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ABSTRACT 

Multlvanate ordmatlon techmques wcre uscd to charactcnzc the direction .md magmtudc 

of ('oral eommumty changes on west coast rccrs ln Barbados bct\\'ccn 19>.'2 and \992, ami 

ta relate these changes to C'oastal cutroplHCa1l10n anù vanatlOll 111 DllldclIllJ (lI/til/omm 

denslttes (grazmg prcssure). D. antillarum dcnsltlcs wer.? substanllally Inwer III \q92 

than 10 1982, reOectmg the 1983 mass mortallty cvcnL Rcductlons \11 lIIdllll liensll) 

were greater on less eutrophlc rcers th an eutrophie rccrs, ~tnC(' plc-mnllaltly ùcn~lllc~' 

were hlgher on the former. Covcr by macrophyltc algac lncrc..ls(!d, cm'cl by Cfllslose 

coralhne algae decreased, and the nllmbl;1 of coral SpCCICS dccreascd bctwccn 19X2 ami 

1992. Wlth the notable e"ceptlon of the most eutrophie rcd, coral, cm'cr dcclcascu O\'el 

the 10 ycar penod. Changcs ln algal coyer across Iccfs betwccn 19H2 and 19~)2 welc 

strongly correlated wlth dccrcases III D. antillarum densltlcs, and wcrc thclclolc typlcally 

greater on less eutrophie reC'fs, mdlcatmg thatleduc(;d g:'azmg pressurc h..lS mOlc stlOngly 

mOuenced algal cover changes than prcvmhng eutrophlcatlOn Icvcls. COIal SpCCICS 

composition changcd at ail sites bctwecn 1982 and 1992, and exccpt at the most eutrophlc 

site, the dtrection of change was dlrectly related to reduced D. anlillllrum dcnsltlcs and 

assoclated algal cover changes. Morcovcr, for these rccfs, the magnttude 01 changcs ln 

coral specles compositIOn over the 10 year penod was dlrectly propOltlonal to th(~ 

decrease in D. antUlarum densltles and c:hanges ln algal covler. Temporal change at thc 

most eutrophlc site was best explalned by the prevmhng hlgh level 01 eutr~)phlcatlon, and 

resulted pnmanly from a subSlantlal tncrca'ie 10 the coyer of one! spccles, Porites pori/es 

P. porites IS a branchmg coral, and eutrophlcatlon proccssc"; may facllltate ascxual 

reproductIOn through fragrnentallon in thls specles. Thc decrcasc ln coral coyer that 

occurred on most of the study reefs in the face of the lncrcaSlng cover by macrophytlc 

algae was typically ac(:ompamed by an Increasc in the relatIve abundance 01 Type] (hlgh 

reeruitment, high natural juvenile mortahty) to Type 2 (low recnlltrnent, low natural 
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juvemle rnortahty) corals. This change in relative abundance would be expectcd If 

Juvenile rnortall ty rates become more slmllar between coral types undcr macroalgal 

stress, and/or If the typlcal recrUltrncnt domInance of Type 1 to Type 2 corals is 

rnagmflCd on such rccfs. 
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RÉSUMÉ 

Des méthodes d'ordm<J.tlon multlvanées fOrent utilisées afl11 de caracténser la dlrectton ('1 

la ma3mtude des changements dans les communautés coralliennes de 1.\ côte ouest de 1.\ 

Barbade entre 1982 et 1992, ainSI que pour relier ces changements à l'eutrophisatIOn 

côtière et aux vanattons de densltt<s de Diadema aflttl/arum (mtel1slté de broutage) Les 

densl tés de D. antillarum étalent nettement rédUites en 1992 ('om pal atl\ cillent à 1 q~2, 

ced résultant de la mortaliLé massive qUI s'est prodUIte en 19~3 Les léductlons de 

densité fOrent plus importantes sur les récIfs mOins eutrophes que sur les léClls plus 

eutrophes et ce, étant donné qu'avant la mortaltté maSSive, les densItés de D. (mlillarum 

étnient plus élevées sur les récifs molOS eutrophes. Le couvert par les algues 

macrophytiques a augmenté tandis que celUI des algues coralhnacées a diminué ct Ic 

nombre d'espèces coralliennes a dlmlHué entre 1982 ct 1992. À l'exception notable du 

récif le plus eutrophe, la couverture coralltenne fOt rédUite au cours de ces JO ans Les 

changements dans la couvertUle algale sur les récifs entre 1982 ct 1992 étalent lortemcnt 

corrélés avec les dlmmutlons de densités de D. antillarum ct fOrent donc génémlel11ent 

plus importants sur les récif'!; mOins eutrophes. CCCI IOdique que l'effet de la réductlon 

d'Intensité de broutage a eu une mfluence plus grande sur les changements dans la 

couverture algale que les niveaux d'eutrophisation qUI ont régnés sur les réclls dur.mt les 

10 années. La composition d'espèces coralliennes a changé sur tous les réCifs entre 1982 

et 1992. À l'exceptIOn du réCif le plus eutrophe, la directIOn du changement était 

directement rehé aux réductions de densités de D. antillarum ct aux changements dans la 

couverture algale qui leur sont associés. De plus, pour ces réCifs, la m(;.gllltudc des 

changements dans la composition d'espèces coralliennes était dlfectement proportionnelle 

au déclin des densités de D. antillarum et aux changements dans la couverture algale. 

Les changements temporels sur le réCif le plus eutrophe étalCnt mieux expliqués par le 

niveau élevé d'eutrophisatIOn qUI régnait sur ce SIte, ct résultent pnnclpalement d'une 
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augmentation Importante dans le couvert d'une espèce, Porites porites. P.pr:rites est un 

coraIl branchant ct les processus d'eutrophisatIOn peuvent facIlIter la reproductIon 

a'iexuée par fragmentation dans cette espèce. La dimInution de la couverture corallienne 

qUi s'est prodUite sur la rnéljonté des récifs, sUite à l'augmentatIOn du couvert par les 

alglles macrophytlques, fOt généralement accompagnée par une augmentatIOn dans la 

dommance relative des <.;oraux de TYpe 1 (recrutement élevé, mortalIté naturelle Juvémle 

élevée) par rapport aux coraux de Type 2 (recrutement peu élevé, mortalité naturelle 

JuvénIle peu élevé). Ce changement d'abondance relallve serait attendu SI les taux de 

mortalité Juvenile deviennent comparables entre les deux types de coraux sous des 

conditions de stress macroalgal et/ou, SI la dominance de recrutement des coraux de Type 

1 par rapport aux coraux de Type 2 est accentuée sur de tels réCifs. 
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1.0 INTRODUCTION 

InterpretatIOns of temporal change ln coral commumlles are often complicated by the 

slmultaneous mnuence of ablOtic and blOtlC factors relatcd to anthropogenic and/or 

natural processcs (Dahl, 1981 ~ Dustan and Halas, 1987~ Gorcau, 1992; Porter and Meler, 

1992). Howevcr, multivanate analyses can Integrate the effects of ablOtlc and blOtlC 

factors and thcreby faclhtate interpretatlOns of change by allowmg the relative 

importance of the envlronmental factors to be appropriately welghted (Johnson and 

Wicderholm, 1989~ Bakker et aL, 1990~ Kremen, 1992~ Rodriguez et aL, 1993). 

TYPlcally, the long-term environmental impacts of coastal eutrophlcatlon and vanatlon in 

grazing pressure have been assessed tndepcndently. When both processes are occurring 

slmultaneously there has yet been no attempt to determine theu relative contribution to 

coral community dynamlcs. 

Increased nutrient and sediment loads assoeiated with anthropogenie 

cutrophlcatlon can affect the distribution and abundance of corals by enhancing benthic 

algal biomass and water column primary production whlch 10 turn may reduce light 

penetratIOn and contnbute to elevated sedimentatIOn rates (Pastorok and Bllyard, 1985~ 

Gngg and Dollar, 1990; Rogers, 1990). Studies investigating the temporal effects of 

cutrophlcatlOn on entlfe reef communitles report major shifts 10 competItive advantage 

towards macrophytic algae and benthlc filter-feeding invertebrates (Smith et al., 1981 ~ 

Maragos et aL, 1985; Hunter and Evans, 1993; Tomascik et al., 1993), presumably 

because the elevated nutrients disproportionately beneflt the former, and the increased 

suspended partlculate matter dlsproportionately beneflts the latter. Eutrophication 

processes have becn suggested to affect several coral hfe-hlstory traits tncluding adult 

growth (Maragos, 1972; Tomascik and Sander, 1985; Davies, 1990; Tomascik, 1990), 

reproduction (Tomascik and Sander, 1987b; Acosta, 1993), seulement (Tomascik, 1991; 

Hunte and Wittenberg, 1992; Mann, 1994), juvenile growth (Mann, 1994) and juvenile 
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rnortality (Wittenberg and Hunte, 1992; Mann, 1994). Moreo\'cr, corals wlth dlfferent 

life-history strategies May rcspond dlffcrcntly 10 changes m eutrophlcullon proccsses and 

algal cover (Bak and Engcl, 1979; Wittenberg and Hunle, 1992; Hughes, 1985, 1989, 

1993), resultmg in temporal changes m the relative abundancc of coral speclcs 

Herbivore acllvlty ean strongly affect coral commumlles thmugh medlutlOn of 

competitive mteracttons bctwecn corals and algac (Berner. 1990; Coyer el al., 1993). 

