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ABSTRACT 

Effects of , :ui" ~ ·'on in ~ u\.ro~h;cation and in Diadema allli//arWlI dcnsities (grazing 

pre.,;;sure) on WI ."" ·ndance an1life history charactcristics of Faviafi'agwll on scv,,:n rccfs 

along ,t}lf ''-'l'_t q, of Barhad0s we;:rt! investigated. Dcnsitics of D. amillarum wcre 

negative. J " ,,1 Io.'ith eutf0l/h i calÏon lcvels, and intcrprctations of thcir effccls have 

been mad~ simùlta:;,\,; ~y. Abundance of F. frap,um was lowcl' on more eutrophie rcefs 

with lower D. Mfllillar,1w densitic;i. This may rcsuIt from effccts of eutrophication and 

of il. (puillarmrz on, ",:g,,) pover on rcefs. Macrophytic algac wcrc more abundant, and 

crustose coranine ,,1 abundant, (:·n eutrophie rcds with lower D. alllillarum 

densities; ,1.I1d . " ·1 cover was ncgativcly corrclatcd wlth crustosc corallinc 

algal (~ov'~r ; f,., •• ' "", t\ hl lm abundance was pO\ltivcly eorrc1atcd with ~rustosc 

coralline aJb,al , '",' ,,"'" 'Igum occurrcd less frcqucntly on rccf arcas whcrc 

macrophytic alg... ,,,,ie (\<1 \' ... ,L High cutrop~1icatlOn and low D.antillarum dcnsity 

(grazing pressure) ma)' L._ . _ 'Jr~ reduce F. fragwn abundancc by incrcasing the covcr of 

macrophytic algae relative to crustose corallinc algac on rcefs. Ncithcr planlilation 

periodicity, colon y fecundity, nor polyp fecunùity in F. frap,ul1l diffcrcd at dlffcrcnt 

eutrophication levels and D. anti/larum dcnsillc'i. Morcovcr, adult growth and adult 

mortality did not differ with eutrophication levcls and D.antillarum dcnsitics on rccfs. 

However, growth of jllveniles appeared slewer and mortality highcr on eutrophie rcers 

with low D. antillarwn densities. Morcovcr, larvae of F. [ragu", prefcrrcd to settle on 

crustose coralline algae than on turf algae (rnaerophytie algac), and the former arc 

comparatively scarce on eutrophie rcefs with low D. ami/larum densitics. The rcsults 

su,ggest that the negative correlation bctwccn adliit abundancc of F. fragum and 

eutrophication levels/grazing pressure (D. antillarum dcnsitic!.) on Barbados rccfs ar.c 

caused primarily by effects of thcse proccsses on settlemcnt and carly post-seulement 

stages of F. fragum. 

i 
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RESUME 

Les effets de variation d'eutrophisation -et de la densité de Diadema antillarum su.r 

l'abondance et les charactcristiques du (~yde biologique de Faviafrag,Ufn sur ~~pt récifs 

de la côte ouest de la Barbade furent eKaminés. Les densités de D. antillarum ttaient 

négativement correlés avec les niveaux (l'~!utr()phisation et r interprétation de leurs effe~. 

mt donc réalisé simultanément. F. fragum était moins :abondant sur les rédfs plus 

eutrophes et possédant de faiblc!s densités de D. anJillanr.un. Ceci peut être le résultat de:~ 

effets de l'eutrophisation et de D. amillarwn :mr la c\)u'ver1.ure des algues récifllles. Le:; 

algue;; macrophytiques étaient plus abondantes, par ccmtre le.., algues c:orallina~!:es (:taie.nt 

moins abondantes sur les récifs plus eutrophes et possédant de faibles densités de D. 

antil/arum; et la couverture des algues macrophytiques étaient négativement correlée avec 

la couverture des algues corallinacées sur tous les récifs. L'abondance de F: .f,.agwn était 

positivement correlée avec la couverture des algues corallinacées, et la préS(~nce de F. 

fragum était moins fréquent sur les récifs ou les algues rnacrophytiques étaient 

abondantes. De haut niveau d'eutrophisation combinés de faibles. densités de D. 

anrillarum pourrait donc alors réduin~ l'abondance de F. fragum en augment~t la 

couverture des algues macrophytiques relativement aux algues corallinacées sur les récifs. 

Ni la pé--iodicité de planulation, ni la fécondité colonale, ni la fécondité polypale df! F. 

fragum ne différaient pas à différents niveaux d'eutrophisation et de densité de D. 

antillarum. De plus, la croissance des adultes et la mortalité des adultes ne dlfféraif~nt 

pas avec les niveaux d'eutrophication et les densités de D. antillarwn sur les rédfs. 

Cependant, la croissance des juvéniles paraissait plus lente et la mortalité plus élevée. sur 

les récifs plus eutrophes et possédant de faibles densités de D. antillarwn. De plus, les 

larves du F. fragum préféraient se fixer sur les algues corallinacées plutôt que sur un 

gazon d'algues macrophytiques, et les algues corallinacées sont comparativement plus 

rare sur les récifs plus eutrophes et possédant de faibles densités de D. antillarum. Les 

résultats suggèrent que la corrélation négative entre l'abondance de F. fragum f!t les 

niveaux d'eutrophisation/d'intensité de broutage (densité de D. antil/arum) sur les récifs 

de la Barbade sont causés principalement par les effets de ces processus sur la fh.ation 

et le début du stage de post-fixation de F. fragum. 

ii 
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GENERAL INTRODUCTION 

Eutrophication is stressing coastal marine ecosystems globall). While not direc..tly lOxic 

as persistent chlorinated compounds, heavy metals, residual nuclear wastes, and 

petroleum products may be, eutrophication typically occurs on a larger sca.le, and rnay 

therefore have greater overall impact. Rosenberg (1985) defined eutrophication as an 

increase in nutrients leading to increased growth of algae and plants. It is often 

associated with increased sedimentation (Bell, 1991; Wittenberg and Hunle, 1992). 

Nutrient enrichment may result from naturaI causes on a local scale, but generally 

becomes a chronic large-scale problem only under anthropogenic influences, su ch as 

industriaIization, urbanisation, coastal development and modern agricultural practices. 

Coral reefs are characteristic of oligotrophic tropical water. Hermatypic coraIs 

are the dominant benthic fauna on most reefs. As a result of intricate nutrient recycling 

mechanisms (see review by D'Elia and Wiebe, 1990), coraJs can maintain high 

productivity at low nutrient levels, and may therefore be particularly sensitive to 

eutrophication (Johannes, 1975). Low levels of eutrophication may enhance aIgal 

production without affecting the biomass, species composition, or trophic structure of 

coral reefs (Kinsey and Domm, 1974). However, moderate to heavy levels of 

eutrophication cause a substantial increase in algal populations (Laws and Redalje, 1979; 

Srrith el al., 1981) and h;.ve major implications for the biological, chemica1 and physical 

environment of corals and coral reef communities (Maragos, 1972; Banner, 1974; 

Kinsey and Domm, 1974; Loya, 1975; 1976; Kinsey and Davies, 1979; Smith el al., 

1981; Pastorok and Bilyard, 1985; Tomascik and Sander, 1985; 1987a; 1987b; 

Rogers, 1990; Wittenberg and Hunte, 1992; Hunte and Wittenberg, 1992). Increased 

a1gal production affects corals by decreasing available light and increasing the sediment 

load, particularly the organic fraction (Bell, 1991). The higher sedimentation rates 

associated with the elevated nu trient levels favour filter-feeders such as sponges, 

bryozoans and tunicates. These filter feeders and the benthic algae whose growth is 

directly affected by the eutrophication, may outcompete corats for space on the reef 
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(Maragos, 1972; Birkeland, 1977; Wittenberg and Hunte, 1992). Maragos (1972) 

describes the elimination of coral coyer by the production of dense mats of benthic algac 

in response to eutrophication. The growth of benthic algae may be further enhanccd on 

eutrophie rcefs if the abundance of important herbivores is rcduccd (Sammarco el al., 

1974, Littler and Littler, 1984; Lewis, 1986; Wittenberg and Hunte, 1992). 

Herbivory Îs the most influential biotic factor affecting algal distribution and 

abundance (Berner, 1990). Fish are generally considered the dominant grazers in most 

reef systems (Gaines and Lubchenco, 1982), but urchins bccome more important as 

herbivorous fish densities decline. In the Caribbean, the black sea urchin Diadema 

antillarum is a key herbivore, and may be the dominant grazer on shallow reefs 

(Morrison, 1988) experiencing heavy fishing pressure (Hay, 1984). Density 

manipulation experiments have demonstrated that the removal of urchins from patch rcefs 

in the Caribbean results in a rapid accumulation of benthic algal biomass, which can 

gradually displace corals (Sammarco et al., 1974; Sammarco, 1982). Acculllulation of 

benthic algae has also becn reported following the 1983 mass-mortality of D. amillarum, 

in which densities were reduced by more than 90 percent throughout the Carihbcan by 

a water borne pathogen (Lessios, 1988 for mass mortality; Carpcnter, 1985; de Ruyter 

van Steveninck and Bak, 1986; Hughes et al., 1987 for algal accumulation). 

Changes in algal biomass on rcefs can ultimately alter coral community structure 

only by influencing responses of the constituent coral species. Several studies have now 

suggested that eutrophication and sedimentation can affect the abundance (Maragos, 

1972; Walker and Ormond, 1982; Tomascik and Sander, 1987a; Wittel.>~rg and 

Hunte, 1992), mortality (Maragos, 1972; Wittenberg and Hunte, 1992), growth 

(Maragos, 1972; Kinsey and Davies, 1979; Smith et al., 1981; Tomascik and Sander, 

1985; Davies, 1990; Tomascik, 1990), reproduction (Tomascik and Sander, 1987b), 

and settlement rates (Tomascik, 1991; Hunte and Wittenberg, 1992) of corals. 

However, the number of species studied in this context remains relatively smalt. 

Moreover, few studies simultaneously investigate effccts of eutrophication on scveral 

aspects of the life history of a single species. To fully understand the impact of 
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eutrophication on corals, effects on all life history traits should be simultaneously 

considered. 

Many studies have documented eutrophication and its effects on the fringing reefs 

off the west coast of Barbados (Lewis, 1985; 1987; Tomascik and Sander, 1985; 1987a; 

1987b; Snelgrove and Lewis, 1989; Davies, 1990; Wittenberg and Hunte, 1992; 

Hunte and Wittenberg, 1992). Barbados has been extensively developed as a major 

tourist center over the last three decades. The associated urban and industrial expansion, 

coupled with modern agricultural practices, has led to increased pollution of inshore 

waters, especially near the capital of Bridgetown. The major point sources of pollution 

are the organic and/or nutrient enriched effluents of arum distillery, electricity plant, and 

a sewage treatment plant. The more diffuse sources are nutrient-enriched surface and 

groundwater runoff, the volumes of which vary spatially due to differences in vegetation 

clearance and geomorphology. 

This study investigates the effects of eutrophication and of reduced grazing 

pressure on the abundance and life-history characteristics of Favia fragum on the west 

coast of Barbados. F. fragum is a small (10 cm maximum diameter) hermatypic coral 

found throughout the tropical western Atlantic. Lewis described its distribution on reefs 

(1960; 1970; 1974a), early growth (1974b), and larval settlement behaviour (l974c). 

The reproductive biology and general ecology of F. fragum hé.'ve been documented by 

Duerden (1902), Szmant-Froelich et al. (1985), Szmant (1986), and Soong (1991). In 

contrast to most coraIs, F. fragum has year-round reproductive cycle and broods its 

larvae until the planula stage. F. fragum was chosen for this study because it occurs 

across the full range of eutrophication and grazing pressure levels prevailing along the 

west coast of Barbados. 

