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ABSTRACT

In order to investigate the larval population structure,
specimens of Engraulis encrasicolus larvae from five dif-
ferent locations in the Strait of Sicily were analyzed by
means of otolith readings, morphometric and genetic
techniques. The distribution of age in day, identified
by means of the otolith readings and associated with
the oceanographic parameters, was useful to identify
possible spawning areas and transport dynamics. The
presence of more than one spawning area suggested
the possibility that two or more sub-populations may
co-exist in the study area. The morphometric charac-
teristics were more adequate than genetic parameters
to discriminate the different larval groups. The most
relevant variables for the separation were the mouth
length (ML) and the body diameter (BD). The popula-
tion structure by means of genetic data reported the
presence of two phylogroups co-occurring among sam-
ples in each sampling locations specimens. The pat-
tern of genetic divergence among anchovy larvae in
the Strait of Sicily was congruent with previous studies

conducted on adult populations present in other Medi-
terranean areas with different molecular markers. The
habitat-specific nature of the morphological variation
and the lack of corresponding genetic variation among
larvae from the different locations suggested that the
observed differences in morphology could be linked to
environmental parameters. The body form differences
among different larvae samples could reflect the nutri-
tional status of larvae. In fact, these differences were
found among anchovy larvae collected in areas with
different oxygen and fluorescence, which is an index
of primary productivity and is linked to the availability
of food for anchovy larvae.
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INTRODUCTION

Identification of fish population structure is a general
issue for both ecological and evolutionary contexts as
well as for conservation and management of species.
Information about space-temporal configuration of dis-
tinct groups of individuals of the same species supports
the study of population connectivity and, therefore,
helps the recognition of population structure. In
recent years, it was demonstrated that detailed and
valid knowledge of population connectivity is crucial
for population structure analysis of marine organisms,
and in the case of financially important species it is an
important requirement for spatial management of fish-
eries (Armsworth, 2002; Fogarty et al., 2003; Botsford
and Hastings, 2006). Traditionally in the case of fish-
ery species, as reported by Cadrin et al. (2004), the
stock identification model assumes that the population
is well mixed throughout the management area and
the spatial management units are defined on the basis
of genetic structure, differences in morphological and
demographic characteristics, fishing patterns, and/or
movement and dispersal patterns of individual species.
In the particular case of species of small pelagic fish,
their populations tend to be distributed in wide geo-
graphic areas, where oceanographic features directly
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influence the population size; the interplay between
oceanographic features and fishery exploitation results
is very complex and causes large interannual and inter-
decadal variations of abundance as well as fishing col-
lapse (Bakun and Parrish, 1982, 1991).

One important and well-studied small pelagic fish
in the Mediterranean Sea is the European anchovy,
Engraulis encrasicolus; it is widely distributed in the
Eastern Atlantic and in the Mediterranean Sea
(Whitehead et al., 1988; Palomera and Rubies, 1996).
As with other short pelagic species, the European
anchovy is very sensitive to its physical environment
(Guisande et al., 2004; Basilone et al., 2006); environ-
mental features were demonstrated to be strictly linked
to early life stage survival as well as to recruitment suc-
cess/failure (Cingolani et al., 1996). Vasconcellos and
Castello (1996) hypothesized that early life stage sur-
vival is linked to trophic availability, advection and
absence of predation; in this regard Bakun and Parrish
(1991) suggested that water column stability, horizon-
tal transport, water temperature, advection and the
dispersion phenomenon directly affect the larval sur-
vival. In addition, recruitment success of anchovy
depends on nutrient enrichment, water turbulence,
egg and larvae retention in the nursery area (Bakun
and Parrish, 1991; Dul�ci�c, 1995; Borja et al., 1998).

The European anchovy (E. encrasicolus) represents
an important fishery resource for the Mediterranean
sea, where it is caught by purse seiners and also
by midwater pair trawlers (Patti et al., 2010). In some
areas, it is subject to an intense fishing pressure (Mor-
ello and Arneri, 2009) and the population size showed
fluctuations and collapses probably because of overfish-
ing coupled with low recruitment level owing to
adverse oceanographic conditions (Dul�ci�c, 1995;
Santojanni et al., 2003).

The population structure of the European anchovy
has been widely studied in the Mediterranean sea by
means of growth parameter (Levi et al., 1994), mor-
phological/morphometric variations (Shevchenko,
1980; Tudela, 1999; Caneco et al., 2004; Traina et al.,
2011) and acoustic data (Patti et al., 2004; Bonanno
et al., 2005; D’Elia et al., 2009); the major role of
environmental conditions on anchovy population
structure has been demonstrated (DeVries and Frie,
1996). Growth is affected by temperature (Pauly,
1980), whereas fish production, which is partly deter-
mined by growth, is mainly controlled by primary pro-
duction (Iverson, 1990).