Although flsh, mollusks and other mlcrograzers may have saille clTeet, seu urchms, ln 

particular Diadema antillarum, are considered the dommant herbivores m the Canbbcan 

(Berner, 1990), partlcularly m shallow commumttcs (Momson, 1988) and on overflshcd 

reefs (Hay, 1984). Natural field siudles and expcr.menlal manipulations have 

demonstrated an inverse relatlOnship bctween D. antillarum densltlcs and macrophytlc 

algal abundance (Carpenter, 1981; Sammarco, 1982a). At low D. alllillarum densltles, 

macrophytic algae become dominant and inhlblt seulemcnt and survlval 01 corals 

(Sammarco, 1980, 1982b). At higher D. antillarum dcnslltes, macrophyllC algae arc 

effectively removed by the urchms, and crustose coralhne algae, whlch are more resistant 

to grazing, hecorne more abundant (Benayahu and Loya, 1977; Llttler and Lluler, 1984; 

Berner, 1990). Although erustose coralltne algae can outgrow corals and may therc/ore 

he a potentlal competltor (Littler and Llttler, 1984), they can also have a positive cfTeet 

by indueing seulement and metamorphosls 10 sorne corals (Morse et al., 1988; Van 

Moorsel, 1989; Morse and Morse, 1991). However, al extremc graJ',mg pressures, coral 

recruitment and survival could be IOhlblted through direct eonsumpllon of recrUits or 

increases in bioeroslOn/sedimentatlOn; and optimal conditIOns for coral survlval May 

therefore he at mtermedlate urchin denslties (Sammarco, 1980). 

During 1983, mass mortalities of D. antillarum were recordcd lhroughoul the 

Caribbean (Bak et al., 1984; LeSSIOS et al., 1984; Hughes ct al., 1985; Huntc et al., 1986), 

the event hecoming the most wldespread epidemlc ever reported for a manne InVcrtebrdtc 

(Lessios, 1988). The most plausible cause of the mortahty tS the spread of a host-specifie 



water-borne pathogcn (LeSSIOS, 1988). Short-tenn Impacts on reef commumtles mcIuded 

Immediate Increascs ln macrophytic algae cover at the expensc of crustose coral1ine 

algae, and severe rcductions ln coral cover (de Ruyter van Stevemnck and Bak, 1986; 

Liddell and Ohlhorst, 1986; Hughes et al., 1987; Carpenter, 1985, 1988; Hughes, 1985, 

1989). Although rccovery of D. antillarum populatIOns throughout the Canbbean 

appears to he slow or neghglblc;: (Hunte and Younglao, 1988; LeSSIOS, 1988), long-term 

impacts of the reduced D. amillarum densaties on coral commumtles have been 

infrcql1cntly documcnted (but see Hughes, 1993; Ste neck, 1993). 

The outcome of the competltlve interactions between corals and algae may 

thcrefore be regulated by both grazmg pressures and eutrophlcatlOn levels (Littler and 

Llttler, 1984, 1985; Berner, 1990; Littler et al., 1991; Knowlton, 1992), and the 

posslblhty that D. a1l1illarum denslty IS Itself inOuenced by eutrophlcation processes IS a 

confoundmg Issue (Tomascik and Sander, 1987a; Wittenberg and Hunte, 1992; Mann, 

1994). Eutrophlcatlûn of coastal waters of Barbados has now been weil documented 

(LewIs, 1985, 1987; Tomascik and Sander, 1985, 1987a,b; Snelgrove and LeWIS, 1989; 

Davles, 1990; Tomasclk 1990, 1991; Hunte and Wittenberg, 1992; Wittenberg and 

Hunte, 1992); and densities of D. antillarum were reduced by about 93.2% by the mass 

mortahty event whlch occurred m early September 1983 In Barbados (Hunte et al., 1986; 

Hunte and Younglao, 1988). The objectives of thls study are therefore to (1) charactenze 

the dITection and magmtude of changes in coral communities on the west coast of 

Barbados between 1982 and 1992, (2) determine how these changes relate to 

environmental factors at the study sites, speciflcally eutrophication levels, macrophytic 

and crustose coralline algae cover, and D. antillarum densities, and (3) comment on 

whcther dlfferences in the hfe-hlstory strategies of corais appear to have mOuenced 

changes ln thelr relative abundance on west coast reefs between 1982 and 1992. 
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2.0 METHODS 

2.1 Study sites 

The study sites were seven rringing reefs on the west coast of Barbados, namc\y Bnghton 

(BR), Spring Garden (SO), Fitts Village (FV), Sandy Lane (SL), Bcllatrs Rcscarch 

Institute (BRI), Oreensleeves (GS) and Sandndge (SR) (Fig. 1). ln 19H2, an extcnSI\'e 

spatial study on the effects eutrophicatlon on reef-bUlldlllg COTais was conductcd by 

Tomascik and Sander (1985, 1987a, b) at these seven sites. This pnwldcd the basc\me 

data on water quality and Ireef commumty descnptors necessary for the present 1982-

1992 study of temporal changes in the reef communihes. Coastal devclopment on the 

west coast of Barbados has resulted in the differential exposure 01 thesc rcers to sources 

of anthropogenic eutrophication. The major point sources of nutnenls and suspcndcd 

particulates are locahzed in the Bndgetown arca and include arum dlstillery outfall, a 

nitrate-enriched effluent from an electricity plant and dornestlc sewage cflluent from the 

Bridgetown sewage treatment plant (secondary treatment). The contamlllalion of 

freshwater runoff and groundwaters by agricultural waste and sewage ongmalmg l'rom 

urban and tourism development also contnbutes substantlally to the gencral 

eutrophlcatlOn of coastal waters on the west coast of the Island (LeWIS, 1985, 1987). 

Most development along the west coast, north of Bndgetown, dld not begtn untll the 

1'960's, and reached a peak in the early 1970's, with development centered around 

Holetown (BRI reef; Fig. 1) (Proctor and Redfem, ) 984). Thcre has been hUle further 

development along the west coast or Barbados during the 198O's (lshmael, 1993). 
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Figure 1. Locations of the study sites on the west coast of Barbados, West Indies. 

Abbreviations are: BR - Brighton, SG - Spring Garden, FV - Fitts Village, SL - Sandy 

ume, BRI - Bcllairs Research Instltute, GS - Greensleeves, SR - Sandridge. 
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2.2 Reer ('ommunity surveys 

Prior to the resurvey of the seven study reefs In 1992, the hnear transect method (LTR) 

used In 1982 by Tomasclk and Sander (1987a) was comparcd with an altemate and faster 

rnethod, the lInear pomt Intercept mcthod (LPI; Kmzie and Snider, 1978; Laya, 1978; 

Dodge et al., 1982; Ohlhorst ct al., 1988; Ohlhorst and Liddell, 1992). The methods were 

compared at the Oreensleeves recf (OS), whlch was the site wlth the hlghest coral species 

dlverslty In the 1982 study. To compare the methods, twenty-one 20-rn chain transects 

rnarked every 2(X,m were loosely draped over the reef (6 transects ln the back reef, 6 ln 

the reef flat zone, and 9 ln the spur-groove zone; see Lewis 1960, Steam et al. 1977, and 

TlJma'iclk and Sander 1987a for zonatIOn charactensttcs of west coast fnngmg reefs in 

Barbados). The sample slze of 21 transects was chosen on the basls of specles-area 

curves for the two census rnethods, whlch indicated that liule further mcrease is expected 

ln the cumulative number of new coral specles wlth increasing number of transects 

surveyed beyond 21 (Fag. 2). The LTR method used IS descnbed by Tomasclk and 

Sander (1987a). The LPI method consisted of identlfymg every substrate item (benthic 

orgamsrn) fallmg directly beneath each 20cm pomt along the 20-m transect, and giving 

each item so contacted a cover value of 1 %. The organisms surveyed were ail 

scleractmmn corals, two hydrozoans (Millepora complanata Lamarck and M. squarrosa 

Lamarck), a colonial zoanthid (Palylhoa mamillosa Ellis and Solander) and benthic algae. 

