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Abstract

Golani’s round herring Etrumeus golanii is an Erythraean small pelagic fish (Lessepsian migrant) that entered the Mediterra-
nean Sea through the Suez Canal. It has expanded its distribution from the eastern to the western Mediterranean with well-estab-
lished local populations. We investigated basic aspects of its reproductive biology off the island of Crete (eastern Mediterranean) 
using ovarian histology and analysis of oocyte size-frequency distributions. The species exhibited a protracted breeding period 
(winter to early summer), with all ovaries examined during the main spawning season having markers of recent (postovulatory 
follicles, POFs) or imminent spawning (advanced oocyte batch in germinal vesicle migration or hydration). The advanced batch 
(AB) increased rapidly in size and was fully separated from the remainder, less developed oocytes in 95% of females with “old” 
POFs (POFs with signs of degeneration) and all females in final maturation. The growth of the subsequent batch (SB) was arrested 
at sizes <630 µm until full maturation of the AB. The mean diameter of hydrated oocytes ranged from 1181 to 1325 µm and rela-
tive batch fecundity was low ranging from 56 to 157 eggs g-1. The simulation of a coupled hydrodynamic/biogeochemical model 
(POM/ERSEM) showed that E. golanii takes advantage of the seasonal cycle of planktonic production to reproduce, and exhibits 
monthly changes in batch fecundity that appear to be closely related with the seasonal cycle of mesozooplankton concentration.     

Keywords: Round herring; reproduction; condition; Crete; eastern Mediterranean.

Introduction

The opening of the Suez Canal in the late 18th century 
led to a remarkable and continuing inflow of marine bio-
ta from the Red Sea into the Mediterranean (Lessepsian 
migrants), including more than 100 Indo-Pacific fishes 
(Galil et al., 2021; Dr. Argyro Zenetos, personal commu-
nication, https://elnais.hcmr.gr/). Many of these non-in-
digenous Erythraean species are now established, and 
have proliferated and expanded from the east towards the 
central and western Mediterranean. Lessepsian migrants 
have been recognized as an important threat to native 
species, biodiversity and ecosystem functioning (Golani, 
1998; Otero et al., 2013; Katsanevakis et al., 2014). Nev-
ertheless, the establishment of certain non-indigenous 
species can also have positive impacts, particularly when 
they provide additional resources to local fisheries (e.g., 
Farrag et al., 2014). 

Etrumeus golanii, formerly known as Etrumeus teres 

(DeKay, 1842), is a small pelagic fish originally known 
from the northern Red Sea (DiBattista et al., 2012). In 
the Mediterranean, it was first recorded from Israel in 
1961 and it subsequently spread across the sea to Mo-
rocco (Galil et al., 2019; Tamsouri et al., 2019; and ref-
erences therein). An important population of Golani’s 
round herring has already been established in the eastern 
Mediterranean and the species is commercially exploit-
ed in Egypt and Turkey (Farrag et al., 2014; Çiftçi, & 
Bardakci, 2021). In Crete, it was first recorded in 2005 
(Kasapidis et al., 2007) and it is now regularly caught by 
commercial fisheries (Giannakaki et al., 2018). 

Given the possible expansion of fisheries for E. gola-
nii in the Mediterranean Sea, the objectives of this study 
were to determine and describe basic aspects of its re-
productive strategy, with a focus on spawning phenology, 
the pattern of oocyte development and fecundity enu-
meration. A previous study carried out in the Egyptian 
Mediterranean Sea showed that E. golanii is a multiple 
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spawner with a protracted spawning period (Osman et al., 
2011), as is the case with other Etrumeus species studied 
so far (Roel & Melo, 1990; Plaza et al., 2007). Based on 
simulations of a coupled hydrodynamic/biogeochemical 
model, we show that E. golanii off Crete takes advantage 
of the seasonal cycle of plankton production, influenced 
by the seasonal variability of the thermocline and ver-
tical mixing in the water column, and produces succes-
sive batches of large-sized pelagic eggs over a protracted 
spawning season. 

Materials and Methods

Sample collection and processing

A total of 25 samples of round herrings were available 
for this study. They were collected opportunistically dur-
ing the National onboard sampling program of the Cre-
tan fishing fleets from 2016 to 2019 (Table 1). In 2016, 
most samples derived from a pilot boat seine (SB) fish-
ery opened during the winter months (Table 1, Fig. 1). In 
2017 and 2018, samples were primarily collected in au-
tumn from purse seines (PS) and trammel nets (GTR). In 
2019, samples covered the period from February to July 
and were mainly collected from purse seines and bottom 
trawls (OTB) (Table 1, Fig. 1). Finally, a pelagic trawl 
(PT) sample was obtained in December 2019 onboard the 
research vessel PHILIA in Heraklion bay (Table 1). 

In most cases, especially in 2016-2018, fish samples 
were frozen at -20o C prior to laboratory analysis. How-
ever, on certain occasions (samples # 7, 8, 12, 16-22, 
24-25), the fish were placed in iced sea-water onboard 
the fishing vessel (blast freezing) and transported imme-
diately to the laboratory for further processing. These 
blast-frozen samples were used for ovarian histology and 
batch fecundity measurements (Table 1).