The primary objectives of the present study were to (1) investigate effects of 

eutrophication and of variation in Diadema antillarwn density on the distribution and 

abundance of Favia fragum on seven fringing-reef complexes along the west coast of 

Barbados, and (2) to determine possible mechanisms responsible for the spatial variation 

in abundance by examining effects of eutrophication and D.antillarum density on several 

Iife history characteristics of F. fragum. 
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CHAPTER 1 

Distribution and abundance of the reef coral Favia 

fragum (Esper) in Barbados: effects of eutrophication 

and of the black sea urchin 

Diadema antillarum (Philippi) 
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1.1 Abstract 

Effects of variation in eutrophication levels and in Diadema antillarum densities on 

abundance of the hermatypic coral Favia fragum were investigated at seven reefs along 

the west coast of Barbados. An index of eutrophication was established for each site 

using a principal component analysis of a suite of water quality variables including 

reactive phosphate, total inorganic nitrogen, suspended particulate matter, volatile 

particulatc matter, and chlorophyll-a. F. fragum abundance was measured in a total of 

210 quadrats (5 x 5 m) over 3 depth zones on the seven reefs. Cover by crustose 

coralline algae and maerophytie algae were recorded for eaeh quadrat, and D. antillarwn 

densities wcre surveyed by transects. D. antil/arum densities were negatively correlated 

with eutrophieation levels on the study reefs, and their effeets on F. fragum abundance 

are therefore interprcted simultaneously. The abundance of F. fragum was negatively 

correlated with eutrophication levels and positively correlated with D. antillarwn 

densities (grazing pressure) on the rcefs. Effects of these processes on F. fragum 

abundance may be mediated by their effeet on algal cover. Macrophytic algal cover was 

higher, and erustose coralline algae lower, on more eutrophie rcefs with lower D. 

antillarum density; and macrophytic algal cover was negatively correlated with crustose 

coralline al gal cover across the study reefs. Cover by crustose coralline algae was 

higher, and cover by maerophytie algae lower, on rcef areas where F. fragum was 

present, and cover by crustose coralline algae was positively correlated with F. fragum 

abundance across the reefs, These results suggest that high eutrophication and low 

grazing pressure (D. amillarum density) reduce F. fragum abundance by inereasing the 

cover of macrophytie algae relative to crustose coral li ne algae on reefs. Increasîng 

coastal eutrophieation, and a sharp reduction in D. antillarum densities accompanying a 

mass mortality event in 1983, may he primarily responsible for the apparent temporal 

decline in F. fragwn abundance on BarOados west coast reefs over the past few decades. 
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1.2 Introduction 

Anthropogenic eutrophication affects rcefs by incrcasing thcir nutricnt and 

sediment loads. Elevated nutrient levels may be directly toxie to corals (c.g. SlInklss, 

1964; Kinsey and Davies, 1979), but generally affect corais indirectly through incrc..'lscd 

primary productivity. Nutrient enrichment can promote the growth of phytoplank.ton in 

the reef environ ment. The increased phytoplankton biomass and the dcvatcd 

concentrations of suspended particulate matter reduce light availability for zooxanthcllae 

photosynthesis and increase sedimentation, and may thereforc alter the cnergy hudget of 

coraIs (Edmunds and Davies, 1989; Rogers, 1990). The abllity of corals to compcte 

with other reef organisms is dependent on prevailing nutrient lcvcls (Littler and LittJcr, 

1984; 1985). Benthic aigae and filter-feeding invertebrates benefit more than corals l'rom 

the increased nutrients and partieulates, and thcir rapid growth rcsults III tlv: displacemcnt 

ofcoraIsfromthereef(Birkeland, 1977; HunteandWittenberg, 1992). Maragos(1972) 

describes the elimination of coral cover by the production of dcn~c mats of uentlllc algae 

in response to eutrophication. The increase in bf'nthic aigae blOmass limier incrca~d 

nutrient levels may aiso depend on grazing pressure on the rccL 

Herbivory is the most influential biotie factor affecting bcnthic aigai abundancc 

(Berner, 1990). While fish are generally considered the dominant grazcrs in Illust rccf 

systems (Gaines and Lubchenco, 1982), sea urchins become more important a!. 

herbivorous fish densities decline. In the Caribbean, the black sca lIrchin [)ll1dt'lIW 

antillarwn is generally considered a key herbivore, and may he the dominant gra7cr on 

shaIlow reefs (Morrison, 1988) experiencing heavy fishing pressurc (Hay, 1984). Effccts 

of D. an/il/arum density on benthic algal distribution have bccn demonstratcd hy both 

experimental and natural reductions in D. antillarum density. Thc expcnmcntal rCll10val 

of D. an/illarum from rcefs has been shown to result in a substantial incrca<;c in bcnlhic 

algaI biomass, which dominated available space at the expcnse of coral populations 

(Sammarco et al., 1974; Sam marco , 1982). Studies examining the impacts of the 1983 

mass-mortality of D. antillarwn, in which densities were rcduccd by more than 90 
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percent throughout the Caribbean (Lessios, 1988), have generally supported the 

experimen tal results (Carpenter, 1985; de Ruyter van Steveninck and Bak, 1986; Hughes 

el al., 1987). 

It is now weil documented that eutrophication is occurring on the fringing reefs 

along the west coast of Barbados (Lewis, 1985; 1987; Tomascik and Sander, 1985; 

1987a; 1987b; Snelgrove and Lewis, 1989; Davies, 1990: Tomascik, 1991; Hunte 

and Wittenberg, 1992; Wittenberg and Hunte, 1992). Over the last three decades, 

Barbados has developed as a major tourist center. The associated urban and industrial 

expansion, coupled with modem agricultural practices, has led to increased pollution of 

inshore waters, especially near the capital, Bridgetown. The major point sources of 

pollution are the organic and/or nu trient enriched effluents of a rum distillery, electricity 

plant, and a sewage treatment plant. Non-point sources include nutrient-enriched surface 

and groundwater runoff, the volumes of which vary spatially due to differences in 

vegetation clearance and geomorphology. 

This chapter examines the distribution and abundance of Favia fragum along the 

west coast of Barbados. F. fragum is a small (10 cm maximum diameter) hermatypic 

coral found throughout the tropical western Atlantic. Lewis described its generaI 

distribution on reefs (1960; 1970; 1974a), early growth (1974b), and settlement 

behaviour (1974c). The reproductive biology and ecology of F. fragum have been 

documentcd by Duerden (1902), Vaughan (1908; 1910), Szmant-Froelich et al. (1985), 

Szmant (1986), and Soong (1991). 

The primary objective of this chapter is to investigate effects of variation in 

eutrophication and in D. an/il/arum densities, and hence grazing pressure, on the 

distribution and abundance of F. fragum at seven fringing-reef complexes along the west 

coast of Barbados. Specifically, the objectives are (1) to establish water quality 

characteristics at 7 fringing reef complexes along the west coast of Barbados, (2) to 

quantify basic reef morphology and dominant organisms (D. antil/arum, macrophytic 

algae, crustose coralline algae, other corals) as habitat characteristics that might influence 

F. fragunr abundance at these sites, (3) to document the abundance of F. fragum at each 

site, and (4) to correlate the presence and abundance of F. fragum with the habitat 

characteristics and water quality characteristics at the 7 sites. 
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1.3 Methods 

1.3.1 Study Sites 

Seven fringing reefs along the west coast of Barbados, West Indies (13° 15'N, 500 30'W) 

were selected for study. The basic structure of Barbados west coast fringing reefs is 

described by Lewis (1970). Data for several water quality indices of eutrophication exist 

for the seveD sites from a previous study (fomascik and Sander, 1985). Tomascik and 

Sander (1985) describe inter-reef differences in morphologyas smalt. The sites, from 

south to north, are: Brighton (BR), Spring Garden (SG), FiUs Village (FV), Sandy Lane 

(SL), Bellairs Research Institute (BRI), Greensleeves (GS), and Sandridge (SR) (Fig. 1). 

1.3.2 Distribution and abundance of Favia fragum 

The abundance of F. fragum was assessed in its preferred habitat on west coast fringing 

reefs (Lewis, 1960; 1970; 1974a; Tomascik and Sander, 1987a) from June to August, 

1992. On each reef, three loo-m reference transects were placcd paralleJ to shore; one 

in the reef crest zone (I-2m depth), one in the shallow spur and groove zone (2-3m 

depth), and one in the mid spur and groove zone (3-4m dcpth). The transccts wcrc 

marked at 5-m intervals. Ten quadrats (25 m2) were randomly placcd along cach 

transect, providing a total of 30 quadrats per reef and 210 quadrats for the study. Each 

study zone covered lOOOm2 of reef, white 250m2 was actually sampled with quadrats. 

Each of the quadrats was systematically searched for F. fragum by divers using SCUBA. 

The quadrat size (5 x 5 m) was chosen on the basis of preliminary work on North 

Bellairs reef. Smaller quadrats (1m2 , 5m2, and 10m2) sampled too fcw specimens of F. 

fragum, while larger quadrats were cumbersome and may have caused reef damage. 
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Figure 1. Locations of the study sites alonog the west coast of Barbados, West Indies. 
Study sile abbreviations: BR - Brighton; SG - Spring Garden; FV - Fitts Village; SL 
- Sandy Lane; BRI - Bellairs Research Institute; GS - Greensleeves; SR - Sand Ridge. 
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1.3.3 Environmental variables 

1.3.3.1 Habitai characteristics 

To quantify the habitat characteristics of F. fragum, a lOO-point grid system was used 

in each quadrat. The grid consisted of ten lines in each direction (parallel and 

perpendicular to the reference transect), starting O.25m from the edge of the quadrat and 

spaced at 0.5m intervals. The intersections of the Unes fonned 100 points over the 

quadrat. A two-Iayer point-contact sampling method was then used to assess the bottom 

composition. Twenty points were randomly selected for each quadrat, with each point 

representing 1.25m2 of the quadrat area. To sample under the points, a diver pushed the 

intersection of the two lines (corresponding to the randomly selected point) down until 

it touched the substrate. The first layer determined whether a point was above sand, 

rubble, or recf. Rubble was defined as hard substrate that could be moved by a diver. 

Reef was defined as hard substrate that could not be moved. When the point was above 

reef, a second layer was sampled to determine the organism present at that point. Reef 

flora (turf, frondose, crustose coralline algae) and fauna (species of coral, sponge, other 

invertebrates) were recorded for each point above recf. Turf algae consisted of a 

heterospecific assemblage of fleshy and filamentous algae less than 2cm in height (Lewis, 

1986), and frondose macroalgae consisted of those plants greater than 2cm in height 

(Berner, 1990). Total macrophytic algaewas estimated by grouping frondose macroalgae 

and turf algae. The percent cover data of the second-layer habitat characteristics were 

recorded relative to the area of reef in each quadrat. 

The depth of each quadrat was detennined by taking the mean value of the depths 

of the two corners of the quadrat that rested on the reference transect. Distance from 

shore and rugosity were measured for each of the reference transects. 

Densities of Diadema anrillarum per transect were calculated using data from a 

concurrent field study (Allard, 1993). AIl urchins within a I-m wide area along 20-m 

transects running parallel to shore were counted. Only transects that corresponded to the 
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zones sampled in this study were used to estimate D. anrillarwn densities. This was 

generally between 40 and 60 transects per reef. 

1.3.3.2 Water qualily 

The sampling methodology was based on that of Tomascik and Sander (1985) to facilitate 

comparisons between studies. Reactive phosphate, nitrate-nitrite nitrogen, suspendcd 

particulate matter, volatile particulate matter, and chlorophyll-a were monitored cvcry 

two weeks from April to October, 1992 (8 samples for chlorophyll-a, 21-27 samples for 

the others at each site). Percent organic matter in the sediment was measured every four 

weeks (6 samples) during this same period. The sampling schedule altematcd betwcen 

starting at sites north and south of Bellairs Research Institute. Since there was relatively 

little rainfall during the original sampling period, sampling was also conducted in 

January, 1993, during a period of heavy rainfall. The January sampling consisted of ten 

samples for rcactive phosphate, total inorganic nitrogen, suspended particulate matter, 

volatile particulate matter from each site collected on a single day. 

A permanent sampling station was established at cach site over the spur and 

groove zone (depth 4 m). During each sediment sampling session, two samplcs werc 

taken from the water-sediment interface between spurs (depth 4-5m) at cach site with 

Ziploc· bags. At cach sampling session for water quality, two surface water samples 

(depth 1 m) were taken between 10.00 and 13.00 hours using a Van Dom boUle. Waler 

samples were transferred into 1-1 and 4-1 polyethylene boUles and transporf"c.(~ to the 

labol'?t')ry in an insulated cooler. The 1-1 samples were filtered through a GF/C glass 

fibre filter (washed, combusted and weighed beforehand), and storcd in a freezer until 

analysis. Suspended particulate matter (SPM) was determined by drying cach tiller to 

a constant weight at 60°C. The dried filters were weighed to givc SPM, combustcd at 

550°C for 15 min, then reweighed to obtain volatile particulate matter (VPM) (dry 

weight - combusted weight). Chlorophyll-a analyses were conducted using 3.5 1 of watcr 

(from the 4-1 bOUles) following Strickland and Parsons (1972). Sediment sampI cs 

(approximately 20 grams) were placed in pre-weighed aluminum tins, dricd to constant 

weight at 60°C, weighed, then combusted at 550°C for 15 min to detcrmine the percent 
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organic material. Stored water samples were thawed to room temperature before being 

analyzed for reactive phosphate (PO.-P) and nitrate-nitrite nitrogen (N03- N02- N) using 

standard melhods (Strickland and Parsons, 1972). 

1.3.4 Data treatment and analyses 

Plior to analyses, F. fragum abundance was transformed to number of colonies/m2 of reef 

substrate to control for differences in reef substrate area between sites. 

Ali data were tested for normality (one sample Kolmogorov-Smimov test) and 

homogeneity of variance (visual or Bartlett's test) using SYSTAT (Wilkinson, 1990). 

Transformations were applied to ail data violating these assumptions (Zar, 1984). AU 

percent cover data were transformed using arcsine vx, white density variables were 

treated with log (x + 1). Any variables remaining non-normal after transformation were 

analyzed non-parametrically using a Kruskal-Wallis test. 

A principal component analysis (PCA, correlation matrix) was used to reduce the 

highly autocorrelated, log-transformed water quality variables to a single linear 

combination of the variables. The principal component score for each site was used as 

the index of eutrophication. 

A discriminant function analysis was used to investigate the effects of habitat 

characteristics on F. fragum. The habitat variables were combined into a composite 

linear function that maximized differences between quadrats where F.fragum was present 

and those where il was absent (Tabachnick and Fidell, 1981). The loadings of habitat 

variables onto that function determines the relative importance of habitat characteristics 

in predicting the presence or absence of F. fragum in a quadrat. 

Simple linear regression analyses were used to test relationships between the 

principal component eutrophication index, D. antillarum density, F. fragum density, and 

the habitat characteristics measured. 
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1.4 Results 

1.4.1 EnvironJnental Variables 

1.4.1.1 Water Quality 

The mean values for the water quality variables for 1981-82 (fomascik and Sander, 

1985), 1992, and 1993 are shown in Table 1. The combined data are used in ail 

subsequent discussions and analyses. SG, located directly offshore from the national 

power plant outfall, had consistently high values for ail eutrophication/sedirnentation 

variables (Table 1). BR, located in the vicinity of arum refinery effluent outfall and the 

Barbados Deep Water Harbour, also had high values for the eutrophication variables. 

FV and BRI generally had intermediate values, and SL, GS, and SR had the Jo west 

values for the variables. 

