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Summary

The present study was designed to identify maturity of

female red mullet, Mullus barbatus barbatus, using micro-
scopic criteria, offering an accurate determination of the
ovarian cycle and estimation of maturity size. Histological
analysis of 499 females from 13 monthly samplings was

applied (Thermaikos Gulf, N. Aegean Sea, Greece). Oocyte
development was divided into five stages, with a mean oocyte
size range from 56 to 363 lm in diameter. Ovarian maturity

was defined by the maturation stage of the most advanced
oocytes and divided into four phases. By using the monthly
changes in the percentage frequency of ovarian phases, the

ovarian cycle of M. barbatus was divided into three periods:
a long period of early oogenesis (November to February), a
short period of vitellogenesis (February to April) and a

spawning period from April through June with peak activity
in May. Both gonadosomatic (up to 7.5%) and hepatosomatic
indices (up to 2%) can be used together to predict the
spawning period. Red mullet should be classified as a multi-

ple spawning species. Females reached 50% maturity (Lm50)
at 11.4 cm and 95% maturity (Lm95) at 15.5 cm TL. The
Lm50 values for female red mullet populations across the

Mediterranean Sea tended to show differences ranging from
11 to 14.4 cm FL or 11.4–14 cm TL. The current European
Union fisheries management plan stipulates a minimum land-

ing size (MLS) of 11 cm TL for Mullidae spp. fisheries in the
Mediterranean. This MLS is at the lower part of the Lm50

range, thus allowing an extensive removal of immature juve-

niles. A revision of this MLS value is recommended to help
ensure that red mullet stocks remain within safe biological
limits.

Introduction

The red mullet (Mullus barbatus, L. 1758) is common

throughout the eastern Atlantic and the Mediterranean
basin, including the Black Sea. Red mullet inhabits sandy
and muddy bottoms (Lombarte et al., 2000). This fish has a

high commercial value and is an important resource for the
Mediterranean demersal fisheries (Tserpes et al., 2002 and
references therein; Stergiou et al., 2007; Katsanevakis et al.,
2010). Because these Mediterranean stocks are considered as

heavily exploited, appropriate management schemes are

needed (Tserpes et al., 2002 and references therein; Ozbilgin
et al., 2004; Merino et al., 2007; Sieli et al., 2011).
Knowledge of several components of a stock’s reproduc-

tive biology, such as spawning season, maturity size and

spawning-stock biomass, are essential for fisheries manage-
ment. These data form the basis of the biological reference
points on the maximum fishing mortality that a population

could sustain and the minimum biomass required for average
recruitment. A review of reproductive characteristics relies
on the accurate estimation of gonadal development and

determination of maturity stages in individual fish. Determi-
nation is based either on a macroscopic (visual) examination
or on a more accurate histological analysis of the gonad.

Macroscopic examination is a quick and inexpensive method
of estimating the reproductive state of many species in situ
(Tomkiewicz et al., 2003). However, classifying individuals
based on the method of visual examination of gonads has

important limitations. The stage of oocyte development
cannot be examined (needed to distinguish sexually active
from sexually inactive females), the number of oocytes ready

to be released remains unknown, and the presence of pos-
tovulatory follicles or atretic stages cannot be assessed
(Costa, 2009; N�u~nez and Duponchelle, 2009). These limita-

tions could hinder development of an effective management
scheme, especially for multiple-spawning species, because the
incorrect classification of maturity can lead to crucial over-
or underestimations of fundamental reproductive parameters

