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Abstract — The gametogenic cycle and the reproductive effort of the blacklip pearl ofstetada margaritifera cultivated in Takapoto

lagoon were studied for a 1-year period (March 1997—April 1998) by bimonthly observations of gonadal sections, dry tissue weights and
gonadal index in a population of pearl oyster composed of three age-groups. Pearl oysters attained sexual maturity in the end of their first year
(height= 40 mm), implying thaP. margaritiferais a late-maturing species in comparison with other Pteriidae. This species was also confirmed

to be a marked protandrous successive hermaphrodite in culture, with 100 % of males at first maturity and 75 % in older pearl oyster (height
>120 mm). The general pattern of gametogenic activity, fairly synchronous in both sexes, was comparable with that of other tropical bivalves:
reproduction occurs continuously throughout the year with a maximal activity during the warm season (November—May). No resting period
was observed. Quantitative growth data showed Fhatargaritiferaexhibits an annual synchronised polymodal spawning pattern, with two
spawning peaks in age-group | (heighZO mm) and five in age-groups Il (height100 mm) and Il (height 120 mm). Spawning was
sometimes incomplete, nevertheless a clear relationship between gamete prodygtionai®d size (height H, mm) was obtaineg; £

5.26x% 107 H2°1(R> = 0.99,P < 0.05). Estimation of Rwas used to calculate the annual reproductive effapt imargaritifera Reproductive

effort (%) was similar to those calculated for temperate species and showed a progressive increase with the age of pearl oyster, from 7 % in
age-group | to 38 % in age-group Ill. This study showed that, in a fairly stable tropical environment such as the TakapotdPlagoon,
margaritiferais a multiple spawner, which uses an opportunistic reproductive strategy, allowing investment, all year around, of any surplus
energy into gamete production. Surplus energy is ensured by the high pumping rates developed by this non-symbiotic bivalve to succeed in
low seston conditions. © 2000 Ifremer/Cnrs/Inra/lrd/Cemagref/Editions scientifiques et médicales Elsevier SAS
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Résumé —Cycle et effort de reproduction de I'huitre perliére, Pinctada margaritifera(Bivalves: Ptériidés), en élevage dans I'atoll de

Takapoto (Polynésie Frangaise)Le cycle et I'effort de reproduction de I'huitre perliere a leévres noiPesctada margaritiferacultivée dans

le lagon de Takapoto, ont été étudiés sur une période annuelle (de mars 1997 a avril 1998), par un suivi bimensuel des stades de maturation
et des indices gonadiques, sur une population en élevage composée de trois groupes d’age (1, 2 et 3 ans). Cette étude a ¢dnfirmé que
margaritifera est une espéce qui se reproduit tardivement par rapport aux autres Ptériidés (elle atteint sa maturité sexuelle a la fin de sa
premiere année, pour une hauteur approximative de 40 mm). Par ailleurs, elle présente, en élevage, une protandrie marquée (100 % de males
a premiere maturité, 75 % pour des huitres agées de trois ans). Le schéma général de sa gamétogenése, relativement synchrone dans les deux
sexes, est comparable a celui des autres bivalves tropicaux : la reproduction est quasiment continue (aucune période de repos sexuel) avec une
activité accrue en saison chaude (de novembre a mai). L'analyse des variations du poids de la gonade suggere I'existence de deux pics
d’émission de gametes chez les huitres de un an et cing pics chez les huitres de 2 et 3 ans (cycle de reproduction de type polymodal). Bien
que ces émissions de gametes soient parfois incomplétes, une relation entre la production de gareatg} €Pla taille de I'huitre perliere

(hauteur, H, en mm) a été établieg B 5,26x 107 H2%1(R2 = 0,99,p < 0,05). Ces résultats ont permis de calculer I'effort de reproduction

de P. margaritiferaa Takapoto et sur un bilan annuel : il augmente avec I'age de I'huitre perliere de 7 % pour le growpkad3R)%pour

le groupe d’age Ill. Ces valeurs annuelles sont similaires a celles calculées chez les bivalves de milieux tempérés. Cette étude a donc montré
gue, dans un environnement tropical assez stable tel que celui du lagon de TaRapatgaritiferaprésente une reproduction continue, avec
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plusieurs pics d’émission de gamétes par an. Cette stratégie « opportuniste » permet I'investissement, de tout surplus d’énergie en production
de gametes, tout au long de I'année. Malgré la faible concentration du milieu en nourriture, ces surplus d’énergie sont assurés par les fortes
capacités de filtration développées par cette espéce tropicale non-symbiotique. © 2000 Ifremer/Cnrs/Inra/lrd/Cemagref/Editions scientifiques

et médicales Elsevier SAS
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1. INTRODUCTION

