom hi s study of the effects 

of Hurricane Carla and Cindy that hurricanes cause Much 

.ixing of faunal asse.blages. are illportant sediMent 

.overs. and disrupt nor .. al sedimentAry processes. Mi 1d .. 

storll sedi.ents are not as COMmon in the rock record as 

those forlled during .a~or stor.S or during nor.al 

conditions. Hayes a1so noted the slIlilarity between 

quantum theor y and energy exp end Hu re 1 n nearshore mar i ne 

environ.ents. QuantulI' theory accounts for the stabi lit Y 

of the atoll on the pre.i se that in rad ht 1 on the energy of 

electrons 1s discharged not continuously but 

lnter.ittent ly in discrete •• ou·nts or quanta. Energy in 

nearshore sedi.entary env 1ronMents se.lls to be expended 1n 

a simi1ar manner i.e. within short ti.e interva1s that are 

separated by long periods of re1ative cal •• 
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E) SOUTH HOR 1 DA 

Hurricane Donna crossed south Floride September 9-

10. 1960 and was cOllparab 1 e 1 n sever ity to the -labor Day 

S t 0 r m - 0 f 1 9,35, pre v i 0 U s 1 y the st r 0 n g est 0 f F 1 0 r 1 d ais 

recorded hurr i canes. 

Post-Donna conditions were examined by Ba11 ~t !l. 

(1967). Pre-Donna conditions were determined from 

photographs. cores, maps. and bottom markers lIIade 

avaiL·able by the_ Shel1 Oevelopment Company ta the 
1 ~ 

; ny~st i gators. 

On the seaward reefs of the Florida reef tract, 

massT ve he ad cora 1 s were the lIoSt s torll-res htant. Cora 1 

colonies which had branches leaning away froll the 

1ncolling waves suffered less damage than those colonies 

with branches oriented in other directions. Boulder 

pavements were for.ed froll freshly broken coral rubble. 

Rubb 1 e and sand were transported shoreward. 

The patch reefs located in the inner portions of the 

reef tract were 1 ess affected than the outs t de reefs. 

although there was lIIuch variability in the degree of 

dallage. The predo.tnance of .ass1 ve cora 1 for.s and the 

relat1vely protected position of the reefs were factors 

probably respons1ble for the sparse da.age to the patch 

reefs. The variation in damage lIay have been due to 

different distances of the patch reefs fro. the protection 

of a se award reef. and ta dt fferent water depths over the 

patch reefs. 
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In Florida Bay. deposition 'of sand over .udbanks took 

place in the t i da 1 passes between the Keys. The 1 agoon5 

and 11 near mudbank 5 suffered some eros i on. but the gelnera' 

topography remained unchanged. Extensive layers of lIud 

and marine grass were depos1ted in suprat1dal 

en vi ,-onments. A sma 11 i s land. Sandy Key, was breached by 

st..rm currents, and a cross-bedded spi llover lobe of 

5 k e 1 et a 1 san d 2 l 3 m 1 0 n g. 9 1 m w ide and 2 m th i c k for. e d. 

F) FLORIDA - BAHAMAS REGION 

Fi ve years after the passage of Hurricane Donna over 

the F 1 or i da Keys, Hurricane Betsy swept by with cOllparab le 

intensity over the sa-e area. 

On the reef tract. Hurricane Betsy acted upon a biota 

who,e 1ess resistant elements had been re.oved by 

Hurr i cane Donna. However damage at tr i buted ta Hurr 1 cane 

Betsy i nc 1 uded uprooted and overtur'ned Acropora pal.ata. 

fragmentation and redistribution of !. cer!1corn1s. and 

truncation of Mil1epora co.planata. Little damage ta head 

cora1s was observed (Perkins .. Enos. 1968). Even less 

da.age was observed on the patch reefs. A fe. coral heads 

were overturned and sea fans uprooted. 

Hurr i cane Donna produced .ore rubb 1 e than Hurr1 cane 

Betsy and caused large-sca1e .ove.ent of sand. The 

extensive supratidal sedimentation wh1ch occurred dur1ng 
~ 

Hurricane Donna was al.ost nonexistent during Hurricane 

Betsy. Paucity of 100se sedi.ent and .eagre 

recolonization of corals li.1ted the •• ount of •• t.ri.l 
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available for rubble and redistribution. Perkins" Enos 

(1968) suggested that locally. seéli.ents depos1ted by 

Hurriclne Donna would be recorded in the sedi.entary 

record, but l1tt1e evidence of Hurricane Betsy would 

G) JAMAICA 

In addition to Sarbados, J •• aic. was .1so severely 

affected by Hurricane Allen. W1nds were Ipproximately 110 

k_'h It Discovery Bayon the north coast of Jallaica. The 

eff ec ts on the nea rby reefs we~d~~ cr i bed by Wood 1 ey 

(1980) and Woodley et .!.l. (1981). 

The dominant corll 1n,the sha110w (0 - 5 .) reef 

zone, Acropora pal.ltl, WIS devastlted. Da.lge WIS causad 

by v101ently-.ov1ng wate,r, ro111ng corals, susp*ended 

frag.ents, and scouring sind. Hurricane effects were 

visible to a depth of 50 .etres, but dissip.tion of wave 

1_pact depended on, in addition to depth, aspects of the 

local reef profile such as slope and shelf wfdth. Dallage 

decreased w1th 1ncrelsed depth in al1 cora15. The 

dens1t1es of D1ade •• Int111lru_ in
t

shll10w Ireas were 

.ore sharply reduced thln in deeper ar.IS. At a depth of 

11 1 Ir!- per .etre squlred 
-:::::::" 

was reduced fro. '.3 to 0.1, at 8 .etres fro. 13.3 to 6.1. 

and at 10 .etres the dens 1tl dropped fro. 6.3 to 3.8 R­
ant 111aru.,.2. 

The llIOunt Ind type of da •• ge to SISS t ,. organ 1 s.s 
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.IS dependent on the1r shapes. shes. and .echanic.l 

propert1es. O •••• ' to gorgoni.ns. corll S. Ind sponges 'las 

caused by the abrasion. bur1al. and telr 1 ng or fraèt'ure of 

tissue and skeleton. The subsequent lIortality of the 

organ1sms ranged fro. partial in casës where damage was 

m1n1l1al. to cOlllplete lIortal 1ty where dl"age was extensive. 

The relat1onsh1p between coral growth forms and 

susceptibi 1 1ty to damage was i l1ustrated. At a depth of' 6 

metres. pl anar l i v 1 ng areas of branch i ng Acropora sp. were 

reduced by up ta 991, colonies of fol i aceous and 

encrust1ng Agarich agaricites were reduced by 231, and 

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

fil et r es, Ac r 0 e 0 r a ll!.Y i e 0 r n i 5 W a s .. r e duc e d t 0 401 0 fit s 

1977 coverage, a 1most all colonies had broken Iway from 

the substrate. and max imum transport of 11 ve fragments was 

6 metres. Only 21 of encrust1ng colonies of Agar1e1a 

aSlricites had become detlched ( Woo'd1ey et al., 1981). 

Surv1va1 of Aeropora sp. fra,gments w.as very poor. 

Only 4 of 254~. f.!!.vicornis fragments tagged nfne days 

after thè hurricane were alive five months 1ater. Of 

fifty-four fragments of a. pa 1111ata tagged at depths of 2. 

4, Ind 6 Metres w1th1n four weeks of the hurricane, only 

281 were al1ve after sixteen weeks. The survivors had had 

s1gn1f1clnt ly larger arelS of live tissue than those that 

died. 

Large •• ounts of substratum were exposed 1»y abrasion. 

eros1on, fracture. and death. and vere suitlbl. for 

reco1on1zat1on. At. depth of 16 -etres, a 100-.2 plot 
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assJssed in 1976 .s 13S bare or eovered wtth filalt.ntous 

algie, was re-I s sessed as 37.51 bare- s 1x weeks after 

Hurricane Allen. WoodleY!!.!.l1 (1981) bel1ev. that the 

almost total mortality of the slowly sexually recruittng 

A c r 0 p 0 r il a.!:.! 1 e 0 r n 15 wh 1 chi s a 9 00 d spa cee 0 Il pet 1t 0 r 

under usua1 wave condi t ions found at Discovery Bay shou 1 d 
, 

f Ivor the growth and recru1 tillent of the hard 1 er t 10nger-

lhed Montastrea annular1s and .ore fetund Agariela 

agar1c1tes which surv1ved the stor •. Areas exposed to 

strong wave forces may therefore beeo.e do.inated by 
IIIISS 1 ye and encru st 1 ng or fo 11 aceou s cora 1 s. 

H} U.S. VIlSIN ISLANDS -
Hurricanes David (1979). Frederic (1-979). and" l1en 

(1980) passed close to the U.S. V1rgin Islands. Of the 

three hurricanes, David,. aceo.pan1ed by heavy s •• l1s 

caused the .. ost da.age in this area. 

Rogers.!! li- (1982) exall1ning ~he effects fn St. 

Croix of Hurricanes Dav id and Frederic, found aueh of the 

do.1nant stla110w water reef coral, AcroRor. R!laltl. 

overturned. and seg •• nts of !~ c,rvtcorn1s. !!! 1 ,pora 

co.p 1.natl, and Oendroura çy 1 indrus topp led or se.tter.d 
, 

over the re.f. On the lIort" COlst. da •••• w •• heay" but 

,atchy. Pre-hurricane data were a".11able for the south 

shore forereefs of Rob t n aa". The structural co.p lextty 

of the reefs WIS deter.f ned b" the fo 11 0., 1 ng procedure: A 

div .... stretc"ed. 10-. 1 in. just .... ov. t ... r •• fJ bott. of 
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each transect" then .xtended a chlin below this 11fte 
\ 

~Ol,lo.'ng the contours o~ the reef. The ratio of the 

nu.ber of .etres of chai n ~o the nu.ber of .etres of 11ne 
1 

giyes an index of rertf topography or structural 

co.plexity. 8y co.par1n9 thfs index before and after the 

hurricane, the change in structural co.plexity .as 

evaluated. The structural cOMplexity of the Robin Bay 

reef decreased unffor.ly indicat1ng the unffor.'ty of 
\ 
\ 

'" 
destruct ion at tha t si te. 

The suryey was done approxi.ately one .onth after 

the hurricanes, and the percentag~ of liye A. pal.lta WIS 

the sa.e as before the hurricanes bec.use the broken 
( 

branches .ere still al f ye. 

On the north coast. the .ean nuaber of broleen A. 
lal.ata branches per aetr. squlred dlcre.sed .1th depth. 

E1ght llbeled!. pal.lt. frlg.ents .~. exa.1ned th1rt •• n 

.onths If ter the stor.s for fnvertebrate colon1zers. A 

totll of 61 tua were foun,d fro. the, f'O 1 10.' ng groups: 

fora.1 n 1fera, sponges, po lychaetes. tun 1 cat.s. bryozolns. 

and 50 •• hydrotds, corals, and oth.r cnidlria. Of th. 

settled scler.ct1n1'ft colonies, 841 .,r. AI.riçfa spp., 

121 Porit,s sPp., and 41 F.v1a spp. 

Hurr1càn. DIY id r.su1 t.d in a d.cr.as. ,. th .... unt 
o 

of 11 v. cora 1 Ind an 1 ncre.s. in th. I.ount of rultb 1. on 

the reefs of St. Tho •• s Ind St. Croix (Rog~rs!! !le 
1983). No significlnt chlng.s •• r. r.cord.d in the .'1" 
p.rcent cover of the aost Ibunde .. t coral sp.cies, totll 
... 
nu.lt.r of corll sp.ctes .ith1n trlnsacts, dtv.rs1t, 
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indfces or eveness. Rogers!!!l. (1983) co ne lude fro. 

the results that coral Mortality was not species speGtffc. 

1) MISCElLANEOUS EFFECTS 

In Iddition to the papers cited Aboye which deal 

501~ly with hurrfcane effects. several stud1es refer 

briefly to the topie. 

Bak & Luckhurst (1980) workfng fn Curailo. found More 

spatial change in quadrats at 10 and 20 .etre depths. than 

in deeper quadrats It 30 and 40 Metres. This difference 

they attributed partfal1y to the influence of storMs. 

Mortalfty of large coral colonies was h1ghest in the 

shillower zones where pllys1c.l and biological d1sturblnces 

were .ore pronouneed. Mortllity .as 10~er in More 

constant env1ron.ents ( f.e. deeper wlter). although in 
... 

Puerto Rico Luckhurst observed extensive da.age to beds of 

Aeroporl cervfcor"fs It 1 depth of ZI .atres fol10wtng the 
;; 

plssage of Hurricane Dav id. 

After the f 100d rl1ns and extens f va fresb wlter 

runoff of Hurriclne Flora. 60rllu (19&.) obser,ed 

bleaching ef Sel.rletinil. !!l1I,ora. Zc~hfdea. and 

AcUnflr1a. He concluded that the bleacllfng ·und.r tllese 

circu.stlnclS WIS due ~o contact .fth 10w-sa11n1ty surflce 

wlter. Iltllou9h th1s phano.enl had 11so been obser,ed 

under natural, non-Itrassed conditions at depths bila. 

30 •• trls;b7 60r.au. Jaap (1979) obser.ad discoloured 

colonies of "f! lel,r, cO.lltPlta. AsroRor, Rll •• t •• 
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Nontastrea annullr15, and Palythol spp. on the reef ',at5 
• 

at Middle Sa.bo Reef. Florida Keys. He believed that the 

expulsion of the endosy.b10t1c algae. !..r..n~uU.!!iJ!! 

.1croadr1at1cu., resulting in the d1scolourat10n or 

bleaching , was caused by ther.al stress. 

1 have also obs8J.' .. ved exa.ples of De.!!J!roSZ!! 

cylindrus in a bleached, but otherwise healthy state, off 

the west coast of Barbados in IpproxiMately 9.2 • of 

water. On two subsequent dives, IpproxiMately two weeks 

apart, 50ae of the bleached coral colonies had regained 

their nor.al color, so.e were aottled, and other::s had 

beeoae b leached. 

A sia11ar sitUAtion teraed ·polyp bail-out· oeeurs on 

the 8reat Barrier Reef. The part1al or total spott1ng of 

colonies and the aetua1 dissociation of polyps WIS 

observed in the cora 1 Ser1atopor. hxstrix Danl. (Sa_arco 

19B1e) suggested that polyp bail-out fs an escape response 

to 50 .. u"known environ .. nt.1 stress and a fora of Ise.u.l 

reproduction. 

The d 1 r e ct ion 0' h ur r 1 ca n e s 0" the we ste r n t i da 1 

f lats of Andros 1 s land are tnown froa the presence of 
• 
hurricane ·tr.11s· (lourroui1h-LI, .1982). The "urricanl 

-trl11s· have an elongated and el1tpt1c Shape rang1ng 'rD. 

200 - 300 • wide, and 1 .. 5 ka long_ They Ire an 

accuaulltion of th1ck layers of Iragonit1c aud aore or 

tess doloait1zed, a1ternat1ng vith stroa.tol1t1c crusts, 

p-iso1d llyers •• ntraclast llyers, or strO.lto11t1c thin 

1 .. fnat1ons ,it_ .a.,ro •• 1.av.s. 
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Gu 1 f Coast cores show that .ajor hu,rr i Cines produced 

ex t e n 5 1 v e 5 ft'e 1 1 1 1.1 ers i n 1 a g 00 n ale n v i r 0 n ae n t s • • n d 

graded beds on the inner continental she1f ("ua.edal 

1982). These diagnostic units. and dat1ng by radio­

isotopic aethods of the core sedi.ents are extending our 

knowledge of hurricane chronol09Y. 

A study of the population dynlaics of the reef fish. 

the redlip blenny. Ophioblennius atlantlcus. on the 

Bellairs and nearby trlng1ng reefs (labelle. 1982) 

included the period when Hurricane Allen h1t the lsland of 

Blrbados. 

Many species of lnshore fish still behaved abnor.al1y 

a weelc If ter the hurricane. Territorial f1sh were re­

estab11shing their territorial boundaries or acquiring the 

terrltories of f15h lost 1n the hurric.ne. Many fish h.d 

severe cuts on their bodies or were e.p.led with sea 

urchin spines. Unus .... l1y large nu.bers of .oray eels .nd 

other predators were observed. 

The redtip blennies population was abnorailly sa.ll 

in the ear1y p.rt of 1981. The .ctu.1 aechanis. by wh1ch 

the popu lit ion WIS drast i call y reduced i s not known, 

although there are several possib111ties : 

1) the pool of llrvae Ivaillblt for recru1t.ent .as washed 

aWly 

2) dl •• ge ta the reef resulted 1n loss of shelters 

3)·sandb1astlng- clused eli.ination of the food supply 

(corl11ifte red Ilga. and other 11g.e). 
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The redlip blenny population was able to withstand the 

high 1evels of mortality and regained its original 

abundance after a few lIonths. 

52 

\ 



CHAPTER 5 

STUDY AREA 

53 

------



STUDY AREA 

This study was conducted from 

Caribbean island of Barbados which is 

13 0 N and 10ng1tude 59 0 30 

approxlmate1y 161 km east of the 

the south-eastern 

located at latitude 

W. Barbados 15 

chain of islands 

comprislng the lesser Antllles, and 322 km northeast of 

Trlnldad (Flg. 6). 

