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Spawning and recruitment in the bluehead wrasse Thalassoma
Lifascialum was studied on seven fringing reefs on Lhe west coast of
Barbados. Spavning occurred throughout the year bul was highest
between January and June with a peak in Mareh/April. Seasonal
vatialion in spawning resulled primarily from variation in group
spawning, only secondarily from variation in pair spawning. Within a
monlh, group spawning occurred most frequently around new and full
moons, but there was no lunar periodicity to pair spawning. Nearshore
currents have therr maximum of fshore velocily during these periovds on
the study reefs. Recruitment occurred throughout Lhe year with a
pealk between ouly and August. Peak recruitment therefore followed
peak spawning by a Lime period  thal approximated the duration of the
larval life. This suggests that Lhe timing of recruitlment is
primaily controlled by the timing of spawning. Post-1ecruitment
mortality on most reefs was densily-dependent, suggesling Lhat the
Lluchead wrasse in Barbados is space-limited. Previous studies have
suggested  thal, bluehead wrasse in Panana are recruitmenl-limited.
This difference belween Barbados and Panama is consistent with the
vbscervation that the average population density of bluehead wrasse in
Bartmdos is three Limes that of Panama. Barbados pupulations appear to
be in a oyele of high density amnd resource/space limitalion. Panama
populations are in a cycle of low density and recruitment-limitation.
The pertpective that coral reef fish are eilher recruitment-limited or
space-limited may be Loo extreme. A given species may be recruitment-

Timited in one location and space-limited in another.
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Per capita mating success of terminal phase males in the bluchead
wrasse populations in Rarbados was significantly higher than either
initial phase males or females. This is consistenl with the size
advanlage hypolhesis for sex reversal and phase bLransilion, Pait
spawning becomes legs common on higher density rveefs, the proportion
of terminal phase males in Lhe population decreasing with increasing
reef density. This suggests Lhal the compelitive advantage of
terminal phase males dJdecreases on high deunsily reels, Lower
proportions of terminal phase fish on high densily reefs resulls ffrom
larger size al phase change on these reefs rather than from slower
growth. Sex raltio in the initial phase populations was biased Lowards
females (hermaphrodites) and as a consequence, per capiba maling
success of hermaphrodites and gonochores Jdid not differ during inilial
phase. However, there was a higher proportion of gonochores (primary
males) than hemmaphrodites (secomdary males) in the tetminal phase
pupulation. This appears Lo result from a higher mortality of
hermaphrodites Lhan gonochores, and indicates that the probability of
becoming terminal phase is greater for gonochores,  The higher
mortality of hermaphrodites may be a consequence of sex change.
Gonochores and hermaphrodites did nol differ in growth rates on the
study reefs in Barbados. Given that per capila mating success of
gonochores and hermaphrodites do not. differ during initial phase, but
that gonochores have a higher probability of becomng Lerminnl phasoe,
the question of why hermaphrudites are relained al present, levels in

bluehead wrasse populations was discussed.




RESUME

le frai et le recrutement du Thalassoma bifasciatum ont eté e/-tudit/es

”~ . . A
sur 7 récifs de corail  en bordure de la cote wuest de la Barbade. Le
. . ~ N R ' 7, ' ’
f1ai est un phenomene qui s'eltend sur toute l'annee. On peut cependant
noLer une hausse enbre  janvier et juin avec un maximum en mars et
. « . . . . N pe N
avril, ‘elte varialion saisonniére est le résultat &'un changement au
niveau du frai de groupe dans un premier temps, el d’un changement du
v . .3 .
frai de couple dans un deuxieme Lemps. Dans 1'espace d'un mois, la
. . .
frequence du frai de groupe augmente durant la nouvelle et la pleine
lune, tandis que le cycle lunaire n'affecte pas le frai de couple. De
AL . . .
plus , les cowants doliers dinges au large atteignent une vitesse
. - 4 N .
maximale sur les récifs etulies lors de la nouvelle et de la pleine
54 . _ ' - ~
lune.  Pour sa part, le recrutement s'etend sur toute l'annee avec un
. \ . \ N S, ~
maximum en juillet et en acut. Une periode a peu pres équivalente a la
~ R - -, .
duree du stade larvaire separe done la periode durant laquelle le frai
. . - . .
alteint. un maximum Jde la periode optimale pour le recrutenent. Ce fait
\ - . C e -~
suggere que la periode de recrutement. est majoritairement controlee par
. - ) . L . s .
in periode d'occurrence du frai. La mortalite suivant la periode de
- .~ -,
recrutement  est dépendante de la densite pour la majorile des recifs

ctudies.  On peul. done conclure que le T. bifasciatum de la Barbade est

. . . - .
restreint par espace disponible,  Des études antérieures sur le T.
. . \ - A E . .
Lifasciatum au Panama suggerent. qu'il est limite au niveau du
. -

recrutement . Cette difference entre la Barbade et le Panama est
conforme au fail. que la population de la Baibade a une densile trois
. rd ~ .

fois plus elevee que celle du Panama. les populations de la Barbade

N . ” . e

semblent etre dans un cycle de bhaute densite ou elles sont limitées par

les ressources el 'espace disponible. Les populations du Panana sont
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. e 7 o
dans un cycle de faibles densites et limitées par le recrutement .
1 s a7 X . - . . 4
I.'idee que les populations des recifs de corail svienl limitldes au
. _ . ' A ~
niveau du recrutement ou au niveau de 1'espace esl peul-clre exlreme.
\ . e 7 . —~
En effet, une espece pourrait Stie limitee au niveau do recrutement a un

. -~ . o5 7 i . .
endroit domne et limitde par 1'espace disponible ailleurs.

. I
A la Barbade 1’'index représentant le nombre Jd’accouplements  par

individu chez males T. bifasciatum en phase Lerminale est

. PRy . /s / . . .
significativement. plus eleve que celui des miles ou femelles en phase
initiale. Cecli est conformer a 1'hypothese du 'size advantage’ pour le
changement, de sexe et de phase. Le frai de couple devienl moins
. . - e - N
important sur les recifs a plus haule densite. Fn effel, la proportion
A . ) . -
de males en phase terminale dans 1'engemble de la population, diminue
3 3 . . 4 . ) 1 ~
avec une augmentalion au niveau de la densite des recifs. Coer sudge o
’ T ~
que avantage conpetitif des males en phase ternnnade domnue sue les
o N 7 . . )
recifs a haute densite. De plus,, la faible proportion d'individus en
. e - . '
phase terminale sur cesg récifs esl, causee par le fait qu'ils sont de
plus grandes tailles au moment du changement de phase et non par le fait
. - -~ N
que leur croissance est plus lente.  La proportion de anles/femelles
dans la population de phase initiale favorisgait les femelles
. ”
(hermaphrodi tes) et, en consequence, durant celte phase 1 index
Ld . . n
représentant le nombre dJd'accouplements par individo chez les
. - . . -~ .
hermaphrodi tes n'etait pas différent de celui des gonochores.  Par
. . - . ~
contre, dans la population en phase initiale, on a obscrve une plus
grande proportien de gonochores (males primaires) que d’henmaphrodi bes
» . . e v ”
(males secondaires). Ceci semble ®lre causé par un taux de mortalité
plus eléve chez les hermaphrodites que chez gonochores el indique que la
. . . . - i
probabilité d'atteindre la phase terminale esu plug Sleve chez les
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gonochores. Le haot, taux de mortalite des hermaphrodites est
. 4 T / N
possiblement causé par un changemnent de sexe. Sur les recifs etudies a
la Barbade, les taux de croissance des gonochores et des henmaphrodites
'd . . . .
“tait. semblables.  Sachant que le nombre d'accouplements par individu
. . s
des gonochores el des hermaphrodites n'est pas différent durant la phase
. . Sy 2 .
initiale, et que la probabilite que les gonochores d'atteingnent la

. /7 . -
phase Lerminale est, plus élévee, on a discuté de la présence et du

mainLient des bermaphrodi tes aux niveaux actuels chez les populations du

T. _bifascialum.
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STATEMENT OF ORIGINALITY

This study is the first. investigation of Lhe population dynamics

and reproductive ecology of the bluehead wrasse Thalassoma bLifasciatum
im Barbados, W.1. It is the first study tov invesligate seasonality
of spaning in the Lluelead wrasse amnd at tenpl Lo courrelate this with
gseasomalily of vecruitment,, Tt therefore allowed Lhe question of
whether recruitment pulses of the bluehead wrasse 1result from
differential spawning or from differential survival in the plankton to
Lo avbidressed,  The study showed evidence for space-limitation in the
population dynamics  of T, bifasciatum 1n Barbados. By comparison
with studies in Panama, this demonstrated for the first time thatl
populations of the same species can be space-limited in certain
lovations but recraitment-lTimited in others. By investigating per
capita maling success and proportions of hermaphradites and gonochores

i the anitial phase and terminal phase populations of T.bifascialum

in Barbados, the study has contributed substantially to our
understanding of the evolution and maintenance of sex change in the
bluchead wrasse, By comparison with Panama, the study provides
cireumstantial evidence suggesting for the lirst time that island

populations of the bluchead wrasse are genetically dislinct.
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1 INTRODUCTION

The bluehead wrasse, Thalassoma bifasciatum (femily, Labridae) is
a comnon and conspicuous member of the coral reef fish communities of
the Caribbean and tropical Western Atlantic. It feeds mainly on small
benthice animals, on zooplankton and on ecloparasites of other reef
fish. The mating system of this diandrous protogynous hermaphrodite
ared iLs mating behavior have been studied extensively (Randall and
Randall 1963; Warner el al 1975; Robertson and Hoffman 1978; Warner
and Robertson 1978 ;3 Warner and Hoffman 1980a,b; Warner 1984, 1985 ;
Hoffman et_al  1986G). Populations consist of two sexual types and
two color phases.,  The sexual Lypes are primary males, which are male
throughout. their lifetime; and female hermaphrodites, which are born
femnle and either remain female or become male (secondary males) at
larger gizes.  The two colour phases are called Initial Phase (IP) and
Terminnl Phase (TP). The less common brightly coloured blue-headed
terminal phase imdividuals are either primary or secondary males and
tend Lo be the largest (possibly oldest) in any local population
{Rienboth 1970, 1973; Roede 1972; Warner and Robertson 1978). The
more comon individuals are the smaller less brightly coloured yellow

and white initial phases, which can be either female or primary male.

Spawning in the bluehead wrasse occurs everyday around noon on
fringing reefs in most areas of the Caribbean (Rienboth 1973; Warner
el al  1975) and consists of a rapid ascenl. toward the surface with
a release of gametes., Terminal phase individuals maintain temporary
tervitories during the daily spawning period and pair spawn singly

with individual females (Warner et al 1975). Initial phase males form
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groups of a few to several dozen individuals and group spawn with one
or more females at a time (Warmer et al 1975). Initial phase males
can also obtain surreptitious matings by rushing in to join a pair
spawn (streaking) or spawning singly with a female on the edge of a
terminal phase male territory (sneaking) (Warner el al 1975).
Individual terminal phase males may obtain a large number of malings

per day while initial phase males are believed Lo have congiderably

lower mating success (Warner et al 1975).

Recent. studies have noted that, while coural reef igsh are
relatively sedentary (most do not move belween reefs and may not move
more than a few metres during juvenile and adull life), mosl gpecies,
including the bluehead wrasse, have a pelagic larval phase lagling
between a week and three months depending on Lhe species ( Brothers et
al 1976; Pannella 1980; Brothers and McFarland 1981; Victor 1982,
1983b; Brothers et _al 1983; Brothers and Thresher 1985 Thresher
and Brothers 1985). After uwnis period in the planklon, lnrvae sellle
to the reef surface or adjacenl sand and/or Thalassia beds, (0 e.g.
bluehead wrasse; Victor 1882), to metamorphose, gain pigmeniation
recruit to the commumity of reef residents . It has been argued that
the small seasonal changes in tropical latitudes produce an
environment in which reproduction and hence recruitment, can lake place
throughout, or at any time of, the year (Luckhurst and Luckhurst
1977). However, predation is thought Lo be high on reefs and in the
plankton (Johamnes 1978; McFarland 1982; Doherty 1983L; Willisamg el
al 1986). Perhaps parily because of this, coral reef fish have high
fecundities. For example, a female bluehead wrasse may produce

approximately 2000 eggs per day of spawning (Rienboth 1973, Warner el



al 1975).

Temporal variation in reproduction has been studied for some
species of reef fish in the Caribbean (Rendall 1961; Munro et al
1973; Powlea 1975; Johannes 1978; Jones 1980). Reproductive pesks
have heen found to occur in the spring and somelimes in the autumn
(Munro et al  1973; Powles 1975). Seasonal variation in spawning is
now helieved to be caused by seasonal changes in environmental
condilions such as, Lemperature (Qasim 1955; Munro et_al 1973;
Russell el al 1974), oceanic currents and eddy formation (Watson and
la.igs 1974; Powles 1975; lobel and Robinson 1983 ), rainfall (Lowe-
M Commell 1975) and possibly food availability (Qasim 1955; Nikolsky
1963; Cushing 1972; Sissenwine 1984). In addition, reef fish show
Loth lunar and diel variation in spawning (Johannes 1978). The fish
of 214 tropiecal families, including Labrids, are kuown tc have
spawning peaks which are synchronized with full and/or new moon. Many
of thege species, including the bluehead wrasse, dash Loward the
surface to spawn, and do so at specific times of the day (Hobson and
Cheas  1978; Johames 1978; Lobel 1978). This behavior is probably
to ensure thal eggs are released high above the reef surface into
ebbing currents thatl, carry them offshore and away from reef predators.
Once offshore they may be retained near their natal areas by current
gyres mud eddies until they are conveyed back onto reefs (Lobel and
Robinson  1983). One objeclive of the lirst section of the thesis is
to investigale seasonal, lunar and diel patterns of spawning in
Thalassoma bifascialum and thereby comment on the relationship between
spawning variation and variation in environmental conditions,

including rearshore current systems.



Recent developments in the use of daily otolith increments have
allowed determination of the temporal variation in
settlement/recruitment in some tropical fish (Thalassoma
bifasciatum, Victor 1983a, 1986a; Haemulom flavolineatum, McFarland
et al 1985), From this technique and from juvenile fish censusing,
settlement in a number of reef f(ish has been foud to be high during
the austral summner on the Great Barrier Reef (Russell et al 1977
Talbot et al 1978; Williams and Sale 1981; Williams 1683) and in
spring and autumn in the Caribbean (Luckhurst and Luckburst 1977;
Shulman 1984; McFarland et _al 1985). Peak settlement of Lhe
bluehead wrasse in Panama occurs in late summer and fall (Victor
1986a). The second objective of the first section  of the thesis is
to use otolith dating to investigate the (emporal patlerns of

recruitment. of Thalassoma bifasciatum in Barbados.

Many studies of coral reef fish have bwxen carried out wilh the
implicit assumption that reef fish populations are limited by two
types of resource, space and food (Smith and Tyler 1972, 19755 Smith
1978; Clarke 1977; ltzkowitz 1977; lLassig 1977, Dale 1978,
Anderson et _al 1981). Of Lhese, space has been Lhought. to be the
more limiting resource (Smith and Tyler 1972, 19756: Sale sand Dylxdahl
1975; Sale 1977, 1978) and heavy predation on the reef to be partly
the consequence of limited availability of space/cover. Fiah
pupulations on the reef are therefore oflen considered to be 'space-
limited’ and competition for space, interacting with predation, is
believed to maintain populations near numerical equilibrium.
Competition for resources may in turn act as an ageni. of se-Jection for

evolution of narrower niches tLhereby allowing Lhe high diverdilty of
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fish species characteristic of 1eefs (Anderson el _al 1981). An
alternalive hypothesis, termed the "lotbery hypothesis', was
developedd by Sale (1977, 1978, i982). He suggested that, i1f reefs
were 'space-limitedd’ j1ecrud tinent. can only  occurr whernr space  became
available on the reef due Lo mortality. He argued Lhat recruitment
was random in the: sense thal what species recruited at any Lime
depended only on whal larvae were near to the reef and ready tou settle
when sprce became available on the reef. The iwwplicalion is that
periods of recrartment may be preceded by declines in Lhe population
density of ish on the reef, Victor (1983a, 1986a) suggested that
reefs are recrai tment-limited’, i.e population size is governed
mainly by the numbers of larvae surviving the planktonic phase.
Rocont studies in Auslralia have shown thal mortalily i1n Lhe plankion
is phenomenally high ( one recrnil is returned for every 100,000 to
1,000,000 eggs produced (Doherly 1983L; Williams ¢L al  1986).  Viclor

(1983, 1986a) sassumed that spawning of Thalassuma  bifusciatum was

continuons  throughout  Lhe year and Lherefore that Lemporal variation
m recruitment resolted from temporal variation i survival in Lhe
plankton, not from temporal variation in either spawning or mortalily
o the reel. A Lthird objective of the [irst seclion in Lhe present
thesis is to use the information gathered on Lemporal variation in
reproduction, recruitment and poupulation densily of Thalassuvua
bifasciatum in Barbados to commenl on whether populations of
Thalassoma bifascialun on Barbados reefs tend to be 'space-limited' or

Tecanitment =Timitesd?,

Bluchead wrasse populations consist of two sexual Lypes (prinary

wales and sequential hermaphrodites) and two colour phases (initial
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phase (IP) and terminal phase (TP)). However, the proportivn of types
within bluehead wrasse populations apparently varies with population
abundance and reef size (Warner et _ai 1975; Warner and Robertszon
1978; Warner and Hoffman 1980 a,bL). Small populations of bluchead
wrasse in Panama contained smaller proportions of IP males and larger
proportions of both TP males and females (Warner and Rolwertson 1978,
Warner and Hoffman 1980 a,b). In larger populations, 1P males
contributed up to 50% of the population while TP wales and Cemnles
decreased proportionately (Warner and Hoffman 1980 n,b). However, in
all populations, TP males obtained the highest individual maling
success of all sex types. The latter observat.ion presumbly explains
why, under appropriate conditions, both IP males (i.e. primary males)
and IP females (i.e. female hermaphrodites) become TP males i.e. it
presumably explains why TP males are maintained in Lhe bluchead wrasse
populations. An interesting question is why IP males are mainlained
in bluehead wrasse populations {(see Charnov 1982}, If brecding sex
ratios approximate 1:1, IP males will have lower per capita mabing
success than female hermaphrodites, since sume portion of females mate
with TP males. Hence, individuals would maximize life-time maling

success by mating first as fennles and later as TP males.

It was first suggested that IP males could be maintained in
bluehead wrasse populations by frequency dependent selection  i.e.
that the per capita maling success of P males would increase and
exceed that of females, the more rare 1P males became (Warner el al
1975). The rationale was that females would becomne proportionately
more common as 1P males became more rare, thal TP males would

increasingly be unable to fertilize the available females, and hence



that, per capita 1P male mating success would rise to exceed that of
females. Note the assumption that the proportion of TP males would
remain constant,, However, if females became proportionately more
common, they could respond to the proposed reduction in mating
opportunities by transforming to TP males with increasing frequency.
Hence the per capita mating success of IP males need not increase with
increasing raritly, Warner and Hoffman (1980a) have subsequently
acknowledged Lhat frequency-dependent selection on its own may not
maintain IP males in bluehead wrasse populations. Instead they
suggested that, 1P males are maintained by differvential selection in
different habitats, since they observed that IP males have higher per
capita mating success on large reefs than on swall reefs (Warner and
Hoffman 1980 a,b). Note that this observation does not specifically
address the cenfral question of whether the per capita mating success

of IP males rises high enough ‘o exceed that of females on large

reefs.