(Costa, 2009; N�u~nez and Duponchelle, 2009). Several stud-
ies reveal discrepancies between the macroscopic and histo-
logical examination of the gonads and emphasise the lack

of accuracy using macroscopic inspection (Garc�ıa-D�ıaz
et al., 1997; La Mesa et al., 2003; Vacchi et al., 2007; Costa,
2009; McBride et al., 2013). Clearly, histological examina-

tion is important to verify visual observations. Furthermore,
the assessment of ovarian maturity should be based either
on microscopic or macro- as well as microscopic observa-

tions.
To the best of our knowledge, research on red mullet

reproduction focused exclusively on macroscopic evaluation
of maturity. The present study provides a precise matura-

tion scale based on histological evaluation of ovarian
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maturity to accurately determine some of the most impor-
tant life history traits for fisheries management. We have
followed the proposed classification schemes for standardi-
zation of formats for reporting on oocyte staging for teleo-

sts (N�u~nez and Duponchelle, 2009; Brown-Peterson et al.,
2011) to make intra-specific comparisons easier. Our aim is
twofold: to come to a deeper understanding of the repro-

ductive biology of this species, and to contribute to devel-
oping a sound biological basis for red mullet fisheries
management schemes.

Materials and methods

Fish sampling and histological analysis

A total of 499 M. barbatus individuals were randomly sam-
pled on a monthly basis between November 2008 and
November 2009. All fish were caught by commercial bottom
trawl and artisanal fishery operating in the Thermaikos Gulf

(40º23′00″N; 22º47′00″E).
For each specimen, total length (TL) to the nearest centi-

metre, as well as the total and gutted weight, and gonad and

liver weights (accuracy of 0.01 g) were measured. Specimens
ranged from 9.3 to 22.2 cm (TL).
Slices of the gonads were fixed in 10% buffered formalde-

hyde. After 24–48 h, a segment from the central part of the
left lobe was dehydrated in increasing concentrations of etha-
nol and clarified in xylene. Each segment was then embedded
in paraffin wax and cross-sections of 4–5 lm thickness were

cut and stained with Mayers’ haematoxylin-eosin.

Determination of ovarian developmental phase

Development of the oocytes was described and maturity
stages (MS) determined from microscopic observations of

the ovarian histological slides. The ovaries consisted of ovar-
ian lamellae containing oocytes at various stages of develop-
ment. The oocyte development classification of Grier et al.

(2009) in Carmen Uribe et al. (2012) was used to define
stages of oogenesis. In this classification, oocyte development
is divided into five stages: oogonia proliferation (OP), pri-
mary growth (previtellogenesis) (PG), secondary growth

(vitellogenesis) (SG), final oocyte maturation (OM) and ovu-
lation. The stages are divided into steps, identified with a
lower-case abbreviation, and designed to identify the mor-

phological changes in oocytes during growth and maturation.
Ovarian maturity was defined by the maturation stage of the
most advanced oocytes, and divided into four phases, follow-

ing the conceptual models and the standardised terminology
proposed by N�u~nez and Duponchelle (2009) and Brown-
Peterson et al. (2011). The presence of postovulatory and

atretic follicles was also recorded.

Seasonality of gonad development and spawning season

The spawning season of the red mullet was determined by
monthly changes in the: (i) percent frequency of the maturity
stages, (ii) gonadosomatic index (IG), (IG = 100 9 gonad

weight/gutted weight), (iii) hepatosomatic index (IH),
(IH = 100 9 liver weight/gutted weight, and (iv) condition

factor (Kn = (total weight/TLb) 9 1000, b being the exponen-
tial of the regression TW = aTLb, which is 3.35 (unpublished
data). Changes of IG, IH and Kn in each maturity stage were
also analysed in order to highlight changes of body indices

with respect to various phases of ovarian development.

Length at sexual maturity

Total length (TL) of all individuals was used to estimate the
size at first maturity and size at mass maturity. These are

defined as the sizes (TL) at which 50% (TL50%) and 95%
(TL95%) of all fish sampled are at the relevant maturity
phase (developing, spawning capable, regressing ovarian

phase). The proportions were estimated at length classes of
1 cm and the data fitted to the logistic curve (Pope et al.,
1983): P = 100/[1 + exp(a + bTL)], where P = percentage
of mature individuals as a function of size class (TL); and a

and b = specific parameters that can change during the life
cycle. A logarithmic transformation was applied to the equa-
tion to calculate the parameters a and b by means of linear

regression.