The population structure of the European anchovy
was also investigated by means of different molecular
markers; in the Atlantic Ocean and the Mediterra-
nean basin, most of the authors supported the presence

of two co-occurring phylads resolved with different
class of molecular markers (mtDNA, microsatellites,
SNP and nuclear intron) and with different phylad
proportions (Grant, 1985; Magoulas et al., 1996, 2006;
Borsa et al., 2004; Zarraonaindia et al., 2012).

Unfortunately until now no paper has taken in con-
sideration population structure in the Strait of Sicily,
but even despite this, it can be considered a key zone in
the basin for population structure. This area is charac-
terized by a very complex sea circulation that can
strongly influence the spawning strategy and the
recruitment success of many fish species (Fortibuoni
et al., 2010; Garofalo et al., 2010) and, in particular, of
the European anchovy (Cuttitta et al., 2006). Garc�ıa
Lafuente et al. (2002) and Cuttitta et al. (2003) inves-
tigated the relationship between the physical processes
mentioned by Agostini and Bakun (2002), such as
enrichment, concentration and retention present in the
Strait of Sicily, and larval population, which yield
favorable conditions for the survival of anchovy larvae
in the Strait of Sicily. Cuttitta et al. (2003) and more
recently Basilone et al. (2013) observed the presence of
more than one spawning area in the northern part of
the Strait of Sicily, suggesting the possibility that two
or more sub-populations may exist in the study area.
Moreover, although Garc�ıa Lafuente et al. (2002) iden-
tified the Strait of Sicily as one of the main spawning
areas of anchovies, larval population size showed inter-
annual fluctuations that can affect the biomass of the
adult stock (Patti et al., 2004).

According to previous studies it seems that meso-
scale processes influence the early life stage directly
through favourable environmental conditions for lar-
val survival and mixing of demes after spawning and
so, indirectly, the population structure of adults and
the presence of different units.

The aim of the present study was to investigate the
population connectivity of E. encrasicolus by studying
the early life stage using an integrated approach, com-
prising morphometric variation, growth and mtDNA
sequence analysis in the Strait of Sicily. The use of
genetic analysis may account for the hypothetical pres-
ence of different unit and the morphometric parame-
ters and the larval otolith readings can be a good tool
for the evaluation of larval survival and thus the subse-
quent recruitment in relation to environmental vari-
ability (R�e, 1986; Diaz et al., 2009).

MATERIALS ANDMETHODS

Study area

The Strait of Sicily plays a crucial role in determining
the water mass exchanges and related properties
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between western and eastern Mediterranean. The
highly irregular bottom topography of the Sicilian
Channel, in the form of a submarine ridge character-
ized by shallow banks along the Tunisian (Galite and
Skerki banks) and Sicilian (Adventure Bank and
Malta Channel area) coasts, limits the water flow par-
ticularly at deeper levels (Gasparini et al., 2005; Sor-
gente et al., 2011). An anti-estuarine circulation is
mainly characterized by a two-layer system: a surface
layer composed of Atlantic Water (AW) flowing east-
ward, essentially dominated by mesoscale processes,
and an intermediate layer composed of Levantine
Intermediate Water (LIW) and transitional Eastern
Mediterranean Deep Water (tEMDW) flowing in the
opposite direction. Two main veins of the AW are
known to flow in the Strait of Sicily: the Atlantic
Tunisian Current (ATC – Sammari et al., 1999) in
the south along the African coast and the Atlantic
Ionian Stream (AIS – Robinson et al., 1999) in the
north along the Sicilian coast. The core of Atlantic
water mass below the surface layer is identified by the
salinity minimum (Robinson et al., 1999). In the AIS,
an important spatial variability exists in terms of
shape, position and strength of permanent or quasi-
permanent sub-basin gyres and their unstable lobes,
meanders patterns, bifurcation structures and strength
of permanent jets, transient eddies and filaments (Rob-
inson et al., 1999; Sorgente et al., 2011). AIS and
ATC are considered as quasi-permanent or permanent
features of the area (B�eranger et al., 2004; Sorgente
et al., 2011).

Survey and Sampling

Chemical and physical data and ichtyoplankton sam-
ples used in the present study were collected during an
oceanographic survey on board the O/V Urania, car-
ried out from 25 June to 14 July 2010 in the Strait of
Sicily. The sampling scheme was based on a station
grid of 4 9 4 nautical miles in sea zones closer over
the continental shelf, whereas a grid of 12 9 12 nauti-
cal miles was adopted for the off-shore areas (Fig. 1).

Temperature, salinity, dissolved oxygen and fluores-
cence data were acquired by means of a conductivity/
temperature/depth (CTD) probe (Sea-Bird Inc mod.
9/11 plus) for each meter of the water column at each
sampling station. The collected downcast data were
quality checked and processed according to the Medi-
terranean and Ocean Data Base instructions (Brank-
art, 1994), using the Seasoft-Win32 software.