Processing of a sample in the laboratory consisted in 
measuring the total length (TL, mm) and weight (TW, 
0.01g) of each individual and recording its sex (Table 
1). Gonads were staged macroscopically, weighed (GW, 
0.001g) and then preserved in 10% buffered formalin. A 

simplified macroscopic maturity scale was used (Sup-
plementary Material, Table S1) based on the MEDITS 
maturity stages for Mediterranean bony fishes (Follesa 
& Carbonara, 2019). The length frequency distribution of 
collected fish is provided in the Supplementary Material 
(Fig. S1). 

Histological analysis, oocyte size frequency distribu-
tions (OSFDs) and batch fecundity (BF) measurements

The ovaries of blast-frozen fish (n = 188) were sub-
jected to histological analysis (Table 1). Pieces of ovarian 
tissue were embedded in glycol methacrylate resin (Tech-
novit 7100, Heraeus Külzer, Germany), cut into 4-µm 
sections on a microtome, stained with methylene blue/az-
ure II/basic fuchsin (Bennett et al., 1976) and examined 
under a light microscope. Histological scoring included 
the developmental stage of the most advanced group of 
oocytes, the presence/degree of degeneration of postovu-
latory follicles (POFs) and the incidence/prevalence of 
follicular atresia (Hunter & Macewitz, 1985a,b). 

The oocytes were assigned to stages according to 
Schismenou et al. (2012), i.e., PVO: primary growth oo-
cytes; CA: oocytes with yolk vesicles or cortical alveo-
li formed; EVTO: early vitellogenic oocytes, with yolk 
granules not covering the entire cytoplasm; VTO: vitello-
genic oocytes, with yolk granules all over the cytoplasm; 
GVM: oocytes in germinal vesicle migration; HYD: hy-
drated oocytes. Postovulatory follicles with a large-sized, 
thick and convoluted granulosa cell layer, and linearly 
arranged nuclei, were classified as “new” POFs. POFs 
with indications of degeneration were classified as “old” 
POFs (Hunter & Macewicz, 1985a). Concerning atresia, 
females were assigned to atretic states 0, 1, 2, and 3, hav-
ing 0%, <50% and ≥ 50% of vitellogenic oocytes with 
α-atresia, and no vitellogenic oocytes but β-atresia, re-
spectively (Hunter & Macewicz, 1985a, b).

Whole-mount analysis (Thorsen & Kjesbu, 2001; 
Ganias et al., 2014a) was performed on fish collected in 
March-May (n = 60) using random pre-weighed subsam-
ples from the ovaries (30 mg in non-hydrated and 60 mg 

Fig. 1: Map of the study area showing the locations of sample collection and fishing gears used. SB: beach seine. PS: purse seine. 
GTR: trammel net. OTB: bottom trawl.
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Table 1. Summarized information on samples collected and fish analyzed. N: number of fish. SB: beach seine. PS: purse seine. 
GTR: trammel net. OTB: bottom trawl. PT: pelagic trawl. TL: average total length (TL ranges in parentheses).  NF: number of 
females. NM: number of males. NU: number of fish with undetermined sex. FH: number of females examined histologically. FF: 
number of females with batch fecundity measurements. Areas of collection are shown in Figure 1.

Sample # Date Area of 
collection Gear

Average 
bottom 

depth (m)
N TL (mm) NF NM NU FH FF

1 30/1/2016 Elounda SB 24 22 132
(106-169) 16 5 1

2 5/2/2016 Souda SB 26 19 144
(132-154) 13 6

3 6/2/2016 Souda SB 26 23 155
(136-207) 7 16

4 12/2/2016 Souda SB 29 33 166
(140-191) 26 7

5 14/2/2016 Elounda SB 37 24 142
(121-159) 15 9

6 6/4/2016 Heraklion PS 70 20 205
(147-229) 7 13

7 31/5/2017 Heraklion PS 65 18 244
(219-286) 10 8 10 7

8 29/11/2017 Heraklion PS 109 20 207
(157-268) 14 6 14

9 25/7/2018 Ierapetra PS 64 29 235
(202-271) 22 6 1

10 17/9/2018 Heraklion PS 93 30 215
(191-238) 6 10 14

11 18/9/2018 Ierapetra PS 85 32 168
(121-203) 21 7 4

12 18/9/2018 Ierapetra PS 34 28 140
(131-157) 14 14 14

13 24/9/2018 Heraklion GTR 48 20 207
(186-224) 9 11

14 24/10/2018 Ierapetra PS 45 18 139
(129-157) 18

15 8/11/2018 Heraklion GTR 50 6 230
(217-240) 3 1 2

16 25/2/2019 Souda SB 23 30 156
(130-217) 16 14 16 16

17 28/3/2019 Souda SB 15 3 119
(54-206) 3 1 5 3 3

18 11/4/2019 Heraklion PS 63 28 205
(180-237) 28 28 13

19 13/5/2019 Heraklion OTB 81 33 200
(164-240) 12 21 12 12

20 14/5/2019 Heraklion OTB 95 23 184
(153-221) 4 19 4 3

21 16/5/2019 Heraklion OTB 91 14 226
(194-250) 3 11 3 3

22 20/6/2019 Kissamos PS 86 50 194
(169-230) 31 19 31 14

23 28/6/2019 Ierapetra PS 75 30 219
(188-236) 3 27

24 20/7/2019 Kissamos PS 84 39 214
(185-241) 28 11 28

25 15/12/2019 Heraklion PT 59 100 148
(126-186) 47 53 25

Total 692 358 284 188 71
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in hydrated females). Previous studies have shown that 
Etrumeus ovaries are homogeneous with no significant 
differences in oocyte size and batch fecundity measure-
ments between ovarian lobes and/or position (Plaza et al., 
2007; Nyuji & Takasuka, 2017). The methodology used 
for whole-mount analysis is described in Schismenou et 
al. (2012). Briefly, oocyte diameters were measured on 
images taken with a digital camera mounted on a micro-
scope and using light from underneath. All oocytes >250 
µm were measured semi-automatically using the open 
source ImageJ (http://rsb.info.nih.gov/ij/) with the plugin 
ObjectJ (http://simon.bio.uva.nl/objectj/). The volume of 
each oocyte was also calculated (assuming volume of a 
sphere). 