Charnov (1982), and later Warner (1984}, adopted an alternative
approach.  Charnov suggested that 1.2 males could  be maintained in
bluehead wrasse populations if they had a higher probability of
becoming TP males than did IP females; either through faster growth or
lower mortality. The principal objective of the second section of the
Lhesis is to investigate the effects of population density and reef
size on  per capita mating success, population composition, individual

growth rate and mortality of Thalassoma bifsasciatum in Barbados.




2 STUDY SITES

The island of Barbados lies between the latitude 13°04' and 13°20°
north and longitudes 59°26' and 59°39' west in the Caribbean Sen. 1L
is 140 km east of the Lesser Antilles island chain and 250 km north-
northeast of Trinidad (Figure 1a). Currents around Barbades originale
from the North Equatorial current during the winler months (Novembor
to April) and from the South Equatorial Current during the rest of the
year (Parr (1938) in Powles 1975; Lewis et al 1962; Froelich el _al
1978). Both currents flow Lo the west and flow around Barbados and are
thought to create an unstable eddy system in the lee of the island
(Emery 1972; Powles 1975; Peck 1978:; Barbados Coastal Conservalion

Project 1984; Figure 1b).

Populations of the bluehead wrasse were studied on seven large
fringing reefs differing in size along the west coast. of Barbiddos.
They are located, from the north to the soulh of the igladd, as
follows : Sandridge, Greensleeves, Glilter Bay, Heron Bay, North
Bellairs, Golden Falms and Paynes Bay (Fig. Ib). All observalions nnd

censuses were carried out between September, 1984 and October, 1985,

The coral reefs of Barbados have been described in detail by lewis
(1960) and Stearn el al (1977). Inshore fringing reefs and ouler bank
reefs occur off the west and south coasts of the island. No typical
fringing reefs are found on the windward (castl) side of the island. A
typical fringing recf of Barbades is conposed of four major zonesg.
From Lhe shore seaward they are : Lhe swash or Dbreaker zone, the
reef crest zone, the ccalesced spur zone and the spur and groove zone

(Fig. 2). These will bhe described sequentially.




Figure 1a. Geographice location of Barbados showing major
Caribbean waler currenl systems (after Froelich et

al 1978; Peck 1978).

Figwe Ib. Map of Barbadus showing location of study sites
and probable nearshore currents (Murray et al
1977; Peck 1978; Cuastal Conservation Project

19841).
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Feolugical zonalion of North Bellairs reel, a
typical fringing reef from the west coast of

Bubados (after SlLearn el _al 1977).

a = swash zone
b = crest zone
¢ = coalesced spur zone
d = spur and groove zohe
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The narrow swash or breaker zone, where small waves break, runs
parallel to the shore and is composed of sand and dead coral rock
covered by filamentous algae., Bluehead wrasse are not abundant here,
but, young juveniles can often be found hiding within the coral rubble

or among spines of the black sea urchin Diadema antillarum. The crest

zone of the fringing reef is seaward of the swash zone. Parts of this
zone can become emergent during very low spring tides and waves often
break here during winter storms. It is composed of irregular patches
of dead coral covered by coralline algae. Bluehead wrasse are often
found feeding here during the non-spawming period. The coalesced spur
zone ig geaward of the swash zone and is composed of a variety of
corals. Coral coverage was more uniform here before Hurricane Allen
damaged the reef in 1980 (Mah and Stearn 1986). It now consists of
mostly dead coral rock covered by coralline algae. Bluehead wrasse
are numerous here and are often found defending territories over
elevaled parts of the zone close to the edge of irregular sand
chamels between the gspurs. The spur and groove zone occurs at the
seavard edge of the reef. Spurs are perpendicular to the shore and
narrow Loward the edge of the reef. This zone is composed of mixed

coral species dominated by Porites porites and Porites rubble and are

aeparated by deep (~5m) sand chamnels. Coral projections occur on
the seaward tips of some of the spurs, e.g. a one and half metre

projection of Dendrogyra cylindrus on the most southern tip of the

North Bellairs reef. Bluehead wrasse are abundant in this zone
especially during the daily spawning period and often use downcurrent

promontories as mating sites.
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3__SPAWNING AND RECRUI'TMENT

3.1 INTRODUCTION

This section is a study of svawning and recruilment in the

bluehead wrasse Thalassoma bifasciatum on the fringing reefs off the

west coast of Barbados, West Indies.

Studies of coral reef fish ecology began in earncst in the 1950°'s
(Sale 1984). Since then, the prevailing paradigm has been that reefl
fish communities show little fluctuation either in terms of abundance
of individual species populations or in temms of species composilion,
i.e. they are at equilibrium (sensu MacArthur 1972). ‘The assumption
was that the relatively constant environmental conditions
characteristic of tropical marine environments would ensure that
populations remain relatively close to carrying capacily of Lhe
environment as <et by availability of resources (Hiall and Stragsburg
1960; MacArthur 1972). The consequent competilion for resources
would maintain populations near numerical equilibrium, and would
simultaneously act as an agent of selection for the evolution of
narrowver niches i.e. greater gpecialization. This in Lurn would
result in the high species diversity characteristic of coral reef

fish communities.

Tropical marine environments differ substantially from those in
the temperate latitudes. Two tradewind seasons, with sharp
differences in rainfall, generally replace the four seasons of the
temperate zones. Consequently, Caribbean fish often have longer

reproductive seasons than do temperate fish, but can also show
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geasonal (Munro et _al 1973) and even lunar spawning peaks (Lobel 1978;
Johanmes 1978; Robertson et _al 1988). Evidence for such temporal
variation congists of changes in gonadal indices, ova diamelers
{(Munro et al 1873; Fishelson 1976, Taylor et al 1979; Ralston
1981) and obiservable spawning behavior (Colin 1978; Ross 1978;
Pregssley 1980; Tribble 1982). 1In many of Lhese studies
obgervations of spawning frequency and gonad analyses have been
undertaken too infrequently and over too shorl a time period ko
determine temporal patterns in spawning. In parlicular, small scale
{(¢.g. daily) variation in spawning activity in many species, as well
na changes in such variation  through time, may have been missed
(Johannes  1978), One objective of the present study is to use
gpawning observations and gonad analyses to investigate spawning

patlerns in T, bifasciatum on both a lunar and seasonal time-scale.

Coral reef fish prouduce either demersal or pelagic eggs. Except

for one hknown species (Acanthochromis pulycanthus, Robertson 1973)

all reef fish produce pelagic larvae ( e.g. Breder and Rosen 1966;
leis and Miller 1976; Sale 1980 ; Thresher 1984). There are two
major explanations for the high incidence of pelagic larvae; the
dispersal hypothesis (Barlow 1981) and the antipredator hypothesis
(Dale  1978; Johannes 1978; Sale 1978; Smith 1978). The former
auggests thatl, advantages associated with dispersal (e.g. reduced
intrasperific competition, reduced probability of inbreeding, reduced
prolability of local extinction of sub-populations) have been the
major selective force in the evolution of pelagic larvae. The latter
hypothesis depends on the assertion that predation is heavier on reefs

than in waters offshore (Sale 1971, 1978; Smith 1978; Johannes
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1978; but see Shapiro et al 1988), and suggests lhat this is the
major force for the evolution of pelagic larvae. However, Lhe
advantages of escaping higher predation may be offset. by larvae being
swept away in oceanic currents and never successfully recruiting to
reefs (Hjort (1914) in Powles 1975). Johammes (1978) has suggosted
that such oceanic losses are a major celective force favouring
seasonal reproduction in the tropies; reproduction occurring when
current systems are most likely to return pelagic larvae to reefs. A
second objective of the present section is to investigate the elfects
of tide and of current speed and direction on lunar variation in

spawning activity of T. bifasciatum.

Whatever the selective forces that produced Lhe pelagic larval
stage, it seems likely that this life history stage may have important
implications for the dynamics of reef fish populations and for Lhe
structure of coral reef fish assemblages. The orthodox view is that
reef fish populations are sapace/resource limited (Anderson el al,
1981; Shulman et al 1983, 1985a,b). The rationale is that. dince most
coral reef fish spawn over extended periods within each year, there
will be a reservoir of planktonic larvae above Lhe reefs.
Consequently populations will be regulated by compelition for
resources on the reef, and reef fish will tend to be specialists. A
variation of this is the lottery hypothesis of Sale (1977, 1978,
1982). He suggested that. colonisation/recruitment. patterns will
reflect the chance openings of settlement sites on the reef] the
implication being that reef fish are generalists. Such chance
openings can be caused by mortality due Lu predation or by

disturbances {(lassig 1983). An alternalive hypothesis, supported by
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some receni. studies, is that a shortage of larvae can keep larval reef
figh populations below the carrying capacily of the reef i.e. the
populations are recruitment-limited (Williams 1980; Doherty 1982a,

19831,; Victor 1983a, 1986a).

To investigate recruitment processes, it is necessary to obtain
information on the early life history stages (recruitment phase) of
the fish. Until recently much of what is known about coral reef fish
wag gleaned from studies of the relatively sedentary adults, but this
hag changed with development of the otolith increment aging technique.
This technique is particularly useful for aging early life stages and
therefore can e used Lo assess growlh rates of larval, juvenile and
adutt fish (Panella 1971, 1980; Brothers et al 1976, 1983; Brothers
and MceFarland  1981; Victor 1982, 1983b, 1986a). In addition, the

date of settlement of a fish from the plankton to the reefl can be

determined using this technique.

Vietor (1983a, 1986a) wused the otolith dating technique to study

recruitment of  T. bifasciatum on the San Blas Islands, Panama. He

aggested that spawning was constant throughout the year, but that
recruitment occurred in brief sporadic episodes which therefore did
not, reflect. any varialion in gspawning of the species at that location
{(Vietor 1983a). He concluded that variation in recruitment reflected
varialion in survival in the plankton. He further found that periods
of high mortality of residents on the reef were not followed by
increased recruitment (Victor 1983a, 1986a); results which do not
support. the lottery hypothesis of Sale (1977, 1978, 1982). Finally
temporal patterns of recruitment were subsequently reflected in

changes in the population size of adults Victor (1983a, 19862).
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Victor therefore concluded that the populations of T. bifagciatum in

Panama were primarily recruitment limited, and that adult population

dynamics was primarily driven by recruitment processes.

The final objective of the present section is to use otolith aging
to investigate recruitment patterns in T. bifasciatum in Barbados.
This has two main purposes. First, by investigaLing a possible
correlation belween peak spawning and peak recruitment, the question
of whether recruitment pulses result from differential spawning
activity or from differential survival in the plankton can be
addressed. Second, by investigating effecls of changes in resident
population dengity on recruitment and effects of recruitment strengLh

on subsequent juvenile mortalily, the question of whether populalions

of T. bifagciatum in Barbados are recruitment-limited or space~limited

can be addressed.

16



3.2 METHODS AND MATERIALS

3.2.1  Temporal variation in spawning

Spawning events in Lhe bluehead wrasse are readily observed as

upward 1ushes of spawning fish Lowards Lhe sus l'ace. Spawning
frequency can therefore be invest.igated by visual observation of
sppawning evenls, Rluehead wrasse populations on Lo fringing reefls

(Notth Bellairs and Heron Bay) in Barbados verc monitored for 14
months to investigate whether lunar and/or seasonal variation existed
i spawning Mrequency . Spawning frequency  was quantified by surface
siorkeling along Tive transects  parallel Lo shore, {a 50 minule
awim), amd counting the number of spawning evenls separately for group
spawning and pair spawning  (see Sccbion 1), Fach transecl was 150m
Tong and all spawning events that were observed in 2 2m radius
aromned the Lransect Tine were recorded, The data were recorded on
sl ] walerproof slates. The transect surveys were conducted Wvice a
wock on cach reef throughout the I month sampling period.  Spasning
in the bluchead  wrasse s known to take place  for a  few hours
arowed  midday each day (Warner el al  1970).  To characterise diel
spawning  patterns  in the Barbadus population, and therefore control
for this when comparing spawning between weeks and months, T initially
conducted transect surveys from 0700hes o 1700hes every hour for 30
mintes, for three conseculive days. Mosl  spawning actaivilty ( 98%)
occurres] between 1100hrs ared 1500ht s Consequent 1y, on each sawmpling
diy used to imestigate monthly and seasonal variation in spawning, 1

tandomly picked one of those four hours to conduct the 50 minute

stiotheling transeet.. Periodic  checks conducted over the study period
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indicated that spawning occurred within the identified Jd-hour period

throughout the year.

To further investigate seasonal varialion in spawning, monthly
samples of approximately 50 fish were taken, from leron Bay, between
October, 1981 and October, 19805, Fish were caplured by using a 2
litre glass jar filled with a crushed sea uwrchin (Diademn antillarum)
placed at high points ou the reef surface., Five sites across Lhe reef
were each sampled twice for each monthly sample.  The jar was left (or
a maximm of 5 minutes during each sample. This was enough Lime for
fish to be altracLled to the jar and consequently caplured. The sane
siles were used for each monthly sample. This sanpling Lechnique was
gize seleclive for larger fish, over 98% of tLhe fish caught being
either at or over the size at sexual maturily (aboul. 30mms SI, and 3
months of age; Victor 1986a). Gonads from Lhe fifLy [lish sampled
monthly were removed and weighed (to Lhe nearest 1()"2 gm) .  Theae datn
were used to calculate monthly variation in gonadosomatic indices

(GST's), where GST is Lhe proportion of total [ish wet weight

contributed by Lhe gonads.

To investigate possible effects of local currents on spawning
freguency, the direction and speed of nearshore surface currents {(i.0
10m to 500m from shore) were measmred on allernate weeks over the Luo
stuly reefs throughout the entire stuly period. Meosuorcmortls wepe
taken twice a day, or once a day on conseculive days, olose Lo the
turn of high and low tides. This was done by using a Perspeex drogue
suspended at 1.0 metre from the sea surface. Each drogue wag droppsd
from a small ruwboat. near Lo the central onshore point. of the recfl,

and sitings with a compass were taken from Lhe boat Lo points on
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gshore, every five minutes for an hour. Through a geries of
triangulations, using the compass readings, the path followed Ly each
drogue over the reef was plotted to determine direction and speed of

surface currents.

Finally, to investigate possible effects of tidal stage (i.e. ebb
and flood Lide) on daily bluehead wrasse spawning frequency, a two
week experiment was conducted in May, 1985 on North Bellairs reef.
Bluehead wrasse spawning frequency was monitored each day at selected
and marked spawning sites across the reef, belween 1100hrs and
1500hrg., for thirty minutes each hour. Continhuous observations of
apawning frequency throughout the daily spawning period were used to
determine if the timing of peak spawning per day, within the 4-hour
spawning period, is influenced by tidal stage. Times of low and high
tides were obtainad from tables supplied by the Barbados Port

Authority, Bridgetown, Barbados.
3.2.2 Temporal variation in recruitment

Temporal variation in recruitment of the bluehead wrasse in
Bartados was investigated by dating the otoliths of the 50 fish
sampled es~h month as described in Section 3.2.1. Two pairs of the
larger otoliths (sagittae and lapillae) were removed from the ear
canals of each fish caught (N=790). Minimal preparation is needed to

view and read otoliths in T. bifasciatum (Victor 1982). The otoliths

were rinsed in 90-100% ethanol and then cleared for 24hrs in xylene.
Pairs of otoliths were then motnted with mounting mediun on glass
slides. They were then viewed with polarization under 400x

magnification with a compound microscope. Victor (1982)
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demonstraled the presence of settlement marks on otoliths of T,
bifasciatum. In addition he showed that wrasse larvae (including

T.bifasciatum) spend approximately f[ive days 1n the sand

metamorphosing after settlement. from the plankton, before recruitment
to the reef population. This time spent. in Lhe sand resulls in a band
of five faint increments, the selllement band, which ocours on the
otolith after the setblement mark. The dale of settlement From the
planktonr can be calculated by subtracting the tolal mmlkr of daily
increments between the settlement mark and Lhe perimeter of Lhe
ololith (including Lhe increments within Lhe settlemenl. band, this
gives tLhe number of days since settlement) from the collection dale.
These data can then be used Lo invesbLigale seasunal variation in
get.tlemenl/recruitment frequency. Palterns of selllement, as
indicated by settlement dates, were also used to determine il laere

was lunar variation in setbllement. frequency.
3.2.3 Temporal varialion in adult. dengity

Adult population density was censused once per monlh on Horth
Bellairs reef and once per week on Heron Bay reefl. Dendgilies were
measured by swinming slowly along a H0m tLransect line while holding a
one metre expandable ruler and counting the number of adult fish (>3
cns) within half a metre on either side of Lhe Lrangect Line. (The
fast—count visual census technigue; see Miller and Huntle, 1987).
Counts of IP and TP adults were recorded.Al each site on each sampling
day, three transects were censused fur density estimates. The Lhree
transcets were laid parallel to Lhe shore over the central part
(coalesced spur zone) of the reef. Fach transect was placed in the

same position on the reef each month. Density samples were taken
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either early in the morning or late afternoon, i.e. outside the daily
gpawning period. This avoided bias that might arise from individuals
moving to spawning sites. For comparisons of density between the two
reefs, and between months on a given reef, a single mean monthly

density value was calculated for each reef from data obtained from the

three transect surveys.
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3.3 RESULTS

3.3.1 Seasonal variation in population spawning frequency

The total number of spawning events observed every sccond weelk for
14 months on North Bellairs (NB) and Heron Bay (HB) reefs combinged is
shown in Figure 3a. Combining the data from Lhe two reefs is jguslifiad
since the seasonal variation in number of spawning evenls did not
differ between reefs (Kolmogorov-Smirnov two-sample lesl. (Sokal  and
Rohlf 1981), D=0.33, P>0.05). Spawning [requency was nol uniflormly
distributed across months  ( Kolmogorov-Smirnov  onhe-sample  Lesl
(Zar 1984), D=0.19, P<0.01), occcurring primarily belween January and
July with a peak between March and June (Fig. 3a). January Lo June are
the drier months of the year in Barbados (Fig 4). Spawning in the
bluehead wrasse can therefore be divided into a non-reproductive
season (July to December) and a reproductive season {(Janviary to June),
which largely coincide with the wet and dry seasons in Barbados
respectively. Note that this does not imply an absence of spawningg in
the non-reproductive period. Spawning frequency was significantly
higher in the dry season than in the wel season on bolh reefls (Mann-
Whitney U test, for sample sizes >20 (Siegel, 1956; SAS, 1987) ; For
NB, z=2.24, P<0.05; For HB , 7=2.70, P<0.01) and foir the reefs
combined (Mann-Whitney U teslL, for sample sizes >20, »223.2,
P<0.005). In summary, spawning frequency of 1. bifasciatum is not
constant throughout the year, spawning occurring primacily in o the

drier months.

Seasonal varialion in group and pair spawning 1s shown in Fig. 3b

and 3¢ respectively. CGroup spawning was not. uniformly distributed
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Figure

3.

Total mmber of gpawning events {3a), number of
group spawning events (3b), and number of pair
spawning events (3¢c) vs. time of year for

Thalassoma bifasciatum from North Bellairs and

Heron Bay reefs (Barbados) combined. Data are
presented at two-week intervals for Lhe period
September, 1984 to October, 1985. Total observation

time per two week interval is 400mins.
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Figure 4.

Average monthly rainfall in

inches Barbados f{or

the period 1847-1976 inclusive, displaying

disltinct wet and dry seasons

Conserval.ion Project 1984).
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throughout the year (Kolmogorov-Smirnov one-sample test, D=0.209,
P<0.05) , occurring more frequently in the dry season thau in the wet
season  (Mann-Whithey U test, for sample sizes >20, 2=3.1, P<0.005;
Fig., 3b). Pair spawning was not uniformly distribuled throughout the
year (Kolmogorov-Smirnov one-sample test, D=0.19, P<0.001). It
nppeared Lo be less common in the weller months (September-November;
Fig. 3c¢), but. the differences between seasons were not stalistically
s1gnificant, (Mann-Whitney U test, for sample sizes >20, z=0.87,

P0.05) .

