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The groupers (Epinephelidae family) are demersal species that are a vulnerable
resource due to increasing fishing pressure around Reunion Island. Five species
of groupers are among the main species exploited by commercial and
recreational fisheries around La Réunion Island: blacktip grouper
(Epinephelus fasciatus, Forsskal 1775), oblique-banded grouper (Epinephelus
radiatus; Day 1868), golden hind (Cephalopholis aurantia, Valenciennes 1828),
white-edged lyretail (Variola albimarginata; Baissac 1953) and yellow-edged
lyretail (Variola louti; Fabricius 1775). From 2014 to 2021, a total of 482
individuals were caught. Body length-weight relationships showed a
significant relationship between total length and total weight for all species.
Among the five grouper species, significant sexual dimorphism was only
observed for E. fasciatus. For each grouper species, the von Bertalanffy
model gave the best fit for the ageing data. While the unconstrained von
Bertalanffy model fitted very well to the data of four species (C. aurantia, E.
radiatus; V. albimarginata and V. louti), the Gompertz model gave the best fit for
the ageing data of E. fasciatus. The parameters of these growth models gave
the asymptotic length TLew (from 28.9 cm for C. aurantia to 76.6 cm for V. louti),
and growth rate K (from 0.16 for V. albimarginata to 0.40 for E. fasciatus) for
each species. Consequently the growth performance index for these grouper
species varied from 2.40 to 3.09. Based on gonad observation, the length at
first sexual maturity of females varied between 14 to 18 cm for C. aurantia, E.
fasciatus and V. albimarginata, to 32 cm for E. radiatus and 34 cm for V. louti.
The corresponding age at first sexual maturity by species ranged from 1.67 to
6.65 years old. Reproduction intensity showed that reproduction peaked for a
period of three months each year. Three species (C. aurantia, E. fasciatus and V.
louti) reproduced mainly in summer, between December to March, while E.
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radiatus and V. albimarginata exhibited peak spawning between April and
July. The updated biological parameters for these five species are invaluable
inputs into the future assessment and management of these important

La Réunion Island, Variola, growth, reproduction, Indian Ocean, Epinephelus,

Mahé et al.
commercial species.
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Introduction

Groupers are a valuable fishery resource of reef ecosystems
and are among those species most vulnerable to fishing pressure as
they are strongly targeted because of their high commercial value
(Heemstra and Randall, 1993). Despite their economic
importance, few grouper fisheries are regularly monitored and
many are reported to be undergoing declines (Sadovy de
Mitcheson et al., 2013; Frisch et al, 2016). The sub-family
Epinephelinae (Bleeker, 1874; included in the family Serranidae;
Swainson, 1839) comprises 127 valid species (Eschmeyer and
Fricke, 2022), which are mostly distributed in tropical and
subtropical seas. These groupers are Indo-Pacific taxa known
from the east coast of Africa to the western Pacific, including
the Red Sea, Japan and Northern Australia, and are patchily
distributed throughout their range.

Amongst all species of this Epinephelinae sub-family, the
five main species in the commercial catches around La Réunion
Island, targeted by artisanal fisheries, are blacktip grouper
(Epinephelus fasciatus; Forsskal 1775), oblique-banded grouper
(Epinephelus radiatus; Day, 1868), golden hind (Cephalopholis
aurantia, Valenciennes, 1828), white-edged lyretail (Variola
albimarginata; Baissac 1953), and yellow-edged lyretail
(Variola louti; Fabricius 1775) (Biais and Taquet, 1992; Roos
etal, 1998; Le Manach et al., 2015). The main demersal tropical
fishes, along with snappers (Lutjanidae), groupers
(Epinephelidae) and emperors (Lethrinidae), support locally
important artisanal fisheries throughout the Indo-Pacific
region, but quantitative assessments of these species have been
limited by a lack of adequate biological and fisheries data
(Newman et al.,, 2016; Halim et al.,, 2020), including around La
Réunion Island (Le Manach et al,, 2015). Since the 2000s, the
fisheries area for groupers around La Réunion Island has
increased with the popularization of electric fishing reels,
employed by both commercial and recreational fishers.
Scientific monitoring of La Réunion’s deep demersal species
has showed fishing impacts on these resources, with decreased
fishing yield and mean landing size from 2000 to 2015 (Roos
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et al, 2015). There are, however, no management measures or
regulations effectively applied on these fisheries, and published
data on the grouper species around La Réunion Island are scarce
(i.e. growth data for only two species: E. merra (Pothin et al,
2004) and E. radiatus (Mahe et al., 2016)). The aim of the
present study is therefore to provide information on the main
aspects of growth and reproduction of the five most common
grouper species (i.e. new data for Epinephelus fasciatus;
Cephalopholis aurantia, Variola albimarginata and Variola
louti; and updated growth and new reproduction data for
Epinephelus radiatus from Mahe et al., 2016) exploited in the
waters of La Reunion Island.