The ls1and of Barbados 1S the only emergent portion 

of the Barbados rldge WhlCh curves northeast from the 

broad Venezue 1 an shelf to Barbados and then extends 

northwest untl1 1t termlnates northeast of Guadeloupe 

( 0 f f 1 ce r ~ !l. 1 9 5 9 ) . Bar b a dos 1 S b 0 und e d b Y ste e p s e a -

floor slopes that to the east grade lnto an abyssal plain 

of the At 1 ant1c Bas1n at a depth of 4,575 m • and to the 

west, descend 2,562 m lnto the Tobago Trough (U.S. Navy 

Hydrographlc Off1ce 1964). 

A) REGIONAL GEOLOGY 

Barbados lies west of a subduction zone whose trench 

has been fi lled by the del taie sediments of the Orinoco 

Ri ver system. The intensely deformed ear 1y Cenozoic 

sediments of the east side of the ls1and are part of an 

accretionary prism, and the Tobago Trough between Barbados 

and the Lesser Anti 11es volcanic arc represents a fore-arc 

basin (James ll.!.l. 1977). 

Barbados occurs at the structural high, the thickest 

and prGbably oldest part of the accretionary prfsm. 



Flg. 6. Barbados and the southeastern Caribbean region 
(From 8arbados Preliminary Atlas). 
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and probably oldest part of the accretionary prisme 

Geophysieal studies indicate that the prism 1s composed of 

deformed sedimentary roeks that attain a structural 

thickness of at least 20 km near the foreare basin 

boundary and wedge out to the east over a distance of 300 

km (Westbrook 1975). 

Barbados may be considered to be composed pdllari ly 

of three layers (Speed 1979, 1981, Speed .. Larue 1982): 

1) an upper 1 ayer of autochthonous Pleistocene reefs 

(Mesollela et.!!. 1970) that cover al1 but approxillately 

50 km of the i s 1 and' s 430 kil! 

2) an intermediate zone of one or more nappes of ear1y 

Eocene - midd1e Miocerfe pelagie rocks, whieh are thought 

to be al1octhonous fore.re basin deposits. 

3) a bas al comp 1 ex of defor.ed 1 ayered rock s of probab 1 e 

accretionary origine 

The extensive accretionary pris. of the Lesser 

Ant; lles forearc is underthrust by the relative1y west­

mov;ng Atlantic lithosphere. This aet1v1ty was 

responstble for the gradua1 teeton;e uplift of Barbados 

and the intense deforllation of the ear1y Cenozoic 

sedi.ents. Throughout the Pleistocene, the re1at1ve1y 

slow upltft of the 15land continued while 'r1ng1ng reefs 

developed during eustatic h1gh stands of sea 1evel 

(Meso1e11. et!.l. 1969. 1970). The Pleistocene reefs for. 

the not i ceab l y terraced topography of Barbados. In 1B91, 

Jukes-Brown and Hlrrison, correctly 1dent1f1ed the 

terraces 15 foss11 cor.1 reefs. It "ad earl1er been 
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thought that the terraces hld been for.ed by wlve-cutting. 

Absol ute dating of the reefs 1ndicates 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 .!.l. 1971),82,000 , 105,000 and 125.000 B.P. A 

higher elevation series formed between 170,000 and 230,000 

B.P. (Mesole11a et .!l. 1969). In addition. work by B-ender 

li.!.l. (1972) indicates that sOlIIe reef tracts may be more 

than 700,000 years 01 d. 

B) sryOY SITE 

Research was based at the 8e1 la1rs Research Institute 

of McG111 University. The institute 1s 10clted Just north 

of Holetow" on the west or leeward coast of the island of 

Barbados (Fig. 7). 

The west coast is dotted w1th fring1ng reefs wh1ch 

ex tend mos t COllltlon 1 y froll the head 1 ands. 1" front of the 

research institute are two fr1ng1ng reefs : the northern 

and southern BeIlairs frlnging reefs (Fig. 8). The reefs 

are growing on a gentl, 510p1ng shelf wh1ch extends fro. 

the beach 1nto water of 10 • depth It Ipproxt.ately 300 • 

fro. shore. Beyond the she 1 f. the sea f 100r gradually 

deepens to for. a narrow trough wfth a depth of 20.. A 

bank reef l1es seaward of this trough. Situated between 

the seaward edge of the she l f and the blnlc reef Ire 

several depress10ns of •• axi.u. depth of 14 •• wh1ch Ire 

thought to represent s1nlcholes wh1ch for.ad whln sel llvll 
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Fig. 7. Barbados - location of research area. 
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Fig. 8. The Bellairs fr1ng1ng reefs. 
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was lower. The depressions are currently being 

1nvestigated (T. Ortiz, in prep.). 

1) Reef Description 

The northern Be11airs fr1nging reef 1s approximately 

200 m x 150 m. Water depth ranges from an 1nshore depth 

of one metre ta 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!l. (1977). The terllS 

used in the latter paper are ad~pted in the description 

that follows (Fig. 9). 

The 5wash!.ill, comparab 1 e to lew i s' reef f 1 at zone, 

is the innermost region of the reef. Its width i5 20 - 30 

m and its depth at 10w tide ranges from 0 - 1 AI. Since 

the waves commonly break in this zone, the substrate is 

cOMposed pri.arily of mobile sand and dead coral rock. 

The crest ~ (Lewis' Q121or1a - !!llthoa zone) 

extends approxl.ltely 40 • fro. the sWlsh zone. An 

Irregular surface t co.posed of coralline algae-encrusted 

coral skeletons is the predo.inlnt substrate and is at an 

average depth of one .etre. There are fe. corals (s.all 

nu.bers of Pori tes 2or1tes Ind Porites astreoide,) but 

Fa,ta fralu. attatns its hlg_est repr~sentation w1thin 
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Ftg. 9. Ecologicil zonation on the Belllirs 'ringtng 
reefs (Fro. Stearn !!!l. 1977). 

Key to ecolog1cIl zones 

a. Swash 
b. Crest 
c. Coa1esced spurs 
d. S,urs And ,rooves 
e. Por1tes por1tes 
,. sand 
1. rubble 
h. Madrlcil .irabi1tl 
t •• yr,Jor, c.rvfcornis 
J •• P 1 Ir cora' 
k aanlt ree' 
1. Plat y coral 
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The coalesced !2!! zone or reef crest zone of Lewis, 

is a region of diverse corals ( Porites ,eorites, Porites 

astreoides, Agaric;a agaricHes. Montastrea .!!!.!!...!!laris, 

Montastrea cavernosa, Siderastrea siderea. Favia fragum, 

Millepora squarrosa. Millepora complanata. and Ma'dracis 
\ 

mirabills) at a depth of 1- 2 m. Irregular sand areas 

at depths of 2 m occur between the coral-covered coalesced 

spurs. Cora l s represent approx imate 1 y 50 ,; of the hard 

substrate wHh coralline red algae and coral skeletons 

mak lng up the remainder. 

The.!.l!..!!! and groove zone (seaward slope, Lewis 1960) 

is the zone wt'tere Porites eorites is most prominent. 