The bcnthic algae were identifled as crustose coralline algae, turf algae (Lewis, 1986: a 

heterospeclfic assemblage of fleshy and fllamentous algae < 2cm in helght) and frondose 

macroalgae (Berner, 1990: plants >2cm in height). Total macrophytlc algae was 

estimated by combimng turf algae and frondose macroalgae. The cens us methods were 

exccutcd simultaneously on the same transect hnes to reduce the effect of chain 

movement, I.c. to reduce variation due to spatial tiifferences on the reef instead of 

differences due to method. To reduce the possibJlity of making a type II error. the 
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Figure 2. The cumulative number of coral specles as a 1 UIlcllOIl of the Ilumber of 

transccts surveyed by the lincar transect method (L TR) and the llIlear pOlIlt Intercept 

method (LPI). Data were collccted at the Greenslecvcs reer (FIg. 1). 
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methods were consldcred as patred (Zar, 1984), and a Wllco\on signed ranks test \\ as 

used to mvestlgatc dlfferenccs bctwccn mcthods No slgl1lftc.mt dlllcIenrc<; ~p> n.(5) 1Il 

the methods \Vere found for any of thc yanablcs mca~ured (d= I11C'.1I1 ùtlkIenrc L.PI­

LTR): total coral coyer (d= 0 47c, p= 0259), crustosc ror.!lIlI1c alg.lc L'lH CI (ù= () 'vii" 

p=O.732), macrophytlc "Igae cover (d= -0.9%, p=O.237). cm'CI 0) Illdl\ .ùual coral 

specles (absolutc and relatIvc) (p= 0.10 IS lowcst value) Slllee tllc Ic~ults 01 thc 

companson mdleate no slgmflcant dIfTerences bctwccn thc 2 mcthods 111 any of the 

variables, the LPI mcthod was used to rcsurvcy the study reds 111 1992 

For the rcsurveys, each rccf was (\Ivlded mtn threc rclCIencc tran'icets 1 unnlng 

perpendlcular to the depth contour (sec dcsenptlOn by Tomasclk anù SandeI, 19H7a) 

The locations of these south, central and north refelcncc tran~ccL<; wcre bascd on geI1craJ 

reef morphology as determll1ed by acnal photograr",<; and dr.!w. ngs prm'Jdcd by 

Tomascik and Sander (1987a). The survcys were conductcd along each 01 thc rclcrcncc 

transects, from beach edge to the seaward cdge of the recf, by runntng thc 20-m cham 

transects, perpcndlcular to thc refercnce transects, at IIxed Intcrvals 01 5 or \Om apmt. 

depending on reef Slze (Sm: FV, SL, OS; IOm' BR, SO, BRI, SR) The Itnear pOInt 

intercept method was then uscd to quanllfy thc benlhlc sessile rauna and flora as 

prevlOusly descnbed. Densltles of Diadema antil/arum were al80 measuled along cach 

20-m chain transect by holdmg a lm rod pcrpendlcular to the transcct a f ew cm abovc thc 

substrate, movmg the rod a10ng the transe ct, and rccordmg ail urchll1s obscrved bcncath 

the rod. Urchll1 denslty was exprcssed as the number of tndlVlduals per m2 of recf 

surface. 

2.3 Water quality 

Tomascik and Sander (1985) provldcd yearly means for several water quallty vanables 

measured at the seven sites between Septembcr 1981 and Septcmbcr 1982. To cvaJuatc 
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watcr quahty conditions in 1992, the same samphng methodology as that employed by 

Tomasclk and Sander (1985) was used, and IS descnbed below. Between April and 

Octobcr, duphcate surface watcr samples (lm depth) were collected usmg a Van Dom 

samplcr on a bi-wcckly basls to analyze for five vanables, I.e. reactlve phosphate, total 

morgantc mtrogen, suspcndcd particulatc matter, volatile parttculate matter and 

chlorophyll-a. The samples were taken from permanent stations estabhshed at each site 

over the spur and groove zone (4-5m). The samphng schedule alternated between 

starting al Mles norlh and south of the Bellairs Research Instltutc (BRI) (Fig. 1), and 

samplcs were taken between 10.00 and 13.00 hours at each station. The samples were 

transferrcd to 1-1 and 4-1 polyethylene bottles and transportcd to the laboratory in an 

insulated cooler. The 1-1 sampi es were flltered through a GF/C glass fiber filler 

(prevlOusly washed, combusted and wcighed), and stored m a freezer untll analysis. 

Suspendcd particulatc matter (SPM) was determmed by drying the fllters used for each 

sample to a constant welght at 60°C. FIlters were then weighed to give SPM, combusted 

at 550°C for 15 min, and rewelghed to obtain volatile particulate matter (VPfvl). 

Chlorophyll-a analyses were conducted using 3.5 1 of water (from the 4-1 boules), while 

the stored water samples were used for the analyses of reactlve phosphate (P04-P) and 

nitmte-mtnte-mlrogen (N03-N(h-N). The three vanables were analyzed accordmg to the 

standard laboratory procedures described by Stricldand and Parsons (l972). Monthly 

between Apnl and October, duplicate sediment samples were taken with Ziploc® bags 

from the water-sedlment interface between reef spurs at the study sites. The sediment 

samples (approxlmatcly 20 grams) were plaeed in pre-welghed alummum tms, dried to 

constant welght al 60°C, wClghed, and eombusted at 550°C for 1S mm to determine the 

percent orgamc matter. 

Since )jttle ramfall occurred during the sampling reglme described above, a 

second samphng was conducted in January 1993 following heavy rainfall. For this, 10 

water samples were collected at each of the sites on a single day and were analyzed for 
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four variables, i.e. reactive phosphate, total inorganic mtrogen, suspendcd partlculate 

matter, and volatile particulate malter. 

2.4 Data processing and analysis 

2.4.1 Data processing 

Individual reefs are the basic sampling umt for statlstlcal analyses ln lhls study, sance 

water quali ty parameters were mcasured at onc statIOn per reef ln bolh 1982 and 1992. 

The commumty vanables used in the study are: total coral cover, coycr by tndlvldual 

coral species, number of coral species, macrophytlc and crustose coralhne algae cover, 

and D. antillarum densities. Except for the number of coral species, the variablcs arc 

presented as transect means per reef surface (hard substratc) for each sile. Only coml 

species that were present in both the 1982 and 1992 surveys were consldercd for anal ySls 

(total of 19 specles). To quantlfy changes ln the rcef commumtles over the 10 year 

period, the 1982 data obtained from Tomascik and Sander (1987a) was standardlT.cd 10 

facihtate companson with the 1992 data. The standardlzatlon mvolved: (1) Calculatmg a 

Mean per reef (weighted by the number of transeets used by TomascJk and Sander 

(1987a) in each of the 3 reef zones) for flve van ables, i.e. total coral cover, relatlvc cover 

by individual coral species, macrophytic and crustose coralhne algae covcr, and D. 

antillarum denslties, (2) Obtatning cover values for Indlvldual coral speclcs by 

multiplymg the relative cm'er values for mdividuaJ coral species provldcd by Toma. .... clk 

and Sander (1987a) by total coral cover, and (3) Re-presentmg the values for total contI 

cover, cover by individual coral specles and cover by macrophytlc and crustose coralhne 

algae derived from Tomascik and Sander (1987a) as means per Unit of rccf surface (hard 

substrate). The values for D. antillarum densities werc ongmally prescnted by Tomasclk 

and Sander (l987a) as number of individuals per m2 of reef surface. 
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2.4.2 Data analysis 

Principal component analysis (PCA) was used to characterize the direction and 

magOltude of temporal change ln the coral communiues. Prior to the analysis, cover 

values by the 19 coral speclcs ln 1982 and 1992 were arcsine -V(xllOO) transformed to 

aVOId very skewed distnbutions (Ter Braak, 1986). The principal component analysis 

was perfonned using the CANOCO program version 3.1 (Ter Brnak, 1988, 1990). PCA 

is an indirect gradient analysis which ordinates sites based only on the distnbution of the 

values of the descnptor variable (10 thls case, coral specles cover) and thus requires no 

apr;or; assumptions about directions of underlying environmental gradients (Gauch, 

1982). The ordination diagram (blplot) from the PCA (e.g. Fig. 8) is a graphicai 

summary of the multivanate data (see Jongman et al., 1987). Scores of individual 

spccics are interpreted in relatIOn to the origin (coordinates 0, 0) and to scores for other 

SpcCICS. Specifically, the magnitude of response of a species to underlying environmental 

variables, whcther abiotic or biotic, IS indlcated by the distance of the species score from 

the origin, and a difference between any two species in direction of respcnse to 

underlymg envlfonmental vanables is mdicated by the angle between the scores for the 2 

species and the origin (e.g. Fag. 8). Scores for sites (reefs) are arranged so that points 

which are close together indicate sites that are similar in species composition, and points 

that are far apart indlcate sites that are dlssimilar in s.pecles composition (e.g. Fig. 8). The 

time trajectories of the reefs (arrows; Fig. 8) indicate the magnitude (by arrow length) and 

direction (relative to other reefs) of changes in species composition of the reefs between 

1982 and 1992. 

Redundancy analysis (RDA) was used 10 determine the relationship between coral 

species and environmental variables in this study. The redundancy analysis was 

perfomled using the CANOCO program version 3.1 (Ter Braak, 1988, 1990). RDA is a 
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multivariate techmque for direct gradient analysis in which the ordmatlOn of spccles and 

sites are constrained to lie along axes deterrnmed by the envlTonmental vanables. Il can 

therefore be viewed as a constramed form of (multlvanate) multiple regrcsslOn (Ter 

Braak and Prentlce, 1988). In the analysls, blplots are generated 10 Illus1ra1e the main 

patterns of variatIOn in commumty compositIOn as accounted for by the ennronmental 

variables, as weil as to ilIustrate the species dlstriblJlIons along each Cfl\'lronmcntal 

variable (e.g. Fig. 9). The inferpretation of a RDA blplot IS simllar to that of a PCA, wlth 

the addition of environmental variables whlch arc dlsplayed as arrows pOllltmg towards 

the maximum value of the variable, and wlth lengths proportlonal to thclT mnuence. 