Materials and methods
Sampling

Individuals were sampled during scientific surveys dedicated
to these species, and some individuals from commercial landings
were added to complete the length range for the adults or the
months without surveys around La Réunion Island. From 2014
to 2021, a total of 482 individuals were caught covering the
maximum possible number of months specifically to validate
the age from marginal increment analysis, and to follow the
reproduction periods of these species in the waters around La
Reunion Island (the length frequency by species shown in the
Supplementary Figure 1). All individuals were taken to the
laboratory for accurate measurements. Each individual was
measured to the nearest mm for total length (TL) and to the
nearest g for total weight (Wr). The gonads were observed
macroscopically to determine the sex and sexual maturity stage,
and were then weighed to evaluate the gonadosomatic index of
the females (GSI; ie. the gonad weight as a proportion of the
total gutted weight). Finally, the sagittal otoliths (left and right
otoliths) and five dorsal scales taken between the lateral line and
the rear of the dorsal fin were collected, cleaned with distilled
water and stored dry at room temperature.
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Total length/Weight relationship

All pairs of data (total length/total weight) for each species
were plotted in order to identify and delete obvious outliers. To
estimate the parameters of the allometric L-W relationships, a
base-10 logarithm was fitted to data for each species using a
linear least squares model:

Wy = aTL?
logWr = loga + b.logTL

Where ‘@’ is the intercept and b’ is the slope ie. the growth
coefficient (Le Cren, 1951; Ricker, 1975; Froese, 2006). To investigate
variations in the relationship between total length and total weight
for each species according to the explanatory variables of sex (S),
time, year (Y) and quarter (Q, from QI to Q4 for each year), a
completed Generalized Linear Model was made. The individual
weight was modeled for each species, with body length as a
continuous effect and sex and temporal effects as factors, as follows:

LogW = LogTL + LogTLxS + LogTL+Y + LogTL+Q + €

With the separate influence of factors sex (Log TL * S), year
(Log TL * Y) and quarter (Log TL * Q) on the relationship
between body length and weight. When a factor appeared to
have a significant effect (P<0.05) on the TL-Wr relationship,
parameters were estimated for each factor modality.

Ageing procedures

As there has been no previous investigation on the growth of
these species, with the exception of E. radiatus, calibration of the
ageing method was necessary. Otolithometric and scalimetric
approaches were used to determine the age of groupers. Two
calcified structures (otoliths and scales) and their associated
processing methods (whole scale; whole, burnt and sectioned
otolith) were used to ensure the highest resolution pattern of
growth rings for analysis. Five scales and two sagittal otoliths
were collected for each individual. Several preparation methods
of calcified structures (whole scale, whole otolith, burnt whole
otolith, sectioned otolith) were tested to obtain the most precise
evaluation of the fish age. All calcified structures for each
preparation method were photographed using a ZEISS
microscope under transmitted light, assisted by an image
analysis system using TNPC software for digital processing of
calcified structures. The distance between the nucleus and the
edge along the longest growth axis was automatically registered
using TNPC software. Several measurements were taken by
experts for each calibrated image, with the distance between
the nucleus and each band considered a growth ring. Finally, in
order to limit interpretation error and reading bias, which is
defined as the reproducibility of repeated measurements on a
given calcified structure, each individual was analysed by two
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readers and only otoliths with an agreement between readers
were used for this study (Chilton and Beamish, 1982).
Alternating translucent and opaque bands were visible in the
whole otoliths. It was assumed that each annual growth ring
consisted of one opaque and one translucent band. The age was
therefore expressed in consistent age groups, e.g. a fish in age
group 0 has lived between 1 day and 364 days (i.e. between
hatching and before 1 year), as recommended by international
expert groups (Chilton and Beamish, 1982; Panfili et al., 2002;
Vitale et al., 2019). As no previous validation studies (i.e. mark-
recapture of wild individuals, captive rearing of either chemically
labelled fish of unknown age or of fish of known age, etc.) have
been applied to these species, the most widely used indirect
validation method, Marginal Increment Analysis (MIA), was
used, which assesses the periodicity of increments in calcified
structures (Campana, 2001). MIA is a quantitative approach that
relies on a measure of the size of the increment under formation
(named the marginal increment), i.e., the distance between the
most recently formed growth ring and the edge of the otolith,
relative to the size of the last fully formed increment. The relative
measure of the marginal increment (MI) is given by:

Rp—-R
Ml=_—09 1
Rn_Rn—l

here R, is the radius of the otolith measured from its focus to the
edge, R, is the distance between the focus and the last growth
ring formed n, and R,, ; is the distance between the focus and the
last-but-one growth ring n - 1. If growth rings are formed
annually, the marginal increment MI will thus exhibit an intra-
annual periodic pattern that can be observed by plotting MI
against the date of origin, i.e. the month at which the specimen
was captured. MI was measured for each specimen using the
otolith (whole otolith for four species and sectioned otolith for E.
radiatus) and plotted against the month of capture (the
individual numbers per month and per species are shown in
Supplementary Table 1). A sinusoidal regression of MI against
the month of capture m with a period of 12 months was used to
test for the annual periodicity of growth ring formation after
linearization:

2
MI=a+bsin Zm+c
12
2r 27
MI = a + bsin(c) cos (E m) + bcos(c) sin (E m)

so that,

2r . (2m
MI =0 + 04 cos| —m | + 0, sin| —m
12 12

a
a=0g b= (of + af)l/z, and ¢ = arctan(é) .

with
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The global significance of the linear regression provided a
statistical validation for an intra-annual pattern in growth ring
MI. The classical assumptions of the linear models (normality,
homoscedasticity and absence of trends in the residuals) were
verified and met.