Statistics

The significance of difference (at the 5% level) in IG, IH and
Kn between monthly samplings and maturity stages was
tested by analysis of variance (ANOVA) with a post-hoc Tukey

test using the statistical package STATISTICA 9 (StatSoft�

Incorporation). To meet the assumptions of ANOVA, the data
were logarithmically transformed when deemed necessary.

Results

Reproductively inactive ovaries

Reproductively inactive ovaries were divided into sexually
immature (immature subphase) and mature but reproduc-
tively inactive ovaries (regenerating subphase). Ovaries at

both subphases contained oogonia and primary growth
phase (PG) oocytes (mainly at the perinucleolus step, PGpn)
possessing a spherical or ovoid germinal vesicle (Fig. 1a).
Maximum diameter of the PGpn oocytes reached

56 � 12 lm (n = 105). Regenerating subphase ovaries had
more space between follicles, higher presence of interstitial
tissue and a thicker ovarian wall.

Developing ovarian phases

Developing phase ovaries were divided into early and late
developing subphase ovaries. Early developing ovaries were

characterised by the appearance of oocytes in the yolk vesi-
cles phase (PGyv), in which spherical inclusions (yolk vesi-
cles) were dispersed throughout the ooplasm. Yolk vesicles

were delimited by a membrane and could be clearly observed
using light microscopy (Fig. 1b). The follicle cell layer was
visible but the zona pellucida was not yet stained. PGyv

oocytes reached a diameter of 124 � 20 lm (n = 55).
Late developing phase ovaries included secondary growth

stage oocytes (SG), which in turn enclosed within the oocyte
periphery, spherical acidophilic yolk granules (yg) that pro-
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gressively increased in number and dispersed within the
ooplasm (Fig. 1c,d). Additionally, spherical oil droplets (od)

progressively appeared around the germinal vesicle (gv),
increased in size and accumulated throughout the ooplasm
(Fig. 1c,d). The zona pellucida (zp) remained large and was
densely stained by eosin. SG oocytes are of various sizes and

development stages, with few yolk globules (SG oocytes at
early step, SGe) to moderate and many yolk globules (SG
oocytes in the late phase, SGl). The diameter of SGe oocytes

can be up to 177 � 29 lm (n = 49), whilst SGl oocytes reach
268 � 38 lm (n = 34).

Spawning capable ovaries

Ovaries capable of spawning were divided into two subphases:
ovaries capable of spawning (‘spawning capable’) and actively

spawning (‘active spawning’). Spawning capable ovaries con-
tained full-grown vitellogenic oocytes (SGfg), which were the
most advanced oocytes. SGfg oocytes were distinguished by
the formation of large regions of fluid yolk, formed by the

progressive fusion of yolk granules. As a consequence, the
ooplasm was displaced into the peripheral rim surrounding
the yolk mass (Fig. 1e). During this step, the oil droplets con-

centrate around the nucleus, and then fuse into one or a few
oil drops. The germinal vesicle has an irregular shape and its
envelope becomes progressively folded. Numerous small and

large nucleoli can also be seen and the zona pellucida reaches
its maximum length. Some SGfg oocytes were shrunken and
the zona pellucida, follicle cells and theca were separated from

the oocyte. Such shrinkage was likely due to the histological
preparation protocol. SGfg oocytes reached 363 � 35 lm
(n = 40) in size, close to maximum size.
During the final maturation phase (OM), spawning active

ovaries are characterised by the presence of hydrated
oocytes; in this phase, the yolk material is completely fused
and a few or one oil drops are formed (Fig. 1f). The appear-

ance of the oocyte is homogenous, finely granular, whilst the
germinal vesicle is invisible due to disintegration and disper-
sion of the nuclear membrane (GVBD). The ooplasm,

restricted to a narrow rim, lies next to the zona pellucida,
which has become thinner. In some spawning-capable ova-
ries, empty ovarian follicles (post ovulatory follicles, POFs)
were present, indicating that ovulation had occurred.