Sevenly-one percent. of all spawning events observed during the
study were group spawns 71%)5()%;){2: 476.53, P<0.001, Table 1),
suggesting that significantly more females group spawn than pair
spaw . The frequency of group spawning almost doubled in the
reproductive season compared to Lhe non -~ reproductive season, while
prir spawning only inctreased by a factor of 1.2 (Table 1). The results
suggest. that increases in group spawning arve largely responsible for
the greater total spawning aclivity observed in the drier monlhs,
This is further illustrated by a plot of the monthly ratio of pair
spawning to group spawning (P / R ratio) vs the total number of
spavning events in the wmonth (Fig., 5). The greater the numker of
total spawning events , the lower the ralio of pair spawning to group

spawning.
3.3.2.  Seasgonal varialion in spawning frequency per fish

The larger mnumber of spawning events observed during the drier
months could result from there being a larger number of adull fish

present on the reefs to spawn in those months and / or from an

]
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TABLE 1

The number of spawning events by ‘Thalagsoma bifascialum in the

non-reproductive and the reproductive periods in Barbados, and

the percentage of events that are group or pair spawns in esch

period. The data are pooled for North Bellairs and Heron Bay

reefs. .
NUMBER OF SPAWNS
PERIOD GROUP PAIR TOTAL PERCENT FERCENT
GROUP SPAWNS PAIR SPAWNS
NON-REFROD . 698 357 1055 66 3
REPROD. 1258 448 1706 74 26
TOTAL 1956 805 2761 71 29
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Figure

r

Je

The ratic of pair spawning and group spawning
(P/G) va. total number of spawns in each month for

Thalassoma bifasciatum on North Bellairs and Heron

Bay reefs, Barbados. The data presented are from

the period Septerber, 1984 to October, 1985.
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increase in gpawning frequency per fish present. Variation in aduit
density did occur during the year and showed similar patterns on
North Bellairs and Heron Bay reefs {Figs. Ga & 6b respectively). Mean
densily was significantly higher in the wet months, (xNB=1.17j-_ 0.40
N/mz, x”B-‘l.G’ii 0.20 N/m2 than in the dry months, (xNB:O.BQi 0.07
N/m?;  xp=1.38+ 0.50 N/m?), (t-test for NB, tz2.29, P<0.05, t-test
for HB, t=2.40, P<0.05). A plot of monthly adult density for the two
reefs combined is shown in Figure 6c. The data suggest that adult
density is the lowest in the drier months when the number of spawning
events aobserved is highest. The increased spawning activity observed
in the drier months must therefore result from a higher spawning

frequency per fish in those months.

The total number of sgpawning events in a month divided by the
density estimate for that month gives an index of spawning frequency
per fish and is shown for each month in Figure 7a. This illustrates
that. the greater gpawning activity in the dry season results from a
grealer gpawning frequency per fish present. Note that the index of
spawning frequency per fish for IP individuals (group spawns divided
by TP density) pesks earlier (March-May) than that for TP individuals
vpair spawns divided by 1P density) which pesks between May and July

(Figs. 7b and 7c¢ respectively).
3.3.3 Seasonal variation in gonadosomatic indices

Seasonal variation in mean monthly gonadosomatic indices (wt of
gonad/wt of fish) was not marked, but complemented the seasonal
variation in spawning frequency observed. Mean GSI peaked near the

middle of the dry season (Fig. 8) when the frequency of group spawning
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Figure 6.

Monthly adult densities ( N/m2 ) vs. month for

Thalassoma bifasciatum on North Bellairs reef (6a)

and Heron Bay reef (6h), and for the two reefs
combined (6¢). Data from the more frequent
mohitoring of density (once per week) on Heron Bay
are shown as the dashed line in (6b). ‘The datn
are presented over the period September 1984 to

October 1985.
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Figure 7.

An  index of spawning frequency per fish ( spawns /

density ) for Thalassoma bifasciatum on North

Bellairs and Heron Bay recfs, Barbados. The data
are presented separately for total  spawns ( 7a ),
group spawns; (males arve 1P) ( 7Th ) and pair
spawns; (males are TP) ( 7¢ ). The dala cover the

period Oclober 1984 to October 1986,
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Figure 8.

Mean monthly gonadosomatic inde< (GSI) vs. time of

the year for Thalassoma bifesciatum on Heron Bay

reef, Barbados.

T indicates 95% confidence limits.
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was highest (Fig. 7b) (Speaiman’s Rank Currelation, re=0.7, <0.05). A
second smaller peak in GST occurred Luwards Lhe end of the dry season

when the frequency of pair spawning was highest (Fig. 7).
3.3.4 Monthly variation in spawning frequency

Considering North Bellairs and Heron Bay reefs combined, spawningg
events were monitored four Limes per week for 14 months, making il
possible to investigate lunar variation in spawning aclivily.
Figure 9 shuws the number of group and pair spawning evenls on a
weekly basis throughout. the year. Nole thal some data were unavailabloe
in November and December 1984 due to rough seas amd poor visibilitly,
atul sume were unavailable for a two weelh period in May 1980 sinee o
study on diel variation in spawning was in progress (see Seclion
3.3.5). Separately for group and pair spauning, data forr all monthe n
the non-reproductive season were pooled by lonar phase.s Neither group
nor pair spavning aclivily differred belween hunov o phooees ane thes
season (Friedman's  Lest (Zar, 1981), (group); Pr0.05, (pair ),

P>0.00).

Separately for group and parr spawning, Jdata for o] monthe oft the
reproductive season were pooled Ly Tunar phase, Niebher giroup oo
pair spavnming activity differred bhetoeen lunar phiases o thio sedason,
Fig. 10; Friedman's test, (group); P>0.00;  (paiv) P2O.05) 0 Hoaweever,
figure 10 suggeats thal, dining the reproductive scason, group spiasdring
maay e more comnon at. spring tides (new and Full wmoon) than at neap
Lides (Tirst amd last quarter). Group spawning events durngg Uhe
reproductive period wete therefore pooled into o periads 0 spning

tides and neap Lides. The frequency of spawning events during spring



Figure 9. Weekly frequency of group and pair spawning vs

lunar phase for Thalassoma UbLifasciatum on North

Be:llairs and Heron Bay reefs combined.
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tideg was significantly greater than that during neap tides (Wilcoxohu
signed-ranks tesl (Sokal and Rohlf, 1981); 2=1.99, P<0.05). By
conbrast. , niether pair spawning frequency during the reproductive
period (Wileoxon's signed-ranks test, 2=0.52, P¥0.05), group spawning
frequency during the non-reproductive period (Wilcoxon's signed-ranks
test, zzi.06, P20.05), nor pair spawning [lrequency during the non-
reproduchive  preriod (Wilcoxon's signed-ranks test, 2=0.94, P>0.005)

differred signifrcantly between spring and neap Lides.
3.3.5. Daily varialtion in spawning f1equency

Observations of spawning aclivity throughoul the daily spawning
period (between 1100hrs. and 16500hrs. each day) were varried oul each
day for 2 weehks in April, 1985 1o investigale if Lhe timng of daily
opawning peaks varied with tidal stage (1.e. whet her wrasses Limed
their daily spawning Lo coincide with either ebb o [lood tide). The
daily  spawning frequency at, each tidal stage is expressed as Lhe
mean, for all days, of the spawning events thal occurred at each t.idal
ot The data are presented sepaately  for group and parr spawning,
Group amnd parr spawning  veeurrad at all slages of the tidal cycle
(Figs., tla & 11bh). Group spawning frequency was nol uniformly
distributed throughout the tidal eyele (Kolmogorvv-Smirnov one-sample
test, D=0.279, P<0.00L 5 Fig. 1la) ovcurring more frequently during
ebb tides  1han flowd  tides (Mann-Whilney U Lesl, USZGl.G, P<0.05).
The frequency appeared highest near the beginning of ebb-Lide (i.e,

near high tide 3 Fig., 1lla). Pair spawtiing (requency was alsuo nol
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Figure 10,

Mean number of group (.—.) and  pair  spaswning
(H) evenls during the reproductive scason of
1985 ( Jan - June ) vs. lunar phase, ful

Thalassoma  bifascialum o Heron Bay aed North

Bellairs reefs combined.

1 indicntes 95% confidence limils,
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Figure

11,

Mean number of group ( 1la ) and pair ( 11b )

spawns vs., tidal stage for Thalassonma bifascialum

on North Bellairs reef, Barbados. The data were

recorded during a two week experiment in April,

1985.

T indicates 95% confidence limits
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uniformly distributed throughout the tidal cycle (Kolmogorov-Smirnov
one-sample test, D=0.289, P<0.00l ; Fig. 1lb) and was significantly
higher durving ebb tides than flouwl tides (Mam-Whitney U tost, U, =44,
P<0.05). As with group spawning, pair spawming (requency appearod
hi.ghest near the beginning of ebb tide (i.e. near high tide ;| Fig.
11b). In summary these results suggesl that daily spawning in the
bluehead wrasse Lracks tidal stages being more {requenl during  ebb
tides than flood tides, and being particularly (requent near the onsel

of ebb Lides when water depth is greatest.

3.3.6 Variation in current speed and direction

Inshore surface currenl, data recorded on Heron Bay and North
Bellairs reefs are shown in Table 2. The nel dirvection of current
movement on both reefs was of fshore on 96% of the ocensions on which
currents were sampled, regardless of Lidal phase.  On the remaining 1%
ol ocecasions the currents ran parallel Lo the shore.o  Srmlar
vbservations have previously been wadde for west coast (manging 1ecls
in Barbados by Bevan (unpubl. data), Giraldeau (unpubl. datan)  and
Tomascik (unpubl. data). The mean current direction was west-north-
west (X=293.0 WNW). Occasional reversals Lo Lhe soulh wesl oceurred,

mostly at flood tide. AL ebb tide , northwest currenls were wore

frequent than southwesl currents (XZ:II.ZS, Pe.001). AL floxl Lide,

northwesl and southweslt currents occurred with equal  frequency
2

(X©=0.56, P>0.056). These data suggest that pelagic eggs released al

any phase of Lhe Lidal cycle would be carried ol fshore by tLhe

prevailing surface current. In spite of considerable variation in

currentl speed, there was a non-significanl  Lendency  for surface
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Table 2. Current. data from drogue studies (depth 1m.} on North
Bellairs and leron Bay reefs.
NB= North Bellairs HB= Heron Bay
North= 360°/ O West= 270 South= 180
EBB TIDE H FLOOD TIDE
TIME H TIME
REEF CURRENT OF TIME i CURRENT OF TIME
& DIRECTION SPEED  HIGH OF ! DIRECTION SPEED LOW OF

DATE (DFGREES) (M/S) TIDE SAMPLING | (DEGREES) (M/S) TIDE SAMPLING
1984
NB 27/08 337 0.011 1610 1639-1743 | 280 0.013 1020 1020-1109
NB (5709 252 0.029 1453 1451-1603 |
NB  06/09 . 150 0.007 0828 0824-0935
NB 11/09 352 0.062 0355 0926-1016 | 317 0.013 1013 1550-1616
NB 21709 267 0.037 1320 1352-1459 333 0.059 0704 0750-0853
NEB 0t/10 : 312 0.044 0913 0919-1015
NB 08/10 316 0.122 0858 0953-1016 334 0.018 1446 1444-10544
NB 15/10 29 0.020 0713 0806-0909
NB 24/10 318 0.030 1517 1514-1615 252 0.031 0917 0920-0916
NB 07/11 328 0.179 11428 1415-1445
Hp 08/11 321 0.097 1500 1516-1531 | 313 0.082 0913 0915-0945
NB 15/11 2217 0.083 0935 0916-1016 | 275 0.051 1439 1427-1507
NB  21/11 215 0.015 1401 1414-1506 241 0.024 0810 0818-0915
Hg 23/11 312 0.047 1627 1524-1628 | 352 0.036 0928 0936-1034
HB 06/12 198 0.041 1351 1400-1456 | 334 0.049 0808 0811-0907
N 13/12 289 0.029 0816 0814-0910 ; 201 0.015 1336 1332~1453
LB 14/12 333 0.117 0904 03%01-0949 . 322 0.040 1449 1655-1750
Hp  20/12 209 0.070 1340 1336-1428 ) 181 0.051 0747 0800-0857

]

1
1985 )
NB 07/01 : 254 0.028 0954 1002-1052
HB 08/01 261 0.069 1639 1635-1731 230 0.041 1042 1039-1144
HB 14/01 303 0.026 1005 1007-1059 203 0.081 1643 1643-1730
NB  05/02 281 0.060 1537 1546-1627 227 0.130 0945 0950-1024
HB 06/02 333 0.168 1631 1639-1722 208 0.052 1032 1041-1131
Hp  27/02 299 0.053 0920 0918-1018 288 0.049 1459 1442-1543
NB  01/03 298 0.025 1048 1011-1125 | 288 0.039 1805 1742-1822
NB  07/03 H 281 0.059 1013 1006-10562
HB  08/03 291 0.090 1709 16566-1733 246 0.031 1058 1044-1127
NB  13/03 195 0.050 0850 1429-1523 286 0.0114 0231 0751-0844
NB  21/03 271 0.048 1511 1547-1631 259 0.072 0941 0937-1023
1 03/04 326 0.056 1416 1412-1458 | 335 0.011 0828 0845-0940
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TABLE 2 continued

TIME
OF

SAMPLING

FLOOD TI1DE

TIME
or

LOW

TIDE

TIME
O
SAMPLING

EBB TIDE
TIME
REEF CURRENT OF
& DIRECTION SPEED HIGH
DATE (DFGREES) (M/S) TIDE
NB 041/04 234 0.073 1504
HB 11/04 338 0.089 0819
NB 12/04%
HB 17/04 288 0.114 1432
NB 18/04 232 0.086 0900
NB 09/05
NB 10/05 334 0.089 0754
HB 27/05 325 0.218 092
HB 10/06
HB 11/06 281 0.069 1064
HB 18/06 308 0.106 1619
HB 25/06 326 0.151 0904
HR 08/07
HB 10/07 345 0.316 0927
NB 18/07 185 0.024 17561
NB 19/07
HB 26/07 300 0.086 1118
NB 08/08
NB 09/08 350 0.043 0921
HB 18/08
HB 139/08 312 0.084 0559
NB 23/08
NB 25/08 281 0.023 1255
HB 01/09 1329 0.138 0400
NB 14/09 8 0.023 1545
NB 16/09
HB 09/10 320 0.050 1249
HB 10/10
NB 21/10
NB 23/10 292 0.037 1329
HB 31/10 303 1.994 0450

1510-1557
0830-0915

1424-1512
0940-1026

0814-0906
0919-0955

1130-12156
1613-1700
0840-0910

0953-1030
1721-1808

1343-1135
09271015
0722-0808
1323-1108
0629-0618
1645-1615
1347-1412

1440-1525
0630-0705

CURRENT
DIRECTION SP'EED
{DEGREES) (}M/S)

319 0.019
200 0.001
296 0.061
153 0.041
354 0.103
246 0.071
272 0.0456
228 0.080
187 0.046
310 0.070
316 0.324
31 0.071
198 0.005
318 0.074
326 0.119
208 0.033
270 0.028
168 0.122
301 0.013
2941 0.029
337 0.047

0909
1013
1707
08456
11654
1349

09556
1h23
1128

1113
1641
1368
1128
1507
1023
1056

0707
1651

1023

0900-0945
1143-1540
1704-1750
0832-0919
1151 -15637
134314356

1603-1646
1569-1660

1012-1068

1730-1831
14421529

1123-1208
1631~1719
13561431
1267-1339
15605-1530
1320~1356
11131143

0751-08506
1641-1726

12121232
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currenta at ebh tide Lo e faster than those al. flood Lide ( ebb tide
x = 0,12 m/sec , flowd tide X = 0.06 m/sec ; tL-tesL, t= 1.491,
P=0.068). Hence, pelagic eggs released prinarily during ebb Lide, as
is apparently the case with bluehead wrasse, would bLe carried

of fshore faster during flood tides Lhan ebl Lides.

AL spring Lides ( daily tides around full and new muon ) ebb tide
current.s were live Limes faster than flood Lide currents (ebb tide X
= 0.20 m/sec , flowl tide X = 0.04; t-test, L=1.427, P<0.01). At
neap tides ( daily tides around first and last. quarters ) ebb Lide
currents were only lwice as fast as flood tide currents (ebb Lide x=
0.08 m/sec- , flood Lide X = 0.04 n/sec ; f-tesl, L=2.363, P<0.05). In
the bluchead wrasse in Barbados, group spawning is Lhe most  cumnon
mode of repraduct ion (Section 3.3.1). TU occeurs primarily during ebb
tides (Section 3.3.0) and is more {requent near bpew and full wmoon
{(spring Lides) than near fivst and Inst quarters (neap tides ; Seclion

3.3.1). Hence, most, egge in the bluehead wrasse are released when

ol f'shore currents are at their fastest,

The  seasonal  reproductive  and nun—repx‘(x!ucLi\"e periuvds of the
bluchead wrasse did not differ in Lerms of mean current speed at
flood tides (repraductive, <=0.07 w/sec ; non-reproduclive, Xx=0.08
m/wee 3 t=test, tz0.41, P>0.05) or al. ebb tides (reproduclive, %=0.09
m/sec 3 non-reproductive, X=0.14 wm/sec; t-test, t=0.64, P>0.05) nor in
terms of mean cirrent direction at flowd tides (l't‘pl‘uduc_'(,i\'E,:\;:2810 WSW
non-reproduct ive, $=289" WNW ;. Watson-Williams Lest (Zar, 1981),
F=0.22,0.05) or at ebb Lides {(reproductive, ?(:290“ WNW; non-
repraduct ive, T\ZZTZ" WNW; Walson- Willians test, F=0.81, P>0.05).

Henee, seasonal variation in spawning 1s nol  apparently influenced
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by seasonal variation in nearshore curvent speed and divecton,

3.3.7 Seasonal varialion in recruitment

As determined by set.Llement marks on otoliths, 1ecrui twent. of

juveniles of T.bifascialum to the population on Hevon Bay reef

occurred throughout Lhe year (Fig. 12). However, tecratbaent was not
uni formly dislributed across wmonths (Kolmogorov-smirnov one=samp e
test, D=0.098, P<0.01); occurring primacily befween June aanl December
in 1984, with a sharp peak in July and August. January to June werpe
periods of relatively low recruitment tn both 1981 and 1985 (Fig.

12).

An index of seasonal varialion in rectmtment for the Tatter poast
of 1985 was generated by lagging the mean  adult  density for North
Bellairs and Heron Bay reefs by two months (Table 3). 0 Two months s
the apprtoximate time thal it Lakes for a newly recrarted  bluchead
wrasse {(10mu) to bLecome large enough to e censuaed as pa bt of the
adult population (>30mm; Victor, 1986a; Section 3.3.10). Note BT
this approach assumed that the seasonality of acerurtment as sbiong
enough Lo cause a correlated seasonal rise in oadult densaity (see
Section 3.3.10). For both reefs, densities are louw an Aprild
and May, and begin Lo rise between June and August. The recnuitient
profiles generated are therefore ammilar on the Lo coefa, amd sl
Lo the recruitment. profile of 1981 on Heron Bay peel oblained from
otolith set.tlement. marks. In both 1984 amd 1985 1ecruitment wirs Towes
in Lhe earlier part of the year, began to increasce an June atnd peachesd
a peak in July and August (Fig. 12 ; Table 35, Spawning e the

bLluehead wrasse in Barbados also varied seasonally with peak spavwning

10



IMrgure 12,

Number of recruits vs. time of the year for

Thalassoma_bifasciatum on Heron Bay reef,

Barbadus. Dala presented separately by month from

January 1984 to June, 1985,
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Table 3

Recruitment profile for the latter part of 1985 for Thalassoma
bifasciatum on two fringing reefs, North Bellairs and leron Bay,
in Barbados. The profile is generated by time-lagging adultl

dengity by 2 months.

