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Fourteen environmental variables were monitored at seven
locations along the leeward coast ©f Barbados on a weekly basis
over a one year period, 1981 to 1982, The physicochemical and
biological data indicate that the environmental gradient
detected along the leeward coast of the island is associated
with eutrophication of the inshorenwater masses.

The response of scleractinian coral communities to various
environmental conditions :vas determined by community' structure
and function analyses, The structure of scleractinian coralk
communities vas studied along the environmental gradient with a
quantitative sampling method (line transect) in 'terms of
species composition, abundance, cover, trophic position,
zonation and diversity patterns. The functional response of
scleractinian corals to the various environmental conditions
was analysed through coral growth rates anci reproductive
potential. b

Statistically discernible and biologically significant
aifferences in coral growth rates, reproductive potential,
community structure, benthic algal cover, and Diadems
antillarum Philippi densities were recorded among the seven
fringing reefs., High correlations betveen environmental
variables and biotic patteérns indicate that eutrophication
processes were directly land/pru indirectly affecting both the

community structure and function of the scleractinian coral

assemblages, }
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Quatorze vairiables, du tg‘ﬂ'leu furent contrd1&es hebdomadairement pendant
un an {1981-82) Asept endroits le long de la cSte sous le’ vent de la Barbade.

Les donndes physicochemeques et biologiques indiquent que le gradient du, milieu

décel& le long de la cOte sous le vent de 1'fle est associée % une eutro—
phication des msses d'eau cOtitres. ¢
La, réponse des communautés de coraux scléractiniens a des conditions

i

‘diversés du milieu fut déterminée par des analyses de la structure et des

fonctions de 1a communauté. La structure des communautés de coraux scléra-
ctinienst fut étud1ee le Tong du grad‘lent du milieu avec une méthode d'écha-
nti1lonnage quantitative (11gnes de transect) en fonction ée Jla composition
sp8cifique, de 1'abondance, de la couverture, du niveau trophique, de la
zonation et des patrons de diversité&. La ré&ponse de 1a fonction des coraux
scl&ractiniens ddes conditions de miliev varides fut analysée par les taux
de coralliens et Ta reproduction potentielle.

Des différences statistiquement décelables et biologiquement significati-
ves des taux de croissance coralliems, de 1a reproduction potentielle, de la
structure de 1a communauté, de la couverture d'al gues benthiques et des

\dens{ tés de Diadema antillarum Phi1¥ppi furent enregistrées parmi les sept
récifs frangeants. Des ‘corr€lations €levées entre les variables du milieu et
les patrons biologiques indiquent que les m&canismes d'eutrophication !
affectaient directement et/ou indirectement la structure-et la fonction de la
cormunauté d'assemblages de coraux scléractinfens.
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PREFACE

1.)' Statement of Originality: ]
1) |

~ 4
4

This study presents the first c%gprei\ensive comparat ive
field investigation 6f the ekffects of eutrophication processes
on the biological integrity of ‘a series of friﬁging reef
complexes lying along the leeward coast of Barbados, 'West
Indies, The investigation is the first to incorporate, in a
comparative framework, both the stfuctural and €functional

A

analyses at the population and community levels to

._quantitat,ively discern di:férenc'es among a number of

scleractinian coral communities . subjected to var}ous
environmental conditions associa‘te‘d with  anthropogenic
activitieg. The structural analysis approach (i.e., species
composition, abunda;'ice, cover, trophicv position and diversity)
pro\iid)ed useful information on the -ultimate effect of

eutrophication upon the scleractinian coral communities, while

. the functional analysis approach (i.e. coral growth and

reproduction) suggested possible causative relationships
between coral community structure and the various environmental
conditions. Bach manuscript represents an original
contribution to scientific knowledge in terms ;f study design,
analyses and conclusions. Collectively, the three mgnuscrips
provide a comprehensive data base for future environmental

IY

monitoring studies in Barbados.
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2.) Historical background of previously relevant work:

An extengsive historical background can be found in the
- f

General Intr?duction, and in the Introduction and text of each
L

chapter, 2 . ’
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4.) Thesis format: -

In accordance with Section 7 of the Thesis Guidelines,
this z/thesis has been prepared as a series of nanuscripts
t ]

suitable for submission to refereed scientific journals for

publication. For this reason, each chapter contains its own

<
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. Abstrac}:t, ’Introduction, Materials and Methods, Results,
Discussion and Conclusion, Literature citedf and unde;:standably
containg certain amount of repetition, The present thesis
format has been approved by the thesis committee and by the
Chairman of the Department,

The chapters in the present thesis have been written,in

the format required for publication in the journal Marine .

Bioclogy. The manuscript in Chapter 1 has been published in the
journal Marine Biology 87(2), 143-155 (1985), and deals with
the effects of eutrophication on the growth rates of a
reef-building corall Montastrea annul(aris. The manuscript
presented in Chapter 11 was accepted for publication in the
journal Marine Biology on Januaﬂry 22, 1986.: Chapter II deals
vith the effects of eutrophication on the reproduction of a
reef—buildit;g coral Porites porites. The manuscript presented
in Chapter I1II was accepted for‘public;tion in the journal
Marine Biology on January 14, 1986, Chapter 111 deals with the
response . of scleractinian coral communities to  various
environme}ntal conditions associated with eutrophication

processes, The connections between the three chapters are

implicit in’ the text.
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Beneral Introduction

The present study was initiated to test the hypothesis
that the eutrophicationvof coastal water masses along the west
coast of Barbados exerts a measurable impact on the structure
(i.e. species composition, abundance, coverage, diversity) of
scleractiniaﬁﬁazooxanthellate) coral communities, and directly
or indirectly influences coral function (i,e. growth,
reproduction) at the 1individual and population 1levels of
organization., The term impact is used to describe changes in
the reef system resulting frgm environmental changes initiated,
magnified and/or accelerated by anthropogenic activities. The
degradation of coral reef communities is becoming an increasing
problem throughout the c&i?:bean and Indo-Pacific regions,
During the 1last two decades. the inshore wateés of many
Caribbean countries have become increasingly exposed to many
environmental hazards directly and/or indirectly linked to
urban, agricultural and industijial develoément. It 1is widely
recognized that coral reefs are among the most biologically
productive marine communities in the world Lewis, 1977), and
as such, they constitute an important natural regource in many
developing nations which is being increasingly exploited in
commercial activities such as figheries and tourism.
Scleractinian (zooxanthellate) coralg are the ecological
dominants on Caribbean reefs, because they are the key group oi

organisms vwhich partake in the constructional framework of
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reefs, thus providing and creating new habitats and
environments for a great variety of reef organisms (Bak, 1983).
Studies on fhd population explosion of Acanthaster plangi, in
the Indo-West ?acific region, have clearly demonstrated that
high and seiectibe’ mortality of scleractinian corals, as a
result of excessive predation by Acanthaster, can have a
profound effect on the associated coral reef fauna (Barnes,
1966; Chesher, 1969, 1970; Dana et. al., 1972; Endean and
Stablum, 1973a, b). To quote Johannes (1975), considering the
central role of scleractinian corals to the integrity of the
coral reef community as a whole, " the environmental tolerance
of the reef community as a whole cannot exceed those of its
coralg." Indeed, the possible damaging effects of pollution

and,Over-exploitation upon the coral reef ecosystems have in

récent years increased the concern and research activities in

fhe scientific gpmmunity (Connell, 1970; Johannes, 1970, 1971,

1975; Straughan, 1970; Fishelson, 1973; Jokiel and Coles, 1974,
1977; Loya, 1975, 1976a, b; Dodge and Vaisnys, 1977; Bak, 1978;
Dahl and Lamberts, 1978; Rogers, - 1979; Loya and Rinkevich,
1980; sSheppard, 1980; Dahl, 1981; Dollar and Grigg, 1981;
Hudson, 1981; Walker and Ormond, 1}982; Tilmant and Schmahl,
1981; Hgvard and Brown, 1984). In the pregent study the
Interogovernmental Oceanographic Commission's (IOC) d;finition
of marine pollution is adopted: "Marine pollu;ion is the
introduction by man, directly or indirectly, of substances or
energy . into the marine environment (including estuaries),

resulting in such deleterious effects as: harm to living
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resources; hazards to human health; hindrance to marine
activities including fishing; fhpairing the quality for use of
seawater and reduction ofamenities" (Gerlach, 1981).

Johannes (1975) in his extensive ;éyiew on the effects of
marine pollutants on coral reefs suggesféd that coral reefs are
extremely s?nsitive to environmental perturbations associated
with a wide spectrum of anthropogenic activities; This
assertion was further supported by Loya (1976a), who showved
that coral reefs subjected to chronic pollution may not return
to their former states after being subjected to severe natural
environmental perturbations. Rogers et. al. (1982) have also
emphagized that while coral reefs may be adapted to natural
catastrophes, such as hurricanes, they are highly susceptible
to ;tnvironmental perturbations  associated with sewage
discharge, o0il pollution, and excessive sedimentation from
dredging activities,

It is clear that scleractiniag corals exhibit a wide range
of responses to temporal -and spaf?al heterogeneity of their

environments (Bak, 1983), and therefore, assessing changes due

. to anthropogenic activities necessitates regular monitoring of

.coral reefs and their physicochemical environments. Recent

reviews“gh the effects of pollution upon coral reefs (Brown and
Howard, 1985; Pastorok and Bilyard, 1985) have siressed the
need for comprehensive, long-term studies which should
incorporate both the structural and.  functional responses of the
coral commﬁnities to natural and anthropogenic perturbations.

Recent suggestions that coral reefs are not as fragile as was

N .. Wrmv‘““‘“ -
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previously believed (Dollar and Grigg, lQBlf Brovn and Howard,
198%) clearly accentuate the lack of dgéa and serious
contradictions on this subject. ‘\\

A significant number of studies havé}clearly demonstrated
that sedimentation (Loya, 1976b; Dodge /and Vaisnié, 1977;
Lasker, 1980; Rogersj 1983; Cortez and Risk, 1985), nutrient
enrichment (Clutter, 1572; Banner, 1974; Kinsey and Domm, 1974;
Lavs and Redalje, 1979; Smith et. al., 1981; Walker and Ormond,
1982), toxicity (McCloskey and Chesher, 1971; Maragos, 1972;
Maragos and Chave, 1973; Sorokin, 1973; Johannes, 1975; Kinsey

1975; Birke}land et. al., 1976; Rinkevich and Loya, 1977, 1979;

and Daviesﬁ 1979) and oil pollution (Joh;nnes, 1975; Loya,
see Loya an? Rinkevicp, 1980,pfor review), have direct and/or
indirect e;fects on the integrity of coralwreefs. The degreg of
impact upon the coral reef communities is directly related to
the intensity and frequency of the perturbatioﬁs, hydrography
of the impact area, community composition ;nd constructional
qualitieg of the affected communities (Bak, 1983).

High suspended particulate matter concentrations and

gsedimentation associated with dredging, filling, blasting and

»coastal development activities produce a varijiety of direct ‘and

indirect effects at the individual, population and community
levels. Sedimentation and related turbidity of the water column
depress coral growth rates (Aller and Dodge, 1974; Dodge et,
al.,, 1974; Dodge and Vaisnys, 1977; Hudson and Robbin, 1980),
and alter the community structure of scleractinian corals

P

(Loya, 1976b) through reduced 1light levels, physical

spperers Lol EEE
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interference with feeding, respiration, and through expenditure
of energy in cleaning activities (Roy and Smith, 1971; Matagés,
1972; Dallmeyer et. al., 1982).

The eutrophication of coastal marine waters is becoming a
serious problem in many coastal areas (Cederwall and Elmgren,
1980; Larsson et. al., 1985; Rosenberg, 1985)% Eutrophication
is here def}ged as a gradual accumulation of nutrients and
increased sedimentation leading to organic biomass accumulatiqn
by increased levels of production (Rosenberg, 1985). Therefore,
eutrophication as a result of anthropogenic activities (i.e.
cultural eutrophication) is simply an unnatural acceleration of
eutrophication processes (Laws, 198l1). The problems associated
with 5ytf6§5§5§€€523::0cesses vary with the biology, chemistry
and ﬁydrography of the affected coastal marine ecosystems. Most
studies on the effects of eutrophication processes in tropical
coas%al regions have been generally restricted to estugries and
‘shallow embayments with restricteé circulation (Goodbody, 1968,
1970a,b; Wade, 1971, 1972a, b, 1976; Wade et. al., 1972;
Banner, 1974;.Smith, 1977; Smith et. al., 1981; Dollar, 1983).
Perhaps the most comprehensive study on the effects of
eutrophicationQ is from' Kaneohe Bay, Hawaii (Smith and Kam,
1973; Maragos and Chave, 1973; Smith et. al., 198l1), which
incorporated both the structural and functional analyses in
assessing the impact of nutrient subsidy on the benthic
communigy. The Kaneohe Bay study has' provided some evidence
that coral reefs damaged by anthropogenic activities may slowly

‘récoéet to similar states upon the removal of stress (i.e.
o
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gsevage diversion). Recently Dollar (1983) emphasized the
usefulness of integrating both the structural (i.e. species
compositiBn, abundance, diversity, trophic position and
biomass) ~and fuhctional (i.e. community métabolism, growth,
reproduction) analysis in determining ecosystem or community
response to environmental perturbations. The application of

structural analysis in pollution related studies has provided

14
much needed information of the general community response;

however, the mechanisms through which the corals respond to
environmental perturbations are still relatively unknown. As
vas clearly pointed out by Dollar (1983), structural analysis
is aimed at assessing the gltimate effect of pollution, while
little wunderstanding can be . obtained of the causative
relationships between community structure and the perturbation.

Vezina (1975) provided the first detailed information on
the effects of  nutrient enrichment on phytoplankton
agssociations and vater conditions along the west coast of
Barbados. However, most of the other detailgﬁ studies on the
effects of eutrophication in Barbados were restricted to (a
shallow~water harbour located in the middle of Bridgetown, the
capital of the island (Partlo, 1975; Turnbull, 1979).
‘  The present comparative study was designed to integrate
thq‘séructutal and functional analysis, at the population and
comyunity levelé}\\}b determine the response of scleractinian
coral communities to varying degrees of eutrophicatioﬁ along a

well defined and characterized environmental gradient. The

study presented here had three principal objectives; 1) To
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" Barbados,

define and characterize the physicochemical environment of the

inshore waters along the leewvard coast of arbados. 2) To

analyse the response of scleractinian coral ~—€ommunities along

the leeward coast of Barbados to arying degrees of

eutrophication through, a) coral growth rages; b) reproduction;

and c¢) community .'structure (i.e. gpecies composition,

abundance, cover, diversity). 3) tg provide an extensive data

-

base to be used for future environmental monitoring studies in

<
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Effects of eutrophication on reef-building corals. Part
1. Growth rate of the reef-building coral Montastrea

annularis.*
© Tomas Tomascik & Finn Sander

McGill University
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Abstract.
>
Fourteen environmegkal variables were monitored at seven
locations along the west coast of Barbados on a weekly basis
over a one year period, 1981 ‘to 1982. The ghysicochemical and
biological data indicate that an environmental gradient exists
as a result of‘incr.eased eutrophication of coastal waters.
Growth rates (linear extension) of Montastrea annularis (Ellis
and Solander), 'measured along the environmental gradient,
exhibit high correlation with. a number of environmental
J;riables. Concentration of suspended particulate matter is
the best univariate estimaton of M. annularis skeletal
extension rates (r?= 0.79, P<0.0001). The results suggest that
suspended particulate matter may be an energy ‘source for reef
corals, increasing grovth up to a certain max imum
concentration, After this, reduction of growth may occur due to
smothering, reduced 1light levels and reduced =zooxanthellae

photosynthesis.
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INTRODUCTION

One goal of coral réef ecologists it to predict ;’(

H

effects of chang-ing cs.nvironmergtal conditions (natural or man
induced) on the integrity of scleractinian coral communities.
In recent years skeletal extension rates, as determined by
x'-ray radiography (Dodge and Thompson 1974, Hudson et al.
1976), have Dbeen used by many workers as an index of coral
growth in studies relating growth to a variety of environmental
conditions (e.g, Aller and Dodge 1974; Dodge et al, 1974 ;
Hudson11981; Hudson et al. 1976‘). In the present study ve
define coral growth in terms of skeletal extension rates,
unless stated otherwise., It is now well established that both
temperature and light intensity are key environmental variables
directly affecting coral growth rates (Highsmith, 1979). Thee:e
factors have been used to explain both geographical and
betwveen-habitat wvariability in growth rates (Coles et al.
1976; Glynn 1977; Gladfelter et al. 1978; Foster 1980). We
know of no attempt to investiéate, in a comparative framework,

the effects of water characteristics alone on the growth rates

) o‘f scleractinian (zooxanthellate) corals.

Along the wvest coast of the Caribbean island of Barbados
(Fig. 1) lie a series of fringing coral reefs previously.
described by Levis (1960), Macintyre (1968), Stearn et al.
(1977), and Scoffqin et al, (1980). The .pregent study

documents the eutréphication of inshore water magsses along the

west coast of Barbados and investigates the effect of

a
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Figure 1, Map of Barbados, West Indies. Collection
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eutrophication on coral growth rates. More specifically, it
compares the relative power of several key environmental
variables to discern changes statistically in the growth rates
(skeletal extension rat/es) of Montastrea annularis (Ellis and
Solander), a principa{y;eef builder, among seven structurally
similar fringing reef complexes which are under different
environmental c?nditions associated with eutrophication of the
inshore wvaters,

Throughout the island, sewage is usually dumped on a?nd
through dry toilets, suckwell systems and septic tanks, Prior

to the construction of the Bridgetown sewage treatment plant in

1982, the city (population 95,000) ‘was served by ten activated

- sludge sewage treatment plants. It has been estimated (Barbados

Water Resources Study, 1978) that sewage flow on the west
coast, including Bridgetown, is approximately 8.46 million
liters per day, and 9% of this is discharged directly or
indirectly into Carlisle Bay (Fig. l1). A dominant neé}shore
surface current with a mean recordedrvelocity of 24 cm/sec
(Peck, 1978{ carries the effluents in a2 north-northwesterly
direétion out of the bay. The coastal current regime north of
the Carlisle Bay iggnos well documented. However, the effluents
carried by the nearshore current may significantly contribute
to the intensification of the eutrophication gradient through
higher nutrient loading at the sodthernpost statjons BR and SG

(Pig. 1).



Envirommental assessment

-

Sampling and deterninations: Fourteen environmental

variables vere monitored at seven stations located over the

fringing reefs (depth 4m) along the west coast of the island

(Fig. 1).. Since the water column is well mixed (Sander, 1981),

'surfacé‘zgter samples (1m) for nutrient analyses were collected

from each station on a weq}ly basis, weather permitting, (from
September 1981 to September; 1982) using a Van Dorn sampler (7¢
capacity). All stations vere sampled on the same day between
10:00 and 13:00 hours. To minimize possible effects of diel

cycles in nutrient concentrations, these seven stations were

sampled in five different g?quences (Table 1). The sampling

seguence on each sampling day. was chosen randomly from a table .

of rand?m numbers (Snedeaag, 1956). Water samples (5¢)
collected at each statioﬁ vere placed in 5¢ Nalgene
polyethylene bottles and transported, in a céoler, to the
laboratory. Prior to analysis, each water sample was filtered
through a Whaimaﬁ GF/C glass ‘“fiber filter (4.25cm in diameter;
effective rgtention l.zuﬁTrﬂﬂfﬁ@ediately after filtration, each
vater sampie vas analysed ﬁ?r reactive phosphate (PO,-P),
nitrate-nitrite nitrogen.lno,i:lno,~ni, nitrite (NO,-N), and
ammonia (NH,-N). Samples for chlorophyll a were treated

» :
according to the method outlined by Strickland and Parsons

N
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Table 1.

Sequence of stations sampled on each
during the study. ;;T

Sampling was tiated from

indicated in the tirst column.

sampling day
the stations

Tamplin Sequencejol stations sampled
uquoncz on h sampling day.
1 1+ ) s$G w S BRI G M
2 SR Gs BRI L $G n
3. M 8L 44 G ' BR ‘SR Q8
] ARI GS iR BR SG o 2B 11
5 BRI @GS SR sL .PV G M
s
&
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(1972). and stored in a freezer at -1B°C for a maximum of five

veeks, Samples for dissolved oxygeh were fixed on site and
transported to the laboratdky for titration with a

corresponding sample ’for the biological oxygen - demand (BOD).

All speé‘rophotométric determinations were performed using a

Gilford .spectrophotometer, -Model 240. Standard methods for

nutrient analysis, dissolved oxygen and chlorophyil a wvere used

throughou& the study (Strickland and Parsons 1972).

Surface water (1lm) temperatures and salinities were
measured in-situ using a Y¥SI Model 33 S-C-T meter. At each
station irradiance was measured lm above the sea surface and at

a depth of 4m wusing a QSI-140 Integrating Quantum Scalar

* Irradiance meter.

Total suspended particulate matter (SPM) was determined by
filtering 1¢ of sample through a p;e-combusted, pre-washed and
pre-veighed Whatman GF/C glass fiber filter (4.25cm in
diameter; effective retention 1.2um). EBach filter was ri;sed
twice with 5ml of distilled water to remove salts (Strickland
and Parsons, 1972), The filter was drigd to constant weight at
100°C and, aftér weighing, combusted at 550°C for fifteen
minutes to obtain volatile particulate matter (VPM) data
(Turnbull, 1979).

To';;;ain a relative measure of the total downward flux of
s@spended particulate matter kDF-SPM), in the water column over
the ftigging reefs, séediment traps vere placed at each station
in the spur and groove zone (depth 5m) one meter above the

bottom. The traps consisted of a concrete base and a T-bar
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supporting t¥o PBVC tubes, painted with an antifouling paint,
with a diameter of 3.8cm and & height of 49cm. These
dimensions gave a resultant aspect ratio (height:mouth
diameter) of 12.9. Preg}ous studies on sediment trap collection
efficiency by Gardner (1977) and Hargrave and Burns (1979)
indicated that the most efficient traps had aspect ratios > 5,
The PVC tubes were clamped (with an aid of SCUBA) to the T-bar
and vere retrieved, weather permitting, on a monthly basis over
a sampling period of 11 months. Traps were sealed vith a
rubber stéppet on collection, carefully brought upright to the
surface and transported to the laboiftory. Each trap was
alloved to stand for one hour after which the water in the
tubes was decanted. The settled contents were then transferred
into glass bowls, the traps were rinsed with 200ml of distilled
water and the sediments were allowed to settle. The water was
decanted and an additional 200ml of distilleéd water vwas added
into each glass bowl and mixed with the contents. After
settlement the water was decanted. The rinsing procedure was
repeated three times. The sediments were placed in a drying
oven and dried at 60°C to constant weight,

Approximately top 2cm of surf;ce sediment was analysed for
organic content. At each station ten sediment samples were
cgllec;ed from the spur and groove zone (3 to 4m) with a small
plastic scoop, placed into individual plastic bags
(upderuater), and transported to laboratory. The samples were
alloved to dry to constant weight at 60°C and weighed. All
samples were 'then combusted at 500°C for fouf“nhours and
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reveighed (Hirota and Szyper, 1975). (

Statistical analyses: To determine statistical differences in

" the various environmental variables among the stations, an SAS

statistical package was used in all data analyses (Ray, 1982a;

‘Ray,1982b). All linear model-statistics, such as the analysis

of variance (ANOVA), make the assumption that the underlying
population from which the sample data are drawn is a normal
distribution. To test this assumption the Shapiro-wilk,w,
statistic and normal probability plot were computed for all
environmental data sets using the Univariate procedure in the
SAS system. Examination of the normal probablity plots and the
W statistic indicated violations of the above_7§ssumption. To
determine an appropriate transformation, the method outlined by
Box et al. 1978) was used on all data sets. Accordingly, the
data were log(X+l) transformed. To test the "success of the

transformation, the Univariate procedure was applied to the

.transformed data sets to test the normality assumétion and Fmax

test (Zar, 1984) was performed to test the homogeneity of

variance assumption. The results indicated violations of both

assumptions, and therefore, tests for the additivity and

independence assumptions were not performed. Since the
transformed data did not meet basic assumptions of parametric
ANOVA, a nonparametric = ANOVA (NPARIWAY procedure;
Kruskal-Wallis Chi-square approximation) was used to test the
null #hypothesis; H,: there are no differences in variable (x)

among stations, against an alternate H,: there are differences

+
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in variable (x) among stations. Where the nonparametric ANOVA
rejected the null hypothesis a nonparametric Tukey-type
multiple comparison test (2ar, 1984) was used to determine

between which of the stations significant differences occurred.
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Coral growth

' Sampling and measurements: Montastrea annularis colonies were
collegcted from each station in August, 1983, To reduce
within-station variation in growth (Foster, 1980), the ten
specimens of M. annularis collected at each station were from
within 10-15 m of the spur and groove zone at a depth of 5-7 m;
and all coral specimens collected vwere of similar size and
shape (round-lobate).

The coral specimens were cut, with a diamond blade, along
the maximum growth axis parallel to the coralites to form 3-4
mm thick slabs. ghe slabs were X-rayed using a Minishot 2
X-ray unit set at 30 mKv with exposure of 15-25 seconds on a
Kodak type AR X-ray filﬁ. To measure the annual growth
increments of the high and low density couplets, techniques
described by Dodge (1980) were used on all negatives. Two
specimens were rejected from the analyses because of error in
cutting. The recorded growth measurements weré in the form of
annual linear increments (cth / yr) measured over .zhe entire
life history of the coral specimens. However, it should be
noted that the main thrust of this study is relating
envﬁronmental conditions to extension rates during 1981 and
1982. It should also be made clear, that measurement of

skeletal extension rates isg only one of the methods available

’, to measure skeletal growth of scleractinian corals. Coral

calcification has received much attention in recent years

{Goreau and Goreéau, 1959; Barns and Taylor, 1978; Jokiel_and
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Coles, 1977; Coles and Jokiel, 1978; Fairbanks and Dodge,
1979), but the exact relationship between annual skeletal
extension rates and calcification (mass addition) is not as yet
clear. Dodge and Btassa(1984) have shown that although annual
extension rates and calcification rates of M. annularis were
positively correlated, the correlations were not high. It was
suggested that under certain environmental conditions (possibly
pollution related) extension rates may remain unaffected (or
possibly promoted) while calcification 1is depressed (Dodge and

Brass, 1984).

Statistigcal analyses: The relationship between the mean and
standard deviation (Box et al. 1978) implied logarithmic
transformation of the c¢oral growth data. Accordingly, the
coral growth data were log(X+l) transformed. The transformed
data sets were tested for the assumption of normality and
homogeneity of variance. Univariate analysis on log
transformed coral growth data showed no departures from the
assumption of normality and the F max test (Zar, 1984) showed

only slight heﬁerogeneity of variance between two of the seven

S
stations. Consequently, parametric single factor analysis of,

variance was performed, using the General Linear Model
procedure, to test the null hypothesis H,: there are no
differences between the mean coral growth rates among stations,
against an alternate H,: there are differences in the mean
coral growth rates among stations. Where tha ANOVA rejected the

null hypothesis, the Tukey ﬁultipié\comparison test was used to

{
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determine between which of the stations significant differences
occurred. A nested one-way analysis of variance was used to
compare the amount of variation in coral growth rates among the
stations to variation of coral growth rates within each
statiohk To assess growth trends of corals for the past 15
years,dindexy values were computed for each coral by dividing
each linear . increment by the mean growth rate of the entire
coral. Index master chronologies were then computed by
sequentially averaging by year the index serieE of each coral
at each. station to obtain information of 1life time growth

trends within each station.
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RESULTS

Envirommental Study.

variables monitored during the study. For ease { of

Table 2 presents the ave‘rage values of all environm\ntal
interpretation, the variables were subdivided into th;\ee

categories - physical, chemical and biological. \

-~
<

Physical variables: Temperatures were generally higher at the
southern stations (Fig. 1; Table 2). Table 3 shows the
results of the nonparametric Tukey-type multiple comparison
test (at the 0.05 level) fo;' between-station comparisonsg
Station SG had a higl}er average temperature than any other
station. However, - differences in tenﬁ{ature among the
remaining stations were not statistically discernible.