Oocyte size frequency distributions (OSFDs) were 
constructed using both oocyte diameters and oocyte vol-
umes, and with different options for histogram bin size 
(50 µm or 40 µm and 0.02 mm3 0.01 mm3 for diameter 
and volume, respectively) (Fig. 2). The rationale of using 
oocyte volume was that, being a three-dimensional indi-
cator of size, it magnifies the growth differences between 
successive oocyte batches, allowing for better demon-
stration of ovarian dynamics and easier definition of the 
number of oocytes in the advanced batch (AB). 

Batch fecundity (BF) was measured using the gravi-
metric method (Hunter et al., 1985) in all GVM and HYD 
females (females in final maturation). Additionally, we 
measured BF in females with old POFs caught in March-
May. Using the ovarian whole-mounts subsamples, we 
counted all oocytes forming the advanced oocyte batch 
(AB). Only females with a size hiatus, i.e. with the AB 
completely separated from the remaining oocytes, were 
used for BF measurements. 

Gonadal and somatic condition 

Seasonal changes in gonadal and somatic condition 
of males and females were analyzed with an “integrated” 
(sensu Plaza et al., [2007]) approach, using general lin-
ear models (see also Somarakis et al., [2012]; Geladakis 
et al., [2018]; Gkanasos et al., [2019]): Monthly least-
square means (average monthly condition) were estimat-
ed by fitting the model:

log(Y) = a + b1 × (MONTH) + b2 × (YEAR) + b3 × log(X) 
+ b4 × (MONTH) × (YEAR) + b5 × (MONTH) × log(X) + 
b6 × (YEAR) × log(X)

where Y = gonad weight (GW) or gonad-free body weight 
(GFW), and X = GFW or total length (TL) for gonadal 
and somatic condition respectively, 
MONTH = the month of sampling,
YEAR = the year of sampling, and 
a, b1, b2, … are model coefficients.

Only significant terms (p < 0.05) were retained in the 
final models (backward stepwise selection) (Geladakis et 
al., 2018; Gkanasos et al., 2019). Females with hydrated 
ovaries were excluded from the analysis of gonadal con-
dition because they were collected inconsistently. Their 
occasional presence in some samples inflated means and 
variances, which does not essentially reflect the respec-
tive variability in the reproductive activity of the fish 
(Plaza et al., 2007; Ganias et al., 2007).

Fig. 2: Example of oocyte size frequency distributions (OSFDs) of a single individual Etrumeus golanii (a female with old pos-
tovulatory follicles). The four histograms were constructed using different options for oocyte size (diameter [left panel] vs volume 
[right panel]) and bin size (50 µm or 40 µm and 0.02 mm3 or 0.01 mm3 for diameter and volume respectively). The size hiatus 
between the advanced batch and the subsequent batch is more easily discernible when the bin size is narrower (lower panel) and/
or volumes are used instead of diameters to construct the OSFD. N: number of oocytes.
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Simulation of a hydrodynamic/biogeochemical model 

In order to obtain a picture of the annual cycle of tem-
perature and plankton productivity in the study area, and 
its relationship with spawning phenology and the tempo-
ral changes in fecundity and somatic condition of round 
herring, we used a simulation of a basin-scale Mediter-
ranean coupled hydrodynamic-biogeochemical model 
(POM-ERSEM) (www.poseidon.hcmr.gr; Kalaroni et al., 
2020a, b). The model was setup and implemented with 
1/20o (~5 Km) horizontal resolution for the period 2016-
2019 (period of fish sampling), over an area surrounding 
the island of Crete (a rectangle defined by the coordinates 
35.66667° N, 23.50000° E and 34.83333° N, 26.50000° 
E). The model outputs, namely, sea surface temperature 
(SST), near-surface Chl-α, and mesozooplankton con-
centration (0 - 100m) were averaged on a monthly basis. 
More details and the monthly time series of simulated 
parameters (Fig. S2) are provided in the Supplementary 
Material. 

Results

Maturity

A total of 692 fish (358 females and 284 males) were 
available for this study. The samples covered all months 
of the year, except August, and fish lengths ranged from 
106 to 286 mm (Table 1, Supplementary Μaterial, Fig. 
S1). In September, all gonads examined were macroscop-
ically classified as resting/virgin. Fish caught in October 
had very small, presumably virgin, gonads and their sex 

could not be identified macroscopically. Ovarian histol-
ogy of 14 females caught in September (Table 2) con-
firmed that oocytes in early autumn were at the primary 
growth (PVO) phase (Fig. 3A). For samples collected in 
November/December, the gonads were macroscopically 
classified as resting/virgin, with the exception of few fish 
that were assigned to the recovering stage, and 3 females 
caught in November 2017 that were classified as devel-
oping (presence of opaque oocytes in the ovaries). The 
microscopic examination (Table 2) confirmed the macro-
scopic classification. Based on the developmental stage 
of the most advanced group of oocytes (Table 2), 3 out of 
the 14 females examined in November 2017 were classi-
fied as PVO, 8 as CA (Fig. 3B) and 3 as VTO (Fig. 3C). 
The latter included a fish that had recently spawned (with 
new POFs present in the ovary), implying that spawning 
may start as early as late autumn in some fish/years. In 
December, the ovaries examined were at the PVO and CA 
stages (Table 2). 