RECRUTTMENT 2
(Adult density in N/m
time lagged by two months)

MONTH NORTH BELLAIRS HERON BAY
APRIL 0.89 1.31
MAY 1.056 1.31
JUNE 0.95 1.82
JULY 0.97 1.66
AUGUST 1.97 1.88
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preceding peak recruitment ( Fig. 3a; Fig. 12). This is
circumstantial evidence suggesting that the principal  faclor
influencing seasonal variation in e ruitment is scasonal sariation in
gspawning.  The similar recruitwent profiles in 1984 and 1985 also
suggest that between-year variation 1n the timing of scasonal

recruitment. and seasonal spawning may not e substantial.

Assuming seasonal variation in spavning to be similar in 1981 and
1985, Spearman’s Rank correlalion coefficients letween the number off
spawning events in a month and the number of tectuits in aowonth (1984
data) can be geneated (Table 1), Corrvelations between spawning and
recrui tment were high and significant when recrui binent vas lagged on
spawning by two and thiee months, bul were anmsignfoeant with S
lags of 0,1,4, and 5 months (Table 1),  Using otolith dating, larval
life of bLluchead wrasse in Barbados is estimatoed at between 33 amedl 09
diays, that 1n Panmma is slightly tonger at about 38 o 78 days (Vi ton
1986L). Hence a time log of 2-3 months between pealc spavacigd aned poak
recrujtment, particularly given the assumplion of adentical <pavning
profiles in 1984 and 1985, is largely consaistent wilh the sudlesion
that the timing of seasonal reciurtment s primar oy controbied by the

the tuming of seasunal spawning.

3.3.8 Tamar varial.ion in recruitment

Otolith dating was used to mmvestigate varration o yccimiment by
combining individuals from  all wmonthe that qettled on cach Juma day.
Sett Tement of bLlushead wiasse seemed to b hagher  on the days s ound

the new moon than in the  other days  of  the  Junimy month (Table §).

13



Table 4

Spearman's correlation coefficients (rg) for diffevent time lags
between the number of spawning events in a month and the number of

recruita per month in (1984) for ‘lhalassoma bifascialum on Heron

Bay reef in Barbadog.

+ denotes gignificance at the 0.10 probability level

¥ denotes significance at the 0.05 probability level

TIME TAG (MONTHS) CALCULATED (r) p
0 -0.33 0.32
1 0.18 0.56
2 0.56 0.06 +
3 0.85 0.003%
1 -0.18 0.52
5 0.11 0.69

44




Table 5

Total number of newly settled Thalassowa bifasciralum occurrving on

each day  of the lunar month on North Heron Bay reef, Bonbados.

0=FUT.L MOON 7=LAST QUARTER T4 =NEW MOON Z1=FIRST QUARTER

LUNAR
NUMBER OF' SETTIERS
DAY
0 5
] 8
2 10
3 11
1 13
N 8
G 7
7 12
8 n
9 12
10 ¢
11 13
12 T
13 ]
14 21
15 16
16 10
17 T
8 )
19 9
20 9
2 10
22 9
23 10
21 11
20 15
26 9
27 7
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The pattern of settlement was different from a uniform distribution
(3% =11.2, PC0.05). Vicltor  (1986a)  found  selCTement Lo be strongest

arowned the new moon Tor bluchead  wrasse  in Panana.
3.3.9 Eifects of densily on recrui tment,

The ef fects of resident —adalt density on rectuttment were
tnvest igated Lo comment on whether space availabilily on a reefl
appreats o oanfluence the timnmg and strength of recruitment, The
mveral b wean densitios of T bifacciatum on the shinds reefls were:
Greonslooves, 1,76 N/mz; Heron Bay, 1.01 N/m2 ; Paynies Bay, .49
H/m":; Sy vdge, 1,31 N/mz; Golden Padms, 1.21 N/mz; GlitLer Bay, 1,04
N/m"'; Notth Beellanr <, 1,01 N/m2. The  study  reels showed simglar
wensoral varation an densaty; densa declining from aroud
Devcember to Mas/ZJune, amd then thereasing as Lhe jear 's recruits

Lec o Jange enoangh (C30mm) to be constsed as adualts (Fig. 13).

At eslimate of the rate of recrattoent on any reel” can therefore
bhe obtaaned Trom the sTope of the densily Troe belseen May and O Loler
(vhen the study was terminated). Note that this s stracily
pecn tient to the adult population, rather than recruriaent Lo the
teet, sl that of 16 a conservative estuate of recrutbmenl since it
does not discount - foi mortatity  of 1esident. adults following
tectartment . The rectustment tates Lo each reel, estimatad as above,
e presented o Table 6, Thee effecte of adult den-a by prior Lo
tectuttient on subsequent recruitment rate can then be invesbigated by
plotting the lowest pre=tectuitment density o a given reef against
aubeequent rectuttment rate on that reel (Fig, tda). The variables

are ot cortelated (Spearman’s Rank Correlation (ST5C, 1985) r =0.19,
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Figure 13.

Monthly densities ( N/mz ) vs time of year for

Thalassona bifasciatum on each of seven fringing

reefs in Barbados. Data presented separately by

month for the period from September 1984 Lo

October 1985.
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TABLE 6

Estimated recruitment. rates for Thalassoma bifascialum on seven

fringing reefs in Barbados between May and Oclober 1985,  The
recruitment rates are generated as the slopes of the increase in

density following recruitment on each reefl (Figure 13).

ESTIMATED
REEF RECRUTTMENT RATE

{(incpease  in density
{N/m® per month)

North Bellairs 0.20
Heron Bay 0.18
GlitLer Bay 0.15
Golden Palms 0.14
Greens leeves 0.14
Sandridge 0.08
Paynes Bay 0.06
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Figure 14a.

Figure

14b,

Recruitment rate ( N/mz / month ) to a reef vs
the lowest pre-recruitment density on the reef Ffor
each of seven fringing reefs in Barbados. Data

span the period May to October, 1985.

Recrui tinent, rate ( N/mz / month ) to a reef vs
lowest.  pre-recruitment degree of saturation
(density/carrying capacity) on the reef, for each
of seven fringing reefs in Barbados. Data span

the period May to October, 1985.



NOILvHNLIYS 40 334D53Ad 1S3MO1
60 S0 €0

ME\ N )'N3G 1ing8034-34d 1S3amo7

i.‘ vy

60 9'0 €0

1]

(a) ()

——

(owsw/ N ) ALYH  INIWLINYOIY

49



1220.05}), tentatively suggesting that resident adult density on a reef

doeg not influence subsequent recruitment rate to the reef.

The problem with the above approach is that the carrying capacity
of the reefs for the bluehead wrasse may differ. Consequently,
dengity on a reefl may not be a good indicator of space availability on
the reef. 1 will define carrying capacity of each reef as the mean
dengity around which density values stabilize following the
reerui tment. pulse in any given year. Recruilment of juveniles
primarily occurs between June and December (Fig. 12), and the
resulting peak density of individuals of census size occurs by
Decembeir or January on each reef (Fig. 13). Following recruitment,
dengities fall sharply, stabilizing on the different reefs by either
February or March (Fig. 13). The values used as estimates of carrying
capacity are therefore the mean density between February and May fou
Greensleeves, between March and June for Heron Bay, between March and
June for Paynes Bay, between February and June for Sandridge, between
March and May for Glitter Bay, between February and July for Golden
Palms and between March and June for North Bellairs. The resulting
cstimates of carrying capacity are presented in Table 7. The degree
of saturation on any reef in any given month can therefore be

estimbed as the ratio of densily / carrying capacity.

Effects of degree of saturation prior to recruitment on subsequent
recruitment rate could then be investigated by plotting the lowest
degree  of saturation on any reef in the pre - recruitment period
against. the subsequent recruitment. rate to the reef generated as in
Table 6 (Fig. 14b). The variables are not correlated (Spearman’s Rank

Correlat ion, rg = -0.126, p>0.05), tentatively suggesting that




TABLE 7

Estinates of carrying capacity for Thalassoma_bifasciatum on

gseven fringing reefs in Barbados aml months over which reefls

are relatively stable in density (see Fig. 13).

REEF MONTHS OF STABLE ESTIMATES OF
DENSITY CARRY ING SAPACI'I'\'
{ N/m“ )
Heron Bay March - June 1,17
Greensleeves Feb. - May 1.06
Paynes Bay March - June 1.01
Glitter Bay March - May 0.93
Sandridge Feb. - June 0.90
North Bellairs March - June .84
Golden Palms Feb. - July 0.79
5



degree of saturation of a reef does not  influence subsequent

tescturtment, rate to the reef,
3.3.10 Effects of recruitment. on densily

Recrui tment  of  juveniles to Heron Bay reef in 1984 occurred
prine ily botween June and Decemtrr (Fig., 12).  This was refleclted in
the adult population densily, which rose in Lhe latter part. of 1984 to
rteach a peak by Janoary 1985 (Fag. 13). Adult, density on Heron Bay
vas sigmfrcantly correlated with numlxr of recrurts on Heron Bay when
1t was Iagged behid the latter by two months (Spearman’s Rank
Corvelation, 1 -0.76,p<0.01; Table 8 ). The Jag Lime uf twe wmonths
corteapotrls to o the fime est imated by Victor (1986a) for new recruils
(10om SEi. ) to grow to adull size (30mns Sh.) and  therefoure Lecome de-—
tectable i ing density  surveys, Prior (o this size,juveniles are
hidden and diffrcult to detect during censuses . These data support Lhe
usee of a0 two month Ing  to generate recruitment profiles from adult
densaty profiles an Section 3.3.7. Note that the new adult density
ptoduced by the recrurtment pulse on Heron Bay (i.e. densibty in
January 1985) is not maintained at that level but Talls sharply (eg.
January (o Felnamry), again approaching pre-recruitment levels within
about three months (Fig. 13). The adult density profiles on all study
tecefs were gimtlar (Fig, 13), suggesting that Lhe sevasovnalily of

rectuitment is simlar across all reefs,

The post-recrurtnent period is considered to be January Lo May for
Greensleeves, January to May for Heron Bay, February Lo June for
'nynes Bay, Decombxer to May for Sandridge, January Lo May Tor GlitbLer

Bay, Novaumboer to April for Golden Palms and Decenber to May for North

[y
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TABLE 8

Spearman's rank correlation coefficients (rg) for different Lime
lags between recruitment and adult density in Thalassuma
bifagciatun on Heron Bay reef in Barbados. Recruilmenl was
determined from otolith dating monthly subsamples from lleron Bay
reef and the correlations were generated by Lime-lagging adull

density by 1 to 5 months.

denotes significnce at the 0.05 probability level.

TIME LAG (MONTHS) CALCULATED r P
0 -0.100 >0.77
1 0.417 >0.17
2 0.760 0.01%
3 0.471 >0.11
4 0.236 >0.19
b 0.009 >0.98




3ellars (Fig. 13).  The decline in density following reciruitment can
bie used Lo caleulate pust-recruitment mortality, and thereby comment
on whether post-recruitment, mortality is density-dependent. For each
recl dinming the post—-recrui tment period, the monthly mortality rate (%
dying oach month) can be calculated and plotted against Lhe density at
the gtart, of that month (Fig. 15), and against the degree of
satwration of the reef {Section 3.3.9) al. the start of that month
(Fig. 16), For most. reefs, the highest mortalily rate occurred when
reef density wag highest (Fig. 15) and when the extent. to which the
reof was above  its estimated carrying capacity was at its highest
(Fig. 16). These 1esulty suggest, that post-recrurtment mortality is
densi ty=dependent, and hence  mmply  that compelition for resources on
the reef {(space-limitatton) is an important factor 1nfluencing
populatiion size and  population dynamics of  the bLluehead wrasse on

Minging recfs in Barlbados.,

It is possible to Jook at effects of degsity on mor Lality by
betweon-recl comprisons, An estimnate of mortality rale on any given
el Ffollowing  the recruitment pulse can be ul)(,ﬂlflt‘:d from the slupe
of the density Lo during the post-recruitment period for that reef.
Mortality rate estimates obtained as above are presented for each reef
in Inble 9. Note that thes=s are conservaltive estimates of mortality
aince losws due to mortality may be buffered by contimuing low levels
of recruttment  in the post-recrui tment period.  The effects of
rteerurtment strength on subsequent mortality can be investigated by
plottitgg the peak density following recruitment on any reef against
the subsequent anortal ity on that reef  as estimated in Table 9. The

vaniables are posilively correlated ( Spearman’s Rank  Corrvelation,

H4




Figure

156.

Monthly mortality rate ( % dying ) va densily at
the start of the month ( N/mz ), during the post-
recruitment period of 1985, for Thalassomna

bifasciatum on seven fringing reefs in Barbados.

Data are presented separately for each reef.
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Figure 16.

Monthly mortality rate ( % dying ) vs degree of
saturation (density/carrying capacilty) at Lhe
start of the month during the post-recruitment

period of 1985 for Thalassoma bifagcialum on seven

fringing reefs in Barbados. Data are presented

separately for each reef.




(< Dying)

MORTALITY

MONTHLY

Greensleeves

40}
® 3 M
Heron Bay
40 .
[
Paynes Bay
40}
.
S andridge
40
Glitter Bay
40}
9 [ J
L ] .
Golden Palms
40}
[ ]
North Bellairs
40}
[ J
f 1
1.0 3.0

DEGREE

SATURATION




TABLE 9

Estimates of mortality rate following the recruitment pulse for

Thalagsoma bifasciatum on seven reefs in Barbados. 'Ihe esLimates

are obtained from the slopes of the density lines in the post-

recruitment period (see Fig. 13).

REEF ESTIMATE OF
MORTALI'LY RATE
(No dying /m“/ month)

Greensleeves 1.49
Heron Bay . 0.53
Paynes Bay 0.62
Sandridge 0.49
North Bellairs 0.48
Golden Palms 0.38
Glitter Bay 0.23
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1,=0.86, p<0.05; Fig. 17). The procedure was repeated using the
max imum extent to which a reef was driven above carrying capacily by
the recru tment, pulse ( highest densily / carrying capacily ) against
the subscequent mortality on that reef. The variabies are again
positively correlated  (Speawmman’s Rank Correlalion, rg=0.82, p<0.05;
Fig. 18). These analyses suggest thal. mortality following
recruntment, 18 a funclLion of recruitment. strength, as indicated either
by peak 1eef densily following recruitment. or by the extent Lo which

the reef was driven above carvying capacity by recioui tment,




Figure 17.

Post-recrui tment mortality on a reef ( No dying/
m2 / month )} vs peak density following
recruitment on that reef ( N/m2 ) for seven

fringing reefs in Barbados.

Greensleeves = GS
Heron Bay = HB
Sandridge = 8D
Paynes Bay = PB
Glitter Bay = GB
Golden Palms = GP

North Bellairs

NB
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Figure 18. Por t~recruitment mortality on, a reef ( N/m2 /
month ) wvs. the highest degree of saturalion
(highest dencity/carrying capacity) following
recruitment on that reef for Thalassoma

bifasciatum on seven fringing reefs in Barbados,

Greensleeves = GS
Heron Bay = HB
Sandridge = 8D
Paynes Bay = PB
Glitter Bay = GB
Golden Palms = GP
North Bellairs = NB
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3.4 DISCUSSION

3.4.1 Seagsonal variation in spawning

The direct enumeration of spawning events conducted in the present

study suggests Lhat spawning in the bluehead wrasse T. bifasciatum

occurred throughout the year in Barbados. However, spawning was
markedly seasonal, with most spawning occurring between January and
July, the dJdrier months of the year ( Fig. 3a ). This increased
gpawning aciLivity did not simply result from more fish being present
Lo spawn, bul. was caused by increased spawning activity per fish
present, ( Fig. 7a ). Seasonal variation in gonadosomatic indices
supported the suggestion that spawning activity was greatest during
Lthe dry season { Fig. 8 ). Interestingly, the increased spawning
activity resulted primarily from a higher frequency of group spawning,
only secondarily from an increase in pair spawning ( Table | ; Figs
db & 3c). Seasovnal changes in the proportion of pair to group spawning

in the bluehead wrasse ( Fig. 5 ) have not previously been studied.

Feddern (1965) was the first to study reproductive. activity in the
bluehead wrasse, and found it to occur throughout the year in
Florida. However, Roede (1972) suggested that there might be some
seagonality  in reproductive activity. She found a higher percentage
of functional gonads during November and Decenber and from April until
June in both Puert.o Rico and Curacao. Victor (1983a, 1986a)
conducted  recruitment studies of the bluehead vrrasse in the San Blas
Islands in Panama. As the species is hnown to spawn every day
(Robertson and Hoffman 1977; Warner et _al 1975, Warner & Robertson

1978), Victor (1983a, 1986a) assumed a uniform spawning frequency

61




throughout the year. It was this assumption which led him to suggest
that the temporal variation in recruitment he observed was due to
variation in larval survival in the plankton rather than to variation
in reproductive activity of adults. In turn, this was a faotor
leading to his assertion that the population dynamics of the bluehead
wrasse in Panama was controlled primarily by processes in Lhe

plankton, rather than by processes on the reefs (Victor 1986a).

It is becomimg increasingly clear that the originnl paradigm that
tropical reef fish spawn throughout the year with no seasonal
variatioﬁ (eg. Qagim 1955; Hiatt and Strassburg 1960) is untrue for
most species. Coral reef fish in Juwmaica (Munro et al 1973), ia the
eagstern Caribbean (Powles 1975; Luckhurst and Luckhurst 1977) and
in Hawaii (Watson and leis 1974; Lobel 1978) show seasonal spawning;
mogst spawning occurring in spring, witn occasionally a secundary peak
in fall. On both the north (tropical, Lizard Island) and the soulh
(subtropical, One Tree Island) of the Great Barrier Reef, seasonal
spawning peaks also occur, although primarily in the austral summer

(Russel et a1l 1974, 1977; Johannes 1978; Doherty 1983a).

Seasonal variation in reproduction of coral reef fish is
presumably controlled by both proximate (environmental cues) and
ultimate (adaptive value) factors. Waters around Barbados originate
from the North Equatorial Current during the winter months and are of
high salinity and relatively low temperature. Swumer water driven by
the South Equatorial Current is more strongly influenced by the major
river discharges of the South American mainland, and is low in
gsalinity and higher in temperature (lewis and Fish 1969; Ryther et al

1967; Parr 1937, 1938 (in Powles 1975); Tomascik 1986) . In
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Barbados (present study), peak spawning of the bluehead wrasse takes
place in the dry season between February and May, beginning when
water temperatures are lowest and salinities are highest and
continuing as temperatures increase and salinities decrease (Tomascik
1986). In Jamaica maximum spawning of reef fish also occurs during
months of lowest water temperatures (Feb-April) (Munro et al 1973) and
this may be a common occurrence in the Caribbean (Johannes 1978).
This may imply that the temperature and salinity are proximate factors
influencing seasonality of reproduction. Note , however that on the
Great Barrier Reef (north and south), peak spawning occurs during

monthg of the highest water temperatures (Russell et al 1974, 1977,

Doherty 1983a).

If spawning of most reef fish in the Caribbean occurs primarily
in the spring, larval abundance will be highest in early summer
{(Munro et al 1973; Powles 1975). There is some indication that
zooplankton abundance in Barbados is higher during the summer months
(Lewis and Fish 1869). This implies that the abundance of food for
fish larvae may be highest in these months ( Watson and lLeis 1974;
Powles 1975; Luckhurst and Luckhurst 1977), and hence that larval
food abundance may be an ultimate factor influencing seasonal
variation in spawning of reef fish. However, other studies have found

no correlation between plankton abundance and fish larval abundance

in the Caribbean (Miller 1973; Munro et al 1973).