Other cora 1 s tha! are we l1-represented are Pori tes 

astre01des. Montastrea .!!!.!!...!!laris. ~ontastrea cavernosa. 

~~~Llfl~ !~~Llfl1~~. ~~~!!Si~ !l~abill!. ~illepora 

f.~.!.21 !~~ll, and ~ 111 !.2.~!.! !.9.J!!!.~.!! . This region 

represents the seaward face of the fringing reefs. 

In additlon to these zones. Stearn et a 1. - -- (1977) 

described a Porites porites bank zone which was found only 

on the southern ,ide of the southern Bel lairs fringing 

reef in approxi.ately 3 .. etres of water and is not present 

1 n the s tudy arel. 

This zonltion lIay st111 be applied to the norther"t., 

Bellairs fringing reef although in the survey fol10wlng 

the pas s age 0 f _~ H u r r 1 c a n e A 1 1 en, the dive r s 1 t Y 0 f t hL.., 

cora l s and part i cu l ar l y the abundance of Por i tes por 1 tes 

has been drastlcally reduced. 
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NfTHODS 

Ste a r n ~ !J... ( 1 9 7 7) sur vey e d the no r the r n Bella 1 r s 

frlnglng reef ln 1974, ln order to determlne the carbonate 

budget of the reef. ThlS survey al1 owed a comparlson to 

"' be made of the state of the reef, before and after, 

Hurricane Allen. 

A) FIELD METHOOS 

SCUBA (Self Contained Underwater Breathlng Apparatus) 

was used to carry out the field work. 

1) Line Transects 

Six 1ine transects were 1ald out on the northern 

Be11airs fringing reef to correspond as close1y as 

possible to those surveyed ln 1974 (Fig. 10). The 

location of these transects was determined from close 

examlnation of an alr photo showlng the transec.ts on the 

reef ln 1974. characteristic reef morphology and compass 

bearings. The three longest transects. passing through 

the northern, central, and southern portions of the reef. 

ex tended from near - shore to the seawa rd lobes. The ot her 

transects. each eut perpendicularly through one of the 

longer transects. and were therefore roughly paralle1 to 

shore. 

A rope, marked at one-metre intervals, was stretched 

a10ng the contours of the reef. Nai1s, painted bright 

orange for easier v1s1bi11ty. were ha •• ered into the reef 
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F1g.10. Aerlal photo of the northern 8ellairs 
fringing reef. showing location of 
transect lines and ellipses. 
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at the points correspondlng to the .etre .arts on the 

rope. 

The data were recorded by 5w1 •• 1ng over the transect 

llne w1th a half-metre rod in hand. This rod. lIarked at 

10 cm intervals, was placed at each na1'l, along the 

transect 11 ne. The substrate type direct ly adjacent to 

each mark was then recorded for the initial 50 Cil of each 

metre ; that 1s. five readings were taken in each metre 

interva1. The types of substrate encountered inc l uded : 

rock. rubble. sand. coralline red algae ( CRA ). Porites 

a s t r e 0 1 des, p 0 r ; tes 2 0 rit es. .!!!l 1 e p 0 ras p .• S ide ras t r e a 

siderea, Montastrea .!.!!..!!l!laris, Montastrea cavernosa. 

Agaricia agaricites, Madracis mirabilis, Fav;a fraguM. and 

Pal y t h 0 a m am mil 1.Q.ll. The methods used for the 1 ine 

transects w·ere a duplication of those used by Scoffin and 

Martindale, and described in Stearn et a1.(1977). 

Water depth was measured by stretching a ca1ibrated 

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 Nikonos II 

camera and an Ocean;c or Sekonic undei"water 1 ight meter. 

~) Diade.a ant111arua Population Density 

To est imate the number of Dj.adema anti 11.!!..!!!!!. on the 
. 

reef, a continuous recording method was used. The diver 

swam over the transect 1 ine. A one-metre rod, was carried 

ln one hand, with half a metre extending on e4ch s1de of 
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the tr ansec t 11 ne. E I..frlt t i.e a j!. ant 11laru. was f ound 

beneath the rad, 1t was reg1stered in a plastic digital 

counter held in the other hand. Population dens1ty w.s 

expressed as the nu.ber of ind1viduals per square .etre of 

reef surflce, calculated fro. the known length of the 

transect l1ne and the total nu.ber of individuals counted. 

3) Rubble Anal,rs1s 

~sa.ples of rubble were rando.ly collected. usually 

'ra. an area adjacent ta a transect l1ne. Rubble wa5 

scooped up and depas 1 ted 1 n a 1 abe 1 ed pl as t 1 c bag. 

ln the lab, each bag of rubble was e.pt1ed 1nto 1 • 

labeled glass dish and left to soak in a lOS solutton of 

household bleach for approxt.ately 24 hours. After the 

s •• ple was r1nsed w1th fresh water. it was placed tn an 

oven until drying was completed. 

After the sallp 1 es were coo l ed. they were sorted i nto 

the var10us const1tuents compos1ng the rubble 1 .... !. 

porites, !. ll.!:,v1cornis, etc. The number of fragments, 

s1ze range, and degree of alteration, were recorded for 

each samp1e before they were p1aced in a plastic bag, 

we1ghed. and labeled. 

4) Montastrea annularis Growth Bands 

Heads of ,M. annularts were col1ected from the reef,· 

~. rinsed, and then bleached tn a lOS solution of househo1d 

bleach. 

A d1a.and - b·laded SIW in the Deplrt •• nt of , 
'.ologtcll Sciences at Me;111 University •• as used to 
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s11ce the coral heads. Along the growth axis, 1nto slabs 

0.5 - 0.7 c- thick. These s 1 abs were then x-rayed wl th a 

Picker Industrtal Minishot II lnstru.ent and Kodak 

1 n dus t r e x A A 2 fil III. Exp 0 sur e t 1.e wa S 7.5 sec 0 n d s a t 

40 - 50 kilovolts. 

5) Por1tes porites Sreaking Points 

An approxf.ate .easure of the force requ1red to 

break a branch of f.. parites wu deter.ined by using a 

simple spr1ng balance. The !Iode 1 used was a Mariner f1sh 

we1gh1ng scale with a maximum capaeity of 7.25 kg . 

The hook WIS rep 1 aced wl th a f 1 ne, 100ped cord. The 

loop was placed around a branch of P. parites and a 

pulling force was appl1ed. At the moment of branch 

breakage, the force (we1ght) was recor.ded. The$e 

measurements were done underwater in.-situ, and 1n the 

1 aboratory. 

B) .;..;.;ME;;...;.T.;.;.H.;;..;OD~S _OF MI! ANAL YS l S 

Substrate data co11ected a10ng the six transect 1 ines 

were compared to the raw data of the 1974 surYey. T. 

Scoffin gracious1y supp1ied the 1974 data. For purposes 

of stathtical analysis, he dfvided the reef 1nto six 

equa1-area e11ipses.whose boundaries approximated the 

zonation of the reef (Fig. 10). The boundar1es of these 

e 11 i pse s were not ~_l,ear 1 y def i ned ; n the trin sect counts 

supp1ied by Scoffin, but divisions 1n tbe data ii1ade.1t 
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possible to redefine the boundaries of the ellipses on the 

re-suryey.d transects. The totll nu.bers of substrate 

counts w1 th1 n each e 111 pse of the re-suryey closelY approx1l11tes 

those of the original suryey. 

1) !!:!.: .!H Post-Hurr1cane Re.f Coverag. 

The chi-square test .as chosen to test the 

s11n1ficance of the reef changes because the test 

d.ter.1 nes whether or not the dt fferenc. between two, 

preportions 1s stgn1fieant (S1.pson li ..!l. 1960). The 

.ost co_only used s1gnificlnee level ts 0.05. There 15 

on 11 one degree of freedo. 1n a 2 x 2 cont1ngency tab 1 •• 

The contingency t,Jble 15 set up as fol10ws: 

Substrate ln!!. 

Pre-hurr 1 cane survey 

Post-hurr1cane suryey 

Totals 

NI • a + b 
N2 • c + d 
N -.+b+c+d 

Presen,t 

a 

c 

a + C 

Absent 

b 

d 

b + d 

The formula used to deter:omine the yalue of ch1-square 15 : 

x2 - "lad - be) - "/2) 2 . 
a + b)(c + dHa + c)(b + d) 

The null hypothesis 15 that there 15 no difference 1n­

the reef before and after' the hurricanes. A va 1 ue of ch1-

square will be greater than 3.84 for. f1 ve per cent of th. 

tr 1al s. and will axce.d 6.63 for one per cent of th. 

trials. As 0.05 11 ,lM , ••• 1 of s-tlnifie.ace •• ..,t ... ltert. 
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1 f a val ue of ch f -square gre4 te r thln or equal ta l.84 15 

ca 1 cu la ted, then the nu 1 1 hypot hes 1 s 15 rejected and the 

reef i scons i dered si gn 1 fi cant 1 y changed. 

2) Cora 1 Cover age ill Rank 

The change in coverage of e4ch spectes was der1ved 

by the follow1ng forlllula , using Porites parites as an 

examp 1 e 

100 1 - x 100 1 

Ta deterM1ne, if the speties had changed in terliS of 

co verage rank. the tota 1 nUllber of counts per spec 1 es wert , ' 

, 
div ided I)y the tota 1 nUMber of a 11 cora 1 counts. This was 

done for both pre- and post- hurricane cora 1 counts. The 

coral ranking obtatned indicated whether the dominant 

species prior ta the hurricane had persisted, or had been 

rep1aced by a new or new dominant species. 

3) DiversHy Indices 

ThJ! Shannon" Weaver, and Simpson coral diverstty 

values of the six equal-area ellipses of the study reef 

were compared before and afte"r the hurricane. 

a) Sbannon! Weaver's D1v,rstty Index - The point method 

of l1ne traRsects 15 based on the expectat 1 on : the tota 1 . ' 

number of 'cora 1 po in ts 1 tata 1 n umber of tr ansect po 1 nt s • 

coral coverage (Dodge et .1.1982). The relative frequency 

or coverage of a spec1es 15 determ1ned by d1vid1ng the 

total nu.ber of potnts coyering th, species of tnterest. . . 
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by the total nu.ber of all coral points. Shannon" 

"eaver's (1948) index of d1vers1ty .ay be ealcu1ated fro. 

the re 1 at ive abundanee (H' n) or fro. the re lat i ye li yi n9 

coverage (Hic). H'c i s used when data is co 11 ected by the 

point method of 1ine transects. 

Hic • - è Pi l0ge Pi 
c ./ 

where Pi 15 the living coverage proportion of the ith 

s p e cie sin the s a III p"l e. The corre l at ion between HI c 

(living eoverage) and Hln (nu.ber of cOlonies) 1s h1ghly 

significant (r • 0.95), sa either measuremen~ may be used 

for comparative studies of coral spec1es divers1ty in 

different areas or at different t1mes (Loya 1972). 

At-test (Huteheson 1970) was used to test the 

s1gnifieance of the decreases in diversity values. The 

formula ta find t is 

where SH _ H .. JS2H + S2H 
1 2 1 • 

The variance of H may be approx1mated by 

S 2 H • E. fil og 2 fi - (E fil og fi) 2/ n 

n2 

where n • sample size and fi • number of observations in 

category i. The degrees of freedom 1s approx1mated by 

V .. ( S2 H• T S2H)2 

(S2H)2 + (S2tf)Z= 
---L & 

\ 
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b) SI.pSO.·S Ind •• - To co.pare S1.p50n~s index to Shannon 

, Welver's index, Si.pson's index was .od1fied by loya 

(1972) to the fo llow1ng forll: 
5 

Oc • 1 - ~ Pi
2 .. , 

Oc _e&Sures the probab111ty that two speci.ens p1cked at 

rlndollt 'rom a sa.ple belong ta d1fferent species. Dc· 0 

(as does H'c) if on1y one species is found in the sample. 

Simpson's index. De, measures how equally or unequally 

coverlge 1s distributed among the species. It may be 

consider,ed a lIeasure of the degree of dominance in a 

sllIIple. The less numerical1y equal the species are, the 

less diverse is the sample and the greater the degree of 

domi nance. 

4) Dtld ... Inttl1lru. Population Counts 

To determ1ne the significance of the difference of 

the Diadema anti l11rum population counts in 1974 and 1981, 

at-test was used : 

t· xl - x2 JNIN2 1 N1 N2 

2 2 (N1 - 1)S1 + (N2 - 1)S2 

NI + "2 - 2 

where degrees of freedom • N1 + H2 - 2. 
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A) CHANGES il! THE LIVING AND NON-LIVING SUBSTRATE 

The 1981 re-survey of the transects or1gina 11y done 

ln 1974. on the northern Bellairs fringing reef. produced 

data for a Quant Hat ive compar i son of the reef before and 

after the hurricanes (Table 1 ). 

coverage on the reef had obviously changed (Figs. Il -

21). but chi-square tests were app 1 ied to the data to 

determ1ne the degree of significance of the changes. 

Each spec1es or substrate type was tested 

ind1v1dually per ellipse (Table 2 ), and for the reef 

overal1 (Table 3) using a chi-square test. For the reef 

in general. rock, cora1line red algae. sand, rubble. 

Porites porites, Porites astreoides, Siderastrea siderea. 

Montastrea annular1s, Favia fragum. Agaricia agarlc1tes. 

and Madracis mirab~ 1 is had significant levels of change. 

an 1 y ~.!ll e po ras p • (P .. o. a 74) d i d n 0 t cha n 9 e 

significantly. 

The h y d r 0 Z 0 an, ~.!.l 1 e po ras p. • ha d a h i 9 h rat e 0 f 

survival because the morphologies of the species growing 

on the fringing reef are wave-adapted. ~.!11.!.2.~!.! 

s 9 u arr 0 sa' s box -'11 k e structure i shi 9 h 1 y w a v e - r e s 15 tan t. 

and Millepora complanata's b1aded ske1eton 1s sturdy and 

e a sil Y s he d s s e d 1 men t s. 1 nad d ; t 1 on. M 111 e p 0 r a co mp 1 an a ta 

tends to orient itself ta best withstand strong wave 

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

cavernosa was unchanged. In both the 0tiginal and the re­

survey. only five c-ounts of Montlstrea llvernosa were 
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TAB LE 1 . SUBSTRATE COURTS PER ELLIPSE - PRE 1 POST 
HURRICARE COURTS. 

\ 
SUBSTRATE Hl 1 PSE (PRE/POST COUNTS) 

[ [ [ 1 1 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 B/41 30/51 67/63 20/19 

P. astreoldes 1/2 28/13 29/6 36/5 48/13 19/8 

F. f r agum 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 66/169 40/123 

S. s 1 derea 1/1 8/1 7/0 24/7 16/5 

P. parites 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. cavernasa 1/3 0/2 4/0 

M. mlrablllS 1/0 370 6/0 16/3 3/0 

( 1 
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FIG. 11 - 21. Histograms of each substrate (counts 
per ell ipse) before and after I::ffi 
Hurricane Allen. 
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TABLE 2 . CHI-SQUARE T~ST fpR SI61lFICAliCE Of 'CHAIGES' 
III SPECIES Ç~UITS PER ELLIPSE, " 

C} 
ELLIPSE SPECIES Xl DIFF ERENeE 

1 rock 0.051 not s 1 g. 
II rock 17.349 sig. 
III rock 31.647 sig. 
IV rock 16.,802 sig. 
y rock 80.812 sig. 
YI rock , 1~.432 sig 

1 C.R.A. 0.050 not s 1 g. 
II C.R.A. 13.111 sig. 
III C.R.A. 0.059 not s 1 g. 
IV C.R.A. 0.101 not sig. 
V C.R.A. 5,.345 sig. 
VI C.R.A. 2.100 not sig. 

1 rubb 1 e 0.513 not sig. 
II rubble 1.576 not s 1 g. 
III rubble 2.133 not 51g. 
IV rubb 1 e 5.496 51 g. 
V rubble 0.072 not sig. 
VI rubble 0.000 not 51 g. 

( 
1 P. astreofdes 0.000 not 519. 
II P. utreo1des 5.039 sig. 
III P. astreoides 14.729 sig. 
IV : P. IStreo1des 23.140 sig. 
V P. astreo1des 19 .. ,,900 sig. 
VI P. astreo1des 3.880 sig. 

1 F. fragu. 
Il F. fragu. 1.SU not sig. 
III F. fragv. 0.515 not sig. 
IY f'. fraI". 0.000 not sig. 
Y f'" fra,,,. 0.000 Rot sig. 
VI F. frag •• 

1 . Mill.porl Sp. .. 
Il Jt1lleporl 'Sp. 0.000 not si,. 
III Mill.porl sp. O.34l not sig. 
IY M11l'.porl sp. O. '11 not sfg. , Mi lleporl sp. 1.'80 not sig. 
'1 "ill.porl sp. 0.102 not sig. 

c. 
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. . 
i .. 
1 1 sand 0.-000 not sig. 

1 
II sand 6.028 sig. 

Cl III s,-"d 9.040. sig. 
IV sand 32 .. 256 sig. 

f 
t V sand 55.186 sig. 

VI sand 56.852 sig. 

1 
r.:~\ 
. S .. siderea ., \. 

II S. s' derer 0.501 not sig. 
III s. 5 i derea 4.126 sig. 
IV S. siderea 5.188 

, sig. 
·V $ .. siderea 8.449 sig. 

VI S. siderea 4.936 sig. 

1 P. por i tes 
II P. por i tes 7.899 sig. 
III P. por i tes 19.854 sig. 

.' IV P. par i tes 5~, 095 sig. 
V P .. parites 98.826 sig. 
VI P. par i tes 39.611 sig. 

1 M. annu 1 arfs 
II M. annularis 0.000 nof' 51g. 
III M. annularis 0.048 not 5 i g. 
IV M. annu 1 aris 1 J3.317 sig. 
V M. annularis 1.471 not 5 i g. 
VI M. annular1s 8.891 sig. 

( 
1 A. agaricites ..,. .. 
II A. agar i cites 1 ~ 813 not 5 i g. 
III A,. agaricites 0 .. 335 not 5 i g. 
IV A. agaricites 5 .• 922 sig. 
y A. tgar i cites 3.163 not 5 i g •. 
VI A. ag'ar 1 cites 3.578 not 5; g. 

1 M. cavernosa 
II M .. cavernosa 0.251 not 51 g ~ 
III M. cavernosa 0.487 not sig. 
IV M. cavernosa 2.261 not sig. 
y M. clverno,sa -, 
YI fJ M. CAvernosa , 
1 M. mirabilis 
II M. mirabilis 0.000 not sig. 
JII M. mirabilis 1.366 not s 1 g. 
IV .-M-.- mir .. b111s 4.198 sig. 
V -' M. mirabilis 7.680 sig. 
YI M" mi rab 11 is 1.340 not sig. 

, 
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TABLE 3. CHI-SQUARE TEST FOR SIGIIFICAICE OF CHAIGES 
Il SPECIES COUITS FOR THE EITIRE REEf 

( 
SPECIES X2 DIFFERENCE 

rock 143.765 sig. 

C.R.A 7.992 sig. 

rubble 4.346 sig. 
! 
i 

P. astreoldes 64.748 sig. H 