Total, suspended particulate matter (SPM) has been
classified as a physical variable since it contributes to
reduction of .available light. The southern stations had high
SPM concentrations (Table 2 and 3). The SPM concentrations at
stations BR and SG wvere greater than at the other stations.
The SPM concentrations at stations FV and BRI were greater than
those at SR, .Jbut were not discernibly different from those at
SL and GS. The lowest light levels occurred at stations BR and
SG. Among the northern stations, GS had statistically higher
light levels tZQ station BRI, but there were no statistical

diferences betwveen GS and SL or SR.
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Table 2. Results of physicochemical and biological sea water analyses
from the west coast of Barbados, West 1Indies. The variables are
presented as mean yearly values vith standard deviations in parentheses;
N indicates number of samples collected at each station. Station
initi, s are as shown in Fig. 1,

VarIaﬁies Stations

BR SG FV ¥TBRT GS SR N

TEMPERATURE (°C) 28.08 2B.55 27.98 27.96 27.94 27.88 27,83 47
(0.96) (1.14) (0.96) (0.92) (0.94) (0.93) (0.94)
SALINITY (*/,,) 33.32 32.22 33.37 33,48 33,43 33.28 33.24 46
(1.27) (1.76) (1.15) (1.00) (1.06) (1.24) (1,21)
Dissolved Oxygen

(mg/¢) 6.70 . 6.46 7.03 6.86 6.78 6.79 6.75 38
(0.67) (0.91) (0.64) (0.46) (0.49) (0,61) (0.77)
BOD (mg/¢) 1.00 1,09 1.00 0.79 0.83 0.77 0.71 31

(0.54) (0.58) t0.50) (0.40) (0.49) (0.54) (0.41)
PO,-P (ug-at/¢) 0.103 0.214 0.094 0.081 0,111 0.060 0.068 45

(.041) (.106) (.064) (.036) {.087) (.030) (.026)
NO,+NO, -N

(4g-at/¢) 0.816 4.424 0,790 0.546 0.647 0.452 0.357 44

NO,-N (ug-at/¢) 0.098 0.731 0.066 0.049 0.048 0.036 0.035 46
(.033) (.568) (.030) (.021) (.018) (.018) (.021)

NH,-N (ug-at/¢) 0,976 2.695 0.896 0.685 0.736 0.560 0.542 46
(.429) (2.034) (.506) (.343) (.414) (.349) (.270)

—_— ~

SPM (mg/¢) 7.11  7.32 6.25 §5.12 5.94 5.21 4.26 44
(4.08) (2.86) (3.92) (3.46) (3.41) (3.29) (1.98)

VPM (mg/¢() 3.26 3.10 2.71 1.94 2.49 2.00 1.85 43
(1.67) (1.26) (1.47) (1.15) (1.43) (0.97) (1.03)

Chlorophyll a

(mg/m?) 1.040 0.895 0.876 0.582 0.799 0.546 0.42% 46
(.537) (.406) (.331) (.287) (.470) (.270) (.157)

DF-SPM ) . :

{mg/cm3/day) 35.95 19.98 13.99 20.28 8.78 14.23 37.19 22

(40.17)¢(17.42)(10.24)(29.56) (7.07)(17.61)(53.15)
S Organics - -
in sediments 8.3 10.9 4.9 2.5 5.1 2.3 2.9 10
' (2.3) (4.0) (0.9) (0.3) (2.0) (0.6) -(1.0)
% of surface b
illumination 27.10 28.82 735.62 37.08 34.52 40.45 37.52 28

(10.38)(11.84) (8.78) (7.58) (7.33) (B.43) (7.84)

N

-
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Table 3. Nonparametric Tukey-type multiple comparison test (Zar,
1984) for significant (P <0.05) differences between station means
for temperature ¢ ,percentage of surface illumination 0, suspended
particulate wmatter * and total downward flux of suspended
particulate matter s,
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The yearly average total <downward flux of suspended
particulate matter (DF-SPM), an integrated measure of turbidity
and/or bottom instability, was not éorrelated with the yearly
avetagé SPM concentrations. Table 3 ind{cates that DF-SPM was
statistically lower at station BRI than at stations BR, SG or
FV, and that DF-SPM at station GS is lover than at stations BR
and SG. During the rainy season (October-December) and pe{iods

.of high swells (January-April) DF-SPM does not show any
particular gradient between the northern and southern stations
(Table 4). However, DF-SPM in summer (May-September) showed
established gradient of decreasing rates in a northerly

direction,

Chemical variables: Table 5 presents the results oé the
nonparametric Tukey-type multiple comparison test for
between-station comparisons of the chemical variables. Station
SG had statistically ‘lower average salinity (32.3% ) than any
other station, bué there were no salinity differences among the
remaining sites. With the exception of station BRI, PO,-P
concenfra;ions t;;ded to be higher for southern than northern
gsites (Table 2), Statistically higher PO,~P concentrations

'/gqgggpéd at station SG then at any other station. Lovest PO,-P
¢ concentrations occurred at stations G5 and SR with no
\ discernible differences between then. There were no

discernible differences in PO,-P concentrations among stations
FV, SL and BRI.

* Trends in nitrogen concentrations (NO,+NO,-N, NO,-N and
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total downward
in mg/cmi/day)
of high syells
(October-December).

second number

(in

deviation; third number: sample size,

as described in the text.

summer

flux of suspended particulate
months
(January-April), and
First number:
parentheses):
Duration of the periods

average
standard

Statlions Summer Svells Ralny Season
BR 9.86 51.60 70.01"
(5.16) (28.55) (66.51)
10 8 4
SG 11.52 20.06 40.91
(4.90) (5.55) (32.64)
10 8 4
PV 7.61 16.12 25.33
(4.39) (1.26) (17.72)
10 8 4
SL 4.17 21.26 58.79 %
(2.08) (10.70) (47.24)
10 8 4
%
BRI 5.50 9.42 15.24
- (4.60) (5.78) (10.93)
10 8 4 .
GS 2,33 19.35 33.60
(1.75) (6.01) (30.61)
10 8 4
SR 2.54 5.18 88.52
(1.46) (37.23) (86.83)
10 8 4
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Table 5. Nonparametric Tukey-ty

for sl?nitican:
inorgan
and salinity X,

(p <

+

‘I:fv

nultiple comparison test (Zar, 1984)

0.05) differences betwvesn station means for
c phosphate *, nitrate-nitrite nitrogen 0, nitrite s, ammonia o

®

Ttations W ﬂ W

| i ] -
56 * Qe -
4 4 LI Desx _ i
SL *t0ae OQen X s e -
I Onroe Den X [ ] . -
-
as * 0o Oen X s0me =sp X Dme -
oY
. Tar A
SR s 0nme Oen X *s0ae ~Qwe #*#0ae 0 -
L] rs
‘v.
v A&y
* AN
*
N
v
X
i3
A
.‘uﬁ
r\y‘ﬂ
X
b
] -
el TEG
3
e -
- )l‘
"




. ——— oy A, 7R SR ok ot o e s

e ———

-36.—

NH,-N) were gimilar to those in PO,-P. Concentrations were
highest at stations SG, BR and FV, and these were statistically
greater than the nitrogen concentrations at northern reefs
}stations BRI, SL, GS or SR). Intermediate nitrogen
concentrations occurred at the BRI and SL sites, and these were
statistically higher than the concentrations at. GS and SR.
Station GS had a statistically higher NO,+NO,-N concentration
than SR. *

Biological variables: The data on the biological variables
(Table 2 and Table 6) clearly indicate a decrease in
eutrophication from south (statizB BR) to north (station SRf.

/A common indicator of eutrophication is an increase in
" phytoplankton biomass with increasing nutrient concentrations,
Highest chlorophyll a concentrations occurred at stations BR,
SG, and FV, with a gradual decrease in a northe(f;ﬂgﬁrection.
There were no statistically discernible differences in

_ chlorophyll a concentrations-among the three séﬁthern stations,
and these values were higher than those at the northern
stations. Lowest chlorophyll a concentrations occurred at
station SR and were lower than chlorophyll a cqncentrations at
any other station. VPM and BOD concentrations showed a similar
trend with concentrations décrgasing in a northerly direction.
4 However, dissolved “ oxygen concentrations were relatively
constant along the west coast vith slightly elevated
conceﬁtrations at station FV that were greater than oxyg;n

concentrations at stations BR, SG and SL.
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Table 6. Nonparametric Tukey-type multiple comparison test (Zar, 1984)
for significant (P < 0.05) differences between station means for
dissolved oxyqen 0, ghlorophyll a o, volatile particulate matter », and
biological oxygen demand =,
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Coral growth

Table 7 presents the average growth rates of Montastrea
annularis (for 1981 and 1982 separately and combined) for each
of the geven reefs. Results from the ANOVA procedure indicate
significant differences in mean coral growth rates among
stations (F = 14.92, P < 0.0001). To evaluate specific site
differences, the Tukey multiple comparison test was used (Table
8). Highest coral growth rates occurred at station SR (1.23
cm/yr) and were greater (P < 0,05) than growtﬂ rates Af any
other station. M. annularis at stations SL and GS grew faster
than at station BR and SG (P < 0,.05). Growth rates at station
BRI were statistica11§ indistinguishable from those at stations
BR, SG, FV, SL and GS. 1In summary, M. annularis tended to grow
faster at the less polluted northern stations.

To determine whether intrastation growth rates differed
between 1981 and 1982, one-way analysis of variance was
performed. Results showed that at stations BRI and SL, the
growth rate of M. annularis in 1982 were lower then those in
1981 (P < 0,05). There were no between-year differences at the
other stations. Note that growth' rate varied among corals
within sites (Nested one-way analysis of variance; P<0.05). Of
the total model variability, 42.7% can be ascribed to
among-site variability and 14.8% to within-site variability.
This indicates that the proportion of growth rate variation
between stations was high, relative to gro rate variation

7

within gites.,

i
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(A &®
: Table 7. Linear gqrowth information for M. annularis

collected along the west coast of the island (sites areé
arranged from south to north; top to bottom).

i ' Number \“‘—’§Ei;ion Mean Number

ot Mesn Growth Growth Rates of

Station Year Corals rate (em/yr) SD (ecavyr) SD Corals
BR 1982 10 0.61 0.12 0.61 0.11 20
BR 1981 10 0.562 0.10
SG 1982 10 0.63 0.21 0.58 0.18 20
56 1981 10 0.52 0.14

. rv 1982 8 0.73 0.20 0.7¢ 0.19 16
44 1981 8 0.75 0.19
SL 1982 10 0.7 0.24 0.93 0.45 20
SL 1981 10 1,08 0.43
BRI 1982 10 0.69 0.18 0.77 0.16 2¢
BRI 1981 10 0.85 0.14
GS 1982 10 0.86 0.16 0.94 0.22 20
GS 1981 10 1,02 0.24
SR 1982 10 1,21 0.28 1.23 0.33 20 '
SR 1981 . 10 1.24 0.40

ANGUA s Comparison of nean 3rov:h rates among stations,
N Data log transformed. Based on station mean grovth rates.

Hyt Thers are no differences in the mean grovwth rates of corals
among the stations. ’
Source | dé, NS ¥ value PR>F
B Nodel ¢.0880 (4 1.011% .52 0. 0001
Error 8.7422 129 0.0678
Total 14.8102 138 - .

f = 14,92 'h.!.»...|1“13 - 2 18
Therefore, reject H,, 3 0001

o ———— T e i
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Table 8. Tukey Test (Ray, 1882.}; esults of the differences between
station mean growth rates ov the period 1981 - 1982. This test
controls the experimentvise, 3 pe 1, error rate.

Fatlons B8 W . 3 BET 13 W
“ ' -

G ns -

v NS ns - :

’tl [ l ” -

BRI ns ns s ns - ‘
Gs L ® ns NS NS -

SR . * ' * » * -

,
#% indicates no significant difference and * indicates significant (P
< 0.05) difference.

fener <
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To examine growth tr;nds at each site, index master
chronologies were plotted for each station over a ten to
sixteen year period (Fig. 2). Except for stations BRI and SL,

stherejwas a general trend of decreas{ng growth rates from 1972
to 1982. To determine whether the growth trend; among the
stations were correlated, Kendall correlation coefficients were
computed (Table 9). Strong correlations occurred between

~

stations SL and BRI and among stations BR, SG, and GS4
Bffects of environmental variables on growth

Table 10 presents simple linear regressions between the
average coral growth rates and the environmental variables.
Two simple linear regression models are possible to relate the
rate of coral growth and the environmental variables measured
in this study. The first model considers only 1982 growth
rates as the dependent variable (i.e., regression without
replication}). However, since the enyironmental data were
measured from September to December 1981 and from January to
September 1982, it would be incorrect to state that the average
environmental values are representativé of the average
environmental conditions during 1982 only. The second model,
applied in the present study, uses both 1981 and 1982 coral
gro#th rates in the regression model (Table 10). Although,
this approach tended to 1lower the r? of the model, it did not
affect the biological significance of the regression, since it

»

takes into consideration the inherent variability of coral
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FPigure 2. Montastrea annularis. Three year moving average
of index master chronologies of M. annularis at each study
site. Station initials as designated in Figure 1. The
numbers above the horizontal axis indicate the number of
corals used in the chronology at the specified year.

ey

Dt



~
¢ ‘
5. ‘ 43
% .
i -
' {
;
|
t
i
t
. 1 gR. 1307 GS. \
120 120~
1104 110~
L 2 33y o2 P &
0504 \/ " 050 \/\/
> J °
. g 1407
, = i >
= 20+ ;\ == 130
| $G A =
{ .
; L.1Q™ /_\/—\_/ 120
; ool t 76 84 1107
¥
X 0.90- too]
090
: 0.804 1 D SL. <
f a7o- 1.00 "K—’/\\\)é
! 1.30 /
t Fv. 0.904
i 1.207 ox0”
| e . oy BRL
;\/\/ -t | 100
0.90 050
. o080 .
. 1] 1] " 1970 fi 113 ' 1978 [13{]
YEARS YEARS

L

P TRR LA

S

3, e
PR



-44-

Table 9. Kendall correlation coefficients between station index

e e s s TP 0 d

e T AT e . o

master chronologies over the period 1966 to 1982 (16 years).
For r > 0.60, P > 0.05.

Station B 3G ™ 8L BRI ~G§ "SR
b ] - ~

86 0.63 -

| 4 0.42 0.33 -

SL 0.37 0.13 0.2¢4

b 134 0.0e 0.24 0.08 0.74 -

GS 0.73 0.64 0.22 0.29 0.11 -

SR 0.41 0.11 0.19 0.40 0.41 0.09




[ S——

T o A oy =

FR

-45-

Table 10. Regression equations for predicting coral grovth rates
(Y in cwvyr) from total suspended particulate matter
concentration (SPM in mg/¢), volatile particulate matter
concentration (VPN in mg/¢), chlorophyll a concentration (CHLA in
mg/m?), biological oxygen demand (BOD in mg/(), percentage of
total organic content in sediments (ORG in &), inrcentago of
surface illumination (IRR in %), 1inorganic phosphate
concentration (P04 in uxg-at/¢), smmonia concentration (NH3 in
ug-at/¢), nitrate - nitrite nitrogen concentration (NO3 in
pg-at/¢), temperature (TEM in *C), salinity (SAL in */,,), total
downvard flux of suspended particulate matter (DP-SPM in
mg/cm‘/dgy), and current velocity (CUR in cm/sec).

Simple regressions SE of
r? p" slope
1, log Y = - 0.638 log SPM + 0.760 0.79 0.0001 0.096
2, log Y = - 0,340 log VPM + 1.670 0.79 0.0001 0.092
3. log ¥ = - 0,863 log CHLA + 0.452 0.75 0.0001 0.143
4. log Y = - 1,368 log BOD + 0.611 0.72 0.0001 0.245%
5. log Y = - 0.169 log ORG + 0.367 0.63 0.0008 0.038
6. log T = 0.619 log IRR - 0.701 0.56 0.002 0.159
7. log Y = ~ 1.940 log PO + 0.335 0.51 0,004 0.552
8. log ¥ = - 0.316 log NH3 + 0.339 0.48 0.006 0.096
9. log Y = - 0.183 log NO3 + 0.303 0.41 0.01 0.063
10. log Y=~ 6.90 log TEM + 10.34 0.23 0.100 3.290
11, log Y= 3.76 log SAL - 5.5 0.16 0.1636 2.531
12, log Y = - 0.125 log DPF-SPM + 0.392 0.13 0.200 -
13, log Y = - 0.38 log COUR + 0.67 0.06 0.200 -
TF-test.
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growth rates. We suggest that this second approach is more
robust and biologically more sound then .the former.

‘Mean SPM and VPM concentrations were the strongest
univariate estimators of growth rates, followed by chlorophyll
a and BOD‘(see Table 10). Surprisingly, percentage of surface
illumination sho@ed a veaker relationship with growth (r3 =
0.56, P < 0,002). Among the inorganic nutrients PO, - P showed
the strongest negative relationship with growth (r2 =Y9.,51, P <
0.004), followed by NH,-N (r? = .0.48, P < 0.006) and NO,+NO,~N
(r?2 = 0,41, P < 0,01).

Y

Multiple regressions are not presented, since the
environmental data shoved a high degree of multicollinearity.
It would therefore be difficult (if not impossible) to assess
the unigue effects of individual environmental variables on the
rate of coral growth. Large correlation coefficients point to
strong linear associations, thus suggesting that certain
environmental variables may be correlates.of éthers with little

or no causal effects themselves,

Y
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DISCUSSION and CONCLUSIONS

The 'growth rates of qutastréa annularis, expressed as
\\J:;létal extension raées, were highly correlated with a number
of environmental variables. Hudson (1981) has indicated that
growth rates of M. annularis in the Key Largo Marine Sanctuary
were correlated with threezaqggyironmen%al factors; depth,
distance from shore and water quality. Our sampling design
minimized the effects of nétural environmental factors, such as
depth and distance from shore, in order to compare M, annularis
growtﬁ rates with respect to water characteristics only.

Eight principal sources of pollution contribute directly
and/or indirectly to the intensification of the eutrophication
processes in the inshore waters (Table 11). The primary point
sourCes.Sf pollution on the west coast are industrial effluents
from an electric power plant and a rum factory located between
stations SG Qnd BR (FPig.l). These two industrial plants may be
directly responsible for the high nutrient concentrations
measured in 'this _area (Table 12). Hovwever, Lewis (in
preparation) has recently dgmonstrated' that groundwater
discharge (Table 12) must glso be considered as an important
source o; nutrients in the coastal waters. He found high
concentrations of both PO,~P and NO,#NO,-N in groundwater

samples, indicating that past agricultural practgggs and urban

\\§evelopment have affected the groundwater charagk;ristics.

—

Nutfient enrichment cagsed by, for example, internal waves have

ATl s S F L ke
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Table 11. General summary of various pollution sources
on the island of Barbados,

Pollution sources

(industrial wastes) Pollution parameters System affected
Sugar factoriss BOD, suspended solids, Groundwater
colour', nutrients, COD.
Rum refinery BOD, pH, nutrients, West coast
suspended solids,COD. inshore vaters
" Power plant Temperature, salinity, West coast
nutrients, BOD, inshore vaters
suspended solids
Beverage industries. BOD, suspended .olids,/ * Groundwater
i.e. breveries, colour, COD, phosphates
bottling, dairy ]
0il industry BOD, suspended selids, Carlisle Bay .

phenols, heavy metals,
ammonia, grease

Domestic wastes BOD, suspended solids, Groundwater
(sevage effluents) nutrients, bacteria, South and West coast
viruses inshore vaters

Solid waste disposal BOD, suspended solids, Groundvater
. nutrients, pesticides

<

Agriculture Nutrients, herbicides, Groundvater
pesticides ‘Coastal vaters |
Source: Barbados Water Resources Study (1978) u

<k,

&
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Table 12. Estimated nutrient 1loading capacity of
various industrial and domestic effluents on the west

coast of Barbados, including Carlisle Bay.

Pollution ~ Loading capacity (kg/year)
sources .

.~ 2 *H0,-N
Sevage effluents * ‘9.1 x 102 5.8 x 103
Pover plant effluent 2.8 x 103 6.7 %, 10¢.
Rum refinery
effluent 2.7 X 10¢ 2.2 x 10°%
Groundwéter ** ‘
discharge . 3.0 x 10¢ 6.0 X 10¢

: A\

TOTAL 6.9 x 10¢

3.5 x10°*

Source * Barbados Water Resources Study (1978)

*% Lewis (in preparation)

R e
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been shown to enhance productivity of coastal waters ~(Sande'l.'
and Steven, 1973; Sand‘er, 1981), hov'zever, additional data are‘
needed to determine their contribution to the eutrophication
procegses,

The increase of nutrient and chlorophyll a concentrationg
a.t stations BR, SG and BRI during the last decade (Table 13)
coincides with the construction of the power plant (directly
affecting stations BR and SG), and a large tourist complex in
the vicilﬁty of station BRI, These data (Table 13) suggest that
the eutrophication of the inshore water masses may be directly
related to anthropogenic activities and not to natural
processes, 'It is sugjested that the proximate cause of th;:
eutrophication gradient must necessarily be a combined function
of circulation patterns '(Emery, 1972), groundwater discharge
(Levis, in preparation) and differential inputs of domestic and
industrial effluents. “

Mayor (1914) shoved that the temperature tdlerance of M.
annularis ranges betveen 14°C and 32°C. Seasonal temperature
fluctuations .in Barbados are between 26.,2°C and 29,5°C, thus
never exceeding known lethal limits. The average temperature at
station SG is slightly higher than at other stations. However,
since the difference is only 0.7°CY it is probably
insignificant in affecting coral grovth rates to any measurable
degree. The results of a linear regression analysis showed no
" relationship betveen growth and temperature (r?=0.23, P >
0.100). '

Among the nutrient variables, PO,-P (r? = 0,51), NH,~N (r?

,-\ ¢

e b -
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Table 13, Average nutrient and chlorophyll a concentrations at stations .
BR, 56 and BRI during 1972-1373 and 1981-1982. Pirst number: average |
concentrations; second number(in parentheses): standard deviation; third
number: total number of samples pooled for calculations.

t
‘

STATIONS : .
/
» 86 . BRI ;
.
1972% 1981 3 1972* 1981 S 1972+« 1981 Y
to to change to to change to to change
1973 1982 ' 1873 1982 - 1973 1982
PO,~P '
ug-at/t 0,060 0.103 54 0.049 0.214 336 0.055 0.111 102
(0.057) (0.041) (0.035) {(0.106) (0.007) (0.087)
96 45 95 46 54 45
NO ;=N ‘
ng-at/t 0.781 0.818 5 0.771 4.42¢ . 474 0.402 0.647 61
(1.564) (0.426) (0.761) (2.649) (0.095) (0.391)
24 45 23 45 15 44
Chl(a)
mg/m? 0.407 1,040 151 0.396 0.895 126 0,273 0.799 193
(0.304) (0.537) !0.220) (0.406) (0,021) (0,470) .
92 7 91 47 52 46 o
# source vezina (1975)
<
\ fe |
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= 0:48) and NO,+NO,-N (r? = 0.48) showed strong inverse

i relationships with M. annularis growth rates. Kinsey and

Davies (1979) have indicated that elevated nitrogen.

concentrations (20 ug-at/¢) probably did not have a significant
effect on coral calcification rates, but high PO, ,-P
concentrations (2 pg-at/() have been implidgted in reduction of
calcification through interference in the formation of calcium
carbonate (Simkis, 1964). The only location, in the present
study, vhere the PO,-P concentrations may be high enough to
play a role in suppressing calcification rates, but not
necessarily skeletal extension rates (Dodge and Brass 1984), is
station SG vhere PO,~P concentrations are 7 times higher (0.210
pg-at/¢) than koceanic levels (0.03 pug-at/¢, Sander 1971).
However, even these concentrations are well below thogse used by
Kinsey and Davies (1979). It is suggested that although both
nitrogen and phosphate are negatively correlated with growth,
thgy are surrogates of other environmental variables '(ir3¢¢
chlorophyll a, SPM and. VEM), having little or no direct causal
effect on growth themseives.

Previous studiés (Aller and Dodge, 1974; Dodge et al.,
1974; Dodge and Vaisnys, 1977; Hudson, 1981a) have implicated
sedimentation and related turbidity of the water column to
reduced growth rates in M.'annularis. 1t is generally accepted
that turbidity lowers growth because 1light is scattered by‘
sediment particles in the water column, and hence illumination,

a vital source of energy to the coral's symbiotic attendant

zooxanthellae is reduced (Dodge and Vaisnys; 1977). Moreover,

¢ /

w
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in environments with high sed?mentation and turbidity, cleaning
by corals will require energy expenditure which could otherwise
be used for biological activities such as growth.

I1f the DF-SPM was the main environmental factor affecting
growth (skeletal extension rates) of M. annularis, we would
expect growth rate to be a strong inverse function of DF-SPM;
yet our data showed no significant relationship between average
yearly DF-SPM and grbwth rates (r? = 0,12, P > 0.200). This
could result either from the sampling deéign used in the
measurement of DF~SPM rates, or from strong seasonal variations
in resuspension rates independent of station location. Since
the sediment traps were removed on & monthly basis, weather
permitting, high resusﬁension rates of short du}ation would
contribute to monthly DF-SPM values, but need not affect
growth, i

High turbidity observed during the periods of heavy swells
vas probably a direct result of resuspended bottom sediments.
It is important to note that "DF-SPM measured was an index of
bott&g instability over the collection period. Previous studies
by Dodge and Vaisnis (1977);- Bak (1978) and Sheppard (1980),
suggested that corals may be more tolerent of short-term
sediment loading than of chronic turbidity. nglitative
observations during the high swell periods indicated that the
high turbidity lasted for only two to thFee days. During the
swell period (January-April), highest DF-SPM'iates occurred at

station SR, which represented the area of highest coral growth

in the present study. Furthermore, during the raingﬂgeason,

ke
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sediment traps located at the northern stations collected
comparable amounts of sediment when <compared to the southern
stations (Table ¢). It is suggested that dﬁring the rainy
geason the sediment trap data reflect the intensity of runoff,
i.e, terrigenous sediment inputs, and not resuspension per se,
We consider land runoff, associated vith heavy rains, to be an

important seasoral environmental factor affecting the coral

‘community since it not only contributes to increased turbidity

through high sediment loading, but also significantly lowers
the salinity of the water column over the fringing reefs. It
is important to consider that even though we have measured high
DF-SPM rat;s during both the swell periogs and rainy season,
the disturbances are relatively short 1lived. Our data
collected during the two seasons support the hypothesis that
short-term sediment loading or high resuspension rates of short
duration do not affect coral growth rates (skeletal extension)
to the same extent as either low but’ persistaht sediment
loading or chronic turbidity. Indeed, if we regress the growth
rates (skeletal extension) of M. annularis against the average
D@-SPM rates during the summer months (Table 4), a strong
inverse relationship becomes apparent (r2?=0.71, P<0.001). This
stresses the importance of long term environmental monitoring
in field studies, and also suggests that ﬁigh resuspension
rates of short-duration may have only limited effect on the
yearly, as opposed to seasonal, growth rates of M. annularis.
The decrease of DF-SPM rates (mean and variance) indicates

higher bottom sediment stability during the summer months and

~
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reflects localized weather conditions. The south-north
gradient of decreasing DF-SPM rates, during the summer months,
may be ascribed to higher production of a benthic
deposit-feeding community, in the polluted southern stations,
which is directly linked to increased nutrient loading from
anthropogenic sources (i.e, sewage, pover plant effluent, rum
factory effluent). Higher benthic production and/or nutrient
loading are reflected in higher organic content of bottom
sediments at the southern stations (Table 2). It is suggested
that/_iﬁ?reased reworking of bottom sediments by
macroinvertebrates, associated with high 1loading of organic
;naterial into the benthic community, further intensiﬁfies the
instability of bottom sediments thus increasing resuspension
rates in the southern stations.

A clear distinction must be maintained between SPM and

DF-SPM measured in the present study. SPM concentrations

represent- an instantaneous measure of tt‘xe concentration of
particles suspended in the water column. DF-SPM, on the ofher
hand, is a te'mporally integrated measure of the total downward
flux of suspended particles in the water column, Both SPM and
DF-SPM may be considered as measures of turbidity and/or bottom
instablity: Note, that it is theoretically possible to measure
low DF-SPM rates even though the water column may have high SPM
concentrations. Sediment traps measure roughly only the
downward movement of particles vwhich may only be a small
percentage of the total SPM in the water column. It is
suggested that SPM may be the more meaningful index of stress

-
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on corals, since it reflects the total concentration of
suspended particles in the water column.