Like most other coral reef fish, the larvae of bluehead wrasse are
positively buoyant (pers. obs.; Powles 1975; Thresher 1984), and
spend most of their larval life near the surface of deeper offshore

waters (Powles 1975). More predators are believed to be associated
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with inshore reefs than with offshore waters ( Breder and Rosen
1966; Johannes 1978; Shulman 1985b), partly because larvae may be
susceptible to both benthic and planktonic predators when inshore.
This difference in offshore and nearshore predation may have been a
strong selective factor in the evolution of the pelagic larval phase
in reef fish (Johamnes 1978, but see Shapiro el _al 1988). However,
there has been little work on seasonal variation in predator abundance
in offshore waters, consequently, whether this is a causal factor in

the =volution of seasonal reproduction in coral reef fish remains

unimown.,

Johannes (1978) suggested that many tropical reef fish spawn at
the time of year when wind and / or oceanic offshore current strength
is reduced, and hence when larval loss to oceanic waters is low.
Nearshore currents on the west coast of Barbados are generally
offshore (see 3.3.6 (present study), Bevan {(unpublished)).
Consequently, larvae are carried off from inshore reefs irrespeclive
of tidal state or time of year. However, the larvae may Lhen either
be retained offshore in a slow current region or in eddies and gyres
which exist around Barbados (Emery 1972; Powles 1975; Peck 1978) or
be swept into the westward flowing Equatorial Current. Slower
currents in offshore waters usually vccur when there are shifts in
major current systems (Lobel and Robinson 1983). Off Barbados, this
occurs when the North Equatorial Current switches to the South
Equatorial current in April and reverses again in October (Parr (1938)
in Powles 1975). Interestingly, the first switch coincides with

peak spawning and the second with peak recruitment of the bluehead

wrasse in Barbados.
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3.4.2 Lumar variation in spawning

In a study of 50 speciea of tropical fish encompassing 24

families, including T.bifasciatum, most were found to gpawn with some

lunar periodicity (Johannes 1978). Of these, 23 species spawned

near or at the full moon, 35 at the full moon and 14 at both full and
new mcon (Table 4 in Johannes 1978). The widespread nature of the
phenomenon suggeats some selective advantage in lunar cycle spawning
periodicity. An analysis of over 2000 spawning events of the
bluehead wrasse in the present study suggested that group spawning
ocourred most frequently around new and full moons {( Fig. 10a ); but
there was no apparent lunar periodicity to pair spawning ( Fig. 10b ).
Randall, who had been observing scarids for many years,
opportunistically noticed and recorded spawning labrids. His notes
suggeat that pealk spawning occurs twice in a lunar month, on the full
and new moons, in labrids (Randsll and Randall 1963) . The present
results and those of Randall and Randall (1963), both of which suggest
a tendency towards new and full moon spawning, are further supported

by gonad analyses of T.bifasciatum conducted by Roede (1972).

Msny suggestions have been advanced for the semi-lunar spawning
peaks observed in the bluehead wrasse and other reef fish (Allen
1972; Fricke 1974; Johammes 1978; lobel 1978; Pressley 1980;
McFarland 1982; Doherty 1983a). First, spring tides occur only
around new and full mocns, and are typically characterised by fast ebb
and flood currents. Spawning peaks at new and full moon therefore
coincide with the fastest currents. If the spawning occurred during
ebb tides, and ebb tide surface currents were offshore, spawning at

new and full moon would maximize transport of eggs and larvee off of
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reefs, and thereby minimize their mortality due to predation.
However, lunar variation in the direction and speed of nearshore
surface currents has seldom been studied at the same Lime and place as
lunar variation in spawning frequency. In the present study of the
west coast fringing reefs in Barbados, both ebb and flood tide
surface currents were offshore, but ebb tide currents were five times
faster than flood tide currents. However during neap tides, ebb Lide
currents were only twice as fast as flood tide cuwrrents ( Section
3.3.6 ). Since daily spawning, although restricted to a four hour
period around midday, occurs more frequently during ebl tLides than
flood .ides { Figs. 11a & 11b ), bluehead wrasse in DBarbados are
spawning when nearshore surface currents have their maximm offshore

relocity:

Secondly, reef fish may be synchronizing their spawning peaks with
the extremes of tidal height that occur during spring tides. High
water levels may help to keep eggs and larvae away from benthic
predators. It is of interest in this context that daily spawning of
both pairs and groups occurred mogst frequently at the onset of ebb
tides i.e. at high tide when water depth is at its greatest (Figs. lla
& 11b). Moreover, by spawning primarily at spring tides, as is true
for group-spawners, the wrasses are gpawning when high tide waler
depth is at its monthly maximum. These data all suggest that
minimizing predation on eggs and larvae by reef-based predators is an
important factor in the evolution of lunar variation in spawning in

the bluehead wrasse in Barbados.

Finally most coral reef fish eggs, including those of

T.bifasciatum, are positively buoyant and hatch into photopositive
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latvac (pers. obs. ; Thresher 1984). If most larvae are released
near full moon, their tendency to swim towards the well illuminated
surface may help minimize benthic predation {Thresher 1981). However,
this can not explain a second spawning peak near new moon, when
illumination is al its lowest (Thresher 1984}; and new moon spawning
was more comnon than full moon spawning in the present study. Note
that none  of the above hypothesis for lunarv spawning in reef fish are
mutually exclusive and any combinat ion of them may result in the lunar

paltierns observed (Lobel 1978).

Blueshead wrasse in the present study and those in Panama (Warner
et al, 1875) move to downcurrent rrojeclions on the reef Lo spawn,
This appnarent 1y does not occur in Puerto Rico (Shapiro ¢t _al 1988).
The resulls from Barbados awi Panama suggest Lhal there are
advanlages to getling eggs and lavvae rapidly off of reels, a process
that may Le facililated by spavning primarily at ebb and spring Lides.
Note that the fact that the fish migrate to downcurrenl pusitions to
spawvn may decrease the intensity of selection for Uighl
synchronization of spawning with ebb and spring tides. Selection may
e stronger on mure sedentary non-migrating reef organisms to
synchronize spawning with rapid offshore currents (eg. Diadema
anlillarum; Younglao 1987). Warner and Rolertson (1980a) found no
syhchronization of bLluchead wrasse spawning peaks with ebb Lide in the
San Blas Islands in Panama, where current, systems are weak. lHowever,
mmerous stidies on other labrids have shown a stroug association
e tween spawning activity and ebbing tides (Robertson and Choat 1974

Chonl amd Robertson 1975; Robertson and Hoffman 1977 ; Kuwamura

198!; Ross [983).



3.4.3 Seasonal variation in recrujtment

Studies of reef fish in Curacao (Luckhurst and Luckhurst 1977)

and 8t. Croix (McFarland et ul 1985 (Haemulon flavolineatunm))

indicated seasonality in recruitment, with peaks in late summer and
occasionally secondary peaks in spring. On both the south
(subtropical, One Tree Island } and the north (tropical, Lizard
Island) of the Gtreat Barrier Reef, recruitment is now lknown Lo be
geagonal for some species of reef fish, occurring Letween SeplLember to
May with £ peak in January - February { Russell et_al 1977; Talbot
et al 1978; Williams and Sale 1981 (pomacentrids); Williams 1983,
for further studies see Doherty and Williams, in press). A guestion
of interest ig whether seasonal recruitment reflects seasonality of
spawning, or seasonal variation in larval survival in the plankton
(Sale 1980; McFarland et al 1985; Victor 1386a). Otolith dating of
bluehead wrasse in Barbados revealed that recruitment occurred all
year, but was strongest between June and December with a peak in July
/ August ( for 1984; Fig. 12). This recruitment pulse in Barbados was
presumably responsible for the increasing density that was occurring
on all reefs at the start of the study in October 1984 ( Fig. 13 ).
The recruitment pulse apparently occurs at about the same time each
year, since density was again rising on all the reefs during the
summer / fall of 1985, A geasonal peak in recruitment of Thalagsomn
bifasciatum was also found in Panama (Victor 1986a). 1t occurred at
approximately the same time each year for the four years stulied, but

was later in the year (Sept - Nov) than was the case in Barbados.

Spawning activity of the bluehead wrasse in Barbados is also

geasonal . Spawning occurs primarily between January and July, with a
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peak between March and June ( Figure 3a ). Peak recruitment appears
to follow peak spawning with a time lag of 2 to 3 months. Otolith
dating in the present study indicated that larval life of the bluehead
wragsae ranged from 33 to 72 days, with a mean of 45 days. In Panama,
mean jarval life was estimated at 49 days (Victor 1980%)., The time
Ing observea in Barbados between spawning and recruitment is
therefore largely consistent with the known duration of the larval
life of the bluechead wrasse, particularly since Victor (1986c) has
more recent.ly shown that, the blushead wrasse can vary its larval life
by varying its growth rate, thereby delaying settlement until

appropriate habitats are located.

The observation that peak recruitment follows peak spawning by a
time lag similar to the estimated duration of the larval 1life has two
implications. First, it suggests that seasonal variation in
recrui tment may be a function of variation in spawning rather than of
variation in larval survival in the plankton. Victor (1983a, 1986a)
assumed that. in areas close to the equator where environmental
seagonality is less marked, the bluehead wresse would show little
seasonal varialion in spawning frequency. Since he found marked
seasonal ity in recruitment, he attributed this Lo seasonal variation
in larval survival., (For similar suggestions, see Luckhurst and
Tuckhurst  1977), Tropical reef fish are highly fecund (Sale 1980),
and mortality in the plankton is undoubtedly high (Doherty 1983b;
Williams et _al 1986). However, the extent tc which there is seasonal
vartation in larval survival in the plankton, and the degree of inter-
annual variability in larval survival, remain largely unknown for

reef fish. The results of the present study suggest Lhat any seasonal
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variation in larval survival of blushead wrasse that might, oceur is
insufficient, in the Barbados context, to obliterate the correlation

between peak spawning and peak recruitment obsevved,

The second implication is that the correlation belween penk
recruitment. and peal spawning of the bLluehead wrasse in Barbados s
circumstantial evidencve suggesting that recruits Lo Lhe reefls on
Barbados are primarily products of the spawning stock in Barbados,
i.e. that the island population is largely discrele. The Ixslief that
planktonic larvae are passive and largely at Lthe mercy of oceante
currents has been accepted with 1ittle evidence (Hjort (1914) an

Powles 1975; Walsh el al 1981). However, the presence of eddies sl

gyres can Lrap lairvae amd Lhereby restrict larval dispersal (Sale
1970; Emery 1972; Powles 1975; leis and Miller 19765  Johannes
1978; Lubel and Robinson 1983), and a number of recenl studies
suggest that larvae have some control over their vertical position an
the water column and hence over tLheir horizontal distibution (Vieto

1961; Leis 1982; leis and Goldmann 1981, leis  1986).

The alternative to the hypothesis of diserete islomd stocks 15
that, peak spawning, and therefore recrui tment,  oceurs at o sim lan
times in all neighbouring countries in the region. Hence, peak
recruitment could follow peak spawning in Barbados by o Liee lay
which corresponds to the length of the larval ife cven though
recruits to Barbados were primarily from islands/iand masees farther
upcurrent. The Antillean islands are all downcurrent. of  Barliados
(Fig. la). However, in the sumner, water from the cosLinental shelf of
South America drifts to Barbados {(lewis and Fish 1969; Mizieha

1973; Powles 1975; Tumascik 1986; Hunte el _al 1986), and this is
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when recruitment of  the blueheal wragse primarily occurs. Powles
(1975) estimateg that larval travel time from the mouth of the Amazon
to Barbados would be approximately 80 dayvs, and would of course be
shotter if larvae originated from Trinidad or Tobago. It may
therefore bee possible for some bluehead wrasse larvae originaling in
South America and/or Trinidad and Tobago to reach Barbados,
paarticularly given their apparent flexibility in duration of larval
life (Vietor 1986c). Tt is of interest in this conlext that bluehead
wrasse have been found in deep offshore waters (Miller 1973; Richards
1981) and Williams et,_al (1984) suggesls that reef fish larvae on the
Great Barrier Reef may be carried hwuadreds of kilometres from their
niatal reefs bhefore settling. Tt therefore remains conceivable that
some portion of recruits of the blueliead wrasse Lo Barbados reefs
could have originated elsewhere. To be consistent with the
correlation between peak spawning and peak  recrui tment in Barbados,
this would require Lhat gspawning and  recruitment.  occur at similar
times in those counlries of Lhe region experiencing larval exchange,
Whether this occeurs could not he assessed, since seasovunalily of
spawning in the bluehead wrasse has not previously Deen studied in the
Caribleean, However, seasonality of recruitment has been studied in
Panama  (Victor 1986a) . Peak recruitment occurred in
September/November; some three months out of phase with peak

vecraitment in Barbados (July / Augusi),
3.14.4 Recruitment limitation or space limitation?

There are three competing hypotheses about the population dynamics
and community structure of coral reef fish. The first, and

teadit ional view, is that reef fish populations are space / food




limited, sre typically near carrying capacity and are therefore
structured by competitive and predatory process on the reef (eg. Smith
and Tyler 1973, 1976 ; Clarke 1977; Itzkowitz 1977; Lussig 1977;
Dale 1978). An extension of this is that reef fish species are
specialists, selection having favoured narrower niches in tble
competitive reef environment (Sale 1975, 1977, 1979; Sale and Dybdahl
1975), The second hypothesis, a variation of the firat, is the
*lottery hypothesis' of Sale (1977, 1578, 1982). This again suggests
that reef fish populations are at or near carrying capacity. It
envisages an ample supply of recruits in the vicinity of the reef, aml
suggests that recruitment reflects chance openings of settlemenl sites
on reefs occurring through the death of residents. The typical
interpretation of this is that recruits are capable of utilizing any
settlement site that becomes available; which implies that reef fish,
at least whilat juveniles, are generalists. The implication is thal
mortality following recruitment will not be compensatory (i.e. densily
dependent) since recruitment only occurs to the extent that space is
available. The third Lypothesis, the ‘recruilment - limitation’
hypothesis, suggests that reef fish populations are typically hept
below the carrying capacity of the reef by an inadequate supply of
larvae and sre therefore not limited by resources such as space or
food on the reef (Williams  1980; Dohecty 1982a, 1983a,bL; Victor
1983a, 1986a; Wellington and Victor 1985) . Victor (1986a) furtner
developed the recruitment - limitation hypcthesia. He defined two
types of recruitment limitation, primary and secondary. Primary
recruitment limitation occurs when the input of settling larvae is
less than the number of adults the available resources can support.

Secondary recruitment limitation occurs when the number of larvae
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gettling is sufficient for adult carrying capacity to be reached, if
there were no juvenile mortality. However, juvenile mortality reduces
the numbers to below carrying capacity. Note that even with
secondary recruitment limitation, the implication is that mortality
following recruitment is not compensatory (i.e. density dependent),
and 'the absolute gize of populations is determined by settlement

rates and is not a product of competitive interactions on the reef.’

(Victor 1986a).

Recent studies or -lamselfish populations support the recruitment -
limitation hypothesig. Doherty (1982a) found no compensatory mortality
in these populations manipulated to 50 times their aversge year class
strength. Doherly (1983hb) further demonstrated that the removal of
resident damselfishes from patch reefs in the Great Barrier Reef did
not increase the survival of new juveniles. Moreover two years of
recruitinent to these reefs was not sufficient to bring the damselfish
populations, which had been severely reduced, back to their original
levels (Doherty 1982a). In addition Jones (1987) found no change in

mortality rate of juveniles of Pomacentrusgs amboinensgis when

transplanted Lo reefs with older juveniles, even though densities
were thereby raised to three tim.z the normal level. Further support
for recruitment-limitation was provided by Viector (1983a, 1986a)
for bluehead wrasses in Panama. He assumed constant spawning,
observed that recruitment occurred in sporadic episodes, and suggested
that this resulted from differential larval swrvival in the plankton.

He observed that recruitment rates were highest when plankton

concentrations over the reef were highest, He further found that the

recrui tment strength of one year directly affected the size of the
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population in the next year (Victor 1983a) . He therefore suggested
that mortality following recruitment was constant and density
independent, and concluded that the populations were kept below

carrying capacity by recruitment limitation.

In the bluehead wrasse in Barbados, spawning is markedly seasonal.
Moreover, peak recruitment follows peak spawning by a tLime period
largely consistent with the duration of the larval life of the fish.
This suggests that recruitment pulses are not products of differential
survival in the plankton (as suggested by Victor (1986Ga) for Lhe
bluenead wrasse in Panama) but are products of adult spawning aclivity
(see also Robertson et al 1988). In short, mortality in Lhe plankton
is not sufficiently strong and variable to eliminate the correlalion
between peak sgpawning and peak recruitment. More importantly, the
present data suggest that more individuals are recruited Lo Lhe reefs
than can be supported by the resources available there. On most,
reefs, mortality following recruitment was density-dependent, i.c. Lhe
proportion of the population dying per month i1s highest at highest
densities (Fig. 15). However, as pointed out bLy-Victor (1986a),
density and average age of individuals on the reef are auto-
correlated; i.e. individuals are youngest (immediately aflter
recruitment) when population densities are highest (immediately after
recruitment). Since young individuals may have higher mortality, this
could in principle explain the proportionately higher mortality
observed following recruitment. Note, however, thal in the present
study the post-recruitment mortality was assessed for individuals
larger than 30mm, and hence is unlikely to be a product of higher

mortality in younger individuals. Moreover, a comparison between

74




~’

reefa, for individuals of similar age-class, suggests that overall
mortalily rate following recruilment is highest on reefs with heaviest
recruilment ( Fig. 17). On all reefs, numbers returned and leveled
off at pre-recruitment values within three months following peak
recruilment. The results of the present study therefore suggest that
the bluehead wrasse population in Barbados was not recruitment -
limited, at least during the period of the present study. Density-
mediated juvenile mortality been recently been documented for other

reef fish by Shulman ( 1984, 1985a,b).

It is of interest that two populations of the bluehead wrasse in
the Caribbean (i.e. Barbados and Panamna) appear to differ markedly in
Lerms of the processes influencing their population dynamics. Note
that. Lhe difference is consistent with the observation that average
population densily of the bluchead wrasse in Barbados is two to three
times the average densily of wrasses in the San Blas Islands, Panama
(Warner and Hoffwan 1980a ; Victor 1986a). This is consistent with
the suggestion that Barbados populations may be space-limited; and
that, that the large population (per reef area) produces enough larvae

to survive Lhe plankton and cause recruitment pulses which drive

dengsily above carrying capacity. This in turn results in
compensatory mortality dropping densily back to carrying capacity. By
contrast, the lower density on Panama reefs suggests thet the
populations may typically be below carrying capacity. The small
population (per reef area) may not produce enough larvae, given
mortality in the plankton, to saturate the reefs on recruitment.

Hence the populations may typically remain below carrying capacity.