Regressing ovarian phase

Regressing phase ovaries were characterised by the presence
of atretic SG oocytes at various stages of disintegration and

(a) (b)

(c)
(d)

(e)

(f)

Fig. 1. Mullus barbatus barbatus. Ovarian sections stained by hae-
matoxylin-eosin. a: Primary growth phase oocyte at the perinucleolus
step (PGpn) possessing an ovoid germinal vesicle (gv). b: Primary
growth phase oocyte at yolk vesicles phase (PGyv) with yolk vesicles
(yv) dispersed throughout the ooplasm. c, d: Secondary growth stage
oocytes (SG) with spherical acidophilic yolk granules (yg) and spher-
ical oil droplets (odp). e: Full-grown vitellogenic oocyte (SGfg) with
large regions of fluid yolk (ym) and a few oil drops (od). Also, sec-
ondary growth phase oocytes at early (SGe) or late vitellogenesis
(SGl) phase. f: Oocyte at the final maturation phase (OM) with yolk
material completely fused and an oil droplet. Germinal vesicle (gv)
invisible due to disintegration and dispersion of nuclear membrane
(GVBD). fl, follicular layer; n, nucleolus; ym, yolk mass; zp, zona
pellucida

Fig. 2. Monthly variation (%) of ovarian maturity phases of female
red mullet (n = 343), Thermaikos Gulf (N. Aegean Sea). ImReg,
reproductively inactive ovaries; eDev, early developing ovaries; lDev,
late developing ovaries; SpC, spawning capable ovaries; SpA, spawn-
ing active ovaries; Reg, regressing phase ovaries
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reabsorption, the presence of POFs and a few remaining SG
oocytes, which are sparsely arranged among the stock of PG
oocytes.

Seasonal ovarian cycle and variation of body indices

Reproductively inactive ovaries (immature or regenerating

phase ovaries) were present almost all year round but with
decreasing rates between November and May (Fig. 2). Early
developing ovaries indicating the initiation of ovarian

growth and oocyte development were initially seen from
November to December but mainly from January onwards.
The ovaries entered the late developing phase (vitellogenesis)

from February onwards. Spawning-capable females were
observed between April and May, peaking in May (100%
spawning capable). Females probably finished spawning in
June, as none capable of spawning and many fish with

regressing phase ovaries were observed between June and
August.
The mean gonadosomatic index (IG) increased significantly

in April and May, peaking in May (7.5%, Fig. 4a,
P < 0.001). The mean hepatosomatic index (IH) had signifi-
cantly increased from February to May, peaking in March

(2%) and April (1.91%) during vitellogenesis and spawning
(Fig. 3b, P < 0.001). The mean Kn values varied slightly
from 0.98 (December) to 1.17% (November, Fig. 3c) tending
to be lower from December to May during vitellogenesis and

spawning.

Variation of body indices according to ovarian maturity phase

Mean IG and IH by ovarian stage were significantly higher in
late developing (lDev), spawning capable and spawning

active females (SpC, SpA), reaching the highest values in
spawning active females (Fig. 4a,b, P < 0.001). IG and IH
decreased to baseline values in regressed (Reg) and reproduc-

tively inactive females (ImReg). In contrast, the Kn values
were significantly lower for late developing and spawning
capable females (Fig. 4c, P < 0.001), with the lowest values
for spawning active females (0.98%).

Maturity rates according to size of mature fish

Frequencies of immature and mature (developing, spawning
capable and regressing phase ovaries) females during the
gametogenic period (March to June) were divided into

groups according to different total length (TL) (Fig. 5). The
smallest individual with mature ovaries was 10.4 cm TL. The
maturity curve showed a TL50% of 11.4 cm and TL95% of
15.5 cm (Fig. 5).