It is suggested that SPM_is the main environmental
variable affecting the growth rates of M., annularis, not only
because it 1is involved in smothering and in réduction of
calcification through reduction of available 1light for
zooxanthellae photosynthesis, (Vandermeulen and Muscatine
{1974) have demonstrat;d that decreased 'photosynthesis by
zooxanthellae caused decrease in calcification of hermatypic
corals), but also because it may have a positive effect as an
energy source. For example, Lewis (1976) demonstrated that M.
annularis can clear surrounding water of particulate matter,
apparently to satisfy a need for an additional source of energy
for growth., It has been estimated that the concentrations of
organic matter necessary for corals to meet their daily
maintainance requi}ements is approximately 0.29 mg/«¢.
According to Sander (1971) the average concentration of SPM in
the surface waters at station BRI was 1.11 mg/¢, which
represents 0.33 mg drfi organic matter/¢ (Lewis, 1977). Our
data show that the concentration of organic particulate matter
has increased since 1970 to 2.49 mg/¢, while the total
suspended particulate matter has increased to 5.94 mg/¢(.

The question is hov have these increases a&{ected the
growth rates of M. annula}is. The answer will depeﬁ@ on the
relative importance of autotrophy to heterotrophy in M,
annularis, and there_is, of course, no a priori reason for

assuming that the relationship between coral growth and SPM
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should be linear or even monotonic. . Foster (1980) suggested
that the growth rates of M, annularis respond positively to
light. There was a strong positive relationship (r’h = 0,56, P <
0.302) between gtozt_h rates of M. annularis and percentage of
gsurface illumination in the présent study (Table 10). These
results suggest that the species may be predominantly
autotrophic. However, Yonge (1963), von Holt and von Holt
(1968), Muscatine and Cernichiari (1969), and Goreau et al.
(1971) suggested that zooxanthellae photosynthesis co;xld only
supply limited amounts of ene‘rgy for corals and that additional
sources are needed to satisfy their basic daily requirements.

I1f M, annularis uses the organic fraction of $SPM as focod,
then a positive relationship should exist between SPM
concentrations and M. annularis grovth rates over some range of
the former. However, the present results (Fig. 3) show an
inverse relationship (r? = 0.79, P < 0.0001) over the range of
values measured., It is of interest to note that using the 1982
average coral extension rates only in the regression model
increases the r? value of the regression equation (ri=(0,99,
P<0.0001). This would indicate that 99% of the variation in the
coral extension rates is explained by the simple linear
regression model basgd on the SPM concentrations. On the othJer
hand, only 1% of the variability in coral exten¥ion rates can
be explained by other factors such as chance and/or other
variables that have not been considereq. The results presentecfﬁ

in Figure 3 indicate that 79% of the variation in coral

extension rates is explained by the model, based on SPM
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Figure 3. Montastrea annularis. Regression of M.
annularis growth rate (Growth in cm/yr) on total suspended
particulate matter concentration (SPM in mg/l). Stations
are designated as follows; ®BR, OSG, %PV, VSsL,

@3RI, GS and (@SR. The broken lines represent the upper

and lower 95% confidence bands for the regresgion line.

X
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log Growth Rate = -0.64 log SPM + 0.76
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éoncentrations, leaving 21% to éhance or other important
variables that ha; not been considered in the model. Therefore,
the equation predsented in Figure 3 is considered to be a
conservative (more robust) estimate of coral extension rates
based on SPM concentrations.

To 'assess the relationship between coral growth and SPM
concentrations more fully, wve have measured M. annularis
skeletal extengion rates at stations BRI {1972-1973;
1975-1976), BR (1972-1973) an& FV (1968-1969), when SPM
concentrations were monitored by Vezina (1975), Kidd (1978) and
Sander (1971) respectively (Table 14). Including the new data
in the regression analysis (Figq. 4) indicates that the
relationship between coral extension rates  and SPM
;onéentrations is a second-order polynomial (r?=0.41, P<0.005).
Even though the, regression ish highly significant the r32.

indicates that only‘ 413 of the coral extension rate variation

is explained by the model based on SPM concentrations.

However, it 1is suggested that the. low r? reflects the
mathematical .theory behind the regression model, and not
necessarily thg biological significance of the relationship
between SPM concentrations and coral extension rates. Applying
simple 1inear.;egression to these same data resulted in r? of
0.15, indicating that _the polynomial model is a better
estimator of coral extensioﬁ rates over the range of SBPM
concentrationg documented in this study. It is therefore-

proposed that in environments characterized by clear water,

high light intensity and low SPM concentrations, autotrophy in
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Table 14. Average skelestal extension rates of Montastrea
annularis (ca/yr) vith corresponding SPM concentrations (mg/¢)
obtsined from Sander (1971), Vezina (1975) and Kidd (1978).
Pirst number: average value; second number (in parentheses):
standard deviation; third number: number of samples.

Station Year Average extension SPM
rates (cm/yr) (mg/¢)
e X 1960 0.0 | 1.30
¢ {0.30) : . (1.086)
6 8
FV &% 1972 0.7¢ 4.12
{0.26) (2,96)
8 2 44
1973 0.87
{(0.28)
8
- BR ** 1972 0.81 3.90
-~ (0.18) (3,71)
10 45
1973 0.80
{0.27)
10
BRI &% 1972 0.9 0.88
(0.27) (0.77)
7 51
1973 0.81
{0.29)
[ 10
BRI #aw 1978 0.93 - 2.78
(0.28) (2,22)
10 29
1976 0.88
. 10.30)
10

source: * Sander (1971);
** Vezina (197%);
axs Kidd (1978);



G JE O

¢
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2
0.193log Growth Rate =0.15 + 0.56 log SPM-0.56 log SPM
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M. annularis may be‘relatively more important Qhan heterotrophy
as suggested by foqtet (1980), Howvever, with increasing
eutrophication thé corals use the additional ofganic fraction
of SPM and skeletal extension rates increase, even though
slight reduction in calcification (i.e. mass deposition) may
occur (Dodge and Brass, 1984). At some point, presumably
characteristic of the particular coral species or 1local gene
pool, optimal growth (skeletal extension) will be attained,
after which reduction of growth occurs because the negative
effect of decreasing light intensity and physical smothering
outweigh the positive effect of SPM as a food source.

Coupled with reduced growth rates is also reduction of
growth variability as indicatq§ by Dodge et al. (1974). .This
supports the view that in natural environments (unaffected by
anthropogenic activities) geveral factors may be simultaneously
iffecting coral growth and consequently growth rate variation
may be high. However, in polluted environments fewer factors
ma; be having a statistically discernible and biologically
significant effect on growth, consequently; growth rates vary
less. It remains to be seen vhether the observed differences

9

in growth rates result from \selective pressures acting on many

L

- generations, or whether resistance (through reduced growth) of

M. annularis can be caused by physiological acclimatization to
a gradual increase in SPM concentrations over a long time
period. |

The eutrophication gradient on the west coast is clearly a

function of increased nutrient loading, best reflected in an
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biomass, as

]

chlorophyll a concentrations and in high organic content™ in the

increase of sphytoplankton indicated by high
sediments. Chlorophyll a concent}ations have increased by 318%
since 1969, vhile SPM concentrations have increased by 555%.
This dramatic increase in eutrophication during the paét 15
years is clearly reflected in the growth rates of M. annularis,
as shown by the index master chronologies (Fig. 2). It is
suggested that the reduced growth rates of corals are a direct
result of increased SPM concentrations brought about by the
increased eutrophication processes; and that this Qis evident
both temporally (1969 to 1982) and spatially along the present

environmental gradient.
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The’ sexua.I reproduction ofmites porites (Pallas), a
shallow vater hermatypic coral, was studied over a one year
period on three fringing reef complexes lying along an
eutrophication gradient onthe west coast of Bapbados, W.lI.
The data suggest that P, porites is a gonochoric species with a

%,

K P o .
brooding mode of reproduction, but a low incidence (2.7%) of

]

' hermaphroditism was detected in a poQulation sampled from a

reef subjected to° urban and industriil pollution. Gonadal
development-occurs within the mesenteries between the retractor
muscles and the mesenterial filaments. Gametogenesis occurs

during nine to ten months of the year, with the peak

i

reproductive ‘activit{ occurring predominantly in the fall and

T o

’

loosely synchronized between colonies; however, gonads 'i%i'if";all

Y -
winter (November to January). Gametogenesis y?s therefore”

stages of developmerit vere present within colonies throughout
the reproductive season. The reproductive season of two P.‘
porites populations sampled from two polluted reefs began one
to two months earlier than that of a 3!3 porites population
sampled from a less polluted reef. The simultanedus presence of -
ova and la'rvaej wi‘thi'rj' ‘a colony between No embeg”,a_gg\ April

.

be re&eased repeatedly during an

suggests that larvad

extended breeding seasgn, hNo correlation was found betwedn the
average number of gonads and polyp size. However, the gonad
index (average number of gonads based on the sum of male and
female gonads) shoved an inverse .- relationship with a numbez:&' of

\ \
FA
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environmental variables. I:'is suggested that zooxanthellae in
the maturing ova may play an important role in the reproductive
success of Pl gorites; The reduction of zooxanthellae
photosynthesis through reduced light levels may significa;tly
lower the energy availablf from photosynthates to the maturing

ww’{,ﬁﬁ~qu and/or embryos, thus depressing larval development and
;aturatign. The 2:1 sex ratio observed in a P. porites
population sampled from a polluted reef may result from rapid
asexual reproduction (fragmentation),/indicating that the mode

of reproduction may be influenced by environmental conditions.
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- Introduction
Recent studies . on the reproductive biology of

scleractinian corals have provided much needed information on
their sexuality and mode of reproduction (see Fadlallah, 1983,
for review; Harrison et al., 1983; Harrison et al., 1984;
Szmant-Froelich, ;984; Harrison, 1985; Willis et al., 1985).
The available information from the Great Barrier Reef Province
suggests that the majority’of scleractinian coral species in

the Pacific region may be either hermaphroditic or gonochoric

broadcasters (Kojis and Quinn, 198la, b, 1982; Krupp, 1983;

Harriott, 1983a; Harrison et al., 1983; Babcock, 1984), and
many may undertake mass spawning episodes (Harrison et al.,

1984; Willis et al., 1985). These data provide a strong case

.against a previously held view that the majority of
scleractinian coral species are viviparous, i.e. 9,/‘?:'h.ey brood =

their larvae (Hyman; 1940, Vaughan and Wells, 1948; Wells,

1956, 1966; Stimson, 1976). In contrast to information on

Pacific coralsg, available data on the reproductive biology of

Caribbean scleractinian corals are more scarce. A review of

previous ,studies of sexual reproduction of Caribbean reef
corals (Wilson,‘1888; Duerden, 1902, 1904; Vaughaqd 1908, 1909,
1910, 1914; Mavor, 1915; Moorsel, 1980, 1981, 1983;
Szmant-rréelich, 1984; Wyers, 1984) revealed information on 17
of the 50 reef building coral species in Jamaica (Wells, {973).
However, the data show that 1Q of the 17 coral spgsdes are
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brooders while only seven are broadcasters. Furthermore, the
mass spawvning phenomena of coral species observed ;n the Great
Barrier Reef Province (Willis et al., 1985) has not been
observed in the Caribbean region.

Recent .research <?n sexual reproduction ip scleractinian
corals has been instrumental in reconsideration of a number of
hypotheses which attempted to relate the ‘mode of coral
reproduction to habitat % (Stimson, 1978)'. cor;} morphology
(Rinkevich and Léya, 1979a) and ecology (Loya, 1976a). Hoyever,

' only a few workers have. attempted to assess the effects of
anthropogenic activities on coral repréduction (Loya, 1975,
1976b; Loya and Rinkevich, 1979) or to provide comparative data
on natural variability of coral fecundity (Kojis and Quinn,
1984). Furthermore, most of these studies have been restricted
to the effects of oil pollution (Rinkevich and Loya, 1977; Loya
and Rinkevich, 1979; Rinkevich and Loya, 1979c; Peters et al.,
1981) 9nd, thergal stress (Jokiel and Guinther, 1978) on the
reproductive biology of .the corals. Given the high publicity
of major oil spills, it is perhaps not surprising that
eutrophication of coastal veter?.has received} less attention,

even though it may in the long term pose a more serious threat
® &

N

to many inshore coral reef habitats., Tomascik and Sander

(1985a) have suggested that thg eutrobhication gradient along
the west coast of Barbados, West Indies, is a\|result of
differeq&ial inputs of domestic and, ;?ﬂﬁstnial ef%&uents,
ground water discharge (Lewis, 1985) and coastal circulation

patternsj (Emery, 1972). Eutrophication processes have been
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implicated in the reduction of skeletal extension rates g;f a
reef building coral Montastrea annularis (Tomascik and Sander,
1985a). s
- Porites porites (Pallasg) was chosén for the study, since
it has been considered a dominant coral species on the leeward
coast of ﬁarbados (Lewis,/ 1960; Stearn et al., 1977), and
because little i;aformation is available on its reproductive
biology (Duerden, 1902; Goreau et al., 1981). P. porites has a
wide distribution in the Caribbe;n region and is found on many
fringing coral reefs, where it may be one of the most abundant
species‘l(Geister, 1977). -Little is known about the reproductive
biology of P. porites, other than that it may be a génochoﬁic
species (Duerden, 1902) and it releases larvae (Duerden, 1902;
Goreau et al., 1981). Porites species 6ften form large beds or

mounds suggesting that asexual reproduction is common (Glynn,

This paper presents .new data on reproduction in P,

porites, including histological observations of gonad

_structure, gondd and larval gabundance, and timing and cycle of

gametogenesis., Three P. porites populations, from three
fringing reefs (Fig. 1) lying along the eutrophication gradient
on the leeward coast °§ Barbados, were used to comparé the
effects ot\ :.eutrophicat;@‘on on the above aspects of sexual

1Y

reproduction.
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dos, West Indies.

Collection sites

Station abbreviations: SG - Spring

Gardens; BRI - Bellairs Research

Greensleeves.

Institute; GS -

T x

g



-80- ,

540" 59°30'
13°20'
. BARBADOS
j!
[3"'0. \’\
Bridgetown
~

CALE

- 5 noutical miles




- gt |
et e iy T M SR

T i oy

b %

~¥

.
Ry
» 1

_81-
Materials and Methods

Y l

»
Study sites v

Porites porites (Pallas) was studied on three fringing

reef complexes on the leeward (West) coast of Barbados, W.I.

.(Fig. 1). The three fringing reefs lie alang an eutrophication

gradient previously described by/Tonmscik and Sander (1985a).
It was suggested (Tomascik and Sander, 1985a) that the .
south-to-north gradient of decreasing nutrient, suspended
particulate matter (SPM) and chlorophyll a concent}ations is
directly and/or indirectly related to the intens}fication andsﬁ
accelération of egtrophication processes resulting from urban,
agricultural and industrial develépment on the west coast of
Barbados. ' e
The most southern reef (SG) is located in an area that has
been subjgsted to chronic pollutipn over the last 15 years by a
number of anfhtopogenic ac:ivities (i.8. harbour and flour mill
construction, rum distillery and power plant effluents). At the
present, the main source of pollutants is a nutrient enriched
thermal effluent £from an ’electric pover plant (Tomascik Fnd N
Sander, 1985a) located adjacent to the fringing reef.
Furthermore, the SG reef.is also affected by an organic rich
effluent from a rum distillery outfall situated approximately
900m west of the reef.

The central regg.(BRI) is located directly in front of the

va
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Bellairs Research Institute, 7km north of the SG reef. The
surrounding land area has been extensively developed in the
last 15 years and is the major tourist center on the west
coast. The primary pollutants affecting the BRI reef are
related to domestic .ef;luent;‘and heavy freshwater runoff
during the rainy season (Au?ust - November). The effects of
freshvater runoff have bee# intensified in this area through
man-made modifications of natural drainage streams into major
storm drains, which empty directly onto most of the fringing

i

reefs,
= The northern reef (GS) is situated 12 km north of the SG
reef (Fig. 1), and 1is considered relatively unpolluted when
* compared to thet two southern reefs (Tomascik ‘and Sander,
}585&). The main source of pollutants is from freshwater runoff
during the rainy season. However, gqualitative analyses of

aerial photographs indicated that the * surrounding land area is \\\
more densely _covered by végetation th;n at the two southern
locations, suggesting that the effects of freshwater runoff may

be less séber;. , ,

The general morphological and ecological characteristics

of Barbados fringing reefs are described by Lewis (1960),

Macintyre (1968), Stearn et al. (1977), Scoffin et al,

(1978), Mah (1984), Mah and Stearn (in pr;ss) and Tomascik and

']

Sander (1985b).
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Bnvironmental measurements

Fourteen environmental variables were monitored on #a
weekly basis, on each study site, from September, 1981, to
September, 1982, The environmental wvariables measured during
the study were dissolved oxygen (DO mg/l), biological oxygen
demand (BOD mg/l), percentage of surface illumination (PEN %),
percentage of organic matter in sediments (ORG %), suspended
particulate matter (SPM mg/l), volatile particulate matter (VPM
mg'/l), downward flux of SPM (DF-SPM mg/cm?/day), chlorophyll a
(Chla mg/m3), inorganic phosphate (PO,-P ug-at/}),
nitrate-nitrite "nitrogen (NO,+NO,~N gug-at/l), nitrite (NO,-N
pg-at/l), ammonia (NH,-N pg-at/l), temperature (°C), .and
sa‘linity (°/4¢). Note that both temperature and salinity were
monitored on a monthly basis from September 1982 éonJune 1983
at each study site. Details of sampling procedures, laboratory
analyses and - statistical treatment of the environmental data
are given elsewhere (Tomascik and Sander, 1985a).

~

Histological studies ° s

Tissue 5amples from P. porite§ were obtained on a
semimonthly basis from June, 1982, to June, 1983. Sampling
involved. breaking & branch from eac‘h Colony. Because of the
relatively small size of P, poritgs, it was not possible to
sequentially sample the same colony, ané thérefo're,) 10
different colonies were sampled on each sampling day at each

> . s ' ‘“ . .

>
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study reef. To reduce possible within-reef variation 1in coral
fecundity, all P. porifes colonies collected were from the sput
and groove zone at a depth of 2 to 3m; all coral specimens we;e
of similar size. The sampling regime was design to minimize
possiﬁle effects of natural environmental gradients (i.e. depth
or wave action), as well as possible effects of colony size on
the q onset of gametogenesis and gonad abundance
(Szmant-Froelich, 1985). .

All coral specimens were fixed in 10%- formalin’ for 24

hours witbin a few minutes after collection. To ingrease the
~rate of decalc;fication, each branch of P, porites was split.in
"half with a chisel and decalcified in a solution of egual parts
of 50% formic acid and 20% sodiu& citrate (Pearse, 1968;
Rinkevich and Loya, 1979a), which was changed after six hbués.
After decalcification, all coral tissue samples were washed in
running tap water for six hours and preserved in Bouin's
solution (Humason, 1972). )

For histologicall analyses, tissue samples (0.75 to 1.50
cm?) were taken from mid-branch (Rinkevich and 'Loya, 1979b).
All tissuve samples ;ere dehydrated in an ethanol se}iqs
(Humason, 1972), cleared in toluene and embedded in TissuePrepa
The prepared blocks were ‘sectioned horizontally (i.e. parallel
to surface) at 10um through two regions of\th; tissug %00pm
adgttf\\ hg gymber of tissue sampies from each reef had
previously %een ‘sectioned to ‘locate the region of tﬂe polyp
containing reproductive material. Thus, t;o slides withifive

»

to eight serial cross sections each were preparéd from each

\

¢
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tissue sample.: All -tissue Seétions were stained with Harris
hematoxylin (progressive method; 40 sec.) and counterstained
with eosin (3 min.). For the guantitative analyses two cross

sections (one from each slide) were chosen randomly. Maximum

egqg diameters vere measured vith a calibrated ocular.

micrometer,

The relative size of coral polyps was indirectly estimated
by counting the number of polyps in a 0,25 cm? square hole
placed under the slide containing a tissue cross section from
the tentacular region of the polyps. The relative size index
thus obtained was expressed as the number of polyps per 0.25
cm? of tissue. It has been demonstrated ghat the onset of
gametogenesis i? certain coral species is dependent on the
number of polyps per colony, and the abundance of gametes seems
to depend on colony size (Rojis and Quinn, 1984;
Szmant-Proelich, 1985). Therefore, the gonad and 'larval
abundances per polyp were transformed to abundance per (.25 cm?
of coral tissue, as suggested by Kojis apd Quinn (1984). All
tissue sections wvere examined under/ a compound 1light
microscope, and a system of three sequential developmental
stages, for spermaries and oocytes, was used to guantify the
histological ~observations of gametégene;is. Note that no
attempt was made to monitor gamete release, larval release or

larval settlement (recruitment).

e et b2
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Environmental data. Témperature and‘ salinity data were
collected at each reef from Septembe;, 1981, to June, 1983,
The temp&rature data were transfo}med (dX+l ; X = temperature
in *C) and tested for the basic assumptions of homogeneity of
variance (Fmax test; Zar, 1984) and normality (Kolmogorov test;
Ray, 1982a). Since t;e null hypothesis of normality and

homogeneity of variance were accepted (P < 0.05) differences in

' average temperatures among the three reefs were tested by

one-way ANOVA (Ray, 1982b). Specific among reef differences
were’determined using the Tukey's studentized range (HSD) test
(at P < 0.05 level). Since a2 number of transformations were
unsuccessful in normalizing the salinity data, the differences
among the three reefs were determined by one-wey ANOVA based on
normalized rank scores (Blom technique; Ray, 1982b). The
results of normality (Kolmogorov statistic) and homogéneity of
varia;ce (Fmax) tests on the normalized rank scores indicated
no violations of the above assumptions. Parametric one’wa§
ANOVA applied to normalized rank scores is equivalent to the
Kruskal- Wallis K-sample test, and the F-test generated by the
parametric procedure on ranks is often superior to the

chi-squared approximation used by Kruskal-Wallis (Ray, 1982b).

Specific Qifferences were determined by the Tukey's test.

4
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Reproduction. Prior to statistical analyses, all data sets
‘i'ete transformed dm )} and testéd for the basic assumptions
of normality (Kolmogorov statistic; normal probability plots)
and homogeneity of variance (Fmax test). With the exception of
thg data sets containingb the polyp size index and larval
abundance, the null hypofﬁéé;s of normality and homogeneity of
variance were ;cceptedr(P < 0.05) for all transformed data.
> A two-way ANOVA, wusing the General Linear Model (GLM)
procedure for unbalanced design (Ray, 1982b), was used to test
three null hypotheses; 1) H,: There are no differences in the
average gonad index among the three reefs; 2) H,: There is no
temporal variability in the~ average gonad ‘index; and 3) H,:
There is no interaction of reef location and time of the year
on gonad index, Since the aim of the two-way ANQVA was to
’demonstrate possible effegt§ of eutrophication on  the
reproductive potential of P, porites colonies in reproductive
state, coral colonies which did not contain reproductive
material vere excluded from this analysis. However, the null
hypothesis that the relative frequencies of colonies in
reproductive state are independent of location (i.e. reef) was
tested using the 3 x 2 contingency table (Zar, 1984). Temporal
variability in gonad index at each study reef was tested using
(parametric one-wvay ANOVA. In this analysis, all colonies
sampled in each month (i.e. rsproducing and non-reproducing)
were used, Where ANOVA indicated discernible differences, a
multiple comparison of means (at the P < 0.05 level) was

carried out using the Tukey's studentized range (HSD) test, A

e
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nonparametric ANOVA (Wilco;on 2-sample test; chi-square
approximation) was performed to test the null hypothesis that
there were no differences in the average number of larvae among
the three reefs. In this procedure samples not “containing
larvae were excluded from the analysis. Chi-square analysis
vas used to determine sex ratios among the coral colonies
within each reef, To determine whether there were
statistically discernib{e differences in polyp size index among
the three reefs, one-way ANOVA was performed on the normalized

rank scores and specific among reef differences vere determined

by the Tukey's test.

» -
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. Bnvironmental conditions

Tomascik and Sander (1985a) demonstrated statistically
discernible différences amorlg the three reefs for a number of
environmental variables. In general, statistically higher
nutrient concentrations (i.e, PO,-P; NO,#NO,-N; NO,-N; NH,-N)
were measured at the SG reef than at the BRI or GS reefs.‘SPM
concentrations, BOD levels and ORGS vere statistically higher,
vhile PEN% vas statistically lower at the 5G reef than at the
twvo northern reefs BRI and GS. The only statistically
discernible differénces between the BRI and GS reefs vere for
PENY, which vas higher at the GS reefi ~and chlorophyll a
concentrations, which vgis\wigyeﬁ at the GS reef (Tomas;ik and
Sander, 1985a). .

Statistically higher tempdratures (P<0.05) were measured
at the SG reef ( ¥ = 28.56 ¢ l.li; N « 57) than at the BRI reef
( X« 22.89 ¢ 0:93; N = 57) and the GS reef ( X = 27.82 t 0.91;
N = §57), Temperature differences between BRI and GS reefs wvere
not statistically disccrnib{c. Highest temperatures generally
occurred in September - November and gradually declined until
February/March (Fig. 2). Salinities recorded at the SG reef (X
= 32.26 9 1.67; N = 56) were statistically lower (P < 0.0S5)
than at the BRI reef ( X = 33.47 £ 1,11; N = 5¢) or at the GS

reef ( X = 33.35 2 1.2;;7N = 56). However, there were no
A\ t 1 '
LY

N




Pigure 2. VYearly temperature (°C) fluctuations at the GS,
BRI and SG collection sites from September 1981 to June
1983. 0
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statistically discernible salinity differences between the BRI
|

an S .reefs. Highest salinities occurred .jn !January andk\
//’/;:i:::ssively declined until June/July (Fig. 3). Seasonal
" patterns of salinity and temperature fluctuations vere more
similar between the BRI and GS reets“than between these reefs
and the SG reef (Pig. 2, 3). These salinity and temperature
differences can be attributed to the effects of thermal

)
effluent released onto the back reef zone of the SG reef,

" Reproductive strategy

Porites porites is gonochoric; ive. each colony vas either
male or female. Hermaphroditism was detected in only ten
colonies (2.7 %) ; and ;11 of these were from the SG reef. Nine
of the hermaphroditic colonies were predominantly male, with
one to three ovaries, while one colony was predominantly female
with one testis. containing three spermaries. Both testes and

L J
ovaries develop within the mesenteries between the retractor

muscle and th; mesenterial filaments, Testes usually consist of
one to six spermaries, each spermary is separated from the
others by a thin membrane probably of mesogleal origin. The
ovaries usually contain one ovum at maturation, which is
surrounded by a thick endodermal layer during early oogenesis,
of the- 620 colonies sampled throughout the year, 366 were in
reproductive state, i.e. contained some reproductive material.

The sex ratio of colonies was 1:1 at the BRI and GS reefs,

but 2:1 in favour of males at the SG reef (Table 1; X?=3,57, P
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BRI and SG collection sites from September 1981 to June
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Table 1. Porites porites. Chi-square analysis testing the
null hypothesis; H,: The sampled population of P, porites from
t three reefs has a 1:1 sex ratio., Observed frequencies are
listed, with the frequencies predicted by H, in parentheses.
N indicates number of colonies.

#no! N.lok Pemale ] ) &) 2 4

SG § 83 57 137 5.00x* 1
(68.5) (68.5)

i BRI 55 64 119 - 0.68 1
(59.5) (59.5)

GS 50 60 110 0.91 1
{55.0) (55.0)

* Statistically significant

Total of X3 ’ 6.59 3
Pooled x2 lss 181 369 0.13 1

(184.5) (184.5) °
Heterogeneity x32 6.46 2
o v 0.025<P<0.05 *

g
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(x3) < 0.05). .The probability that the samples collected at
the three reefs came from more than one population is further
supported by the results of the heterogeneity chi-square
analys‘?s (2ar, 1984); (Table 1).