All fish (>118 mm) caught in January-May were mac-
roscopically classified as developing or ripe, except for 
2 small individuals (106 - 107 mm) with undeveloped 
gonads and unidentifiable sex. The histological analysis 
revealed that, from February to May, all females were 
spawning capable (sensu Brown-Peterson et al., 2011) 
(Table 2) with ovaries containing markers of either im-
minent (migratory nucleus [GVM] or hydrated [HYD] 
oocytes, Fig. 4A and 4B) or recent spawning (new or 
old POFs; Fig. 4C and 4D), or both (Table 2). No atretic 
follicles were observed in the histological sections from 
February-May. The first signs of atresia were observed in 
June (Table 2), with 4 out of the 31 females examined as-
signed to atretic states 2 (Fig. 3D) and 3. In July, spawning 

Table 2. Results of histological scoring. Samples are sorted by month and day (September to July). Time: time at end of fishing 
haul. PVO: previtellogenic. CA: cortical alveoli. VTO: vitellogenic. GVM: germinal vesicle migration. HYD: Hydrated. POFs: 
postovulatory follicles. Atr-1 to Atr-3: atretic states (see text for explanations). 

Sample 
# Date Time PVO CA VTO GVM HYD

VTO 
+ 

new 
POFs

VTO 
+ 

old 
POFs

GVM 
+ old 
POFs

HYD 
+ old 
POFs

Atr-1 Atr-2 Atr-3

12 18/9/2018 17:16 14

8 29/11/2017 21:50 3 8 2 1

25 15/12/2019 16:12 10 15

16 25/2/2019 19:22 5 7 4

17 28/3/2019 19:07 2 1

18 11/4/2019 01:40 15 13

19 13/5/2019 21:25 10 1 1

20 14/5/2019 21:12 1 3

21 16/5/2019 20:45 3

7 31/5/2017 01:45 4 3 2 1

22 20/6/2019 03:05 9 12 5 1 3 1

24 20/7/2019 02:23 17 1 10

Total 44 23 2 15 19 19 31 14 5 1 4 11
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Fig. 3: Histological sections of ovaries. (Α) Ovary of an immature fish with previtellogenic oocytes (September).  (B) Ovary in 
the cortical alveoli stage (November). (C) Ovary in advanced vitellogenesis (November). (D) Ovary in atretic state 2 (June). CA: 
Oocyte in the yolk vesicle stage. VTO: vitellogenic oocyte. α: atretic follicle.

Fig. 4: Histological sections of ovaries. (Α) Oocyte undergoing germinal vesicle migration. (Β) Hydrated ovary. (C) Ovary with 
new postovulatory follicles (new POFs) (D) Ovary with postovulatory follicles in advanced degeneration (old POFs). GV: germi-
nal vesicle. HYD: hydrated oocyte. zr: zona radiata. mp: ring-like structure (micropyle).
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had apparently ceased with ovaries in the previtellogenic 
(PVO) stage or atretic states 2 and 3 (Table 2). 

The main histological characteristics of growing oo-
cytes in E. golanii were: (a) the absence of lipid droplets, 
(b) the division of zona radiata into two layers, inner and 
outer (also noted by Osman et al., [2011]), with the inner 
zona radiata appearing highly convoluted during the ger-
minal vesicle migration stage (Fig. 4A), and (c) the ap-
pearance of a ring-like structure during final maturation 
(Fig. 4A and 4B), most probably associated with the mi-
cropyle (Fig. 4A). Such a ring-like structure surrounding 
the micropyle has also been observed in scanning elec-
tron microscope preparations of Etrumeus eggs collected 
from the plankton off South Africa (Olivar & Fortuño, 
1991).

Pattern of oocyte development

Figure 5 exemplifies the pattern of oocyte develop-
ment, using the volume-based OSFDs, for a suite of 20 
fish caught in April-May. The size hiatus between the ad-
vanced batch (AB) and smaller oocytes started to devel-
op soon after the previous spawning event: Females with 
new POFs did not exhibit size gaps in OSFDs, whereas 18 
out of the 19 examined females with old POFs had a fully 
developed hiatus separating the AB from the remaining, 
less developed oocytes. The separation of the AB from 
the subsequent batch (SB) occurred between 500 - 600 
µm (e.g., Fig. 2).  The hiatus became increasingly wide as 
the AB gained size at stages GVM and HYD (Fig. 5). In 
some advanced GVM ovaries and at the HYD stage, the 
formation of the SB started to become evident, by the ap-
pearance of two modes in the size frequency distributions 
of smaller oocytes (Fig. 5).