The blacklip pearl oysterPinctada margaritifera
(Linnaeus, 1758) varcumingi (Reeve), occurs
throughout the coral areas of the Indo-Pacific, but is
really abundant in atolls of French Polynesia. Apart
from for the goldlip pearl oysteR. maximaJameson),
which inhabits the north Australian regioR, marga-
ritifera grows to a much larger size than the other
species of the genus and is able to produce larger
pearls. Today, black pearl aquaculture plays a major
economic role in French Polynesia; the annual produc-
tion is six metric tons of pearls ($US 175 million).
After the large scale mortality which decimated culti-
vated pearl oysters from several atolls in 1985, French
Polynesia decided to set up a general research pro-
gramme on the pearl oyster, the so-called PGRN. The
main objective of PGRN was to gain new knowledge
on the ecology oP. margaritiferain lagoon environ-
ment with the aim of modelling the carrying capacity
of pearl farming sites. In that respect, a first step was
to build a physiological model which explained
growth and reproduction of the pearl oyster according
to its environment. These kinds of models have al-
ready been achieved for temperate species [2, 3, 48,
55, 58, 71] but nothing was available for tropical
bivalves. In order to build such a model fdv.
margaritifera the entire feeding process was studied,
using field experiments [44, 45]. Once the model was
built, growth and reproduction data were required to
test the adequacy and reliability of the model. In this
respect, the reproductive biology & margaritifera
was investigated in Takapoto atoll, providing, at the
same time, useful information for the pearl industry
(resource management, development of hatchery tech-
nique, selective breeding programme, etc.).

As a general rule, most species of bivalves show
flexibility in their reproductive cycle according to
environmental variability [30, 31]. Reproduction of
bivalves was mainly studied in temperate species (e.qg.
for Pectinidae [1, 7, 13, 14, 32, 36, 37, 42, 53, 64]; for
Mytilidae [4, 43, 51, 59, 73]; for Ostreidae [9, 12, 25,
29, 61]; for other orders [11, 20, 21, 23, 40, 49, 52,
77]) which generally exhibit a seasonal reproductive
strategy, organised into four steps: storage, gametoge-
nesis, spawning, and inactivity. However, in some

nesis occurring in autumn/winter by using energy
stores previously accumulated during the summer; this
strategy implies that the peak of gamete production
takes place during less favourable period; 2) ‘oppor-
tunistic’ species, with gametogenesis delayed until
spring/summer, when food is sufficient; in this case,
the peak period of gamete production coincides with
maximum food availability, winter corresponding to a

resting period.

More recently, species inhabiting environments with
low seasonal trends (tropical but also polar or deep sea
areas) have been studied [8, 15, 16, 22, 24, 26-28, 60,
75] and their reproductive strategy shows marked
differences: the main specificity is that breeding is
generally continuous [31, 56].

Studies on gametogenesis and breeding cycles of
pearl oysters are available: 1) in Australian waters for
Pinctada fucata martensjv 0], for P. maximg54], for
P. albina[66—68] and forP. margaritifera[69]; 2) in
Japanese waters fét. fucata fucatd74]; 3) in Cali-
fornian waters forP. mazatlanicd18]. In French
Polynesian waters, reproduction & margaritifera
has been previously investigated [65] but only for
ultrastructural aspects of spermatogenesis.

The aim of this study was to complete this prelimi-
nary work by examining, on an annual basis, the
gametogenic cycle and reproductive output of three
age-groups oP. margaritiferacultivated in Takapoto
lagoon. The results presented here were determined
from qualitative histological observations and quanti-
tative gonadal growth data.