Growth model estimation

To optimize the growth model with the available data, the
length-at-age (TL,) was back-calculated using total length and
otolith increment measurements and following the modified
Fraser-Lee back-calculation procedure (Campana, 1990) after
checking the linear relationship between fish and otolith length:

TL, = TL, + (TL, - TL;;) x

where TL, is the length-at-age at age f, TL, is total length at
capture, TL;; is length at the biological intercept, R, is otolith
radius at age f, R, is otolith radius at capture, and R, is otolith
radius at the biological intercept.

Non-linear growth models were fitted to length-at-age data
obtained from back-calculated total length. Mean body growth
patterns of the fishes sampled were described using four different
growth models including:

“the unconstrained Von Bertalanffy (1938) model:

TL, = TL., . (1 — ¢ K(t%)
the von Bertalanfty model with forced t, - 0:
TL; = TL., — (TL., .e™™)

the Gompertz (1825) model:

,e’K(F”)

TL, = TL.. . ™" /n-)

the logistic model (Verhulst, 1838):
TL.,

()

where TL;, TL,, and TL., are respectively the length at age 1, at

TL, =

age t and the asymptotic length, and K is the rate at which the
asymptote is reached, also called the growth coefficient. The best
growth model was identified as the one that minimized the small
sample bias-corrected form of the Akaike Information Criterion
(AICc; Akaike, 1974; Sakamo et al., 1986). The AICc balances
the trade-off between the quality of fit and the number of
parameters used (Pauly, 1979) while accounting for small
sample bias, and is defined as:

2k(k +1)

AICc =2k -21In(TL
c n( )+n—k—1

here n is the sample size, k is the total number of parameters of
the model and TL is its likelihood.
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Fish growth was estimated using the growth performance
index () (Pauly and Munro, 1984):

¢ = logK + 2log(TL..)

Growth performance index was more appropriate for
growth comparison versus comparison of TL. and K
individually as these two parameters are highly correlated
(Sparre et al,, 1987). Moreover, the auximetric plot (plane
defined by two logarithmic axes representing the von
Bertalanfty rate coefficient K versus asymptotic total length
TL..; Boettiger et al., 2012) was used, which allows
circumvention of the correlation between TL. and K. To
compare the growth parameters measured in this study with
other studies, von Bertalanfty parameters were extracted for the
Serranidae family (n=321 species) from FishBase in May 2022
(Froese and Pauly, 2022).

Finally, the lifespan (t,,,,,) was estimated from the empirical
relationship with growth rate K (Froese and Binohlan, 2000) as
follows:

Pl In(1-0.95)

max K
any grouper species exhibit protogynous hermaphroditism,
changing from females to males at a later size or age (Shapiro,
1987; Pothin et al., 2004), which is also probable for the five
studied species and thus the growth of these species was
considered without separation by sex.

Sex-ratio and first sexual maturity

Sex was determined by macroscopic observation of the
gonads. Sex ratios were calculated as the percentage of females
(F) in the samples (F+M: males). To characterize the first sexual
maturity, TLso and t,, were estimated, which represent
respectively the average total length at which 50% of
individuals in a given population are mature for the first time
and the average age at which fish reach sexual maturity. As these
species are protogynous hermaphrodites (i.e. change sex from
female to male), first sexual maturity was only estimated for
females. Age at first sexual maturity was calculated using the
inverse of the von Bertalanffy growth function (Froese and
Binohlan, 2000) as follows:

tn =In(1 - TLsy/TL..)/K

Reproduction period
Reproductive maturity stages were assessed macroscopically.

Fish were assigned to the following maturity development stages:
(I) immature; (IT) resting; (IIT) ripe and running; (IV) spent; and
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(V) post-spent, as recommended at the international level (ICES,
2018). By monitoring the percentage of individuals within each
category for each month throughout the year, particularly for
maturity stages III and IV, the reproduction period was
identified and the reproduction intensity was quantified
according to the monthly gonadosomatic index of the
females (GSI).

Statistical analysis

Statistical analyses and plots were performed using the
following packages in the statistical environment R: Rfishbase
(Boettiger et al., 2012), car (Fox and Weisberg, 2019), ggplot2
(Wickham, 2016) in the R statistical environment (R Core
Team 2021).