Gametogenesis .
ODogenesis. Oocyte development wag characterized by three
developmental stages separable by histological characteristics
and relative size of the oogytes. The stages identified were,
Stage 1: early stage of oocyte development; Stage II: ococytes
undergoing vitellogenesis; and Stage III: mature ova,

Stage I oocytes (Fjlg. 4a) vere found in the mesoglea of
the mesenteries and vere distinguished by small size ( < 70um)
and ' large nuclgd (4-16 wm). Each immature ovary contained one
oocyte; but in a few cases, two oocytes were present (Fig. ¢b).
Since the mature ovaries contained one mature ovum, any
additional‘,oocytes present during the early developmental
stages are presumably resorbed during maturation of the

-

successful oocyte (Rinkevich and Loya, 1979a; Harriot, 1983a,

b; Stoddart and Black, 1985)., The smallest oocy:tes, ovoid in

shape, vere approximately 10um in diameter and consisted‘ mostly
of nuclei which contained distinct nucleoli. During this phase
there was very little cytoplasm present. Subsequent changes of
Stage I oocytes involved an increase of cytoplasm which was
packed vith clear vacuolated granules, This stage is

characterized by an intense RNA synthesis (Giese and Pearse,
P g o

.

s
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Figure 4 a-f. Porites porites. Photomicrographs of
histological tissue cross sections showing structure of
female gonads and the sequence of oogenesis. (a) Stage I
oocyte located in the mesenterial endoderm; (b) Stage I -
two oocytes located in the same mesentery, note the absence
of zooxanthellae in the mesenterial endoderm; (c-d) Stage
I1 oocytes located in the mesenterial mesoglea. Mesenterial
endoderm containg numerous zooxanthellae. Yolk granules are
apparent, but not differentiated. (e-f) Stage III - mature
ova heavily impregnated with zooxanthellae, Note the dented
structure of the nucleus and relative position of the
nucleolus, Yolk granules are clearly differentiated from

‘other ooplasmic material. Mature ova surrounded by thin

egg membrane. Scale bars are in um units. Abbreviations: O
- oocyte; Mf - mesenterial filament; Rm - retractor muscle;
En - endoderm; Ms - mesoglea; N - nucleus; Nu - nucleolus;
Z - zooxanthellae; Y - yolk granules, .
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1974), which was reflected in strongly basophilic cytoplasm
that stained deep blue with Harris hematoxylin. Note that the
endoderm of the mesentery surrounding the Stage I oocytes did
not contaim} zogxanthellae. There vere no  observable
histological difterences in the structure of the Stage I
oocytes among the three reefs.

Stage II oocytes (Fig. 4c) undetgo%gg vitellogenesis were
differentiated fron the earlier Stage I oocytes by an eosin
positive cytoplasm, vhich contained numerous cytoplasmic
granules. The nuclei continued to enlarge during the
vitellogensis, wuntil they were approximately 30 to 50um in
diameter ., During this phase, the ovaries contained one oocyte
only (70 - 280um in diameter). The cytoplasm of the smallest
Stage I1 oocytes (70 - 100um) contained mostly clear
cytoplasmic granules, wvwith only a few pink st;ining yolk
granules present. Largér »Stage II oocytes (100 - 280um) were
characterized by a large number of yol%) granules in the
cytoplasm (Fig. 4d). However, the yolk granules at this stage
of vitellogenesis were not clearly delineated. Furthermore, the
mesenteria} endoderm surrounding the late STAGE Il oocytes was
impregnated with numeroué zo&;anthellae (Fig., 44d); but

zooxanthellae were not observed in the ooplasm. }

Stage 111 oocytes (Fig. 4e) were considered mature ova
vith a diameter of 280/490um. The nuclei, approximately 30 to
50um in diameter, have migrated towards the p;riphety of the
ova and become characteristically dented at one side. The

nucleoli were present and were usually located in the proximity

b
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of the nuclear dent (Fig. 4f). The ooplasm contained distinct

and deep staining yolk granules. Mesenterial endoderm

surrounding the smaller Stage III oocytes (ZBOFT) was heavily

impregnated with zooxanthellae; however, ag’ the oocytes
matured, the endodermal layer became progressively thinner and

the zooxanthellae migrated into the ooplasm of the mature ova

——

(Fig. 4f). Thus, in P. porites, impregnation of mature ova by

zooxanthellae seems to occur before fertilization.
Spermatogenesis

&hree distinct stages of sperm development were identified
based on the histological characteristics of the spermatocytes
and\\ spermaries, The earliest stages of P, porites
spermatogenesis occurred in the swollen portion of mesenterial
endoderm between the retractor muscles and the mesenterial
filaments (Fig. 5a). However, with the technigue used, it was
not possible to identify the cells, which may range from
interstitial g;}m cells to secondary spermatocytes (Giese and
Pearse, 1974; Miller, 1983). 1In the later phase of developqent
(Stage 1) the spermatocytes vere aggregated in clusters
(spermaries), which were surrounded by mesogleal 1lining (Fig.
5b). The number of spermaries varied, usually with two to six
spermaries per testes. The spermatocytes at this stage of
development were large, deep staining and Kevenly distributed

th}oughout the spermaries. The mesenterial endoderm surrounding

the testes did not contain zooxanthellae throughout the
o

>

P% 20
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rigure 5 a-f. Porites porites. Photomicrographs of
histological tissue cross sections showing structure of
male gonads ang the sequence of spermatogenesis. (a) Stage
I - spermatocytes are located in the mesenterial endoderm,
note the absence of zooxanthellae; (b) Stage I - early
developmenta) stage of three spermaries contained by a
single mesentery; (c) Stage II - sig spermaries in a single
mesentery, rfote all spermaries are at the same stage of
development
the presen of maturing spermatozoa in the central region
with spermatocytes located tovards the periphery, and the
hollovw central cavity. (e) Stage III - two spermaries
packed with mature spermatozoa, note the absence of
mesogleal lining; (f) Stage II1 - mature spermatozoa being
released from a mature spermary into the coelenteron, note
the conical shape of mature sperms. Scale bars are in aum
units., Abbreviations: Mf. - mesenterial filament; Rm, -
retractor muscle; En - endoderm; Ms - mesoglea; Spr -
spermatocytes; S - mature spermatozoa.

(d) Stage II - single spermary illusttating

Sree”
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spermatogenesis.

In stage 1II (Fig.5¢c), the spermatocytes wvere located in
the periphery of the spermaries and resembled the spermatocytes
of Stage 1. The central area of the spermaries vas fillgd with
much smsller spermatozoa (Fig. 5d) with a distinct, seémingly
hollow space in the center of the spermaries. Ian stage III
(Fig. Se), the spermaries were densely packed with mature
spermatozoa, and the mesogleal 1lining surrounding the mature
testes was either much reduced or absent. The mature
spermatozoa were conical in shape and contained a large
triangular nucleus which was located at the tip of the cone

(Fiﬂg‘ Sf).

-
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Babryonic development

)

The earliest embryos detected resembled mature ova in

their staining properties. However, uflike mature ova, the

outer layer of the embryos was more irfegular, rough and not
clearly delineated from the inner yolky mass (Fig. 6a). In
subsequent stages of developmefit, the embryos had a distinct
outer layer of columnar epithelial cells, impregnated with
nematocysts (Fig. 6b), that resembled the ectodermal layer of
mature larvae, It has beenv suggested that gastrulation in
cnidarian embryos takes place by multipolar delamination
(Campbell, 1974); however, this process is difficult to
observe. Fig. 6c indicates two possible cleavage planes of the
inner yolky layer, which may represent early stages of.
mesenterial differentiation. Subsequent stages of development
involve formation of oral pore and stomodeum, which appears to
form by ectodermal invagination (Fig. 6b) and the development
of mesenteries (Fig. 6d4). A cross section through a nearly
maéhra larva (Fig. 6e) indicates well developed ectodermal,
endodermal and mesogleal layers, as well as the presence of
developing mesenteries that project into the coelenteron.
z&gxanthollao vere absent from the ectodermal,layer. Ciliated
larvae were not observed, indicating rapid development
subsequent to the appearance of larvae Qwith,xcil developed
mesenteries. The largest larvae measured in this study vere::
800;m (naxfmun diameter), wvhile the smallest embryos wdéeh

approximately 500am, and thus very similar in size to mature
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Pigure 6 a-f, .Porites |porites. Photomicrographs of

istological tissue cross sections showing various stages
of larval development. (a) Barly post fertilization stage
gastrula; note presence of yolk granules, zooxanthellae and
the irregular surface; (b) Differentiation of the
ectodermal layer, note the absence of zooxanthellae.
Development of stomodeum indicated by invagination of
ectodermal layer; (c) Larva with two possible cleavage
planes in the central mass; (d) Mesenterial and stomodeum
development indicated, note the distinct ectodermal layer
of columnar epithelial cells; (e) Larva near maturation
showing distinct ectodermal and endodermal layers and
coelenteron; (f) Larva with well developed mesenteries and
coelenteton. Scale bars are in um units. Abbreviations: En
- endoderm; Ec' - ectoderm; Ms - mesoglea; Mes - mesentery;
2 - zooxanthellae; St - stomodeum; Cl - cleavage plane; Y -
yolk granules; C - coelenteron.
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ova. The presence of larvae in colonies containing all stages
of oocyte development iﬁdicates that larvae may develop and be
released continuously during the peak reproductive period of
November to February. |

It is of interest to note that Stoddart (1983; 1984),
using an electrophoretic technique, has demonstrated that
production of 1larvae in Pocillopora damicornis (Linnaeus) may
occur through yet unknown asexual processes. Stoddart and
Black (1985) further point out that in P, damicornis, the
developmental pathway 1leading to brooded larvae remains
equivocal, since a developmental link between the gametes .and
larvae has not been demonstrated. In this study, the presence
of large amounts of yolky material in the early embryonic

stages of Porites porites strongly suggests a link between

AN

larval production and sexual reproduction,

v o
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Reproductive seasonality

The sequence of gametogenesis and larval appearance at the
three reefs was compared by plotting the average relative
frequencies of each developmental stage over each month of the
year (Fig. 7). This type of ¢omparison is gqualitative, in
that, the average abundance of each stage at the three reefs is
not apparent, None of the coral colonies collected from the
three reefs at the end of June, 1982, contained reproductive
material. Therefore, it was surprising to find a high
percentage of Stage I and II oocytes and spermaries in
July/August, 1982, at the SG and BRI reefs (Fig. 7). From July
to September the relative frequency of Stage I oocytes and
spermaries increased, while Stage II and 1III1 oocytes and
spermaries decreased at both SG aqd BRI reefs, Gametogenesis
at the northern unpolluted reef GS lagged one to two months
behind that at the SG and BRI reefs,

Oogenesis at the GS reef was initiated approximately one
month before spermatogenesis. Colonies collected during August
at the GS reef contained predominantly Stage I oocytes, with
few Stage II and III oocytes; however, none of the colonies
collected contained testes. Spermatogenesis at the GS reef was
most likely initiated in early September, since all male
colonies cqllected in September contained only Stage I
spermaries (PFig.7). From November, 1982, to January, 1983,

Stage I1I spermaries were most abundant, indicating that the

WW,;W TS
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N

Pigure 7. Porites porites. Temporal changes in the
relative frequencies of the three developmental . stages of
spermatocytes and oocytes, percentage of <colonies
containing larvae, and ‘the average number of larvae per
0.25cm? of tissue at the three study reefs GS, BRI and SG.
Bars for the average number of larvae indicate standard
deviations.
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release of spermatozoa most. likely occurred during these

months. With the exception of SG reef, male colonies collected *

between Februgry and March contained mostly Stage I spermaries.
At the SG reef, there was a slight peak 1in the relative
frequency of Stage III spermaries during April.

On all reefs, as the Stage I and II oocyte frequencies
decreased from September to May, Stage III oocyte frequencies
gradually increased until April - May. Depregsing the
production of new primary oocytes during the late stages of the
reproductive cycle, may make more energy available for the
maturing ova already present.

In summary, gametogenesis appears to be loosely
synchronized, with mature ova and spermatozoa being present in
most months, but the decrease in early developmental stages of
oocytes and spermaries being accompanied by an increase in the
relative frequencies of mature stages.

Larvae, at the SG and BRI reefs (Fig. 7), first appeared
in October; but in only a few colonies ané in 1low numbers. In
contrast, larvae at the GS reef appeared in November, one month
later than at the BRI and SG reefs (Fig. 7). From November the
average abundange of larvae in the tissue c¢ross sections

gradually increased, and reached a peak during February.

g ned STt
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Reproductive activity

The most widely used quantitative method for estimatina
reproductive activity in marine benthic invertebrates is the
gonad index (Giese and Pearse, 1974). In the present study
gonad index 1is expregssed as the average number of gonads per
0.25cm? of coral tissue (based on the sum of all male and
female gonads). The gonad index was used to quantify the
reproductive a;tivity of P. porites, and to relate the
reproductive activity of P. porites to environmental conditions

(Table 2). The average gonad index increased from the SG reef

in a northerly direction towards the BRI and GS reefs by 12.5 %

and 38.1 § respectively. Spatial and temporal differences in
the average gonad indices of P. porites were statistically
discernible (two-way ANOVA; Table 3). Average gonad index at
the GS reef was statistically higher than at the SG ‘and BRI
reefs (Tukey's studentized range test; Table 2 and 3). There
were no statistically discernible differences in the average
gonad index between the SG and BRI reefs. fhg average gonad
index had a .significant temporal variabiii;y (p < 0.0001),
suggesting strong seasonal patterns. FPurthermore, the strong
interaction effect (Table 3} suggests, that the average gonad
index during the reproductive cycle is strongly dependent on
both the time of year and the location (i.e. reef). Since all
P. porites colonies were collected from similar ecological
zones (?pur and groove), similar depth (2 - 3m) anejgll were of
similar size, the strong interaction etfgdi\\in the two-way

.~

ANOVA (Table 3)

[T P, WS



Table 2.

Porites porites.
and female gonads)

porites (sum of male
reefs and the yearly means for temperature (Temp °C), salinity

-113-
The

average gonad index of P.
at the tHhree study

(Sal */,,), suspended particulate matter (SPM mg/l),
chlorophyll a {Chla mg/m3) and percentage of surface 7
illumination (Pen §). rst number:; average values; second
number (in parentheses):  standard deviation; third number: .
‘sample gize,
Reef Gonad '1'0-? Sal SPM Chla Pen
Index (*C (/4 (mg/1) (mg/m?) (%)
SG 5.48 28.56 32.3 7.32 - 0.895 28,82
(5.22) (1.11) (1.7) (2.86) (0.406) (11.84)
137 57 56 - 46 46 28
BRI 6.26 27.89 33.5 5.94 0.799 34.52
(6.65) (0.94) (1.1) (3.41) (0.470) (7.32)
119 57 54 44 46 28
GS 8.85 27.82 33.4 5.21 0.546 40.45
(8.51) (0.91) (1.2) (3.29) (0.270) (8.43)
110 57 56 44 46 28
0
/'\—/-\\
T ° \*

b e
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Table 3. Porites porites., Parametric two-way ANOVA of the
average gonad indices for P, porites at the SG, BRI and GS
L]

reefs over time. -~
g - e
Source 8s at M8 ¥ value PR>?

3
Model 32.726 3 1.056 12,41 0.0001
Efror 28.411 334 0.085
Total 61.137 365
Reef 0.653 2 ~ 0,327 3.84 0.02
Time 26.539 10 2.654 31.20 0.0001
Reef X Time 5.534 19 0.29) 3.42 0.0001
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suggests that the observed differences in the average gonad
indices were closely related to the environmental differences
that exist among the three reefs“ (Tomascik and Sander,,1985a).
The probability that the observed differences in the average
gonad indices were related to the environmental differences
betveen the reefs was further supported by the results of the 3
X 2 conti“ngéncy table, using' chi-square statistic (Zar, 1984),
which rejected the null hypothesis that r;productive state of
P. pBrites was independgpt ofw locat.ion (Table 4). However, it
should be noted that the differences in the average gonad
indices among the three P. porites populations may be also
related to local genetic variability.

Since the release of larvae was not quantified or
observed, the potential reproductive success of P, porites may
be approximated by the average number of larvae in the tissue
cross sections. The results of the nonparametric ANOVA
demonstrated that the average number of l'arvne per tissue
sectidn at the northern reef G§ (X = 1.2 + 2.1; N = 60) was
statistically higher (P < 0.0002) than at the SG reef (X = 0.1
+ 0.4; N = 54) and the BRI reef (X=0.4  1.1; N=. 64; P<
0.004). There were no statistically discernible differences
between the SG and BRI reefs (P > 0.370). In summary, even
though the reproductive season at the SG and BRI reefs is one
to two months longer' than at the GS reef, the potential
reproductive output (reflected by the average number of larvae
per tissue section).was lower. However, the narrow latvallpeak

at the two southern reefs (BRI and SG) also suggests a sudden

+

- »
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Table 4. Porites porites. A 3 X 2 contingency table for
testing the independence of the reproductive state of P.
pori‘t’es and location, Colonies in reproductive state contain
gonads.

Location MNo. of colonies No. of colonies Total

(Reef) vith gonads without gonads

SG 137 73 210
BRI 119 81 200
GS } 110 100 210
Total 366 254 620
X? = 7.20

ve2

x’....,; =~ 5,99
0.025 < P < 0.05
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larval release (Fig. 7). In contrast, the b{pader larval peak
at the northern reef GS (Fig. 7) indicates longer larval
release period, followed by a sudden drop in April.

Pig. Ba clearly demonstrqﬂ;s that P. porites colonies at
the SG reef contain gonads /throughout the'year, with the
exception of June, The percentage of colonies containing gonads
increased from July to December and remained high until May.
The sharp decline ofgcolonies in a reproductive state in March
was perhaps a result of sampling, 8ince coral colonies
collected in April contained gonads in all stages of
development. Reproductive activity at the SG reef showed a well
defined seasonal cycle, with peak reproductive activity (i.e.
number of gonads per tissue section) occurring between October
and January folloved by a decline, even though the percentage
of colonies with gonads remained high (Fig. 8a,b). The results
of the one-way ANOVA indicated significant temporal variability
‘(Table 5). The

for the average gonad index at the SG reef
results of Tukey's test indicated no Atatistirally discernible

differences iﬂ the average gonad indices amghg the four months

of high'reproductive activity, October to January, as well as

February and April, however, the average gonad indices between
November and January were statistically discernible (at the
P<0.05 level) from other months (Table 5).

Seasonal variability in the average gonad indgx at the BRI
reef vas similar to the SG reef. Fig. 9a indicates that
colonies of P, porites at the BRI reef were reproductively

active throughout the year, however, the peak reproductive
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Figure 8. Porites porites. Reproductive activity over a
single breeding season for the population of P. porites
collected at the SG reef. a) showving that éolonies in
reproductive state are present during 11 months of the
year; b) showing that peak reproductive activity (expressed
as the number of, gonads per tissue section) occurs between
Rovember and January. .
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Table 8. Porites porites. A one&-vay ANOVA and Tukey's
studentized range (HSD) te8t for the average gonad index of P.
porites at the SG reef at different times of the year. Lines
connecting different aonths indicate no statistically
discernible differences (at least at the P < 0,05 level).

Source, 88 at NS P value PR>P
T ‘

Model 13.858 10 1.386" 12,53 0.0001

Brror 19.799 179 0.111

Total 33.657 189

Tukey's test:
Months
Dec Jan Nov Apr Oct Feb May Mar Sept Aug July

‘

P
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rPigure 9. Porites porites. Reproductive activity over a
single breeding season for the populatzon of P, porites
collected at the BRI reef. a) shoving that colonies i
reproductive state are present during 11 months of the
year; b) showing that peak reéproductive activity (expressed
as the number of gonads per tissue section) occurs between
November and January.
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period vas more clearly defined (Fig. 9b) than at the SG reef.
The average gonad index incrgased from July and peaked between
November ané January. The results of the one-way ANOVA
indicated significant seasonal variability (Table 6), while the
results of the Tukey's test showed that the average gonad
indices between November and January vere statistically
discernible from other months (Table 6).

The seasonal variability in the average gonad index at the
GS reef, with few exceptions, was similar to the two southern
reefs SG and BRI. However, unlike at the two southern reefs,
coral colonies in reproductive state were first observed in
August, and represented 5% of the sampled popu}waji’_qn (Fig. 10a)
compared to 35% and 45% at the SG and BRI reefs respectively.
The percentage of colonies in reproductive state increased to
100% in December - January and subsequently declined (Fig.
10a). The average gona:i index at the GS reef increased
gradually from August to December (Fig. 10b). The results of
the one-way ANOVA indicated that the seasonal variabili
the average gonad index at the GS reef was significant (Table
7). Reproductive activity between November and January was
statistically discernible from the other months of the year
(Fig. 10b; Table 7), with the exception of March (Tukey's
test).
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Table 6. Porites porites. A one-way ANOVA and Tukey's
studentized range (HSD) test for the average gonad index of P,
porites at the BRI reef at different times of the year, Lines
connecting different months indicate no statistically
discernible differences (at least at the P < 0.05 level).

G

Source ss at NS P value PR>P
Model 25.010 10 2.500 34.73 0.0001
Error 12,170 , 168 0.072

Total 37.180 179

Tukey's test:
Months -

LY

Dec Jan Nov Peb Oct Sept May Aug Mar Apr July

.
“ 2 e
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rigure 10. Porites porites. Reproductive activity over a
single’zeeding seagson for the population of P, porites
collec at the GS reef. a) shoving that colonies "in
reprofuctive state are present during 10 months of the
year; b) showing that peak reproductive activity (expressed
as the number of gonads per tissue section) occurs between
November and January.
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s
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Table 7. Porites porites. A one-way 'ANOVA and Tukey's
studentized range (HSD) test for the average gonad index of P,
porites at the GS reef at different times of the year. Lines
connecting different months indicate no statistically

v o aw

-~ m——

discernible differences

(at least at the P < 0.05 level).

8

Source 8s aft NS P value PR 3 F
Model 33,202 10 3.320 +31.11 0.0001",
Brror 19.105 179 0.107 t
Total 52,307 189 2
Tukey's test
Months

Dec Nov Jan- Mar Oct Feb Sept May Apr Aug July

- = e e e - -
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Average number of polyps

)
The results of one-way ANOVA (Table 8) based on the

normalized rank scores (Ray, 1982b) indicated significant
differences (P < 0.0001) for the average number of polyps per
0.25 cm? of tissue (i.e. polyp size index). The results of ;he
Tukey's test showed that the polyp size index at the SG reef (X
= 19,27 + 4.73; N = 210) was statistically higher (P<.05) than
at the BRI (X = 17.12 + 3.95; N = 200) and GS (¥ = 14.17 %
3.70; N = 210) reefs, Furthermore, the polyp size index at the
BRI reef was statistically higher’(P<0.05) than at the GS reef,
Spearman rank correlation analysis between polyp size index and
the average gonad index failed to demonstrate a statistical
relationship (r = -0.01; P > 0.81; N = 366), indicating that
the observed differences in the average gonad indices were not

-

related to polyp size.

B
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Table 8. Porites porites. A one-way ANOVA of the average
polyp size index among the three reefs for P. porites.

Source 88 at M8 F value PR>P
L

Model 122.283 2 '61.141  76.84 " 0.0001
Error 490.936 617 0.796

Total 613.219 619
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Discussion and Conclusions

Recent studies on the reproductive biology of Porites
species in the Pacific have demonstrated two patterns of sexual
reproduction. Porites lutea Edwards and Haime, P, lobata Dana,

P, andrewsii Dana, and P. australiensis (Vaughan) spawn gametes

_and are gonochoric (Kojis and Quinn, 1981b; Harriott, 1983);

while P. murrayensis Vaughan is a gonochoric brooder (Kojis and

‘ Quinn, 1981b). Thus, it has been suggested that gonochorism can

be considered a general characteristic of the family Poritidae
(Kojis and Quinn, 1981b).

Barlier accounts of the life history of the genus Porites
in the Caribbean indicated that two species, Porites astrecides
Lamarck and P. clavaria Lamarck, brooded their embryos to
larval stage (Vaughan, 1908, 1909, 1910). Purthermore, Duerden
(1902) indicated that P. clavaria (= P, porites; Roos, 1971;
Cairns, 1981) may be a qonochoric species, since male and
female gonads were not found in the same colony. However, this
did ﬁotf exclud®® the possibility that P. porites was a
protandrous or protogynous hermaphrodite. Recently, it was

demonstrated that P, astreoides is a hermaphroditic brooder

T~

(Szmant-Froelich, 1984).

The present study provides strong evidence that in natural
environments (i.e, unaffected Sy anthropogenic activities) p,
porites is a gonochoric brooder (colonies are either male or
female) at least during each breeding season. In polluted

environments P. porites may revert to hermaphroditism through

B bt 2
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yet undetermineé(;rocesses. Since the same P. porites colonies
were not sampled sequentially throughout'the breeding season,
the possibility that P. porites is either protandrous or
protogynous hermaphrodite needs further investigation. However,
the data suggést that an earlier assumption that all Caribbean
Porites species are hermaphrodites (Harrison, 1985) needs
reevaluation. In/view of the close morphological simjlarity of
P. porites to P, divaricata Lesuer and P. furcate Lamarck
(Roos, 1971; Cairns, 198l1), it would be of interest to
investigate whether these formae are similar to P. porites in
terms of sexuality and mode of reproduction. 1In this context,
note that two forms of Agaricia agaricites (Linnaeus), namely
forma purpurea (Lesueur) and forma humilis Verrill (now
considered separate species; Moorsel, 1983), are both
hermaphroditic brooders (Fadlallah, 1983).

Note that the reproductive strategy of P, porites is more
similar to its Pacific congener, P. murrayensis, than to its
Caribbean congener, P. astreoﬂﬂes. Of equal interest is the
similarity in timing of gametogenesis between P. porites and P.
murrayensis. In both species gametogenesis is initiated from
July to September. Release of larvae was not observed in this

study, however, Goreau et al. (1981) have indicated that

larval release in P. porites at Jamaica occurred during late

November and subsequently declined. Howvever, the study in
L4

Jamaica was conducted under laboratory conditions. The water

temperature vas maintained at a constant 21 °C which is well

below the normal yearly range of 26.2 °C to 29.7 °*C (Ohlhorst,

b
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1980). The results of the present study (Fig. 7) indicate
that, in ‘Barbados, larval release {; P. porites most likely
occurs for five months of the year between November and April.
Thus, the timing of larval release in P, porites is similar to
P, murrayensis in the Pacific (Kojis and Quinn, 1981b). The
available data on the breeding season of P. astreocides suggests
that this species is reproductively active most of the year
(Szmant~-Proelich, 1984).

P, porites _and P. astreoides are common Caribbean SpeFies
found in-all re;f habitats: back reef, reef flat and spur and

groove zone (Tomascik and Sander, 1985b). P. astreoides was

+ the most abundant species in terms of the relative coral cover

at the two northern reefs BRI and GS, while at the SG reef the
relative percentage of coral cover of the two Porites species
was the same (Tomascik and Sander, 1985b). Higher abundance of
P,  porites at the southern reef SG is perhaps a result of
higher rates of gsexu:l reproduction maintained by higher rates
of fragmentation. Highsmith (1982) has indicated that
reproduction by fragmentation in P, fu;cata, which is
morphologically similar to P. porites, is an important mode of
asexual reproduction responsible for recolonization of holes in
P, furcata beds, It has been shown ‘that higher water column
productivity (i.e. eutrophication) may enhance production of
filter and deposit feeding invertebrates including borers
(Highsmith, 1980, Highsmith et al., 1983). Thus, high boring
intensity in P. porites colonies at the SG reef may result in

higher fragmentation rates of mature colonies, and therefore,

n

ol
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result in higher abundance and cover of this gpecies at the SG
reef than at the two northern reefs BRI and GS. Lewis (1974a)
has demoﬁstrated that the contagious distribution of P.
asfreoides was a result of splitting of large colonies into
clumps of smaller colonies, suggesting that this may be a type
of asexual reproduction for this species, However, the
environmental conditions at the SG reef are characterized by
high water column turbidity associated with high SPM, nutrient
and chlorophyll a concentrations '(Tomascik and Sander, 1985a).
Thus, under the measured environmental conditions at the SG
reef, P, porites, because of its branching) morphology, may be
less susceptible to high sedimengZZion and/or SPM
concentrations than the encrusting hemispherical P. astreoides.
The apparent parity of these two coral species in terms of
relative coverage, at the SG reef, could therefore result
exclusively' from better survivorship of P. pocff;;ﬂ;han P.
astreoides. High asexual reproduction rates, through
fragmentation, may be one explanation for the‘ 2:1 (male to
female) sex ratio at the SG reef. Kojis and Qu%nn (1981b) have
also suggested that higher local abundance ofsggf«sex (females)
may be a result of high degree of asexual reproduction in P.
lutea and P. lobata.