2. MATERIALS AND METHODS

2.1. Sampling, biometry and histology

Reproduction of cultivated pearl oysters was studied
in Takapoto lagoon. Takapoto atoll is located in the
Tuamotu Island of French Polynesia. This atoll (lati-
tude 14°30’S and longitude 145°20°'W) is 18.7 km
long and 4.4km wide, and presents an area of
81.7 km¥. Mean depth of the lagoon is 23 m, with a
maximum at 55 m. The volume of water is estimated
between 1.3 kih[62] and 2.3 kn? (Yann Morel, pers.

species, storage and gametogenesis may tend to over-comm.). Exchanges with the ocean are very restricted

lap temporally, which led Bayne [4] to divide the
bivalve gametogenic pattern from temperate areas into
two groups: 1) ‘conservative’ species, with gametoge-

because of the absence of channels into the coral ring.
Homogeneity in the body water is ensured by regular
trade winds. Sometimes, calm conditions may occur,
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Figure 1. French Polynesia islands and location of the Takapoto atoll.
Polynesian islands are in black and atolls in white. Star indicates the
location, in Takapoto lagoon, of the cultivated oysters studied in this
work.

especially during the warm season (November—April),
causing occasional development of stratification.

To study reproduction d®?. margaritiferafor several
age-groups, three populations of pearl oysters were
cultivated at a single station (station 1) in the SW
extremity of Takapoto lagoon (sdigiure 1). The first
cohort was collected in March 1994 (age-group lIl),
the second in March 1995 (age-group Il) and the third
in March 1996 (age-group I). The age of the three
cohorts was estimated based on the March spat fall.
Error in estimation wast 2 months (uncertainty in
time of spat settlement). Farming of these pearl oysters
was conducted by the SRM field laboratory. The
cultivation technigue was very close to that commonly
used in commercial farms. Suspended long-lines were
immersed at 7 m deep. Pearl oysters were ‘ear hung’
on downline at low density<20 oysters m?) except
for young oysters which were arranged in lantern nets
where density was somewhat higher.

The reproduction cycle was followed for 1 year
(from March 1997 to April 1998). A systematic sam-
pling scheme was conducted: every 15 days, 45
individuals were randomly collected by SCUBA in
each age-group, cleaned of fouling organisms and sent
by aircraft to Ifremer Laboratory on Tahiti island.
Then, they were stored under refrigeration at approxi-
mately 5 °C and analysed within 24 h of collection.

For all specimensn(= 3 360), shell height (dorso-
ventral axis, H) was first measured to the nearest
millimetre prior to sexing, dissection, weighing and
histology. Sex (indeterminate, male, female, hermaph-
rodite) was then observed. Since males and females of
P. margaritiferaare externally difficult to distinguish,
sex was determined by rapid microscopic observation
of fresh gonad smears. Dry shell weight (both valves,
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Wghe) Was obtained after drying at 60 °C for 72 h,
and total wet tissue weight after 5 min of draining.
After flesh dissection, the same operation was con-
ducted, separately, on adductor muscle, on retractor
muscle, on (gills + mantle) and on (gonad + digestive
gland). Dry weight of each part was obtained after
complete freeze-drying. Tissue water content was
determined by the difference between wet and dry
weights, ash content was obtained on a sub-sample
(n = 10) every 15 days after ignition in a muffle
furnace at 500 °C for 12 h.

Gonad histology was performed on a sub-sample
(n = 15) in each age-group. After being dissected,
gonadal tissue samples (+ digestive gland) were placed
in Bouin-Hollande’s fixative for a few days, after
which they were preserved in 70 % alcohol. Samples
were then dehydrated through a graded series of
alcohol, embedded in paraffin, sectioned at gr#on
a rotary microtome, stained with Giemsa colorant and
finally mounted on microscope slides. Sections were
made from the gonadal area between the proximal end
of the gut loop and the base of the foot. The sections
were examined with a light microscope, first under low
power (4(x) to scan the entire gonadal area and, then,
under high power (20%) to assess follicle stages.

2.2. Qualitative reproductive analysis

After preliminary examinations of a wide range of
slides and preliminary review of the existing bibliog-
raphy on Pteriidae reproduction, a seven-stage repro-
ductive staging criterion was adapted from the classi-
fication cited forP. margaritifera[69], P. maximg54],

P. fucata[74] and P. mazatlanicd18]. Each of these
classifications had advantages and disadvantages:
Rose et al.[54], Wada et al.[74] and Garcia-
Dominguez et al. [18] studied other species of Pteri-
idae; Tranter [69] worked oR. margaritiferg but his
classification was somewhat complicated (nine stages)
and difficult to set routinely. Using the merits of these
four studies, a new classification was established for
gonadal development & margaritiferain Polynesian
waters fable ]). Sometimes, more than one stage
occurred simultaneously within an individual. When
this occurred, stage criterion decisions were based
upon the condition of the majority of the section. A
total of 1 200 individuals was examined histologically
to determine the gametogenic cycle.