Results
Morphological parameters

Measured total length and weight for all species ranged from
10.0 cm to 74.6 cm and from 14.7 g to 4940 g respectively, with
the lowest values in E. fasciatus and the highest in V. louti
(Figure 1, see Table 1 for results by species). Among the five
grouper species, all showed a significant correlation (P<0.05)
between total length and total weight. The parameters of the
body length-weight relationships showed that the initial growth
coefficient ‘a’ varied from 3.70-10° to 1.46-10°%, while the growth
coefficient ‘b’ ranged from 2.95 + 0.09 for V. louti to 3.29 + 0.05
for C. aurantia. When b=3.0, the volume of a three-dimensional

10.3389/fmars.2022.935285

object is roughly proportional to the cube of length for a
regularly shaped solid, which is rarely observed in fish. For V.
louti, the specimens have thin, elongated bodies (i.e. b<3.0) while
other grouper species have thicker bodies (i.e. b>3.0). The effects
of sex and time on the relationship between total length and
weight were also tested; no significant difference was found
between males and females for any species, nor was there were
any significant difference between quarters within each sampling
year, for any species (Table 1). Conversely, there was a
significant temporal effect on the TL/Wr relationship by
sampling year for three species (E. fasciatus; E. radiatus; C.
aurantia). Among the species, for a given length, the total weight
was very similar between the two Epinephelus species and
between the Variola species, but C. aurantia had a higher total
weight than the other grouper species at the same length.

Growth parameters

Among the five grouper species, laboratory tests were used to
evaluate the best calcified structure and its associated
preparation technique to estimate fish ageing. The scales were
difficult to interpret, while the whole otoliths showed clearer
growth structures in all species. Visual comparison confirmed
that a fine transverse section presented the same ageing data that
the value obtained from the whole otolith, thus reading the
whole otolith was the ageing method used in this study
(Supplementary Figure 2). To validate the ageing data, the
application of MIA to growth increments allowed the
detection of significant intra-annual variation in growth (P<
0.05; Figure 2, showing the circannual rhythm of increment
formation). The period of maximal marginal increment was not

TABLE 1 Relationships between total length (TL; cm) and total weight (W+; g) (Significance of this relationship, number of individuals, details of

each measurement, parameters a and b; P-value of each potential effect).

Species N TL (cm) Wr (g) W1/TL relationship
Mean SD Range Mean SD Range P- r a- aSD b- b- Sex Quarter  Year
value value value SD effect effect effect
C. aurantia 130 22.80 338 14/32 22520 111.60 46.62/ <0.001 0.9553 3.70E- 8.63E-  3.29 0.05 0.934 0.288 <0.001
574.7 06 07
E. fasciatus 165 2321 4.83 10/38 212.86  144.65 14.7/ <0.001 0.9866 7.70E- 1.00E- 3.20 0.03 0.002 0.718 0.006
804.2 06 06
E. radiatus 76  37.61 10.55 12/65 1023.38 997.97 23.76/ <0.001 0.9931 7.97E- 145E- 3.1 0.03 0.6 0.061 0.02
4520 06 06
V. 80 3530 7.40 18/56 530.13 315.08 66.9/ <0.001 0.9796 8.06E- 1.65E- 3.05 0.04 0.565 0.319 0.09
albimarginata 1736.5 06 06
V. louti 31 52,63 10.88 29/75 1717.04 1082.17  248.9/ <0.001 09739 146E- 6.12E- 295 0.09 0.214 0.566 0.391
4939.6 05 06
E. merra 133 181.1  29.0 120/2 105.9 56.0 25,36/ <0,001 6.44E- 151E- 3.18 0.05 0.337 0.53 0.839
310,55 06 06
For E. fasciatus, the sex effect was not tested as only one male was sampled.
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FIGURE 1

Total Length/Total Weight relationship of grouper species around La Réunion Island.

always the same between species. For four species (E. fasciatus,
C. aurantia, V. albimarginata and V. louti), the age range was
between 0 to 8 years, while older individuals of up to 13 years
were observed for E. radiatus (Supplementary Figure 3). The
older specimens were males, except in E. radiatus. The
predominance of males in older age classes may be indicative
of protogynous hermaphroditism. To optimise the statistical
precision of the growth model from the individual data
(Supplementary Figure 3), the back-calculated length-at-age
were used (Figure 3). The unconstrained von Bertalanffy
growth model was the best fit for the observed age data from
three species (E. radiatus, E. fasciatus and V. albimarginata).
Conversely, the von Bertalanffy model with t0 = 0 was the best
for the ageing data from two species (C. aurantia and V. louti,
Figure 3 and Table 2). The asymptotic length TL.. varied from
28.90 cm for C. aurantia to 76.57 cm for V. louti (Table 2). The
rate at which the asymptotic length was reached, K, was between
0.17 for E. radiatus and 0.40 for E. fasciatus. Consequently, for
these grouper species, the growth performance index (¢) varied
from 2.40 for C. aurantia to 3.09 for V. louti (Table 2).
Comparisons of growth curves of these main grouper species
around La Réunion Island showed that growth was rapid during
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the first four years of life, then slowed with increasing age
(Supplementary Figure 4).

Reproduction parameters

Among 482 individuals caught around La Réunion Island,
413 were females and only 69 were males. Consequently, the
overall sex ratio for all grouper species was in favour of females,
which represented 85.7% of the individuals (Figure 3). For each
species, the sex ratio value estimated by each sampling month
was comprised between 50% and 100% (i.e. the monthly number
of females was always higher than the males number;
Supplementary Table 2). The percentage of females in the
sample varied from 70.96% to 98.70% by species, and the
mean size of females was significantly smaller than that of
males due to the dominance of females in the lower length
classes and of males in the higher classes.