F • fragum 4.927 sig. 

Millepora sp. 3.182 not sig. 

sand 97.745 sig. 

S. s;derea 24.503 s 1 g . 

P. pori tes 225.907 s1g. 

M. annu1aris 16.303 sig. 

A. agaricites 4.241 sig. 

M. ca vernos a "'_ 0.098 not s1g. 

M. mi rab il 15 19.734 s1g. 

\'-._--

/' 

.. 
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recorded. 

Transect V was surveyed ln the summer of 1981 and 

then re-surveyed a year later in 1982. The counts were 

very simi lar (Table 4). The differences were not 

significant~except for those of coralline red algae which 

increased in coverage (X 2 = 9.70 t P • 0.002). The 

increase may have been due to the coloniza~ion of rock by 
<;c. 

cor a l lin e r e d a l 9 a e t 0 r due t 0 the cf li f fic u l t Y 0 f 

distinguishing coral rock from coralline red algae which 

may also be white in colour. 

It is difficu1t to assess how much of the changes 

between the original and the re-survey substrate counts 

are due to different researchers. 1 would estimate that 

·operator error· i s mi n ima 1, si nce record i ngs made dur i ng 

the re-survey were compared with those obtained by a 

diving assistant, and the resu1ts matched. 

The changes of the living and non-living substrate 

types were overwhelm1ngly signiffcant on a reefal scale , 

but less significant when examined ellipse-by-ellipse. 

Ellipse 4 inc1uded the most affected portion of the reef 

where nine of thirteen substrate types had changed 

significant1y. The breaking of the storm waves in ellipse 

4 (T. Tomascik, personal communication) instead of closer 

to shore as is the norm, caused lIajor damage. E 11 ipse l, 

10cated c10sest to shore, was the 1east 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 

96 



TABLE 4. TRAISECT' SUaSTRATE COUITS 

SUSSTRATE TYPE SUMNER 1981 SUMNER 1982 ~ DIFFERENCE 

rock 72 58 1.860 Dot si g. 

coralline algae 20 44 9.703 sig. 

rubble 16 14 0.036 not sig. 

P. astreoides 1 2 0.000 not 5 i g. 

F. t:ragum 0 0 

Mil1epora sp. 3 0 1.343 Rot sig. 
, 

sand 94 88 0.237 no-t sig. ' . 
s. siderea 5 6 0.00 not sig. 

P. porites 0 1 > , 
< " 0.00 not sig. 

M. annularis 0 0 

A. agarie1tes 3 3 

M. cavernosa 0 0 

M. mirabilis 2 0 0.502 not sig. 

( 
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original survey. This 1ncrease in coverage was.at the 

expense of the living cOMponents of the substrate sueh as 

coral s. Mill epora sp.. and cora 1 li ne red al gae. Sand and 

rock more than doubled : sand inereased fra. 221 ta 461 

counts, and rock increased from 301 ta 627 counts. Rubble 

1ncreased fro~ 188 counts to 230 counts. 

Dead coral was classified as rock or rubble. Rubble 

was any piece of 100se. dead coral. Oead portions of a 

coral within a live colony were considered rock. The 

inereased coverage of rock ~as due ta the death of corals: 

and seau ring. 

The greater sand coverage resulted froll the 

deposition of sand in topographically 10w areas of the 

reef dur i ng the storll. Another poss 1 b 1 e exp 1 anat 1 on for 

the 1ncreased allount of sand 1s a h1gher production of 

sand fol10wing the hurricane due to the greater -
availability of rubble. and increased abundance of D1adem. 

.!.!!!111.!.!:~! . Folk & Robles (1964) suggested that 

initially. massive corals break down into large boulders. 

and branch1ng cora1s break down into sticks. Coral 

skeletons further disintegrate due ta abrasion. 1nto 

MediUM to f1ne-grained sand with a lIean grain size of; 

approxi.ately 2 phi (O~i5 lia). Chave (l960. 1964) 

reported that th. breakdown by abrasion of Aeropora 

eervicornis produeed very fine « 63 Jill) grains. Abrasion 

of Porl!e! 20ri!~ and !!j.!:.!S!! !1!!~11j! froll the 

Bel1atrs reef also produced s11t-sized partieles (Hunter 

1977). Diade., antill.rua and parrotfish (6Y9' 1969) 

9a 
• 



( 

-----------

ho.ev-er. cln account for the cori' sad1 •• nts on the r •• f 

sine. they produee grains ~of 2 - 2.5 ,hi (0.25 - 0.177 -> 
and 1 3 phi (0.50 - 0.125_>, respeet1·,e'y. 
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1) BIOEROSIOII 

Bioerosion t5 a COMMon proceS5 on coral reefs. 

Sponges, sipun,culid woras, polychaete worllS, bivalves, 

arthropods. ech1noids (sea urch1ns), and fish (parrotf1sh) 

are the principal agents of bioerosion. 

Bioerosion weakens the bases of _Issive corals aaking 

thell more susceptible to detlchment,froll the substrate 

dur1ng storms. The brlnch1ng corals tend to be bored 

110ng the central axes of branches, which ~1gnif1clntly 

welkens their structure. 

The massive corals of the ff1ng1ng r~ef are less 

affected by sponge borers than the deeper water bank reef 

corals becaus! the forMer calcify Mor! rap1dly and they 

llck an exposed base wh1ch sponges çln penetrlte. Corll 

breakoff on the tring1ng reet results pr1.lrily fro. storM 

wave '.pact. 

Evidence obta1ned durtng dives .ade after a .inter 

star. per10d (Deceaber 1975) suggested ta MacGeachy (1978) 
. 

thlt sponge bortng greltly increlsed the susceptibil1ty of 

l. parites branches ta brelkage. He observed newly broken 

branches in and ara und the l. porites zone on the southern 

Bella1rs reef. The brelkages co.aonly occurred at the 

sites of sponge chlllbers. He believ!d that most ~f the 

dl.age WIS clused by blocks of coral rubble which were 

thrown onto, and tossed about the !. parites beds by the 

stof. waves. 

100 



( 

{ 

- .. ---------------------------------------

C) ANALYSIS if !HI RuàsLE 

The composition and distribution of the rubble on the 

northern Bel lairs fring~ng reef was examined. The 

distribution of coral specie$ in the rubb1e was compared 

--- --1 

to the distribution of living counterparts growing on the ~ 

reef. 

1) Rubble Composition 

The rubble 15 composed of Porites parites. Acropor. 

~!1cornis. ~adrac1s mirab11i!. coral1ine red a1gae, 

Agar1c'ia agaricites. Fay1a fragum, S1derastrea radians, 

11 0 n tas t r e a .!.!11!J!1 a ris t M 111 e p 0 ras p., ltIla 5 ter r ose u 5 t 

11011 usc fragments, ech 1 noderm fragments. and pi eces that 

are impossible to identify due to eroston or encrustation 

of the surfaces. Some of the specimens appeared, 

re1atively fresh with unaltered corallites, while other 

specimens were h1ghly bored or encrusted. The percentage 

of elch component in the rubb1e was determ1ned in two 

ways: It accord1ng to 1ts proportion of the total number , 

of pieces of rubb1e (count percentage). and 2) accord1ng 

to its proportion of the total weight (weight 
\ 

percentage). On 1y three coral s. Pori tes pori tes, Acroporl 

ll!..!icornis, and Madracis m1rabi1 is were present in 

5,1 g nif i ca nt qua nt 1 t 1 es i n the ru b b 1 e (T a b 1 e 5 and Ta b 1 e 

6). The mean percentages of al1 the other ident1f1ed 

COllponents co 11 ect 1 ve 1y represent 9.51 of components, and 

8.3S of rubb 1 e we i ght. 
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TAlLE 5. IIIILl - CotlTS 'IICE.TAIE c) 

RUilLE !lli. STANDARD DEVIATION 

A. cerv1corn1s 20 . 13 

A. pal.ata 0.01 0.06 

P. porites 32 22 

corall1ne algie 3 4 

M. .. 1rab111 s 30 11 

A. agaricites 2 2. 

F. frl9u. 1 1 

s. radians 0.3 1 

M. Innullr1s 1 1 l' 
1 

Mil1eporl sp. 0.04 0.2 

(.) s. roseus 0.06 0.2 , 
~ 

.ollusc frlgMents 2 2 

ech1noder. frlgMents 0.1 0.3 

unltnown 10 9 

, , 

- 1 , 

; ( ,. 

1 
1 
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TAlLE fi • 1 .... 1 .. '.IIIT- 'EICEITAIE 

RutILE TYPE MEAl S STANDARD DEYIATIOI - --
A. cervicorn1s 32 19 

.1 )1. ~ ""---
A. palilata 0.04 0.2 

P. por ite",s 40 20 

corall i ne al 9,a. 2 4 

M. 111rab11ts 13 12 

A.'agar1c1tes , 3 3 

F. fragu .. 1 1 

s. rad i ans 0.8 3 l, 

M., annularis r!t; 1 

M111epora sp. -~ -0 3 1 

0.06 s. roseus 0.02 

.o11usc frag.ents 0.4 0.5 

ech1noderll fragllents 0 0 .. 
unknown 7 fi 
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The tltree principal Coftstituents of tlte rubble. 

Porites porites, Aeropor, çervieorn1s, and ,Madraci! 

.irab1l1s, share a siM1lar branching aorph010gy wh1ch was 

highly susceptible to'breakage. Por1tes porttes for •• d 

321 of the nUllber of rubble frag.ents, and 401 of thl 

rubb1e weight. Acroporl cerv1cornis co.prised 20S of the 

nu.ber of rubble frag~ents, and 321 of the rubb1e we1ght. 

"adrac1s a1rabi11s Tepresented 301 of the nUllber of rubble 

frlg.ents, and 131~of the rubb1e we1ght. The sIIal1 s1ze 

of !adrac1s .1rlb11is branches (average diaIDeter: of 0.8 
) 

ca), accounts for 1ts re1at1vely 10w representat10n by 

weight. Frag.ents of "adrlcis a1rabilis were saa11er and 

ltghter than the heav1er, th1cker-branched (1.3 c. 

Iverage diameter) ~~~~~!A f~~yif~~!i! and !~~!!i 

porites. Fresh branches of Acropora cery i corn 15 are al so 

aore dense (less pore space) than Porites pori tes, and 

",drac1s mirabi 1 is, a1.though boring al tered the densities 

of the fragments. 

The for c e" r e qui r e d t a b r e a k a br a ne h of P 0 rit e s 

porite, was determ1ned i!-s1tu and in the 1aboratory. The 

ialue obta1ned in-situ was 5.9 kg (standard deviat10n 0.9 

kg). ln the 1ab, the force requ 1 red was 5.5 kg (standard 

deviat10n 0.6 kg). Freshness of the Por1tes por1tes was 

not cr1tica1 as indicated by the s1mi1ar1ty of the in-!!!! , 
values and the values recorded in the lab. Chamberlain 

(1978) dete·ra1 ned that the greater the allount of 

viscoelast1c orglnic .atter present in the .ater1al beinl 

104 
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tested. the ,reater tlte stre .. ,th and tlte, greattn' the 

d1fference in testing fresh .aterials and .atert.ls wh1ch 

ha.,e dr1ed out. Corals. when co.pared to .011uscs, 

ech1noids •• ~d ,.rtebrate bones , have little organ1c 

.ater1al and are a.ong the weaker skeletal .aterials 

(Table 7 ). 

The breaking points of ten Acropqra pal.,ta colonies 
, 

were deter.tned 1n-situ at Grand Cay.an Island by ---
Hernandez -A, Il a !.! aL (1 9 71). Twen,ty-three to th'l rty­

f1ve k'llogra.s of force .ere required to break branches 

wlth a .ean dia.eter of 13 c •. "Breatage al.ays occurred 

1" ~ored areas of the ste •• " 

At present, there are no 11ve colon1es of Açro,ora 

", •• ta grow1ng on 'the northern 'el1airs fr1nginl reef, 

although there re.ains 1 .ass1ve' dead colony 1n gro.th 

position. There 15 strong ev1dence that the west coast 

fr1ng1ng reefs are bu11 t on ,a foundation of Aero,ora 

RI1 •• ta. On the west eo.st, close to Br1dgetown, • 

harbour channel .as eut through the reef. The w.'1s of 

the channel .re a cross-section of the reef. The reef 

found_t1on 15 co.posed of Acropor. p.'.at. and boulder 
. 

,coral s. Al though 11 v 1 ng Aeropora p.'.ai. 1 s rare on 

'arbados reefs tada,. and non-existent on the northern 

;t'e1141rs reef, observation of the harbour ree~ (oundatfo,"s 

- suggest that Acropora pal.ata was once a co •• on reef 

'cora,1. Core hale inforMation froM a Caribbean fring1ng 

reef in Pana.a indtcated to Macintyre , 61ynn (1976) that 

Aero,ora pal.ata was the do.inant reef fra.e-builder fro. 
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Tabl. 7. Stre.lth of r.p~.s.ftt.t1 •• st.l.tal •• t.ri81s 
f. ...a .•. to.s p.r s .... r. ..tr •• 
Yol .... 1 orllttics • 1 orrantc · •• t .... ial bl 

CORALS 

"OlLUSCS 

ECHIaOIDS 

.,el ... cont.i •• d in •• t.ri.. Pores1tl. ,or. 
yolu •• I,totll volu •• of .atertal. Oatl for 
coral s trefllth Ind poros 1 tl fr.. C .... b.r la f n 
(l'7I). Data on .011uses and tc .. inotds fro. 
Vain.right !!!l. (1976). 

SlRf.llM olMts P.pSITY 

12-81 .02-.2 .3 

Sastropods 110-270 
1.,ti1.' 17. 5 0 

88-250 P •• cy,ods 

48-" 1 .5 

.' 

lOI 
o 

, ,-
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a"roI1 •• tel~ 7,000 , •• rs 8.P. unt11 ,3.000 - 2.00.0 years 

I.P. 

.. 
2) Rlb'l. Distribution 

The three .ain co.ponents of the rubble, Acropora 

c,rYlcornis, Porites porites, and Madrac1s .1rabil1s were 

not rando.ly d1str1buted over the reef. The greatest 

proport ion o.f Acropora il.!:! 1 cornl s rubb 1 e was 1 n the 

northern port 1 on of the reef. Por 1 tes por 1 tes rubb 1 e wa s 

concentrated 1n the south to .1d-south sections of the 

re.f. and "adrac1s .'rabtll! rubble was concentrated in 

tba northern to central port ions of t1\e reef (Tab le 8 ). 
~>' ' 

Acropora ~~1corn1s does not grow on\the northern 

lella1rs fring1ng reef, but does grow in an area seawar:d 

of the reef, at depths of 16 - 20 aetres (Fig. 9 ). 

Tharefore all the Acropora cerv1corn1s rubble present on 

the reef was transported shoreward. 

Tbe grelter proportion 'of Madrac1s .1rab111s rubble 

1n t.e northern and central sections of the reef relatfve 

to the rest of the reef. corresponds w1th the pre­

".rrtcane 11v1ng coverage. An estt.ated 180 .2 of the 

total reef area of 18.360 .2 was 1 tve Madrach .irabitis 

"a 1914. 1 n the re-surYey approx , •• te ly 26 .2 are li ve 

".drecis .irabll1s. and 583 .2 are !adrac1s .1rabil1s 

r.~ble. Fra,.ented bran~hes haye likely been transported 

~1 the stora eurrents onto the reef fro. the ! •• irabills 

z ... whteh 1s located between the fring1ng reef end the A. 
\J' \1 
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TABLE a.DisTRIBUTION OF Por1tes p~r1tes. Madrac1s 
a1rlb111s. and AcroDora cerv1cornls rubble. 

-- . 
COUNT % PERCENTAGES OF REEF SECTIONS 

CORAL SPECIES NORTH NORTH-M~-tJ MID MI D-SOUTH SOUTH 

P. parites 28% 23% 22% .a% 48% 

M. mirabilis 39% 33% 34% 22% 17% 

A. cerv i corn 15 20% 29% 20%· -nI 9% 

1 RUBBLE WEIGHT 

CORAL SPECIES· NORTH NORTH-MID MID MID-SOUTH SOUTH 

P. parites 36% 32% 

M. mirabilis 10% 131 

A. cerv1corn1s 43% 431 
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cervicorn1s zone (F..1g. 9). 

The distribution of f~~11!! ~~!il!! rubble 

• corresponds w1th its pre-hurricane live coverage. Porites 

porites coverage had been greatest along transects 1 and 

Il in the southern and central portions of the reef 

respective ly. The sharp decrease in Porites por1tes 

coverage follow1ng the hurricane 1s not fully accounted 

for in the rubb 1 e. Rough 1 y 2,203 m2 were 11 ve Por1tes 

parites in the original survey. The post-hurricane survey 

i n d i c a t e d t h a ton 1 y 94 m 2 are c a ver e d b Y 1 1 v e P 0 rit e s 

parites, and 777 m2 are covered by Por1tes porites rubble. 

A small fraction of rubble may have broken down 1nto 

sand-s1zed fragments, but most of the Porites porites 

rubbl e was probably transported off the reef by seaward 

currents and deposited in the deeper water rubble zone 

(Fig. 9). This zone 15 pr1marily composed of Acro'!ora 

cervicornis rubble and may have been the source of sorne of 

the older, more altered pieces of rubble found on the 

fringing reef after Hurricane Allen. 

The water circulation pattern during Hurricane Allen 

1s 1nd1cated by the movement of the rubble. Wave-

generatecl currents from the north-west passed through the 

Acropora cervicornis and Madrach nlirabills zones. Rubbl e 

and fresh 1 y broken fragments of Acr,opora cerv icorn 1 sand 

Madracis mirabilis were carried onto the fringing reef and 

deposited predomin~ntly on the north~rn and north-central 

sections of the reef. A longshore current flowed parallel 

ta shore gradually drop~ing in veloc1ty. Offshore or r1p 
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cu rrent s f l owed over the southern port 1 on of the reef and 

through the grooves and sand channel s. and are presumed to 

h a v e car rie d a w a y mue h o' f the n e w 1 y - cre a t e d Po rit e s 

porites rubble. 
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D) GROWTH AND ·STRESS· BANDS.!! Mont.·strla annul.ris 

Early studies of coral banding (Ma 1933), led to the 

conclusion that a pair of high and low density bands are 

pro duc e dan nua l l Y (K n u t son e t .!l. 1 9 7 2 ) • P e rio d s 0 f n 0 -

growth are not recorded. therefore on 1 y a mi nimum age for 

the cora l head can be determined by counti ng 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. 

DeposHion of the high and low density bands is 

affected by several factors light. sediments, wind. 

water temperature, reproduction, and nutrient 

a va i 1 ab i 1 ity. Many researchers favor 1 ight as the 

principal factor (Buddemeier 1974. Buddemeier tl al. 1974, 

Bak 1974, Baker & Weber 1975, Oodge & Vaisnys 1975, Dodge 

!! !l. 1 977 II Cod 9 e 1978 t Ste a r n .!! !l. 1977, and 

Wellington & Glynn 1983). Other studies sU9gest the 