Linear methods (i.e. PCA, RDA) were consldered appropnate ln thls study slIlce the 

range of ordination sample scores on the first aXIs obtained by a correspondcncc analysis 

was about 3 standard devlations (Jongmall et al., 1987; Ter Braak and Prcntlcc, 1988). 

The environmental van ables used 1Il the redundancy analysis of coral specles 

coyer data were eutrophicatlon levels, macrophytie and crustose coralhne algae coyer, 

and D. antillarum densities. Except for the eutrophicatton lcvcls, the data for both 1982 

and 1992 were arcsine v'(xllOO) transformed prior to the analysls. The relallonshl ps 

between the environmental van ables are providcd in a Pearson correlation matrix as a 

flrst output of the redundancy analysis. The nominal van able "lime" (1982 as "1" and 

1992 as "2") was also included in the correlatIOn matnx (but not tn the redundancy 

analysis) 10 characlerize changes ln the envlfonmental vanables over tlme. Monte Carlo 

permutation tests (CANOCO program) were used to assess the slgmflcance of the 

relationships between coral specles coyer and the environmental vanablcs. 

The eutrophication levels used ln the analysis were dcnved from the watcr quality 

parameters measured in 1982, 1992 and 1993. These were reacta ve phosphate, total 

inorgamc nitrogen, suspended partlculate matter, volatile partlculatc matter, chlorophyll-a 

and % organics in the sediments. Given that the seasonahty of samphng was dlfferent ln 

the different sampling years (e.g., yearly means for 1982, Apnl-Octobcr mcans for 1992 



and means for one day in January 1993), mean values for the parameters may not be 

directly comparable betwcen years. However, the dlfference between reefs in any 

sampling penod appcars to have changed htUe, i.e. the eutrophlcation gradient has 

remamed essentially the same (Table 1). This is consistent with the observation that 

further coastal dcvclopment along the west coast of Barbados, and hence further changes 

ID cutrophication sources, has been negligib1e during the 1980's (lshmael, 1993). Data 

for each variable from the 3 sampling regimes were therefore combined (Table 1). A 

principal component analysis was then conducted with the log (x) of the combined values 

to reducc the highly correlated water quah ty vanables to a single component (SYST AT 

5.2, Wilkinson, 1989). The first principal component (axis 1) accounted for 86% of the 

total variation in the water quality data and showed strong positive associations between 

the 6 water quality variables (Table 2). Site scores on the first principal component were 

therefore used as an index of the eutrophication levels which have prevailed at the study 

rcefs over the 10 ycar period (Fig. 3). 

General trends ln reef community vanables (i.e. total coral coyer, number of coral 

species, macrophytic and crustose coralline algae cover, and D. antillarum densities) in 

relation to eutrophication levels were investigated in both 1982 and 1992 using simple 

linear regression analyses. Comparisons of the slopes of community variables on 

eutrophication levels between 1982 and 1992 were performed us mg analyses of 

covariance. 
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Table 1. Results of coastal water quality analyses since 1981 at 7 fringing reefs along the west coast of Barbados. West Indies (FIg. 1) Site abbreviations 
as in Fig. 1. The data are presented as means and standard deviations (in parentheses) for each data set and as means only for the combined data set Data 
from 1981-82 are from Tomascik and Sander (1985). Data for 1992 and 1993 were collected in this study (see Methods). 

Variables BR SG FV SL BRI GS SR N YEAR 

P04-P (Ilg-at 1-1) 0.10 (0.04) 0.21 (0.11) 009 (0.06) 0.08 (004) 0.11 (0.09) 006(003) 006 (0 03) 45 1981-82 

N03-N02-N (J.1g-at 1-1) 082 (0.43) 4.42 (2 65) 0.79 (0 50) 055 (039) 065 (039) 045 (023) 036 (0 21) 44 1981-82 

SPM (mg 1- 1) 7 Il (4.08) 7.32 (2.86) 6.25 (3 92) 5 12 (3.46) 594 (3 41) 5.21 (3.29) 426(198) 44 198/-82 

VPM (mg 1- 1) 3.26 (l.67) 3.10 (1 26) 2.71 (1.47) 1 94 (1 15) 249 (1.15) 200(0.97) 1 85 (1.03)· 43 1981-82 
% Organics in sediments 830 (2.30) 10 90 (4.00) 490 (0.90) 2.50 (0.30) 5.10 (200) 230(0.60) 290 (100) 10 1981-82 
Chlorophyll a (mg m-3) 104(0.54) 090 (041) 088 (0.33) 058 (029) 0.80 (0 47) 055 (0 27) 0.42 (0.16) 46 1981-82 

P04-P (Ilg-at 1- 1) 005(003) 006(003) 005 (0.03) 0.05 (004) 005(004) 005 (0.04) 005 (003) 21 1992 

N03-N02-N (Ilg-at 1-1) 0.81 (0.69) 3.17 (2 50) 100 (0 60) 0.90 (0.45) 0.69 (0 38) 093 (128) 075 (056) 23 1992 

SPM (mg 1- 1) 6.70 (4.37) 10 94 (20.48) 686 (4.96) 6.98 (4.81) 645 (5 22) 626(466) 690 (560) 27 1992 

VPM (mg 1- 1) 1.30 (0 58) 1 29 (0.64) 144 (0.84) 156 (0 87) 1.22 (076) 1 13 (066) 116(062) 26 1992 
% Organics m sedlmen,s 2A2 (043) 2.61 (044) 203 (043) 2.36 (0 54) 221 (034) 233 (0.47) 231 (062) 6 1992 

Chlorophyll a (mg m-3) 0.31 (007) 0.30 (0.18) 0.30 (017) 0.36 (0 13) 0.37 (0 17) 046 (0 29) 023 (0 07) 8 1992 

P04-P (Ilg-at \-1) 009 (0 (4) 013 (0.07) 008 (003) 009(005) 009 (0 02) 0.08 (003) 0.10 (0 05) JO 1993 

N03-N02-N (J.1g-at 1-1) 0.87 (026) 751 (2.65) 105 CG 30) 075 (02\) 091 (0 \8) 0.82 (0 30) 074(027) 10 1993 

SPM (mg )-1) 688 (075) 783 (2.91) 479 (0.58) 441 (l 49) 4 Il (1 10) 3.83 (082) 462 (1 14) JO 1993 

VPM (mg \-1) 281 (038) 292 (090) 1 90 (0 62) 233 (0.72) 145(078) \ 05 (0 56) 144(078) 10 1993 

P04-P (Jlg-at \-1) 009 016 0.08 007 0.09 006 006 76 Combined 

NOyNOl-N lllg-at \-1) 082 445 089 068 069 064 0.52 77 Combmed 

SPl\t (mg 1- 1) 694 8.59 627 565 588 539 5 19 81 Combined 

VP~I (mg 1- 1) 256 248 2 19 1 86 194 159 1 57 79 Combmed 

o/c Org.1nics m sedIments 609 779 382 lA5 401 231 2.68 16 Combmed 

Chloroph~ll a (mg m-3) 0.93 081 079 055 074 053 039 54 Combined 



Table 2. Score~ of the water quahty variables on the first principal 
component of the PCA of water quality data for the 3 sampling reglmes 
(I.e. ) 982, 1992, 1993) 

Water quality variable~ 

P04 -P (Ilg-at )-1 ) 

N03-N02-N (Ilg-at )-1 ) 
SPM (mg 1- 1) 
VPM (mg 1- 1) 

% Organics in sediments 
Chlorophyll a (mg m-3) 

15 

Scores on principal component 1 

0.959 
0.874 

0.982 
0.924 
0.965 
0.850 



Figure 3. Eutrophication levels prevailing at the 7 study sites (from less eutrophie to 

more eutrophlc), based on site scores on the first prmcipal component of the PCA of 

water quality data for the 3 sampling regimes combined (Le. 1982, 1992, 1993). Site 

abbreviations and locations as in Fig. 1. 
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3.0 RESULTS 

3.1 General trends in reef community variables 

Reef eommumty vanables for the 7 study reefs dlffenng m the eUlrophlcallOn lcvcls 

prevatling over the 10 year penod of the study, ale shown for 1982 and 1992 m Table 3. 

Densities of Diadema antillarum were lower on more cUlropluc than on lcss eutrophie 

reefs ln both 1982 and 1992 (Table 3, Fig. 4; 1982, r2= 0.799, p= 0.007; 1992, r2= 0.656, 

p= 0.027). Densitles were also substantially lower on all recfs m 1992 lhan m 1982, 

refleeting the mass mortality event that occurred in Scptcmber 1983 10 Barbados. The 

density reduetions bctween 1982 and 1992 were grealer on rcers where dcnsltlcs wcre 

higher (less eutrophic sites) than on reefs where denslllcs were lower (more eutropluc 

sites) (Table 3, Fig. 4; 1982 slope > 1992 slope; ANCOVA, p= 0.(04). Howcvcr, the 

probabihty of an urchin dyang dunng the mortahty event (% reduction an denslty) wa'i not 

correlated with the eutrophieatlon level (nor urchm denslty) of the reers atthc tlme of the 

mortahty (Fig. 5; r2:: 0.023, p= 0.746; see also Hunte et al., 1986). 