2.3. Quantitative reproductive analysis

A simple and quantitative indicator of the reproduc-
tive state is the gonad index Gl [27, 75]. This index is
useful to determine potential spawning period (mini-
mal Gl-values). In our study, GI was computed for
each individual, by using the following equation:

Gl = WGonad/ WShell

where W;,,.qiS the dry tissue weight of gonad +
digestive gland and /., is the dry weight of shell (in
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Table I. Reproductive stages in gonad development of the gBimtada Staging criteria used in this study were adapted from those of previous
works [18, 54, 69, 74]. This table shows the relationship between the stages used in our study (0, 1, 2,;)4mRl those used in previous works.

For some of them, stages have been regrouped (see the braces).

Classification used in previous studies

Classification in this

Histological criteria

[69] [54] [74] [18] study

Gonad inactivity
i 0 - indifferent stage 0 indeterminate or inactive, no evidence of gonadal development

Gonad development
d,—d, 1 1 1 early gametogenesis, follicles small, gonia numerous

ds } 5 2 deg/g gglsng 2 actively developing, but matures gametes are not observed

d, 3 3 near ripe follicles with matures gametes

ds 3 4 ripe stage 4 spawning ripe, follicles distended, confluent and entirely filled
Gonad regression
r—r 4 5 gs;s\%gd Re partially spawn, partially empty lumen

rs 6-7 spent stage R spent, completely empty lumen

i, indeterminate; d, development; r, regressiop; partial regression; R complete regression.

g). In some works, flesh weight is used in place of
shell weight, but the calculation of the gonad index on
this basis may create problems since flesh weight is
known to vary periodically, with higher amplitude than
shell weight. Furthermore, preliminary calculations
showed that Gl based on shell weight was the best
discriminant index concerning reproductive activity.
Gonad index variation was also useful to analyse
synchronicity of gametogenesis: if heteroscedasticity

3. RESULTS

3.1. Sexuality

No indeterminate stage was observed during the
study and mature individuals were found in all size
classes sampledfigure 2. In this respect, initial
sexual maturity size, corresponding to the smallest
individuals with mature gonads (stage 4), is presum-

is detected between samples, then gametogenesisab|y below 40 mm.
could be suspected to be asynchronous. To check Samples taken biweekly were combined into

homogeneity of Gl variance between samples, Co-

monthly values intable Il. The month-by-month

chran’s C test, within Statgraphic’s plus Software, was analysis of this table indicated that the sex-ratio was
performed for each age-group and for each sex of pearl always significantly different from 1:1y{ test, P <

oysters. The value of this test increases when ho-
moscedasticity decreases.
Once potential spawning periods were determined

0.05) for all samples. More precisely, sex-ratio showed
a clear relationship with the size of individualfgé
ure 2): individuals < 90 mm were exclusively males

and gametogenesis synchronicity was tested, gamete and sex-inversion appeared around 90 mm. Above this

production (R) was estimated on the basis of the
gonad dry weight losses, as follows:

PR (t) = WGonad (t - 1) - WGonad (t + 1)

where W naq(t—1) and Wsgaq(t + 1) are the dry
tissue weight of gonad + digestive gland just before
and just after spawning, respectively.

For a whole year, the total gamete productiop, (@
was then compared to annual soft tissue production
(Ps, 9) and annual organic shell productiong(R))
using two indices, called reproductive effort, E&d
ER,, expressed in per cent and calculated as follows:

ER, = 100 x Pg/(Pg + Pg)
ER, = 100 x Pg/(Pg + Pg + Pg)

The reproductive effort is known to increase with
age, and a logistic model (ER = ER1 + a.é™9]) was
proposed forP. margaritiferain Takapoto atoll. This
model was fitted by the Marquardt algorithm within
Statgraphic’s plus Software.

size, the proportion of females increased progressively
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Figure 2. Relative size frequency distributions f& margaritifera
females and males cultivated in Takapoto lagoon. Sex-inversion
occurs for specimens 80 mm.
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Table Il. Sex ratios in three age-groups Bf margaritiferg from
March 1997 to April 1998.