There is some evidence that 'the oogonia (Fig. 4a) and
spermatogonia (Fig. 5a) of P, porites originate from
interstitial cells of the endodermal layer in the mesenteries,
as was suggested by a number of previous studies

g?zmant-rroelich et al., 1980; Rinkevich and Loya, 1979b). The
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general features of P. porites gametogenesis are similar to
those of other corals (Szmant-Froelich et al., 1986; Fadlallah
and Pearse, 1982a). Both maie and female gametes develop within
the mesoglea of mesenteries. It has been suggested that small
branching species are more 1likely to produce gametes in the
coelenteron (attached to mesenteries by sialks) and brood
larvae (Rinkevich and Loya, 1979a). The mode of reproduction of
P, porites supports the latter part of the hypothesis, while
contradicting the former. In general, sexuality (Harrison,
1985) and gonadal development (Marshall and Stephenkos, 1933;
Kojis and Quinn, 1981b) of the family Poritidae are relatively
consistent and predictable, however, the mode of reproduction
(broadcasting versus brooding)'is less consistent.

Gametogenesis of P. porites, at the three reefs, was
continuous througg most of the year. With the exception of the
GS reef, gametogenesis was initiated in August and proceeded
until April .- May (PRigq. 7). Both oogenesis and
spermatogenesis were relatively synchronized, in the sense that
mature ova and spermatozoa were present throughout the peak
reproductive season. However, colonies collected throughout
the year, with few exceptions (Fig. 7) contained all stages of
oocyte and spermatocyte development. The high abundance of
Stage II and 111 oocytes and spermaries in July and August, at
the BRI and SG reefs, is surprising, since none of the colonies
collegted in June contained reproductive material. This may
indiéﬁte‘rapid development of both oocytes and spermaries from

Stage I ¢to Stage II and 1III. 1In contrast, male colonies
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collected at the GS reef in September had only Stage I
spermaries; however, there were few Stage II and Stage ’III
oocytes present in female colonies. Since colonies with embryos
were not detected until October, the fate of the mature ova and
spermatozoa observed in July and August is unknown. The
appearance of embryos at the GS reef was more closely
synchronized with gonad development than at the BRI and SG
reefs (Fig. 7). The presence of mature ova and spermatozoa from
November to January suggest that fertilization (i.e. male
spawning) may occur repeatedly during this period. Additional
data are needed to determine vwhether there is a lunar
periodicity in sperm release. Histological evidence indicates
that mature spermatozoa’vere released from spermaries into the
coelenteron prior to spawning. In contrast, iE has been shown
that in some broadcasting species mature spermatozoa are
released in clusters, which rise to the surface where they
rupture releasing the spermatozoa (Kojis and Quinn, 1982). This
mode of reproduction has not been observed in the Caribbean,

The available data in the literature indicate that few
coral species release larvae containing zooxanthellae
(Fadlallah, 1983) or larvae that become impregnated with
zooxanthellae shortly after release (Szmant-Froelich et al.,
1980; Krupp, 1983). Hayes and Goreau (1977a, b) have suggested
that larvae of P, porites, upon release, feed on particulate
matter. This was substantiated by evidence that larvae depri&ed
of’zoopla;kton, mucus and particulate matter died presumably of

starvation (Goreau et al., 1981). Therefore, it is of interest

Beils
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to note that mature ova in P, porites contain zooxanthellae
before fertilization occurs (Fig. 4c, d). This condition has
been observed previously in the Pacific Porites species only
(Kojis and Quinn, 1981b). The presence of zooxanthellae in
mature ova of other Caribbean species has not been reported
(Szmant-Froelich, 1984; Wyers, 1984), As with other
cnidarians, scleractinian corals lack accessory or nutritive
cells that accompany oocyte development in other organisms
(Campbell, 1974). Thus, it has been suggested that developing
oocytes in some hydrozoan species are nourished at the expense
of ectodermal or endodermal epithelial cells (Campbell, 1974).
Rinkevich and Loya (1979%a) suggested that in Stylophora
piséillata, successful oocytes may absorb nutrients not only
from surrounding endodermal cells, but also through
phagocytosis on other oocytes. The extensive histological
“examination of the P. porites cross sections revealed only a
few instances where moré than one oocyte was present in a
single ovary. Thus, resorption of other cocytes is most likely
not an important source of nourishment for the developing
oocytes in P. porites. With subsequent maturation of the
oocytes, the endodermal layer surrounding the female gonads
becomes progressively thinner, indicating that resorption of
endodermal epithelial cells may be an important source of
nutrients for the developing cocytes. Hovever, the presence of
zooxanthellae in the 1late developmental stages of oocyte
maturation indicates that the symbionts may have an active

nutritive role (i.e., transfer of photosynthate) during the

o
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final maturation of the oocytes or early larval development.
In this connection, Richmond (1981) demonstrated that
translocation of photosynthate from zooxanthellae to larva
occurs in Pocillopora damicornis,

Recent studies have clearly demonstrated that adverse
environmental conditions (i.e. high sedimentation and/or
turbidity) have a detrimental effect on coral growth (Aller and
Dodge, . 197%;.Dodge et af;, 1974; Dodge and Vaisnys, 1977;
Hudson, 1981; Rogers, 1983; Tomascik and Sander, 1985a), coral
community structure (Loya, 1976c; Tomascik and Sander, 1985b)
and coral survival (Marshall and Orr, 1931; Maragos, 1972). It
is suggested that reduction in reproductive activity at the two
southern reefs may be attributed to turbidity associated with
eutrophication processes. Turbidity may affect the reproductive
biology of P. porites through refuced light levels, and hence a
reduction of =zooxanthellae photosynthesis, and/or high SPM
concentrations, which will require additional energy
expenditure for cleaning at the expense of growth or
reproduction.' The extensive histological examination of P.
porites failed to demonstrate any observable cellular
degeneration or atrophy in the tissue samples,

The results of this study demonstrate that not only were
there differences in gonad abundance, but that the potential
la;val output (expressed as the average number of larvae per
0.25 cm? of coral tissue) of P. porites was statistically

»

higher at the GS reef than at the BRI and SG reefs, To

determine whether these differences were a result of lower

}
!
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reproductive activity of female colonies (i.e. number of
oocytes per 0,25 cm? of coral tissue) at the SG and BRI reefs
than at the G5 reef, one-vay ANOVA Was per formed on the data
set containing gravid female colonies only. The results showed
that the average oocyte abundance in female colonies, during
the reproductive season, was not statistically discernible (P <
0.107) among the three reefs. This suggests that eutrophication
may affect either the final developmental stages of oocyte
maturation or early embryogenesis. These results also provide
indirect evidence that the zooxanthellae associated with the
mature ova may play a significant role in determining the
success of reproduction in P, porites. Reduced light levels at
the two southern reefs may significantly reduce the
potosynthetic activity of the zooxanthellae, thus reducing
potential source of nourishment derived from photosynthates.
It is suggested that the observed differences 1in the seasonal
pattern of larval abundance (Fig. 7), between the southern (SG
and BRI) and northern (GS) P. porites populations, were related
to adverse environmental conditions, local genetic variability
or combined function of both. Alternatigely, adverse
environmental conditions may directly affect success of
fertilization through direct toxicity or reduced viability of
mature ova and/or spermatozoa. Kojis and Quinn (1984) have
suggested that high sedimentation and turbidity may act
synergistically to decrease the fecundity of Acropora palifera
on a fringing reef in Papua by lowering 1light levelg and

increasing expenditure of energy for cleaning activities.
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Clearly, more research is needed to determine the role of
zdoxanthellae in the oogenesis of P. porites.

Seasonal fluctuations in both water temperature and
salinity (Fig., 2, 3) are relatively constant and predictable
features of the inshore water masses off Barbados (see also.
Sander, 1971, 1981; Vezina, 1975), It is widely recognized that
environmental changes exert proximate exogenous control on
reproduction of marine organisms (Giese and Pearse, 1974).
Changes in sea water temperatures have been shown to provide
important clues or "zeitgebers” vhich may synchronize
reproductive activities of many marine invertebrates with
subsequent favourable environmental conditions (Kinne, 1963,
1964, 1970). Furthermore, Orton (1920) suggested that
initiation of reproduction is triggered by a critical breeding
temperature characteristic of each specées and/or populations.
A number of studies on the reproductive pericdicities of
tropical echinoids have demonstrated the general applicability
of Orton's Rule to tropical mar}ne environments chatacte?ized
by slight temperature fluctuations (Lewis, 1966; Pearse, 1968,
1969, 1970). Whether reproduction of P. porites in Barbados is
triggered by a certain water temperature (i.e. critical
breeding temperature) needs further study through experimental
manipulation. However, Harrison et al. (1984) have suggested
that lower water temperatures at Orpheus Island on the Greaf
Barrier Reef probably accounted for slower maturation and later
spawning of corals, than at sites with higher water

temperatures, Water temperature and salinity fluctuations in
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Barbados may provide P, porites with important clues about
subsequent environmental conditions and may serve to
synchronize their reproduction; hovever, statistically
discernible differences between the SG and BRI reefs in both
water temperature and salinity suggest that 'the longer
reproductive season at these reefs, than at the GS reef, is a
response to eutrophication. The extended reproductive ggason
of P, porites at the two southern reefs may be a &irect
response to altered physiological state induced by the
eutrophication of the inshore water masses, Depressing gamete
production may divert energy to other basic metabolic
functions, necessary for coral's survival, which under stress
may require additional energy expenditure, Thus, depressing
gamete production and extending the breeding season under
unfavourable environmental conditions may be considered either
as a response to minimize the probability of exctinction, or to
maximize the probability of reproductive succesét (i.e,
successful release of larvae).

The reproductive activity of P. porites, on all reefs, was
highest during November through January. Note that August to
November 1is considered as a rainy season, in Barbados,
characterized by high rainfall and cloud cover, The release of
larvae at the end of the rainy season (late November) may,
‘therefore, be of significance, since it allows for development
of settled larvae under favourable environmental conditions,
characterized by low turbidity and high irradiance. Whether

food availability plays a significant role in the timing of
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and release of larvae in P. porites is still
even though thisg study established no apparent
betveen chlorophyll a concentrations {i.e,

biomass) angd timing of larval maturation,
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Abstract

-~
-

Seven fringing reef complexes were chosen along the
leeward coast (West) of Barbados, to study the effects of
eutrophication processes upon the scleractinian coral
assemblages. The structure of scleractinian coral communities
was studied along an eutrophication gradient with a
guantitative sampling method (line transect) 1in terms of
species composition, =zonation and diversity patterns, On the
basis of these data the fringing reefs were divided into 3
ecological zones: back reef, reef flat, and spur and groove.

Statistically discernible and biologically significant
differences in scleractinian community structure, benthic algal
cover and Diadema antillarum Philippi densities were recorded
among the seven fringing reefs. High correlations between
environmental variables and biotic patterns indicate that the
effects of eutrophicatiqn processes (nutrient enrichment,
sedimentation, turbidity,%toxicity and bacterial activity) were
directly and/or indirectly affecting the community structure of
scleractinian coral assemblages. 1n general, species diversity
was most sensitive in delineating among-reef, and among-zone,
differences which were attributed to intensification of
eutrophication processes, Porites astreocides Lamarck, b.
porites (Pallas), Siderastrea radians (Pallas), and Agaricia
agaricites (Linnaeus) were the most abundant coral species in

the polluted southern reefs, Coral species, previously
Q \



P i

Y

-154~
characterized as well adapted to high turbidity and
_sedimentation (i.e. Montastrea cavernosa Linnaeus), vere

either absent or present in low numbers, This study suggests

'Y
that eutrophication processes appear to adversely affect coral

- -

species that were previously reported to be well adapted to

high turbidity and sedimentation rates related to natural

"

processes, or anthropogenic activities in relatively unpolluted 7:

environments that imitate natural perturbations., It is
suggested that sediment rejection abilities combined with
feeding and reproductive strategies are the primary biological
proceses of scleractinian corals through which eutrophication
processes directly and/or indirectly affect the structure of

coral communities.

.

M~
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Introduction

Acceleration and intensification of eutrophication
processes through anthropogenic activities cause major shifts
in the physicochemical and biological environment of coral reef
ecosystems., Eutrophication, considered here as a stress, is a
combined function of nutrient enrichment, increased
sedimentation and the introduction of toxins related directly
and/or indirectly to human activities. The definition of
‘stress' has generated much discussion (0dum et al., 1979;
Ivanovici and Wiebe, 1981; Franz, 1981; Pickering, 1981;
Stebbing, 1981). Rosen (1982), considering scleractinian
corals, stated that stregs is difficult to define in absolute
terms and‘suégested that stress may be taken to mean conditions
that restrict growth and reproduction., For the purpose of this
study Rosen's broader view of stress as a gradient between
ideal conditions and the ultimate 1limits of survival will be
adopted (see aiso Brown and Howard, 1985). Inherent in all
definitions of stress is the basic concept that stress acting
on a system will place that system at a disadvantage by
exerting an energy cost, and interfering with the normal
function of the system.

/

The distribution of scleractinian corals is determined by

the net effect of many interrelated environmental factors that

may be additive and/or synergistic in their action.

Cummulative effects ?%f long term exposure to adverse
{

o
‘
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environmental conditions can be studied in scleractinian coral
communities because of their sedentary nature. Moreover, the

immobility of scleractinian corals and other sessile organisms

-.say hake them more susceptible to environmental stress, in that

they are unable to avoid local environmental perturbations.
While a number of studies have demonstrated that coral
communities are susceptible to environmental perturbations
resultiné from anthropogenic activities (Fishelson, 1973;
Jokiel and Coles, 1974; Loya, 1975, 1976a,b; Dodge and Vaisnys,
1977; Bak, 1978; Walker and Ormond, 1982), others have failed
‘to demonstrate serious damage (Sheppard, 1980; Dollar and
Grigg, 1981; Brown and Holey, 1982), However, as was pointed
out by Pastorok and Bilyard (1985), most pollution-related
studies on coral reef ecosystems, specifically effects of
sewage pollution, are gshort-term and limited in scope. Given
these inadequate and conflicting reports, the concept that
coral reefg/are fragile ecosystems, and therefore, sensitive to
environmental perturbations (Johannes, 1975; Loya, 1976b;
Rogers et al.,, 1983; Pastorok and Bilyard, 1985), needs
reevaluation (Dollar and Grigg, 1981).

The initial response of corals to pollution is at the
level of the individual, either through behavioural (Lasker,
1980; Dallmeyer et al., 1982; Rogers, 1983) or physiological
responses (Dallmeyer et al., 1982; Krupp, 1984; Glynn et al.,
1985). Beyond this, changes in the comgunity mﬁy occur through
replacement of certain species or ‘higher taxa. A useful first

approach towvards assessing the sensitivity of corals to an



P — Y im0t o

v ———

-157-

.-environmental perturbation, such as eutrophication, can

therefé;;'ﬁi achieved by studying the distribution of coral

_populations lying along a spatial eutrophication gradient. The

degree of eutrophication varies spatially along the fringing
reefs of Barbados as a conseguence of a number of interacting
factors related to the hydrographic characteristics of the west
coast (Murray et al., 1977), and most likely to the nature and
quantity of domestic and industrial efflﬁents entering the
coastal waters (Tomascik and Sander, 1985; Lewis, 1985).

The purpose of the present paper 1is (1) to provide a
quantitative comparison of coral community structure on the
fringing coral reefs along the west coast of Barbados (for
earlier descriptions of coral communities see Lewis (1960);
Macintyre (1968); Ott (1975a,b); Ott and Auclair (1977); Stearn
et al, (19&%); Scoffin et al. (1980); and Mah (1984)), (2) to
quantitatively determine whether there 1is distinct within-reef
zonation in coral distribution, (3) to determine whether
differences exist in coral community structure along the
eﬁtrophicatioﬁ gradient (see Tomascik and Sander, 1985), and
(4) to relate the characteristics of the coral communities to

the environmental conditions along the gradient.

dhaeaacro-
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. Naterials and Methods

Sampling

Sampling methods in quantitative studies of scleractinian
coral communities are divided into two main categories; the
quadrat method (Golaberg, 1973; Maragos, 1974; Ott and Auclair,
1977), and the plotless method (Loya and Slobodkin, 1971; Loya,
1972, 1975, 1976a,b, 1978; Done, 1977). The literature
indicates that there is a general lack of standardization in

the sampling methodology, even though this problem has been

‘adq;essed in a number of publications (Stoddart, 1972; Maragos,

1974; Loya, 1978). However, recent comparative studies on the
relative efficiencies of the quadrat and plotless methods
suggest that the results obtained by both methods are similar
(Bouchon, 1981; Dodge et al., 1982). The choice of method

employed in any study is dictated primarily by local factors

and objectives of the study. In the present study we have .

adopted the line transect method of Loya and Slobodkin (1971)
and L§ya (£978) inasmuch as this method was shown to be
effici;;t in previous pollution related studies (Loya, 1975,
1976s). ‘

Each study reef was dividg? by three reference transects
(running perpendicular to the depth contour) into south,

central and north sampling units (Fig. 1)."The location of the

(;fofaience transects was based on general reef morphology

v

2 St
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Pigure 1. Map of Barbados, Wesék ‘ndies, indicating
locations of study reefs and their mafh morphological and
ecological features. Each fringing reef was divided ipto 3
sampling units: (N) north reference transect, (C) central
reference transect, (S) south reference transec. \Reef
abbreviations: BR ~'Brighton; SG - Spring Gardens; |FV -
Pitts Village; SL - Sandy Lame; BRI - Bellairs Research
Institute; GS - Greensleeves; SR - Sandridge. Reef Zones as
indicated in the legend,
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determined from aerial. photoéraphs. Sampiing was conducted
along each of the reference transects, from beach edge to the
seaward edge of the reef, by running 20m 1line transects
(perpendicular to the reference trahsect) with fixed intervals
of 5 or 10m, depending on the gize of the reef. The line

transect consisted of a fine chain (1.5cm links) marked at 1m

“intervals. The sample size (i.e. the 1length of the line

_transect) for each reef was determined in a preliminary

sampling study by randomly placing 10 line transects parallel
to shore over the reef. From the data obtained, species-number
versus transe;t-length curves were constructed (Loya, 1972;
Dodge et al., 1982) indicating that a 20m transect line was an
appropriate sampling unit (Fig. 2).

During the study, any coral species intersected by the
chain ;as recorded and the intersecteé length in plan view was
measured to the nearest cm. A coral célon} vag defined as any
colony groving independently of 'its neighbour (Loya, - 1972,
1978). In cases vhere a single colony was divided into
separate units by recent partial mortality of the colony
(Hughes and Jackson, 1980) the separate units were considered
as the same iqdividual, and only the live tissue was measured
and pooled for further analyses (Loya, 1978; Dodge et al.,
1982)., In the few cases wvhere two or more colonies vwere
growing one abo;e the other, only the intersected length of the
largest colony vas used for live coverage calculations, while
the species and 1lengths of the underlying colonies vere

recorded for coral species diversity (Loya, 1978).
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Pigure 2. Average cumulative number

species as a function of meter

number

transect. Reef abbreviations as in Fig. 1.

of
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Three hydrozoans, Millepora alcicornis Linnaeus, M,
squarrosa Lamarck, M. complanata Lamarck, and a colonial
zoanthid Palythoa mamillosa (Ellis and Solander) were included
in the study, since they vere considered to be an important
component of the fringing reef community (Lewis, 1960; Stearn
and Riding, 1973; Stearn et al., 1977). The line transect
technique was also used for the assessment of benthic algal
cover. Benthic algae wvere divided into two main groups: 1)
coralline encrusting algae, and 2) fleshy algae consisting of
both frondose macroalgae and filamentous algae. Algal cover was
recorded along each transect as percentage coverage per meter,
Algae were not identified to 1lower taxa; however, all dominant
forms were noted for gualitative comparisons.

In addition to the above substrate components,
guantitative data were obtained on the population densities of
the sea urchin Diadema antillarum Philippi along each line
transect by a modified transect metho§ (Hawkins, 1979). A one
meter plastic rod, marked at midpoint, was held perpendicular
to the line transect a few cms above the substrate. The rod was
moved along the line and all urchins found beneath the rod were
recorded. The population density wvas expressed as the number
of individuals per m? of reef surface. A total of 513 line

transects were measured during the study.
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Bnviromental assessment

The environmental variables measured during the sfudy were
sea temperature (°C), salinity (s*/,,), dissolved oxygen
(mg/l), biological oxygen demand (BOD mg/l), percentage of
surface illumination (PEN %), percentage of organic matter in
_ sediments (ORG %), suspended particulate matter (SPM mg/l),
downward flux of SPM (DF-SPM mg/cm?/d), chlorophyll a (Chl a
mg/m3), inorganic phosphate (PO,-P ug-at/1), nitrate-nitrite
nitrogen (NO,tNO,-N ug-at/1), nitrite (NO,-N gug-at/l), and
ammonia (NH,-N aug-at/l). Discussion of the environmental data
and full details of sampling procedure, laboratory analyses and
statistical treatment are given elsewhere (Tomascik and Sander,

1985).
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Data Processing and Anaslyses

l

Data processing

To describe and compare the scleractinian coral community
structure among the seven fringing reefs a number of
information indices were obSained from each transect line. The
three basic descriptors of community structure on which all
further analyses are based weré: 1) species number per-
transect, 2) number of coral colonies per transect and 3) live
coral covefage per transect. From the raw data four simple
information indices were calculated directly: q
1) Percent coral cover (PCC%), where

N

Total length of coral tissue s Transect

- Transect length
2) Relative coral coverage (RCC %), where

Total length of species A / Transect

Total length of all species / Transect

RCC § represents the relative dominance of individual species
with respect to total coral coverage;
3) Relative abundance of coral species (RAS %), where

Total number of colonies of species A / Transect

Total number of coral colonies / Transect

,
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RAS % represents the dominance of individuals of a particular
species with respect to total number of individuals prqéegz}
4) Transect size index (TSI), where j

- Percentage coral cover / Transect

Total number of colonies , Transect

For the purpose of comparative analysis and to avoid
possible loss of information {(Loya, 1972), the coral community
structure was characterized by three types of diversity
measures: 1) number of species and individuals; 2)
information-theory based diversity indices; and 3) Simpson's
index of concentration. The simplest measure of species
diversity 1is the species number S (Poole, 1974). 1In this
study, S 1is expressed as the average number of species per
transect (S5P). Margalef (1958) proposed an altegnative measure
of diversity to incorporate both S and N, the total number of
individuals in all the species where: '

d = (S-1)log N Equ. 1
1e

However, both. S and d indices 1ignore the distribution of
individuals among the species,

The diversity indices obtained from the information theory
are a function of both the number of species present and the
evenness with which the individuals are distributed among the
species (Hurlbert, 1971). The Shannon function (Shannon and,

Weaver, 1949)
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H' = -I pi log pi Equ. 2
J
is the most frequently wused diversity index 1in coral reef
studies (Loya, 1972, 1975, /1976a,b; Porter, 1972a,b; Dana,
1979; Bouchon, 1981; Bull, 1982; Dodge et al., 1982; Cortes and
Risk, 1985). Shannon-Wiener's index was calculated using both
coral abundance data (H'n) and coral coverage ‘data (H'c). For
"H'n, pi=ni/N is the proportion of the total number of colonies
(N) belonging to the ith species ( ni ) and for H'c, pi=ci/C,
where C is the total coral coverage and ci is the coverage of
the ith species (Loya, 1972; Dodge et al., 1982).
An alternative measure of diversity is Brillouin's (1963)
function defined as:

H = (1/N) log (N!/n,!,n,!...ng!) Equ, 3

where N is the total number of individuals in the sample and
n,,n;,...ns are the numbers of individuals of the constituent
species (Pielou, 1977). Brillouin's H was computed from coral
abund{nce data only, It is important t? note that Brillouin's
index\l(Equ. 3) adﬁ not Shannon's index, (Equ. 2} gives the
actual diversity of a fully censused Gollectibn of organisms
(Pielou, 1966a,b, 1977). In this study, each tranasft line can
be considered as a fully-censused collection, and, therefore, H
of Equ, 3 give§ the exact diversity of the sample, Brillouin's
index was therefore consideréd to be the most appropriate

measure of diversity for the present study.
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To assess the homogeneity of the scleractinian coral
community Pielou's (1966b) evenness index was computed in

conjunction with H'n as

J'n = H'n (observed) / Hmax Equ., 4
and H'c as '
J'c = H'c fobserved) / Hmax Equ. 5

In both egqn's 4 and S‘Hmax=log S, vhere § is the total number
of species encountered in the sample. The ev;nness indices thus
express the observed diversity as a proportion of° the maximum
possible diversity. However, since S is typically an
underestimate of the number of species in the population the
sample evenness, J’'n and J'c, are overestimates of the
population evenness. » ;?

An unbiased estimate of dominance in a fully censused
community is Simpson’'s (1949) measure of 'concenyration',
(Pielou, 1§77) which was calculated from coral abz;dance data
(A'n) as: .

Zni(ni-1)
A'n » moemmm——- Equ. 6

vhere ni is the number of individuals of the ith species-and N
i the total number of individuals of all species in the
sample. A was also computed from coral coverage data (A'c) as
A'c = mmmmmeeeo—- Equ. 7

C (C-1)
vhere ci is the coverage of the ith species and C is the total
coral coverage. ‘The coral community will exhibit high

dominance if two individuals, drawn at !Lndom and without

o
el
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replacement from an S~species community containing

individuals, belong to the same species (Pielou, 1977).
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Data analyses

. All transects along each of the reference transects,
within each reef, were subjected to Ward's agglomerative,
hierarchical classification analysis using the SAS Cluster
procedure (Ray, 1982a). The characters ugsed in the
clasgification analysis were 1log(x+0.05) transformed average

- species abundance and coverage values of all species present
(Loya, 1972). The classification analysis was used to group all
transec;s into relatively homogeneous groups that can be
inﬁerpreted as specific reef zones as previously described by
Lewis (1960) ' and Stearn et al, (1977). Since the basis for
the classificatign analysis is to group transects  which show
high similarity with each other, it was possible that transects
’ surveyed in different reef zones would cluster together. In all
such cases the trakbects vere placed into specifi; zones
(groups) based on distance from shore criteria, To help
identify specific reef groupings the clasgification analysis
was also performed on the Reef x Species matrix using the
transformed average abundance values, \
Prior to the statistical analysis all raw data wvepe tested
for violation of the basic assumpgions of normality and

. T TN
homogeneity of variance i ied in all. linear model s¥atistics.

To test the assumption of ﬁormality the Shapiro-wilk, W, 4
statistic and normal probability plot were computed for all
ecological data sets using the Univariate procedure in the SAS

system (Ray, 1982b); the Pmax test (Zar, 1984) was used to test
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the homogeneity of variance assumption, Accordingly,
appropriate transformations were 'applieé to all data sets, as
suggested by Box et- al. {1978). The success of each
transformation was tested, and the final transformations used
iagall data analyses are presenté& in Table 1.

\\} single factor one-way analysis of variance (ANOVA) was
carried out on all ecological data sets to test two null
hypotheses: 1) H, : there are no differences in the coral
commdnity structure among the seven fringing reefs within
gimilar reef =zones, and 2} H, : there are no differences in
coral community sStructure among reef zones within each reef.
Where ANOVA indicated significant differences, a multiple
comparison of means (at P=0.05 level), for each of, the
ecological indices was carried out uging the Tukey's
studentized range (H%P) test procedure (Ray, 1982a). e
Tukey's test is preferable to the 'more frequently us
Student-Newman-Keuls (SNK) multiple range test (Dodge et al.,
1982; Russ,/!1984a,b), since it controls the maximdg
experimentvis: error raée under any complete or partial null
hypothesis (Ray, 1982a). It should be sttesgfd that the higher
‘power' of the SNK test (it. tends to conclude more significant
differencgs than does the Tukey's test) is because of its
higher Type I error rate, i;e. a false rejection of the null
hypothesis }}ar, 1984).

To “assess the relationship between the coral community
structure and the environmental conditions, each fringing reéf,

rather than each reef zone, was considered as a sample.