importance of temperature as a factor (Weber & Whi te 

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

found bath 1 i ght and temperature to be cri t i ca 1 for band 

formation. He concluded that high density bands are 

formed dur1ng 10w l1ght levels when water temperatures are 

above 28.50 C and below 23.7 0 C. Low density bands are 

formed during high light levels and at water temperatures 

between 23.7 0 C and 28.5 0 C. Nutrient availabi l1ty, in 

association with upwel1ing is considered l,factor (&lynn 

1977) al though it may reflect dependence on water 
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temperature. Buddemeier & Kinzie (1975), and Highsmith 

(1979) noted that high density bands are formed at times 

of sexual reproduction. The possibil i ty that internal 

mechanisms regulate coral banding may explain the 

d Hf erences ; n band i ng of ne i ghbour i ng cora ls. 

In the Florida Straits, Montastrea annu1aris depos1ts 

high density bands fram July to September (Hudson.!! !l. 

1 9 7 6 ) • f.!.!~ s P • in" Pan a m a pro duc es i t 5 h i 9 h den s i t Y 

bands from July to December (Well ington & Glynn 1983). 

Stearn et al. (1977) suggest that in Barbados, the 

relatively sharp decrease in ambient light in ear1y autumn 

(September - November) stimulates production of hig,h 

density bands in l!.ontastrea annularis. Surface water 

temperatures are a1so above 28.5 0 C during these months 

(Tab 1 e 9 ). 

In response to stress, !!ontas(rea annularis .ay 

accrete thick. high density bands wh1ch are wider than the 

normal high density bands of late sumlller - early fall. 

·Stress bands" in Montastrea annularis have been reported 

by Hudson et !l. (1976) 1n response to unusual1y cold 

conditions in Florida. and as a result of relocating 

cora 1 s further i nshore (Hudson 1981). Hudson et .1.(1976) --
d1d not however, find in the coral skeletons any trace of 

the III a n y h u r r f c an e s, wh 1 ch ha d passe d 0 y e r the F 1 0 r 1 dl 

Keys. 

Ther.a 1 stress was the factor affect1ng the 

Montastrea .nhu larh descr1bed in Hudson's papers (Hudson 

11 .1. 1976. Hudson 1981). Stress on the corlls durtng 
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TABLE 9 REAl S,IFACE TEIIIPEIATURES TAlE. F.OIII~E 
S'l'HF. ItlLllls FIIRtl' IIEf (fro. • 
To.aselk. persona1 eo .. unlca! on. 

MOITH , YEAR 

September 1981 

Oetober 1981 

November 1981 

Deeember 1981 

January 1982 

February 1982 

Mareh 1982 

Apri 1 1982 

/' May 1982 

June 1982 

Ju1y 19.82 

August 1982 

i • 27.890 C 
S· 0.95 

MEAl TEMPERATURE (OC) 

29.21 

29.17 

29.07 

28.08 

27.30 

26.40 

26.60 

27.20 

27.80 

27.60 

27.70 

28.50 
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the hurricane 1n Barbados was likely caused by decreas.s 
~ 

1n 11ght due to 1 ncreased cl oudi ness, and increased water 

turbidity. The high winds accompanying the disturbance 

may have affected the corals by causing : (1) high 

resuspension of sediments, (2) h1gh water motion around 

coral tissue thereby affect1ng food capture (Hubbard 

1974), or (3) reduced 11ght 1evels through turb1d1ty 
, 

effects (Upchurch 1970). 

Thirty-one heads of Montastrea annular1s were 

col1ected from the 8e11airs northern fr1ng1ng reef in 1982 

and 1981 ta determine if Hurricane A 11 en had affected the 

gr 0 w t h pat ter n s • A l t hou g h i n s a me 0 f the e x a mp 1 es 0 f 

!ontastrea ~laris there was some evidence of stress 
, 

./ 

ban d 1 n 9 0 r u nus U a 1 9 r 0 w t h pat ter n sin t h ~---'Y e a r 0 f the 

hurricane (Fig. 22 ). no conclusive "stress bands· were 

cons htent 1 y found, and most cora 1 heads disp 1 ayed regu 1 ar 

bandlng (Fig.23). Under normal eonditi,ons. heads of 

Montastrea annul aris grow1ng side-by-side will not have 

thè '1, $.ué'--""grOWt11 ~r'at.e-•. therefore each cora 1 head lIIay 

respond to stress in a unique manner. Montastrea 
~ 

annularis heads collected in the SUIRlller of 1983 froll other 

Barbados west coast fr1ng1ng reefs a1so showed possible 

·5 tress bands· (T. TOlllase ik, persona 1 commun 1 cat ion). but 

again not conc 1 usive ly. The ·stress bands· shown in 

H u d son 1 5 .!!! !!.' s (1 9 7 6) p a p e r we r e n 0 t r e 1ft a r k a b 1 Y 

distinct. 

If coral ·stress· bands were deposited dur1ng the 

114 

-,,--' ---~.. . 



[ 

, , , 

--------- ,--:""""--'-' -d..-----~--------• .....1-' --------~ -l' 

•• 

Ffg. 22. EX'I.p 1 es of ·stress - bands tft "ont.strla 
InnullriS. Corll -A- WIS col'ede in 
M., 1 82. corll ·8- was ~o11ect.d in 
S.pte_ber 1982. 
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Ftg. 23. Nora.l growth bands ln Montastlla a.n,lar' •• 
Coral -A· .as collecte' 1rt al" 2: and 
cora 1 -8- was col t,ected ln' Sept •• er 1982. 
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passage of the hurricane in Barbados, they •• y have been 

.asked by the onset of the normal accretion of h1gh 

density bands. In Flor1da, the ·stress· bands caused by 

unusual1y cold w1nter temperatures (Hudson et !l. 1976) 

were deposited during the per10d of low dens1ty band 

deposition therefore any high density deposition at that 

tille would be sharply defined. Whether or not "stress· 

bands are recorded, may be dependent on when the stress 

occurs re lat ive to the hi gh-l ow dens ity band depos i t i ona 1 

cyc 1 e. 
1!. 

There 1') tao much variation in band thicknesses to 

state w1th absolute certainty that a ·stress band" is 

présent in the Barbados corals. Coral growth rates are 

highly variable, but lReasurements may be recorded and a­

mean val ue for growth rate ca 1 cu l ated. 

Growth rates of Mont.strea annularis in the Car1bbean 

and Floriâa range from 5 mm/yr (Vaughan 1915, direct 

lIeasu>reinents) ta 12 "._/yr (Lewis et al. 1968). Stearn et 
~ -- -

.!.l. (1977) obta1ned an average growth rate 0" Il.1 .It/yr 

for Montastrea annul.ris in Barbados. Thirty-one heads of 

Montastrea annu lar,is co 11 ected frolt the study reef 1 n the 
e 

su •• er of 1982, and so.e sa.p 1 es co 11 ected 1 n 1981, had a 

Il e a ft gr 0 w t h rat e 0 f 6. 3 •• / Y r ! 2.0 1111. The val u e 0 f 6. 3 

'It./yr was obta1ned by counting every distinct dense band 

in each of the th1rty-one coral heads. This procedure 

differed from the one used by Stearn e,t !.l. (1977). The 

.ethod as descr1bed by Stearn (personal co •• un1cat1on). 

1nvolved counting only the very sharply-def1ned dense 
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bands and reject1ng coral heads which conta1ned equ1vocal 

band1ng. TIJese conditions elillinated all but e1ghteen of 

the th 1 rty-one cora 1 heads. The growth rate obta 1 ned from 

these eighteen corals was 8.31 mm/yr • The use of 

different methods and freedom in ·1nterpretat10n lIay 

part i a 11y account for the wi de range of growth rates fou-nd 

1 n the 11 terature. 
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E) COIAL DIYE.sn, 
/ 

Tropical ttQs"ystelRs are cOlllplex and highly diverse, 

antl have long been cons1dered to be 1nherently stable. 

The e qui 1 i b r i u m h y pot h e s 15 a s s ume s th a -t the s pee i es 

composition of communities is usually in a state of 

equilibrium and following a d1sturbance it return5 to that 

state. High diversity is then maintained without 

continual changes fn species composition. This viewpoint 

wa5 recently chal1enged (May 1973. Connell 1978) with the 

nonequi 1 ibrium hypothesis. 

The nonequi 1 i brium group of hypothe5es i 5 based on 

the a5sumptions th'at the species c·omposition of 

CORimunities 15 seldom in a state of equl1ibrium, and that 

high diversity is maintained only when the species 

cOllposition 15 continual1y changing (Connell 1978). Th.ere 

exists three hypotheses associated with the nonequilibrium 

school of thought : the intermediate disturbance 

hypothes i s, the eq u a 1 ch ance hypothe sis, and the gradua l 

change hypothesis. According to the intermediate 

d1sturbance hypothesi5, diversity 15 higher when 

disturbances are intel"mediate in terms of frequency and 

fn..,tensfty. The equal chance hypothesis suggests that 

spec1es have equal abilities to colonize, exclude 

potential competitors, and re5ist environmental' 

f 1 uctat ions. The local divers ft y therefore depends only 

on the number of species available in the geogra'phical 

arel and the local population dens1ty. The equal chance 
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hypothes i scan be rejected bec au se cora 1 sare nO.t equa 1 1 n 

their resistance to physica1 extremes, nor are they 

eQually adept colonlzers. Boulder cora1s such as 

Sideratrea siderea and Montastrea annu1aris are better 

suited to withstand extreme wave activity than Parites 

I!orites and Madracis mirabi lis. Corals are Ilot eQual1y 
i 

adept co l oni zers. Cora ls which can reproduce by 

fragmentation have a greater chance of survival, than 

cora 1 s which re ly tota1ly on pl anulae for recolonization. 

The gradual change hypothesis assumes that gradual 

environmental changes which alter the ranking of 

competiti ve ab; 1 ities, occur at a rate high enough so thaf 

co m pet i t ive e 1;ï.1fi i n a t ion i s r are l y, 0 r n e ver a t t a i ne d • 

Very little support exists for this hypothesis. 

1) The Intermediate Disturbance Hypothesis -- . 
Thi.s nonequilibrium hypothesis has been applied ta 

the tropical rain fore-sts of Africa, tropical Ame'rtca, d 

south-east Asia, and the coral reefs of Heron Is and, 

Au s t r a 1 i a (C 0 n n,e 1 1 1 9 78 ) • 0 n a cor a l r e e f, fol 1 0 win g a 

~. 

o " catastrophic disturbance such a,S a severe hurricane and 

its accompanying powerfu1 waves, larvae of a few species 

wi} l soon arrive at the newly modifled substrate. 

Dive r s ; ty is 1 0 w sin c e 0 n l y the s p e cie 5 th a t are pro duc i n 9 

1 a~ 't a e and are w it h i n dis p ers a 1 ra n 9 e w i 1 1 Il e ab 1 e t 0 

colon;ze. As time progresses diversity wi 11 increase 

since m~spec1e~ wi 11 have had the opportunity _ to 

colonize the substrate. - If another disturbance does not· 
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occur whi1e the reef is still at its maximum diversity 

1eve1 t diversity will gradua11y decrease because the most 

efficient competitors wi 11 dominate the other cora 1 

speeies (Fig.24 ). The highest diversity 1evels are 
. -

mainta;ned where disturbances are intermediate in 

freQuency and intensitYt and where the reef community is 

kept as far from competitive exclusion (reduction or 

exclusion of sorne species) as possible, while a110wing the 

greatest number of species ta recover from the disturbance 

(Huston 1979). 

A dlsturbanee may be either physica1 or bio10gical in 

nature. Physical disturbances which could affect reef 

cora ls lnc lude hurrlcanes (cyclones, typhoons), storms, 

swe 11 s, extreme ly co 1 d or warm water temperatures, 

unusually low tidal levels, changes in light intensities, 

sal inity extremes, sedimentation, volcanic activity, 

nuclear b1asting, or pollution. Biologica1 disturbances 

which can affect a coral's growth include : (l) predation 

by fish, echinoderms (especial1y sea urchins and the 

starfish, Acanthaster planei), and other i nvertebrates, 

and (2) competitive interaction among cora1s, or invo1ving 

corals and other reef organisms. Biologiea1 disturbances 

are not the subject of this discussion therefore they w11 l 

not be discussed further. 

Studies of the effects of physical disturbances such 

as lava flows, storms, extremely low tides, and hurricanes 

have been conducted on coral reefs. Reeolonization of 
,/ 

coral eommunities on submerged lava flows in Hawaii offers 
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Fig- 24. Intermediate disturbance hypothesis 
graph (F rom Conne 11 1978). 
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support for the inter",ediate disturbance hypothes1s. 

6r1gg & Maragos (1974) reported that d1vers1ty ;ncreases 

during succession, but reaches a peak value before climax 

conditions are attained. The decline 1n d;versity as 

climax is approached is believed ta be due ta· 

interspecific competition for splce. 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 

relative1y high. The species are relatively even1y 

distr;buted si-nce there is litt1e competition for space. 

At the 1eeward sites, where succession 1s less' likely to 

be interrupted, coral cover is high, diversity is low, and 

competition is intense. 

Dollar (1982) analyzed the -' •• ediate- effects of 

intermediate and severe stor", disturbances on fring;ng 

reefs off the west coast of Hawaii. Fourteen days after a 

1974 disturbance intermediate in terms of frequency and 

intensity, Dollar found that s~ecies cover diversity was 
• 

overal1 significantly higher over the reef. Diversity 

increased in zones that had been previously dominated by a 

single spec1es, and decreased in zones of previously 

equ1table distribution. A re-survey. thirty days after a 

severe 1980 d1sturbance indicated that the entire reef had 

been reset at an early, 10w diversity, successional stage. 

The number of coral species did not signif1cantly decrease 

as a result of either disturbance. 

Extre.ely low tides in the Gulf of Eilat, Red Sea, 
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act as a divers1fy1ng force, by prevent1ng co.petit1ve 

exclusion on the reef flats (loya 1976)~ 

Rogers et !!. (1982) found that hurricanes could 

increase or decrease coral diverSity. If only moder«te 

destruction took place, diversity could be increasel by 

elimination of the dominant branching corals ther~bY 
"",-- r ,.-..... 

increasing the amount of light reaching the slower-growing 

head corals. Diversity could decrease as a result of 

-""- j 
\", -

elimination of coral specles, or initia.tion of new • 

co 1 on; es from fragmen ts of the al ready domi nant spec 1 es. 

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 be1ts. This p01nt 

does not i.nval idate the intermediate disturbance 

hypothes 15. As shawn by severa 1 stud i es, factors other 

than cyclones may produce disturbances. Extremely low 

tides (Laya 1976), surge and swell (Gr1gg & Maragas 1974), 

herbivores (Paine 1966), Aeanthaster plane; (Porter 1972, 

Glynn 1973), and Diadema anti 11arum or sea urch1ns as a 

group (SamlDarco 1982a, 1982b) are capable of ereating 

1nterMediate disturbances. Rosen·s second objection 15 

that some Ireas of h1gh d1versity on a coral reef 11e in 

deepe~ water and would therefore be less susceptible ta 

e y e 1 0 nie d 1 st u r ban e eth a n the s h a 1 1 0 W e r ,of t en 1 0 we r 

dtversity reef environ.ents. This point hls so.e .erit 
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1\, 
although the effects of Hurricane Allen were visible down 

to • depth of 50 • off D1scovery Bay. Ja.aica (lloodley .!! 
aL. 1981). In addition, steep slopes 10cated in deep 

water Ire susceptible to another d1sturbance, slu.p1ng 

(Loya 1972). 
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2) Caribbean Coral 01vers1ty 

The pre-hurricane coral divers1ty, of the Bella1r5 

northern fringtng reef. measured as H'c (relative 11v1ng 

coverage) 15 equa1 ta 1.61 • This is comparable ta the 

d1versity of other Caribbean fringing reefs. but low 

compared ta the bank reef in Barbados (Ott, 1975) or 

Pa c Vfi cre e f s (B u 1 1 1 982. 0 a n a 1 979. Pic ho n Ir Mor r t s se y, 

1981). Shannon-Weaver d1versity values for the latter two 

locales average from 2.0 to 3.0 • Coral divers1ty on reefs 

has been assessed in many stud1es. but actual values of 

diversity ind1ces were rare1y reported. ln Bermuda, 

diversity values were obtafned f.or three sharlow water 

reefs (reef tops at depths of 3 - 5 m). Data was gathered 

by the point method of 11ne transects (sim11ar to the 

.ethod used in th1s study). The values of H'c obtained 

were 1.55, 1.71, and 1.04 (Dodge.!! !l. 1982). 

In the U.S. V1rgin Is 1 ands. the passage of Hurr1cane 

David (August 1979) was responstb1~for a deerease in the 

a .. ount of li ve cora 1, and a~,r'rease in the
l 

aflount of 

coral rubble. Hurricane David did not, however. 

s1gnificant1y change diversity values (H'). Because the 

hurricane d1d not preferent1a11y'destroy the do.inant 