The six eutrophication/sedimentation variables were reduced to one significant 

principal component (PCI) using PCA. PCI accountcd for 85.9% of the variation in the 

data. The eigenvector loadings of these variables onto PCI is shown in Table 2. The 

high loadings of the eutrophication/sedimentation variables on PC 1 suggest that PC 1 is 

a good index of eutrophication/sedimentation. Principal component scores 

(eutrophication/sedimentation indices) for the seven study rcefs are shown in Fig. 2. 

1.4.1.2 Habitat Characteristics 

The habitat characteristics of each study site are summarized in Table 3. The sites 

differed significantly (ANOVA, P <0.05) in hard substrate (rcet) , rubble, sand, 

macrophytic algae, crustose coralline algae, and rugosity; but the difference in '.-:oral 

cover was not statistically significant (P=0.069). Tukey's tests indicated that BR and 

SG did not differ significantly from each other in any habitat characteristic, but had Jess 

cover by hard substrate than all other sites (fables 3, 4). BR had significantJy more sand 

cover than SL and BRI, and both BR and SG were significantJy Jess rugose than seve rai 

of the other sites (Tables 3, 4). These results suggest tht BR and SG are being eroded 
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Table 1. Results of coastal water analyses for 1981-82, 1992, 1993, and ail years combmed at seven fringmg reefs aIong the west coast of Barbados, West 
Indies (Figure 1). The data are presented as means and SD (m parentheses) for each data set and as means only for the combined data set. Data from 1981-82 
are from Tomascilc and Sander (1985). Data for 1992 and 1993 were collected in this study (see Methods). Site abbreviabons as in Fig. 1. 

Variables Study Sites 

BR SO FV SL BRI GS SR N Year 

PO~-P (pg-at 1.1) 0.10 (0.04) 0.21 (0.11) 0.09 (0.06) 0.08 (0.04) 0.11 (0.09) 0.06 (0.03) 0.06 (0.03) 45 1981-82 
NO)-N02-N {fLg-at 1.1) 0.82 (0.43) 4.42 (2.65) 0.79 (0.50) 0.55 (0.39) 0.65 (0.39) 0.45 (0.23) 0.36 (0.21) 44 1981-82 
SPM (mg ).1) 7.11 (4.08) 7.32 (2.86) 6.25 (3.92) 5.12 (3.46) 5.94 (3.41) 5.21 (3.29) 4.26 (1.98) 44 1981-82 
VPM (mg •. 1) 3.26 (1.67) 3.10 (1.26) 2.71 (1.47) 1.94 (1.15) 2.49 (Ll5) 2.00 (0.97) 1.8S (1.03) 43 1981-82 
~ Organics in sediments 8.30 (2.30) 10.90 (4.00) 4.90 (0.90) 2.50 (0.30) 5.10 (2.00) 2.30 (0.60) 2.90 (1.00) 10 1981-82 
Chlorophyll-a (mg m·J) 1.04 (0.54) 0.90 (0.41) 0.88 (0.33) 0.58 (0.29) 0.80 (0.47) 0.55 (0.27) 0.42 (0.16) 46 1981-82 

PO~-p (pg-at 1.1) O.OS (0.03) 0.06 (0.03) 0.05 (0.03) O.OS (0.04) 0.05 (0.04) 0.05 (0.04) 0.05 (0.03) 21 1992 
NOJ-NOz-N (pg-at 1.1) 0.81 (0.69) 3.17 (2.50) 1.00 (0.60) 0.90 (0.45) 0.69 (0.38) 0.93 (1.28) 0.75 (0.56) 23 1992 
SPM (mg 1'1) 6.70 (4.31) 10.94 (20.48) 6.86 (4.96) 6.98 (4.81) 6.4S (5.22) 6.26 (4.66) 6.90 (5.60) 27 1992 
VPM (mg 1.1) 1.30 (0.58) 1.29 (0.64) 1.44 (0.84) 1.56 (0.87) 1.22 (0.76) 1.13 (0.66) 1.16 (0.62) 26 1992 
~ Organics in sediments 2.42 (0.43) 2.61 (0.44) 2.03 (0.43) 2.36 (0.54) 2.21 (0.34) 2.33 (0.47) 2.31 (0.62) 6 1992 
Chlorophyll-a (mg m·3) 0.31 (0.01) 0.30 (0.18) 0.30 (0.17) 0.36 (0.13) 0.37 (0.17) 0.46 (0.29) 0.23 (0.01) 8 1992 

PO~-P (pg-at 1.1) 0.09 (0.04) 0.13 (0.07) 0.08 (0.03) 0.09 (0.05) 0.09 (0.02) 0.08 (0.03) 0.10 (0.05) 10 1993 
NO)-N02-N {fLg-at 1.1) 0.87 (0.26) 7.S1 (2.6S) 1.05 (0.30) 0.7S (0.21) 0.91 (0.18) 0.82 (0.30) 0.74 (0.27) 10 1993 
SPM (mg 1.1) 6.88 (0.75) 7.83 (2.91) 4.79 (0.58) 4.41 (1.49) 4.11 (1.10) 3.83 (0.82) 4.62 (1.14) 10 1993 
VPM (mg 1.1) 2.81 (0.38) 2.92 (0.90) 1.90 (0.62) 2.33 (0.72) 1.45 (0.78) 1.05 (0.S6) 1.44 (0.78) 10 1993 

PO.-p (pg-at 1'1) 0.09 0.16 0.08 0.07 0.09 0.06 0.06 76 Combined 
NO)-N~-N (pg-at 1.1) 0.82 4.45 0.89 0.68 0.69 0.64 0.S2 77 Combined 
SPM (mg .-1) 6.94 8.59 6.27 5.65 5.88 5.39 S.19 81 Combined 
VPM (mg 1'1) 2.56 2.48 2.19 1.86 1.94 1.59 1.57 79 CombiDed 
% Organics in sediments 6.09 7.79 3.82 2.45 4.01 2.31 2.68 16 Combined 
Chlorophyll-. (mg m·3) 0.93 0.81 0.79 0.55 0.74 0.S3 0.39 S4 Combined 



Table 2. Water quality variable loadings on principal component 1 (PCI). N=7 sites. 

Water quality variables 

P04-P (JLg-at 1-1) 
NOr N02-N (JLg-at 1-1

) 

SPM (mg 1-1
) 

VPM (mg 1-1) 

Organics in sediment (%) 
Chlorophyll-a (mg m-3) 
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Component 
Loading 

0.959 
0.874 
0.982 
0.924 
0.965 
0.850 



Figure 2. Principal component scores, as eutrophication/sedimentation indices, at each 
of the seven study sites. Site abbreviations as in Fig. 1. 
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Tible 3. Mean (SD) depth (m), dellllty of DladewuJ anIlllmwn , rugosity of refereoce tralJleCt (RUG) (100m IUbstrate profilellinear dillaDCe Ibove Iiœ). meu demity of FtrViIJ 
frG811m per nT 'luadnt. percent caver und (Sand "). " cover rubble (Rubble "), " caver by hard IUblLlte (Ree{ "), "cover cl'UlCOle conlliDe alpe (CCA). S coyer tioodoIc 
macroalgae (FRON), "caver turf Ilpe (TURF), "cover total macrophytic alpe (MACRO), " caver coral (CORAL). '1 caver of ocber ÎIlVertebntea (OT'HER) calculaled 
for each ItUdy .ite (SITE), and preaentcd by each tranaeçt (TRANS) teparately (1,2,3) and an Ûlree combioed (Mean) Layer 1 and 2 a. deacn"bed in MeÛlod.. SIte abbreviatiooa 
.. in Fig. 1. 

SIte Trans Layer 1 Layer 2 

Depll DlAD RUG FAVIA SAND RUBBLE REEF CCA FRON TURF MACRO CORAL OTHER. 
(m) (11m2

) (I/m~ % % % % % % , ~ , 
1 19(04) 0.5 1 05 06(0.8) 240(223) 290(204) 475(26.5) 224(179) 208(15.1) 46.6(21.6) 674(23 7) 103(11.1) 0.0(0.0) 

BR 2 3 1(06) 01 1 06 0 1(02) 295(224) 31.5(18.7) 39.0(295) Il 6(12.5) 44.5(27 1) 21 8(20.5) 73.3(33 of) 15 1(21.6) 0.0(00) 

3 41(04) 04 1 03 00(01) 20.5(12 8) 35.5(13.6) 44.0(11.7) 8.2(\7 2) 40 0(31.7) 29.6(28 0) 69 6(31 0) ll.2(17.S) 0.0(0.0) 
MEAN 3 0(1 0) 03(02) 1 05 02(05) 247(194) 320(174) 435(23 3) 141(166) 35 1(26.3) 35.1(244) 702(287) 15.8(7 1) 0.0(00) 

1 7(03) 04 1 06 0.1(02) 275(180) 49.5(23 6) 23.0(21.5) 89(145) 1 8(3.9) 63.2(41.1) 65 0(42 1) 26.1(26.3) 0.0(00) 
SG 2 25(04) 04 1 05 0.1(03) 60(70) 23 5(16 8) 71 1(19.1) 260(11 CI) 200(24 8) 29.8(21.6) 49.8(17.9) 24.1(14 1) 00(0.0) 

3 3 7(0 8) 07 104 04(10) 150(222) 36.0(25 1) 49.0(30.6) 7.7(12.6) 486(370) 20.7(198) 69.3(29.5) 22.9(26 4) 00(0.0) 
MEAN 26(1.0) 05(02) 1 05 02(06) 16.2(187) 363(240) 47.7(308) 142(15 1) 23.5(31 1) 37.9(29.5) 61.4(32.1) 24.4{22 4) 0.0(0.0) 

1 1.9(0.3) 2.5 1 JO 0.4{0.2) 75(10.1) 14.5(12 1) 78.0(180) 343(20 1) O.O{OO) S60(19.3) 56.0(19.3) 9.7(6.4) O.O{O.O) 

FV 2 23(04) 21 1.15 0 5(0.4) 180(:06) 5 5(6 4) 76 5(lS 3) 63 2(104) 00(00) 2.S II(IS.II) 2.S 11(15.11) 11.0(9.7) 0.0(0.0) 
3 2.8(03) Il 1 08 04(0.5) 25 0(13 7) 30(26) 72 0(13 8) 327(22 3) 00(0.0) 61.3(23.5) 61.3(23 5) 6.0(4.5) 0.0(00) 
MEAN 2.3(05) 1 9(07) III 04(0.4) 16 8{13 4) - 7(9 3) 755(15 4) 434(226) 00(00) 47.7(24.7) 47.7(24.7) 8.9(7.3) 0.0(0.0) 

2.0(05) 18 1.18 09(05) 9 0(11.0) 90(13 3) 820(178) 48 1(179) 00(00) 33.4(16.9) 33.4(16.9) 17.S(13.2) 1.0(2.1) 
SL 2 2.7(06) 49 1 23 06(0.4) J3 5(19.4) 50(7.5) 80.5(21 9) 42 O{l4 2) 00(00) 35.8(14.1) 35.8(14 l) 22 2(lS.") 0.0(0.0) 

3 3 2(0.6) 40 1 16 0.2(0 1) 165(103) 1& 0(16 2) 655(144) 372(159) 1 0(3.1) 45.5(20.9) 46.5(22.8) 16.3(11.4) 0.0(0.0) 
MEAN 2.6(07) 35(1 6) 119 06(05) 13 0(14 1) 107(13 6) 760(192) 424(162) o 3(1 8) 38.2(17.1) 38.5(18.5) 18.7(13.2) 0.3(1.3) 

1 1.9(0.4) 09 1 27 0.3(0.2) 95(9.0) 110(10 7) 800(14.1) 262(11 1) 00(00) 58.6(11.6) 58 6(11 6) 102(8.0) 5.0(58) 
BRI 2 1.9(0.4) 16 1.27 02(03) 8.5(127) 12 5(l2 1) 790(18.2) 25.4(13.4) 00(00) 54.8(15.8) 54.8(15 8) 17.1(88) 2.6(4.2) 

3 3.7(03) 1 1 1 22 0.1(0.1) 11.0(7.7) 15 5(17 1) 73 S(lS 1) 246(9.7) 06(1 8) 42 3(20.9) 42.9(21.3) 32 5(17.2) 0.0(0.0) 

MEAN 2.5(1 0) 1 2(04) 1 25 02(0.2) 9 7(9.7) Il 0(13 2) 77 S(l5 6) 25 4(11.1) o 2(1 1) 51.6(17.4) 51 8(17.4) 19.9(14.9) 26(".2) 

1 1.6(0.3) 26 1 15 1.4(1 1) 60(57) 8 0(11.4) 86 0(l5 8) 33 5(16.3) 00(00) 43.5(14.7) 43.5(14.7) 15.1(9.1) 78(9.9) 
OS 2 2 1(04) 35 1.18 2.1(2.0) 13.0(6.7) 13.5(173) 745(19.5) 336(133) 00(00) 45.9(21.1) 45.9(21.1) 199(14.5) 06(1.9) 

3 3.8(05) 2.8 1 11 1.1(0.7) 22.S(13.4) 14.0(9.7) 635(15.3) 298(18.1) 00(00) 50.1(15.5) 50.1(155) 20 1(18 1) ;) 0(0.0) 

MEAN 2.5(1.0) 30(04) 1 15 1.5(1 4) 13.8(11.3) 11 8(13.0) 74.7(188) 323(15 8) 00(00) 46 5(17 0) 46 5(17.0) 18 4(14 1) 2.8(6.7) 

1 1 6(0.3) 3.0 1 25 1 3(0.8) 11.0(5.7) 10.5(11 9) 78.5(11 8) 264(13.1) 00(00) 61.0(17.4) 61.0(17.4) 10.9(7.6) 1 8(29) 
SR 2 2.5(0.6) 3.5 1.18 1.0(0.7) 10.0(9.4) 16.5(10.8) 73.5(16.7) 208(10.5) 0.0(00) 60 9(19.4) 60.8(19.4) 17.0(19.0) 1 4(30) 

3 4.0(0.5) 1.3 1.33 0.8(0.6) 18.5(7 8) 14.S(14.6) 67.0(19.5) 12.5(14.7) 0.0(0.0) 52.8(26.3) 52.11(26.3) 32.2(20.4) 25(5.9) 

MEAN 2.7(1 1) 26(1.2) 1.2S 1.0(0.7) 132(85) 13 8(124) 73.0(16.4) 19.9(13 8) 00(00) 58.2(2\.0) 511 2(21 0) 20.0(18.4) 1.9(40) 



Table 4. Results of Tukey's tests for differences in habttat characteristics bctwccn study 
sites. Symbols indicate differences at P <0.05. Site abbreviations as in Figure 1. Red 
(0), rubble (0), sand (0), total macrophytic algae (.), crustosc coralline algac ( .), 
and rugosity (*). 