The observed length at first sexual maturity of females (i.e.
TLsy, the average total length at which 50% of individuals in a given
population are mature for the first time) showed one group of
species (C. aurantia; E. fasciatus and V. albimarginata) with TLs,
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Periodicity validation of growth rings from Marginal Increment Analysis (MIA) of grouper species around La Réunion Island. Under the hypothesis
of annual growth rings, an intra-annual periodicity of marginal increment growth is measured by the sinusoidal regression (significant if P-value

< 0.05).
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FIGURE 3

Growth curves of grouper species around La Réunion Island fitted to all individual length-at-age modified back calculation method [The
specimen number (N) is represented with the females (F) and the males (M)].
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TABLE 2 Biogeographic comparison of the biological parameters of grouper species with the sampling details (number of samples, observed
maximum TL and Age) of the growth model (model used with the type of data and the parameters of the growth model and growth performance
index (9)) and the first sexual maturity (observed TL and Age (t,,).

Sampling Growth model Sexual  Sources
maturity
Species Sector Geographical N TL Age method Growth TL. k t, Lifespan ¢ TLs, tm
area max model (tmax)
V. Indian ocean  La Reunion 80 55,5 6 whole VB without 63,30 0,16 -0,72 18,72 2,81 18,00 1,67 this study
albimarginata (South-West)  island otolith constraint
V. Indian ocean Indonesia (East 55,5 length - VB without 45 0,51 3,01 1
albimarginata  (East) Nusa Tenggara) frequency  constraint
V. Indian ocean  Indonesia 36 8  length - 44,42 0,38 2,87 258 302
albimarginata  (East) (Maluku frequency
Provinces)
V. Pacific ocean Papua New 10 33,93 sectionned VB with 34,64 0,97 3,07 3
albimarginata  (South-West) Guinea(Lihir otolith t0=0
Islands)
V. Pacific ocean  Great Barrier Reef 43,3 12 length - 36,33 0,48 2,80 21 4
albimarginata  (South-West)  (Lizard Islands) frequency
V. louti Indian ocean  La Reunion 31 74,6 6  whole VB with 76,57 0,21 0,00 14,27 3,09 34,00 2,77 this study
(South-West) island otolith t0=0
V. louti Indian ocean Red Sea (Aldabra 101 82 15 sectionned VB with 71,91 0,48 3,39 5
(South-West) atoll) otolith t0=0
V. louti Indian ocean Red Sea (Agaba, 123 51,6 12 scales 65,7 0,1 2,64 6
(North-West)  Jordan)
V. louti Indian ocean Sumatra 235 41 length - 48,55 0,1 2,37 7
(North-East) frequency
V. louti Pacific ocean Papua New 90,24 0,18 3,17 8
(South-West) Guinea
V. louti Pacific ocean Great Barrier Reef 55 52 8 length - 155,6 0,04 2,96 53,7 4
(South-West) (Lizard Islands) frequency
E. fasciatus Indian ocean  La Reunion 165 37,6 6  whole VB without 38,15 0,40 0,24 7,49 2,77 14,00 1,47 this study
(South-West) island otolith constraint
E. fasciatus Pacific ocean Great Barrier Reef 44 12 length - 36,33 0,48 2,80 21 4
(South-West) (Lizard Islands) frequency
E. fasciatus Pacific ocean Northern Red Sea length - 36,75 0,35 2,67 8
(North-West) frequency
E. fasciatus Pacific ocean Red Sea (Agaba, 185 223 7 scales 31,2 0,13 2,11 6
(North-West)  Jordan)
C. aurantia Indian ocean  La Réunion 130 27,2 12 whole VB with 28,90 0,30 0,00 9,99 2,40 17,00 6,65 this study
(South-West) island otolith t0=0
E. radiatus Indian ocean  La Réunion 76 65,3 13 sectionned VB without 69,81 0,17 -0,61 17,62 2,92 32,00 3,79 this study
(South-West) island otolith constraint

All parameters of size were modified to Total Length (1: Rachmawati & Puspasari, 2021; 2: Ernawati et al,, 2021; 3: Fry et al,, 2006; 4: Mapleston et al., 2009; 5: Grandcourt, 2005; 6: Wahbeh,
2005; 7: Munro & Williams, 1985; 8: Hargiyatno and Faizah, 2021).
Bold values showed the results of this study arourd La Réunion Island.

values between 14 and 18 cm and a second group with TLs, values other species (E. radiatus and V. albimarginata) exhibited peak
between 32 cm (E. radiatus) and 34 cm (V. louti) (Table 2). From spawning from April to July (Figure 4).

the growth model parameters, corresponding age of first sexual

maturity by species ranged from 1.47 (E. fasciatus) to 6.65 years old

(C. aurantia) (Table 2). The monthly sampling throughout the Discussion

years showed that all five species had reproductively capable

specimens present in all months, but peak reproduction occurred Demog ra phy and associated habitat

during a period of three months (Figure 4). The austral summer

(ie. between December to March) was peak spawning time for These five species are likely to be monandric protogynous
three species (C. aurantia; E. fasciatus and V. louti) while the two hermaphrodites, which is common in several grouper species
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FIGURE 4

Reproduction period and intensity of grouper species around La Réunion Island. The reproduction intensity was quantified according to the

monthly level of the gonadosomatic index (GSI) of the females.