F/M ratio
Months Age-group | Age-group Il Age-group Il
March 1997 0.0/1 0.0/1 0.2/1
April 1997 0.0/1 0.1/1 0.2/1
May 1997 0.0/1 0.1/1 0.3/1
June 1997 0.0/1 0.1/1 0.4/1
July 1997 0.0/1 0.2/1 0.2/1
August 1997 0.0/1 0.1/1 0.4/1
September 1997 0.0/1 0.2/1 0.4/1
October 1997 0.0/1 0.3/1 0.3/1
November 1997 0.0/1 0.3/1 0.3/1
December 1997 0.0/1 0.2/1 0.5/1
January 1998 0.0/1 0.3/1 0.6/1
February 1998 0.0/1 0.3/1 0.3/1
March 1998 0.0/1 0.5/1 0.3/1
April 1998 0.0/1 0.3/1 0.5/1
Mean 0.0/1 0.2/1 0.3/1

F, females; M, males.

and reached approximately 25 % in oldest individuals.
In this respectP. margaritiferain culture systems is a
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Table lll. Test for homogeneity in variance of gonadal index (GlI).
Values on the Cochran’s C test showed that variance was homoge-
neous P > 0.05) in all age-groups independently of the sex or the age
of pearl oyster.

Cochran’s test Probability level

Age-group | 0.060 0.39
Age-group Il
Males 0.062 0.36
Females 0.102 0.33
Age-group Il
Males 0.063 0.41
Females 0.138 0.05

lagoon is fairly synchronous. To test this global
synchronicity in reproductive activity, homogeneity in
gonad index (GI) variances between sampling was
checked by using Cochran’s C test. Asynchronicity in
reproductive activity was rejected since the Cochran’s
C test values showed that variance was homogeneous
(P >0.05) in all age-groups, independent of the sex or
the age of pearl oystersaple Ill).

To quantify in a more precise way the reproductive
activity, variations in dry weight of gonad (M{,.d

protandric successive hermaphrodite species with a and in gonad index (GI) were analysed. Since theses

highly dominant male phase. Bisexuality was uncom-
mon: only seven simultaneous hermaphroditic pearl

variations were not significantly different between
males and females, data were pooled. Concerning

oysters were observed among the 3360 analysed Wconad figure 4 showed several monthly cycles, es-

specimens, with no evidence that both gonads were
functional.

3.2. Gametogenic cycle

The temporal distribution of pearl oysters in various
maturity stages during the year is illustrated fig-
ure 3 From these data, it is apparent that: 1) sexually
undifferentiated individuals were never encountered
during the course of this study; 2) gametogenic activ-
ity was clearly evident throughout the year in all
specimens> 1 year old, without any clearly defined
seasonal reproductive cycle; and 3) no resting period
was apparent.

More precisely,figure 3 showed that ripe (stages
3—4) and partially spawned (stagg)fdividuals were
observed all through the year with a high percentage,
generally above 70 %, except at the end of the austral

pecially in age-groups Il and lll, underlying rapid
reproductive cycle. For example, five significant de-
creases were observed indW,.4 for age-group Il
pearl oysters. Three of them represented approxi-
mately 30 % of W,y ,a4 in May 1997 (-0.58 g- 0.19

Cl), in January 1998 (—0.7040.23 CI) and in March
1998 (-0.61 gt 0.29 CI), and two of them were lower
(approximately 20 %): in September 1997 (-0.329 g
0.29 CI) and in November 1997 (-0.36tg0.36 ClI).
These variations were presumably due to gamete
emissions or digestive gland resorption.

To determine the origin of these losses, Gl monthly
variations were analysed since Gl and maturity stages
were clearly related as described Iigure 5 Gl
increased progressively with the development of ma-
turity to reach a maximal value (1.620.02 Cl) in ripe
(stage 4) pearl oysters, and decreased afterwards with
regression stages to a minimal value of 0.840(08

winter (September), where this percentage decreased Cl) for complete regression stage (high Cl, scarcely

to approximately 40 %. In contrast, developing stages

observed). Concerning these variatiding,re 6shows

(stages 1-2), found every month, represented gener- a great irregularity, especially in age-groups Il and Ill.

ally less than 40 %, except at the end of the austral
winter (September), where the value was somewhat
higher (approximately 60 %) for both sexé&sgure 3
showed also that no resting period (indeterminate
stage) occurred during the gametogenic cyclePof
margaritifera in this environment. Total regression
stage (R) was very scarcely observed during the study
period.