Site BR SG FV SL BRI GS SR 

BR •• •• • * • • * 
SO • • * • * • * 
FV 00 DO 

• * • * 
SL 000 00 • •• 
BRI 000 DO 

GS DO DO 

SR DO DO 
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(see Tomascik and Sander, 1987a for similar suggestion), and this is also supported by 

significantly higher amounts of rubble at BR and SG compared to most other sites. BR 

had sig .• ificantly more macrophytic algal cover than several other sites, and both BR and 

SG had significantly less cover by crustose coralline algae than most other sites (Tables 

3, 4). 

The density of Diadema aruillarum differed significantly between sites (Table 3; 

Kruskal Wallis test, KW test statistic=41.241, P<O.OOl, df=6). sa, BR, and BRI did 

not differ significantly in D. anlillarum density, but had lower density than the other sites 

(Tables 3, 5). SR, as, FV, and SL did not differ significantly in density (Tables 3, S). 

1.4.2 Abundance of Favia fragum 

The abundance of F. fragum differed significantly between sites (Table 3; Kruskal 

Wallis test, KW test statistic=46.272, P<O.OOl, df=6). Abundance at sa, BR, and 

BRI did not differ, but was significantly lower at these sites that at most other sites 

(exception FV for BR; Tables 3, 5). Abundance at GS was significantly higher than at 

ail sites except SR (Tables 3, 5). 

1.4.3 Effects of habitat characteristics on Favia fragum distribution 

and abundance 

The distribution of F. fragum, based on presence and absence within surveyed quadrats, 

was significantly related to crustose coralline algal cover, coral cover, total macrophytic 

algal cover, and depth (Fig. 3). Discriminant function analysis allowed the testing of the 

predictive value of the habitat variables in determining the distribution of F. fragum to 

be tested. The linear composite function discriminated significantly (P<O.OOI) between 

F. fragum presence/absence based on these variables. The canonical correlation, a 

multiple correlation between the habitat variables (predictors) and the discriminant 

function, was 0.56. The canonicalloadings of the habitat variables on the discriminant 
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Table S. Results of Tukey's (non-parametric) tests for differences in Favia fragw" 
abundance and Diadema antillarwn density between study sites. Symbols indicate 
differences at P < 0.05. Site abbreviations as in Figure 1. Favia fragtml (.) and D. 
amillarum (#). 

Site BR SG FV SL BRI GS SR 

BR # # # # 

SG # # 

FV • 
SL ... • 
BRI II< II< # 

GS II< '" '" II< '" 
SR '" II< II< '" 
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Figure 3. Mean values of habitat variables in quadrats with (N = 158) or without 
(N =52) Favia fragum along the west coast of Barbados. Data were analysed using 
ANOV A. Significance (P) values from paired comparisons are presented above each 
variable tested. CCA is crustose coralline algae; MA is macrophytic algae. 
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Table 6. Canonical 10adings for habitat variables on the discriminant function. N =7 
sites. 

Habitat variables 

Crustose coralline algae 
Coral 
Macrophytic algae 
Depth 

26 

Principal component 
loading 

+0.760 
+0.218 
-0.435 
-0.625 



function are shown in Table 6. Based on these loadings, crustose coralline a1gae and 

depth are the most important predictors of F. fragum presence/absence in a quadrat. D. 

anlillarum was not included in the presence/absence analyses because its abundance was 

not measured in each quadrat. 

To ensure that possible correlations between the biotic variables (crustose 

coralline algae, macrophytic a1gae, coral cover) and depth were not confounding the 

results, Tukey's tests were performed for each habitat variable to investigate differences 

between depth zones (reference transects). While there were significant differences 

between zones, none of the habitat variables showed the same response as F.fragum to 

depth (Fig. 4). 

Relationships between the biotic variables were examined using simple 

regressions, based on mean values per transect (Fig. 5). Macrophytic a1gae and crustosc 

coralline algae were negatively correlated (Fig. 5A). Moreover, the density of Diadema 

anlillarum was positively correlated with crustose coralline algae (Fig. 58) and negatively 

correlated with macrophytic a1gae (Fig. SC). The abundance of F. fragum was positively 

correlated with both crustose coralline algal cover (Fig. 5D) and Diadema amillarwn 

density (Fig. 5E). The abundance of F. fragum was negatively correlated with 

macrophytic algal cover, but the correlation was not statistically significant (r=O.03. 

P=O.211). 

1.4.4 Effects of Water quality on habitat variables, D. antillarum, and 

F. fragum abundance 

8ased on the mean values for each sile (n=7), D. an/il/arum density was negatively 

correlated with PCI (Fig. 6A). F. fragum density was also negatively correlated with 

the PCI (Fig. 68). None of the habitat variables was significantly correlated with pel. 
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Figure 4. Mean values of habitat variables in different depth zones (transects) on 
fringing reefs along the west coast of Barbados. N =70 for each zone. Transect 1 (1-2 
m), Transect 2 (2-3 ml, Transect 3 (3-4 m). Data analysed using Tukey's test 
(P<0.05). 
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Figure S. Relationships between dominant benthic colonizers, Diadema antillarwn, and 
Faviafragum bascd on transect means (N=21). Linear regressions A) macrophytic a1gal 
cover on crustose coralline algal cover, B) Diadema antillarwn density on crustose 
coralline algal cover, C) Diadema antillarum density on macrophytic algal cover, D) 
Faviafragwn density on crustose coralline algal cover, and E) Faviafragwn density on 
Diadema antillarwn density. Cover = arcsinev%; Density = Log (11m2). 
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Figure 6. Relationships between Diadema amillarwn and Favia fragwn densities and 
PCI (eutrophication index) based on site means (N=7). Linear regressions of a) 
Diadema amillarwn density on eutrophication/sedimentation index (PCI), and b) Favia 
fragwn density on eutrophication/sedimentation index (pel). Density = Log (#/m2). 
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1.5 Discussion 

Fa via fragum was more common at shallower than deeper locations. This may 

he due to increased water motion in shallower areas. As F. fragum feeds both 

autotrophically and heterotrophically (Lewis, 1974b; Lewis, 1977; Lewis and Priee, 

1975) increased water motion could lead to higher encounter rates with zooplankton prey 

and with suspended particulate matter. Furthermore, high water motion is likely to 

reduee sediment accumulation, which cou Id he critical to the survival of juveniles. 

The abundance of F. fragum on the study reefs was negatively correlated with 

eutrophication levels (PCl) on reefs in this study. Elevated nutrient levels may he toxic 

to corals, but this is only likely at high concentrations (Simkiss, 1964; Kinsey and 

Davies, 1979); i.e. at concentrations higher than characteristic of the Barbados west coast 

(Tomascik and Sander, 1985). Pastorok and Bilyard (1985) suggest that hermatypic 

corals are generally affected indirectly through the increased primary productivity that 

accompanies eutrophication. Phytoplankton blooms can lower the amount of light 

available to corals for photosynthesis, and increase the sediment load (Bell, 1991). Coral 

energy budgets may also be altered because more resources are diverted to sediment 

rejection, and this may seriously affect coral maintenance costs (Edmunds and Davies, 

1989). Perhaps most importantly, freed from the restraint of nulrient limitation, 

macrophytic algal biomass may rapidly rise until it is the dominant component of the reef 

community (Maragos, 1972; Birkeland, 1977). 

Bcnthic macroalgae has long been considered to inhibit coral recruitment by 

monopolizing available substrate (Bakus, 1966; Vine, 1974; Potts, 1977). Competition 

for space betwecn coral planulae and juveniles and macrophytic algae may decrease 

settlement and/or increase post-seulement mortality. Lewis (1974c) has shown that F. 

fragum planulae prefer a c1ean settlement surface, and Huntc and Wittenberg found coral 

settlement to be lower on more eutrophie reefs in Barbados, probably because of non­

availability of suitable seUlement surface. By contrast, Sammarco (1980) suggested that 

coral settlement was not significantly reduced by heavier algal growth, but that post-
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seUlement mortality was higher. Similarly, Harriott (1983) reported highcr seulcmcnt 

rates of Pocillopora damicomis on algal covered than clean plates, but higher subsequcnt 

mortality from smothering through algae. Mortality of juvenile corals in Barbados is 

reported to be higher on more eutrophie rcefs with higher macrophytic algal biomass 

(Wittenberg and Hunte, 1992). In this study. macrophytie algae abundance was lower 

in areas where F. fragum occurred than in areas where it did not. and frondosc 

macroalgae was the dominant benthic organism at the more eutrophie study sites, wherc 

F. fragum densities were low. 

Macrophytic algae may also affect F. fragwn abundance by decreasing crustosc 

coralline algal cover; macrophytic algal cover and crustose comlline algal covcr werc 

negati ... ·ely correlated in this study. The distribution and abundance of F. fra1-:1111/ WOlS 

strongly dependent on crustose coralline algal cover. CrulItose eoralline algae was the 

best predictor of F. fragum presence and absence on the rcefs, and was positivcly 

correlated with the abundance of F. fragum across rcefs. This correlation may oceur 

through shared environmental preferences. or because coralline algae is an appropriate 

settlement substrate for F. fragum. A crustose coralline algac-associated chemical eue 

has becn postulated to induce larval mctamorphosis in many invertebratc groups (soft 

coraIs: Sebens, 1983; polychaetes: Gee. 1965; abalone: Morse et al., 1979; M()r~ .. 
and Morse, 1984; limpets: Steneck. 1982; chitons: Barnes and Gonor. 1973; Rumrill 

and Cameron, 1983; asteroids: Yamaguchi,1973; Barkcr. 1977; Johnson el al .• 1991; 

sea urchins: Pearse and Scheibling, 1988; Rowley, 1989), and specifically in agariclld 

planulae (Morse el al., 1988; Morse and Morse, 1991). 

D. antillarum density was negatively correlated with eutrophication Icvels on the 

reefs in this study, and was positively corrclated with F. fragum abundancc. Givcn the 

correlation betwecn urchin abundance and cutrophicalion, it is not possible to scparate 

their effects on F.fragum abundance. Il is likely that they are both important, sincc both 

may affect macrophytic algal cover. D. antillarum density was negativcly corrclated wlth 

macrophytic algal cover in this study, suggesting that grazing by the urchins may control 

algal abundance. Sammarco et al. (1974) found that algal biomass whcn urchins wcre 
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removed from reefs was more than tenfold higher than when urchins were present. 

However, Sammarco (1980) manipulated D. anJillarum densities in enclosures, and 

suggested thal optimal conditions for corals occurred al relatively low (4 and 6 m-l) 

densities due to a balance between negative effects of macrophytic algae and disturbance 

from abrasive urchin grazing. Mean densities of D. amillarum on reefs in the present 

study ranged from 0.34 m-2 to 3.54 m-2• 

The question of why D. anJillarum density is negatively correlated with 

eutrophication levels (PCI) in this study merlts comment. Bak (1985) showed that D. 

an/il/arum larvae seule more readily on a clean substrate devoid of maerophytie algae. 

Hu n te and Younglao (1988) showed that recruitment of D. antillarum was higher on reefs 

with higher adult abundanee, and suggested that this was the consequence of eleaner 

substrates resulting from heavier grazing by adults. Wittenberg and Hunte (1992) 

suggested that a positive feedback cycle may exist whereby D. antil/arum influences ils 

own density, and that the cycle may be sensitive to the eutrophication status of the reef. 

On a non-eutrophie recf, high D. amillarum abundance reduces benthic macroalgal 

coyer, and the resulting c1ean substrate plflmotes suecessful recruitment. If elevated 

nulricnt levels inerease benthic maeroalgal growth to the point where it overwhelms D. 

antillarum's grazing capabilities, recruitment will decrease due ta the lack of suitable 

settlement substratc. This results in reduced adult abundance and a further increase in 

macrophytic algae abundance. High benthic algal production has previously been 

suggested to compromise the ability of grazers to control macrophytic algae (Birkeland, 

1977; Hatcher, 1984; Knowlton, 1992). A decrease in D. amil/arum abundance at 

higher nutrient levels should therefore rcsult in a more rapid change in benthic 

community structure than would oceur from nutrient elevation alone (Littler and Littler, 

1984; 1985; Knowlton, 1992). In contrast to the situation with D. amillarum, densities 

of D. seloswn were found to be positively correlated to sewage pollution in the Red Sea 

(Walker and Ormond, 1982). 

Not only is the abundance of F. fragum presently lower on the more eutrophie 

Barbados west coast reefs, but its abundance may also have declined on ail reefs over the 
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past few decades. Lewis (1970) reported a mean density of F. fragum of 23 m-2, but the 

highest density found in a quadrat in this study was 7.4 m-2• This decline coincides with 

increased land clearing and development of the west coast of Barbados, and with a 

presumed corresponding decrease in water quality (fomascik and Sander, 1985). 