(Heemstra and Randall, 1993). This sequential hermaphroditism
is reflected in the length ranges of females versus males seen
here, where the smaller length classes are dominated by females
while the larger length classes are almost exclusively composed
of males. For these species, the sex ratio is skewed towards
females (Morgans, 1982; Sadovy and Shapiro, 1987; Shapiro,
1987; Molloy et al., 2007; Mapleston et al., 2009; Ohta et al.,
2017), as seen here for all species around La Réunion Island
(Pothin et al., 2004). For the length classes with both females and
males, there was no significant sexual dimorphism in the
relationship between total length and weight. The proportion
of males in the samples was, however, very low, which may
partly explain this result. A significant temporal effect on the TL/
Wr relationship was observed among sampling years for three
species. This trend could be explained by a difference in available
food composition and/or quantity between years for the
sampled individuals.

To understand the demography (i.e. population size and
composition by life stage and sex) and consequently optimize the
sampling design, it is important to know the social structure and
behaviors, particularly those associated with reproduction or
feeding (Liu and Sadovy, 2005; Roos pers. comm., from
underwater visual system, Supplementary Video). For smaller
groupers, such as the five grouper species in this study, adults are
commonly associated with corals reefs or rocky structures and
are strongly site-attached (Heemstra and Randall, 1993),
generally with a single male and several females. For these
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protogynous hermaphrodite species, behaviors according to
the life stage and sex influence the catchability of different
individuals and therefore the representativeness of the sample
(Colin and Clavijo, 1988; Donaldson, 1989; Shpigel and
Fishelson, 1989; Mackie, 1993; Shapiro et al., 1993; Donaldson,
1995; Sluka and Sullivan, 1996; Sluka, 2001; Liu and Sadovy,
2005). All studied Cephalopholis and several Epinephelus species,
for example, live in relatively small and well-defined social
groups in the wild, consisting of a single male, and one to
several smaller females (Colin et al., 1987; Liu and Sadovy, 2005),
although most grouper species are known to be solitary
(Heemstra and Randall, 1993). Habitats ranges of individuals
are significantly different between males and females (Liu and
Sadovy, 2005). While we randomly sampled the specimens
during the surveys and from commercial catches, the female-
skewed sex ratio observed for all species is strongly linked to the
social structure of grouper species. Our sampling of E. radiatus,
for example, found only one male for 76 females. We sampled
during all quarters for several years from 2004 to 2021, but the
individuals may group together during the reproductive season,
or, alternatively, avoid each other as males defend their
respective territories at different times during the annual cycle,
especially during the reproductive season (Morgans, 1982; Liu
and Sadovy, 2005; Kline et al., 2011). Consequently, the
geographic distribution of males and females varies
throughout the year and the period of sampling likely
influenced the sex-ratio of grouper species found here. There
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are also catchability differences between sexually active
individuals that move to spawning aggregations, and the small,
sexually inactive individuals that are residents, which would
explain difficulties in sampling the smallest individuals. For all
species, the smallest specimen measured 10 cm (Table 1; E.
radiatus). In situ observation from submarine video show
territorial behavior where smaller specimens of Variola species
were excluded from territories by bigger fish (Roos, pers.
comm.). While social structure and associated behavior likely
influenced the sampling of groupers, there are additional effects
that could also explain the difference in sampling composition.
There is an inverse correlation between the level of fishing
pressure on a given population, typically concentrated on the
larger and older groupers, and the proportion of large
individuals and/or the size at first sexual maturity (Coleman
et al., 2000; Nash et al., 2016), although our study showed that
the larger specimens sampled and the maximum total length
observed around La Reunion Island have very similar values to
those found in other studies on these species (Table 2). Finally,
while the combination of social structure and human activities
(i.e. fishing, climate change, disease, pollution, etc.) may have
influenced the demography of all groupers, there are other
species-specific factors such as relationships between depth
range and size range that could also be influential on the size
distribution sampled here (Williams, 1991; Sluka and
Sullivan, 1996).