To study ovarian dynamics in more detail, we used 

the females with oocyte size measurements (n = 60) and 
calculated the proportion of oocytes in the AB (i.e. [num-
ber of oocytes in the AB]/[number of all oocytes >250 
µm]). The enumeration of oocytes in the AB was carried 
out only in females with a fully developed hiatus in the 
respective OSFDs. Then, we calculated the proportion 
of oocytes >500 µm, not belonging to the completely 
separated AB (thereafter referred to as SB for simplic-
ity) (i.e. [number of oocytes in the SB]/[number of all 
oocytes >250 µm]). Oocyte numbers were first raised to 
the whole ovary, based on subsample weights and gonad 
weight. The analysis showed (Fig. 6) that the mean frac-
tion of oocytes in the AB was 23% in females with old 
POFs or GVM whereas the fraction of oocytes in the SB 
increased from 5% (old POFs) to 10% (GVM), reach-
ing 23% at oocyte hydration (HYD). This implies that 
the number of oocytes required to form the next batch 
increases fast at final maturation and, at hydration, the 
next batch has already been fully recruited. In females 
with new POFs, the mean fraction of oocytes >500µm 
was 26% (not shown). 

Interestingly, the mean maximum diameter of oocytes 
in the SB did not change (~630 µm) from the time of sep-
aration of the AB (in females with old POFs) to oocyte 
hydration (Fig. 6). Secondary growth of oocytes in the 
SB is therefore practically arrested until the release of 
the AB. Mean maximum oocyte diameter in females with 
new POFs was 643 µm.        

Ovarian and somatic condition

Significant terms of the general linear models for 
ovarian and somatic condition are shown in Table 3. All 
models had a good fit in terms of residuals (normally dis-
tributed, homoscedastic) and explained a large amount of 

Fig. 5: Spawning capable females. Fitted oocyte size densities for selected females with markers of previous (POFs) and imminent 
spawning (GVM or HYD). They are presented in ascending order of maximum oocyte volume (nested inside ovarian category). 
Oocyte-size densities of females with old POFs are also plotted separately to highlight the already developed size gap between the 
advanced batch and the remaining, less developed oocytes.
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variation (93% - 99%). The term MONTH was highly 
significant in all models. The effect of YEAR was not 
significant except for the female somatic condition mod-
el, in which it accounted for a high percentage of the 
modelled variability (Table 3). This significant YEAR 
effect was associated with a trend of increasing average 
condition of females from 2016 to 2019 (not shown). 
The term MONTH × YEAR entered in three of the four 
models, accounting for small year-to-year variations in 
monthly condition, partly attributable to differences in 
sample size (Table 3).  

Monthly least square means (average monthly condi-
tion) of females and males are shown in Figure 7. Gonad-
al condition started to increase in November/December 
and exhibited the highest mean values from January to 
May. In June, average gonadal condition decreased and 
then dropped substantially in July/September. The hy-
drographic/biogeochemical model simulation (Fig. 8) 
showed that the start of gonadal maturation in late au-
tumn is associated with the period of decreasing SST and 
increasing Chl-α (i.e., start of the mixing period). The 
period of June-October is characterized by the highest 
SSTs (>23oC) and decreasing mesozooplankton avail-
ability. The mean mesozooplankton concentration starts 
to increase in January, peaks in March-April, i.e. approx-
imately one month after the Chl-α bloom, and then starts 
to decrease.

Somatic condition showed an overall increasing trend 
from winter to July, which appeared to be followed by 
an opposite, decreasing trend, especially in females. The 
somatic condition of females reached the lowest levels in 
December - January, i.e. at the beginning of the annual 
spawning period. In both males and females, a peak in 
somatic condition occurred in July, i.e. immediately after 
the end of the annual spawning period (Fig. 7). 

Fig. 6: Numerical fraction (i.e. number of oocytes -on- total 
number of oocytes >250µm) and maximum oocyte diameter of 
the advanced batch (AB) and the subsequent batch (SB). The 
SB is considered to include oocytes >500 µm, not contained 
within the AB. The number of oocytes in the AB was counted 
only in females with a fully developed size gap in the respec-
tive OSFDs. Error bars are standard errors and data labels are 
average values.

Table 3. Gonadal and somatic condition of female and male Etrumeus golanii. Results of the final general linear models with go-
nad weight (GW) and gonad-free weight (GFW) as dependent variables. MONTH: month of sampling. YEAR: year of sampling. 
X: GFW or TL for gonadal and somatic condition respectively. Least-square means for the term MONTH are shown in Figure 7.

 females males 

gonadal condition 
log(GW)

somatic condition 
log(GFW)

gonadal condition 
log(GW)

somatic condition 
log(GFW)

Effect F ƞp
2 F ƞp

2 F ƞp
2 F ƞp

2

MONTH 12.08*** 0.264 24.08*** 0.098 211.81*** 0.879 3.25** 0.093
YEAR a 11.252*** 0.410 a A
log(X) 165.81*** 0.354 12204.69*** 0.975 265.60*** 0.503 1793.52*** 0.877

MONTH×YEAR 9.93*** 0.164 5.91** 0.054 a 6.67*** 0.117
MONTH×log(X) 5.47*** 0.140 a a 3.21** 0.092
YEAR×log(X) a a 2.97* 0.033 A

adj.-r2 0.934  0.994  0.946  0.995  
ηP

2: Partial-eta squared (proportion of the effect + error variance that is attributable to the effect); a: effect that was left out by the stepwise procedure; *: 
p<0.05, **: p<0.01, ***: p<0.001.
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Batch fecundity

Batch fecundity was measured in all females at final 
maturation (GVM and HYD) and 18 females with old 
POFs caught in March-May (see above), with a fully de-
veloped size gap between the AB and the remaining oo-
cytes (overall n = 71). The comparison of batch fecundity 
-on- gonad-free weight relationships between females 
with old POFs and females in final maturation, for the 
period of March-May (n = 41), revealed homogeneous 
slopes (F = 0.22, p = 0.640) and intercepts (F = 1.52, p = 
0.226) (ANCOVA models). 