Coyer by macrophytic algae was higher on the more eutrophlc than on the less 

eutrophic reers in 1982 but not an 1992 (Table 3, Fig. 6A; 1982, r2= 0.539, p= 0.06; 1992, 

r2= 0.001, p= 0.939). Maerophytlc algae coyer was substantlally higher on ail rccfs in 

1992 than in 1982, the inerease in algae cover bctween years bemg greater on the less 

eutrophie than on the more eutrophlc reefs (Table 3, Fig. 6A; 1982 slopc > 1992 slopc; 

ANCOV A, p= 0.06). Cover by erustose coralhne algae wa'i lower on the morc eutrophlc 

than on the less eutrophie reers an 1982 but not in 1992 (Table 3, Fig. 6B; 1982, rl: 

0.485, p= 0.082; 1992, r2: 0.387, p= 0.136). Crustose earallme algae cover was 

substantially lower on ail reefs in 1992 than ID 1982, the decrease in cover bctween years 

tending to he greater on the less eutrophlc than on the more eutrophlc reefs (Table 3, Fig. 

68; 1982 slope Vs 1992 slope; ANCOVA, p= 0.152). 
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Table 3. Reef communi ty variables for the 7 study reefs in 1982 and 1992. Data are means per reef surface for Diadema amillamm 
densities (xlm2), macrophytic algae co ver (%), crustose coraBine algae cover (%), number of coral species and total coral cover (%). 
The number of transectc; (N) surveyed per reef is presented. Sne abbreviations and locations as in Fig. ]. 

Variable BR SG FV SL BRI GS SR 
1982 1992 1982 1992 1982 1992 1982 1992 1982 1992 1982 1992 1982 1992 

Diadema antillamm 3.17 0.27 4.99 0.64 648 1.46 12.73 2.33 9.79 076 16.45 2 13 I~ 64 1.83 
Macrophytic a!gae 75.]3 90.2 47.77 73.47 4661 85.34 32.82 85 19 29.07 88.01 21 58 7398 18.6 79.11 

Crustose coralline algae 22.25 3.53 46.54 8.25 49.3 9.83 55.85 9.28 59.41 5.47 6379 1676 6847 11.89 
Number of coral species 9 7 Il II 13 Il 21 15 20 13 28 16 22 17 

Total coral cover 4.67 5.37 5.61 1264 4.16 3.28 Il 37 5.29 11.18 602 14.68 7.44 1288 6.27 

N 66 64 82 76 73 70 75 75 65 68 90 92 62 64 

e 



Figure 4. Densities of Diadema antillarum (#/m 2) in 1982 and 1992 at recf sites 

differing in the eutrophication levels prevailing over the 10 year penod. EutrophicatlOn 

levels as in Fig. 3 
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Figure 5. Percentage reduction in densities of Diadema antillarum (#/m 2) bclwccn 19R2 

and 1992 at reef sites differing in eutrophlcation levels prcvailing ovcr the 10 ycar pCI JOJ. 

Eutrophication levels as in Fig. 3. 

20 



• 
95 

~ .. .• 
:f. 
C • ~ 1 • ~ 1 

1 :: ~ -i .• 
.c 1 
\,j 1 • j ::1 • -1 • • 1 

:: 1 •• 1 

:: 85 ~ -
= .. 1 .. 

1 \,j • ::1 
~ 
~ • • 
~ 
~ 80 1 .. 
:: 
~ 
\,j • • ~ 
~ 

75 

.1.5 ·1 .().5 0 0.5 1.5 2 

Eutropbi~tioD lenl 

• 



Figure 6. Aigai coyer (% coyer) ln 1982 and 1992 al reef sites diffcnng in 

eutrophication levels prevailing over the 10 year period. Eutrophicalion Icvcls as in Fig. 

3. (A) Macrophytic algae. (8) Crustose coralline algae. 
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The number of coral species was lower on the more eutrophlc than on the less 

eutrophic reefs in both 1982 and 1992 (Table 3, Fig. 7A; 1982, r2= 0.725; p= 0.015; 

1992, r2:: 0.647, p= 0.029). The number of spccles was lower ln 1992 th an an 1982, the 

decrease in coral specics between years tcnding to he greater on the less eutrophlc than on 

the more eutrophic reefs (Table 3, Fag. 7A; 1982 slope Vs 1992 slope; ANCOVA, p= 

0.132). Total coral cover was hlgher on the less eutrophlc rccfs th an on the more 

eutrophic reefs in 1982, although cover on the most eutrophlc reef appeared hlgher than 

expected 0n the basls of the slope of the relationshlp belwecn coral cover and 

eutrophication Icvels across sites (Table 3, Fig. 78; r2= 0.656, p= 0.(27). Coral cover 

a1so appeared to he higher on the less eutrophlc reefs than on the more eutrophic reefs in 

1992, with the notable exceptIOn of the most eutrophie reef where coral coyer was very 

high (Table 3; Fig. 78). Excluding the most eutrophlc reer, coral cover was lyplcally 

higher in 1982 than in 1992, the decrease between years bemg grealer on the less 

eutrophic than on the more eutrophlc reefs (Table 3, Fig. 78; 1982 slopc > 1992 slopc; 

ANCOV A, p= 0.042). 

3.2 Charaderization of coral species changes and etTects of environmental variables 

3.2.1 Characterization 0/ specus changes 

Species-specific coral cover values at the 7 study sites in 1982 and 1992, and percent 

changes in the values between the years, are presented in Table 4. These data were used 

in a principal component analysis to generate an ordmatlon blplot that represents the 

similarities hetween reefs ln space and time based on their coral assemblages (Fig. 8). 

The first two axes of the PCA accounted for 64.4% of the total vanatlon ln the coral 

species data. Figure 8 displays two main clusters of species, one whcre most cor.lIs are 

grouped and another where Porites porites is Isolated. Isolation of a SpcCICS can <>ccur 
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Figure 7. The number of coral species and the total coral caver in 1982 and 1992 al reef 

sites differing in eUlrophicallon levels prevailing over the 10 year period. Eutrophication 

levels as in Fig. 3. (A) Number of coral species (8) Total coral cover. 
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Table 4. Specles-speclfic values of coral cover (%) at the 7 study sites in 1982 and 1992. and the percentage change for each coral specle~ over the 10 year penod A IDdlcates thal Ihe 
specles was ab~ent ID 1982 but pre~nt ID 1992. B IDdlcates that the specles was present ID 1982 but absent ID 1992 Site abbrevl3uon~ as ID Fig 1 

BR sa FV SL BRI as SR 
1982 1992 % 1982 1992 0/0 1982 1992 % 1982 1992 o/c 1982 1992 0/0 1982 1992 % 1982 1992 % 

Coral sl!!;cles Code ChanGe Chanse ChanGe Chanse ChanGe ChanGe ChanGe 

Acropora pa/mata AP 000 000 000 000 000 000 000 000 000 000 003 A 000 000 000 021 000 B 003 000 B 
Agar/Cla agar/Cites AA 051 035 -3177 o 70 0 06 -91 63 010 013 2281 085 130 5228 177 143 -1880 048 1138 -2066 064 lJ 25 -60 53 
DeMrog)'ra q//Mrus DY 000 000 000 000 002 A 000 000 000 000 000 000 000 002 A 019 015 -1975 000 000 000 
D.plona cllVosa ne 006 000 B o 04 0 23 499 88 023 004 -8399 108 003 -9727 048 045 -624 065 022 -6631 085 014 -8390 
D.plona lab)rmthiform.s DL 000 000 000 001 000 B 000 000 000 010 000 B 001 003 20025 015 000 B 022 000 B 
D'plor,a strlgma OS 000 000 000 013 002 -8477 015 013 -1201 032 001 -9540 130 003 -9742 035 017 -5275 040 025 -36 38 
Fm',afragum FF 000 000 000 006 008 2586 009 009 477 005 004 -227 006 000 B 034 019 -4324 018 002 -8918 
Madrac/S decact's MD 000 000 000 000 000 000 001 000 B 003 000 B 002 000 B 015 004 -7370 om 006 128 88 
Madrac/S ,,"rab.ils MM 000 000 000 OOJ 000 000 000 000 000 013 001 -8830 073 000 B 015 000 B 014 010 -:1098 
Meandnna meaMntt!S ME 000 000 000 000 000 000 000 000 000 006 000 B 001 000 B 010 000 B 022 012 -4666 
M/I/epora complanata MCO 004 000 B o 28 0 96 240 58 045 055 2132 129 041 -6785 021 038 8046 257 129 -4971 021 047 12814 
Millepora squamssa MSQ 017 056 22287 013 016 2159 016 042 15994 048 034 -2876 085 032 -6274 056 059 548 107 035 -6707 

t Montastrea annulant MA 062 122 9504 028 025 -955 006 002 -7044 057 027 -5325 091 033 -6316 1:17 040 -7095 085 061 -2871 
Montastrea cavemosa MC 000 000 000 000 000 000 013 000 B 015 001 -9007 OB 002 -8762 025 026 268 088 059 -3:1 14 
Pal)thoa mamlliosa PM 000 002 A 000 000 000 000 000 000 020 000 B 025 12741440 018 026 45 :14 023 047 10186 
POr/tes astreOides PA 114 182 5888 186 335 7990 142 132 -690 409 223 -4553 238 135 -4328 4 14 238 -4253 344 191 -4430 
Porltes pOrlfts pp 085 099 1731 1 87 7 50 299 77 043 031 -2742 027 019 -2988 044 008 -8091 1 29 059 -5445 093 004 -9578 
Siderastrea radians SR 099 041 -5850 024 002 -9185 068 026 -6228 063 o 10 -8351 012 000 B 028 005 -8160 109 008 -9287 
S,derastrea s/derea SS 027 000 -10000 000 000 000 024 002 -92 35 088 027 -6960 127 030 -7641 095 044 -54:16 142 076 -4615 