Discussion

To our knowledge this is the first time histological analysis is
being used to describe the reproductive pattern of red mullet
(M. barbatus), an important target species for Mediterranean

fisheries. Oocyte development during oogenesis shows similar
characteristics to those described for other marine teleosts
(Tyler and Sumpter, 1996; N�u~nez and Duponchelle, 2009;

and references therein). The maturation scale defined in this

study is well in line with the universal need for standardized
and harmonized terminology on reproductive classification
of fish, accompanied by manual-like features that can be
used by researchers beyond the local area to allow for a bet-

ter comparability of results.
Early developing phase ovaries, indicating the initiation of

gonadal growth and gamete development, were initially seen

from November to December. The early oogenesis coincides
well with the seasonal drop in water temperature and

(a)

(b)

(c)

Fig. 3. Monthly variation of mean (�SE) gonadosomatic index (IG)
(a), hepatosomatic index (IH) (b), and condition factor (Kn) (c), of
female red mullet (n = 499), Thermaikos Gulf (N. Aegean Sea). In
parentheses = size of monthly samples
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minimum range of day length. Photoperiod and temperature
are among the key factors that control sexual maturity and

spawning in fish and they could be the environmental corre-
latives to the initiation of ovarian growth, functioning as
proximate cues in the case of red mullet. Similarly to the

congeneric species M. surmuletus (N’ Da and Deniel, 1993),
the period of early oogenesis is long (November to February)

but the period of vitellogenesis is short, from February to
April.
Results of this study clearly indicate that spawning in the

northern Aegean Sea extends from April to June, with a

peak in May. The onset and duration of spawning across the
Mediterranean are summarised in Table 1. Similar to data
on most Mediterranean fish stocks (Tsikliras et al., 2010),

the red mullet is a late spring – early summer spawner. The
existence of such strong seasonality across its distribution
indicates that seasonality is an important factor for spawn-

ing. Results suggest that the fertility of red mullet is syn-
chronised with the summer peak of zooplankton abundance
(Fernandez de Puelles et al., 2003), a condition that ensures

optimum conditions for fish larval growth and survival
(Winemiller and Rose, 1992). Warmer summer waters and
stability of the water column maintain food patches, thus
enhancing larval growth (Sabat�es et al., 2007). Summer vari-

ation of environmental parameters and the accompanying
changes in oceanographic factors (e.g. low level of offshore
transport and turbulent mixing) may favour larval retention

in spawning grounds (Sabat�es et al., 2007) and survival of
juveniles during their migration towards the nursery areas
(Levi et al., 2003).

Spawning capable ovaries contained oocytes at different
stages of development and POFs. The existence of several
oocyte stages indicates ovarian development typical of a
multiple spawning species. The congeneric species M. sur-

muletus has been identified as a determinate spawner (N’
Da and Deniel, 1993) with a group-synchronous oocyte
development. Data regarding the spawning pattern (group

synchronous vs asynchronous) and fecundity estimates
(determinate vs indeterminate) for red mullet are lacking.
However, estimation of the fecundity pattern of a fish stock

is of great importance for assessment of the spawning stock
biomass (Ganias, 2013), which in turn is recognised as an
essential parameter for fisheries assessment and manage-

ment.
The IH increases in mass during the spawning period in a

manner positively associated with the IG, supporting the
assumption that IH variations are related to energy storage

for reproduction. Increasing hepatocyte numbers and size are
linked to vitellogenesis in liver, because the precursors of the
yolk and proteins of the egg chorion are synthesised in that

organ (Hoar et al., 1983; N’ Da and Deniel, 1993). Both
indices (the IG and IH) can be used together to predict the
spawning period of M. barbatus. However, the fact that the

Kn index was not associated with the IG may suggest that
reproduction does not influence the condition of the fish (i.e.
oocyte maturation is not reached at the expense of body
muscle or lipids). Some species may compensate for inade-

quate energy deposits during gonadal development with the
energy derived by feeding (Aristizabal, 2007). This is likely
the case for female red mullet, which feed throughout their

entire spawning period (Vassilopoulou and Papaconstanti-
nou, 1993).
The length at 50% maturity (Lm50) of female red mullet

populations across the Mediterranean Sea are summarised in
Table 1. The Lm50 values tend to show subtle differences
(ranging from 11 to 14.4 cm FL or 13–14 cm TL). This