The relationships between batch fecundity (BF) and 
gonad-free weight (GFW) or total length (TL) were better 
described by power (log - log) functions (e.g., Fig. 9). 
The overall batch fecundity relationships (pooled sam-
ple) were:

log(BF) = 1.111 × log(GFW) + 1.788, r² = 0.880, and,
log(BF) = 3.497 × log(TL) – 4.229, r² = 0.873.

Analysis of covariance (ANCOVA) models showed 
that the intercepts of the BF -on- GFW relationship dif-

fered significantly between months (slopes: F = 0.93, p 
= 0.45; intercepts: F = 4.72, p = 0.002). Relative batch 
fecundity (RF = BF / GFW) ranged from 56 to 157 eggs 
g-1 and also differed significantly (ANOVA, F = 5.46, p 
< 0.001) between the sampling months (Table 4). These 
monthly changes in BF and RF appeared to follow close-
ly the mean simulated mesozooplankton concentration 
(Fig. 8). 

Fig. 7: Monthly least-square means of female and male gonadal and somatic condition. Error bars are standard errors. GW: gonad 
weight (g). GFW: gonad-free weight (g).

Fig. 8: Model-simulated sea-surface temperature (SST) and chlorophyll α (Chlα) (left panel) and mesozooplankton concentration 
(0-100 m) (right panel) in the period 2016-2019. Mean monthly relative batch fecundity of Etrumeus golanii is also plotted (right 
panel). Error bars are standard errors for fecundity and standard deviations for modelled variables. 

Table 4. Mean relative batch fecundity (RF = BF / GFW). N 
= number of females. a < b: homogeneous groups (Bonferroni 
tests). 

Month N RF (eggs g-1)

feb 16 92a

mar 3 114a,b

apr 13 118b

may 25 100a,b

jun 14 86a

Total 71 99
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Discussion

There are currently eight recognized species of ge-
nus Etrumeus Bleeker 1853, distributed globally in shelf 
waters between 40°N and 40°S (DiBattista et al., 2012; 
2014; Randal & DiBattista, 2012; Whitehead, 1985). 
They were formerly known as a single species, Etrumeus 
teres (DeKay, 1842). Although information on their re-
productive biology is scarce, existing studies suggest that 
they present many similarities, particularly with regard to 
the timing of the main spawning period (winter-spring), 
fecundity type (indeterminate), and egg size (larger eggs 
compared to other clupeoids with pelagic eggs). 

Spawning period 

In this study, E. golanii is shown to have a prolonged 
breeding season with the main spawning activity ex-
tending from January to May. During these months, the 
incidence of atresia was nil and all females examined 
histologically had markers of recent (POFs) and/or im-
minent spawning (oocytes in final maturation). Gonadal 
condition started to increase in November/December and 
remained high until early summer (June). Most females 
in November/December were at the CA stage (start of 
secondary growth phase), with even occasional incidence 
of vitellogenic individuals. The first appearance of post-
spawning females (with mass follicular atresia) was ob-
served in June. In July, gonadal condition dropped sub-
stantially and all females examined were in postspawning 
(atretic) or resting condition. In the Egyptian Mediterra-
nean Sea, Osman et al. (2011) also found that this species 
exhibited a prolonged spawning season, starting in De-
cember and ending in early summer. In the latter study, 
spent (post-spawning) fish were only recorded in summer 
(June, July and August). Similar results have been report-
ed by El-Sayed (1996, cited in Osman et al., [2011]) for 
E. golanii in the Gulf of Suez (Red Sea).

In general, it appears that the main spawning period 
of Etrumeus species is between winter and late spring. 

Spawning of the east African round herring Etrumeus won-
gratanai DiBattista, Bowen & Randall  2012 takes place 
from the onset of austral winter to early summer (Vorsatz 
et al., 2019). The peak spawning period of the Whitehe-
ad’s (West African) round herring Etrumeus whiteheadi 
Wongratana 1983 occurs from August to October (austral 
winter/spring) and spawning takes place over a prolonged 
season (Roel & Melo, 1990). Off southern Japan (Plaza 
et al., 2007), mature and recently spawned females Etru-
meus micropus (Temminck & Schlegel 1846) occurred 
all year round, except for summer. Spawning stopped in 
July and August and peaked in winter and spring. In the 
Gulf of Mexico, the main spawning period of Etrumeus 
sadina (Mitchill 1814) is between winter and late spring 
(Fahay, 1983; Shaw & Drullinger, 1990). 

Pattern of oocyte development

This study confirms that E. golanii is a multiple 
spawning fish with indeterminate annual fecundity. This 
appears to be true for all species of the genus Etrumeus 
that have been studied so far using ovarian histology and 
analysis of OSFDs (i.e. African & West Pacific species: 
Roel & Melo, 1990; Plaza et al., 2007; Osman et al., 
2011; Nyuji & Takasuka, 2017). Apart from the protract-
ed spawning season (see above), the co-occurrence of all 
stages of oocyte development in the ovaries of actively 
spawning fish, the incidence of markers of either recent 
or imminent spawning, all along the protracted spawn-
ing period, and the massive atresia observed towards the 
end of the spawning season, are all strong indications of 
indeterminate annual fecundity (Murua & Saborido-Rey, 
2003; Armstrong & Witthames, 2012). 