species, its effect on dfvers1ty was inconsistent. Pre 1 

post hurricane H' values for four sites in the U.S. Virg1n 

Islands were 1.52/1.63, 1.55/1.39, 1.87/1.77, and 

1.79/1.81 (Rogers!! .Il. 1983). An increase in coral 

diversity would have resulted 1f the do.1nant corals had 

been .ost severely da.aged. Only the ffrst sfte was a 
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w1ndward fr1ngin9 reef (4 • deep), the other three sites 

were also wfndward, but located on sub.erged blrrier reefs 
~ 1 

at depths of 5 - 6 m • 

3) Coral Diversity of ln! Study ft!!! 
In Barbados, d1vers1ty on the Bell airs northerA 

fr" ngi ng reef dropped fo 11 ow1 ng the passage of Hurr1 cane 

A 11 en (H'c • 1.26). In each e 111p5e there was a marked 

dei: r e a 5 e i n dive r 5 1 t Y fol 1 0 win 9 the h u r r f c an e (T ab 1 e 1 0 

and Table Il). The sharpest decline was in ellipse 4, 

where the breaking of the storll waves haet caused 

espec1ally severe damage in that region (T. Tomascik, 

personal comllunication). The changes in Shannon-Weaver 

divers1ty indices before and after the hurricanes were 

s1gn1ficant in ellipses 3 - 6 inclusive (Table 12, P 

<0.05). Species number was unchanged with eight coral 

species recorded in both the original and the re-survey. 

Coral coverage was greatly reduced. The post-hurricane 

(1981) coral count was 211 cOllp.red to a the pre-hurrfcane 

count of 713 corals ; this is equ1v.lent to a 70i loss of 

coral coverage. 

Coral .0rtal1ty was .species-specific. or at lelst 

.orphology-spec1fic. 8ranching cora1s such as Por1tes 

porites and !adracis mirabil!! suffered the greatest 

reduct10n in coverage on the reef (96 Sand 90 S reduction 

respecti ve 1 y). The e n cru s tin g cor a 1 s ( A .!l.!!!f. 1 a 

~!ic!l~, !~!!!~! .!At~g!!~) and boulder corals 

(Siderastrea siderel, Montastrea ~1.r1s, Montastrea 
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TAllE 10. C'.Al DI'EISIT' ·'SI.II'I-IEAltl DIIEISIT' 
IIDICES (I-Lt IEFOIE (1.74) AID AFTEI 
(1111) HuaileaiE ALLEt 

EJ.I.JPH 

a.fore 

. Aft.er 

..L ..!.. 

0.00 1.50 1.68 1.64 1.61 

0.00 1.42 1.30 0.61 1.&3 
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TAlLE Il. CO.AL DIIE.Sll! - SI"'SO.·S IIDEX Of 
DIIERSll! aEfOiE (1174) AID AfTEI (1181) 
HUll 1 CAlE ALLE •. 

ELLIPSE 

I.for. 

Aft., 

• 

1 2 345 6 - - -
0.00 0.72 0.79 0.76 0.76 0.78 

0.00 0.69 0.66 0.42 0.75 0 .. 75 
1 

.. 
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TABLE 12. t-TfST 01 CHAllES Il COIAl DlfEISITY 
(S.IIOI-MUIEI' IIDEX, H' cl. 

ELLIPSE t VAlUE DEGREES OF FREEOOM DIFFERENCE 

1 

2 

3 

4 

5 

6 

1.01 

6.86 

20.20 

2.03 

3.80 

87 

75 

33 

104 

63 
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caxernosa) were not as severely damaged (Table 13). 

Coral rank and relative coverage of each species 

changed fol10wing Hurricane Allen. Porites parites 

slipped from its pre-hurricane dominant pos1t10n ta a 

post-hurricane fifth out of eight positions. Coverage of 

Parites 20rites before the hurricane represented 34S of 

the cora 1 5 , but i t s pos t -hurr i cane coverage was reduced 

to only SS of the corals (Table 1.4). Overall. the 

br~nching corals d~creased in dominance while boulder and 

encrusting corals rema1ned relatively unchanged, or 

increased their proportion in the coral community. 

, 
4) The Study Reef and the Intermediate Disturbance HX20thesis 

ln the pre-hurricane survey. coral diversity was 

relat1vely hi-gh (H'c· 1.61) despite the do.inance of­

Porites por1tes. If the Bellairs northern fr1ng1ng ree' 

was fol10wing the theoretical undisturbed succession, 1n 

1974 i t WlS 1 He ly at, or approlch i ng the cliMax stage of 
's 

competitive exclusion (Fig. 25). However due to Hurricane 

Janet in 1955 and other previous hurricanes, the pattern 

of diversity on the Bel1airs reef was probably closer ta 

the peak diversity of the hypotheticil disturbed Model. 

The passage of Hurricane Allen reset the successional 

process back to an elrly, al.ost pioneer stage with low 

coral diversity (H'c • 1.26). If l.ft undisturbed. the 

diversity of the reef wi 11 continue to 1ncrease unti 1 1t 

reaches 1ts .ax1Mu. level. If there are no dtsturbances 

during the recovery ti.e of the northern Bel1a1rs r.ef~ 
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TAtLE 13 PERCE.TAIE LOSS OF CORAL SPECIES 

CORAL SPECIES PRE-HURRICAN~ PQ~T-HURRICANE 1 LOST 
COUN1S COUNTs 

A. agaricites 122 91 25%. 

F. fragum 9 1 89% 

M. mirabilis 29 3 901 

M. an nu lar i s 85 39 541 

M. cavernasa 5 • 5 01 

P. astreaides 162 47 71% 

P. parites 245 11 961 

S. siderea 56 14 751 

( 
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TABLE 14 CORAL RANK INS 
ALLEN 

BEFORE AND AFTER HURRICANE 

PRE-HURRICANE 

RANK % OF CORALS 

136 

POST-HURRICANE 

RANK % OF CORALS 

) 
'-

. . 



Fig. 25. Inter.ed1ate disturbance hypothes1s and the 
Bel1a1rs fr1nging reef. 
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div er s ity lRay ev entua 1 1 Y dec l1ne as the _ore succe ssfu 1 

competitors dominate (competitive exclusion). as suggested 

by the undisturbed pathway (Fig.25). If the reef 1s 

a gai n a f f e ct e d b Y a se ver e d~i st ur ban ce (t h e d 1 st ur ban ce 

mOdel), the coral diversity would be reduced to a low. 

early-successional level. An intermediate disturbance 

would lower the diversity to a level where high divers1ty 

could be regained after a relatively short per10d of ttlRe 

and would delay or prevent competitive exclusion. Unlike 

the Poc1110pora reefs in Panama, none of the coral spec1es 

on the Bellairs reefs are overwhelmingly dominant. 

therefore a moderate disturbance which preferentially 

destroys the dominant species would not incre«se the 

dhersity. The intensity of the hurricane wou1d have to be 

greater than that of Hurricane Allen to affect spec1es 

nu_ber. 

Reco10nization of the reef by Agaricia agaricites and 

the quick1y-growing Porit~s porites suggests that the reef 

is beginni ng tts recovery and wi 11 cont i nue to the cl i.ax 

stage un 1 ess i nterrupted by a hurr i cane. or by so.e other 

factor or d1sturbance whtch affects cora 1 recovery. 
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F) RECOVERY and RECOLOWIZATION 

Coral recoyery. as defined by Pearson (1981). 15 -the 

res tara t 1 on fo J 1 owi ng a dis turbanee of a cora 1 a5sellb 1 age 

to a degree comparable to its original stlte- • 
.-r./ 

1) Nethods of Recover y 

Recoyery of corals lIay be atta1ned by asexual 

reg e n e r a,.,t ion 0 r s e x u a 1 r e pro duc t 1 0 n • Reg e n e rat ion 
1v 

1nyo1ves the regrowth of partial1y dallag-ed colonies or 

growth of new co 1 on; es fro. fragMents. Frag.entat i on was. 

an itlportant lIIeans of recovery of Aeropora cervlcornis in 

the florida Keys fo110w1ng the passage of Hurricanes Donna 

and Betsy (Shi"n 1976). Surviyal of Acropora pal.ata 

fragtlents 11'1 1 sto,..,·s afterllath were obseryed in Florida 

(8al1 !! al. 1967. Perkins & Enos 1968). Puerto Rico 

(Glynn et .!l. 1965). and Belize (Highsllith et al. 1980) 

where 461 of~. pall1.ata fragments (average length 37.6 Cil) 

suryived following the passage of Hurricane Gerta. 

In Belize. sIul1 coral frag.ents (less than 40 Cil) 

were lIore nu.erous than large ones which lIay be indicative 

of the pre-hurricane coral sixe distribution and/or 

reflect a greater susceptibi11ty of 511111 branches or 

cor a l s t 0 br e a k age. Fra gille n t s i z e and p e r c e n t sou r y 1 y a 1 

are directly related. Fra.gments larger than 40 Cil had 501 

sury;val. wh;le 80S of fragments larger than 75 c. 

SurY 1 ved (HighsMith!!.!l. 1980). 

Deposition of sexual1y-produced planulae on newly 
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ava1lable substrate (coral recolon1zat'1on), 1s espec1ally 

important where coral mortal1ty was extensive or total in 

an area. An unusually severe shemlll (cold front with 

strong northerly winds) caused widespread mortality of 

Acropora along the Qatar Peninsula in the Persian Gulf. 

Recolonization was achieved by the arrival and surviva1 of 

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

2) Recovery Time and Determin1ng Factors 

Coral recovery time 1s variable. The recovery ti.e 

can rang~ from a minimum of one year ta as much as fifty 

years. The time required for recoyery is dependent on 

several factors: condition1ng period, grazers, rubble 

beds. ava1lab1e colon1zing surfaces, cOllHllunity structure 
1 

! of the cora1~. exposure ta wave stress and other 

d1sturbances, and the degree of pollution on the reef. 

a) f~~~!!!!~!~~ ~!r1!d - The conditioning period 

refers to the time required for the establ ishment 

of those alga1 co.munities (1.e. trustose coralline 

algie) which forll favorable surfaces for larval 

settle.ent, surv1val and growth (Bak 1976). Pearson 

(19Sl) esti •• tes that at least one year i5 requ1red for 

t.he surface to be condit10ned. 

b) G~!~~~ - Grazing may be e1ther benefic1al or 

detr1mental to coral recovery. F15h and ech1no1d5 

can aid coral recolon1zat10n by cropp1ng f1eshy 

frondose and fi1amentous a19a •• thereby free1ng 

space for crustose cora111ne algie and corals (Dlrt 
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1972). Although Icanthur1ds and schools of SC!!!.!. 
r 

cro1censis !)avoided graz1ng on reeently settled cor.ls as 

silal1 as 3 mm (Birkeland 1977), other species of 

parrotfish and echinoids have been observed to feed on 

larger corals (Glynn 1973, Randal1 1974, Bak & van Eys 

1975, Fryd1 1977, Neudecker 1977, Glynn et.!l. 1978). 

oc) Rubbl.! Beds - Extensive rubb?\ lawns, because of 

their instabll ity as a substrate, hinder coral recovery 

(Stephenson et !l. 1958, Goreau 1959, Stoddart 1969, 

1974). 

d ) C ol.!.!!.!.!!.!HI S .!!!. f a ~!..! - Div ers i t Y 0 f colon 1 z i n 9 

surfaces is important. The ava11abil1ty of crevices, 

vertical faces, undersurfaces, and ridges enhanêe coral 

recovery (Lewis 1974a, SchuhAlacher 1974, 1977, and Birke­

land 1977). On the 8el1airs reef,!. 20r1tes grows on 

horizontal substrates, w1th sOlle colonies in slightly 

sheltered locations. Agar1cia agaricites however was 

observed on a var1ety of substrate orientations. 

e)Cor.' Co •• un1tl Structure - The ti_e requ,ired for 

reef reco·very 15 dependent on whether rapid-growth 

branching corals or slow-growth .assive corlls are grow1ng 

on the reef. Th 1 s factor can be 11 1 ustrated by co.parison 

of the recovery t i •• of two reefs. Sh 1 nn (1976) observed 

that the Florida Keys reefs recovered fro. Hurricane Donna 

(1960) in less than five years, and requ1red two years ta 

recover froll Hurricane Betsy (1965). Stoddart (1974) 

esti.ated recovery ti.e for Belize reefs 15 th1rty ye.rs. 
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One of the major reasons for the discrepancy in recovery 

tilles 15 the difference in coral commun1t1es at the two 

l~cat1ons. The F 1 or 1 da Key reefs were predoll1 nant 1 y 

Aeroport cerv1cornis, whi le the Be 1 iie reefs were a mhed 

assemblage of eorals ine1uding Acropora palmata, Acropora 

ce r v i cor n i s, and mas s ive cor a 1 5 suc h a s Qll! 0 ria s p • , 

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

F 1 or i da reefs recovered rap id 1 Y because they were 1 arge 1 y 

cOllposed of Aeropora f.!!,vicornis which ean reproduee by 

fragmentation and has a rapid growth rate, whereas in 

Be 1 i ze, ree over y was de 1 ayed by the s 1 ow growth rates of 

the massive eorals. Reproduction by fragmentation of 

Montastrea annu 1 aris (Jones 1977), Aeropora pa hlata (Bak .. 

E n gel 1 9 7 9 , H i 9 h s • ; th .!.! !l. 1 9 8 0 ) and !~.!:ll!!..!. 

s.!!.Y!s..2..!:.!!.l! (G i 1 m 0 r e & Hall 1 976, S h 1 n n 1 976, and 

Tunnicl1ffe 1978, 1980) May speed up recovery. 

f) Disturbanees - Grigg .. Maragos (1974) cone luded 

that recolon1zation of corals on Hawa11an lava 

flows "is dependent on exposure to sea and swe11." 

Recoyery t1me in exposed areas 15 est1Mated to be 

20 years, and 50 years on she1tered lava flows. Exposed 

areas are at a 10wer level of ecolog1ea1 succession then 

she1tered sites, 50 recovery t1ae 15 less. 

The frequency of hurricanes wi 11 al 50 Iffect reeovery 

ti.e. Sh1nn ' s (1976) esti.ate of recovery ti •• of the 

Florida Keys reefs corresponded to the est1.ated 1nterval 

between hurricanes in that area, onee every six years 

(BIll, Shinn ,; Stock •• n 1967). Stoddlrt's (1974) est1.ated 
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per10d of recovl'ry in Belfze, a150 Igreed w1th the averlge 

hurricane frequency, once every th1rty years. The reefs 

in GUllA only suffer minor da.age dur1ng the frequent 

typhoons. Randal1 .. Eldredge (1977), and Ogg .. ICoslow 

1 ( 1 9 78 ) s u 9 9 est th ,a t the min 1 mal d. m age and ra p 1 d rat e 0 f 
\ 

recovery of the reefs 15 a funct10n of hurricane 

frequency. Woodhead (Append 1x E, in Wa lsh !.!!l. 1971) on 

the bas1s of good coral' coverage before the 1967 cyclone 

at Heron Island, Australi., and the knowledge that the 

prev10us major eyc lone -happened twenty years earl1er, 

de ter min e d t h a t C 0 III P let e r e c 0 ver y 0" cor a 1 soc c u r r e 'd in 

twenty years or less. 

g) Pol1 ut10R le.el s - Three years .fter 1 catutroph1c 10w 'i " 
tide on the Gu lf of Eillt Red Sea reef fllts, the recovery 1 

of a non-polluted control reef and 1 polluted reef .ere It 

d'lstinetly different levels (Loya 1976). The control reef 

had More coral colonies and species thln before the 10w 

t '1 des. a 1 th 0 u 9 h L 0 Y a est 1 Rta t e d t h at 5 .. 6 ye 1 r s wou 1 d b e 

requ1 red fOr fu 11 cora 1 coverage to return. The po 11 uted 

reef, exposed to chronic 011 and .1nerll pollutfon. h.d 

undergone s1gn1f1cantly less recovery in terls of speetes 

nu.bers. pereentage coral. and nUlbers of co 1 on t es of the 

.ore COllon SpIC 1 es. Bath reefs hld had a s1ltllr 

proportion of surviving corals (10-201) follo.1ng the 

e a t 1 S t r 0 p h 1 c 10 w t 1 des. but r e colon 1z 1 n 9 cor a 1 s .-e r e 

twenty-three t1les .ore .bund.nt on the unpol1utld ,. •• f. 

LOyl (1975) relsoned that the poor recolon1ZItton on tlt. 
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po 11 ut.d r •• f r,su 1 t.d b.c •• s, t. plO 11 ut ton •••••• d th. 

~.product1v. sllt .. of th. cor.,S.\d.ere.sed the ,1.b"lt~ 
of tlle cor.l llr y ••• or t nt.rferefl..,,~t th the sett 11 ni of 

corll pllnul •• by chlnlt., so •• pllys'ell propert1es of th. 

reef fl.t. LOll (1975,1976), W.tss • Goddlrd (1977). Ind 

"ergn.r (19al),sullest thlt .lthoulh reefs Ir. clplble of 

rleo,.rin. 'ro. n.tur.l dfsturb.nces, •• n-•• d. 

dtsturb.ne ••• .., h., •• n irre •• rs1b , •• ffect. 

J \,_ 

3)C,r.l .'CO.lrl Rn !hl .,'1.trs .,., 

Recolonizltfon of f~rftt! IIEltel a.d .1.riS1 • 

••• rlclt.s .re pro.ot1ft' th. r.co •• r, .f the •• ".trs 

.orth.rn frfng1ng re.f. 

A.ar1cfa Ilar1ettes .as the do.ln •• t cor.l (431 of 

tla. cor.'s) in th. re-sur"1. o •• J,.r fol10.'ng t ... 

p'isage of Hurr t c ••• - A 11.n. 1 ts co,.r.,a 10ss .as tll. 

1.ast (251) .htell .a, p.rUall, .xp 1.1n f tl .. e. do •••• nt 

pOlftton .. ong the cor.ls. ".nlof th. AI.ricf. colont.s 

•• couat.rad .10ng th. tr.nsect lta ••• re s •• 11 1n .1z • .. 
,(.' •• '.ngth 4.01 C., ••••• tdth 2.'5 ca, 1 • 31). 

Alt,lc1 •••• rtct11' has 1 d1 ••• t.r ,r •• th r.t. of 2.45 

c./,r (B.t 1171). Th. d1 •• ls10Is .f the colon'" 

... co."t.r." •• r. r •• "0.'7 •••• ur ... in the S'M.r of 1982 . ,'.r ft bec.- -Appt,..,.t tha-t _n,y qf tIIe col.' ....... 11 1. sfze • 

... 1 indicative of rec:olonfzatfon. 

Althoulh t •• hurr1c ••• s d •• t,.~ •••••• of t ••. 

AI.ric •• col ont ••• ft ." ..... ac~.' •••• f1ct.117 .1 • 
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aeans of reproduction through frag •• ntlt1ono<'"\ The 

spl1tt1ng of colonies and slttle.ent of larvi. are .elns 

by which Agaricil spp. colon1zes a substrate. Decay in 

one part of a colony may lead ta the splitt1ng of the 

colony into several fragments (Lewis 1974). At Bella1rs, 

Agaric1a may have been fraglIIented under pressure from 

storll waves, or due ta bombardment by 100se reefal 

lIater1al. 

, Early observations that Agaricia has a tendency ta 

grow in shaded habitats (Lewis 1974), 15 .,art1al1y 

supported by th1s study s1nee 441 of the Agaricia colonies 