Interestingly, the studies of damselfish populations which support the
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recruitment-limitation hypothesis (Doherty 1982 a,b, 1983b) were
conducted on reefs of One Tree Island (Great Barrier Reef). These
reefs have the lowest damselfish density in the region and are typical
of the reefs of the South Great Barrier Reef which have lower
recruitment rates than the reefs of the North Great Barrier Reef
(Thresher 1984; Sweatman 1985; Doherty and Williams in press ).
What has driven the bluehead wrasse on Barbados reefs into a cycle of
high density and space / resource limitation, and on Panama reefs into
a cycle of low density and recruitment limitation remains unresolved.
More generally, the present results, when compared with those of
Victor (1986a), imply that hypotheses that coral reef fish, and indeed
reef organisms in general, are either recruitment - limited or space -
limited may be tco rigid, even though they are valuable as organizing
perspectives from which to investigate the population dynamics of reef
organisms. It seems likely that different species in the same place,
the same species in different places, and perhaps the same species in
the same place at different times, may differ in the extent to which
they are recruitment-limited or space-limited (see also Sale  1984;

Shulman 1985b).
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4.0 POPULATION COMPOSITION AND MATING SUCCESS

4.1 INTRODUCTION

The mating system of the bluehead wrasse Thalassoma bifasciatlum

has been sludied extensively for the last ten years (Warner et al
1975; Robertson and Hoffman 1877; Warner and Robertson 1978; Warner
1980a,b; Warner 1981; Hoffman et al 1985; Warner 1983), and has been
briefly reviewed in Section 1. The species is a protogynous
hermaphrodite occurring as two sexual types and in two colour
phases. The gexual types are primary males, which are born males and
remain males throughout their life (gonochores); and female
heymapbrodites, which are born females and either remain females or
become males (secondary males) at larger sizes., The two colour phases
are called Initial Phase (IP) and Terminal Phase (TP). Terminal phase
fish are blue-headed and brightly coloured. They are less comnon than
initial phase fish and are typically the largest individuals in the
populztion, They can either be primary males or secondary males.
Tnitial phase fish are smaller with a more subdued- yellow and white
colouration.. They are typically younger than terminal phase fish and
are either females or primary males. The size of transition from
initial phase to terminal phase varies with social/ecological
conditiong on the reef, but the precise physiological/behavioral
mechaniams causing transition remain unclear (Warner et al 1975;

Shapiro 1988, Warner 1988 a,b}.

Daily spawning is common among coral reef fishes, particularly in
the wrasses (Labridae), parrotfishes (Scaridae), and the basses

(Serranidae) (Robertson and Hoffwan 1977; Robertson and Warner 1978;
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Warner and Robertson 1978). 1In T. bifasciatum in Barbadus, spawning

takes place each day around mid-day with most activiiy occurring
between 1100 hrs. and 1500 hrs. (Section 3.2.1). Terminal phase males
pair spawn individually with females. Initial phase males group
spawn, each group consisting of several males and typically one female
(Warner and Hoffman 1980a). Initial phase males can also obtain
matings by ‘streaking’ and ‘sneaking’ i.e. strategies which at.lempl Lo
exploit pair spawning by terminal phase males (Warner and Robertson
1978). large terminal phase males hold and defend Lemporary spawning
territories during the spawning period while group spawners are non-
territorial (Warner et al 1975). It is believed that terminal phage
males may spawn more than forty times per day and lemales once per day

(Warner et al 1975).

According to the size-advantage hypothesis for sex reversal
(Ghiselin 1969; Warner 1988 a,b), sequential hermaphrodilism cvolves
in a population when selection favours individuals thal produce as
one sex when small and as a second sex when large. For example, il
females have higher reproductive success than males at smaller body
sizes, but males have higher reproductive success than females at
larger body sizes, selection will favour individuals who reproduce

first as females and later as males. In T. bifasciatum in Panana,

terminal phase males have considerably higher daily mating success
than either initial phase males or females (Warner et al 1975, 1980a).
Consequently, selection should favour the obsgerved sex-reversal of
females to terminal phase males at larger sizes. One ubjective of Lhe
present section is to compare the daily mating success of Lerminal

phase males and females for bluehead wrasse in Barbados. An agpect
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of the mating system of the bluehead wrasse which is less clear is
whether initial phase females have higher mating success than initial
phase males. 1If they do, one may wonder why initial phase males exist
in bluehead wrasse populations; i.e. why have hermaphrodites not
replaced gonochoreg in bluehead wrasse populations (e.g. Charnov
1982)7 Individuals (genotypes) who reproduce first as females and
later as terminal phase males {(hermaphrodites) should have higher
life-time reproductive success, and therefore should ultimately
replace, individuals (genotypes) who reproduce first as initial phase
males and later as terminal phase males (gonochores). Note that, if
the initial phase sex ratio is 1 : 1, the average mating success of
initial phase males must be lower than that of females since some
portion of females mate with terminal phase males. A second objeclive
of this section is to ascertain the sex ratio of bluechead wrasse
populations in Barb '3s, to quantify the numbers of pair (TP) and
group (IP) spawnings, and thereby to compment on the relalive mating

success of initial phase males and females.

Several suggestions have now been proposed for the maintenance of
initial phase males in bluehead wrasse populations. Warner et al
(1975) first suggested that initial phase males are maintained by
frequency dependent selection, the implication being that per capita
mating success of initial phase males increases and surpasses that of
females, the more rare males become. They reasoned that females
would become proportionately more common as initial phase males became
more rarve, that terminal phase males would be unable to fertilize all
the females, and hence that initial phase male mating success would

rigse to surpass female mating success. However, selection should
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favour females responding to the reduced availability of males by
increasing their transition rate to terminal phase. Hence, the sex
ratio need not skew toward females, and the predicted per capita

increase in initial phase male mating success need not occur.

Subsequently, Warner and Hoffman (1980a) stated thal frequency
dependent selection alone can not maintain initial phase wales an
bluehead wrasse populations. They suggested instead that. initial
phase males are maintained by differential selecLion in different
habitats, initial phase males having higher per capita mating success
on large reefs than on small reefs. Warner el_al (1975), Warner and
Robertson (1978) and Warner and Hoffman (1980a) found that in large
populations initial phase males concentrate Lheir spawning activities
at downcurrent sites where terminal phase male territories are
located. Warner and Hoffman (1980b) suggested that, as o congeguence
of the high local densi ies of initial phase males al Lerminal phase
male territory locations in such populations, Clerminal phase anles
must spend more time defending territories from initial phasce mlesy
and will therefore have less time for spawning. - Moureover, Lhey
suggest Lthat in response Lo pressure from initial phase males,
terminal phase males move away from prime mating sitea. These faclors
lower the per capita mating success of terminal phase males and raise
that of initial phase males. Note that this observation does not
strictly address the question of why hemaphralites do not replace
gonochores in bluehead wrasse populalions, since both gonochores and
hermaphrodites are affected by a decrease in tLemminal phase maling
success. The key question is not whether initial phase males improve

their per capita mating success relalive to terminal phadse males in

BO



certain habitats/populations, but whether the per capita mating
success of initial phase males surpasses that of females under any
conditiong. Tt is interesting in the context of the above that both
Warner et _al (1975) and Warner and Hoffman (1980a,b) report that
terminal phase males are rare in large populations and more common in
small populations; and that sex ratios are skewed markedly towards
females, and hence away from initial phase males, in small
populations. Additional objectives of this section are to investigate
(1) whether per capita mating success of females, initial phase males
and terminal phase males varies with population size and/or
population density, and (2) whether the proportion of initial phase to

terminal phase males and the population sex ratio vary with population

size aml/or population density.

In the preceding hypotheses, it was assumed that growth and
mortality of females and initial phase males were the same (Warner et
al 1975; Warner and Hoffwan 1980 a,b). However, Charnov (1982), and
later Warner (1984), suggested that even if initial phase males had
lower mating success than females, gonochores could bLe maintained
in bluchead wrasse populations if they had a higher probability of
becoming terminal phase males than did hermaphrodites, either through
faster growth or lower mcrtality. Warner (1984) used tagging to
provide preliminary data on growth and mortality, Lul stated that the
values do not reflect normal rates since tagging is traumatic. His
results  indicated no differences in mortality between f{emales and
initial phase males in any study population, and no difference in
growth between males and females on large reefs. However, he

suggersted that males grow twice as fast as females on small reefs
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{(i.e. smaller populations), and that males grew twice as fast on small
reefs than on large reefs. The final objective of tLhe present section
is to test Charnov’s hypothesis by (1) investigating growth of
initial phase males and females using otolith rings (Victor 1983b),
(2) investigating mortality of initial phase males and lemales by
comparing their relative abundance in different. size classes, and (3)

investigating the proportion of terminal phase males that are

gonochores.
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1.2 METHODS AND MATERTALS

4.2.1 Mating Success

Indices of the per capita mating success of the bluehead wrasse
in Barbaldos were detemmined for terminal phase males, by dividing the
Lotal number of pair spawning evenls observed on a reef by terminal
phage density on that reef; for initial phase males by dividing the
total number of group spawning events on a reef by initial phase male
dengity on a reef; and for females by dividing the total nunber of
pair and group spawning evenlts on a reef by female density on a reef.
Since initial phase males and females could not be differentiated in
densilty surveys, it was necessary to ascertain the proportions of
initial phase individuals that were male or female in each month.
This was delermined by sub-sampling the populations as described in
Section 4.2.3. Spawning events were monitored for 4 months on two
fringing reefs, North Bellairs and Heron Bay, by surface snorkeling
along five transects on each reef parallel to shore (a 50 minute
swim), and counting the number of spawning events separately for group
and pair spawning. Each transect was 150m long -and all spawning
events that were observed in a 2m radius around the transect line were
recorded. The data were recorded on small waterproof slates (see
Section 3.2.1). Effects of adult population density on the relative
mat.ing success of the different types of Dbluehead wrasse were
investigated by comparison of mating success on two reefs differing in

density; North Bellairs and Heron Bay.
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4.2.2 Population Density

Adult population density was censused once per month on seven
fringing reefs in Barbados, namely Paynes Bay (PB), Colden Palms
(GP), North Bellairs (NB), Glitter Bay (GB), treensleeves (GS),
Sandridge (SD); and once per week on  Heron Bay (HB) (Figure la).
Densities were measured by swimming slowly about  1m above the reef
surface along a 5H0m transect line, while holding a one metre
expandable ruler and counting the number of adult fish (>3 cms) within
half a metre either side of the transect line. Counls of initial
phase and terminal phase adults were recorded separately. On each
sampling day, three Lransects were censused for density estimales (sce
Section 3.2.3). For comparisons of density between reefs, wmean values
for the whole year were used. Adult populalion abundance on each reef
was estimated by multiplying reef arca by density of adiullg on Lhat
reef. For each reef, area was determined from aerial survey mnaps
{Barbados C(Coastal Conservation Project, 1983). Using the map scale
(20m:100m2) a 1 cn piece of paper (equivalent to lOOOOmz) Wik
weighed. Each reef was traced from the map ontu identical paper. The
reefs were then cut out and weighed. The ratio of reef weight Lo
square weight multiplied by 10000 mé gave Lhe planar area of Lhe

reef.
4.2.3 Population Composition

Density surveys provide informalion on the  proportion of the
population that is terminal phase adults compared to initial phase
adults. They do not allow separation of either initial phase or

terminal phase adults into gonochores or hermaphrodites. These
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aspectgs of  population composition were determined by subsampling
populations twice on North Bellairs reefl, every Lhree months on Paynes
Bay, Golden Palms, Glitbter Bay, Gireensleeves, and Sandridge, and once
per o month on Heron Bay.  Subsampling was conducted between October
1984 sl October 1985, To subsample, fish were captured using a 2

litre glass jar filled with a crushed sea urchin (Diadema antillarum)

phiced al elevated areas on the reef surface. Five sites randomly
vhosen on Lthe reef were each fished twice during each mouthly sanple.
The jar was Jef! for a maximun of 5 minutes during each fishing
alttempt., The same locations on the reef were used for each muntihly
sample. This sampling technique was size selective for larger fish,
over 98% of the fish caught being eith=r at or over the size of sexual
maturity (about 30wms S.L. and 3 months of age: (Victor 1986a).
However, there is no evidence to suggesl that gonochores and
hoermaphradites of a4 given size, whether they are initial phase or
tetminal phase, differ in theivr susceptibilily tu the capture
technigue.  For each fish caught, type (i.e. initial pbhase or
terminal phase; fransitional fish with blue colouration were treated
as lermnal phase), standard length (to the nearest mm), and total
weight, and gonad weight (to the nearest IO_ng) were recorded. From
these measurements the following were obtained: (1) the within-
population overlap in size of initial phase and terminal phase
individuals, (2) the proportion of gonochores to hermaphrodiles in
both initial phase and terminal phase fish, and the variation in the
proportion with fish size. Separation of gonochores from
hermaphrodites required histological examinalion of gonads. In the
cise of terminal phase individuals, the technique for separating

gonochores and hermaphradites (i.e. primavy from secondary males ) is
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described by Reinboth (1962, 1980), (3) the mean size of transition
from initial phase to terminal phase for gonochores and hermaphrodites
and (4) the population sex ratio. To Zccurmine size at sex change in
ncrimaphrodites, the proportion of gonad devoted Lo testes in a fenale
was investigated by direct histological examination, and expressed as
0%, 45%, 50%, 75% or 100% devoled to testes. The proportion of the
gonad that wes ovary raltiplied by the total weight of the gonad gave

the approximate weight of ovary in transitional gonads.
4.2.4 Growth and Mortality Rates

Growth rates were determined by dating the otoliths of
approximately 600 bluehead wrasse taken in monthly ssmples on Heron
Bay and collected as described in Section 3.2.2. Mean growth rales
were determined for gonochores and hermaphrodiles, when in primarvy
phi,e and when in terminal phase. An effect of density on growth
rates was investigated by dating otoliths of gounochoures and
kermaphrodites on two additional reefs (about 50 fish/reef) ; a high
density reef (Greensleeves, densily=1.72 N/mz) and a low demsily reef
{Golden Palms, density=1.04 N/mz). To date otolit,hs,- Lwo pairs of Lhe
larger otoliths (sagittae and lapillae) were removed from the ecar
canals of esch fish. Minimal preparation is needed to view and read

otoliths in T.bifasciatum (see also Victor 1982). The otoliths were

ringed in 90-100% ethanol and then cleared for 24 hrs in xylene.
Pairs of otoliths were then mounted with mounting medium  on glasgy
glides. They were viewed with polarization under 400x magnification
with a compound microscope. An index of relative mortality rates of
hermaphrodites and gonochures was determined by comparing the

proportions of gonochores and hermaphrodites in each gize class of
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initial phase fish.

87



C—

4,3 RESULTS
4.3.1 Population densgity and size

Most of the reefs off the west coast of Barbados are large
fringing reefs ranging from 10,00011\2 to 70,000m2 in area (Barbados
Coastal Conservation Project 1983, this study). The estinated areas
of the study reefs and the mean of the monthly population densities of
bluehead wrasse on each area are shown in Table 10. The highest. mean
density (1.72 N/m2 on Greensleevesg) was »1.5 times thal of the lowest
mean density (1.04 N/mz) on North Bellairs and Golden Palms recfs.
Population size was estimated by multiplying mean population deusity
by reef area (Table 10). Population size varied from 16,000 on the
smallest reef (North Bellairs) to 69,000 on the largesl reefl
(Sandridge). Population size increased linearly with reef arca, bul
the largest reef (Sandridge) had a smaller population size Lhan
predicted by reefl area (Fig. 13a). More surprisingly, mean population
dengity was higher on larger reefs (Fig. 19b). The principal
exception was the largest reef (Sandridge) which had a lTower density

than expected by reef area,
4.3.2 Per capita mating success.

Spawning in the bluehead wrasse was more common between January
and June (termed the reproductive season) than bLetwecen July and
Decernber (the non-reproductive season; Section 3.3.1). The indices
of monthly per capita mating success of terminal phase males, initial
phase males and females on Heron Bay reef are shown separalely for the
two seasons in Table 11. The index for terminal phase males did not

differ between seasons (Mann- Whitney U teat, 2=1.20, P>0.05; Table 11).
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TABLE 10

Golden Palms (GP)

Glitter Bay (GB)

Sandridge (SD)

Paynes Bay (FB)

Heron Bay (liB)

Reef area, mean population density and population size of
Thalassoma bifasciatun on seven fringing reefs in Barbados.
(1a) (1b) (lc)
MEAN
POPULATTON 2 POPULATION
REEF AREA(m?) DENSITY {(N/u?) SIZE (N)
North Bellairs (NB) 16,226 1.04 16,875
23,962 1.04 24,921
19,198 1.24 23,8006
52,547 1.31 68,837
25,943 1.419 38,666
27,264 1.51 41,169
33,584 1.72 57,765

Greensleeves (GS)

i . S e e i o o 2t e i S
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Figure 19a. Mean population size (N) of Thalassoma bifascialum

2 . .
vs reef area (m“) on seven fringing reefs in

Barbados.

NB = North Bellairs

GB

Glitter Bay
GP = Golden Palms
FB = Paynes Bay
HB = Heron Bay
GS = Greensleaves

Sb

Sandridge

T indicates 95% confidence limits

Figure 18b. Mean density (N/mz) of Thalassoma bifagciatun vs

reef area (mz) on sgeven fringing reefs in

Barbados. Reef names as for Fig. 19a.

T indicates 95% confidence limits
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TABLE 11

Indices of monthly per capita mating success of temminal phase
males (TP), initial phase males (IP) and females in the
reproductive and non-reproductive seasons, for Thalassoma
bifasciatun on Heron Bay reef in Barbados. Secondary initial

phase males are excluded from the analysis. .

SEASON MONTH TP IP MALE FEMALE
(1984) |
]
]
NON- { NOVEMBER 84.9 6.2 7.9
REFPROD. |}
! DECRMBER 43.3 6.7 6.7
(1985) | JANUARY 62.5 27.3 27.3
)
t
! FEBRUARY 228.6 46.4 26.4
]
]
REPROD. | MARCH 112.1 49.56 45.5
]
] .
{ APRIL 108.3 94.5 654.0
]
1
! MAY 265.0 70.2 59.6
]
'
! JUNE 860.0 5.9 32.1
! JULY 163.0 36.4 19.5
1)
]
NON- ! AUGUST 190.0 16.6 24.9
REPROD. |
! SEPTEMBER 129.7 23.3 24.9
1
; OCTOBER GO0.3 38.8 29.5

ot ey i B e B
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However, the index of monthly per capita mating success of hoth
females and initial phase males was significantly higher in the
reproductive season than in the non-reproductive season on Heron Bay

reef (Mann-Whitney U test; for femnles, 2z-=2.64, P<0.05; for IP

males, 2z2.48, P<0.05; Table 11).

The index of monthly per capita mating success of terminal phase
males on Heron Bay reef was significantly higher than that of females
and initial phase males in both seasons (Wilcoxon paired-sample test
(Zar, 1984); vs females for reproductive, zz=-2.20, P<0.05; for non-
reproductive, 2z-2.20, P<0.05; vs IP males for reproductive, z=-
2.20, P<N.,05; for non-reproducltive, z=-2,20, P<0.05; Table 11.)
Moreover, the per capita mating success of terminal phase males on
North Bullairs reef did not differ between seasons (Mann-whitney U
test; 2z=0.08, P>0.05; Table 12), and was significantly higher than
that. of initial phase fish in both seasons (Wilcoxon paired-sample
tegt;  for  rveproductive, z=-2.20, P<0.05; for non-reproductive, z=-

2.20, P<0.05; Table 12).

Aboul 5% of the initial phase population is s;';'condary iP males
i.e, hermaphrodites who have changed sex and are reproducing as IP
mles. If these individuals are excluded, female per capita mating
success does not differ from initial phase male per capita mating
success in the non-reproductive season on Heron Bay reefl (Wilcoxon
paired-sample test; z=0,11, P>0.05; Table 11}, but tends to be lower
than that of 1P males in the reproductive season (Wilcoxon paired-
smnple test; =2=1.78, P=0.08; Table 11). If secondary IP males are
included, female per capita mating success and initial phase male per

capita mating success do not differ in either the non-reproductive
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TABLE 12

Indices of monthly per capita mating succeas of terminal phase

males (TP) and initial phase fish (IP) in the reproductive and

non-reproductive seasons, for Thalassoma bifasciatum on North

Bellairs reef in Barbados.