~

*
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Table 1. Variance stabilizing transformations for number of
( species and colonies, percent coral coverage (PCC %), Simpson's
index of concentration: \'n and \'c, Pielou's evenness index:
J'n and J'c and densities of

Diadema antillarum. Note:
variance stabilizing transformations were not necessary for

Shannon-Wiener's indices, Brillouin's index and Margalef's

index. SQRT = square root.

&j Ecological variables

Transformation
Number of species SQRT(X+1)
Number of colonies SQRT(SQRT(X+1))
Percent coral coverage (PCC %) log(x+1)

Simpson's indices (\'n and \'c)
Pielou's indices (J'n and J'c)

Diadema antillarum density

SQRT(SQRT(X+3/8)
ARCSIN(SQRT(X))
SQRT(X+1)

Y

s, e Aol s ¢
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Relating the environmental data to specific reef zones would
have been inapéfoptiate, since the environmental variables ;ere
sampled randomly over the reef throughout the study (Tomascik
and Sander, 1985).

Spearman's rank correlation analysis was used to determine
whether there were significant relationships between the
various environmental variables and community descriptors. To
simplify the interpretation of relationships between the
environmental variables and ::é“ community degcriptors,
pfincipal component analysis (PCA) procedure (Ray, 1982;) vas
used to transform the original sets of variables into smaller
gset of linear combinations that account for most of the
variance of the original data vsets. The principal components
(pC), for both community descriptors -and environmental
variables, were computed from correlation matrices to remove
differences due to both the -mfan an;) dispersion of the
vgriableai Thus,” the transformation makes the variables
dgrectly comparable (Dilon and Goldstein, 1984). The aim of
the PCA wvas to delineate independent associations among the
séts of environmeﬁtal and community variables. To draw some
infgrence about the genegal telationship betveen the
environmental conditions and coral community structure, simple
linear regression analysis vas used to test the relationship
between the PC scores of the environmental and community data

y
sets. All statistical analyses were done at Mc?}dﬁ Univers&€§
using the SAS statistical package (ﬁty, 1982a, b).

*
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Results

General species dutz;ibution

Tagle 2 illustrates the overall distribution and relative
coverage of scleractinian corals among the seven fringing reefs
along the west coast of Barbados. A total of 24 scleractinian
species belonging to 16 genera were ‘recorded on the reefs, as
well as three spécies of the hermatypic hydrocoral Millepora
and a single” species of the colonial zoanthid Palythoa. Only
e§ght specieg were found common to all the fringing reefs,
these belonging to the genera Porites, Siderastrea, Agaricia,
Moﬁtastrea, Diploria and Millepora. Three species of the genus
Mycetophyllia and Stephanocoenia michelinii Milne Edwards and
Haime, wvere found only on the northern reef GS. Of the eight
common coral species thé most abundant were Porites astreoides,
P, éorites, Agaricia agaricites, Millepora squarrosa, M.
complanata, and Montastrea annularis (Ellis and Solander) which
vas more abundant at the four northern reefs SL, BRI, GS, and
SR (Fig. 1), than on the three southe}n reefs BR, SG and Fv.
Table 2 indicates that there was a general increase in the
epsolute number of species recorded from the southern reef BR
(9 species) te the most northern reef SR (22 species).

Fig. 3 is a dendrogram generated from .the Jar@'s

|
classification analysis using the Reef x Species data matrix

' “ based on the average abundance values of gspecies on each reef,

The first split in this dendrogram places the three southern
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Table 2. Distribution and the av'onqo relative coverage (RCC % per

transect) of scleractinisn corals, Millepora spp.,

and Palythoa

mamilloss among the seven fringing resf complexes alon? the vest
coast of Barbados, West Indies. Reef adbreviations as in Fig. 1

Reef
Species m 20 o 4 L m: Gs SR
No. of transects n=69 negé neS8 ne83 ne=87

>3
[]
- W
-

Porites porites

Porites astreoides
Siderastrea redians
Arricia agsricites
Millepors sqQuarross
Millepora complanats
Mqntastrea annularls
Diploris clivisa
Siderastres sideres
Diploria strigosa

Pavia tur-

Diploria labycinchiformis
Madracis decactis
Nontastrea cavernoss
Leptoseris cucullata
Millepora alcicornis
Madracis nlrabll}p !
Meandrina meandrites
Dichocoenia stghesi
Palythoa msamillosa
Colpophyllia natens
Acropors palmats
Sctephanocoenis aichellini
Mycstophyllia aliciae
NMycetophyllia danaana
Nycet 11ia ferox
Isophyllia sinuose
Dendrogyra cylindcus
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Figure 3. Dendrogram '‘showing classification of 7 fringing
reefs along the west coast of Barbados based on average
species abundances of scleractinian corals. Abundances vere
1og(X+0.05) transformed before comparing reefs using the
Ward's agglomerative hierarchical clustering algorithm
(Ray, 1982a). Two main groups ( @ and b ) are distinquished
at an arbitrary similarity level of R3=0.5 (vhere R ig the
sum of squares between all - clusters divided by the
corrected total sum of squares). Reef abbreviations as in
Fig. 1. o -
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reefs (BR, SG, and FV) in a group distinct from the second
group containing the four northern reefs (SL, BRI, GS and S$R),
suggesting that the coral community structure can be rglated to

the eutrophication gradient present along the west coast of the

" island (Tomascik and Sander, 1985).

Three different reef zones were found on all the fringing
reefs in this study, generally supporting the zonation pattern
previously described by Lewis (1960) and Stearn et al., (1977).
Since the three zones are subdivisions of the coral community
they can be defined on the basis of a number of ecological
characteristics presented in Table 3 and 4. The dendrograms
presented in Fig. 4 illustrat€ the subdivision of the line
transects (samples) along each of the reference transects into
three reef zones at the northern reef SR, The reef zones thus
defined were back reef, reef flat, and spur and groove.
Average relative coral coverage values by each species for. each
of, the reef zahes defined are presented in Table 5,6 and 7, the
charaéteristics of the three zones will now be examined

]

further.
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Table 3. Average depth (m), number of coral species and of colonies,
percentage live coverage (PCC §), transect size Iindex (TS!), densitias
of the ses urchin Diadems antillarm, N coversge of substrate b
calcareous algae (4 CAL) and fleshy algse (8 PIL! calculsted for esc
reaf 3sone at Seven frinQing reef cosplexes aslong the vest coast of
Batbados. Pirst numbers; average velues; second nuaber (in parentheses))
standard deviation; third numbers total number of transects used in the
snalysis. lones: A « beck reef, 3 = reet tlat, C = spur and groove xone,

Statioa attributes

R ]
s 0
z N Depth No. of WO, of XC TSI W. ef & L
1 | ] (m) Species Colomies § Index Qrechine CAL ?IL
A 1.03 138 1.03 0.92 0.28  0.16 1.0 n .0
{0.3%) (1.07) (0.68)  (0.80) (0.11) (0.28) (3.6) 2
23 3 3 2} 19 23 23
" | 2.49  3.88  13.00 LI 0,48 688 n# 3a
(0.77) (1.27)  (10.6)  {4.81) (0.23) (3.71) ah del
20 20 20 20 19 20 10 20
cC  3.82 191 113 38 0.36 .94 2.8 1.0
(0.39) “{1.53)  (12,4)  (3.36) (0,12} (2.88) (27.4) (27.)
23 23 Pt tH) 22 k] 23 2
A 1.39 0.4 0.6 0.1 0.2¢  0.08 0 6l.
{0.88) (0.73) (1.20) {0.23) (D.26) (8.07) (37.%)
16 16 16 16 s 16 16 ]
0 » .26 1.6 .03 .21 0.26 1.89 3.3 416
(0.77) (1.58)  (8.43)  (2.6¢) (0,12} (2.12) (36.4) (39.1)
31 il N n 30 3 1 n
€ 420 381 BY 613 0.28 10.00 40.0 4.7
(1.46) (1.40) (28,2%)  (4.37) (0.17) (7.04) (35.7) {13.0)
3s EH 38 3 3¢ 18 3 3
e elen e m———————— c—iiee- eeravemm—m—— e mmemma——mm———-
A 0.80 1.9 7.1 317 0.30 3.06 27.8 9.1
(0.33) (1,66) (6,800  (2.46) (0.1%) (3.74) 12.8) (35.4)
23 23 23 23 19 23
n 3 .12 391 10.8 300 031 196 806 204
(©0:82) (1050) (010 (14l (038 (11€) (3.8 (395.8)
28 28 28 28 2¢ 28 2% 23
c 1.76 280 6.8 3.3 0.88 418 166 11.3
(0.63) (1.88)  (1.18)  (2.71) (1.00) (3.99) (19.0) (20.0!
25 28 28 28 28, 28 28 2¢
A 0.7 1.n . 117 0.42  0.99 133 5.6
10.21) (1,200  (3.67)  (1.80) (0.26) (2.28) (23,9) (26.%)
2 2y 2 23 1¢ 23 2 23
s 3 1.62 686 44,9 185.33 0.35 1.7 TN.9 10.3
(0.68) (2.40) (21.68) (9.27) (0.12) (7.66) (20.0) (23.8)
. 2 ] % 2 n 2 20
c 2.85 .67 3908 13.68 0.42 11,23 634 °
10.89) (1.71) (22.90)  (4.70) (0.21) (8.20) (23.4)
24 4 0 4 26 " 24 2¢
A a1 1n N 3.01 0.70° 228 11.4 7¢.0
(0.58) (1.3%) (8.14)  (4.95) (0.60) (3.76) (21.4) uz.n
1 2, 21 a1 1s 2l 3
m » 2.6 438 191 7.10 0.¢6 1070 703 8. i
(1.00) (2.18) (16.57) (S.21) (0.30) (5.13) (30. 4 9)
20 20 20 20 19 20 20
c 382 7.0 §7.8) 1.0 0,31 15.64 4‘7:.. °
(1.50)  (3.11) (35.07) (12.69) (0.28) (7.49) (21.1)
2¢ H 24 4 u \ 24 2
A 003 2.8 0.7 3.41 0.3¢ 400 299 62.1
(0.33)  (2,12)  (9.79)  (4.49) {0.14) n,m m.s) (37.1)
28 25 2% 28 18
“ 185 680 30-8) 1381 o0.46 2300 798 61
(0.79) (1.3 12.31)  (7.27) (0:16) (870 Q1.2 (16, 6)
b4 P2 ” an k) F14
c ©I5 9.6 eo.l0 % 080 01 814 H
(1.41)  (2.64) (20.20) (8.21) (0.16) (7.61) (27.1)
N 30 n I - 33w W » » T
- - - --
A 0.6 2,17 7.33 2.4 0.31 M 263 471.3
10.29) {(2.62) (6.89) (2.68) (0.11) (3,583 (38.1) (46.3)
1% 18 1 16 14 1 1 8
o 3 1.9 608 38.98  9.6% 0.30 3078 86 1.4
(0.82) (1.43) (12.93) (6.76) (0,21) (7,28) (9.55) (6.3}
20 20 20 20 20 20 20 20
c $.47 8.7 27,99 15.46 0.60 10.78 44.9 °
(1.43)  (1.47) (11.30) (6.87) (0.28) (8. ;60 @1.9)
28 3 24 24 24 24

b of
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Table 4. Avonr species diversity indices calculated for each reet
zone at seven fr nqlng reef complezss along the west coast of Barbados.
H'n snd H'c: - WIBNER's intlex of diveraity (Bq. 2); J'n and J'ca
PIRLOU'e ‘cunncu' index (Bg. 4,5); H: BRILLOUIN'® index of diversicy
(Rg. )); @: NARGALEP's diversity index (BQ. 1); A'n and \'cy SINPSON'S
*messure of concentration® (Bg. 6,7). Pirst number: aversge velue;
second number (in parentheses): standara deviation; third number: totsl
number of transscts used in the anslysis. Rones: A = back raef, B = rest
flet, C = spur and groove sone.

Diversity indices

] 3
) ] 0 | 3.} w'e J'n J'e n [ | \'n A'e
B n
r B 3
A 0.1a8 0.122 0.42¢ O, 703 0,081 0.042 0.882 0.709
(0.173) {0.167) {0,443) (0,230) (0.124) (1.229) (0.392) (o 25') .
23 23 18 9 2] 23 18
m 3 0.348 0.286 0.738 O0.688 0.272 1.90% 0.442 n
(0.172) "(0.160) (0.208) (0.191) (O. 151) {1.068) (0.222) (o 202) ¢
- 20 20 19 17 20 19 19 B

(4 0.464 0.488 0.786 0.045 0 l‘“ 2.463 0.389 0.360
(0.217) (0,233) (0,264) (0.201) (0.191) (1.047) (0.232) (0.200)
23 23 22 23 23 a2 2
L) 0.03¢ 0.032 ° 67 0.4 020 0.262 0.333 0..0!
{0.054) (0,087) (05502) (05100) 054) (0 716) (0. OOI) (05270)
l

0.
0
16 16
K 3 0.260 0.2¢43 0.331 0.728 O 2 1..30 0.”7 0.67¢ .
(0.223) {0.215) (0.399) (0.210) 0 159) (1.826) (0.336) (0.261)
3 n 30 21 30 30 0
c 0.342 0.337 0.610 O.686 g 311 1.878  0.408 0.399

(0.192) (0.197) (0.299) (0.234) (0.187) (1.021) (0.270) (0.207)
35 35 38 38 3
A 0. l. 0.154 0.482 0.689 0.130 1.063 0.618 0.706
(0.216) (0 1!0) (0.01') (0.100) (0.362] (1.331) (0,346) (0,290)
23 19 11 23 19 19

23
v 2 0.409 0.623 0.000 0.782 0.348 2.963 0.303 0.dm
(0.195) (0.167) (0.21!) {0.113) (0.136) (1.302) (0.210) (0.165)
25 23 23 2s 24 H

c 0. )“ 0.300 0..'7 0.74¢ 0.236 2.459 0.192 0.097
(0.234) {0.248) (0,202) (0.208) {0.177) (1.608) (0,227) (0.)08)
23 28 n 20 23 28

s 28
A 0,136 0.110 0,848 0.722 0.088 0.%46 O0.17 0.2 o
(0 192) (0 155) (0. 656) (0.342) toigm (!2307) (0. 2'0) (0. :“)

9
5L 0.“8 O.l‘ll 0 'Ill 0.728 0.843 1.637 0.278 0.388
(0.174) (0.188) (0. 0’3) (0.157) (0.109) (0.981) (0.122) (0.164)
’ 20 28 29 20 28 2 n
C 0.780 0.702 0.”’ 0.801 0.623 4.420 0C.198 0.8
(0,128) (0.143) (0,073) (0.111) (0.111) (1,226) (0.077) (0 09‘”
24 24 24 24 24 24
A 0.212 0.188 0.602 0.“1 0.140 1,483 0.313 0.504
(0.208) (0.168) (0.371) (0.071) (0.140) (1.493) (0,302) (0.266)
21 21 13 12 21 21 18 18
SR B 0.471 0,468 0,019 O.7M 0.374 2.841 0.8 ) 0.39%
(0.175) (0,199) (0.120) (0.158) (0.1644) {}.119) (0 127) (0.1%6) ’ o
20 0 1 19 0 20 19

2 19
C  0.807 0.803 0.509 O0.69% 0.447 3,880 0.4 0. 30 P )
(05357) (0, 329) (0 220) (05:197 (Oiz") (liﬂb) 10’20!) (L 200)

A 0.282 0.201 0.684 O0.802) 0.220 1.79¢ ﬂ.l“ 0,503

(0.262) (0:2!00 (0,341) (0.106) (0.208) (1.664) (0.210) (0.32¢6) -
as 2% 10 15 23 28 14 18 ' ‘

% B 0.620 0,062 0.778 O0.680 0.538 3.039 0.27¢ 0.37%
(D. 8) (0.157) (0.149) (0.13%) (0,127) (0.833) (0.113) (0.M5)

7 27 27 27 t 7
[ 0 1l! 0.3 O0.77 0.886 , 3.5330 0.192 0.2

(0.127) (0, Hl) (0.082) (0.001) (0.114)(1,500) (0.077) (O.088)
s n 38 k1] n n 38

A 0.241 O0.248 0.673 0.73 0.176 1.628 O0.401 0.852
(0.199) (0.210) (0.32%5) (0.296) (0.158) (1.219) (0.272) (0.240)

18 18 14 13 18 18 14 14
;s 3 0.648 0.8619 0.021 0.781 0.588 1.2 0.2¢¢ "0.302
{0.108) (0.136) (0.100) (0.13%) (0.100) (0.696) (0.087) (0.108)

20 20 20 20 20 20 20 20
c 0.826 0.73¢ 0.877 0.780 0.662 5.840 0.188 0.2808
(0.109) (0.166) (0.079) (0.088) (0.096) !!C) (0.079) (0,103)

4 F1) 24 24 24 24 24
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»

Figure 4. Reef SR. Dendrograms showing classification of
line transects along each reference transect (south,
central, north) based on average species abundance and live:
coverage of scleractinian corals, Abundance and coverage
data were log{X+0.05) transformed before comparing line
transects usi the Ward's agglomerative hierarchical
clustering algorithm (Ray, 1982a). Each reference transect
splits into 3 main groups (back reef, reef flat and spur
and groove zone) at an arbitrary similarity level of Ri=0.4°
(vhere R? is the sum of squares between all_ clusters
divided by the corrected total sum of squares).
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Back Reef

Scleractinian corals, hydrozoans
zone. Average relative coral coverage (%) by
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number); standard deviation in parentheses.

and 2oanthids found

on the
species (first

~ Reef
BR 8aG rv SL BRI GS SR
No. of transects n=18 n=5 n=19 n=l4 ne=15 n=18 n=14
Species
Porites porites d5.3 8.9 15.7 0.1 10.0 13.7 11.4
(6.5) (20.6) (5.8) (0.1) (6.8) (3.3) (3.0)
Porites astreoides 11.2 - 32.7 €0.9 22.1 41.6 36.1
(5.2) (8.6) (10.7) (6.9) (6.9) (9.6)
Siderastrea radians 68.2 44.4 42 .6 25.1 3.7 7.3 22.7
(9.3) (23.0) (11.2) (9.5) (2.0) (&4.5) (9.0)
Siderastrea sideres - - - - 6.7 - -
(6.7)
Agaricia agaricites 1.2 - 0.8 - 8.6 1.2 -
(0.9) (0.001) (5.5) (0.6)
Diploria clivosa 4.2 - 0.5 31.8 7.0 13.7 18.1
(4.2) (0.5) (10.7) (5.6) (6.0) (6.2)
Diploria strigosa - - - 1.1, 35.5 - 1.1
(1.1) (10.0) (1.1)
Favia fragum - 6.7 1.4 - - 6.8 0.2
(6.7), (0.8) (4.5) (0.2)
Montastrea annularis - - - - 0.7 - 0.3
(0.7) (0.3)
Acropora palmata - - - - - 4.5 -
(2.6)
Millepora squarrosa - - 0.2 - 2.9 0.9 7.9
(0.2) (2.9) (0.7) (4.6)
Millepora complanata - - 6.1 1.1 - 13.4 1.5
(¢.4) (1.1) (5.2) (1.3}
Millepora alcicornis - - - - 0.5 - -
(0.5)
Palythoa mamillosa - - - - 2.2 - -
(2.2)
\.\\
‘..—\*—-\-s
] \
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Table 6. Scleractiniam corals, hydrozoans and zoanthids found on the
Reef{ Flat zone. Average relative coral coverage (%) by species (first
number); standard deviation in parentheses.

\ Reef
nm 36 | 44 sL w1 Gs SR
No. of transects nel9 ne30 ne=24 n=28 n=19 n=27 n=19
Species AN .
Porites porites 1¢.5 23.0 8.2 3.6 1.1 6.7 11.5
(3.7) (5.9) (2.5) (1.0) (0.%) (1.1) (2.4)
Porites astrecides 5.7 54.0 49.6 40.1 34.8 33.0 33.0
(8.2) (6.2) (4.9) (3.8) (5.6) (4.1) (4.5)
Siderastrea radians 1.6 2.4 1.2 0.3 0.5 0.1 3.9
(1.1) (1.4) {1.1) (0.2) (0.%5) (0.1) (2.0)
Siderastrea siderea 16.9 - - 3.2 9.9 5.6 3.3
- (7.3) (1.3) {4.7) (3.3) (31.3)
Agaricia Agaricites 8.5 12.8 4.8 9.1 17.3 5.2 10.6
: (2.%) (5.5) (1.3) (1.6) (3.8) (1.0) (1.8)
Leptoseris ullats - - - 1.6 0.6 - -
(0.4) (0.3)
Diploria clivosa - 1.6 1.3 6.5 7.3 4.0 6.4
(1.2) (1.3) (2.9) (4.0) (1.8) (2.9}
Dipleria strigosa - 2.2 2.8 3.4 3.6 1.9 1.4
(1.1) (1.9), (2.4) (2.5) (1l.0) (1.0}
Diploria labyrithitormis - - - 0.3 - - -
(0.3)
Favia fragum - 1.2 4.8 0.9 0.9 1.7 3.8
(0.6) (1.5) (0.3) (0.4) (0.3) “(1.1)
Montastrea annularis 9.5 - ‘3.4 3.4 6.1 3.3 4.1
(5.5) (2.9) (1.1) (2.3) (2.1) (2.3)
Montastres cavernosa - - 1.8 0.2 - 0.2 0.4
(1.4) (0.1) . (0.2 (0.4)
Acropors palsasta - - - - - 0.3 0.3
. N 10.3) (0.3}
Madracis decactis - - - 0.1 - 0.8 -
{(0.1) {0.6)
Madracis mirabilis - - - - - - 0.5
° (0.5)
Isophyllis sinuosa - - - - - 1.0 -
(0.8)
Millepors complansta 2. 0.9 1ls, 19.1 2,9 29.6 0.7
(2.6) {(0.9) (4.2) (3.8) (1.6) (4.8) (0.5)
Millepors squarrosa 0.6 2.1 8.4 4.0 12.¢ 3.1 15.0
(0.6 .0) (2.0) (1.2) (4.4) (0.5) (3.6}
Milleporas alcicornis - - - 0.1 1.4 - -
(0.1) (0.7}
Palythoa mamilloss - - - 4.2 3.6 3.3 5.3
(1.4) ({2.0) (0.8) (2.8)

I
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Table 7. Scleractinian cora}s, hydgozoans and zoanthids found on the
Spur and Groove zane. Averiqe relative coral coverage (%) by species
(first number); standard ddviation in parentheses.

! Reet
¢ m sa o 4 sL. G s
No. of transects ne22 ne3d ne25 ne24 0=y n=38 n=2¢
Species
Porites porites 23.5 0.3 8.2 2.6 2.4 9.3 1.7
(6.2) (S5.8) (3.2) (0.8) (0.6) (1.9) (0.5)
Porites astrecides 16.9 19.6 20.2 28.¢ 10.1 18.4 1l¢.1
(2.4) (4.1) (8.7) (3.0) (1.7) (2.7) (2.3)
Siderastrea siderea 1.3 - 15.8 17.5 15.6 10.2 23.7
(1.3) ~ (6.7) (4.3) (4.2) (2.3) (4.0)
Siderastres radians - 0.1 11.2 - - 0.8 3.9
(0.1) (5.6) (0.8) (1.85)
Agaricia agaricites 21.1 14.0 1.5 10.1 19.1 3.0 3.6
(3.7) (4.0) (0.6) (1.7 (3.6) (0.%) (0.6)
Leptoseris cusulleta - - - 2.4 0.7 0.5 0.2
- (0.4) (0.3) (£.2) (0.1)
Diploria clivosa - - 13.3 - 0.2 0.2 -
(6.,0) (0.2) (0.2)
Diploria strigose - 3.2 6.9 2.3 2.9 3.9 5.7
(1.%) (2.9) (1.%) (1.%) (1.0) (1.7)
Diploria labyrinthiformis - 0.3 - 2.4 0.2 2.3 4.0
(0.3) (2.4) (0.2) (0.7) (1.7)
Favia fragus * - 0.2 - 0.1 0.6 0.5 0.2
(0.6) (0.1) (0.3) (0.2) (0.2)
Montastres annularis 27.8 10.0 1.0 $.7 16.0 17.9 12.3
(64.9) (4.3) (1.0) (2.3) (8.1) (2.9) (4.0)
Montastrea cavernosa - - 7.4 3.6 2.9 1.7 15.9
(4.6) (2.0) (1.7) (0.9) (3.3)
Madracis decactis - - 0.7 0.6 0.5 1.7 o0.¢
(0.7) (0.4) (0.3) (0.5) (0.3)
Madracis mirabilis - - - 3.1 15.3 2,2 2.1
Ipopbyil] A (1.0) (6,3) (0.6) (0.8)
Colpophyllja natans . )- - - 0. - 0.9 1.1
arens (0.3) (0.4) (0.6)
Meandrina meandritces - - - 1.2 0.2 1.6 ¢.1
(0.7) (0.1) (0.%5) (1.4)
Dychocoenia stokesi y - - - 0.4 0.6 1.4 1.2
(0.3) (0.6) (0.4) (0.6)
Dendrogyra cylindrus - - - - - (iz -
.4)-
Stephanocoenia michelinii - - - - - (8" -
.2)
Acropors pealaats - - - - - - 0.2
(0.2)
Mycetophyllia alices - - - - - 0.1 -
(0.1)
Mycetophyllia dansana - - - - - (0.1 -
0.1)
Mycetophyllia ferox - - - - - (gi' -
. )
Isophyllia sinvoss - - - - - 0.1 - 7
S (0.1)
Millepora sQusrrosa 9.5 2.0 2.4 6.9 6.7 5.7 3.3
L(2.2) (1.1) (1.0) (0.9) (1.%) ({(1.0) (0.7)
Nillepora complansts - 9.3 11.5 8.2 2.3 10.%9 2.¢
. 13.1) (e0) (2.9) (1.3) (2.6) (0.9)
nillepora alcicornis - - - 0.2 2.5 1.1 0.2
(0.2) (0.8) (0.4) (0.1)
Palythoa msmillosa - - - - 1.1 0.3 0.1
. (0.7) (0.3) (0.1)
\ .
D)

ro
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Back reef sone

L4

1

Faunal conparisoﬁ. éhe back reef zones, with an average
depth of 0.5 to 1.4m, are characterized by high densities of
fleshy algae covering a substrate primarily composed of movable
sand and dead coral rubble (Table 3). At the BR reef Thallas;:
testudinum Koenig and Sims was a dominant macrophyte in a
narrow zone 20m wide at the shore side of the bac% reef. The
seavard eége of the back reef was dominated by Dictyota sp.,
Padina sp. and Caulerps spp. 1In contrast, the shore side of
the back reef at SG reef was dominated by Ulva fasciata Delile
which underwent seasonal blooms (personal observation). Other
species present in high numbers were Padina sp., and Caulerpa
spp. 1t should be pointed out that the back reef of the §G
regf is directly affected by heated effluent from a power plant
located next to the reef (Tomascik and Sander, 1985).

By comparison, the back reef =zones of the four northern
reefs (SL, BRI, GS and SR) were generally dominated by
filamentous algae with a distinct absence of large macrophytes,
Some of tﬁe filamentous algae identified include Cladophoropsis
membranacea (C. Agardh) Borgesen, Cladophora sp.,‘aryopsis sp.,
ahd Chaetomorpha media (C. Agardh) Kutzing. Havkins and Lewis
(1982) identified Lyngbia sp. and Oscilatoria sp. in the back
reef as forming a thin veneer or turf on or within the shallow
surface layers of the sediments. This' study concentrated
mainly on the more visible algal species. Another

characteristic of tho}back,rcct zones vere lov densities of the

PRV el
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sea urchin Diadema antillarum (Table 3) duriné both day and
night.

Ten coral species were found on the back reef zones of the
fringing reefs (Table 5). 1In addition, Palythoa mamillosa was
recorded on the seawvard edge of the back reef at the BRI reef
representing 2.2% of the total coral coverage.