However, it a1so coincides with a sharp reduction in D. alllillarwn on west coast reefs 

in the past decade, caused by the mass rnortality of D. alllillarwn in Barbados (rncan 

mortality 93.2%; Hunte et al., 1986) and throughout the Caribbean in 1983 (Lessios, 

1988). This again makes separating the effects of eutrophication and reduccd D. 

antillarwn on F. fragum abundance in Barbados difficult. However, the rcduction in D. 

antillarwn densities following the mass mortality event is known to have caused increascs 

in a1gal biomass on reefs throughout the Caribbean (de Ruyter van Steveninck and Bak, 

1986; Liddell and Ohlhorst, 1986; Hughes et al., 1987; Levitan, 1988; Carpcntcr, 

1985; 1988; 1990; Allard, 1993). 

Phenomena other than eutrophication and rcduced D. antillarw1J grazing pressure 

may have contributed to the temporal decline in F. fragum abundance in Barbados. One 

possibility is the impact of Hurricane Allen in 1980 (Mah and Stearn, 1986). A second 

is a temporal decline in abundance of herbivorous fish on west coast Tccfs. Several 

studies have documented impacts of grazing by fish (Stephenson and Scarlcs, 1960; 

Randall, 1961; Bakus, 1966; Miller, 1982; Meyer et al., 1983; Lewis, 1985; 1986; 

Lewis and Wainwright, 1985; Carpenter, 1986; Morrison, 1988) on macrophytic algal 

biomass on reefs, but fishing has led to a substantial decrcase in abundancc of rccf fish 

in Barbados (Wilson, 1984). 

In summary, the results of this study suggest that spatial variation in the 

distribution and abundance of F. fragum on Barbados west coast recfs is influenccd by 

variation in exposure to anthropogenic eutrophication and by variation in D. antillarum 

densities and hence in grazing pressure. These factors can also expJain the apparent 

temporal decrease in abundance of F. fragum in Barbados. The two factors will work 

synergistica11y if the abundance of D. antillarum, or any key grazer, is itsclf negatively 

affected by eutrophication, since this will further increase the dominance of macrophytic 
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algae relative to crustose coralline algae on eutrophie reefs. The negative correlation 

detected between D. amillarum and eutrophication levels in this study suggest that this 

effeet is occurring on Barbados reefs. A better understanding of the mechanisms of 

impact of eutrophication and D. antillarum density on F. fragum requires a study of the 

effeets of these factors on the Iife history characterisûcs of F. fragum (Chapter 2). 
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CHAPTER2 

Life history of the reef coral Favia fragum (Esper) in 

Barbados: effects of eutrophication and of the black 

sea urchin Diadema antillarum (Philippi) 
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2.1 Abstract 

The abundance of Favia fragum is negatively correlated with eutrophication levels and 

positively correlated with densities of Diadema antillarum (grazing pre.;sure) on Barbados 

west coast reefs. The variation in abundance was explored by investigating effc:cts of 

eutrophication and of variation in D. antillarwn densitie.1t on life-history characteristics 

of F. fragum. Planulation in F. fragum peaked betwf:en days 8 - 12 following New 

Moon, but planulation period ici t Y was not affected by eutrophication levels. Colon y 

surface area was a strong predictor of both colon y fecundity and mean polyp fecundity, 

but neither coral fecundity, polyp fecundity nor the relationships between fecundity and 

eolony surface area differed at different eutrophication levels and D. antillarum densitit:s. 

Neither aduIt growth nor adult mortality of F.fragum differed with eutrophication level, 

and D. anlillarum densities in this study. By contrast, growth rates of juveniles appe;a.red 

slower and mortality rates higher on more eutrophie reefs with lower D. antillarum 

densities. Moreover, larvae of F. fragum preferred to settle on crustose coralline algae 

than on turf algae, and the former is eomparatively scarce on eutrophie reefs with low 

D. anlillarum densities. These results suggest that the negative correlation between adult 

abundanee of F. fragum and eutrophication Ievels/grazing pressure leveis on Barbados 

west coast reefs is primarily driven by the effects of these processes on seulement and 

early post-settlement stages of F. fragum. 
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2.2 Introduction 

Eutrophication, viewed here as increascd nutrient and sediment loads, has lx..~n 

implicated as a major factor causing community changes in coral reefs (Walker and 

Ormond, 1982; Maragos et al., 1985; Toma.'iCik and Sander, 1987a; Hunte and 

Wittenberg, 1992; Wittenberg and Hunte, 1992; Tomascik el al., 1993). Experimental 

and natural reductions in grazing pressure have also been shown to influence coral 

community structure (Sammarco, 1980; 1982; Lessios, 1988). 80th factors may change 

community structure by enabling macrophytic algéle to outcompcte corals and crustosc 

coralline aIgae for space on the recf (Littler and Littler. 1984; 1985 Pastorok and 

Bilyard, 1985; de Ruyter van Steveninck, 1986; Carpcntcr, 1990; Wittenberg and 

Hunte, 1992). Eutrophication may furthcr affc{;t corals by incrcasing phytoplankton 

bioma.ss. This may increase sedimentation and lcad to elcvaled turbldity lcvcls that 

reduce light availability for zooxanthellae photosynthesis (Rogers, 1979; 1990). 

Diadema amillarum isa key herbivore in the Caribbcan (Berner, 1(90), espocially 

on shallow reefs (Morrison, 1988) subjected to heavy fishing pressure (Hay, 1984). The 

massive mortality experienced by D. alUillarum in the Caribbcan in 1983 (c.g. Lcs~ios, 

1984; Hunte et al., 1986), aggravated by its relativcly slow rccovcry (llunle and 

Younglao, 1988; Lessios, 1988), has presul1lably rcsultcd in a major reduction in 

grazing pressure on Caribbean reefs. On Barbados recfs, densities of D. UllIlllarum are 

negatively correlated with eutrophication, and the rclative dominance of macrophytic and 

crustose coraIline algae on the reefs appears to be mediated by graLing of D. anlillarum 

(Chapter 1). The lower grazing pressure at sites with hlgh eutrophicatlon has generally 

resulted in high macrophytic algal cover at the expense of crustose corallinc algae and 

coral cover (Tomascik and Sander, 1987a; Wittenberg and Hunte, 1992; Chapter 1). 

However, the strong spatial correlation between cutrophication and D. alrtil/arum 

densities in Barbados precludes the separation of thcir individual cffccts, and their impact 

on corals and coral community structure must therefore be vicwed as a si multancous 

effect. 
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Hughes (1993) suggests that corn munit y monitoring techniques alone often fail ID 

uncover the mechanisms responsible for changes in species composition, and that parallel 

experimental work, and demographic and Iife history studies, should be used to clariCy 

mechanisms of change. Differentiai susceptibilities of fundamental coral Iife history 

traits to environ mental perturbations should provide valuable information on mechanisms 

of community change. Docurnented responses of life history traits to eutrophication 

include increased mortaIity of adults (Maragos, 1972) and juveniles (Wittenberg and 

Hunte, 1992), reduced growth (Malagos, 1972; Kinsey and Davies, 1979; Tomascik 

and Sander, 1985; Davies, 1990; Tomascik, 1990), reduced fecundity (Tomascik and 

Sander, 1987b; Acosta, 1993) and reduced settIementlrecruitment rates (Tomascik, 

1991; Hunte and Wittenberg, 1992). Most of these studies have becn restricted to a 

single aspect of a coral's life history, and cao not be used to assess variation in 

susceptibility of Iife history stages to eutrophication stresses and reduced grazing 

pressure. 

Increased competition with macrophytic algae, resulting from changes in nutrient 

levels and grazing pressure, could affect corals at alilife stages. However, the substrate 

changes envisaged may be particularly deleterious for corals during setllement and carly 

post-settlement periods. For example, the low relief of juveniles in relation to the reef 

surface may make them more sensitive to overgrowth and smothering from macrophytic 

algae and sediment (Birkeland, 1977; Bak and Engel, 1979; Wittenberg and Hunte, 

1992). The microscopie size of newly settled j uveniles makes in situ work diffieult, and 

most studies are therefore of visible recruits that May be severa! months old depending 

on growth rates (Harrison and Wallace, 1990). This eonstraint has been eountered by 

using artificial plates to monitor settlement, (Tomascik, 1991; Hunte and Wittenberg, 

1992), but the use of plates to investigatejuvenile growth and mortality is difficult, sinœ 

natural seulement is often intermittent, and the number of settlers on plates is typically 

low. Following a specific eohort from planulae to juveniles would elearly faeilitate the 

assessment of early growth and mortality (Harriott, 1983; Babcock, 1985; Sato, 1985). 

Favia fragum (Esper) is a small (10 em maximum diameter), brooding, 

hermaphroditie coral (Duerden, 1902; Vaughan, 1908; 1910) whieh planulates with 
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year-round lunar periodicity (Szmant-Froelich el al., 1985). Lewis (l974a, 1974b) 

described its settlement behaviour and early ontogeny. The abundance of F. fragl4/11 in 

Barbados is positively correlated with the abundance of D. tlIuillarom and crustose 

coralline algae, and negatively correlated with eutrophication; and F. fragwPI is more 

likely to occur in areas where macrophytic algal coyer is low (Chapter 1). These results 

suggest that at least one of the life history traits of F. fragwn influencing its abundance 

is affected by elevated eutrophication levels and reduced D. anlillanun dcnsities. The 

objectives of this chapter are to (1) characterise the life history of F. fragum in Barbados, 

and (2) investigate inter-reef variation in the life history traits of F. fragw'l in relation 

to eutrophication levels and densities of D. antillarwn. Spcci fi cali y , fccundity, 

periodicity of larval release (planulation), adult growth, adult mortality, juvcnile growth, 

juvenile mortality, and larval seulement choice of F. fragum were examincd on rcefs 

along the west coast of Barbados varying in eutrophication lcvels and in D. ail/II/arum 

densities. 

48 



2.3 Methods 

2.3.1 Study sites 

Seven fringing reefs were selected along the west coast of Barbados based on prior 

knowledge of differences in exposure to eutrophication over the past decade (Fig. 1) 

(Tomascik and Sander, 1985; Chapter 1). An index of eutrophication wu derived from 

a principal components analysis based on reactive phosphate (l'O.-P), nitrate-nitrite 

nitrogen (N~-N02-N), chlorophyll-a, suspended particulate mi.tter (SPM), volatile 

particulate matter (VPM), and percent of organic matter in sediment (see Chapter 1). 

Densities of D. amillarum are negatively correlated with eutrophialtion levels across the 

study sites (Chapter 1). Site scores on the eutrophication inde" and D. antillDrum 

densities for cach site are shown in Figures 2A and 2B respectively. A subset of two 

eutrophie (low D. anrillarum density) reefs (Spring Garden: El; and Brighton: EJ and 

two less eutrophie (high D. amillarum density) reefs (Sandy Lane: LEI; and 

Greensleeves: LE:z) were used for several aspects of the study (Fig. 1). The 

eutrophication sources on the west coast of Barbados are described by Tomascik and 

Sander (1985) and in Chapter 1 of this thesis. 

2.3.2 Planulation and recundity 

Sixteen adult colonies ranging in size from 1.2 cm to S.1 cm in diameter were collected 

from each of four study sites (E., ~, LE., LE.z; Fig. 1) on July 27, 1992, two days 

before new moon. The timing of sampling ensured that the stress of collection did not 

cause premature planulation (Szmant-Froelich et al., 1985). Healthy colonies were 

chiselled off each reef and transported to the laboratory in an insulated cooler. The 

colonies were measured for maximùm Jength, wi<1th, and height using vernier calipers. 

Polyp number was estimated for each colony as the mean value of three independent 

counts. Surface area was measured after the study by covering each colon y with a single 
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FlIOre 1. Locations of the study sites a10ng the west coast of Barbados, West Indies. 
Study sile Abbreviations: BR (El) - Brighton; SO <&> - Spring Garden; FV - Fitts 
Village; SL (LEI> - Sandy Lane; BRI - Bellairs Research Institute; OS (L&) -
Greensleeves; SR - Sandridge. 
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Fipre 2. Site scores on the eutrophication/sedimentation index (PCl) derived from 
principal component analysis of water quality variables (A), and density (#1m2) of 
Diadema antillarwn (B) at each of the seven sites (see Section 2.3.1). 
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layer of aluminum foil. The foil was then dried and weighed, and the surface area 

calculated using a known arealweight ratio of foil. The colonies were placed in 

individual Nitex- (202 "m mesh size) compartments in a continuous-tlow water table 

during the day, and in 350 ml finger bowls al dusk. Planulation occurred al night in the 

finger bowls. Each moming ail larvae in each finger bowl were collected and counted 

using a 10 ml pipette, taking care lo clean the base of each colon y and finger bowl with 

a weak stteam of water using a WaterPik-. The larvae were collected daily until aIl the 

colonies had stopped planulating, The dates of larval collection were converted to a 

lunar month, with new moon as the origin and subsequent days reported sequentially 

after new moon (ANM). Colony fecundity is defined here as the total number of larvae 

released by a colony in a given lunar reproductive cycle. Mean polyp fecundity was also 

calculated for each colon y by dividing colon y fecundity by the number of polyps in the 

colon y , 

Il was necessary to maintain colony hea1th in the laboratory in order to accurately 

discem planulation periodicity and colony fecundity, and the health status of each colon y 

was therefore recorded throughout the study. Colonies suspected of incipient bacterial 

infection were treated by soaking the exposed bases in an antibiotic solution (O. 1133g 

penicillin and 0.05g streptomycin in 100 ml seawater) for 1 minute each day. Most 

infections were minor and the colonies recovered completely in 24 to 48 hours. Colonies 

which did not respond immediately to treatment were not considered in the analyses. 