INDEX OF PER CAPITA MATING SUCCESS

e et i o e e o e 00 ot i e Bl i o ot o A S Pk e Ak e % M Bk A ek B e e St e s S e it e T S S8 G

SEASON MONTH TP 1p
(1984) !
]
]
NON- ! NOVEMBER 63.3 5.6
REPROD. !
! DECEMBER 33.3 6.2
(1985) ! JANUARY 64.0 6.4
1
]
! FEBRUARY 45.0 4.0
1
1
REPROD. ! MARCH 83.3 6.4
]
)
' APRIL 73.9 4.5
(]
[}
' MAY 370.0 9.9
1
1
! JUNE 252.2 11.9
' JULY 90.0 5.6
[]
[]
NON- ! AUGUST 94.3 7.0
REPROD. !
¢ SEPTEMBER 115.2 5.9
[} B
)
! OCTOBER 106.7 3.4
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(Wilcoxon paired-sample test; z=0.67, P>0.05; Table 13) or
reproduct.ive seasons (Wilcoxon paired-sample test; 2=0.73, P>0.05;
Table 13). Per capita mating success of initial phase males and
females was not compared on North Bellairs reef since the sex ratio of

the initial phase population was not known for all months.

4.3.3 Effects of density or population size on mating success.

4.3.3.1 Between-reef comparisons

Effects of density or population size on per capita mating success
were investigated by comparing mating success on Heron Bay reef (a
high densily reef of large population size; Table 10) with that on
North Bellairg reef (a low density reef of small population size,
Table 10). Since monthly terminal phase mating success did not differ
between seasons for either Heron Bay or North Bellairs reefs, the
comparison of terminal phase per capita mating success between reefs
was made across all months. The results suggest that montbly terminal

phase mating success did nol differ significantly between reefs

(Mann-Whitney U test, z=1.12, P>0.05).

A more direct approach to assessing whether the extent to which
mat.ing success of terminal phase fish exceeds that of initial phase
fish differs on reefs of different density and/or population size is
to compare the ratio of per capita TP mating success to per capita
IP mating success on the high density reef with that ou the low
density reef across all months (Table 14). The ratio of per capita
terminal phase male mating success Lo per capita initial phase mating

success did not differ between reefs (Mann-Whitney U test; 2=0.28,

P>0.05).
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TABLE 13

Indices of monthly per cepita mating success of terminal phase
males (TP), initial phase males (IP) and females in the
reproductive and non-reproductive seasons, for Thalassoma
bifagciatum on lHeron Bay reef in Barbados. Secondary initial

phase males are included in the snalyses as IP males.

SEASON MONTH TP IP MALE FEMALE
(1984) |
1
!
NON- { NOVEMBER 84.9 6.2 7.9
REPROD. |
| DECEMBER 43.3 5.8 6.7
(1985) | JANUARY 62.5 20.8 27.3
f
t
i FEBRUARY 228.6 35.1 25.4
1
t
REPROD. | MARCH 112.1 12.1 45.b
. -
!
{ APRIL 108.3 51.1 54.0
]
]
1 MAY 265.0 63.5 659.5
]
!
i JUNE 860.0 50.0 32.1
1 JULY 163.0 38.7 19.6
!
'
NON-- \ AUGUST 190.0 14.3 24.9
REPROD.
| SEPTEMBER 128.7 18.8 24.9
]
; OCTOBER 60.3 27.2 29.5
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TABLE 14

Monthly ratios of per capita terwinal phase male mating success
to per capita initial phase mating success (TP m.s / IP m.8) in
1984 and 1985 on a low density reef (North Bellairs) and a high

density reef (Heron Bay), for Thalagsoma bifasciatum in Barbados,

MONTH NORTH BELLAIRS HERON BAY
(1e81) T -
NOVEMBER 11.3 38.6

DRCFMBRR 5.4 14.0

JANUARY 10.0 5.7 B
FEBRUARY 11.3 23.8

MARCH 13.0 6.9

ATRIL 16.4 4.7

MAY 37.4 10.6

JUNE 21.2 59.3

JULY 16.1 17.9

AUGUST 13.5 25.6
SEPTEMBER 19.6 15.4

OCIOBER 31.3 4.8
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Although the extent to which per capita TP mating succeas
exceeded that of IP mating success was not lower in the more dense
(and/or larger) population than in the less dense (smaller)
population, the total pair spawning events to total group spawning
events was lower in the more dense populalion over all months (Fig.
20; Mann-Whitney U test, =2=2.28, P<0.05). Pair spawning made up 40%
of the total spawning events observed (n=1161) on the low density reef
(NB) and only 25% of all the spawning events observed (n=1524) on the
high dengsity reef (HB). Together, Table 14 and Fig. 20 suggest Lhat
the proportion of terminal phase to initial phase fish must differ

between the two reefs {(see Section 4.3.4).
4,3.3.2 Within reef comparisons.

Adult density varied during the year on both North Bellairs and
Heron Bay reefs, being low between March and May and higher for Lhe
rest of the year (Section 3.3.2). Possible effects of densily on the
relative per capita mating success of TP males and IP males on Heron
Bay reef were investigated by correlating the ratios of per capita TP
mating success/per capita IP male mating success in a given month
with adult dengity in that month. The ratic of per capita TP matling
success/per capita IP male mating success in a given month was not
correlated with adult density in that month (Spearman’s Rank
Correlation, 1'9=0.27, P>0.05; Fig. 21a). However, on any reef, adult
density in a month is only an accurate predictor of Llotal spawning
activity in that month if spawning activity per fish does not change
seasonally. Spawning activity per fish on Heron Bay reef vwas
highest between March and May (Section 3.3.2), months in which adult

density tended to be lowest. The ratio of per capita TP mating
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Figure 20.

The monthly pair to group spawning ratio (P/G) for

Thalasgoma bifasciatum over a fourteen month

period on two reefs of different density in

Barbados.

@- @ = North Bellairs reef (low density)

A - Heron Bay reef (high density)
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Figure 21. The ratio of (a) per capita terminal phase mating
success to per capita initial phase male mating
success (TP/IP male) vs density (N/mz) and (b) per
capita terminal phase mating success to per capita
initial phase male mating success (TP/IP male) vs

total spawning activity for Thalaggsoma bifasciatum

on lleron Bay reef, Barbados. The data are from

the period September, 1984 to October, 1985,
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success/per capita IP male mating success in a given month was
negatively correlated with total spawning activity in that month
(Sp:arman's Rank Correlation, rg=-0.67, P<0.05; Fig. 21b). 1In short,
per capita mating success of IP males improves relative to TP males

the greater the total spawning activity on the reef.
4.3.4 Effects of Density on Population Composition

The mean colour phase ratio of adults (terminal phase : initial
phase), deternined [rom density censuses for all seven reefs, was 1:22
(n-21,000 fish). This TP/IP ratio is considerably smaller than that
reported for bluehead wrasse in Panama (Warner and Robertson 1978).
The TP/IP ratio on a given reef tended to be lower the higher the
density on the reef (Spearman Rank Correlation, 1‘82—0.62, P=0.09),
but. was not affected by either population size  {Spearman Rank
Courrelation, 1‘920.07, P>0.05) or reef area (Spearman Rank Correlation,
I =-0.07, P>0.05) (Figs. 22a-22c). The proportion of TP males in the

total population dropped from approximately 8% to 2% between the

lowest and highest density reefs respectively.

Sex ratio was investigated by subsampling six of the study reefs.
Of the 1608 fish examined (both initial phase and terminal phase
individuals), 51% were males and 49% were females. This ratio did
not. differ significantly from 1:1 (X2:1.32, P>0.05). The population
sex ratio on a reef did not change with population density on a reef
(Spearman Rank Correlation, rg=-0.05, P>0.05; Fig. 23a), with
population size (Spearman Rank Correlation, 1‘820.17, P>0.05; Fig. 23b)
or with reef area (Spearman Rank Correlation, 1‘5:0.55, P>0.05; Fig.

23c). It did not differ significantly from 1:1 on any reef (P>0.05 in
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Figure 22. The ratio of terminal phase individuals to initial
phase individuals (TP/IP) vs (a) mean population
density (N/mz), (b) mean population gize (N) and

(c) reef area (mz) for Thalassoma bifasciatum on

s8ix fringing reefs in Larbados.
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Figure 23.

The adult population sex ratio (TP & 1P males/
female) va (am) mean population density (N/mz),

{b) mean population sgize (N) and (c) reef area

(mz) for Thalassoma bifasciatum on six fringing

reefs in Barbados.
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all cases). Of the fish examined in the initial phase population, 55%
were females and 45 % males. This is a significant. sex ralio bias
towards females (X2:14.4, P<0.001). Sex ratio was significantly
different from a 1:1 ratio on all reefs (P<0.05 in all casies), 'The
initial phase sex ratio on a reef did not chage with population
density on the reef (Spearman Rank Correlation, l‘g:—0.14, PM0.056;
Fig. 24a), with population size (Spearman Rank Correlation, rg=0.2,
P>0.05; Fig. 24b) or with reef area (Spearman Rank Correlation, r =-

0.25, P>0.05; Fig.24c).
4.3.5 Seasonal variation in Population Composition

The proportion of females in the populalion varied seasomlly,
being highest in the summer on all reefs (Fig., 20m). Conversely, Lhe
proportion of initial phase males in the population was lowesl in Lhe
sumner on all reefs (Fig. 26b). The proporLion of Lerminal phase
males was low and did not vary seasonally (Fig. 26c). The  proportion
of total males (i.e. initial phase males plug terminal phase wales) o
the population therefore followed the same scasonal pallern as
initial phase males (Fig. 20d). Intereatingly, the proporbion of
females temds to increase during months of recruitment. into the adull
population, reaching its highest values when adull populalion density
is approaching its maximum (Section 3.3.2). This may cuggest Chal, sex
ratio at recruitment into the adult population is biasced Lownrds
females, and that mortality following recruitment, into the adult
population is higher for females than males (see Seclion 4.3.6 and

4.3.9).

103




Figure 24, The initial phase sex ratio (IP male/female) vs
(a) mean population density (N/mz) (b) mean
population size (N) and (c) reef area (mz) for

Thalassoma bifagciatum on six fringing reefs in

Barbados.
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Figure 25.

Seasonal variation in population composition of

Thalassoma bifasciatum on five fringing reefs in

Barbados. (a) Proportion of females, (b)
proportion of initial phase males, (c) proportion
of terminal phase males and (d) proportion of all

males.

. = Glitter Bay
A= Sandridge
‘ = Greensleeves

A = Golden Palms

D = Paynes Bay
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4.3.6  Populatlion compusition by body size.

Populalion compusition by body size is shown for all reefs
combined in Figur=: 26. For initial phase fish, females
(hermaphrodites) were more numerous than males (gouochores) in the
smaller size classes, but, gonochores outhumbered hermaphrodiles
{(Ffenales and sccondary TP males) in Lhe larger size classes (Fig. 26).
This change in pupulation composition with, body size occurred on all
recfs . On 4 of the 7 reefs, the difference in composition between
the smallest IP size class and Lhe largeslt 1P size class was
significant (le,PSt,<().05 in all cases). These data support the
guggestion that female (hermaphrodite) mortality may be heavier than
male (gonochore) mortality following recruitment into the adult
population (see Sections 4.3.5 and 4.3.9). Noule that only 5% (74 of
1426) of initial phase males were secondary males (hermaphrodites).
Among terminal phase fish, primary nales (gonochores) were more nume-

rous Lhan secondary males (hermaphrodites) (Fig.ZG,XZ:'T.d,P(O.Ol).

4.3.7 Size at Transition

Cotour changes accompany the transition between initial phase and
terminal phase in the Dblueheald wrasse. Characterislic blue-green
colouring on the head region of the fish and dark vertical body
stripes are two comon indications of phase change (Roede 1972). Mean
size al Lransition for the biuehead wrasse 1n Barbados was
65,000,417 ; determined Ly calculating the mean size of all fish
with Lransitional colouring (n=36). Size at transitionh did not differ
for male and females (TP males, x=65.0mn+ 0.03, n=17;, IP females,

s=6d 9mm 40,43, n=19; t-test, 20,013, P=0>0.05).
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Figure 26.

Pupulation compusition by buly size for
(a} terminal phase individuals
= secondary males (hetmaphrodites) in terminal phase

D = primary males (gonochores) in terminal phase

(b) initial phasge individuals
= females (hermaphrodites) in inilial phase

i |= males (gonochores) in initial phase

for Thalassoma bifascialum for all reefs studicd in

Barbados.
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Since reefs of higher population density have n smaller proportion
of terminal phase fish ({(Section 4.3.4), the effect of densily on size
at transition to terminal phase was investigaled. Three approaches
were used. First, the largest initial phase lish on a reel was
correlated with the mean population density on the reef. Secoud the
sipallest termminal phase fish on a reef was correlated with the mean
population density on the reef. Thinrd the mean size of all fish in
the size classes over which both initial phase and terminal phase
fish were olserved (i.e. the overlap size randge bwelween P and TP
fish) was investigaled on the different reefs. There was a Lendency
for the largest inilial phase fish to be bigger on reefs of higher
population density (Spearman's Rank Correlation, 1‘3:0.77, P=0.08;
Table 15). Moreover, the size of the smallest. Lenninal phase nale was
greater on reefs of higher populaLion density (Spearman's Ranh
Correlation, 1‘820.83, P=0.06; Table 15). Finally, the mean size of
fish in the overlap zone differed significantly bLelween reofls (One~
way ANOVA, F=4.51, P<0.005; Table 15). Mean size incireased with
increasing mean population density (Spearinan’s Rank Corrcelation,
1‘5:0.77, P=0.08) an] was smaller on  the Tower density reefs  than on
the higher density reefs (SNK test, (NCSS,1985, P<0.056). These resulty
suggest that the smaller proportion of Ltemminal phase fish oun higher
density reefs results, in the proximate sense, from fish translorming
from initial to terminal phase at larger sizes on higher denyw Ly

reefs,
4.3.8 Size al, Sex Change

The overlap zone between two colour phases has been used Lo

delermine the size of sex change in monandric fiah (e.g. Shapirro

108



Table 15

Standard lengths of (a} the largest initial phase fish (b) the

smallest terminal phage fish and (c) mean size of all fish in the

overlap zone between initial phase and terminal phase fish, for

Thalassoma iLifagciatun on six fringing reefs in Barbados.

ot e it 2t o 4t A ot s 2 G e et e e S . e e o i o o T e b i i o A ot o P A e e A e e S

Mean Population Largest Smallest Mean Size in
REEF Dmns'bty Initial Phase  Terminal Phagse overlap zone
(N/m®) (min) {1mn) {mun)
Golden Palms 1.04 68.6 57.3 64.1
Glitter Bay 1.24 69.8 60.8 65.4
Sandridge 1.31 69.4 62.7 67.8
Paynes Bay 1.49 74.8 64.9 68.8
Heron Bay 1.51 75.0 64.2 68.1
QGreensleeves 1.72 73.2 64.3 67.9
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1984). This approach is inappropriate for the bluchead wrnsse whichas
diandric and in which sex change begins, and is often completed,prior
to phase change (pers. obs., Warncer amnd Roberlson 1978).  Size al sow
change was determined by investigating the proportion of the gonad
devoted to ovaries. The proportion of ovaryitesles in cach gonmd was
assessed on a scale of 1 to 0 by microscopic esxaminntion of whole
gonads., A female was defined as having changed sex when >50% of the
gonad is devoted Lo testes, and as having completed sex change when
100% of the gonad is devoted to Llestes. The porcentage of fomles
that had changed sex in each size class, aml the percenlage that had
compleled sex change in each size class, are shown in Figs, 272 and
27b for Heron Bay reef. The results suggest, that ses change any
begin at a relalively anall size, with about 10% of all females
already having 50% of their gonad devoled {o testes in the saallesd
gsizme class investigated (30-10mm)}. However, in the largest anitial
pvhase size class (60-T0mn), only 20% of the fowvados had completed ses
change (100% tesf.is) and fewer than 40% had >50% of Lheir gonnd
converted to lestis. This may suggest thal mosl fewales o The

largest, TP size class are not going to become Lerminal phase males,

4.3.9 Growth and Mortality

4.3.9.1 Growth

Growlh 1ates were determined by dating of otoliths from monthly
samples of Tish collected on Heron Bay teef. Sizes al age o inilinl
phase males and for females are shown an Fig. 28 and  28h. Th
slopes fur initial phase males and frnales do not differ (Student -
test for comparison belween slopes of tegression lines (Zar 1981)

120.23, P>0.50), suggesling no difference in growth betsveen P ey
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Figure 27.

(a) Percentage of females that had changed sex
(>50% testes) in each size class (including
terminal phase fish) (b) percentage of females
that had completed sex change (100% testes) in
each size class (including terminal phase fish)

for Thalassoma bifasciatun on Heron Bay reef in

Barbados.
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Figure 28.

Standard length (mmn) vs number of daily rings
(from otolith counts) for (a) females and (b)
initial phase males between 30-75mm, for

Thalassoma bifasciatum on Heron Bay reef,

Barbaclos.
(a) Y=0.157x + 10.18, r=0.89, P<0.05

(b) Y=0.140x + 15.15, r=0.89, P<0.05
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and females, Mean gsize al age and mean growth rates within Smm size
w:Jasges and for all size classes combined are shown in Table 16 for
females, initial phase males, terminal phase primary males and
terminal  phase  secondary males. There is no difference in growlh
Instween initial phase males and females (mean growth of Lhe former is
0.2005 mm/day, that of the latter 0.211 mm/day; t=1.59, P>0.05; Table
16). To the extent. that. gonadosomatic index reflects the proportion
of resources allocaled to reproduction as opposed to growth, the
vbservation that. GST values of initial phase males and fenales do not
differ (Table 17; comparison of mean GST values, 1=0.46, P>0.05), is
consistent with the observalion that IP males and females do not

differ in growth,

For terminal phese fish, size at age of primary males did not
dif'fer Crom that of secondary males on Heron Bay reef (cumparison of
mean growlh of categories, t=1.29, P>0.00). Note that this is
cunsistent with the oubservation that initial phase males aund
foemnles do not differ in growth rate on Lhis reef, Growbth rate as
determined from  all initial phase individuals (uean=0.207 wm/day) did
not. differ from that as determined from all terminal phase individuals
{mennz=0.198; 1=0.27, P>0.05; Table 16). This suggesls that there is
little change in growth rate as individuals move from initial phase to

terminal phase.

Growth rates for females and for initial phase males were compared
on three reefs differing in reef area, population density and
population size (Table 18). Gruwth rates of neither initial phase
maies nor females differed belween teefs (One-way Anova; for aales,

F=1.63, P20O.05; for females, F=0.93, P>0.06).
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Table 16

Mean size at age and mean growth rates within 5mm size classes and

for all size clagses combined for females,

initial phase males,

terminal phase primary males and terminal phase secondary males

for Thalassoma bifasciatum on Heron Bay

42.7

48‘3

62.2

56.9

63.7

a7.7

Mean
Age
(d)
165.6
177.8
227.5
231.1
275.6
290.6
309.3

238.2

Mrean

Growth rate

(mmg . /day)

0.209
0.212
0.187
0.209
0.189
0.202
0.205

0.200

29

28

13

11

reef in Barbados.