Tab jndicates that northern reefs had higher number of
species recorded when compared tQ the southern reefs, The
dominant species in terms of relative coral coverage on the
three southern reefs (BR, SG, and FV) were Porites porites,
Siderastrea radians and Porites astrecides; even though the
latter was absent from the SG reef. These three coral species
represent more than 90 § of the total coral coverage. Agaricia
agaricites and Diploria clivosa (E11is and Solander) were minor
components, and were absent from the SG reef., The back reef
zone at the SG reef contained oﬁly three species; note that
ravia fragum (Esper) was rare (Table 5). These results
indicate that Porites porites and Siderastres radians can best
tolerate the ﬁeated pover plant effluent which impacts on the
SG reef,

In comparison, the dominant coral species on the four
northern reefs were Porites porites, P. astreocides, Siderastrea
radians and Diploria clivosa. Note that Diploria strigosa
(Dana) was the dominant species in terms of coral cover at the
BRI reef (Table 5). Millepora complanata was an importent
component on the seavard edge of the back reef zone at the S

reef cbnltituting 13.4 &% of the total coral coverage. None of
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the other species contributed more than 10 §& to the total

coverage values, 7

)

Community descriptors. The average valu¥s of the simplé\

ecolggjkal indices were slightly higher at the northern reefs
vhen compared to the southern reefs (Table 3). There were no
statistically discernible differences in the average depth
recorded in the back reef zoned of the seven fringing reefs,
indicating that differences in the community characteristics.
vere independent of depth, and depth related environmental
factors. The results o;,Lne-vay multivariate ANOVA indicated
gignificant differences for all community descriptors among the
back reef zones. Table 8 presenés the results of Tukey's
multiple comparison test (at the 0.05 1level) for among reef
comparisons. Reef SG had the lowest average number of species
vhen compared to other reefs; but, differences in the species
number among the remaining reefs wvere not statistically
discernible. 5rcnds in the average number of colonies
(abundance) and percentage coral coverage were similar to those
of average species abundance. Values were statistically lower
at the SG reef than at the other reefs. Highest transect size
index (TSI) values occurred at BRI reef and these wvere
statistically discernible from TSI values at the other reefs.
TSI values were statistically indiscernible among the remaining
reefs. Statistically lover densities of the sea urchin Diadema
antillarum occurred at the two southern reefs BR and SG vhen

compared to FV and GS reefs. Note that the percentage of
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Table 8, Tukey's studentized range (NSD) test (Ray, 1982s) for
significant (P<0,.08) differences betvesn station seans for Number of
coral species (V); Number of colonies (O); Percentege coral coverage
(PCCS) (o), Transect sime index (TS1) (*); and Density (#/m?) of Diedema
entillarum (v). Note: this test controls the Type 1 experimentvise error
rate.
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su&%trate cover by engrusting calcareous algae was low at the(:iﬂ

twvo southern reefs (fable 3). Higher wurchin densities vere
recorded at the other reefs than at BR and $G; but - -statistical
differences were not discérnible (Table 8).

/ . v

Diversity indices. Table ¢ summarizes the average
diversity wvalues for the different diversity indices used.
Multivariate one-way ANOVA revealed that significant_
differences occurred for H'n, H'c, H and d. The results of the
Tukey's test (at 0.05 level) showed that diversity values vere
statistically lower at the SG reef than at GS and SR reefs
(Table 9). There were no statis;;cally discernible differences
in species diversity among the other reefs. Neither Pielou's
evenness indices nor S{mpson'é index of concentrat?qn showed

statistically discernible differences among the back reef zones

of the study reefs,

«

Reef flat sonb

Faunal comparison.' The reef flat zone 'defined in this
study combines part of the reef crest and the coalesced spur
zone previocusly described by Lewis (1960), Stearn et al.,
(1977) and Lewis (1984). The reef flat extends from the seavard

edge of the back reef zone seawards tovards the spur and groove

zone, The width of the reef flat varies among the study reefs .

from 40 to 100m (Fig. 1), with an average depth ranging from
"‘

e
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Table 9. Tukey's studentized range (NSD) test (Ray, 1982s) for
significant (P<0.03) Aifferences betvesn station seans . for
Shannon-wiener’'s diversity indexs H'n (V) and RH'c (0O); lr.incbln'c
diversity index: H (e); and MNergalef's diversity index: 4 (%), for
turther esplanstion see "Materisls and Methods” gsection, Note: this
test controls the Type 1 experimentvise arror rate.
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1.6 to 2.7m (&%ble 3). The ingshore portion of the reef flat is
emerged in places at spring tides. The substrate is composed
mainly of compacted coral rock with irreqular surfaces. At the
three southern reefs (BR, SG and FV) th? substrate was covef;d
by bgth encrusting coralline algae (predominantly Porolithon
sp. and Neogoniolithon sp.) and macrophytes; the ;gst visible
being Cladophora sp., Bryothamnion sp., Laurencia sp., and
Acanthophora spicifera {Vahl) Borgesen, The macrophytes
coverad approximatly 20 to 40 & of the hard substrate,. By
comparison, the dead coral substrate at the four northern reefs
(SL, BRI, GS and SR) was covered predominantly by encrusting
coralline algae (i.e. Porolithon sp. and Neogcniolithon sp.)
The coralline algae covered approximatly 70 to 80 % of the hard
substrate, whereas filamentous algae covered only 1.4 to 10.3 &
of the substrate"(Table 3). The average densities of Diadema
antillarum increase in a south to north direction (Table 3).
Sixteen species of sclerﬁgtinian corals were recorded on
the reef flat zones of the seven fringing reefs. Only four
scleractininn. species were common to all reef flats. The
dominant species on the reef flats was Porites astrecides
making up between 33 to 54 ¥ of the live coral coverage (Table
6). " Siderastrea radians represented a relatively small
component of the coral coverage, whereas Agaricia agaricites
constituted between 4.8 to 17.3 § of live coral cover, and
Porites porites betwveen 1.1 and 23,0 %. Montastrea annularis,
considered to be a dominant reef builder in Barbados {(Levis,

Y4
1960; Macintyre, 1968; Stearn et al., 1377),.was absent only
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from the 8§G reef flat. The colonies of M. annularis were small
round and lobate, a:ZrJ:ere mainly restricted to the seaward
edge. Montast rea caternosa was*present on four reef flats
(Table 6), but in relatively low numbers. Palythoa mamillosa
wvas absent from the three southern reef flats, but represented
Detwetn 3 A 05 & of the coral coverage at the four northern
reefs (Tabl[ 6). Both Lewis (1960) and Stearn et al. (1877)
regarded Palythoa as a characteristic species cof this zone, and
Lewis (1960) named the Diploria - Palythoa zone based on the
high abundance of Diploria clivosa and Palythoa mamillosa. The
low abundance and coverage of both species in this study
suggests that major changes have occurred within the coral
community. Millepora complanata and M. sguarrosa vere present
on all reef flats; with M. complanata forming a noteworthy
feature at the gseaward edge of SL and GS reef flats, and to a
lesser extent at the FV reef flat. In general, the northern

reef flats have a higher species complement when compared to

the three southern reefs. J

Community descriptors. The differences among the seven
reef flats are evident in the simple community descriptors used
in the study (Table 3). The results of multivariate one-way
ANOVA indicated significant differences in all community
descriptors (Table 3). No statistically discernible differences
were found (P > 0.,05) for the TSI index among the seven reefs.
The results of Tukey's multiple comparison test (Table 8)

indicated that the average number of species, number of
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colonies, percentage coral coverage and D. antillarum densities
all exhibited similar trends among. the seven reefs. Tables 3
and 8 indicate that average values of the above descriptors
were statistically higher at the four northern reefs (SL, BRI,
GS and SR) than at the three southern reefs (BR, SG and FV);
with lowest values occurring at the SG reef flat and BR reef
flat. The only statistically discernible difference L between
the BR and SG reef flats was in the lower coral coverage values
(Table 3) of the 5G reef flat. The average values of the
community descriptors (Table 3) at the BRI reef flat were not
statistically discernible from the average values at BR and FV
reef flats. However, Epe density of D. antillarum at the BRI
reef flat was statistically higher than at the two southern

reefs,

Diversity indices. Table 4 cle§<:ifgjndicates that the

diversity of the coral community incregged from the southern
reef BR to the northern reef SR. The results of the
multivariate one-way ANOVA indicated significant differences
for all diversity indices. Tukey's multiple comparison test
(Table 9) indicates that values of the four diversity indices
H'n, H'c, H and@ d were statistically lower at SG reef than at
the northern reefs, but were not statistically discernible from
the diversity values at BR reef. Of the four northern reefs,
BRI had the lowest H'n and H wvalues and these were
statistically discernible from the H'n and H values calculated

for the GS and SR reefs. Margalef's diversity index d showed
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lovest values at SG and BR reefs, which vere statistically
indiscernible from each other. However, the d values at the SG
reef were statistically discernible from the other reefs. Note
that the average d values at the BRI reef were statistically
indiscernible .from the BR reef. Table 9 clearly indicates that
Brillouin's diversity index H showed a higher degree of
differentiation among the reef flats when compared to the other
diversity indices. The results of Cihe multivariate one-way
ANOVA have also indicated significant differences for J’'n and
A'c. Statistically lower J'n values occurred at thr SG reef
flat (Table 10), which was dominated by Porites porites, P.
astreoides .and Agaricia agaricites. Highest dominance values,
\'c,' were observed at the two southern reefs (BR and SG), and
these were statisgstically discernible from \'c values measured
at the four northern reefs (Table 10&. Lovest \'c values
occurred at SR reef and these were statistically discernible
from the other three northern reefs. The relatively lower
dominance values at the four northern reefs result from the

increased species number and reduced dominance of Porites

astreoides.

o
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Table 10. Tukey's studentized range (HSD) test (Ray, 1982a) for
signiticant (P<0.03) differences betwesen station smeans for Simpson's
index of concentration:s L\'n (V) and \'c (0); and Pielou's evenness
indexs J'n (m) and J'c (%); for further ezplanation see "Materials and
Nethods™ section, Mo discernible diffescences vere observed for the above
indices at the Back Ree! zone. Note: this test controls the Type L
experimentvise error rate. *
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Spur and groove smone

Faunal comparison. The spur and ‘$toové zone previously
described by Lewis (1960) and Stearn et al., (1957) is
considered the most‘actively growing part of the fringing reef
complex. The spur and groove configurations, generally running
perpendicular to shore, vary in size from reef to reef. Stearn
et al., (1977) reported that the spurs at the geaward edge of
the fringing reefs were dominated by Porites porites. The main
characteristic of the spur and groove =zones at the three
southern reefs (BR, SG and FV), in the present study, was the
high percent cover of substrate by fleshy algae. The spur and
groove zone at the SG and BR reefs is being eroded, and in the
case of the former, has almost collapsed. Similar erosion is
occurring at the FV reef where the grooves are beiﬂ!htilled
with sand. The fleshy algae covering the collapsed spurs at'the
BR reef were dominated by Acanthophora sp., Dictyota sp.,
Bryopsis sp., and C(Cladophora sp. This zone, at the 5G and FV
reefs, was éeavily covered by filamentous algae; however,
calcareous algae contributed more to the substrate cover at the
SG reef (Table 3).

In contrast to the southern reefs, the spur and groove
zones of the four northern reefs were almost devoid of fleshy
algae. Some filamentous algae (endolithic algae; Hawkins and
Lewis, 1982) were present on dead coral fragments and on the
exposed skeletal framework of dead coral heads. The dominant

P s

encrustﬁpg coralline algae were Porolithon sp., Goniolithon

st L
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sp., and Neogoniolithon sp.

Twventy three Scleractinian species were recorded on the
spur and groove ' zones of the seven fringing reefs. Of these,
only Porites porites, P. astreoides, Agaricia agaricites and
Montastrea annularis were common to all the reefs. Table 7
presents the average relative coverage of each species. In
terms of abundancé‘and percent coral coverage, the dominant
species at the BR and SG reefs were Porites porites, P.
astreocides and Montastrea annularis (Table 7). Th; abundance of

Porites porites was greatly reduced on the FV reef and on the

"four northern reefs. The dominant species on the FV reef were

P, astreoides and Siderastrea siderea (Ellis and Solander); and
on the northern reefs, P, astreoides, Agaricia agaricites, M.

nularis, and S. siderea (Table 7). The high dominance of
Madravis mirabilis (Duchissaing and Michelotti) (15.3 & of
coral cower) at the BRI reef is attributed to a large stand
located at the southern seaward edge of the reef.

The colonial zoanthid Palythoa mamillosa was present on
the three northern reefs (BRI, GS and SR); however, it was
regstricted to -the inshore edge of the zone. Millepora
squarr;;a was common to all the reefs, while M. complanata vas

absent from the BR reef, and M. alcicornis was mainly

restricted to the four northern reefs.

Community descriptors. There was a general increase in
the average number of species, coral colonies, percent coral

covet, TSI index and D. antillarum densities in a northerly

ey *
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direction from the southern reef BR (Table 3). The increase in
species number is primarily due to larger coral species which
are absent from the three southetn reefs (Table 7).
Multivaripte one-way ANOVA indicated significant differences
among the spur and groove zones for all community descriptors.
The results of the Tukey's multiple comparison test showed that
the average number of species, number of colonies, percent
coral cover and sea urchin densities vere statistically lower
at the three southern reefs when comparf& to the four northern
reefs (Table 8). Howvever, the average number of colonies at
the southern reef SG was statistically indiscernible from that
at the SL and SR reefs. The high value of the TSI index at the
FV reef is attributed to the presence of large S. siderea

colonies.

Diversity indices. The results of ANOVA also indicated
significant differences for the diversity indices presented in
Table 4. The values of all diversity indices ( H'n, H'c, H and
d), including the evenness indices J'n and Jnc, increased in a
northerly direction from the southern reef BR. The diversity of
the coral community was statistically higher at the northern
reefs (vhen compared to the southern reefs and BRI reef) as wvas
ingigated by the Tukey's test (Table 9). The average species
diversity at BR{ réef was statistically lover than at the SL,
GS and SR reots,~5ut was statistically indiscernible from the
BR reef, The northerly increase in species diversity is

associated with an increase in evenness and coresponding
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decrease in dominance (Table 4); High coral dominance, \'n and
\'c, was characteristic of the three southern reefs, vhere only

fewv species contribute to the abundance and coverage values.

_ Higher dominance and lover evenness values at the three

southern reefs vere statistically di rnible from those of the

northern reefs (Table 10).

s
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Wwithin reef sonation

Community descriptors. The results of one-way ANOVA for
within reef differences among the three zones indicated
significant differences for all community descriptors. The
specific differences among the three zones, for each reef, were
tested by the Tukey's test (Table 11 and_%Z). Average number of
species increased from the back reef zone seawards with highest
numbers in the spur and groove zone. On all reefs the average
number of species, number of colonies and 1live coral coverage
vere statistically 1lower on the back reef =zones than on the
reef flat and spur and groove zones. At the northern reefs,
with the exception of the SL reef, average number of species
wvas statistically higher on the spur and groove zone than on
the reef flat zone (Table 11). By comparison, there were né
statistically discernible differences in average number of
species betveen the reef flat and the spur and groove zone at
the three southern reefs (Table 11). Highest densities of D.
antillarum vere recorded on the reef flat and the spur and
groove zone, and these were statistically discernible from
densities on the back reef zone (Table 11). Coverage of
substrate by calcareous algae was statistically higher on the
reef flat and the spur and groove zone than § the back reef,
vhile the coverage by fleshy algae vas statistically higher on

the back reef (Table 11).

Diversity indices. The results presented in Table 12

™
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Table 11. Tukey's studentized rsnge (HSD) test (Ray,1982a) for
significant (P < 0.0%5) differences among the reef 30nes for average
nusber of species, coral colonies, percent coral coverage (PCC §),
densitiss of the sea urchin Diada-l’antlllaru-, depth, VA coverage of
substrate by calcareous algae (8§ CAL) and fleshy algse (8 PFIL). Zones: A
= back reef, B = reef flat and C = spur and groove zone. Note: this
test controls the Type 1 experimentvise error rate.

Station attributes

No. of No. ot PCC No. of Depth L ] 3
REEPS species colonies _! _______ EEE?iE: _____________ St& _____ EEE‘
BR C,B>A C@ >A C,B>A C,3>A C>B>A C,B>A A>}¢-l'
$G C,B>A C>B>A C>B>A C>8>A C>B>A C,B>A A,B>C
r A »C B>A 3>A,C C>B>A B>A,C  A>B,C
sL C.B>A C,B>A C,B5A  C,BoA C>B>A  C,B>A  A>B,C
BRI C>B>A C>3>A C>B>A C,B>A C>B>A C,B>A A>B,C
(<14 C>B>A C,>A C, A C, %A C>A B>C>A  A>B,C
SR C>I>A C,B>A C>B>A C,>A C>B>A »>C,A A>B,C

o-ie o
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Table 12. Tukey's studentigzed range (HSD) test (Ray, 1982a) for
signitficant (P<0.03) differences among reef zones for Shannon-Wiener's
diversity index: W'n and H'c; Brillouin’s diversity index: M; Margalef's
diversity index:*d; Pielou's evenness index: J'n and J'c; and Siapson's
index of concentrations \'n and \'c; Iones: A = back reef, B = ree! flat
and C » r and groove 3one; Note: this test controls the Type 1
experimentuise error rate.

Diversity Indices

Reefs H'n H'e , H - J'n J'c A'n \'e

BR C,B>A C>B>A C,B>A C,B>A C,B»A AmBaC AsBaC A>B8>C
G C,B>A C,B>A C,B>A C,B>A A=BaC A=l AsBs=C AsBsC
v C,B>A C,B>A B>C,A C,B>A C,B>A A=Bs(C A>8,C A>B

SL C>I>A C>P>A C>BPA OCOB>A C,B>A  A=BsC A 3 A>B,C
BRI C,B>A C,B>A C,P>A C,B>A BC A=B=sC C>A A>3,C
Gs C>B>A C,B>A O>P>A C>B>A  A=Ds( A,C>D AeBeC A>B>C
SR C>B>A  C,B>A C;I>A A OA A=BaC A,B>C A>8,C
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demonstrate that species diversity was statistically lower on
the back reef when compared to reef flat or spur and groove
zones. With the exception of the BRI reef, the zonation
pattern at the northern reefs was well defined. The average
values for the H'n at the GS and SR reef flats were
statistically discernible from H'n vaslues on the spur and
groove zones (Table 12). In comparison, the reef flat and the
spur and groove zones were similar in terms of H'c. In
general, there was a progressive increase in coral diversity
from the back reef to the spur and groove zone, however, the
zonation was less pronounced at the three southern reefs.
Pielou's evenness indices showed an increase towards —the spur
and groove zone (Table 4). Note that with the exception of the
GS reef there were no statistically discernible differences
among the three zones in J'c. By comparison, J'n was more
sensitive (Tabie 12) in delineating within reef differences,
suggesting that coral colonies are more evenly distributed
among the species on the reef flat and the spur and groove zone
than on the back reef. The dominance of few species on the
back reef is also reflected in higher A'n and \'c values (Table
4). Lowest dominance values generally occurred on the spur and
groove zone, however, few exceptions occurred (Table 12). In
summary the data indicate that the scleractinian coral
community is more diverse on the spur and groove zone than on
the reef- flat, and more diverse on the reef flat than the back

reef.

N
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Community and Environmental interactions

\

Table 13' presents Spearman's rank correlation
coefficients between the various environmental variables and
community descriptors. The results indicate that the structure
of the scleractinian coral community 1is highly correlated with
environmental conditions along the west coaét of the island. In
a previous study (Tomascik and Sander, 1985), it was
demonstrated that, dissolved oxygen, temperature and salinity
differences among the seven fringing reefs were not
biologically significant, and, therefore, are not included in
the present analysis. Depth and downward flux of suspended
particulate matter (DF-SPM) showed no correlation with any of
the community descriptors (Table 13), It is interesting to note
that both average number of colonies (COL) and Pielou's
evenness index J'c failed to correlate with the environmental
conditions, but since most environmental variables and
community descriptors were strongly correlated it was not
possible to clearly demonstrate which envirgnmental factor or a
combination of factors had the most signifjtant effect on the
structure of the coral community.

Table 14 presents the results of principal component
analysis (PCA) for 11 environmental variables measured during
the study. The first three principal components (PC) account
for a total of 92,9 % of the variance in the data, the first
component accounting for 68.5 & of the variance, the second for

an additional 14.3 % and the third for the remaining 10.1 %.

Fr R
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Table 13. Spesrman correlation coefticients between the environmental
variables (SPM: suspemded particulate satter; CHla: chlorophyll a; PEN:
§ of surface {illumination; OMG: & of organic content in sedisents;
DP-SPM: dovnward flux of SPM, Depth, BOD: bilological oxygen demand;
PO,~P: incrganic phosphate; NO,+MO,-N; nitrate-nitrite nitrogen; NO,-N:
nitrite nitrogen; Wi,-N; ammonia), and ccologicnl descriptors (SP:
species number; COL:i numbar of colonies; PCC: & percentage corsl
coverage; T81: trenssct size index; CAL: § substrate cover by calcareous
algae; FPIL: & substrate cover bI tleshy algse; H'n and MH'c: Shannon-
Wiener's diversity index; Hi Brillouin's diversity index; d: Margalef's
iversity index; J'nand J'cst Plelou's evenness index; A'n and 'c:
son's i{ndex of concentration)., Por >0.78, ?>0.09; ne?,

" ala M W M-SR - Sugad WD FO,-P MO, AD,-¥ MO, W,-n

- 4.0 -0 .93 -9 4.0 -3.00 4. 4. 0.8 ~8.9¢ -0 1% -0 %
an A 4N .3 -.M 4.0 4.4 L] 4.4 -4.13 -4.90 -0 44 -t 8¢
we 4Mm - .70 -4n a1 -6.83 0.l 0.1 -0.Q -0.78 RN H -0
™ .2 -.M [ N2 B N 4.8 ~9.43 -4.32 4.9 -0 -0.29 -0.48 -9.10
CAL 4.9 -0.M s.08 -~4.03 ~4.18 2.9 .33 4.0 -7 -4.09 -0 7y 0 M
ne L4 .08 -6 "0 0.4 .60 4.4 0N .43 [ 1229 (201} on
w's 40 -9 .9 -9 . -1.00 “4.04 ~8.9% -0.08 0.9 0.7 -0 %
e -.B¥ -0.9 .9 -8 .8 -1.08 4.4 0.9 -0.00 -4.% bR ] -0.9%
- .08 0.7 N 4.9 e.07 -1.08 .06 0.9 -0.00 0. % - -0.%
4 4.0 -0 t.33 -0 . ~1.00 4.4 -4.N -0 ~0.0¢ -0.7% -0 %%
J'a 483 -0.9 .93 -~0.0 [ ] ~4.93 4.0 -0.% 4.9 4.9 -3.%¢ -0 %
3's %43 -0.00 1 4.0 e.7¢ -4.32 4.1 4.3 -8 0 3.07 -0 )9
e " .93 -1.00 " -0.04 .9 .M 0.0 ®“m "” 0.84 [ 1]
e .06 "M -0 (3] -6.1 4.9 L " [N _J [N} o s an

1 DP-SPM rates averaged over one year; * DF-SPM rates averaged over
sussar months only (ses Tomascik and Sander, 1583).
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Table 14. Bigenvecteor losdings and Spearman’'s rank correlation
cosefficients (r) for correlations betveen environmental variables and
principal components 1,2 and 3; * Indicates statistical significance
(two-tailed test) at P < 0.002; ®** P < 0.01; s P < 0,02, @ P < 0,05; ne?
reefs.

Principal component

Environmental @ — ------ f ---------- veeso== 3 ------------------ 3 --------
vacisbles ¥ bttt AL gttt S Loading i
SPH (mg/1) 0.346 0.96** -0.208 -0.36 -0.050 -0.04
PEN (%) -0.316 -0.89s 0.181  0.46 -0.301 -0.28
DP-SPM (mg/cm?/d) 0.016 -0.21 0.158  0.18 0.920 0.92e
Depth (m) 0.126 0 0.58)  0.82¢ -0.025 -0.07
oM (%) 0.351 0.90e  -0.121 -0.22  0.105 0.16
Chl(s) (mg/m?) 0.292 0.96** -0,451 -0.61 -0.024 0.18
30D (mg/1) 0.332 1,00* -0.269 -0.43 0.022 0.07
NO,+NO,-N (sg-at/1) 0.334 1.00e 0.250 -0.43 0.129 0.07
NO,-N (mg-at/l) 0.307 0.61 0.39) 0.04¢ -0.02% 0.68
NH,-N (sg-at/1) 0.347 1,00 0.177  -0.43 -0.0%7 0.07
PO,-P (sg-at/1) 0.345 0.88¢ 0.148 -0,22 -0.146 -0.14

t‘

¥ Abbreviations used - $PM: suspended particulate matter; PEN:
percentags of surface i{llumination; DF-SPM: dovnward flux of SPM; ORG:
percentage of organic matter in sedisents; Chl(a): chlorophyll a; BOD:
biological oxygen, demand. ;
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High correlation between the PCl and the environmental

variables (Table 14) suggests that PCl can be interpreted as a

general index of environmental conditions, Thus reefs with |

high concentration of SPM, chlorogyll & and nutrients will
have high scores on PCl; conversely reefs with low nutrient
concentrations and high wvater clarity will have 1low Scores on
this component. As the PCl accounts for the single largest
proportion of wvariance in the data, it can be concluded that
the major differences among the fringing reefs, in terms of
environmental conditions, are related to water characteristics.
It is of interest to note that both DF-SPM and depth score low
on PCl. However, depth is highly correlated with PC2 indicating
that PC2 is a function of depth, while DF-SPM is‘ highly
correlated with PC3 indicating that PC3 1is a function of
DF-SPM. Spearman rank correlations between the PCl and the
community descriptors (Table 15) indicate that species
diversity is a more sensitive measure of eutropBhicdation stress
than coral abundance, coverage or TSI index. Furthermore, lack
of correlation between the community descriptors and PC2 or PC3
indicates that neither depth nor DP-SPM are dominant
environmental factors affecting the coral community.

Table 16 presents the regults of PCA “for 12 community
descriptors used to characterize the structure of the coral
community.: The first PC accounts for 79.8 % of the varjance in
the data, vhile yhe second and third PC account for only 9.9 %
and 6.5 $-.of the variance respectively. Note tﬁ?t with the

exception of Pielou's evenness index J’'c, all diversity indices

e
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Teble 15. Spesarsan’s rank correlation coeflicients between three
principal components of aenvironmental variables and community
ducriptzn; * Indicates statistical wignificance (two-tailed test) at P
< 0.01; v+ indicates P < 0.05; ne] reeats,

Principal components

- - ——— -

Community descriptors 1 2 k]

Species asbundance (SP) -0.96 » -0.39 -0.07
Colony sbundance (COL) ~-0.5%0 -0.29 -0.11
Peccent coral cover (PCC) ~0.7% -0.57 -0.07
Transect size index (TSI) -0.39 0.25% 0.29
Shannon’'s divereity index {(H'n) -0.96 ¢ -0.139 -0.0?
Shannon's diversity index (H'c) ~0.96 ¢ -0.39 -0.07
drillouin’'s diversity index (H) -0.96 -0.39 ~0.07
Margalef's diversity index (&) -0.96 ¢ /=0.39 -0.07
Plelou's evenness i{ndex (J'n) _ ~0.96 » ~0.43 v

Pielou's avenness index (J'c) -0.39 0.18 ~0.5¢
Simpson's dominsnce indea (\'n) 0.89 st “0.54 -0.21
Sispson’e dominance indeg (\'c) 0.93 * 0.36 0.29

7
e T
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Table 16. Sigenvector loadings and Spesrman’s rank correlation
coefticients (r) for correlations betveen community descriptors and
principal cosponents 1,2 apd 3, * Indicates scatistical significance
(tvo-tailed test) at P < 0.002; s* P < 0,01; o P < 0.0%5; n=7 reels.