At each station, ichthyoplankton samples were col-
lected by means of a Bongo40 net, which is composed
of two coupled nets with the inlet mouth diameter of
40 cm and mesh size of 200 lm. The plankton oblique

tows were carried out to a depth of 100 m, wherever
possible. The zooplanktonic samples were stored in
formaldeid at 4% buffered with borax (for morphomet-
ric analysis) and 70% ethanol (for otholits reading and
genetic analysis). The ichtyoplanktonic species were
observed by stereomicroscope for the taxonomic
analysis.

A total of 3114 eggs (Fig. 1a) and 3036 larval
(Fig. 1b) individuals from various locations in the
survey area were collected. The entire study area was
divided into six areas: three areas within the bathym-
etry of 200 m (Area 1 off the western coast until
Sciacca; Area 2 off the central coast until Pozzallo;
and Area 3 in the eastern part of the study area off
Capo Passero), two areas at a bottom depth over
200 m (Area 4 in the Ionian waters and Area 5 in
the deeper areas of the Strait of Sicily) and Malta
islands waters. When the number of larvae was very
low for the analysis, the areas were grouped together
or not considered.

Morphometric analysis

In order to characterize the anchovy larvae from the
dimensional point of view and to assess morphological
differences among individuals from different areas, we
used multivariate morphometric analysis (Blackith
and Reyment, 1971). In accordance with Erdo�gan
et al. (2009), the larvae were individually placed in
the binocular stereo microscope and photographed.
Morphometric parameters were acquired by software
Image Pro Plus 6.0 (Image Cybernetics, RoperIndus-
tries, SilverSpring, MD, USA; image analysis and pro-
cessing): total length (TL), standard length (SL), body
diameter (BD), head length (HL), eye diameter (ED)
and mouth length (ML) (Diaz et al., 2009).

In order to obtain a set of measures, which are bet-
ter correlated among them and to increase the accu-
racy of the study, it was also considered appropriate to
add another morphometric measure characteristic of
the species, the anal length (AL: distance from the
extreme front end of the upper jaw of the digestive
tract).

These measures were normalized using the proce-
dure presented by Thorpe (1975) and generalized by
Lleonart et al. (2000), to remove the allometric effect
of the TL on the other parameters: it completely
removes all the information related to size, scaling all
individuals to the mean size and adjusting their shape
to that they would have in the new size.

The univariate Permutational Multivariate Analy-
sis of Variance (PERMANOVA) was used on stan-
dardized morphometric variables to test if the
differences observed among the various areas were
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significant. All PERMANOVA analyzes used 999
permutations. When differences were detected, addi-
tional pairwise tests were conducted using permuta-
tional t-tests with 999 permutations as in the main
test.

Multivariate discrimination was examined in order
to verify if the morphometric variables can discrimi-
nate among areas. Levene’s test revealed homoscedas-
ticity in multivariate variance and covariance
matrices, therefore, a quadratic discriminant analysis
was performed rather than the simpler linear discrimi-
nant analysis. A backwards stepwise approach was
adopted to eliminate the variables that contributed
least to the prediction of group membership. The
resultant discriminant functions were used to classify
larvae into groups and then to compare them with the
selected geographic areas. The expected error rates of
the classification functions were estimated using cross-
validation by the leaving-one-out procedure (Fung,
1996).

All statistical analyzes were carried out using the
statistical software R 3.1.0.

Daily growth analysis

A total amount of 123 larval otoliths (sagittae) were
analyzed in order to identify age class structure of
anchovy larvae from band width, corresponding to
daily growth. The larvae were immersed into a drop of
water on a glass slid, and microneedles extracted the
otoliths before the cutting of the otic capsules. After-
wards, they were located on a glass slide and fixed with
fast drying transparent resin (Entellanr). Each pair of
sagittae was observed under the optical microscope in

order to count the increments, starting from the core
outwards, representing the larval age expressed in days
(R�e, 1986).