Figure 8. Principal component analysis (PCA) ordination biplot of coral spccics and 

reefs. Points are the species scores, arrows are the tlme traJectorics of the recfs (recf 

score in 1982 to reef score (arrow head) ID 1992) (see Methods for mterpretation). Coral 

species codes as m Table 4; Sites abbreviations (bold) as in Fig. 1. 
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if, either the magnitude of response of the spccles to underlymg cn\'lronmenl.lI vanables 

differs from the other species (as mdicatcd by the dIstance of the speclcs score l'rom the 

origin), and/or, if the direction of responsc of the SpcCICS dlffers from that of olhcr SpcCICS 

(as mdicated by the angle bctween the score for the Isolaled spccles, the ongm, and the 

scores for the other species). Figure 8 Indlcates that the IsolatIOn of P. porites has 

occurred primarily because Its directIOn of response dlffcrs l'rom that 01 other SpcCICS, I.C. 

P. porites responded dlfferently th an other coral specles to underlymg cn\'lronmenlal 

variables. The distribution of the reef scores in Fig. 8 mdlcatcs lhal the coral species 

composition of the most eutrophlc reef (SO) differs conslderably l'rom thal of the olher 

reefs. The direction of change in species composItion bctween 1982 and 1992 at SO is 

driven strongly by a substantial increase in the coyer of P. porite.\· (see lIme traJeclory 

(arrows) for SO In relation to P. porites specles score, FIg. 8; also Table 4) and, to a 

lesser extent, by increases in cover of P. astreoides, Millepora complanata and Favia 

fragum. (Fig. 8; Table 4). The trajectones of the other reefs are simllar and ure assoctaled 

with reductions in cover for most of the coral spccles (FIg. 8; Table 4). Except for SO 

where the change in specles compositIon IS dnven largely by the increase in the 

abundance of P. porites, the magmtude of change in spccles composItion (arrow/veclor 

length; Fig. 8) appears greater at the less eutrophlc reefs (SR, OS, SL, BRI) th an at the 

more eutrophic ones (BR, FV). 

To determine If the arched dlstnbutlon of the Site scores observed on lhe flfst two 

axes of the PCA blplot in Figure 8 was related to an ecologlcal phenomenon or was due 

to a mathematical artefact (the "arch-effect"; Hill and Gauch, 1980; Jongman ct al., 1987; 

Peet et al., 1988), a second principal component analysis was perforrncd on the coral 

species data but omilling P. porites. Wlth P. porites removed, the tlme trajectory of SO 

was much less pronounced and was largely assoclated wlth sllght ltlcreases in the cover 

of P. astreoides and M. comp/anata. This confirms that the archcd distributIOn of reef 

scores in Figure 8 is not the consequence of a mathematical artefact. 



3.2.2 Effects of enviTonmental varÎllbles 

The rclatlonships between the envlfonmental vanables used to interpret the changes in 

coral communities (I.e. eutrophlcatlOn levels, macrophytic and coralline algae cover, and 

D. anti/larum densltJes) are presented as Pearson correlation coefficients in Table 5. 

Results of an Investigation of temporal vanatlons in the envlronmental vanables through 

thelr correlations with the nommai .'anable "tlme" are also presented ln Table 5. Smce 

the eutrophlcatlOn gradient appears not to have changed betwecn 1982 and 1992, 

eutrophicatlon levels and time are uncorrelated ln the analysis (r = 0). Crustose coralline 

algae cover and D. antillarum dcnsities showed strong negauve correlatIOns with tlme, 

while macrophytlc algae cover showed a strong positive correlatIOn (Table 5). The 

increase 10 macrophytlc algae cover and the decrease in crustose coralline algae cover on 

a rcef are highly correlated Wlth the decrease 10 D. antillarum denslty on the reef over the 

10 year period (Table 5). Neither the change 10 crustose coralline algae cover, 10 

macrophytlc algae cover, or ln D. anlillarum density on a reef were correlated with the 

eutrophlcation level prevruhng at the reef over the 10 year study period (Table 5). Since 

the relationship between crustose coralline algae and macrophytic algae is essentially 

collinear (Table 5; variance Inflation factor greater than 20; Ter Braak, 1988), only 

macrophytlc algae was retained for the redundancy analysis. SlOce the effects of reduced 

crustose coralline algae cover can not be statistically distlOgUlshed from those of 

increased macrophytic algae cover, interpretatlon of thelr effects is made slmultaneously 

hereaftcr. 

The redundancy analysis w~ used to identify the major environmental processes 

that might underlie the changes in cor4! species composition observed on the study reefs. 

The fust two axes ln the redundancy analysis explained 91.9% of the variance in the coral 

species-envlronment relationship (Table 6). This suggests that discarding the third and 

27 



e 

~ 

Table S. Pearson correlation coefficients between the environmental variables used to interpret changes 
in the coral communities on the study reefs. "*" indicates P< 0.001 

Crustose coralline Macrophytic D. alllilfamm Eutrophication Time 
algae coyer algae coyer densities levels 

Crustose coralline algae coyer 1.00 
Macrophytic algae coyer -0.98 * 100 
D. antr/lamm densities 096 * -0.96 * 1.00 
Eutrophication levels -0.26 0.26 -0.43 100 

Time -0.91 * 0.85 * -084 * 000 1.00 

e 



Table 6. Result~ of the redundancy analym (RDA) of 
cnvlronmental vanable~ on coral spccle<; abundance~. presented for 
the fir~t 2 ordinatIOn axe~ Slgnlticance le\'el~ (p) are Monte Carlo 
probabll!tle~ ba,>cd on 999 pcrll1utation~ Fm,t aXI~. p<O 01 and 
... ccond axI .... pd) 05 (wlth :lXI ... 1 a ... LOv:lnablc) 

Summary ~tatl~tlc~ 
Elgenvalue 

CumulatIve o/c of 
vanance explamed 

Specle~-environll1ent correlatIon 

Canolllcai coefficients of 
envmmmentai vanable., 

Macrophytlc algae coyer 
Dtadema {/IIflllarum den~ltles 

EutrophlcatlOn Icvel 

29 

AXI~ 1 

0.340 

670 
0952 

-0.67 
-0 19 
-0.79 

RDA 
AXI'i 2 

0.126 

91.9 
0.753 

2.55 
191 
-0.29 



lower axes should not result ln slgmflcant mfonnatlOn loss. Although cIgcn\'alucs wcre 

not very hl gh, the strength of the relatlOnshlp betwecn coral SpCCICS and thc 

envlfonmental vanables was conflrmcd by thc hlgh and stattstlcally slgmflcant SpCCICS­

environmcnt corrclatlOns on axes 1 and 2 (Tablc 6) The standardl/.cd canolllcal 

coefficients for mdlvidual cnnronmental vanables Indlcate a strong Influence 01 

maerophytlc algae caver (and by extension crustosc coralhne algac) on coral SpCCICS 

composition along bath ordinatIOn axcs, a strong Influcncc of cutloplllcatlon Icvcls 

primarily along aXIs 1, and a strong Influence of D. antillarum dcnsllics pnm.lnly along 

axis 2 (Table 6). 

The relatlOnshlps betwcen the coral spccies and thc cnvmmmcntal varlablcs arc 

presented as a redundancy analysls ordinatIOn blplot In FlgUlc 9. As wllh thc PCA 

ordination blplot (Fig. 7), two mam c1ustcrs of SpCCICS can bc dlstanguIshcd, onc whcrc 

most corals are grouped and another whcre P. porites is Isolatcd (FIg. 9). Thc abundancc 

of P. porites IS hlgher at hlgher eutrophlcatlOn Icvcls (sec location of P. poriles score ln 

relatIOn to the directIOn of eutrophlcatlon mcrease; FIg. 9). By contrast, most coral 

specles have lower abundances at hlgher eutrophlcatlon levcls (comparc locations of 

species scores with directIOn of eutrophlcatJon mcreasc~ Fig. 9). Moreovcr, mos1 coral 

specles are more abundant at lower values of macrophyliC algae coyer, and morc 

abundant at hlgher D. antillarum densltles and hlgher values of crustose comlhne algae 

cover (Fig. 9). 