2.3.3 Adult growth and mortality 

1.3.3.1 Shott-tenn growth 

The buoyant weight technique (Davies, 1989) was used to assess whelher short-term 

differences in growth rate occurred among four study sites (E .. ~, LE .. L~). Colonies 

of F. fragum were collected from North Bellairs Reef and prepared for mounting onto 

perspex tiles (30 x 30 x 3 mm), Colonies were ground into a hemispherical shape and 

fixed to the tites with Krazy Glue-, The nubbins (mounted carats) were th en placed on 

52 



• 

racks which were bolted onto cement blocks in a nursery area located on North Bellairs 

Reef. The blocks were enclosed in chicken wire to prevent large grazers from damaging 

the corals. The corals were left in the nurxry area for three weeks, with the tiles being 

cleaned each week. The purpose of the nursery area was to allow the corals ta recover 

from the stress of the mounting process, and to allow the regeneration of tissue over any 

exposed skeleton. 

After retrieval from the nursery area, the coral nubbins were carefully cleaned 

of all encrusting organisms and flIarncntous algae, cnsuring that the tiles were clean but 

not scratched. The buoyant weighing technique is described by Davies (1989). Briefly, 

an Ohaus· scale was equipped with a Sartorious· Density Kit to enable the weighing of 

objects in seawater. Water temperature was continuously measured 50 that sea water 

density could be recalculated. A reference weight was used to recalibrate the sea water 

density for every 0.02 oC temperature increase. The seawater in the weighing pan was 

replaced each time the total rise in temperature reached 1°C. The apparatus was kept 

away from direct sunlight and drafts. The buoyant weight of the corals was recorded 

along with the weight of the reference object. The air weight of the skeleton could then 

be calculated using several constants (see Davies, 1989; density of reference object = 

2.225, air weight of reference object :: II.237g, density of skeletal material = 2.82, 

density of tHe = 1.186, density of tubes = 1.408). 

Following the weighing procedure, the nubbins were randomly assigned to one 

of four racks 50 that equal numbers would be present at each study site (one rack per 

site). The racks were then carefully transported to the study sites (Et, Et, LE., L~ in 

an insulated cooler filled with seawater and were bolted into place on the pre-positioned 

cement blocks in the same depth zone on each reef. The coral nubbins were left at each 

study site for three weeks, with the tiles being cleaned each week. At the end of the 3 

weeks, the nubbins were transported back to the laboratory and reweighed. 

2.3.3.2 Long-tema growth 

Twenty-five adult colonies ranging in size from approximately 1 cm - 5 cm (diameter) 

were selected at each of the seven study reefs (Fig. 1) in June and July, 1992. The 
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colonies were measured (maximum 1ength and widL "), and their positions marked with 

numbered plastic tags nailed into the adjacent reef. Growth rates were standardized to 

racbel! extension in cm/yr. The health status of each colony was also recorded. In 

contrast m "healthy" colonies, "partial mortality" colonies showed partial tissue loss 

which 1eft the skeleton open to co10nization by filamentous and coralline algae. The size 

of colonies was re-assessed in February 1993, and again in June 1993. Colonies which 

were originally classified healthy, but showed tissue 10ss during the study were re­

classified as "partial mortality." Colonies which were Dot relocated were not includcd 

in the analyses. 

2.3.3.3 Mortality 

The colonies used in the long-term growth study were used to estimate mortality rales 

at the seven sites. The number of colonies showing complete mortality was rccordcd 

during each size re-assessment period (i.e. after 8 months; after 12 months). Mortality 

rates were calculated for each site over the entire study period as % dcad/yr. The 

apparent cause of mortality was noted when possible. 

2.3.4 Juvenile growth and mortality 

Post-settlement growth and mortality of F. fragum was investigated at four study sites 

(El' Ez, LE., LEz) over the 19 day period following seUlement. To do so, glass plates 

were used as artificial settlement substrates. The choice of glass plates was bascd on 

prior experiments comparing seUlement on these plates with seulement on glazcd and 

unglazed ceramic tites. The plates (10 cm x 10 cm) were mountcd on PVC racks and 

placed directly on the reef at each of the four study sites for a conditioning period of 

three months. This allowed the settlement plates to be colonized primarily by crustose 

coralline and turf algae, but also by other early successional species. 

After the conditioning period, 16 randomly selected plates from cach site were 

place in 4 Nitex domes (inner dimensions 40 x 40 x 10 cm; mesh 202 "m) installcd al 
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each site, i.e. 4 plates per dome, 4 domes per site. Each dome was then injected with 

400 larvae obtained by planulation in the laboratory and randomly mixed to minimise 

possible differences in size at settlement within domes. After 5 days to allow for 

seUlement, the plates were carefully removed from the domes and placed directly on the 

reef. Two weeks later, the plates were transferred to the laboratory in cool ers filled with 

seawater and examined for seUlers under a dissecting microscope. The maximum 

diameter of each settler was measured with an ocular micrometer al 40x magnification 

to ca1culate growth at each site; and the number of settlers dead and alive was recorded 

to calculate mortality rates. A brief period of heavy swells disrupted the domes at site 

EJ, preventing the acquisition of juvenile growth or mortality data for that site. 

2.3.5 Larval seUlement patterns 

To determine whether larvae of F.fragum exhibited non-random settlement patterns with 

respect to crustose coralline algae and turf algae, the cover of these substrate components 

was measured on artificial seulement plates after 3 months of conditioning in the field. 

The plates were placed in Nitex domes and larvae injected inside as described in section 

2.3.4. The number of settlers on each substrate type on each seulement plate was 

counted immediately after the initial 5 day seulement period. If the proportion of settlers 

on a given substrate did not differ significantly from the percent cover of that substrate, 

settlement was defined as random. 
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2.4 Results 

2.4.1 Planulation and fecundity 

2.4.1.1 PlDnulalion periodicüy 

Planulation by colonies of Favia IragW11 peaked between days 10 - 12 after new moon 

(ANM) (Fig. 3). Since fecundity is positively correlated with colony sire (Section 

2.4.1.2), the planulation periodicity observed could have becn driven by a few large 

colonies with peak planulation between days 10 - 12 ANM. The peak relcasc day for 

each colony was therefore calculated to give cach colony the saille contribution to 

planulation period ici t Y regardless of colony size. The peak relcase day for 1110st colonies 

of F. fragum occurred between days 8 - 12 ANM, with a mcan of 10.4 and a mcdian of 

10.5 (Fig. 4). There was a weak tendency for peak release day to be carher for smaller 

colonies (Linear regression of peak release day on colony surface area; r2 = 0.06, 

P=0.086). Peak planulation of colonies from eutrophie sites was slightly later (mcan 

= 10.56 ANM) than those from less eutrophie sites (mcan = 10.31 ANM), but the 

difference was not statistically significant (ANOVA, P =0.711). 

2.4.1.2 Fecundüy 

Colony surface area was the best univariate prcdictor of co1ony fccundlly (Fig. S), 

followed by the number of polyps in the colon y and colony lcngth (Tabie 1). Colony 

width and height were the poorest predictors of colony fccundity, but the rclalionships 

were still highly significant (Table 1). Multiple rcgressions arc not prescntcd, as the 

eolony parameter data are highly collinear. 

Colony fecundity did not differ significantly belwccn sites or eutrophie Icvcls (El 

~ vs LEI L~) (ANOVA; sites, P=0.488; levels, P=0.936). The possibility that the 

relationship between colony fecundity and colony surface arca differcd at the two 

eutrophie levels (E, LE) was investigated. Neither the slopcs (ANCOVA, P=O.380) nor 

the intercepts (ANCOVA, P=O.286) of the regressions of co)ony fccundity on co)ony 
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.lgure 3. Lunar periodictiy of larval release by Faviafragum colonies during the lunar 
month beginning July 29, 1992. Colonies collected from the west coast of Barbados. 
N=54 colonies. Totallarval release = 30,247. 
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Figure 4. The distribution of peak release days by lunar day for colonies of Favia 
fragum from ail study sites along the west coast of Barbados. N =54 colonies. 
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Figure S. Linear regression of colony fecundity on colon y surface area (cm2) for Favia 
fragum from the west coast of Barbados. N =S4 colonies. Colony fecundity defined in 
Section 2.3.2. 
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Table 1. Regression equations for predicting (A) colony fecundity (CF in number of 
planulae released per reproductive cycle per colony) and (B) polyp fecundity (pF in mean 
number of planulae released per polyp per reproductive cycle per colony) from length 
(maximum colony diameter, L in cm), width (maximum colony diameter perpendicular 
ta length, W in cm), height (maximum colony height perpendicular to substrate, H in 
cm), number of polyps (P), and surface area (SA in cm~. 

A 

Simple regressions 

1.10g CF= 0.884 + 3.310 log L 

2.1og CF= 1.128 + 3.311 log W 

3.1og CF= 1.766 + 3.145 log H 

4.1og CF=-0.218 + 1.695 log P 

5.1og CF= 0.812 + 1.601 log SA 

B 

Simple regressions 

1. log PF = 0.419 + 3.372 log L 

2. log PF = 0.687 + 3.324 log W 

3. log PF = 1.298 + 3.289 log H 

4. log PF = -0.502 + 1.601 log P 

5. log PF = 0.301 + 1.673 log SA 

60 

0.71 

0.68 

0.60 

0.71 

0.77 

r2 

0.34 

0.31 

0.30 

0.29 

0.39 

p 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

p 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

SE ofSlope 

0.288 

0.312 

0.353 

0.147 

0.120 

SE of Siope 

0.651 

0.663 

0.670 

0.675 

0.626 

1 



surface area differed between the 2 eutrophie levels. This indicates that neither the 

increment in fecundity for an increment in rotony size, nor fecundity al a given rolony 

size, differed at the different eutrophie levels. Finally, a multiple regression of rolony 

fecundily with sile scores on the eutrophication index (Fig. 2) and colon y size was 

insignificant (P =0.683), further confmning that eutrophication (P =0. 683) does nol affect 

colony fecundity in F. fragum. 

Colony surface area was the best univariate predietor of mean polyp fecundity 

(Table 1; Fig. 6), but polyp fecundity was positively correlated with all the colony 

parameters (Table 1). Mean polyp fecundity did not differ significantly bctween sites or 

eutrophication levels (ANOVA; sites, P=0.163; levels, P=O.445); and the relationship 

between polyp fecundity and colony surface area did nol differ in either slope or 

elevation between eutrophication levels (ANCOVA; slope, P=O.430; levels, P=O.115). 

These results confirm that eutrophication does not affect mean polyp fecundity in F. 

fragum. 

2.4.2 Adult growth and mortality 

2.4.2.1 Short tenn growth 

Growth rates of F. fragum as detected by the buoyant weight technique over a three weeK 

period al four sites differing in exposure to eutrophication (E., Ez" LE., L~) are shawn 

in Table 2. Mean growth was higher al the less eutrophie site LEI lhan al the other sites, 

but the differences in growth were not statistically significant (Table 2; ANOVA, 

P=0.465). 

1.4.2.2 Long tenn growth 

Growth rates of F. fragum as detected by radial extension rates over a 12-month period 

at seven sites differing in eutrophication levels along the west coast of 8arbados (Fig.s 

1, 2) are shown for three time periods (0 - 8 months; 8 - 12 months; 0 - 12 months) in 

Table 3. Only "healthy" colonies (Section 2.3.3.2) were included in the analysis of 
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Figure 6. Linear regression of polyp fecundity on colony surface area (cm2) for Fav;a 
fragum from the west coast of Barbados. N=54 colonies. Polyp fecundity defined in 
Section 2.3.2. 
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Table 2. Short term adult growth (over 3 weeks), and juvenile growth and mortality 
(over 19 days), of Fav;afragum at four sites differing in eutrophication levels and in D. 
tlIIlillarum density along the west coast of Barbados. Et and Bz are eutrophie (low 
D.an/illarum) sites; LE. and LEz are less eutrophie (high D. antillarum) sites. Adult 
growth rates are reported as percent inerease in skeletal mass per day. Juvenile growth 
rates are reported as the final size of settlers at the end of the growth period, and juvenile 
mortality as the " of settlers dying over the growth periode Standard deviations are in 
parentheses. • No data available; N is number of adult colonies; n is number of settlers. 
Site abbreviations as in Fig. 1. 

Site 

SG (E.) 

BR (&) 

SL (LE.) 

GS (L~) 

E (Mean) 

LE (Mean) 

Mean 

Adult growth 
(%/d) 

0.35 (0.11) 

0.34 (0.14) 

0.41 (0.12) 

0.35 (0.08) 

0.35 (0.12) 

0.38 (0.11) 

0.36 (0.11) 

N 

10 

10 

10 

10 

20 

20 

40 

Juvenile growth Juvenile mortality 
(mm) % n 

III * * 
1.19 (0.21) 43.8 51 

1.45 (0.35) 5.9 17 

1.24 (0.25) 24.2 57 

1.19 (0.21) 43.8 51 

1.29 (0.29) 15.3 74 

1.25 (0.26) 28.0 125 
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growth rate differences between sites. Growth rates of healthy colonies over the year 

ranged from 0.16 cm/yr at BRI lO 0.33 cmlyr at BR, but the range was wider over 

shorter periods (0.49 cm/yr for the tirst 8 months at BR to 0.12 cm/yr for the last 4 

months at SL; Table 3). The mean growth rate for all healthy colonies at all sites was 

0.23 cm/yr over the year (Table 3). Mean growth rates of healthy colonies did not diffcr 

significantly between sites over the one year period (fable 3; ANOVA, P=0.284). 