Principal component

1 2 3

Community Soeessms—ce-scoemosoma- S eeeeesesseorsesccacecosmoeeao-
ottt ot Rt S AU ot SN
sP 0.118 1.00¢ ~0.135 0.11 0.036 =0.04
coL ) 0.239 0.5¢ -0.537 -0.64 -0.020 -0.07
PCC 0.230 0.82¢ -0.306 -0.36 0.011 0.14
TSI 0.187 0.43 0.39¢ 0.39 -0.72% -0.75
H'n 0.320 1.000 0.042 0.11 0.056 -0.04
H'c , 0.32 1.000 -0.046 0.11 0.084 =0.04
H 0.320 1,00 ~-0.02¢ 0.1 0.123 -0.04
4 0.319 1.00¢ 0.004 0.11 -0.081 -0.04
J'n 0.290 0.93»+ 0,382 0.32 -0.093 0.04
J'e 0.178 0.32 0.%536 0.61 0.629 0.7%
A‘n =-0.302 =0.,93#« -0.042 -0.11 0.179 0.18
A'ee -0.320 -0.96* 0.065 -0.07 -0.082 =0.18

¥ Abbreviations as in Table 185,

“
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have similar loading on PCl irrespective of sign. Thus, reefs
with higher species diversity and lower dominance vill have
higher scores on this component, while reefs with low species
diversity and high dominance will have lower sgcores. High
correlation between PCl and the community descriptors suggest
that PCl can be interpreted as a general index of species
diversity for the geven study reefs. The relationship between
the PCl, or the general diversity index, and the environmental
variables (Table 17) indicates that water characteristics are
the dominant factors related to the structure of the coral
community. Note that PC3 is highly correlated with DF-SPM,
however since PC3 accounts—for only 6.3 % of the yvariation in
the data the relationship has no biological significance,

Fig. 5 presents the result of the 1linear regression
between PCl of the environmental data and PCl of the community
descriptors. Strong inverse relationship (r2?=0.88, P<0,002)
clearly demonstrates the effect of eutrophication on tHe
overall diversity of the coral community. Introduction of PC2
from the environmental data into the model, as a second
independent variable, improved the r? (P<0.03) of the
regression model (r2=0.97, P<0.001). However, it should be
noted that PC2, a function of depth, alone accounts for only
0.09 % of the total variance in the regression model (Fig. 6)
and is a poor predictoer of coral diversity in this study
(r3=0,09, P>0.52)., This supports the hypothesis that depth in
this study is gpt an important factor responsible for the

measured differences in the structure of coral communities.

.
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Table 17. Spearman’'s rank correlations betveen three principal
[ ents of co-unitx descriptors and environmental variables; *
Indicates statistical signiticance (tvo-tailed cest) st P < 0.01; »»
ind:cn;:;lr ;‘0.05, ne? reefs. Abdreviations for environmental variables
a8 in e 14,

»
Principal compongnt

Bnvironmental

Bt SN S SO

SPM (mg/1) ~0.89 ** -0.10 -0.14

RN (8) 0.93 ¢+ 0.11 ~0.18

DP-SPM (ag/cmizd) 0.07? 0.21 0.93 »

Depth (m) -0.04 -0.43 .11

OnG (8} -0.98 » -0.2% 0.09

Chl a8 (mg/m?) “0.93 » 0.04 0.04

0D (mg/l) -0.96 » -0.14 -0.07

NO, +NO,-N {xg-at/l) -0.96 * -0.14 -0.07

NO,-N (p;“lt/l) -0.78 0.0¢ 0.50

NH,-N (sg-at/l) -0.96 * . -0.14¢ -0.07

PO'.'P (ng-at/1) ~0.68 e -0.4% -0.16

e il
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Figure 5. Rggression of PECl (first principal component of
ecological data) on PENl (first principal component of
environmental data). The arrovw along the x-axis indicates
the direction of deterioratin? environmental conditions.
The arrow along the y-axis indicates the direction of
higher species diversity. The broken lines represent the
upper and lower 95% confidence bands for the regression
line. Symbols associated with each regression.point are
reef abbreviations.

nat
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Pigure 6. Regression of PEC1 (first principal component of
ecological data) on PEN2 (second principal component of
environmental data). The arrovw along the x-axis indicates
increase in average reef depth. The arrow along the y-axis
indicates the direction of higher species diversity. The
broken lines represent the upper and lower 95 § confidence
bands for the regression line. Symbols associated with each
regression point are reef abbreviations.
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- Discussion and Conclusions

Butrophication of the inshore water masses along the west
coast of Barbados is regarded as a éirect result of
anthropogenic activities (Tomascik and Sander, 1985; Lewis,
1985). Anthropogenic eutrophication is a combined function of
nutrient enrichment, sedimentation and toxicity associated with
dumping of domestic and industrial wastes. A number of studies
have demdnstrated that nutrient enrichment (Clutter, 1972;
Banner, 1974; Kinsey and Domm, 1974; Laws and Redalje, 1979;
Smith et al., 1981; Walker and Ormond, 1982), sedimentation
(Loya, 1976b; Dodge and Vaisnys, 1977; Lasker, 1980; Rogers,
1983; Cortes and Risk, 1985) and toxicity (McCloskey and
Chester, 1971; Maragos, 1972; Maragos and Chave, 1973; Sorokin,
1973; Johannes, 1975; Kinsey and Davies, 1979) have direct
and/or indirect effecés on the integrity of coral reefs.
Tomascik and Sander (1985) showed that nutrient concentrations
along the west coast of Barbados h;ve increased substantially
in the last 15 years, Hovevér, the nutrient cqncentrations are
not high enough to have a direct toxic effect on individual
coral colonies. Nutrient enrichment is therefore considered to
be an indirect stress, affecting the structure of the coral
communities through increased production at other trophic
levels (Maragos, 1972; Maragos and Chave, 1973; Kinsey and
Domm, 1974; Banner, 1974; Birkeland, 1977; Mahoney and
McLaughlin, 1977; Laws and Redalje, 1979; Smith et al., 1981).

This in turn affects the coral community directly through
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competition for space ' or indirectly through increased
bioturbation or sediment trapping (Walker and Ormond, 1982).

High abundance of benthic macrophytes and filamentous algae
at the three southern reefs (Table 3) may be a response to
elevated influx of nutrients from domestic and industrial
sources. Hovever, macroalgal dominance can also be induced in
coral reef habitats by exclusion of grazers (Ogden, 1976). The
low densities of Diadema antillarum at the three southern reefs
(Table 3) may therefore be contributing to the elevated algal
biomass. In contrast to the present study, Walker and Ormond
(1982) recorded higher densities of Diadema setosum (Leske) on
reefs, with high algal standing crop, affected by sewage
pollution. The difference may result from the fact that
industrial effluents, rather than sewage, are primarily
affecting the southern reefs in Barbados (Tomascik and Sander,
1985). 1Industrial effluents may inhibit and/or may increase
mortality of urching after recruitment. Note that overall
grazing pressure may not be lower on the polluted reefs, where
benthic herbivorous fishes are more abundant (Cotter, 1984).
As the densities of sea urchins increase (i.e, SR reef), the
dominance of the fish community shifts from benthic herbivores
to planktivorous specieé (Cottér, 1984). Gliven these results,
it is suggested that elevated nutrient levels, rather than
reduced grazing pressure, are responsible for the high algal
biomass on the southern reefs.

Elfvated nutrient levels have resulted in high

phytoplankton biomass (Tomascik and Sander, 1985) which may

e
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affect the coral community indirectly through the reduction of
light intensity and/or alteration of spectral quality; thus,
affecting zooxanthellae photosynthesis essential for normal
coral function (Vandermeulen and Muscatine, 1974). Elevated
phytoplankton biomass combined with organic loading from
anthropogenic sources (Tomascik and Sander, 1985) also promotes
production of benthic macroinvertebrates. High influx of
organic material to the benthic community is reflected in the
high organic content of sediments, which ranges between 2.3 §
at the northern reef GS and 10.9 § at the southern reef SG.
Increased benthic production may be indirectly reflected in
higher DF-SPM rates, caused by higher bioturbation, at the
three southern reefs during calm summer months (Tomascik and
Sander, 1985). Suchanek (1983) has demonstrated that
Callianassa had a negative impact on Thallasia testudinum
through bioturbation. o

High SPM concentrations and DF-SPM rates associated with

_eutrophication processes are considered key environmental

variables affecting the structure of the coral communities. The
lack of significant relationship between the average yearly, as
opposed to seasonal, DF-SPM rates and the community descriptors
(Table 13) would imply that DPF-SPM, vwhich is a function of
sedimentation, resuspension and current velocity, has no effect
on the structure of the coral communities in this étudy.
However, Tomascik and Sander (1985) showed that DF-SPM
fluctuate sharply as a result of variation in swells and land

run-off. Both the swells and land run-off may last only a few
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days, and their occurrence wanes seasonally, but their impact
is sufficient to mask the contribution of anthropogenic
activities to the DF-SPM values. By using only DF-SPM values
collected during the calm summer months and relating these to
the community descriptors, an inverse relationship between
DF-SPM rates and coral community structure materializes (Table
13).

Apart from problems resulting from short-term variations
masking underlying patterns, there are problems associated with
the measurement of sedimentation and/or resuspension rates and
the interpretation of them in the context of coral function
(Tomascik and Sander, 1985) or community structure. The wide
variety of methods wused to measure sedimentation and/or
resuspension rates prevents meaningful comparisons between most
studies, Moreover, since DF-SPM is a function of both current
velocity and particle density, low DF-SPM rates do not
necessarily imply low turbidity. Consequently, SPM in the vater
column is likely to be a more meaningful index of stress on
corals than DF-SPM. Rogers (1979) has demonstrated that light
reduction due to high SPM concentrations has a greater effect
on some coral species than sedimentation rates“. Measurement of
both SPM concentrations and light intensity at standard depths
during reef surveys would provide much needed comparative data
on regional variations in environmental conditions.

SPM concentrations along the west coast of the island vere
clearly negatively correlated with all community descriptors

(Table 13), with the exception of dominance indices \A'n and

34
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\c. Similarly, high turbidity and sedimentation rates have
been implicated in severely affecting coral diversity, cover,
abundance and health (Bak and Elgershuizen, 1976; Loya, 1976a;
Dodge and Vaisnys, 1977; Bull, 1982; Peters, 1984). Moreover,
Tomascik and Sander (1985) suggested that elevated SPM
concentrations may be responsible for reduced growth rates of
Montastrea annularis. Recently, Kendall et al., (1985) showed
that stress related to elevated turbidity levels significantly
reduces calcification rates and free amino acid (FAA) levels in
the FAA pool in Acropora cervicornis {(Lamarck) exposed to 200
ppm kaolin concentrations. Dallmeyer et al., (1982) have also
revealﬁgﬂ_that elevated peat concentrations reduced oxygen
produé}ion in Montastrea annularis, through selective
wavelength filtration and reduced light intensities.

Sedimentation can affect corals indirectly by contributing
to turbidity or directly by physical smothering. Corals
exhibit four mechanisms of sediment rejection: polyp
distension, tentacular wmovement, ciliary action and mucus
production (Hubbard and Pocock, 1972). A great deal of
laboratory and field work has been done on the sub-lethal and
lethal effects of sediments derived from terrestrial runoff
(Cortes and Risk, 1985), dredging and filling activities (Brock
et al., 1965; Dodge and Vaisnys, 1977; Bak, 1978; Sheppard,
1980) and resuspension of bottom sediments (Aller and Dodge,
1974; Dodge et al., 1974). A number of field studies in the
Caribbean have demonstrated thai areas associated with high

}
sedimentation and/or resuspension have a characteristic coral
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fauna (Lewis, 1960; Loya, 1976a), and@ these studies were in
general agreement vith the results of experimental studies on
sediment rejection (Hubbard and Pocock, 1972; Lasker, 1980;
Rogers, 1983). It is generally accepted that Montastrea
cavernosa, Diploria strigosa, D. labyrinthiformis (Linnaeus),
and Siderastrea siderea are efficient sediment rejectors
(Hubbard and Pocock, 1972; Dodge and Vaisnys, 1977; Lasker,
1980; Rogers, 1983). Montastrea cavernosa, is perhaps the most
efficient, being capable of removing approximately 14 mg/cm2/d
of sediments (Lasker, 1980). It is the dominant coral species
on turbid reefs in Puerto Rico (Loya, 1976a). The DF-SPM rates
measured in this study fall within the range measured owver
extended periods in natural habitats in the Caribbean (0.3 to
32 mg/cm?/12 as reported by Pastorok and Bilyard, 1985).

The distribution and relative coverage by the different
coral species (Table 2) indicates that coverage by large coral
species such as Diploria strigosa, D. clivosa, D,
labyrinthiformis, Montastrea caverncosa, Colpophyllia natans
(Houttuyn), I.neandrjna meandrites (Linnaeus) and Dichocoenia
stokesi Milne Edwards and Haime is significantly lower at the
three southern reefs \(BR,SG and FV), The general trend,
towards the polluted southern reefs, is for higher abundance
and dominance of coral species with smaller polyp size, P.
astreoides is the dominant coral species on all the reefs in
the study (Table 2), while P. porites, A. agaricites and S.
radians show higher dominance at the three southern reefs.

Based on sediment rejection efficiencies (Hubbard and Pocock,
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1972), these results are somewhat surprising, since Diploria
strigésa, D. labyrinthiformis, and M, cavernosa are considered
good sediment rejectors while P. astreocides, A. agaricites are
considered sensitive to sedimentation. However, it is i@portant
to appreciate that most sediment rejection studies have used
sediments derived from natural sources and these may have guite
different effect on corals than sediments derived from dome;}ic
or industrial effluents. Interestingly, most species that were
absent from the southern reefs use mucus production as one
means of sediment removal, and this could explain their
sensitivity to elevated SPM concentrations or increased DF-SPM.
Mucus is known to be a good energy source for resident cqral
bacteria (Antonius, 1981). Hence the high mucus production
required for cleaning in polluted environments my make the
corals susceptible to bacterial attack, particularly if the
source of the pollution is domestic or industrial waste. This
may be aggravated by high nutrient concentrations which also
increase mucus production (Antonius, 1981).

To test these ideas coral species were divided into three
groups based on their feeding strategies (Lewis and Price,
1975); and their average abundance values (Fig. 7) were related
to environmental conditions (Table 18). The results clearly
demonstrate ;hat corals which feed by a combination of tentacle
capture and mucus filament entanglement (Group III; Lewis and
Price, 1975) show a significant negative correlation with the
environmental conditions. The relatively low correlation

between Group 11! and light intensity (r=0.71, P<0.06) further
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FPigure 7. General distribution of scleractinian coral
species grouped on the basis of feeding strategies. Group I
- tentacle capture only; Group Il - mucus net and filament
entanglement; Group III - tentacle capture and mucus
entanglement. Numbers indicate average abundances. Reefs
are arranged spatially along a gradient of improving water
quality (left-to-right). Improving water quality implies a
decrease in nutrient, SPM, and chlorophyll a
concentrations, and an increase in water clarity. Reef
abbreviations as in Fig., 1.

.
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Table 18. Spearman's rank correlation coefficients for correlations
betwveen cora groupa based on (feeding strategies and environmental
variables. Corsl abundance used in the analysis; * Indicates statisticsl
liq:iticancc (tvo-tailed test) at P < 0.01; ** indicates P < 0.05; na7
reefs.

Peeding strategies ¢

Environsental (tontzgr?c:ptuu) (lug::'ﬂo:xmd (ton?::g ::;turo
variables filament and mucus
entanglesent) entanglement)
$PM (mg/1) -0.04 -0.64 ~0.86 ==
DP-SMP (mg/cmt/d)} -0.25 0 0.21
DP-SPH (mg/cmi/4)t ~0.29 -0.54 ~0.89 o
PEN (8) 0.29 0.29 0.71
ORG (%) -0.16 -0.34 -0.7¢
00 (mg/1) -0.14¢ -0.%7 -0.,93 ¢
Chl a (mg/m?) ~0.29 ~0.54 =0.86 #v
PO,-P (sg-at/l) 0.04 -0.20 -0.7¢
Oy +NO,-N (sg-st/1)  -0.14 -0.87 -0.93 #
MH,-N (sg-at’/l) -0.14 -0.87 ~0.93 »
Depth (m) 0.5¢ -0.11 0.14

! DP-SPN rates averaged over one year; ! DP-SPH rates averaged over
sumser sonths only (see Tomascik and Sander, 1985).
e: Source Levis and Price (197%).

-l
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suggests that other factors than reduction in 1light are

affecting the structure of the coral community. By contrast,
the abundance of Group I and 1l corals 1is not cgrrelated with
the environmental variables. In summary, it appears that corals
responding to sedimentation and/or feeding stimuli by producing
mucus will be susceptible to bacterial attack, especially in
areas directly affected by domestic and industrial effluents
(Mitchell and Chet, 1975; Ducklow and Mitchell, 1979; Rublee et
al., 1980). Garrett and Ducklow (1975) demongtrated that,
combined with oxygen depletion and hydrogen sulfide
accumulation, bacterial infection will result in coral injury
or death. It 1is suggested that the dominance of Porites
astreoides, P. porites and Siderastrea radians in the southern
polluted reefs may result from the secretion of bacterial
' resistant mucus envelopes which are not secreted by other coral
species (Lewis, 1973; Ducklow and Mitchell, 1979).

Four of the dominant coral species on the three southern
reefs reproduce by brooding larvae (Fadlallah, 1983), and this
may be an a&ditional factor contributing to their relative
dominance and survival on the polluted reefs, It has been
demonstrated that larval settlement near already established
colonies is responsible for the contagious distribution of some
brooding species (Lewis, 1974a; Goreau et al., 1981). Since
coral larva® are able to settle within hours after release
(Lewis, 1974b; Goreau et al., 1981), it 1is suggested that
higher 1local recruitment of brooding species, than of

broadcasting species, may be responsible for their numerical

e
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dominance in the stressed environqgnt.

The passage of Hurricane Allan in 1980 had a measurable
effect on the structure of a fringing reef coral community on
the west coast of Barbados (Mah, 1984). The species most
severely affected by the wave action during the passage of
Allan were Porites porites and Madracis mirabilis. In view of
the possible damage to all the fringing reefs along the west
coast and the lack of qQuantitative historical data on the
structure of the coral communities, this study must necessarily
be viewed in a comparative spatial context. However, because of
the location and general morphology of the seven fringing reefs
in the study, it is unlikely that the measured differences in
the structure of the scleractinian communities were a result of
differential impact of hurricane-generated waves. An
exploratory survey of the fringing reef BRI after the passage
of Allan showed none of the major physical destruction that was
recorded in Jamaica (Woodley et al., 1981). The main reason
for the relaé&vely lovw impact of the hurricane on the structure
of the tfinging reefs is related to lower energy waves
generated in the rear left quarter of the cyclone. Qualitative
observations during the passage of Allan indicated that the
total energy absorbed by the fringing reefs was comparable to,
if not lower than, annual periods of high winter swells
(Tomascik and Sander, 1985). During the course of this study
large intact stands of Porites porites were observed at the two
southern reefs BR and SG. These were unaffected by the passage

of the hurricane even though they vere at a depth of 2 to 3m.

-
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This suggests that if there was a differential effect of the
hurricane generated waves along the west coast the northern
reefs were affected to a greater extent than the southern
reefs.

' Species diversity proved to be a sensitive index in
delineating major differences in the structure of the coral
communities and in assessing the impact of pollution. With the
exception of J'c, all measures of diversity were highly
correlated with environmental conditions (Table 13), Thus,
increased pollution resulted in the expected increase in
dominance of certain species at the southern reefs. It could
be argued that, since all divers}ty indices were highly
correlated with environmental conditjons (Table 13), the use of
one index may be sufficient to demonstrate a pollution impact
in future studies. Pielou (1577) has given an extensive
treatment on the "theories and use of diversity measures,
Unfortunately, her suggestions are seldom fmélemented
especially in coral reef studies. For theoretical reasons, the
use of H'n or H'c, and the associated evenness indices J'n and
J'c, are inappropriate in most studies using the line transect
method. The implicit assumption of H'n i{\that the population,
from wvhich the sample was obtained, is {hfinitely large and
homogeneous, and that all the species present in the parent
population are present in the sample (Pielou, 1977). This
assumption is clearly violated by the line transect method. It
is suggested that Brillouin's index H is therefore more

appropriate, since it directly measures the diversity of the
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sample (transect line), is not an estimate, and therefore, is
comparable to other samples. The correlation between H'n and H
clearly demonstrates that H'n contains a consistent bias (Figqg.
8). This relationship is also appa;ent in Loya's 1972 paper
(FPig. 7, p., 110).

A number of studies have shown that diyersity can be
dependent on factors other than pollution stress (Loya, 1972;
Bouchon, 1981; Dodge et al., 1982), and it has been suggested
that diversity indices are generally inappropriate in pollution
related studies (Green, 1979; Green and Vascotto, 1978).
However, for comparative purposes, the use of diversity indices
is justified if the interpretation of results is restricted to
the range of values meas:red, and no inference is attempted
about the general assumption of a connection between high
diversity and high environmental quality. 1In this study, the
diversity indices were compar;d along an eutrophication
gradient among similar ecological zones to minimize possible
effects of natural environmental gradients (Fig. 9). The use
of PCA has demonstrated that the effects of natural
environmental factors (depth). on the structure of coral
communities are masked by stresses related to eutrophication
processes., The adverse effects of eutrophication processes are
clearly demonstrated by high correlations between PCl of the
environmental data and diversity indices (Table 15).

In summary, the study has demonstrated statistically

discernible and biologically significant differences in the

structure of scleractinian coral communities among seven
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the Shannon's diversity

index H'n, and Brillouin's diversity index H based on 513

line transects (samples).
coefficient = 0.979.

Spearman’'s

rank correlation



-233-

1.1+ ¢ o
. ,
4 .
¢ x.o-g c oo /
3 o 7
3 * ® V4
3 . L Y /
00": .:.. o /
3 ¢ o %% /
a - b-'/(,
0. 8- . .‘f"‘ / .
- : ‘..:‘.“. /,
- ] .
X 0.4 . .:"l" ’ll
Z °’J's~)"/
4 E oo.‘i * ﬁ‘/ ¢
] [ ') < ‘i. .:..
H » 3 .0 oY
5 a R/
? 0.5—: ““.”/ Y
] - 3 e S.ee .
§ ; 3 ° .‘. 7/ ®
§ S o k. /.
4 : 0.4 ‘~“ /
-
a )
* @,
0,24
i .
00‘-
i »

¥ ¥ T T

0.0 0.1 0.2 0.3 0.8 05 0.8 0.7 0.8 0.8 1.0
Brilloanim!s Diversity H



BT

-234-

Pigure 9. Variations, along 2 environmental gradients
(horizontal axes), in Brillouin's diversity index H
(vertical axis). Reefs are arranged spatially along an
anthropogenic environmental gradient of improving water
quality (left-to-right). Improving water Quality implies a
decrease in nutrient, SPM, and chlorophyll a
concentrations, and an increase in water clarity. The
natural environmental gradient 1is a function of depth and
wvave exposure éextending through the reef zones. Numbers
indicate average H values. Zone A - back reef; Zone B -
reef flat; Zone C - spur and groove zone. Reef
abbreviations as in Fig. 1.
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fringing reef complexes along the west coast of Barbados. High
and significant correlations between various environmental
variables and community descriptors (Table 13) suggest that the
measured differences in coral community structure are directly
and/or indirectly related to water conditions. Reduced species
diversity, through direct elimination of certain species,
results from the effects of eutrophication processes and
responses of coral species to stress situations. Sediment
rejection abilities combined with feeding and reproductive
strategies of scleractinian corals are the main biological
processes through which eutrophication affects the structure of
the coral community. Furthermore, the study emphasizes the
necessity of clearly defining the nature of the environmental
stress when considering its effects on scleractinian corals.
Characteristics wvhich provide resistance to natural
perturbations, such as swells or land run-off in natural
environments (unaffected by pollution), may provide no
resistance to stress arising from anthropogenic activities.
Note too, that while apparently major perturbations, such as
accidental spills of non-toxic substances, may have minimal
impact on corals in natural environments (Dollar and Grigg,
1981) they may be lethal for corals already subjected to

chronic pollution (Loya, 1976b).
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Concluding Remarks

This study supports the hypothesis that eutrophication of
the coastal water masses along the west coast of Barbados
exerts a measurable impact on the structure (i.e. species
abundance, composition, coverage, diversity and trophic levels)
of the scleractinian coral communities, and directly and/or
indirectly affects coral growth and reproduction. Since an
optimal impact study design (i.e. spatial-by-temporal
framework) was not possible, because of the lack of baseline
data, this study demonstrated and described the effects of
environmental perturbation (eutrophication) upén the
scleractinian coral communities from spatial patterns alone.
Repeated collections were carried out at regular time
intervals, from September 1981 to September 1982, to provide
information on year-round levels of fourteen environmental
variables at seven fringing reefs lying along the leeward coast
of Barbados. High nutrient concentrations along the leeward
coas:\:f the island were attributed to domestic and industrial
effluents, agricultural practices, groundwater discharge, and
the circulation patterns of the inshore water masses.

The variations in the intensity of eutrophication (i.e.
nutrient and organic inputs) are strongly implicated in changes
in a complex of other environmental factors (biotic and
abiotic) which had direct and/or indirect effects on the
scleractinian coral communities, Nutrient enrichment of the

inshore water masses has imposed a major environmental gradient
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on the west coast of Barbados, and is implicated to be a
significant factor related to the observed differences in the
distributions of scleractinian corals, These differences were
detected at different levels of organization (i.e. individual,
population, community).

The ability of the scleractinian coral communities to
withstand environmental perturbations depends primarily on the
ability of individual corals to adapt to the new environmental
conditions. Physiological responses of individual corals
(implicit in coral growth and reproduction) to the stresses of
the environmental changes, brought about by eutrophication,
represent the first line of resistance of the coral community
as a whole. Therefore, growth rates of Montastrea annularis and
reproduction of Porites porites were used as quantitative
measures of testing stresses, associated with eutrophication
processes, not only because both parameters integrate a variety
of physiological responses of individuals, but they may also
provide a possible functional link between the community
structure and the altered environment.

This study clearly demonstrated (Chapter I, 1II) that
stresses associated with eutrophication processes are likely to
be capable of exerting a significant effect on coral growth and
reproductive processes., Over the range of environmental values
measured during the study, both growth rates of M. annularis
and reproductive potential of P. porites were directly related
to water characteristics along the environmental gradient.

Furthermore, M., annularis exhibited an optimum in growth
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(skeletal extension) - unimodal distribution - along the SPM
gradient (Chapter I). This suggested that SPM may be an energy
source for reef coéls up to a certain maximum concentration,
characteristic of each species, after which reduction of growth
occurs due to smothering, reduced 1light levels, reduced
zooxanthellae photosynthesis or some other unidentified
processes.

The ultimate effect of eutrophication stresses upon the
scleractinian coral communities was reflected in their
structural differences (i.e. species composition, abundance,
cover, trophic position, and diversity) along the environmental
gradient. The gradual decrease of water quality (i.e. increase
in nutrient, chlorophyll a, and SPM concentrations) from
north-to-south, resulted 1in a significant decrease 1in species
numbers, abundance, cover, and diversity. Furthermore, the
trophic position of the coral communities shifted towards
species which are able to use tentacle capture as primary .
feeding mechanism. Coral species previously believed to be
resistant to high turbidity and sedimentation (i.e. Montastrea
cavernosa, Diploria strigosa) were characteristically absent
from the southern stressed reefs. This discrepancy probably
arises from the fact that most sediment rejection studies have
involved unpolluted sediments which may differ considerably,
from sediments affected by organic pollution, in their
physicochemical properties, thus in their effect.

Reproduction and growth are two biotic factors that play

an integral role in structuring of scleractinian coral
?
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communities. Reduction in reproductive activity and growth
rates, as a response to. environmental stress, may contribute
significantly to the measured differences in the structure of
the coral communities. Reduced coral fecundity (i.e, number of
eggs or larvae produced by an adult) may directly affect local
recruitment patterns by reducing the number of potential
recruits. Reduction in coral growth rates may also affect the
structure of scleractinian coral communities, If the size of
coral colonies determines whether some of its energy 1s to be
diverted into production of gametes, then reduced growth may
postpone reproduction until mature colony size is attained.
Furthermore, reduced growth may place the coral colony at a
disadvantage by reducing its ability to escape predation
(through larger size), and decrease its interspecific
competitiveness for resources (i.e. space and 1light). Since
scleractinian corals are sessile they must necessarily
experience passively the varying conditions in the water
masses, and, therefgre, the ultimate change in community
structure in perturbeé environments results from variations in
rates of larval recruitment, growth and mortality in the adult
population. The structure of scleractinian coral communities
under pollution stress must, therefore, depend on the relative
sUccess of _coral species which both as adults and larvae can
tolerate reduced water quality (i.e. high nutrient and SPM
concentrations) and gsecondary effects associated with

eutrophication processes.