The fact that 70 % of the population were in
spawning-ripe or in partially spawned stages indicated
that reproduction ofP. margaritifera in Takapoto

Aquat. Living Resour. 13 (1) (2000)

Taking into account the relationship between Gl and
maturity stages, increases in Gl should indicate devel-
oping gametogenesis, whereas obvious Gl decreases
should indicate principal spawning. In this respect, if
some small irregularities in curves were not signifi-
cant, and were presumably due to sampling variability
and/or minor spawning or gamete resorption, five
major and statistically significant variations, support-
ing those observed in gonad weight, could be deter-
mined in age-groups Il and 111, and two in age-group .
For example, in age-group lll, during the month of
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Figure 3. P. margaritifera Monthly evolution of gonadal development
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stage frequency in males and females, for three age{groe@dy

gametogenesis (stages 1-2); spawning-ripe (stages 3—4;, partially spawned to spent (regression stages).

April 1997, the gonadal index increased from 0.9 to a
maximal value of 1.2 in May 1997, and then decreased
to a minimum of 0.8 in early June 1997. The decrease
was statistically significant (Student'sest,P < 0.05)
and corresponded to a major spawning event. In the
following months, GI showed similar significant varia-
tions on four occasions (see arrows figure 6. At
least five major spawning events were observed in
age-groups Il and Ill, and two in age-group I. The
particular months were: May 1997, September 1997,
November 1997, January 1998 and March 1998.

3.3. Reproductive output

Losses in gonad weight corresponding to each of the
five spawning periods previously described were cal-
culated for each age-group (seable V). Values
varied from 0.09 to 0.15 g in age-group |, from 0.16 to
0.55¢g in age-group Il and from 0.36 to 0.70g in
age-group lll. Theses losses corresponded approxi-
mately to a decline between 4 and 11 % of the total dry
tissue weight. A clear relationship with pearl oyster

height (H, mm) was demonstratdi(re 7): Pk values
increased with H by following the equationzRg) =
5.26x 10" H?°*(R? = 0.99,P < 0.05).

Reproductive effort (ER, %), i.e. the fraction of total
growth allocated to reproduction, was calculatéat (
ble V) on the basis of the annual production values by
using two different formulae (ERand ER). ER;
(which does not take into account shell production)
increased with the age of pearl oyster from 16.5 to

Table IV. Mean gametes lossesdPg) + CI (in brackets) in each
age-group for the major spawning periods.

Gamete production ¢ g)

Age-group | Age-group Il Age-group Il
May 1997 0.16 (0.14) 0.58 (0.19)
September 1997  0.09 (0.04) 0.43 (0.21) 0.39 (0.29)
November 1997 0.54 (0.23) 0.36 (0.36)
January 1998 0.15 (0.05) 0.42 (0.20) 0.70 (0.23)
March 1998 0.55 (0.27) 0.61 (0.29)

Agquat. Living Resour. 13 (1) (2000)
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74.4 %, ER (which takes into account all production)
increased in the same way from 6.8 to 37.8 %. A
general asymptotic model was proposed on the basis
of these data to express ER relation to the age of
pearl oyster. Two a priori assumptions were made to
assess the model: ERends to zero in very young
oysters and reaches an asymptotic value of 60 % in old
oysters. The asymptotic model obtained was the fol-
lowing (age is expressed in years): ER60 / (1 + 74

e 14 29§ with n = 5, K, = 205.6, R = 0.99 andP <
0.05. Since sample size is low, this model needs to be
confirmed by additional measurements.

Table V. Somatic production (§), organic shell production @ and reproductive outputs gpfor the period from March 1997 to April 1998 for

each age-group.

Ps P Ps ER, ER,

(g-year?) (%)
Age-group | 2.04 (0.27) 1.20 (0.18) 0.24 (0.09) 16.5 6.8
Age-group I 3.83 (0.63) 2.32 (0.49) 2.10 (1.05) 47.5 25.4
Age-group I 3.44 (0.88) 0.90 (0.72) 2.64 (1.38) 74.4 37.8

Reproductive effort was calculated on the
confidence interval is indicated in brackets.