The tlme traJectones for the 7 reefs based on thelr specles composition m 1982 

and 1992 are shawn In relatIOn to the envlfonmental variables ln Figure 10. The 

trajectories are very simtlar to those obtamed wlth thc pnnclpal componcnt analysls 

(Fig.7). The simllarity suggests that envlfonmental vanables not mea<;ured III the study 

have not had a major effect on changes m coral specles compositIOn (scc Jongman ct 

al.,1987; Kremen, 1992). Changes in the SpeCICS compositIOn at sa bctwccn 1982 and 

1992 are being driven by the mcreased abundance of P. porites, and arc a'isoc1(ttcd with 
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Figure 9. Redundancy analysis (RDA) ordination biplot of coral species and 

environmental variables. Points are the species scores and arrows are the envlTonmental 

variables (see Methods for interpretation). MA is macrophytic algae; CCA IS crustose 

coralline algae. Since MA and CCA are essentially collinear (see text), interpretations of 

thcir inverse relatlonshlp are made simultaneously. Coral specles codes as in Table 4. 
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Figure 10. Redundancy analysis (RDA) ordination biplot of reefs and environmental 

variables. Light arrows are the time trajectories of the reefs (reef score in 1982 to reef 

score in 1992)~ dark arrows are the environmental variables (see Methods for 

i nterprctatlOn). MA i s macrophytic algae; CCA is crustose coralline algae. 

Interpretations of the inverse relationship between MA and CCA are made 

simultaneously (sec legend of FIg. 9). Sites abbreviations as ln Fig. 1. 
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the highcr cutrophication levels at that site (Fig. 10). The direction of change in the 

spccies compositIOn at the other recfs bctwecn 1982 and 1992 is slmllar but differs from 

sa (Fig. 10). The change IS accompanied by a reduction in the abundance of mosl coral 

specles assoclatcd wlth decreases ln D. anti/larum densltles, Increases In macrophytic 

algae caver, and dccreases In crustose coralhne algae caver. For these 6 reefs, the 

magnitude of change in species composItion at a site between 1982 and 1992 (vector 

length/arrow length; Fig. 10) is sigmflcantly correlated wlth the mean Increase in 

macrophytic algae cover (r = 0.911, p= 0.011), mean decrease in cruslose coralhne algae 

cover (r = -0.867, p= 0.025) and mean decrease ln D. antillarum density (r = -0.833, p= 

0.04) over the 10 year period at the site (see Table 3 for data on changes in algal cover 

and D. antillarum densities bctween 1982 and 1992). 

3.3 Coral species changes in relation to conlUre history strategies 

Scleractinian corals are often grouped into 3 types based on their life hlstory strategies 

(see Bak and Engel, 1979; Hughes, 1985; Szmant, 1986; Smith, 1992; Wittenberg and 

Hunte, 1992). Type 1 corats brood planula larvae, and tend to have high recruitment rates 

and high natural Juvenile mortahty (e.g. Agaricia agaricites, Faviafragum, Meandrina 

meandrites, Porites astreoides, Siderastrea radians). Type 2 corals broadcast gametes, 

and tend to have low recruitment rates and low natural Juvenile mortality (Dendrogyra 

cylindrus, Diploria clivosa, D. labyrinthiformis, D. strigosa, Montastrea annularis, M. 

cavernosa, Siderastrea siderea). Type 3 corals May either brood larvae or broadcast 

gametes. They typlcally have low recrultment rates, relying pnmarily on asexual 

reproductIOn (e.g. Acroporapalmata, Madracis mirabilis, Poritesporites). 

The relative abundance of Type 1, Type 2 and Type 3 corals on the 7 study reefs 

is shown in Table 7. At BR, coral cover was low in bath 1982 and 1992 with Httle 

change between years (Table 3). Species composition also changed Httle between years 
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Table 7. Mean relative abundance (%) of Type l, Type 2 and Type 3 corals on the 7 study reefs in 1982 and 1992 Relative 
abundance is based on cover data (% cover per reef). Type 1 corals: brood larvae. high recruitment. hlgh natural juvenile 
mortality: Type 2 corals. broadcast gametes. low recruitment. low natl!ral juvenile mortality: Type 3 corals· low recruitment, high 
asexual reproduction Relative abundance of Type 1 and Type 2 corals excluding Type 3 is also presented Site abbreviations as 
in Fig 1; eutrophication levels as in Fig. 3. 

Ltfe-history 
strategy BR SG FV SL BRI GS SR 

1982 1992 1982 1992 1982 1992 1982 1992 1982 1992 1982 1992 1982 1992 

Type 1 59.46 53 86 55.11 3044 64.87 77.59 61 87 81.74 45.16 68.81 48.99 57 36 49 34 48 87 
Type 2 21.40 25.47 8.86 451 2295 9.05 3377 13 14 4266 2921 3587 31 36 40.92 48 25 

~ 
Type 3 19.14 20.67 36.03 65.05 12 18 13.36 4.36 5 12 1217 198 1514 1128 9.74 287 

~ 

Type 1 73.54 67.89 86 14 87.10 73 87 89.55 64.69 86 15 5142 7020 3773 64 66 54 66 50.32 
Type 2 26.46 32.11 13.86 1290 26.13 10.45 35.31 13 85 4858 2980 42.27 35 34 45 34 49 68 



(Figs.8, 10), with Type 1 corals being dominant ln both 1982 and 1992 (Table 7). At 

SO, the major change is an mcrease in Type 3 corals (Table 7). This IS the consequence 

of the mcrease in P. porites already documented (Table 4; Figs. 8 and 9). Excluding 

Type 3 corals, coral cover is low at SO, and Type 1 corals are strongly dommant to Type 

2 corals in both yeaTS (Table 7). At FV, SL, BRI and OS, coral cover decreased between 

years (Table 3), and the decrease was accompanied byan lDcrease in the relative 

abundance of Type l to Type 2 corals at ail sites (Table 7). The sole exception to the 

pattern of an increase in the relative abundance of Type l to Type 2 corals with 

decreasing coral cover is SR, where Type l and Type 2 corals were equivalently 

abundant, and relative abundance changed Iittle between years (Table 7), although total 

coral cover was decreasing (Table 3). 
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4.0 DISCUSSION 

Tourism, urban, agricultural and industrial developments on the west coast of 8arbados 

over the past 30 years (Proctor and Redfern, 1984; Ishmacl, 1993) have resulled IR the 

differential exposure of the reefs to anthropogemc eutrophicalion. ThIs has produced a 

eutrophicatlon gradIent along the west coast of the Island whlch was flfst docurnented by 

Tomascik and Sander (1985) In 1982, but IS hkely to have been present pnor to thls. 

Water quality analyses indlcate that the eutrophieatlon gradlcnt, has changed hule 

between 1982 and 1992, and this IS consIstent wlth records indlcatlRg that developmenl 

along the west coast peaked ln the mld-I970's and has been negligible throughout the 

198O's (Proctor and Redfern, 1984; Ishmael, 1993). Differences in coral commumtles at 

the study sites have therefore been interpreted in relation to the eutrophicatlon levels 

prevailing at the sites over the 10 year period 1982-1992 (see Cramer and Hyttebom 

1987, Wiegleb et al. 1989, and Kremen 1992 for examples of eommumty momtorlng in 

relation to estabhshed envlronmental gradIents us mg ordinatIon techniques). Note that 

the similarities between the ordination diagrams of the prinCIpal component analysls 

(indirect direct gradient) (Fig. 8) and that of the redundancy analysis (direct gradient 

analysis) (FlgS. 9 and 10) in this study indicate that environrnental vanables not exphcitly 

considered In the study have not had a major effeet on temporal changes IR coral 

community structure over the 10 year penod (Jongman et a1., 1987; Kremen, 1992). 

A major change occurring in the reef cornmunities on the west coast of Barbados 

between 1982 and 1992 was the sharp reduction ln Diadema antillarum densities causcd 

by the mass mortality event of September 1983 (mcan 93.2%; Hunle et al., ]986). Prior 

10 the mortality (i.e. 1982), denslties of D. antillarum were lower on more eutrophlc than 

on less eutrophic reefs. However, the probabllity of an urchm dymg during the mortalily 

event (% reduction in population size) did not differ with D. antillarum denslty on the 

reef (Hunte et aL, 1986) nor with the eutrophlcatlon level of the reef (thls Sludy). One 
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consequence of this is that the negatlve correlation between D. antillarum densities and 

eutrophlcation levels on the reefs in 1982 was retained through the mortahty event and to 

date (I.e. 1~92). A second consequence is that density reductions during the mortality 

were greater whcre denslties were hlgher, i.e. density reductlons were greater on less 

eutrophic than on more eutrophic reefs. This difference between reefs ID the magnitude 

of density reductlons has been retained to date (1982-1992 companson of D. antillarum 

densities). 

The decrease in D. antillarum densities has strongly infJuenced other reef 

community variables. Specifically, the increase in macrophytic algae cover and decrease 

in crustose coralline algae cover on a reef between 1982 and 1992 are strongly correlated 

with the decrease IR D. antillarum denslty on the reef between years, presumably 

rencctmg the change in grazing pressure. Since reductions in D. antillarum densities 

were greater on Jess eutrophic reefs, changes in algal cover between 1982 and 1992 

tended to he greater on less eutrophie than on more eutrophic reefs, i.e. changes in algal 

cover on Barbados west coast reefs between 1982 and 1992 have been more strongly 

innuenced by the reduced grazing pressure following the 1983 mortality of D. antillarum 

than by prevailing eutrophication Jevels. These results imply that herbivorous fish have 

been unable to compensate for the reduced grazing pressure resulting from D. antillarum 

loss in the years following the mortality event. Inadequate compensation by herbivorous 

reef fish has prevlously been reported in areas of the Caribbean where fish stocks have 

been overfished (Liddell and Ohlhorst, 1986; Hughes et al., 1987; Hughes, 1993; 

Steneck, 1993). Low abundances of reef fish due to high fishing pressure on west coast 

fringing reefs in Barbados (Wilson, 1984) may therefore have magmfied the importance 

of D. anlillarum as a regulator of al gal populations in these reef communities. 