Mean
Growlh rate
(mm/day)

Mean Mesan
sh Age
(mm) {d)

1656.56 0.199
172.9
210.5 0.201
0.188
263.3 0.199
274.6 0.208
317.3 0.196

236.6 0.200

Size Range
n
30.0-35.0 12
35.1-40.0 24
40.1-45.0 8
45.1-50.0 17
50.1-565.0 11
65.1-60.0 10
60.1-65.0 4
Combined 86
70.0-75.0 5
76.1-80.0 1
. Combined 6
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0.205
0.191

0.198

72.2 366.0 0.197
77.8 367.0 0.211

75.0 366.0 0.200




Table 17

Gonad weights and gonadngsomatic indices

percentage of body weight) for initial phase males,

({gonad weight as a

females,

primary terminal phase males and secondary terminal phase males

of

deviationa are shown).

ot ey e oy o A o - e % e &4 = e s o S e . S 8 S S S o e e et St e i S A e S et P S e

Thalagsoma bifascistum in

Barbados

(means and standard

INITIAL, PHASE MALE FEMALE
n Gonad weight GST n Gonad weight GSI
() (%) () (%)
194 0.07340.07 3.31+1.35 299 0.063+0.05 3.25+1.31
FRIMARY TP MALE SECONDARY TP MALE
12 0.0440.03 0.98+0.23 28 0.0940.040 1.61+1.20
]
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Table 18

Mean growth rates of initial phase males and females between the

size range 30-60mm  for Thalassoma bifasciatum on ULhree reefs

differing in population density, population size and reef area.

- e T e i e s e S e o S it R S e S e o S e o} o Ul et o Bl e e e s 4o g A b e

1P MALE FEMALE
Reef Reef Mean Mean ‘ Mean Mean
/\raa Population Densit§ Growth Rate Growth Rale
(m“) Size (N) {No/m“) {mn/day) (nn/day)
Golden Palms 23,962 24,921 1.04 0.2440.01 0.22+0.01
Heron Bay 27,2064 41,169 1.52 0.2140.03 0.21140.02
Greensleeves 33,584 57,765 1.72 0.22+0.01 0.2240.01

- St S o e i i B o Y S A e S T A A S ok T (et o e v B S S 40 U e e e A B Ty
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1.3.9.2 Mortality

Comparative mortality of hermaphtrodites (primarily females, but
alsy secondary IP males) and gonochores (primary IP males) was
inveslbigated by examining changes in the sex ratio of the initial
phase population with Tish size (Fig. 29). For most reels separately,
and for all reefs combined, the proportion of hermaphrodites was
highest. in the smallest size o¢lasses, declining to about 0.5 in the
sivze olass G0-60mm; Lthe size class below Lhat al which transition to
Letminal  phase  typically occurs (Section 4.3.7). For Sandridge,
r eensleeves, Paynes Bay and Golden Palms, as well as for all reefs
combinedd, the proportion of hermaphrodites in the smallest initial
phase size class was significantly  grealer  than the proportion of
hermphrodites in the largest inilial phase size class (Sandridge,
%% 3.55G, P<0.05G ; Greensleeves, X2=16.39, P<0.001; Paynes Bay,

DU,

.\'2:6.}1, P<0.05; Golden Palms, Xz:3.18, P=0.07; all reefs cumbined,
,\'2: 14.77, P<0.00G). Sime growth rates of females (hermaphroditles)
and initial phase males (gonochores) do not differ, the decline in
proportion of hermaphrodites with increasing fish size suggests thal

mortality of hermaphrodites may be higher than that. of gonochores

prior to transit ton.

The question of whether female mortality increases relalive to
male nortality during sex change or phase Lransition was addressed by
imostigating the rate of decrease in proportion of hermaphrodites
(i.e. primarily females when TP; secondary males when TP) from the
aurl lest 1P sive- olass Lo the larvgest. TP size class (Fig. 30). Most
sex changing fenales complete sex change as they move from size class

60-70mm to size class 70-80mn and the decrease in proportion of

18k




Figure 29.

Proportion of hermaphrodites (primarily females,
but also secondary males) in the initial phase

population of Thalasgoma bifasciatum as a function

of fish size (10mm size classes) for six reefs

separately and combined in Barbados.

GP = Golden Palms
GB = Glitter Bay
8D = Sandridge
PB = Paynes Bay

HB = Heron Bay

GS Greensleeves

CB = Combined



Phase

Initial

Proportion of Hermaphrodites in

GP HB
ns116 n=301
0.5-
GB GS
ns109 ns92
o)
|
SD CB
ns104 nz 851
05+
PB|
nsl129
0,5-
30 40 50 60 70 30 40 50 60 70

118

Standard Length(mm)



Figure 30.

Proportion of hermaphrodites in the initial phase
and terminal phase populations vs fish size (10um

gize classes) for Thalassoma bifasciatum in

Barbados.

T: mean size of gex change
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hermaphrodites is not particularly marked over these sisze
classes(Fig.30). However, sex change may begin when initial  phase
females are relatively small (Section 4.3.8). Hence, the pussibility
that the higher mortalily of hermaphrodites relative to gonochores
results from the sex change that. occurs over all 1P Size classes can
not be discounted. This is supported by the observation that in the
largest TP size classes where sex change is complete (i.e. all
individuals are males), there is no further decrease in the proportion

of hermaphrodites relative Lo gonochores (Fig.30),

The, suggestion that mortality is higher for hetmaphrodites than
gonochores (TP males)  is supported by the obscervation that, on all
reefs, more Leminal phase individuals are primary males (gonochores)
than secondary males (hermaphrodites); bul there are more Females
(hermaphrodites) than males (gonochores) in the nmitral phase
pupulation (Table 19). For all reefs conbined, the percentage ol
females in the smallest adult initial phase size clasa (62% , Fig. 26)
and the percentage of females in the whole initial phase population
(49%) are significantly higher than the percent: ge of  termnal phase
fish that are secondary males (37% ; smallest 1P size liass ve TP,
X2230.5, P<0.001; all IP vs TP, X°219.05, P<0.001).  These tesults
suggest that the prolability of a hermaphiodite (fende) Iwec cmynigd

Lterminal phase is significantly lower than the probability of o

gonochore (TP male) bLecoming terminal phase.
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Table 19

Percentages of primary males in the initial phase and terminal

phagse populations of Thalasgsoma bifasciatum on six reefs in

Barbadosg.
INITIAL PHASE TERMINAL PHASE
Reef Menn Mean Primary Primary
Reef Area Population Density N Male N Male
{m®) Size (N/m“) (%) (%)
(N)
Golden Palms 23,962 24,921 1.04 190 41.0 32 59.4
Glitter Bay 19,198 23,806 1.24 194 45.8 25 52.0
Sandridge 52,547 68,837 1.31 188 44.1 28 71.4
Paynes Bay 25,943 38,655 1.49 181 32.0 31 74.2
Heron Bay 27,264 11,169 1.51 505 40.3 62 53.0
Greensleeves 33,5684 57,765 1.72 159  42.1 24 62.5
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4.4 Discussion

The index of per capita mating success of terminal phase males in
bluehead wrasse populations in Barbados was significantly higher than
that of either initial phase males or females. This is consistent
with the results obtained for the bluehead wrasse in Panama (e.g.
Warner et _al 1975; Warner 1984), and with the size-advantage
hypothesis for sex reversal and phase transition (Ghiselin 1969;
Charnov 1982; Warner 1988a,b). Initial phase males and females
become terminal phase because this allows a sharp increase in per
capita mating success, Indeed, given the high mean per capita maling
success of terminal phase males, their rarity in bluehead wrasse
populations (2%-8% in Barbados; 1% to 12% in Panama; Warner and
Hoffman, 1980a) is somewhat swrprising. The constraint to becoming
terminal phase may lie in the high variance in mating success of
terminal phase males, and the observation that body size explaing a
major component of the variance. Large temminal phase males may have
twenty times the mating success of small terminal phase mnles in
Panama (Hoffman et al 1985), and a correlation between body size and
mating success of terminal phase fish has also been found in Barbados
(Giraldeau et al Unpub. MS). In short, the frequency of
transition/sex reversal in bluehead wrasse populations may be
constrained by the fact that more frequent transition may imply
earlier transition, and smaller terminal phase fish may have little
mating success. The advantage of being terminal phase in Lthe context
of the mean per capita mating success of TP fish must therefore be
discounted by the time lag between transition and reaching the gize al

which the mean mating success of TP fish is attained, and by the
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probability of dying during this time period. Warner (1988a)
eslimates that. secondary males in Panama spend at least 120 days as
males before achieving any appreciable mating success. Hoffman et
al (1985) made a similar observation but developed the argument
further by suggesting that the cost of transition/sex change is a
heavy investment in growth at the expense of current reproduction as a
means  of rapidly attaining the size necessary for successful
reproduction as a terminal phase fish. However, there was no evidence
of accelerated growth following transition in bluehead wrasse in
Barbados. Mean daily growth rate based on terminal phase fish was not
gignificantly higher than mean daily growth rate based on initial
phase fish (Section 4.3.9.1). Note that, in the case of
hermaphrodites, an additional disadvantage of becoming terminal phase
may be that it requires sex change, and there is some evidence in the

present study to suggesl that gex change may increase mortality.

Warner and Hoffman (1980a) suggested that the mating success of
terminal phase males relative to initial phage males varied with reef
gize. On 'laiger reefs’ (population gize » 200 fish), mating success
of terminal phase males was lower and mating success of initial phase
higher than on smaller reefs (population size < 200 fish), They
suggested that this explained the observation that the percentage of
terminal phase fish in the population decreased with increasing
population size in Panama. The reefs and populations studied in
Barbados were considerably larger (range of population size 16,000 -
53,000) than those in Panama. In Barbados, terminal! phase spawning
made up 40% of all spawning events observed on the low density/small

population size 1eef, but only 25% of spawning events observed on Lhe




high density/large population size reef. Moreover, the percentage of
terminal phase males in the population decreased with increasing
population density. These results support the suggestion of Warner
and Hoffman (1980 a,b) that the advantage of being a terminal phase
male rather than an initial phase male decreagses with increasing
competition for spawning sites and/or females. In Panama, this
‘competition effect’ occurred on ‘'larger reefs'; in Barbadog it
cccurred on reefs of higher population densities. More accurately,
the key factor influencing the extent to which it pays Lo be a
terminal phase male rather than an initial phase male is probably
degree of sgpawning activity per unit reef area. At any given Lime of
the year, this will be higher for reefs of higher population densivy.
On a given reef, this will be highest during reproductive months i.e.
when gpawning activity per fish is high. Interegt.ingly, the
proportion of matings that are initial phase rather than terminal
phase is highest on Heron Bay reef in months when spawning activily
per fish is highest, even though density on the reefs is lowesl in

these months (Section 4.3.3.2).

It is worth noting that since the proportion of terminal phase
males is lower on reefs of higher density (i.e. fewer individuals
transform to terminal phase), the per capita mating success observed
for terminal phase males need not be lower, nor that of imtial phase
males higher, on reefs of high density. Indeed, in the present stuly,
because the proportion of terminal phase males was higher on low
density reefs, the extent to which their per capits mating success

exceeded that of initial phase males did not differ from that on high

density reefs.
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The observation that the percentage of terminal phase fish

decreases on reefs of higher density implies either that fish grow
slower and hence take longer to reach transition size on such reefs,
or that trangition size is larger on these reefs. Victor (1986a)
found growth of bluehead wrasse to be sglower on high density reefs in
Pansunn . However, somewhat surprisingly, growth of neither initial
phase males nor females differed on reefs of different density in the
pregent. study. The difference in results of the two studies may
reqult. from the difference in density ranges characteristic of Panama
and Barbados reefs, the latter having densities two to three times
higher than the former (Section 3.4.4). The inhibitive effect on

growth of any increment in density may decline on reefs of extreme

densitlies.

In this study, there was evidence too suggest that transition size
is larger on higher density reefs (Section 4.3.7), indicating that
this is the proximate cause of the lower proportion of terminal phase
fish on these reefs. 'This result is congistent with the increasingly
accepled perspective that the size or age at sex change is not rigidly
determined genetically, but is modified in response to local

conditions (e.g. Shapiro 1984, 1987, 1988 ).

The mean size of trangsition for bluehead wrasse in Barbados is
amaller (~65mm; age about 0.7 years) than that in Panama (~75mn; age
about one year, Warner 1984), and terminal phase fish are smaller in
Barbadog (max. size ~ 85um) than in Panama (>100mm; Hoffman et al
1985)., This is interesting, given the much higher population density
of bluehead wiasse in Barbados compared to Panama, and the fact that,

within the BRarbados population, size at transition increases with
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increasing density. 1In short, one might have expected transition at
smaller size on the lower density reefs in Panama. These data may
therefore suggest that populations of the bluehead wrasse in Panama
and Barbados are genetically distinet. Within both populations,
optimal gize at transition may increase with increasing density buti
the trajectory of transition size vs density diffeir1s Letween the
populations, such that transition size at any given densily is smaller

for the Barbados population,

The difference in size of terminal phase fish between Barbados and
Panama may result partly from differences in growth. Although growth
rates on the more dense of the Panama reefs are similar to growth
rates in Barbados, overall growth is probably faster in Panana
(Victor 1986a; Section 4.3.9.1 this study). Perhaps wmorec
importantly, life span of the bluehead wrasse is shorter in Barbados
(1.5 years) than in Panama (2.5 years; Hoffman el al 1985), suggesting
that total mortality is greater in Barbades. If the higher mortalily
results from external environmental factors charactleristic of the
Barbados environment, it could Le a causal factor in the evolulion of
the difference in the transition size vs density Lrajectory observed
between Barbados and Panama populations. Higher extrinsic mortality
typically selects for higher reproductive effort and earlier
reproduction (e.g. Stearns 1976), and in the case of the bLluchead
wrasse, may select. for earlier age at sex change and transition. 1t
is of interest in this context Lhat the gonadosomatic index of initial
phase males in Panama (~2.64; Warner and Robertson 1978) is lower
than that of initial phase males in Barbados (~3.31; Section

4.3.9.1). Note, however, that since sex change may have a mortality
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cost.,, the earlier sex/phase change observed in Barbados populations
may itself contribute to higher total mortality and hence to the

shorter life span observed in these populations.

The overall population sex ratio (i.e. terminal phase males plus
initial phase males vs females) for the bluehead wrasse in Barbados
waa 1:1. TL is of interest that this is consistent with the spirit
of Fisher's (1930) original bypothesis for the evolution and
maintenance of population sex ratios. If total males are rare
relative to females, per capita mating success of females will be low
relative to males, and it will pay females to change sex until the
total population sex ratio approaches 1:1. At this poinl, per capita
mating success of males must equal that of females. In this study,
total population sex ratio did not differ from 1:1 on any of the study
reefs i.e. it was independent of population density, population size
and reef area over the range of those parameters observed. Note the
putential advantage that the option to change sex gives to
hermaphrodites over gonochores, since the former can in principle

adjust sex to maximize mating success if reefs were to differ in

brecding sex ratio.

Given that the total population sex ratio is 1:1, the initial
phase sex ratio must Le biased toward females. In Barbados, the
initial phase population sex ratio was 1.22 females to 1 male (i.e.
556% female). This ratio did not differ between study reefs, and was
similar to that observed in Panama on reefs of similar size (Warner
and Hoffwan 1980 a,b). These aulhors reported strong sex ratio skews
(~80%) towands females on small reefs (population < 500). How such

shews may occur is not clear, although Warner and Hoffman (1980a)
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suggested that males may actively avoid small reefs when recruiting
from the plankton. Given that the great majority of wrasses live in
populations > 500, the importance of such sex ratio deviations in the

population and evolutionary dJynamics of wrasses may be limited.

An issue addressed by Warner el al (1975), Warner and Hoffman
(1980a) and Charnov (1982) is why gonochorea (TP males) are retained
in bluehead wrasse populations. The answer may lie in frequency
dependent selection coupled with the cost to femnles of changing sex
and becoming terminal phase. If males and females were cquivalently
comnon in the initial phase population, the per capita nmating success
of the former would be less than the latter, since some femnleos pair
spawn with terminal phase males. Consistent. with this, males are
more rare then females in the initial phase population, and the
proportion of males to females is such that the per capita mating
success of the two ULypes does not differ. Note that in principle
hermaphrodites (females) could continue to depress the per capita
mating success of gonochores as the latter become proportionately more
rare by increasing their rate of transition to either gecondary
initial phase males or secondary terminal phase males. However, at
the point when per capita mating success of initial phase males cquals
that of females, it will not benefit a female Lo change sex and become
a secondary initial phase male, particularly if there is a sortalily
cost to sex change. Nevertheless, in this situalion , given the high
mean per capita mating success of terminal phase fish, a femle might
in principle benefit from becoming terminal phase, and thig could
continue to depress the per capita mating success of initial phase

gonochores. The constraint here may lie again in Lhe cogt of changing
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sex, a3 well as in the cost of becoming terminal phase at small body
size previously discussed. Note that the cost of changing sex is
higher mortality, and the consequence of this is that hermaphrodites
have a lower probability of becoming terminal phase than gonochores;
62% of terminal phase wrasses in Barbados are primary males. In
short, gonochores are retained in bluehead wrasse populations because
(1) their per capita mating success in initial phase increases
relative to hermaphrodites as they become more rare, and (2) they
have a higher probability of becoming terminal phase than do
hermaphrodites. Both (1) and (2) may result, at least in part, from
the mortality cost of changing sex. In the case of (1), this is

supplemented by the potential cost of changing phase.

One may reasonably ask why hermaphrodites are retained at present
proportions in bluehead wrasse populations in Barbadus. If they were
t.o become more rare, the decline would be checked by frequency
dependent. selection; their per capita mating success increasing
relative to gonochores the more rare they become. However, given that
the per capita mating success of initial phase males and females does
not differ in Barbados populations, but that the former have a higher
probability of becoming terminal phase than the latter, the question
becomes, why is the proportion of hermaphrodites as high as observed
in Barbados populations? A possible answer may lie in the adventage
that the flexibility to change sex may give to hermaphrodites in the
longer term. In the present study, if secondary initial phase males
are excluded, the per capita mating success of females
(hermaphrodites) is lower than that of initial phasze males

(gonochores). However, in such circumstances, a hermaphrodite can
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increase mating success by becoming a secondary initial phase male.
The present results suggest that this occurs to the point where per
capita mating success of initial phase males (primary and secondary)
equals that of females. In a more general context, breeding sex
ratios may oscillate through time. TIf they do, hermaphrodites, by
adjusting sex in response to the prevailing sex ratio, may Le able Lo
markedly increase per capita mating success relative to gonochores
during periods of sex ratio skews. This advantage of hermaphrodites
over gonochores need not be observed if per capita mating success of
the t.wo.types is compared at any ingtant in ecological/evolulionary

time.

In the present study, growth rates of initial phase males and
females did not differ, and growth ratesg of neither gex differed
between study reefs. Warner (1984) also found no difference in growlh
between initial phase males and females on large reefs (N>120) in
Panama, but claimed that males grew twice as fast as females on small
reefs (N<110). Again, given that moslt wrasses live in
populations>120, the importance of accelerated male growth on samll
reefs in the population and evolutionary dynamics of wrasses is
unclear. Other questions of interest remain. For example, in
contrast to the present results, Warner (1984) reported no differences
in mortality between initial phase males and females in bluchead
wrasse populations in Panama. Warner and Hoffman (1980a) claimed that
only 25% of terminal phase fish are primary males in Panmmn (compared
to 62% in the present study). Given that about 35% of initial phase
fish are males in Panama (Warner and Hoffman 1980a), that mortality of

initial phase males is reported to be similar to that of females
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(Wa:.er 1984), and that initial phase males grow as fast as or faster
than females (Warner 1984), it is not clear why only 25% of the
terminal phase population is primary male. In both Panama and
Barbados, the factor primarily constraining attempts to further

comprehend the ecological and evclutionary dynemics of the bluehead

wrasse is ignorance of the genetics of sex determination. Direct
attempts to address this issue through breeding experiments are

geverely constrained by the relatively Ilong planktonic larval phase

characlterigtic of wrasses.
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