The detailed analysis of oocyte sizes carried out for 
this study shows that, during the final maturation of the 
advanced batch (AB), a new batch (SB) starts to recruit 
rapidly to sizes >500 µm and, after the release of the AB, 
grows quickly in size, separates from the smaller oocytes 
and becomes the new AB. Eighteen (18) out of the 19 
examined females with old POFs (95%), had an already 

Fig. 9: Batch fecundity (BF) -on- size relationships. Left: The BF -on- Gonad free weight (GFW) for Etrumeus golanii off Crete. 
Right: The BF -on- Total length relationships for different Etrumeus stocks/species (E. golanii: present study, Osman et al., [2011]. 
E. micropus: Nyuji & Takasuka, [2017]).
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developed size gap between the AB (consisting of the 
larger VTO oocytes) and the remaining, smaller oocytes. 
The growth of these smaller oocytes (SB) to sizes >500 
µm appeared to be very slow and practically stopped until 
the hydration of the AB. Maximum diameters of oocytes 
in the SB were steadily smaller than 630 µm up to the re-
lease of the AB. These findings are consistent with those 
reported for E. micropus off southern Japan (Plaza et al., 
2007; Nyuji & Takasuka, 2017). Plaza et al. (2007) ob-
served that while oocytes in the AB were growing to mat-
uration, the development and growth of the SB, “mainly 
composed of CA stage oocytes”, stopped. When hydra-
tion started in the AB, the CA oocytes of the SB entered 
into true vitellogenesis, resulting in bimodal size frequen-
cy distributions of smaller (non-hydrated) oocytes. Nyuji 
& Takasuka (2017) found that the maximum diameter of 
oocytes in the SB was 449.1 ± 29.8 μm at the early GVM 
stage and 494.3 ± 31.9 μm at the HYD stage. These val-
ues are lower than those found in this study (~630 µm) and 
can be attributed to a temperature effect on oocyte growth 
rate (Yoneda et al., 2014; Somarakis et al., 2019). Female 
E. golanii examined here were collected in spring (mainly 
April - May) at a mean SST of about 20o C (see Fig. 8) 
whereas Nyuji & Takasuka (2017) analyzed fish collected 
in February, at water temperatures of about 17o C.

Somatic condition

Monthly changes in somatic condition of E. golanii 
were low, albeit significant, showing a prominent peak in 
July, i.e. immediately after the end of the annual spawn-
ing period. A similar peak has been observed for the same 
species in the Egyptian Mediterranean Sea (Farrag et al., 
2014). It may be attributed to the cessation of spawning 
activity, combined with an increased consumption of 
high energy prey such as fish larvae, especially anchovy 
Engraulis encrasicolus and round sardinella Sardinella 
aurita larvae, which are particularly abundant in the east-
ern Mediterranean during July (Tsoukali et al., 2019; and 
references therein). Indeed, Osman et al. (2013) observed 
that the diet of E. golanii included high quantities of fish 
larvae in summer, which these authors attributed to their 
increased abundance at that time of the year. High con-
sumption of fish larvae in summer has also been report-
ed for E. wongratanai off the east coast of South Africa 
(Vorsatz et al., 2019).

The seasonal patterns in somatic condition inferred 
from this study should be treated with caution due to the 
opportunistic nature of sample collection. In the GLM for 
females, the effect of ΥΕΑR accounted for a high amount 
of variability, implying high interannual differences (see 
results). In plots of monthly averages, an overall increas-
ing trend was noted from winter to July, which appeared 
to be followed by an opposite, decreasing trend, especial-
ly in females. Similarly, in E. wongratanai off South Af-
rica, the lowest somatic condition was observed between 
April and August (austral autumn to winter) and the con-
dition increased between September and January (spring 
to summer) (Vorsatz et al., 2019). In the latter study, high 

interannual variability was also observed, occasionally 
masking the usual seasonal pattern. Off southern Japan, 
the somatic condition of E. micropus peaked from sum-
mer to mid-autumn (Plaza et al., 2007), which contradicts 
our observations, namely, that somatic condition of E. go-
lanii deteriorates from summer to autumn.   

The phase of increasing somatic condition inferred 
from this study matches the timing of the breeding sea-
son, which starts during the winter mixing period and 
subsequently includes the period of increased mesozo-
oplankton concentration and increasing SST (Fig. 8). 
This suggests that E. golanii exploits the increased food 
resources associated with the annual plankton cycle to 
acquire energy for both the soma and egg production. 
It therefore appears to be closer to the income breeding 
mode (McBride et al., 2015; Somarakis et al., 2019).

The deterioration of body condition observed from 
summer to autumn can be attributed to the combined ef-
fect of low prey availability and high temperature. High 
subsurface temperatures encountered in the eastern Med-
iterranean during the stratified period can often be stress-
ful leading to reduced plankton consumption compared to 
winter (Nikolioudakis et al., 2011; 2014). Furthermore, 
high temperatures increase maintenance costs substan-
tially (respiration, etc) in a period when prey availability 
for small pelagic fish is, in any case, low (Gkanasos et 
al., 2019). In the latter study, field data and bioenergetic 
modelling showed that, in the Aegean Sea, both anchovy 
(Engraulis encrasicolus) and sardine (Sardina pilchar-
dus) increase their energy reserves from winter to early 
summer, but, from mid-summer onwards, their somatic 
condition declines sharply, which agrees with the present 
observations for E. golanii.  