Aquat. Living Resour. 13 (1) (2000)

basis of productions values obtaingd=(BR(Ps + Pr); ER, = Px/(Ps+ Pg+ Pg)). The 95 %
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intervals. Encircled data correspond presumably to partial spawning
events. A general model was fitted for maximal Walues: R (g) =
5.26x 1077 H(mmY-°1 (R> = 0.99,P < 0.05).

4. DISCUSSION

4.1. Sexuality

The present investigations have revealed tRat
margaritifera becomes sexually mature at the end of
the first year (below 40 mm), and this confirms results
of earlier studies [69]. Sinc®. albina and P. fucata
become sexually mature within the first 6 months and
probably spawn twice in the first year [66, 7(,
margaritifera and alsoP. maximg54] are, by com-
parison, late-maturing species, implying that smaller
species . albinaandP. fucatg mature more rapidly
than larger onesR margaritiferaand P. maxima.

The majority of youngP. margaritiferain culture
were mature for the first time as males, as is generally
the case in pearl oysters [68—70]. Afterwards, the sex
ratio of P. margaritifera tends increasingly towards

S. Pouvreau et al.

4.2. Reproductive cycle

It is apparent from the data presented herein Ehat
margaritifera in culture displayed a continuous syn-
chronised polymodal breeding pattern throughout the
year, with no ‘inactive’ period. In that resped®.
margaritifera can be classified into the ‘continuous
spawner’ bivalve group.

Continuous breeding is common in the genus
Pinctada (reviewed by Gervis and Sims [19]). Con-
cerning histological development, such continuous
reproductive competence is explained by the fact that:
1) follicles in a same gonad are not generally at the
same stage; 2) gametogenesis is rapid and always
active [24, 27, 75]; and 3) spawning is generally
incomplete. Concerning the third point, incomplete
spawning has been frequently observed in Pteriidae,
with some resorption of gametes [19, 68, 70]. How-
ever, Tranter [69] found®. margaritifera emitted al-
most all of their gonad material. Our results tend to
show that the two possibilities can occur fé
margaritifera in Takapoto lagoon; for example,
3-year-old pearl oysters spawned five times during our
study: three spawnings were significantly higher in
quantity than the other two.

This study showed that having permanently mature
gonads, ready for spawning, is the reproductive strat-
egy of P. margaritifera This ‘opportunistic strategy’
consists in investment of any surplus energy into
gamete production, since no physical factors are lim-
iting for gametogenesis (see below). Surplus energy is
permitted by the very high pumping capacity Bf
margaritifera[44, 45, 76], which allows rapid growth
but also continuous breeding & margaritiferg in
spite of the low food concentration of Takapoto
lagoon [10].

This reproductive strategy differs from those ob-
served in temperate areas [31], where most marine
bivalves have an annual reproductive cycle with well-
defined periods of storage, gametogenesis, spawning
and inactivity controlled by the variation of several
environmental factors. However, a reproductive cycle
still exists inP. margaritiferabut concerns the inten-
sity of the spawning. In this study, major reproductive

femaleness as the population becomes older, and this events occurred during the warm season (December—

phenomenon can only be explained satisfactorily on
the basis of extensive protandric sex change. This
finding supports those of Tranter [69] who considered
P. margaritiferato be a protandric consecutive her-

maphrodite. If, on rare occasions, male and female

phases were observed simultaneously in the same

specimen, they were typically separated temporally.
The ability of P. margaritiferato change sex above a

certain size appears to be typical of Pteriidae [54, 57,
69]. Tranter [69] also observed rare protogynic

April) and this is in total agreement with other studies
that have investigated reproduction in tropical bi-
valves [18, 20, 27, 75].

4.3. Environmental factors

Gamete maturation and spawning in bivalves is
mainly controlled by two factors, water temperature
and food supply, and secondarily, by salinity and
photoperiod. In temperate waters, temperature is the

changes in this species and assumed that several major factor in the regulation of bivalve reproduction

sexual phases occur in the life of an individual. These
sexual changes are known to be potentially related to
food availability. As a general case, good conditions
will favour femaleness, whereas bad conditions, or
stress, retard it.