were recorded on a vertical substrate. 

The !~~!!!! ~~!!le! colonies no. on the reef 

constitute only 41 (TableI3) of their pre-hurricane 

coverage. Photographs taken in the Pori tes pori tes zone 

00 f the sou the r n Bella 1 r s r e e fin 1 974 and 1 9 8 2, s ho w the 

extent of the Parites 20r1te5 destruction (Fig. 26 and 

Fig. 2n. S 1.11 ar da.age was reeorded on the 5 tudy reef. 

Most of the Porites p'or1tes colonies now on the 

northern Bellairs reef, prig1nlted after the hurricane. 

One hundred and seventy-three branches of thirty-three 

co 1 onies •• re a.asured. The aean 1 ength of' -ur. branches 

•• s 4.9 ca (standard deviat10n 0.7 ca). Sine. Porttes 

por t tes gr'ows It a ra te of 3.6 ca/y,. 1 n Barbados as 

reported by Lewis et !.l.( 1968). and the lIeasureaents were 

done two yelrs after the hurricane, the branches of 

Por1t,s R!~1t,s 4.9 ca long r.prlsent. on average, 
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Fig. 26. 

Fig. 21. 

J 

--------------------------~--- -

,f 

Porites poritls zone beforl (1914) 
Aurr1clne Allen_ ' 

Parites poritls zone after (1981)· 
Aurriclne Allen. 
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colonies that are less than 2 years old, and therefore 

lIost have grown after the hurricane (Figs. 2B, 29. and 

30) • 

The fol10wing factors are relevant to the recovery of 

the Bellairs reef 

a ) C .!.!!. dit .!.!!.!!.!..!l !J!!..!.!~ - The t 1 ... e r e qui r e d for 

conditioning of the substrate was probably minimal (Le 

less than a year), because a1ga1 and cora1line a1ga1 

eODl .. un1tie~ were well-establ1shed in most areas of the 

.reef. 

b) 6razers - The dens1ty of Dildea. ant11laruDl increased 

fo110win9 the hurricanes (TablelS). Post-hurricane 

dens1ty was 24.6 D1adeaa Inti ll..!!J!! 1 .. 2 !. 6.4 compared 

to a pre-hurricane dens1ty of 17.3 Diadella ant111arull 1 m2 

.! 6.4 (Hawkins 1979). The difference in means 1s 

s1gn1f1elnt, ( t • 17.44}P <.. 0.001). Identica1 methods 

were used for data coll eetion. A reduction in the 

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

partly responsible for the 1ncreased density of Diadema. 

Such an 1ncrease in densfty would likely restrict 

fi 1 •• entous alga 1 growth, free1ng lIore substrate for cora 1 

colonizat1on. The i.portance of Diade.a anti1laru. in 

cropp1ng and .a1nta1n1ng the f11aaentous algae population 

at a .tn1aua was recent ll' proven, bl' the widespre.d 

.orta1ity of Di.della anti 11.!!.!!.! in the Caribbean. In 

October 1983, !. ant i 11 arua were w.shed up onto the 

Barbados belches 1n large nu.bers. Dr. J. B. Lewis, in 
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Fig. 28. 

F'I g. 29. 

-_._- - - - -- - ---

Newly-colonized Parites pori tes co10ny 
on the study reef. 

~ 1 . 
Porite~s parites colonies ,t yarlOUS 
stages of growth on the northern 
Bella'lrs fringing reef. 
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Fig. 30. Protected Porites porites growth adjacent 
ta sand channel. 
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TABLE 15 Di.de ••• ntill.ru. DEISITY 

TRANSECT HUMBER NUMBER OF Di.de •• /m2 DATE RECORDED 

1 24.3 Dec. 27, 1981 

II 22.3 Jan. 1. 1982 

1 1 1 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 dens ity of D. ant i llarulII • 24.6 / m 2- +6.4 

l 
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Decem~er 1983, est1mated the D11dema Inti1 1arum population 

a t 0.3.. 0.4 0 i ad e m a an t f 11.!D!!.!! 1 m 2 The 8 e 1 1 a 1 r S 

reef 1s now covered with filamentous algae except in small 

areas where aggregat10ns of Q!~~~!~ ~~!!ll~~~~ are 

present. The cause of the morta 1 i ty throughout the 

Caribbean is unknown. Prel1minary studies of the 

phenomenon have begun in Barbados and a study of its 

effect on coral recoloniza-tion 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 topographie lows such as the sandy 

groove areas (Fig. 31). In this type of environment, the 

rubble 1S a more suitable substrate than the surrounding 

sand. Rubble wh1ch accumulates on the reef tops and sides 

i s cemented by sponges and cora 11 i ne al gae, and forlllS a 

stab l e substrate. 

d) Co10n1%1n9 Surflces -Except for the levelling of Por1tes 

JU!.~.i! e.! ( F ; 9 • 3 2 ) , r e e f m 0 r p h 0 log y h a s r e'" a f "e d 

essentia11y unchanged. Crevices, vertical faces, under-

surfaces, and ridges are abunda"t therefore avai 1 abi lit Y 

of co10n1zing surfaces 1s not a li.1t1ng factor on the 

study reef (Fig. 33). 

e) Co .... 1tl Structure - The Bellairs northern fr1ng1"g 

reef 1s coaposed of a diverse coral co •• unity 1nclud1ng 

.assive, branching and encrust1ng growth for.s of corals 

(Fig. 34). Recovery of the reef w111 1 ikely require 20 -

25 years due to the presence of S 1 ow-grbwth coral 5 which 

only reproduce sex.llly. 
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Fig. 31. Rubble bed. crossed by transect line. 
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Ffg. 32. Vie. 110ng 1 spur of th. study ree' prfor 
to levelling of Porttes porites. 

Ftg. 33. Diversity of surfaces for recolonizltton on 
northern Bellltrs fringtng reef. 
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f) It.t,r'.ac •• - The Iverl,e intervll bet.een hurricanes 

tn alrbldos in this century 1s 20 - 25 yelrs. but Inoth,r 

hurriclne could affect recoyer., It Iny tt ••• Other 

dtsturblnces such IS the w1despreld .ortality of Dtad ••• 

antillaru •• ay delay recoy,r.,. 

,) !.!.!1!ti •• le.ets -Inereastng levels of pollution in 

the .aters around Barbados .ay adyerse1y a'fect coral 

recovery. If pollution fr.o. urban Ind agr1cultural sources 

reaches critical leyels, then full recoyery of the reef 

could be retarded or preyented altogether. Pollution 

effects on Barbados reefs are under inyestigat10n (T. 

To.asc i k. 1 n progress). 

Of al1 the factors which could affect coral recovery 

on th, lella1rs reef, th •• ost stgntftcant are the denstty 

of gr azer s (D 1.de •• !l!.l!11.!!J!.!). the di yers t ty of the 

coral co_unity. d1sturbances (biological and phystcll). 

and pollution levels. 
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Fig. 34. Diverse coral co •• un1ty on the northern 
Bel1a1rs reef in 1974. 
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GEOlOGICAl RECORD OF HURRICA.ES 

A) HOLOCENE STORM DEPOSITS 

Recent 11 more storm deposits are being recognhed in 

the sed1mentary record. but many Ho1ocene hurricane 

deposfts. especially those of reefs 

sedimentation areas do not have much 

preservation in the rocks. 

and carbonate 

potentla5for 

r----
Various types of storm deposits have been reported 

following hurricanes. On the Great Barrier Ree"f, Cyclone 

David (January 1976) caused the movement of sediments 

greater than -1 phi (2 mm) ta the outer reef toP. and the 

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

l~tter group of sediments were redeposited in the inner 

. ~ e e far e a s (F 1 00 d & Je 11 1 9 77 ) . 

Hurricane Donna passed over the F lorlda Keys 1n 

September 1960. Five years l ater the same are a was 

affected by Hurricane Betsy. The major effect of 

Hurricane Donna was extensive supratidal sedimentation. 

Bou1der-sized rubble. resu1ting From storm-breakage of 

cora 1 s. was transported ta the 1 eeward si des of the reefs. 

Cross-bedded spi llover 10'bes 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 anclent 

marine sand sequences (Ball et!.!.. 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 

recycl lng of sedIments ln the subtldal env1ronment and 

non-deposltlon ln the supratldal env Honment (Perkins & 

Enos 1968). Perkins & Enos su99p.sted that the sediments 

deposl ted by HurrIcane Donna would be recorded in the 

sedilIIentary record, but 11 tt le or no ev idence of Hurrican4! 

Betsy wou1d be recorded. 

Graded sed1ments. ln large bays adjacent to the coast 

of S.W. F10rlda. were deposited when hurrlcanes passed 

over the area. The vert lcal sequence lnc 1udes a basa l 

she11 1ag. wlth fragments one or more centlmetres ln 

1ength. over1aln by quartz sand. The sand-sized quartz 

grains were on1y observed followlng major storms 

(Perlmutter 1978. 1979), and were not observed during 

normal conditIons or wlnter storms. The Quartz sand fines 

upward to sandy-sl1t and s11t. These flner grains were 

deposited during waning post-storm stages (Per lmutter 

1978, 1979). 

Graded sedIment sequences. 6 cm thlCk. 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,Jr •• 1981). found that 

the graded 1ayers had been 50 thoroughly bioturbated, that 

they were no longer recogn i zab 1 e. 

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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lIodlflcatlon of the deposlts by biologleal Ictivity, 

.10no.,og, and removal by seour (Oott 1983). Sup r atldal 

sedi.entatlon 1S preserved ln the sedll1entary record 

because once the sediments are deposlted above the .ean 

hlgh tlde level. they are not susceptlble to lIarine 

reworking. Few or9anls1115 can wltbst.nd the eJ:posure and 

fluctuating sal1n11y ln the supratldal environllent, 

therefore there 15 IIIin;lIIa1 destruction Qf pri.ary 

sedillentary features (Shlnn. 1983). Sed 1 ment s depos 1 ted 

.1thln the lntertldal zone and above normal .,ve base, 

have the smallest probabll1ty of preservatlon, as they are 

exposed to constant r-ework1ng by _ave action and by 

burro.ing organlsms. Sed1mentary str-uctures formed during 

storms below wave base may be preser-ved lf they are not 

heu 11 Y bloturbated. 

In the Pleistocene reef complex of Barbados, layers 

of Ac r 0 po r a ~!..!. mat a are 1 n ter b e d d e d 1 n the Ac r 0 par a 

cer v i corn i s zone. James!!..!l. (1977) suggest this may be 

due top ru n i n 9 0 f the se a w a r d ~~.!:.! .p...!l mat a z 0 n e b y 

hurricanes, fol1owed by depos1tion 1eeward in the Acropora 

cerv i corni s zone. 

B) ANCIENT STORM OEPOSITS 

Many sedimentary structures and lithologie features 

in the sedimentary record are attributed ta hurricanes 

(Tab le 16) and s torms. These structures and features 

1nclude : t rune a ted eros 1 ona l surf aces, intraf or.a t t ona 1 
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TABLE 16. EIA"'lES OF AICIEIT H ... ICAIE OE'OSITS (fro. 

AGE 

Ordov 1 Clan 

Oevonian 

Mississ1ppian 

Jurassic 
" 

\ 

Marsag lia & Klefn 1983) 

EXAMPLE 

Ellis Bly F •. 
Anticosti Is. 
C.nada 

Reedsv111e F •• 
Appalachians 
U.S.A 

IIew "a,rk,t Ls. 
MD, U. S. A 

Jun1at.' 
Sequatch1e F.s. 
Appalach1ans 
U.S.A. 

"art i nsburg F •. 
VA, U.S.A. 

Eden Sha 1 e 
IN , le Y , OH. U. S • A • 

eue; nnat ; Series 
OH, U. S. A. 

Rochester Fm. 
Ont.. Canada 

Keefer Quartzite 
PA, U.S.A 

Bag9Y Fm. 
England, U.K. 

Pilton Fm. 
England, U.K. 

Eiffelian 
Germany 

Arisaig Grp. 
N.S •• Canada 

Visean 
Morocco 

Upper Jurassic 
Morocco 
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conglo.erates and ,ntraclasts. bioturbation structures 

(the nature and periodicity of the structures indicating 

falr-weather regi.es between storm events). hu •• ocky 

cross-stratification. shel1 1&9S. lIixed faunas. paral1el 

la.'nae. and graded bedding (Kreisa 1981). The wel1-

descr1bed stor", deposits are pr~ in clastic rocks. 

A storm or hurricane origin ~r hu •• ocky cross­

stratification has recently been suggested (Duke 1982, 

H a r Il s !! 11. l 9 7 5 ) • The structure is character1zed by 

sets of beds .ith an erosional 10wer contact of 10w 

relief. lallinae above the erosional base which parallel 

H. and systematic thickening and thinning of laminae 

w i t h i n e a c h set 0 f b e d s (H a r m s .!U !l. 1 9 7 5 ) • Hum m 0 c k y 

cross-stratiflcation has been attributed to storm-

generated ose i 11 atory and three-dimens1ona l vortex wave 

a et; on (Dot t & Bourg e 0 15 1 9 8 2, W a l k e r l 98 2. H a r m s et !l. 

1982). This bedform has been observed dur;ng flume 

exper1 ments (Carstens !!. D. 1969, Harms et al. 1982). but 

has not been observed to form in sands of Holocene 

subtidal regimes (Marsaglia & Klein 1983). 

Oott & Bourgeois (1982) described a hummocky sequence 

from the Eocene Coa 1 edo Formation of Oregon. The sharp 

base of the storm sequence 1s overla;n by hummocky-

strat1fied sand that grades upward into parallel-bedded 

sand. Above this lies a micro cross·laminated zone capped 
1 
c.'..by a mudstone wh1ch may be burrowed (Fig. 35). 

The Moosebar and Gates for.aU ons (Cretaceo~s) of 

northeastern Brttlsh Colu.bla contatn hu •• octy 

lA. 
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Fig. 16. HUBnOcky cross-stratification sequence 
ottrlbuted to storm-wove deposltlon 
(Fran Dott 8 BourgeOis 1981). ~ 
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stratification (Lecll:ie , ".ll1:er 1982).. The overall 

progradat10nll coarsening-upward trend is postullted to be 

.due to 1 shoal1ng history of a stor.-do.1nated shelf 

sequence 1nto a cOlstal and non-.arine sequence. Other 

sequences conta1"1ng stora-produced hu •• ocky cross­

stratification include the Fernie-Kootenay transition 

(Haablin & Malker 1979), the Martinsburg For.atton (Kretsa 

1981). and tlle Call1pito Formation (Mount 1982). 

CaMbrhn conglo.erates in Wisconsin are ev1dence of 

storM activity. Layers conta1n1n9 rounded boulders of red 

quartzite up to 1.5 m in diameter, are 1nterlayered with 

cross-bedded marine sandstones. The sources of these 

boulders were quartzite islands in the late Cllllbrian Sea. 

Rounding and distribution of the boulders was attributed 

to storlll waves of est1mated heights of 6 - 8 III (Oott 

1974). The typical Cambrian sediments in Wisconsin are 

lIIarine, cross-bedded, medium-gra1ned sandstones. Oott 

believes these sandstones were deposited dur1ng storms. 

because he estimated that a current veloc1ty of 

approximately 100 cm/s was requ1red for formation of the 

bedform. Oott postulated this velocity was twice the 

velocity of normal currents, and< was attained only dur1'!9 

storms. The upper layers of the sandstone are heav11y 

bioturbated. The tops of the burrowed sequences are 

sharply truncated, 1nd1cating the episod1c nature of sand 
1 ., 

transport and depos1tion. Oott (1974) suggest~ that , . 
sU~"lr1ne dU,nes were act ive on 1 ~ dur1 ng s tar!,s, and dur 1 ng 

~e longer fair-weather 1nteryals the or.gln1s., 
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extens hely burrowed the sed taenU. The t i •• requ1red for 

d.pos 1 Uon of the v.rlous layers .1 th 1n 1 sequence, ran,.s 

fro. a few seconds to seyera 1 yelrs (Fig. 28). 

Vertical sequences of stor. depos1ts .Iy be ftntng­

upwlrds as in the Mlrtinsburg For •• tion (Kreh. 1981), or 

cOlrsenlng-upwa r ds as in the Moosebar .nd G.tes 

for •• tions (Ledie & WaHer 1982). 

Alternat1ng fossil-rich 1ayers and unfoss111ferous 

11yers hdicate episodic deposition which .a, be stor.-
/' 

produced. An exa.p 1 e i s found in the Lower EIWs 11n l. Vid 

shlles of N.W. Spain (Ste1 1975). The shales Ire 

un f 0 s 5 i 1 '1 fer a us. ex cep t for the pre sen c e 0' s ome 

., cr 0 p 1 an k ton (C r a me r 1 964) • Ste 1 (1 97 5) su 9 9 est s th. t 

hurricanes altered the water circulation 1n the 

depositional area. and conditlons changed frolll Inaeroblc 

to aeroblc. A pioneer fauna established 1tse1f on rubble 

brought in by the stQrms. Eventua l'y ablotlc conditions 

returned and shales were agatn deposited. 

C) SEDI!1ENTARY RECORD OF HURRICANE ALLEN 

Storms and hurricanes appear ta have been important 

agents in the deposition of sedimentary rocks, but the 

impact of Hurricane Allen on the northern Bella1rs 

fring1ng reef may not be indelibly recorded. Rubble 

deposi ted on the reef will either be broken down inta sand 
- " . 

• n d 5 -1 1 t - s 1 z e d par t 1 c 1 es. 0 r w 1 1 1 b e ,c elle n t e d t 0 for III • 

,Irt of the reef structure. 
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structure. wh1ch for.ed 1 ••• d1It.l, If ter the hurr1clne 

hlve bel.. reworked. th.refore ne t ther cross .. la.1nat ions. 

nor grlded bedding will be preserved for the sedt •• ntlr, 

record. flo s1gn 1 ftclnt suprat1dll sedt •• ntlt ton occurr.d. 

Star. depos Us in the deeper wlter selward of the frinltn, 

reef _.Y be preserved, t f not grelt 1, affected by 

b10turbatton. 

) 

... 