Batch fecundity

The generic hydrodynamic/biogeochemical ecosys-
tem model implemented in this study has been shown 
(see also Supplementary material) to reasonably repro-
duce the seasonal variability of the main biogeochemical 
and planktonic features of the Mediterranean ecosystem, 
as influenced by the seasonal variability of the thermo-
cline and vertical mixing in the water column (Kalaro-
ni et al., 2020a,b). According to the model simulation 
(Fig. S2, Fig. 8), the Chl-α bloom occurs in February/
March and is followed by a mesozooplankton maxi-
mum, after approximately one month. This is in agree-
ment with available time series of in situ data showing 
that the seasonal mesozooplankton and copepod peak 
in the Mediterranean Sea succeeds the Chl-α maximum 
with a time lag of approximately 1-2 months (Berline et 
al., 2012; Fullgrabe et al., 2020). We found significant 
monthly changes in average batch fecundity of E. golanii 
off the coasts of Crete, which appeared to follow close-
ly the simulated mean mesozooplankton concentration, 
presumably with a time lag of about one month (Fig. 8). 
This observation implies a trophic influence on fecundity 
variations of E. golanii. Batch fecundity is highly varia-
ble within a small pelagic species and may vary during 
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the spawning season (Ganias et al., 2014b). In general, it 
is higher during peak spawning and lower near the start 
and end of the reproductive period (e.g., in sprat, Alheit 
[1989]; Japanese anchovy, Tsuruta & Hirose [1989]; 
Bay anchovy, Luo & Musick [1991]; European sardine, 
Zwolinski et al., [2001]). In many species, batch fecun-
dity appears to be sensitive to food availability. For ex-
ample, Somarakis (2005) found significantly higher egg 
production, batch fecundity and spawning frequency for 
anchovy E. encrasicolus in the North Aegean Sea in June 
1993, compared to June 1995, which was attributed to 
significantly higher mesozooplankton concentration in 
1993. Milton et al. (1995) found that batch fecundity in 
several tropical clupeoids was positively correlated with 
zooplankton density. 

Finally, average batch fecundity estimates for E. go-
lanii off the coasts of Crete were lower than those along 
the Egyptian Mediterranean coasts (Osman et al., 2011) 
or estimates for E. micropus off southern Japan (Nyuji 
& Takasuka, 2017) (Fig. 9). This difference can also be 
explained in terms of food availability. In the Egyptian 
Mediterranean Sea, large increases in fertilizer applica-
tion and sewage discharge in Egypt since the mid-1980s 
have resulted in rapid increases in nutrient loading and a 
dramatic recovery of the highly productive coastal Medi-
terranean fishery off the Nile River delta, which had col-
lapsed after the completion of the Aswan High Dam in 
1965 (Oczkowski et al., 2009). 

Compared to other clupeoid fishes with pelagic eggs, 
species of the genus Etrumeus appear to have lower rela-
tive fecundities and larger egg size. For example, the di-
ameters of hydrated oocytes in the Mediterranean sardine 
S. pilchardus ranged between 750 and 1000 µm and rel-
ative batch fecundity was >300 eggs g-1 during the peak 
of the spawning season (Ganias et al., 2004). In contrast, 
mean oocyte diameters of E. golanii hydrated oocytes 
ranged between 1181 and 1325 µm (see also Plaza et al. 
[2007]) and average RF was about 100 eggs g-1 during 
peak spawning period. 

E. golanii is the only Lessepsian small pelagic fish 
that expanded so rapidly from the eastern to the western 
Mediterranean and established local populations in many 
areas of the oligotrophic southern Mediterranean Sea. It 
can therefore be considered as a successful invader. This 
seems to be due, at least in part, to its reproductive char-
acteristics, namely, the prolonged, winter/spring spawn-
ing period that takes advantage of the seasonal cycle of 
plankton production, as influenced by the seasonal vari-
ability of the thermocline and vertical mixing in the water 
column, and its large egg size that increases the chances 
of survival for developing embryos and larvae (Houde, 
2009). The pattern of oocyte development demonstrated 
for Etrumeus (in which the secondary growth of the SB 
is practically arrested until spawning of the AB) and the 
low relative batch fecundities can be considered as adap-
tations allowing for the production of successive batches 
of large pelagic eggs over a protracted spawning season 
(Plaza et al., 2007).  
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Supplementary data 

The following supplementary information is available online for the article: 
A. Length-frequency distributions of Etrumeus golanii sampled in Crete
Fig. S1: Length frequency distributions of fish collected by the different gears. OTB: bottom trawl. PS: purse seine. 
PT: pelagic trawl. SB: beach seine. GTR: trammel net. 
B. Macroscopic maturity stages
Table S1. Etrumeus golanii. Descriptions of macroscopic maturity stages adopted for Etrumeus golanni. 
C. Simulation of the hydrodynamic-biogeochemical model
Fig. S2: Time series (2016-2019) of monthly mean SST and Chl-α (satellite and model-simulated). The lower panel 
shows the model simulated mesozooplankton concentration.
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