(e.q.[38, 72]) but this environmental parameter is
considered to be less effective in regulating gameto-
genesis in tropical populations [15, 16, 26, 27, 61].
Working onP. fucata Wada et al. [74] concluded that
tropical temperatures make the reproductive cycle less

Agquat. Living Resour. 13 (1) (2000)
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Table VI. Reproductive effort, calculated ag/fPg + P + Pg), in six bivalve species related to age. In all cases, reproductive effort increases with

increasing age. Interspecific variability is low.

Reproductive effort (%)

References
Age-group | Age-group Il Age-group Il
Temperate areas
Chlamys varia 0 - 29 [34]
Patinopecten yessoensi 3 - 38 [17]
Mytilus edulis 0 10 25 [6]
Ostrea edulis 0 18 30 [50]
Crassostrea gigas - 18 - [12]
Tropical areas
Pinctada margaritifera 7 25 38 this study

distinct, and continuous spawning becomes prevalent.
This is also the case in Takapoto lagoon, where the
continuous reproduction d?. margaritiferacould be
explained by the fact that temperature is always above
the critical level (temperature is around 28 °C and
annual thermal amplitude is around 4-5 °C). This
conclusion fits well with results of Tranter [66—70]
showing that, in higher latitudes, the breeding time for
pearl oysters is more restricted and occurs preferen-
tially during warmer months, while in lower latitudes
(such as Takapoto atoll) there is a less restricted
spawning season and major spawning can also occur
outside the warmer months. In order to really test the
temperature effects, it would be of interest to investi-
gate variation in reproductive physiology Bf marga-
ritifera within various Polynesian atolls, since they
exhibit graded conditions of temperature range accord-
ing to their latitude.

The importance of food availability has also been
emphasised in the timing of bivalve reproduction [5].
A relationship between reproductive cycle and food
availability has been demonstrated by several authors
(e.g. [60]), and is thought to ensure adequate nutrition
for developing planktonic larvae. In Takapoto atoll,
potential food for pearl oysters varies on a monthly
basis, but does not present any seasonal trend [10, 46].
The breeding cycle is presumably influenced by these
monthly variations. In that respect, a deterministic
model of growth and reproduction based on ecophysio-
logical concepts and particulate organic matter (POM,
potential food for pearl oysters) has now been
built [47] and proposes a link between POM and
gonad weight.

Two others environmental parameters are also sup-
posed to have some effect on gonadal maturation:
salinity [24, 63] and photoperiod [15, 41]. Neverthe-
less, in Takapoto atoll, these two parameters are nearly
constant (see [10, 46]), and consequently their influ-
ence on gametogenesis is probably not significant.

4.4. Reproductive effort

Surplus energy is shared between somatic and
reproductive compartments [21]. The fraction of total
growth allocated to reproduction is called the repro-
ductive effort [33, 35, 39]. In temperate species, sur-

Aquat. Living Resour. 13 (1) (2000)

plus energy is first stored and is afterwards transferred
to reproduction at the most favourable time for larval
development and recruitment success. In tropical spe-
cies, this allocation is presumably continuous based on
the comments above. Calculated on an annual basis to
permit inter-specific comparison, reproductive effort
(ER, %) exhibited inP. margaritiferaa progressive
increase with age: from 6.8 to 37.8 % if all production
is take into account, or from 16.5 to 74.4 % if shell
growth is ignored. Available values for reproductive
effort for bivalves are scarce in the literature. How-
ever, the review described table VIshowed that 1)
inter specific variations of reproductive effort are low,
and 2) differences in ER between tropical and temper-
ate species are insignificant when calculated on an
annual basis.

As a conclusion, this study confirms that, as it is the
case for most of tropical bivalveB, margaritiferahas
developed a continuous reproductive pattern, which
differs from seasonal reproductive cycles observed in
temperate species. This continuous breeding activity is
permitted by the very low fluctuations of environmen-
tal parameters in Takapoto. Nevertheless, on an annual
basis, the annual energy investmenPomargaritifera
in reproduction remains approximately as expensive as
those in temperate species. In spite of the low food
concentration of Takapoto lagoon, this energetic cost is
ensured by the high pumping capacity, previously
demonstrated in this bivalve. Building a deterministic
growth model forP. margaritifera was expected to
give more insight into the relationship between so-
matic growth, gametogenic activity and environmental
parameters (mainly food supply). This model is the
scope of another paper [47].
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