(a)

(b)

(c)

0,8

0,9

1,0

1,1

1,2

0,0

0,5

1,0

1,5

2,0

2,5

3,0

0

2

4

6

8

10

12

Fig. 4. Mean (�SE) gonadosomatic index (IG) (a), hepatosomatic
index (IH) (b), and condition factor (Kn) (c) by ovarian phase of
female red mullet (n = 343), Thermaikos Gulf (N. Aegean Sea).
ImReg, reproductively inactive ovaries; eDev, early developing ovar-
ies; lDev, late developing ovaries; SpC, spawning capable ovaries;
SpA, spawning active ovaries; Reg, regressing phase ovaries. In
parentheses = size of samples. Different letters indicate statistical dif-
ferences (P < 0.001)
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reflects the existence of natural variations in length at matu-
rity (i.e. in growth rates), fishery induced changes or the dif-
ferences in the methodologies used to estimate size at
maturity (i.e. sample size, gear selectivity, methodology to

define maturity). Using histological criteria in this study, we
defined Lm50 to be at the value of 11.4 cm TL, a value obvi-
ously lower than most of the values reported (see Table 1).

This could be explained by the slower growth rate of the
Thermaikos red mullet stock (Papaconstantinou et al., 1981),
or it could possibly reflect a difference in the method used to

define maturity (microscopic vs macroscopic) between the
current study and previous studies.
Since 1996, the European Union fisheries management pol-

icy for Mullidae spp. (European Commission, 1994; Council
Regulation No. 1626/94) in the Mediterranean has stipulated

an MLS of 11 cm TL; however, this value is lower than most
of the Lm50 values of Mediterranean populations (see
Table 1). Regarding the Greek mixed fisheries, illegal sizes
below MLS (Machias and Labropoulou, 2002; Tserpes et al.,

2002; Stergiou et al., 2004; Tzanatos et al., 2008) and extensive
removal of immature red mullet have been reported, indicating
the ecological inefficiency of the existing MLS value for sus-

tainable management (Stergiou et al., 2009). We therefore sug-
gest increasing the current 11 cm TL MLS value, to ensure
that red mullet stocks remain under maximum sustainable

yield (MSY) and maximum economic yield (MEY). Sustain-
able fisheries management should be complemented by other
ecosystem-based measures, such as large marine protected

areas where fishing is totally prohibited (Stergiou, 2002), to
ensure the survival of large and mature individuals (Pipitone

Table 1
Spawning period and length at maturity (Lm50, cm) of female red mullet (Mullus barbatus barbatus) across the Mediterranean Sea indicated
as fork (FL) or total length (TL).

Area

Months
Lm50

(cm)

SourceM A M J J A S FL TL

N. Aegean • • • 11.4 Present study
N. Aegean • • • • 12–13 Papaconstantinou et al., 1981
Central Aegean • • • 11,2 Vassilopoulou, 1992
N. Aegean • • • Celik and Torcu, 2000
Izmir Bay • • 14,2 Metin, 2005
Ligurian Sea • • • Orsi Relini and Arnaldi, 1986 in Sieli et al., 2011
NW Sicily • • • • • Sieli et al., 2011
Gulf of Tunis • • • 13–14.4 Gharbi and Ktari, 1981 in Cherif et al., 2007
Gulf of Tunis • • • 13.9 Cherif et al., 2007
Southern coast of France 13–14 Bougis, 1952 in Vassilopoulou, 1992
Moroccan Mediterranean • • • • • 11 Slimani et al., 2003

Fig. 5. Sexual maturity curve and
size at maturity (thin lines = 50 and
90% TLs) for red mullet, Thermaikos
Gulf (N. Aegean Sea)
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et al., 2000; Stergiou et al., 2004, 2009) and mediate the
rebuilding of the overexploited red mullet stocks.
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Pêche Salambô 8, 41–51.
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