The spatial correlation between D. antillarum densities and eutrophication levels 

on west coast reefs in 1982, which has been retained to 1992 despite the 1983 mortality, 

is worthy of comment. D. antillarum preferentially recruits to clean substrates (Bak, 
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1985), and the grclZÏng activities of adults may help to keep substrates free of macrophytic 

algae (Sammarco, 1980), thereby promoting recruitmcnt. This may partly explam why 

D. antillarum recrultment IS higher on reefs with hlgher adult denslties (Hunte and 

Younglao, 1988). On less eutrophlc reefs, grazmg by D. antillarum may keep substmtes 

relatively clean, thereby promoting recrultment and mcreasmg densltles and hence 

grazing pressure. On more eutrophlc rcefs, clevated nutrients may enhance growlh of 

macrophytic algae, thereby overwhelming urchin grazmg capablhties. mhibitmg urchin 

recruitment and reducing denslties. The reduced densltles will lowcr grazing pressure 

and further mhibit recruitment. ThiS positive feedback cycle, whereby D. anlillarum 

grazing Influences D. al1tillarum recrultment, could therefore explam the observed 

correlation between D. antillarum densltles and eutrophlcatlon levels on west coast reefs 

(sec also Wittenberg and Hunte, 1992; Mann, 1994). 

The reduction in D. antillarum densities and consequent changes in algal coyer 

between 1982 and 1992, have strongly influenced the coral commumtles on Barbados 

west coast reefs over the 10 year period. Except for the most eutrophlc site SO, where 

the reduction in D. anlillarum density was low, most of the reef sites lost coral coyer 

between 1982 and 1992. The decrease in coral coyer may result from changes in algal 

coyer. Increased macrophytic algae coyer may cause overgrowth and incrcascd mortality 

of both recruits and established colonies (Sammarco, 1980, 1982b; Hughes, 1989). 

Reduced coyer by crustose coralline algae may decrease coral seulement (Van Moorsel, 

1989; Hunte and Wittenberg, 1992). Recent studies on Favia fragum m Barbados 

suggest that changes in algal coyer may reduce coral coyer pnmarily byaffectmg 

settlement and early post-settlement processes (Mann, 1994). 

Ali reef sites changed in species composition over the 10 year period, and exccpl 

for SO, the direction of change was directly related 10 the reduced D. anlillarum densitlcs 

and the associated changes in algal coyer. Moreover, for these recfs, the magmtude of 

change in coral species composition between 1982 and 1992 was proportional 10 the 
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decrcase in D. antillarum denslty, the Increase in macrophytie algae cover and the 

dccrcase ln crustose coralline algae cover on the reef between 1982 and 1992. Slnce 

reductlOns ln D. antillarum densltles, and consequently changes in algal cover were 

grcater on less eutrophlc than on more eutrophie reers betwcen 1982 and 1992, changes 

ln coral communitles on west coalit recfs ln Barbados over the 10 ycar pcnod have been 

grcatcr on less eutrophie than on more eutrophic rcefs. 

At the most eutrophie reef sa, where reduction ln D. antillarum density was low, 

the change 10 coral community structure was best explamed by the prevailing high level 

of eutrophlcatlOn at the site. The change at sa results pnmanly from a substantial 

incrcase 10 the cover of one specles, Porites parites, between 1982 and 1992. P. parites 

was alrcady the most abundant specles on thls reef In 1982, and Hs abundance on west 

coast reefs follows the eutrophication gradIent, i.e. is greatest where eutrophicatlon is 

highest. Il IS of interest in this context that the abundance of P. porites decreased at ail 

other sites between 1982 and 1992 except for BR, which ranks second to SG in 

eutrophlcation level. Several studies have suggested that the major mode of reproduction 

in branching corals such as P. porites IS asexual reproduction through fragmentation (Bak 

and Engel, 1979; Highsmith, 1982; Szmant, 1986). Fragmentation May increase under 

eutrophie conditions through several processes that are not mutually exclusive. Increases 

in suspended particulate matter at eutrophie sites may favor benthic fllter-feeding 

mvertebrates, including borers, and hence May increase fragmentation (Highsmith et al., 

1983; Tomalicik et al., 1993). Eutrophication processes may reduce sexual reproduction 

in P. parites (Tomascik and Sander, 1987b), allowing more energy to be allocated to 

growth and hence fragmentatIon. Reduced light penetration may reduce calcification 

rates and thereby the strength of coral skeletons (Barnes and Chalker, 1990). Finally, 

fragments of P. porites usually conslst of several minor branches, such that however the 

fragment comes to rest, sorne portion will he off the substrate. This may give fragments a 

competitive advantage over sexual recruits and juvenile corals by increasing the 
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probability that they will not he overgrown by bcnthic algae or smothercd by scdllnenL~ 

(Wittenberg and Hunte, 1992). 

Reef morphology characteristlcs which affect the magmtude and distnbution of 

wave energy at SO could have contnbuted to the high abundance of P. po rîtes ln 1982 at 

this site compared to other wc st coast rcefs. The reef at SO appcars wcll protcctcd from 

incoming offshore waves by the presence of a shallow large buttress Just 01 l'shore of the 

reef edge. These characteristlcs may have helped protect P. porires at sa fr\\m the 

effects of Hurricane Allen which impacted ail rccfs in Barbados In 1980 (Mah and Steam, 

1986). Recovery of P. porites at SO following 1980 could then have becn faclhtated by 

the effeets of eutrophication on fmgmentatlon prevlously discusscd. 

Species-specific life history strategies may influence the \.:hanges ID speclcs 

composition of coral commumtles that occur an response to changes In algal covcr on 

reefs. Effects of eutrophlcallon on Barbados west coast reefs have probably becn an 

effect for 30 years, and a decade has now elapsed since the 1983 D. antillarum mortality. 

The present coral community composition of Barbados west coast fringing recfs may 

therefore allow ansights into long-term effects of changes in macrophytlc algae cover on 

corals, whether these he mediated through eutrophlcation proccsses or grazang pressure 

changes. The results of this study suggest that the relative abundance of Type 1 to Type 

2 corals increases in the face of algal growth arising through eutrophlcatlOn and/or 

reduced grazing pressure on reefs. At the two most eutrophic sites wllh hlghest algal 

cover (Sa, BR), Type 1 corals are strongly domanant to Type 2 comls, and thal situation 

has prevailed since at least 1982. At FV, SL, BRI and os (but not at SR), coral cover 

decreased between 1982 and 1992 in the face of increasing cover by macrophytlc algae, 

and the decrease was accompanied by an IDcrease an the relatl ve abundancc of Type 1 to 

Type 2 corals at ail sites. Wittenberg and Hunte (1992) have prevlously suggestcd that 

coral communities shift towards Type 1 corals under eutrophlcallon stress, and Scoffin 

(1993) has reported a long-term shift towards Type 1 corals for the BRI reef an Barbados. 
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The shift towards Type 1 corals would he expected if natural juvenile mortality rates are 

esscntially replaced with algal-driven Juvenile mortality rates, with the difference 

bctwecn coral types in algal-driven mortality beIng less than the difference between types 

m natural moH·1ltty. The consequence would be that the strong domInance of Type 1 to 

Type 2 corals characteristic of juvenile communities, whlch results from hlgher 

recrultmcnt in the former and which is typically reduced by their higher natural mortality, 

IS mamtained lOto and determines the species composition of adult communities under 

macroalgal stress. The shlft towards Type 1 corals would be acceJerated if the 

recruitment dominance of Type 1 to Type 2 corals is greater on reefs with high algai 

coyer. This could occur if the typically smaller settlement size of Type 2 than Type 1 

corals (Babcock, 1985) ensures that the immedlate post-seulement mortahty rates of the 

former are increased more than the latter on high algal reefs. 

In cuntrast to the shift towards Type 1 corals observed on Barbados reefs, shifts 

towards Type 2 corals have been reported following the 1983 D. antillarum mortalityon 

Jamaican reefs (Hughes, 1989, 1993). In contrast to Barbados reefs where coral 

recruitment still occurs (Tomascik, 1991; Hunte and Wittenberg, 1992), Hughes (1989, 

1993) reports long-term recruitrnent failure on reefs in Jamaica. A/gal cover may he 

hJgher on JamaJcan than Barbados reefs because post-mortality D. antillarum densities 

have remained lower in Jamaica (average of 0.09 urchins/m 2; Hughes, 1993) than in 

Barbados (average of 1.35 urchins/m2; this study). A shift to Type 2 corals may occur 

under complete recruitment failure, since changes in relative abundance of corals will 

exclusively reflect differences in mortality rales of adu/ts. Type 1 corals being typically 

smaller than Type 2 comls as adults, may be more susceptible to algal overgrowth (see 

a1so Bak and Engel, 1979; Hughes, 1985. 1989). 
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