Growth

Age structure and growth data, required for stock
assessments, were analyzed for these five grouper species
around La Réunion Island. Ageing data were estimated from
the sagittal otolith, as is standard for many grouper species
(Mapleston et al., 2009; Condini et al., 2014). Visual tests showed
that the use of the scales was very limited and subject to potential
bias in age estimation as the patterns in growth rings were not
clearly linked to annual growth. Previously, the scales of E.
fasciatus and of V. louti have been used for ageing these species
in the Red Sea, but without comparison with the otoliths
(Wahbeh, 2005). This difference between geographical areas in
effectiveness of the scales for ageing the same species may be
related to environmental and ecological differences (e.g. factors
such as temperature variations, or other factors as food
availability and composition). In contrast, the otoliths
presented well-defined growth increments, and were used for
all species, but the preparation method was varied among
grouper species. For four species, whole otolith reading was
the most reliable method to observe the growth increments, but
the transversal section showed better precision for the ageing
data for E. radiatus. From these otolith preparations, annual
periodicity was validated for each species by the marginal
increment analysis. This method is indirect and could be
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confirmed in the future by direct validation methods such as
mark-recapture of wild individuals. Two previous studies,
however, used sectioned otoliths for both Variola species (V.
albimarginata and V. louti), (Grandcourt, 2005; Ernawati et al.,
2021). As with the choice of calcified structure, the best
preparation method could be linked to the studied
geographical area and its intrinsic features, but also to the
differences in methods developed between laboratories. The
potential bias between the preparation methods, however, is
very limited compared to the imprecision that can be observed
between two calcified structures (Vitale et al., 2019). For
groupers species showing the small sample size, it was not easy
to obtain the efficient number of specimen for all length classes.
Consequently, the back-calculation method of the length-at-age
increase the data number, especially in the first life stages as
juveniles) and the statistical precision of the growth model
(Wilson et al., 2009). Finally, the choice of growth model is
the last source of bias unrelated to the biology of the species for
comparing growth results between or within species. Among
different growth models (i.e. non-linear mathematical models),
the von Bertalanfty model without constraint or with t, equal to
0 was the best growth model (i.e. gave the smallest value of AICc)
that fitted the data for all the grouper species. In the future, the
sampling effort of young fish must be carried out to validate the
choice of the best model for each species, as these data are
important to adjust the different models. The von Bertalanffy
model showed the highest accuracy based on the deviation
between the individual data field and the model estimation at
ages, and its biological interpretation could be different before
first sexual maturity (Katsanevakis and Maravelias, 2008).
Consequently, when growth is compared between several
studies, growth performance index (Supplementary Figure 5)
and an auximetric plot (Figure 5) could be added to the growth
parameters of each model to limit the difference between the
model types. The observed values of growth performance index
for the grouper species around La Reéunion Island are in
accordance with those extracted from the literature
(Supplementary Figure 5). Using the growth performance
index to compare the global body growth among all grouper
species showed that Epinephelus species are among the fastest
growing groupers, with similar asymptotic growths (321 species
extracted from FishBase). Consequently, for the same
environmental conditions, Epinephelus species may be less
vulnerable than other groupers to environmental or
anthropogenic pressures.

The growth models among five grouper species around La
Reunion Island showed the same patterns, with fast growth
during the first years, and a growth rate that decreases
substantially between the ages from 4 to 8 years
(Supplementary Figure 3). The oldest specimens by species are
between 6 (C. aurantia, V. albimarginata and V. louti) and 13
years old (E. radiatus), while the lifespan (t,,,,) ranged from 8
years (E. fasciatus) to 19 years (C. aurantia) (Table 2).
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Asymptotic total length observed for the grouper species ranged
from 28.9 cm for C. aurantia to 76.26 cm for V. louti (Table 2).
These values place these species in the intermediate-sized
groupers (i.e. neither dwarf nor giant groupers, Heemstra and
Randall, 1993). The growth coefficient (k) ranged from 0.17 to
0.40, showing relatively fast growth for these species (Table 2).
While no previous growth study was available for C. aurantia or
E. radiatus, it is possible to compare our results to previous
studies for the other three species (Table 2). For V.
albimarginata, five previous studies were published (Fry et al,
2006; Mapleston et al., 2009; Damora et al., 2021; Ernawati et al.,
2021; Rachmawati and Puspasari, 2021); no measured
asymptotic total length values exceeded 45 cm, although
individuals of up to 55.5 cm were observed in situ. In our
study, the maximum total length measured for this species was
55.5 cm, and the asymptotic length of 63.3 cm calculated at La
Réunion Island seems to be a good estimation for V.
albimarginata; this maximum size is much higher than
previously observed (Supplementary Figure 5). This higher
growth rate could be due to environmental conditions and/or
an indicator of high fishing pressure on this species at La
Reunion Island, as observed for other species (Marty et al.,
2014). For V. louti, five studies have previously been published
(Munro and Williams, 1985; Grandcourt, 2005; Wahbeh, 2005;
Mapleston et al., 2009; Hargiyatno and Faizah, 2021). The
growth observed at La Reunion Island is very similar to that of
Papua New Guinea (Munro and Williams, 1985); the asymptotic
total length was calculated here as 76.6 cm, which is close to the
maximum total length observed on the Seychelles bank (i.e.
82 cm; Grandcourt, 2005; Table 2). The model growth from the
length frequency analysis study by Mapleston et al. (2009) seems
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to strongly overestimate the growth of this species (particularly
with TLeo=155 cm when the in situ data showed TL,,,,=52 cm).
Finally, the growth of E. fasciatus around La Réunion Island
corroborated other observed growth models and parameters in
the Red Sea (Wahbeh, 2005; Saleh et al,, 2019) and in the
South-West Pacific Ocean (Mapleston et al., 2009)
(Supplementary Figure 6).