Thirty colonies (28.3%) changed status from "healthy" at the start of the study 

lO "partial mortality" after the tirst 8 months (Section 2.3.3.2). Colonies which were 

classified as "partial mortality" status at the start of the study, as weil as those which 

acquired "partial mortality" status during the study, are presented as "partial mortality" 

colonies in Table 3. Colonies with partial mortality showed highly variable tissue loss 

rates over the study year, Mean tissue loss ranging from -0.58 cm/yr at BR to -0.13 

cm/yr at SL (Table 3). The range was even wider over shorter pcriods (-0.80 cm/yr for 

the last 4 months at BR to -0.12 cm/yr for the first 8 months at SL). The mcan rate of 

tissue 10ss in partial mortality colonies did not differ significantly between sites over the 

year (Table 3; ANOVA, P=0.076). 

Net growth or loss of tissue at each site is shown by the combincd values (fotal) 

for hea1thy and partial mortality colonies in Table 3. There was a net incrcase in tissue 

over the year (range 0.01 to 0.10 cm/yr) al all sites except as, where there was no net 

change in tissue over the year. Since the colonies were originally sclcctcd to include 

both "hea1thylt and "partial mortality" colonies (i.e. selection was non-random), the net 

tissue changes presented in Table 3 are relevant only to the corals sclccted, and can not 

be extrapolated to represent net tissue changes in the coral populations al the slud y sites. 

2.4.2.3 ~o~Uy 

Mortality rates of adults of F. fragum at the seven sites are shown in Table 3. Mortality 

ranged from 0.0 %/yr al FV and SR to 40.0 %/yr al BRI, but no relationship is evident 

between mortality rates and eutrophication levels (D. anlUlarum densities) at the study 

sites (Table 3). The principal apparent causes of adult mortality were overgrowth by turf 

algae and crustose coralline a1gae, the two major substrate components on the rccf (fable 
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Table 3. Long term adult growth and mortality rates (over a 12 month period) of Favia 
fragum at seven sites differing in eutrophication levels and in D. antillal1lm densities 
(Fig. 2) along the west coast of Barbados. Data are presented separately for hea1thy (H) 
colonies, partial mortality (PM) colonies, and the two combincd (fotal). Growth rates 
are reported over three time periods (0-8 months, 8-12 months, 0-12 months) as mean 
radial extension in cm per year. Standard deviations are in parentheses. Mortality rates 
are reported as the percent of colonies dying over the study period. N is number of 
colonies. Site abbreviations as in Fig. 1. 

Site 

BR 

SO 

FV 

SL 

BRI 

GS 

SR 

Growth 

Colony 0 to 8 mths 8 to 12 mths 0 ta 12 mths 
Status N (cm/yr) N (cmlyr) N (cmlyr) 

H 12 0.49 (0.47) Il 0.21 (0.16) 12 0.33 (0.2S) 
PM 7 -0.62 (0.44) 5 -0.80(1.064) 4 -0.58 (0.1'/) 

Total 19 0.09(0.71) 16 -0.10(0.74) 16 0.10(0.50) 

H 19 0.29 (0.20) 13 0.16 (0.13) 18 0.21 (0.11) 
PM 4 -0.58 (0.46) 9 -0.34 (0.26) 4 -0.52 (0.37) 

Total 23 0.08 (0.42) 22 -0.04 (0.31) 22 0.07 (0.33) 

H 18 0.25 (0.17) 17 0.23 (0.16) 16 0.23 (0.15) 
PM 6 -0.30 (0.36) 7 -0.25 (0.20) 8 -0.15 (0.20) 

Total 24 0.08 (0.33) 24 0.09 (0.28) 24 0.10 (0.25) 

H 15 0.20(0.13) 13 0.12(0.10) 13 0.17(0.11) 
PM 7 -0.12 (0.07) 8 -0.23 (0.28) 8 -0.13 (0.13) 

Total 22 0.09 (0.19) 22 -0.01 (0.26) 22 0.06 (0.19) 

H 
PM 

Total 

6 0.22 (0.11) 
6 -0.51 (0.52) 
12 0.12 (0.52) 

40.17(0.12) 5 0.16(0.13) 
5 -0.32(0.15) 4 -0.17(0.07) 
9 -0.10 (0.29) 9 0.01 (0.20) 

H 17 0.27(0.20) 7 0.17(0.20) 11 0.26(0.18) 
PM 3 -0.17 (0.15) 13 -0.68 (0.85) 9 -0.31 (0.35) 

Total 20 0.09 (0.25) 20 -0.38 (0.80) 20 0.00 (0.39) 

H 19 0.27(0.22) 11 0.17(0.14) 15 0.21 (0.15) 
PM 3 -0.21 (0.17) 11 -0.50 (0.74) 7 -0.26 (0.31) 

Total 22 0.09 (0.27) 22 -0.17 (0.62) 22 0.06 (0.30) 

H 
MEAN PM 

Total 

106 0.2a (0.24) 76 0.18 (0.14) 90 0.23 (0.16) 
36 -0.37 (0.39) 58 -0.46 (0.62) 44 -0.27 (0.30) 
142 0.12 (0.41) 134-0.10 (0.53) 134 0.06 (0.32) 
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Mortality 

(%/yr) 

20.0 

12.0 

0.0 

8.7 

40.0 

13.0 

0.0 

11.8 



4). Expose<! skeleton on colonies that suffered tissue loss through injury or discase was 

rapidly colonized by either turf or crustose coralline algae. Growth of the colonizing 

algae then took advantage of further tissue recessions until the entire colony was dead. 

Although the number of dead colonies is smalt, the type of algae covering dead colonies 

differed significantly at different eutrophication levelsiD. anlillarwn densities; more 

colonies were covered by turf algae al higher eutrophication/lower D. Qmil/arum density 

and more by crustose coralline algae al lower eutrophication/higher D. a1JIillarum density 

(Table 4; ~=7.021, df=2, P<O.05). 

2.4.3 Juvenile growth and mortality 

2.4.3.1 Growth 

The mean size of ail juveniles of F. fragwn at the end of the 19 day growth study was 

1.25 mm (Table 2). Juvenile size differed significantly between sites (Table 2; ANOV A, 

P<O.05). Juveniles at the eutrophic/low D. anJilIarum site ~ wcrc significantly smaller 

(1.19 mm) than those at the less eutrophic/high D. amillarwn sitc LE. (1.45 mm) 

(Tukey's test, P<O.05). ~ juveniles were also smallcr th an those at the less 

eutrophic/high D. antillarum site LE:! (1.24 mm), but the diffcrence was not statistically 

significant (Tukey's test, P>O.05). Juveniles at LE. were larger than at LEz (Tukey's 

test, P<O.05). 

2.4.3.2 Monalily 

The mean mortality rate for ail juvenile corals over the 19 days following seltlement was 

28 %, mortality ranging from 5.9% at the less eutrophic/high D. antillarwII sitc LE. to 

43.8% at the eutrophic/low D. antillarum site Ez (Table 2). The proportion of dcad to 

living juveniles after 19 days differed significantly betwecn sites (x2 = 11.857, df=2, 

P<O.OO5), with mortality being high at the eutrophie/low D. antillarum site (~), 

moderate at the less eutrophie site LEz, and low at the less eutrophic/high D. antillarum 

site LEI (Table 2). The mortality difference betwccn Ez and L~ was statistically 
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Table 4. The type of algae overgrowing the adult colonies of Faviafragum which died 
during the study. presented separately for three levels of eutrophication (D. antillarum 
densities) on Barbados west coast reefs. The levels were determined from the 
eutrophication index scores and D. anlillarum densities in Fig. 2. Site names are in 
parentheses; abbreviations as in Fig. 1. 

Eutrophication D. anlillarum 
Levet density Crustose coralline algae Turf algae 

High (BR, SG) Low 0 2 

Medium (FV, BRI) Medium 2 3 

Low (SL, GS, SR) High 5 0 
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significant <X2=4.862, df=l, P<O.OS). While the causes of mortahty wcre not 

quantified, qualitative observations suggested that the main source of mortality was 

smothering by turf algae and sediment. 

2.4.4 Larval seUlement choice 

The settlement pattern of F. fragum 01' glass plates colonized primarily by crustose 

coralline and turf algae is shown in Table 5. Coralline algae occupicd 7.8% of the 

surface of the plates. The rest of the surface was occupicd by turf algac infrcqucntly 

interspersed with other colonizers. Random seulement would predict that 7.8 % (26) of 

the 339 larvae which settled should be on cruslosc coralline algac. Th~ number of 

settlers observed on crustose cora11ine algae was 77 (22.7%), was slgni fïcantly more than 

predicted by random seUlement (Table 5; X2 =98.087, df==l, P<O.OOl). 
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Table S. The distribution of settlers of Favia fragwll on artificial (glass) settlcmcnt 
plates primarily covered by crustose coralline algae and turf algae following 3 months 
of conditioning in the field. NB is the number of sellIers expected by random seulement 
across substrate types; No is the number of settlers observed. 

Substrate % cover of plates 
by substrate 

Crustose cora1line algae 7.8 26 77 

Turf algae 92.2 313 262 
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2.5 Discussion 

Planulation by individual colonies of F. fragum peaked between days 8 - 12 after new 

moon in Barbados. A similar periodicity has been reported for F.fragwn in Puerto Rico 

(planulation peaked 9-11 days after new moon; Szmant-Froelich et al. (1985). Noctumal 

irradian~ has been proposed as the primary proximate factor influencing the synchrony 

of planula release in corals (loldel et al., 1985). Severa! authors have suggested that the 

lunar periodicity of planulation is adaptive, release occurring wh:n environ mental 

conditions are optimal for local larval survival (Richmond and Joldel, 1984; Joldel, 

1985; Jokiel et al., 1985). Differences between habitats in the lunar periodicity of 

planulation have been documented for Pocillopora damicomis in the Indo-Pacifie 

(Richmond and Jokiel, 1984). The similarity in planulation periodicity of F. fragum in 

Barbados and Puerto Rico may therefore suggest little variation between these locations 

in the lunar periodicity of environ mental conditions influencing larval survival. 

Planulation periodici ty did not vary with eutrophication levels on Barbados reefs, 

suggesting either that the optimal time of larval release is not influenced by 

eutrophication, and/or that there is little phenotypic flexibility in planulation periodicity 

in response ta prevaiIing environmental conditions. 

Scott (unpublished data CÎted in Harrison and Wallace, 1990) reported that 

planulation in F. fragwn varied with colon y size, peak release in smaller colonies 

occurring at the first-quarter moon phase and in larger colonies at full moon. Peak 

release in the present study was only marginally earlier for smaller colonies. Il is 

unclear what advantage smaller colonies could have in cartier planulation. Barlier release 

may therefore be the simple consequence of faster development resulting from the 

energeties of producing fewer planulae per polyp (lower polyp fecundity in smaller 

colonies; this study). 

Colony surface area was the best univariate predictor of colony fecundity among 

the colony parameters measured in this study, Le. larger colonies produced more larvae. 

Soong (1991) found that colonies of F. fragum in Panama had one egg in each of 20 
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ovaries per polyp. However, polyp fecundity was positively correlated with colon y 

surface area in this study, suggesting that the number of larvae per polyp in F. fragw1I 

can vary, and that proportionately more energy may be allocated to reproduction as 

colonies grow (age). Other Faviidae are known to augment polyp fecundity by 

increasing the number of eggs per mesentery (Goniastrea favulus, Kojis and Quinn, 

1981; G. aspera, Babcock, 1984; Platygyra sinensis, Babcock, 1986 in Harrison and 

Wallace, 1990). Scott (pers. comm. in Harrison and Wallace, 1990) c1aimcd to have 

observed reproductive senescence in larger colonies of F. fragwn. This was nol delcctcd 

in the present study, both colony fecundity and polyp fecundily increasing with colony 

size (age). Ali colonies collected in this study were reproductively active. This included 

a colon y only 1.3 mm in diameter (10 polyps, 3.02 cm2 surface arca). F. fragum has 

been known to pIanuIate at the three-polyp stage (6 lo 12 monlhs oId; Szmant, pers. 

comm.). High adult mortality rates are typically expccled to select for carly reproduction 

(e.g. MacArthur and Wilson, 1967). Given its early onset of reproduction, F. fragum 

may therefore be expected to have high natural adult mortality. Mean adult mortality of 

F.fragum in this study was high (11.8% per year), suggesting that F. fragwn could be 

grouped among corals with high natural mortality (Bak and Engel, 1979; Hughes, 

1985). 

Although reproduction is often considered to have a narrower tolcrance to stress 

than other life functions (Harrison and Wallace, 1990), eutrophication levcls did not 

influenceeither colony or polyp fecundity of J .fragum in this study. Howcvcr, il should 

be noted that only a few studies have reported eutrophication-induced inhibition of 

reproduction in corals. Acosta (1993) reported that gonad production in Mofllastrea 

annula ris was lower near a possible contamination source than at a site further away; and 

Tomascik and Sander (1987b) have suggested that eutrophication-associated turbidity and 

sedimentation caused a reduction in gonad production of Pori/es poriles on polluted recfs 

in Barbados. However, asexual reproduction through fragmentation may have becn a 

confounding factor in the latter study. P. pori/es at the most pollutcd site of Tomascik 

and Sander (1987b) (Spring Garden; Fig. 1 this study) appears to primarily reproducc 
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by fragmentation (Wittenberg and Hunte, 1992), and newly formed fragments are 

generaJly less fecund than oIder fragments of similar size in corals (Kojis and Quinn 

1981; 1985; Szmant-Froelich, 1985). 

Neither short-term nor long-term studies of growth rates in F. fragum along the 

west coast of Barbados detected any effects of eutrophication levels on adult growth. 