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coaCLUSlolS 

Hurricane Allen's .aJor .ff.cts on th. "orthern 

aellairs fr1nging re.' includ. : 1) • s.v.r. r.duetton 1n 

t he co v e ,...a g. 0' b r an c h 1 n g co r a 1 s. es pee 1a 1 1 Y Po r t tes 

porites. 2) a d.crease in coral dhersity. and 3) on-ree' 

transport of Aeropora c.rvicorn1s and Madrac"s .1rabi11s 

rubb 1.. and off -ree f transport of Por it.s parites rubb 1 e. 

An overa11 increase in non-1 iving substrate coverage 

(sand. rock, and rubble) was at the expense of the living 

substrate coverage (prilllarily the corals). The çorals, 

M 1.11 e p 0 ras p . , and cor a 1 lin e r e d a 1 9 a e colle c t 1 v e l y 
'Î 

represented 671 of the ree' caverage in the original 

surv.y. 8y the time of the re-suryey, the non-11ving 

substrates had decreased to 381 of the reef coverage. 

Recovery of the cara1s 15 indicated by the new 

coloni.s of Parites porites and Agarich Igaricites. The 

time required for recovery cannat be predicted due to the 

lIultitude of factors 1nvolved. 

The effects of Hurricane Allen will probably not be 

preserved 1n the sedimentary record except perhaps in 

deeper-water deposits. Hurricane depos1ts on the 

fr1nging reef are subjected to bioturbatfan and reworking 
>, 

by the waves during normal conditions and dur1ng 

occasional winter storms. 

Further work suggested by this study 1neludes : 1) 1 

co.plete'study s1.11ar to the one done by Stearn 11 al. 
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(1977) to esti.ate the present calciu. carbonate budget 

and 2) a re-survey 110ng the 6 trlnsect lines e.ery 5 

years to .onitor the progress of the recovery of the ree'. 

The chlnges in di vlrs 1 ty v. 1 ues of the northern ael111 rs 

fr1ng1ng reef through tf.e, could then be plotted. 
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lE' TO AII.EIIATIOIS ISED Il RAV DATA 

A.a. • Agar1c1a agar1cites 

CRA • coralline red algae 

F.f. a Favla fragum 

M.a ... Montastrea annularis 

M.c. = Montastrea cavernosa 

M.m. a Madrac1s mirabilis 

M.s. = Millepora squarosa 

P.I. 2 Porites Istreoides 

P.p ... Porites pori tes 

S.S. • Siderastrea siderea 

* • boundlry between ellipses 
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APPEIOII 

IAM DATA FOR IE-SUIJEffD TRAISECT LIIES 

DISTANCE ~.i FROM m+0.1 m+0.2 ",+0.3 ",+0.4 11+0.5 
~T~IT ~F 1 R~E~T 1 

0 rock rock rock rock rock 

1 rock rock rock rock rock 

2 rock rock rock rock rock 

3 rock rock rock rock rock 

4 rock rubble rubble rubble rubble 

5 rock rock rock rock rock 

6 rock rubble rock rock rock 

7 rock rock rock rock rock 

8 CRA CRA CRA CRA CRA 

9 CRA CRA CRA CRA CRA 

10 P.a. F.f. CRA CRA CRA 

Il rock rock rock rock rock 

12 rock rock rock rock rocle 

13 rock rock rock rock rock 

14 rock rock rock rock P.a. 

15 rubble rubble rubble rubble rubble 

16 rock rock rock rock ,rocle 

17 * rubble rock P.a. P. a. CRA 

18 CRA CRA CRA rock rock 

19 rock rocle rock rock rock 

20 rocle roc le rock rock rock 
• 

( 21 * rubble rubble rock rubble rubb le 

r 22 rubble rock rock rubble rubbl. 
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DISTANCE ~.l FROM .+0.1 11+0.2 a+0.3 .+0.4 ~ .+0.5 
~TXRT IiF ï(-I$!eT 1 

23 rubble rubble rubble rubble rubble 

24 CRA rock CRA rock rock 

25 sand rock rock rock sind 

26 rock rubble rubble CRA CRA 

2.7 CRA CRA CRA CRA CRA 

28 rock CRA sand sand CRA 

29 P. a. CRA CRA P. a. P.I. 

30 CRA CRA rubble M. s. eRA 

31 eRA CRA eRA rubble rubb le 

32 1. a. rubble rubble P. a. P.I. 

33 sand sand sand S'and sind 

34 sand rubble rubble rubble rubble 

35 A. a. P.p. M.s. P.I. * A.I. 

36 A.I. eRA A.I. eRA eRA 

37 A.a. eRA eRA eRA eRA 

38 rubble rubble A. a. 
~ 

rock P.I. 

39 A.I. rubble rubble rubble rubble 

40 rock A.a. A.I. N.s. eRA 
," 

41 rubble rubble rock rock rock 

\ 
42 P.I. rock A. a. N.I. CRA 

43 CRA M.a. A.I. eRA CRA 

44 CRAi' P.p. eRA CRA CRA 

45 * rubble rubble rock rubble rock 

46 rubble sand rubble rubble rock 

( 47 rock rock rock rock ru ... l. 

48 Sind Sind Sind Sind SIH 
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( DISTA.CE ~.i FROM .+0.1 .+0.2 .+0.3 .. 0.4 "0.5 • ~TIIT Dr 1 Is~eT 1 

49 sind sind sind sind sind 

50 rubb~. sind rubb 1. rubbl. rubbl. 

51 rubbl. sind sand sand sind 

52 sind sand sand sand sand 

53 sand sind rubb 1 e rubble rubble 

54 c~ A.I. rock P.a. A.a. 

55 rubble rubble rubb 1 e* rubble rubble 

56 CRA A.a. A.a. A.a. CRA 

57 CRA A.a. CRA A.a. CRA 

58 \. CRA CRA CRA A.a. CRA 
. 

59 CRA A.a. CRA rock CRA 

-:- 60 A ••• CRA P.a. A.a. rock . 

f 61 A.I. eRA A.a. CRA M. s. 

62 P.p. eRA rock P.I. A.I. 

63 M.s. P.I. P.I. rock rock 

64 CRA P .1. P.I. P.p. P.p. 

65 A.I. P.a. rock A.I. CRA 

66 M.I. CRA M.s. M ••• M.I. 

67 CRA eRA CRA CRA eRA 

68 rullbl. rock CRA P.I. P.I. 

'9 rubbl. rubble rubb 1 e rock rubbl. 
< 

70 rock rock rubb le rubb le rubbl. 

71 rubble rubbl. CRA rock rocle 

-( 72 rubble rubble rubb1e rubble rubble 

73 rubbl. rubbl. rubble Sind Sind 

il) 
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l DISTANCE tal FROM .+0.1 .+0.2 -+0.3 m+0.4 11+0.5 
~TA~T D~ 1 ISECT 1 

74 rubb 1 e rubble rubble sand rubb le 

75 M.I. CRA CRA rock rubb1e 

76 rock sand rubble rock rock 

77 rock rubble rubble rubble CRA 

78 CRA M.a. M. a. M.a. M.a. 
, 

79 M.a. rubble rubble rubble rubble 

80 CRA rock CRA CRA CRA 

81 CRA A.a. A. a. rubble A. a. 

82 CRA CRA rock rock rubble 

83 rubble rock rock rubble rock 

84 rock rock rock rubb 1 e rock 

85 sand sand sand sand sand 

86 rock sand sand sand sand 

87 rock rock CRA CRA CRA 

88 CRA rock P.I. S.s. S.s. 

89 CRA A.I. rock rock CRA 

90 CRA CRA CRA A.a. CRA 

91 CRA rock rock sand rubble 

92 rock Sind - Sind sand * sand 

93 SI"d Sind Sind '-sind Sind 

. 94 Sind Sind Sind Sind sand 

95 Sind Sind Sind Sind sand 

'6 Sind Sind sand Sind sand 

97 Sind Sind sand Sind sand 
( 98 rock CRA CRA A.I. A.I. 

" CRA rock rock roc.Jc sand 
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(_1 DISTANCE ~.i FROM 1+0.1 .+0.2 "0.3 1+0.4 .+0..5 - , i ~TAIT~' • ISEfT 1 

. ! 
~ sind sand sind sind A.a. 

rock CRA rock CRA A.a. 

102 S.s. S.s. S.s. S.s. S.s. 

103 sand sand sind sind s.nd ll'I~ 

104 Sind sind sind Sind sand 

105 sand sand sand Sind s.nd 

106 sind sind sand Sind sind 

107 sind sind sand sind sind 

108 sind 'SInd sand Sind sind 

109 sind sind sand sind sand 

110 Sind sand sand Sind sand 

III A.I. CRA A.I, CRA rock 

112 rock rock rock rock rock 

113 sind sand sind sind sand 

114 sind sand sind Sind sand 

115 sind sind CRA CRA CRA 

116 rock rock rock rubb le rubble 

117 P ••• A ••• CRA rock P.I. 

118 rock rock ...... M ••• rock 

119 rock , ..... 111.1. M ••• M.I • 

120 M.s. P ••• '.1. P.I. P ••• 

121 CRA A ••• rock rock rock 

122 CRA CIA CRA rock rock 

( 123 rock rock CRA CRA CRA 

12. 'Y A ••• M.s. P.,. P.P. A.I. 
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li DA.SECT Il 

DtSTA.CE ~.l FROM .+0.1 
STIIT DF 1 iSElT Il 

.+0.2 .+0.3 "0.4 _+g.5 
6 

0 * CRA tRA CRA CRA tlA 

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.I. rock 

5 rubble rubble rubble rubble rubbl. 

6 rubble rubb le rubble rock rock 

7 rock rock rock r()ck CitA 

"8 CRA CRA ,CRA CRA CRA' 

( 9 A.~RA CRA rock CRA 

10 CR . RA CRA . CRA rock .. 
Il 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 rubbl. rubb1e 

17 rubble rubble rubbl. rubb 11 rubbl. 

1. rock rock Sind rock rock 1. rock rock Sind rock rock 

2t CRA CRA CRA CRA CRA 

. '21 CRA M.I. CRA M.s. ru"" e) i~ 
21 CRA CRA rock A.a. CRA 

21 CIA rock P.p. . A.a. 111.1. 

'" 
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Ci DISTAICE ~.l FROM .+0.1 .+0-.2 .+0.3 .+0.4 .+0.5 

!TIRT DF R I!EeT Il 
""-24 M.s. rock rock CRA CRA, 

25 rock A.a. rock rock A.a. 

26 P.I. CRA rock CRA rocle 

27 rock rock CRA rock rock 

28 rock P.a. P.I. CRA * CRA 

29 rock rock CRA rock rock 

30 CRA. CRA rock M.s. CRA 

31 rubble rubble rubble rubble rubbl. 
" 

32. rock CRA rock rock rock , 

33 rubbl. rubble rubble rubbl. rubbll:l 

34 rock rubble rubble rubble rubbl. 

35 rubble rubble rubbl. rubble rubble 

3' CRA rock rock rock CRA 

37 A ••• CRA CRA CRA CRA 

38 s.nd sand rock A ••• rock 

3. CRA CRA rock rocle rock 

40 rubbl. rubble rubble rubble rubble 

41 rock rock M.s. CRA CRA 

42 rock sand CRA CRA CRA 

43 
') 

CRA , CRA rock CRA CIA 

44 CRA CRA rock CRA rock 

45 CRA rock rock CRA CIA 

4' CRA CRA CRA racle rocle 
. 

47 ..... M.a. M.a. M.a. ..... 
1 , 
1 Ci •• ..... M ••• M ••• M ••• .. ... i 
1 

1 ., ".1. ".1. CRA CIA CIA 
v , 

1 
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, , , 
'- DiHfll ~afm rO. l 11+0.2 "0,3 .+0.4 .+0.5 

S - l' :1; 

,50 CRA rock rock " rock CRA 

51 rock rock rock rock rock 

52 Sind * Sind Sind rubb le Sind 

53 Sind sand rock rock rock 

54 rock rubble ,fit, S • CRA rock 

55 CRA CRA rock rock t'RA 

56 CRA sa"d rO'ck T'ock rock 

57 Sind ru'bble rubble sand sand 

5_ Sind Sind s.nd sand sand 

59 rock rock roCie rock rock 

10 Sind sand s.nd sand rock 

61 CRA ÇRA rock rock rock 

12- CRA CRA rock rock rock 

6' rock CRA rock rubb le rubble 

1. rock P.a. CRA CRA CRA 

65 CRA A.a. rock rock A.I. 

M CRA rock rock rock rock 

.7 Sind sand sand sand Sind 

•• Sind sand sand Sind Sind 

" CRA rock rock * rock rock 

70 rock CRA CRA rock rock 

71 rub.,le rubble rubble rubble Sind 

,12 rock rock rock rock rock 
1 

~J Il.1. N.I. M.I. eRA rock 

( 7. rock rock fil. s . CRA rock 

. 71 rock rock CIA " .•. rock 
... 
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DISTANCE +.i FROM _+0.1 m+0.2 11+0.3 M+0.4 .+0.5 
~TAIT Dr -1-.~EeT II 

76 CRA CRA CRA CRA rock 

77 P.I. 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 

8' rock rock rock rock rock l' . ' 
9O rock rock rock rock rock 

91 M. s. M. s. rock rock CRA 

92 rock CRA rock rock * rock 

93 rubb le CRA rubble CRA rock 

94 rock CRA rock rock rock 1\ 
'5 CRA CRA CRA CRA CRA 

! 
i 

" CRA rock rock rock rock 

'7 CRA CRA CRA CRA rock * 

( 
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( 
TIA.SECT III 

DISTANCE +-1 FROM .+0.1 ",+0.2 111+0.3 11+0.4 .+0.5 
STARl OF R I~EeT III 
0 * CRA CRA rock CRA ·CRA 

1 CRA rock rock CRA bRA 

2 * CRA rock CRA rock rock 

3 CRA rock CRA CRA rock 

4 M. s. CRA rock rock CRA 

5 CRA rock CRA rock rock 

6 rock rock rock rock rock 

7 rock CRA rock rock rock 

8 CRA CRA CRA CRA CRA 

9 CRA CRA CRA CRA CRA 

10 CRA CRA rock r'&'ck rock 
-<, 

Il CRA CRA CRA CRA CRA 
• 

12 CRA CRA A.a. CRA CRA 

13 CRA CRA CRA rock rock 

14 CRA rock CRA CRA CRA 

15 CIA rock rock CRA CRA 

16 CRA CRA CRA CRA CRA 

17 rock CRA racle rock rock 

18 sand sand sand roâ rock 

19 sand sand sand sand sand 

20 rubble rock rock rock sand 

21 rubble rubble CRA CRA rock 

22 CRA CRA sand sand rock 

(, 23 rock rock rock rock rock 

24 rock rock rock * rock rock 
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r 
1 

DISTANCE ~.* FROM m+O.l m+O.2 m+O.3 m+O.4 11+0.5 
~TART or R RU~f III 

~ 

51 M.s. CRA CRA CRA ROCK 

52 rock rock rock P.a. rubb l e 

53 sand sand sand sand sand 

54 sand sand sand sand sand. 

55 rock rock rock rock rock 

56 CRA CRA CRA CRA CRA 

1 
J\ ... 

57 rock CRA CRA CRA CRA 

58 rock P. a. CRA CRA CRA 
1 59 sand sand rock sand sand 1 
1 

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 

10 * CRA CRA CRA CRA CRA r' 71 CRA CRA -'CRA CRA M.s. 
1 

72 CRA CRA CRA 1\. a. CRA 

13 sind sand sand rock rock 

74 sand sand sand sand sand 

( 75 sind sand sand rock rock 

16 sind sand sand sind sand 
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DI STANCE t--l FROM m+O.l 111+0.2 111+0.3 m+O.4 .+0.5 
~T~RT ~F R RueT lU 

71 san-d sand sand sand sand 

78 sand sand sand sand sand 

79 sand sand sand sand sand 

80 sand sand sand sand sand 

81 sand sand sand sand sand 

82 sand sand sand sand sand 

83 * sand sand sand sand sand 

84 sand sand sand sand sand 

85 sand sand sand sand sand 
1 

86 sand sand sand sand sand 4 
1 • 1 

87 sand sand sand sand sand j 
l 
1 

88 sand sand sand sand sand 

j 89 sand sand sand sand sand 

90 sand sand sand sand sand 

91 rock rock CRA rock P. a. 

92 M.a. M.a. M. a. M.s. rock 

93 rock M. a. CRA CRA M. s • 

94 rock CRA rock CRA rock 

95 \ rock , rock rock rock rock 

96 CRA rubb le rubble rubb 1 e rubb le 

97 rubb 1 e rubble rubb l e rubb 1 e rubb le 

98 rock rock rock rock rock 

99 CRA CRA CRA rock rubb le * 

( 
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TIA.SECT l' 

DISTANCE t-i FROM _+0.1 11+0.2 _+0.3 _+0.4 11+0.5 
STARl O~ 1 Rnef IV 

0 * sand sand rock rock rock 

1 rubb 1 e rubb le rock sand sand 

2 CRA rock rock CRA CRA 

3 rock CRA CRA rock rock 

4 rock rock rock rock rocJc 

5 sand rubble ru bb 1 e rubb 1 e rubb le 

6 sand sand rubb le Sind sand 

7 rock rubble ru bb 1 e rock rock 

8 rock rock ru bb 1 e CRA CRA 

9 rubb 1 e rubble ru bb 1 e rubb 1 e rubb le 

10 rubb 1 e sand sand rubb 1 e sand 

11 CRA rock rock rock rock 

12 CRA sponge sponge CRA CRA 

13 rock sand rubb le sind rock 

14 rubb 1 e sand ru bb 1 e rubb 1 e sand 

15 sand sand rock rock rock 

16 CRA CRA CRA rubb 1 e rock 

17 CRA rubb le A. a. rubb le 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 

j 
( 23 CRA CRA CRA rock A.a. 

1 
24 CRA CRA rock ' A.I. CitA 
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DISTANCE +_* FROM .+0.1 _+0.2 .+0.3 .+0.4 _+0.5 
~TlIT fiF 1( IS!eT IV 

2S 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 

10 CRA CRA CRA CRA M. s. 

31 CRA CRA P.a. CRA CRA 

32 CRA CRA CRA CRA rock 

33 " .. c. M.c. CRA CRA rock 

34 rock rock rock CRA sand 

35 rock rock rubb 1 e rock sind 

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 rubb 1 e A.a. eRA 

44 CRA CRA CRA CRA CRA 

4S roct rock rock rock rock 

46 CRA rock CRA CRA CRA 

47 CRA CRA CRA CRA CRA -

48 CRA CRA CRA rock eRA 

( 49 roct rock rock rock rock 

{ 
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TlAISECT , 

DISTAICE ~.i FROM 
~TAIT Dr -1-R~r~T y 

.+0.1 .+0.2 .+0.3 .+0.4 -+0,5 

0 rocle rock rubble rubb le* rock 

1 rubble rock rock rock CRA 

2 rock M.III. rock rock rock 

3 rock rock rock rock rock 

4 rock rock rock rock rock 

5 rubble rock M.m. rock P. a. 

6 rubble CRA CRA CRA CRA 

7 rock rock rock rock rock 

8 S.s. S.s. S.s. S.s. S.s. 

9 sand sand sand sand sand 

10 rock rock sand sand sand 

11 rock Sind sand sand sand 

12 rock rock 'rock sand sand 

13 rubble rock rubb 1 e rubble rubble 

14 A.I. A .1. A.I. M.s. M.s. 

15 rock rubble sand sand sand 

16 rubb 1 e rock rock rubb 1 e rock 

17 rock rock rock CRA rock 

18 rock rock rock M.s. rock 

19 CRA CRA CHA CRA CRA 

20 rubb le rubble rubb le sand sand 

21 rock sand 
. 

Sind Sind sand 

( 22 sand sand rock rock rock 

23 rock rock rock Sind sand 
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l_' DISTANCE ~.1 FROM .+0.1 .+0.2 .+0.3 .+0.4 .+0.5 
JTK_T D~ 1 ISreT V 

24 rock rock rock CRA CRA 

25 rock rock sand sind sand 

26 sind sind sand ___ rock Sind 

27 sind sind sand sind sand 

28 sind sand sand sand sand 

29 sand sand sand sand rock 

30 rubb 1 e rock CRA rock CRA 

31 rock rock CRA CRA CRA 

32 rubb 1 e rubb le rock CRA CRA 

33 sand sand sand sand sand 

34 sand sand sand sand sand 

35 sand rock sand sand sind 

36 sind sand sand rock Sind 
, 

37 rock sind sand sand/' sind 

38 sind sind sand sind sind 

39 rock sind sand sind sind 

40 sind sand sand sind sind 

41 sind sand sand sind sind 

42 sind sind sand sind sind 

43 rock rock rock rock rock 

( 
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(\ ~. 1UISICT '1 

Itll~if ~il@! 1It0.1 
Il 

.+9.2 "0.3 11+'.4 .+0,5 

0 * rock CRA rock rock F.f. 

1 rock rock CRA CRA rock 

2 CRA CRA CRA CRA CRA 

3 rock rubb le rubb le rubb le rock 

4 rock rock A .1. M. s. " A. a.' 

5 CRA CRA CRA CRA CRA 

6 CRA CRA CRA CRA CRA 

7 CRA CRA M.c. M. c. M. c. 

8 rubb le rubb le rubble rubb 1 e rubb le 

9 CRA CRA CRA A.I. CRA 
.... 

10 A.I. P.p. P.I. CRA CRA 

Il S.s. CRA CRA CRA CRA 

12 sind sind sand Sind sind 

13 rock rock CRA A.I. M.s. 

14 CHA P.a. A.I. CRA (ItA 

15 rock rock rock sand * rock 
" 

\ 16 rubb 1 e rubb le rock rubb 1 e rock 

17 CRA CRA CRA CRA CRA 

18 CRA P.a. eRA CRA CRA 

l' rock rock rock rock rock 
• 1 

1 20 CRA rock rock A.I. A.a. 
1 21 rubb 1 e Sind eRA rock rock 1 
1 
1 
1 22 CRA CRA CRA M.I. CitA 

( ",1 
23 Sind rubb le eRA rock rock 

2. rock rocle A ••• rock CIA 
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