Reproductive biology

The first major reproductive biology trait investigated here
in grouper species around La Réunion Island is the first sexual
maturity from the average age (t,,) and length (TLs) at which
fish reach sexual maturity. The length at first sexual maturity of
females is smaller than the length at sex change (Frisch et al,
2016). First sexual maturity is reached between 14 and 18 cm in
the three smallest species (V. albimarginata; E. fasciatus and C.
aurantia), and between 32 and 34 cm in the two larger species
(E. radiatus and V. louti) (Table 2). These values are smaller than
those observed in other geographical areas in the East Indian
Ocean (Indonesia) and in the South-West Pacific Ocean (Great
Barrier Reef) for the same species (V. albimarginata: Mapleston
et al,, 2009; Ernawati et al., 2021, V. louti: Mapleston et al., 2009;
E. fasciatus: Mapleston et al, 2009). These differences,
particularly reduction of the length at the sexual maturity, can
be caused by phenotypic changes, genetic adaptations or both
(Law, 2000). The length at maturity is influenced by
environmental conditions (i.e. temperature, food resources,
etc.) (Weatherley, 1990), but other potential factors such as
human activities, particularly fishing, could result in such
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diminution. A negative relationship between the length at sexual
maturity and the level of fishing pressure is among the indicators
of fishery-induced changes in stocks (ICES, 2012; Marty et al.,
2014). The low value of TLs, observed around La Reunion Island
could consequently be linked to high fishing pressure on these
species. Finally, social and size structure, important features for
grouper species, could also modify this life history trait
(Hutchings et al, 1999). From TLs, the age at first sexual
maturity was estimated between 1.5 (E. fasciatus) and 6.7 years
(C. aurantia) for these grouper species (Table 2). Only one
recent study, on V. albimarginata in Indonesia, estimated this
parameter for this species and showed a higher age at maturation
than was found in the present study (Ernawati et al., 2021).

The second major reproductive biology trait investigated
here was the timing and intensity of the spawning period.
Individuals are able to reproduce almost all year round,
however, by identifying the reproduction intensity according
to the monthly level of the gonadosomatic index (GSI), it is
possible to define the optimal spawning period precisely. For all
five grouper species, the duration of this period was found to be
between 2 and 3 months (Figure 4), which corroborated
previously observed results from other grouper species
(Nemeth et al., 2007; Robinson et al., 2008). This reproduction
peak is not, however, at the same time of year among different
groupers in the same geographical area. Additionally, this period
can be different between different geographical areas within the
same species, as for three of the species studied here (E. fasciatus;
V. albimarginata; V. louti), which showed different timing
between La Réunion Island and the Great Barrier Reef
(Mapleston et al., 2009), or for other grouper species, such as
Epinephelus polyphekadion (Ohta et al., 2017). Lunar periodicity
seems to be the most influential external stimulus on
reproductive characteristics, particularly spawning time, of fish
species inhabiting shallow waters in tropical and subtropical
zones (Harrison et al., 1984; Thresher, 1984); the honeycomb
grouper Epinephelus merra, for example, is a typical lunar
spawner with full moon preference (Fukunaga et al., 2020).
One possible reason why such patterns are typical of these
regions is that the lower variation in water temperature and
photoperiod in these zones is correlated with a relative increase
in the importance and reliability of cues from the moon
(Takemura et al., 2010).

Implications for life history
and conservation

Among grouper species, there are three groups that show
strongly divergent life history traits (Heemstra and Randall,
1993). Firstly, there are the giant species of groupers (i.e.
species that exceed 2 m in total length, including E.
lanceolatus, E. itajara, E. quinquefasciatus, Hyporthodus
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nigritus), which have relatively slow growth, aggregation
spawning, low instantaneous rates of natural mortality and
long life-spans (Heemstra and Randall, 1993); these species
should be considered k-strategists (Huntsman et al, 1999).
Their distribution patterns show high abundance of smaller
individuals in inshore waters and low abundance of larger
individuals in offshore waters (Sluka and Sullivan, 1996).
Secondly, there are the dwarf species of groupers as “showing
opposite life history and distribution patterns to the giant species
(i.e. r-strategists) (Sluka and Sullivan, 1996). Thirdly, there are
intermediate grouper species that are neither dwarf nor giant
groupers, such as the species around La Réunion Island.
According to the ecological characteristics of each species, the
patterns of distribution and consequently the fishing effort,
typically concentrated on the large specimens, are very
different (Coleman et al., 2000). The position of five grouper
species around La Réunion Island in the auximetric plot for
Serranidae species showed that they are part of the average range
and neither giant nor dwarf species (Figure 5). The lifespan of
these five species in La Reunion Island waters was estimated
between 8 (E. fasciatus) and 19 years (C. aurantia) (Table 2);
these values are very far from the 61 years observed for E.
marginatus in the Indian Ocean (Fennessy, 2006). The ratio
between the life span and the age of sexual maturity, however,
indicated ecological characteristics close to those of the dwarf
species, more akin to r-strategists (short lived, reproduce at an
early age, fast sexual maturity).

In this study, we provide novel data on life history and
reproductive biology parameters for five of the most highly
exploited grouper species around La Réunion Island. These
data are essential for effective stock assessment and
management of these fishes under scenarios of both changing
environmental conditions and increasing fishery exploitation.
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