Growth is considered a good quantitative measure of assessing stress in corals as it 

integrates several physiological processes (Brown and Howard, 1985), and eutrophir.ation 

has been linked to reduced growth rates in MOnJastrea annula ris in Barbados (Tomascik 

and Sander, 1985; Davies, 1990; Tomascik, 1990). Tomascik and Sander (1985) 

suggested that suspended particulate matter, through its smothering and its reduction of 

light intensity for zooxanthellae photosynthesis, was the primary cause of the reduced 

growth observed. However, they also suggested that particulate matter may serve as an 

energy source for corals. The extent to which coral growth is affected by eutrophication 

and sedimentation may therefore depend on the relative importance of particulate matter 

in the coral's energy budget. This is not known for any coral, but F. fragum is believed 

to utilise particulate matter as an energy source (Lewis, 1977), and may therefore be 

less susceptible to growth reduction under sediment stress. 

As true for adult growth, mortality rates of adult colonies were not correlated 

with eutrophication levels along the west coast of Barbados, and it was difficult to verify 

precise causes of mortality. Exposed skeleton on colonies was rapidly colonized by 

algae, and the algae continued to take advantage of further tissue recessions to spread 

over the colony until the colony was dead. However, the extent to which the colonizing 

algae was the cause of further tissue recessions is difficult to determine. Interestingly, 

the colonizing algae was turf algae at sites with high eutrophication levels and low D. 

antillarwn dcnsity, and crustose coralline algae at sites with low eutrophication levels and 

higher D. alllillarwn density. Maragos (1972) described the elimination of coral cover 

by the proriuction of dense mats of benthic algae in response to eutrophication in 

Kancohe Bay, Hawaii. 
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ln summary, no effects of eutrophication or variation in D. amillarwlI densitics 

on reproduction, grQwth or mortality of adults of F. fragum were detcctcd in this study. 

This apparent resistance of F. fragum adults to eutrophication r.~ay partly be oue to the 

physical conditions in the reef crest zone to WhlCh F. fragwlI is adapted. Sediment 

resuspension caused by the high wave energy in thi~ zone creates very turbid conditions, 

and spatial variation in turbidity resulting from eutrophication may be minor relative to 

these turbidity levels. Moreover, the shallow depth of the rcef crest rolle (1-2 m) may 

allow high photosynthetie rates in spite of eutrophie water, particularly if photoadaptation 

capabilities are high. 

In contrast to adults, growth and survival rates of juveniles of F. fragll11/ appcarcd 

to be higher at less eutrophie sites with high D. antillarum densities. Wittenberg and 

Hunte (1992) also reported higher mortality rates of juvenile corals at eutrophie sites with 

low D. anrillarum densities in Barbados, although their colonies were older than thosc 

used in the present study. Sato (1985) found that juveniles of Pocillopora dlJlllicomis 

survived better and grew faster on experimentally manipulated surfaces not affcctcd by 

high sediment and turf algal growth. The main causes of juvcnilc mortalily of F. fragwn 

in the present study were overgrowth by turf and crustose corail me algac, and smothcring 

by sediment, although the cause of many deaths could not be verificd. Inlcrcstingly, 

juvenile growth and mortality rates follow the same spatial pattern, i.e. juvcnilcs at LE. 

had the fastest growth and best survival, those al L~ had intcrmcdialc growth and 

intermediate survival, and those at ~ had slowe~t growth and poorest survival. Growth 

and mortality may be independently affected by eutrophicalion levels and diffcrcnccs III 

D. antillarum densities t but the spatial pattern observcd may imply an interaction 

between growth and mortality. Many studies suggest that coral mortalily dccrcascs with 

increasing size (Connell, 1973; Rylaarsdam, 1983; Hughes, 1984; Babcock, 1985; 

Hughes and Jackson, 1985; Hughes and Connell, 1987; Babcock, 1991). 

Con sequentl y , faster growth and hence larger size may be a refuge from al gal 

overgrowth and se.diment smothering. An interaction betwccn juvenile growth and 
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juvenile mortaIity will tend to magnify differences in coral abundance between reefs 

differing in the processes inhibiting juvenile growth and survival. 

Invertebrate larvae of benthic marine organisms display complex settlement 

behaviours enabling them to distinguish between potential settlement substrates (Crisp, 

1974; Doyle, 1975; 1976; Underwood, 1979; Hunte el al., 199Oa; 1990b; Marsden 

et al., 1990). Morphogens associated with crustose coralline algae may be instrumental 

in such behaviours in many organisms (e.g. Gee, 1965; Barnes and Gonor, 1973; 

Yamaguchi, 1973; Steneck, 1982; Pearse and Scheibling, 1988; Rowley, 1989; 

Johnson et al., 1991). Larvae of F.fragwn preferred to settle on crustose coralline algae 

than on turf algae in this study. This is consistent with the positive correlation between 

adult abundance of F. fragum and abundance of crustose coralline algae observed on 

Barbados rcefs (Chapter 1). Pearson (1981) suggested that the c1ean, firm surface of 

crustose coralline algae provides a more sui table settlement surface for corals than turf 

al gal mats; and Lewis (1974a) demonstrated that F. fragum preferred to seule on c1ean 

surfaces than on surfaces covered with biological slime. Agariciid corals have shown a 

settlement preference for crustose coralline algae in both the field (Van Moorsel, 1989) 

and the laboratory (Morse et al., 1988), and Morse and Morse (1991) have characterized 

the structural elements of the morphogen recognized by Agaricia humilis, and controlling 

the distribution of recruits in the field. These results suggest that crustose coralline algae 

is an appropriate seUlement substrate for corals, but it eould also be a spatial competitor 

(Littler and LittIer, 1984; 1985); and overgrowth of both juvenile and adult corals by 

crustose coralline algae was observed in this study. However, several studies suggest 

that corals are bctter competitors against crustose coralline algae than against macroalgae 

(Sam marco , 1980; Rylaarsdam, 1983; Van Moorsel, 1985). 

Settlement rates of coral larvae in Barbados are lower on more eutrophie reefs 

with lower D. antillarum densities than on less eutrophie reefs with higher D. amil/arum 

densities (Tomascik, 1991; Hunte and Wittenberg, 1992). Suggested reasons for 

reduced seulement include a lower level of larval abundance and a lower probability of 

larvae settling when present, possibly because of limited availability of appropriate 
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settlemen'~ ~ubslratt' (Hunt/\! and Wittenberg, 1992). Local abundance of Jarvae may he 

low on eutrvphic ree.fs if je.~fs are primarily self-seeding (Black el al., 1991) and adult 

abùf'idance ~JIt,':or repnx1a~tion is lower on eutrophie reefs. Self-seeding may be more 

lf,\ely hr t~{1, 'g rorah (R.:chmond, 1987; 1988) sueh as F.fraguJ1/, in which planulae 

can sett''C ..,., l'~ , '\ Jurs oi' reIelS(! (Lewis, 1974a; this study). Hunte and Wittenberg 

(1992~ "",~'I, (CI' t'lat thf! lower seUlement on eutrophie recfs in Barbados was 

unlikely to 0, ~le' le to lo~,er OOult abundance, but could not eliminate the possibihty 

that it re5ulu:'i i{or" \Clwer lar'/~ abundance through reduced local reproduction. The 

p.estnt rcsuHs Su,ee "Si ll,at reduced :reproduction on eutrophie rcefs is not acharaetcristie 

of all cora!s, aild h. - 1 

in aIl sp_'t:Îes' , " 

eau se of Te II ,il -. , ., ' 

1 not be C'ontibuting to reduced se,ttlemcnt on eutrophie rcefs 

)j]jty of suitable settlemcnt substratc may be a more general 

," t eutrophie rcefs. This is supportcd by the present rcsults 

demonstr 'ln' ~iî, 1 , '- /"ragwn prefer to seule on crustose corallinc algac than 

on turf a1gae.,:' ,- .; fi" zr is less common than the latter on eutrophie rccfs wilh 

low D. antillaru.,n der ,; ". " 

The results of this study suggest that the l('wer abundance of aduJts of F. fraf.:wn 

on eutrophie reefs (Chapter 1) does not resull from effects of eutrophieation and lower 

D. antillarum densities on adults, but rather frorn their effccts on settlemenl and carly 

post-settlement stages. Seulement is lower on eutrophie rcefs with low D. amillarum 

densities because erustose coralline ~lgae, a preferrcd settlcment substrate, is largely 

replaced by turf algae on these reefs. The abundance of adults is further lowercd 

because growth and survival of F. fragum juveniles is lower on eutrophie rcefs wilh low 

D. antillarum density. The principal cause of mortality on these rcefs may be 

overgrowth by turf algae and sediment smothering; and susceptibility to these factors may 

be increased by slower growth and hence smal1er juvenile size. The interaction of 

eutrophication with D. antillarum densities can clearly magnify effccts of eutrophication 

on coral abundanee. D. antil/arum is less abundant on more eutrophie rcefs, probably 

because eutrophication pTocesses inhibit its recruitment (Hunte and Wittenberg, 1992; 

Chapter 1). Turf algae will replace crustose coralline algae and corals on eutrophie 
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reefs, but the rate of replacement will be substantially accelerated by reduced grazing 

pressure resulting from lower D. anrillarum density. Finally, it seems likely that the 

impact of eutrophication and D. anrillarum density on coral abundance will differ 

between corals with different life histories. Broadcasting species are typically smaller 

at seulement and have slower growth rates than brooding species (Babcock, 1985). This 

may make broadcasters more susceptible than brooders to turf algal smothering following 

seulement, and may thereby ensure that successful recruitment is reduced more for 

broadcasters than brooders on eutrophie reefs with reduced grazing pressure. Brooding 

corals, sueh as F. fragum, may therefore retain their abundance better than broadcasting 

corals on sueh reefs; and a shift in community structure towards dominance of brooding 

corals has recently been reported for eutrophie reefs with low grazing pressure in 

Barbados (Wittenberg and Hunte, 1992; Allard, 1993). 
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GENERAL SUMMARY 

Effects of variation in eutrophication and in densities of the blaek sea urchin Diadema 

antillarum (grazing pressure) on the abundance of Favia fragUJn on seven fringing reefs 

on the west coast of Barbados were investigated in Chapter 1. Eutrophication was 

assessed by measuring reactive phosphate, total inorganic nitrogen, suspended particulate 

matter, volatile particulate matter, and chlorophyll-aconcentrations at the seven sites, and 

using a principal component analysis to reduce the variables to a single eutrophication 

index at eaeh site. F. fragwn abundance was surveyed in a total of 210 quadrats (5 x 5 

m) of three depth zones of the seven reefs. Cover by crustose coralline algac and 

macrophytie algae was recorded for each quadrat, and D. anûllarwn dcnsities wcrc 

surveyed by transect method of each site. Densities of D. anrillarum were ncgatively 

correlated with eutrophication levels across reefs, perhaps because urchin rccruitment is 

inhibited by eutrophication processes. Given the negative correlation betwecn 

eutrophication and D. amillarum density, interpretations of their effects on the abundance 

of F. fragum were made simultaneously thereafter. F. fragwn was less abundant on 

more eutrophie reefs with lower D. antillarum density (grazing pressure) than on lcss 

eutrophie reefs with higher D. anrillarum density. Effects of eutrophication and grazing 

pressure on F.fragwn abundanee May occur through their effeets on algal cover on rcefs. 

Maerophytie algal cover was cover was higher, and crustose coralline algae lowcr, on 

more eutrophie reefs with lower D. anlillarwn density, and macrophytic algal cover was 

negatively correlated with crustose coralline algal cover across reefs. This suggests that 

eutrophication and reduced grazing pressure May effeet reef communities by inereasing 

the abundance of macrophytic algae relative to crustose coralline algae on rcefs. The 

changes in algal cover May in tum affeet F. fragum abundance. On areas of a recf 

where F. fragum was present, cover by crustose coralline algae was higher and cover by 

maerophytic algae was lower, than on areas of the rcef where F. fragum was absent; and 

F. fragum abundance was positively with crustose eoral1ine algal cover across rcefs. A 

comparison of the present abundance of F. fragum with values from previous studies 
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suggests that F. fragwn abundance of Barbados west coast reefs has declined over the 

past few decades. Increased coastal eutrophication, and a sharp reduction in D. 

anlillarum densities following the mass mortality of this species in Barbados in 1983, 

may be responsible for the apparent temporal decline in F. fragum abundance. 

In Chapter 2, effects of eutrophication and of variation in D. anlillarum densities 

on life history eharaeteristics of F. fragum were investigated to explore possible 

mechanisms for the reduced abundance of F. fragum on more eutrophie reefs with lower 

D. antillarwn densities reported in Chapter 1. Planulation in F. fragum peaked 8 - 12 

days after new moon, but planulation periodicity was not affected by eutrophication 

levels. Colon y fecundity and mean polyp fecundity was positively correlated with cotony 

surface area in F. fragum. However, neither coral fecundity, polyp fecundity, nor the 

relationships between coral and polyp fecundity and coral surface differed at different 

eutrophication levels and D. antillarwn densities. As indicated by short-term growth 

studies using a buoyant weight technique and long-term growth studies based on radial 

extensions, growth of adults of F. fragum did not differ with eutrophication levels and 

D. antillarwn densities. Moreover, adult mortality of F. fragum did not differ on reefs 

differing in eutrophication levels and D. antillarum densities in this study. By contrast, 

growth rates of juveniles appeared slower and mortality rates higher on more eutrophie 

reefs with lower D. antilIarwn densities. In addition, seulement of F. fragum may be 

lower on more eutrophie reefs with lower urehin densities, since sui table settIement space 

may limiting. Larvae of F. fragum preferred to settle on erustose eoralline algae than 

on turf a1gae in this study; and eutrophication and reduced grazing pressure reduced the 

abundanee of the former and inereased the abundance of the latter on the study reefs. 

The resuIts of this study suggest that the reduced abundanee of F. fragum adults on 

eutrophie reefs with low D. anlillarwn densities is primarily caused by effects of these 

processes on seulement and early post-settlement stages of F. fragum. 
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