Genetic analyzes DNA extraction, PCR amplification and
sequencing mtDNA control region

Genomic DNA was extracted from larval fish tissue
using the DNeasy tissue kit (Qiagen, Milan, Italy),
according to the manufacturer’s instructions. PCR
primers (ENG_FW: 50 TTCTAAAGTTAAACTAC
CCTCT; ENG_REV1: 50-TTAAGTGAACGCTCG
GCATGG-30) specific to European anchovies were
designed from the species’ complete mtDNA sequence
to amplify a 608-bp segment of the mitochondrial
control region between the Pro-tRNA and the con-
served sequence block D (CSBD). Polymerase chain
reactions were carried out in 50 ll. Each reaction con-
tained 0.5 mM of each primer, 0.2 mM deoxynucleo-
side triphosphate (dNTPs), 1.5 mM MgCl2, 19 PCR
buffer, 1 U of Taq polymerase (Invitrogen, Milan,
Italy) and 50–100 ng of genomic DNA. The PCR con-
ditions were as follows: initial denaturation at 94°C
for 5 min, followed by denaturation at 94°C for 45 s),
annealing at 55°C (45 s) and the extension at 72°C
(1 min) repeated for 35 cycles and by a final extension
at 72°C for 5 min. Negative controls were included in
all PCR runs to ascertain that no cross-contamination
took place. Double-stranded products were checked
in agarose gel electrophoresis and purified with the
Qiaquick PCR purification kit (Qiagen, Venlo, Neth-
erlands) and subsequently sequenced in the forward
and reverse direction using an ABI 137Prism 3100
automated sequencer (Applied Biosystems, Thermo

(a) (b)

Figure 1. Eggs (a) and larval (b) distribution in the study area. The circle dimension is proportional to the density. The cross
indicates the absence of eggs in the haul.
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Scientific, Waltham, USA). All sequences have been
carefully checked and deposited in Genbank.

Sequence data analysis

Sequences were aligned using ClustalX (Thompson
et al., 1997) with default settings and, thereafter, the
sequence alignment was visually rechecked. Genetic
variability was estimated using two parameters: nucle-
otide diversity (p) described as the average number of
nucleotide differences per site between two sequences
(Nei, 1987) and haplotype diversity (h). Substitution
saturation within sequences was tested employing the
entropy-based index of substitution saturation
approach of Xia et al. (2003) calculating the Iss and
Issc values. The phylogenetic reconstruction was
inferred by using the Maximum Likelihood method
based on the Tamura–Nei model (Tamura and Nei,
1993). The robustness of internal branches of distance
was estimated by bootstrapping (Felsenstein, 1985)
with 1000 replicates.

The relationships between mtDNA control region
haplotypes were described with a Minimum Spanning
Network (MSN) as implemented in Arlequin 3.0 (Ex-
coffier et al., 2005). In addition, population differenti-
ation was assessed by a hierarchical analysis of
molecular variance (AMOVA), using Arlequin 3.0 for
the clustering of samples according to their geographic
location. This analysis allowed us to verify the parti-
tioning of genetic variation among and within popula-
tions, this reported the correspondent fixation indices:
ΦST (the average within-populations within a group).

Principal coordinates analysis (PCoA) was con-
ducted by GenAlEx 6.1 (Peakall and Smouse, 2006) as
a way of visualizing the patterns of the genetic rela-
tionship contained in a genetic distance matrix as cal-
culated for haploid data. Furthermore, larvae
sequences from the Strait of Sicily were compared with
adults sequences from the Mediterranean sea deposited
in GenBank by Vi~nas et al. (2014) (Accession Num-
ber from HQ215598 to HQ215748 and JQ595010 to
JQ595270). Phylogenetic relationships among larvae
and adult sequences in the Mediterranean sea were
inferred using the Maximum Likelihood method based
on the Tamura–Nei model (Tamura and Nei, 1993)
with MEGA software. The robustness of internal
branches of distance was estimated by bootstrapping
(Felsenstein, 1985) with 1000 replicates.

RESULTS

Surface water hydrology

The use of the hS diagram allowed us to discriminate
the AW from the Ionian Water IW in the Strait of

Sicily (Fig. 2a). A clear signal of the AW was recorded
in the west stations of the study area between 12–14°E
and 36.5–37.5°N, whereas the IW was present over
the 15°E (Fig. 2a). A water layer with intermediate
characteristics between the AW and IW was present
between 14 and 15°E. The AW were characterized by
a range of temperature, salinity and density of 15–
19°C, 37.05–37.8, 27–28.5 kg m�3, respectively,
whereas the IW were slightly warmer and saltier
(Fig. 2a). The core of the AIS path (Robinson et al.,
1999) was defined by connecting the points of mini-
mum salinity at each transect perpendicular to the
coast, which allowed us to define the thermohaline
properties of the particular AW vein (Fig. 2a).

The interpretation of the density interfaces (not
shown) in the study period showed the presence of a
cyclonic structure that affected the surface layer posi-
tioned between 12–13°E and at about 37°N. Such an
anti-cyclonic structure probably adjoined the AW off
the Sicilian coast, constraining the entry of AIS along
the coast. On the contrary, the presence of anticy-
clonic circulation located in the eastern part of the
Sicilian coast (14–15°E; 36°N) supported the spread of
the AIS vein off the southern Sicilian coast.

The horizontal salinity patterns (Fig. 2b) showed
the presence of a thermohaline front to the east of the
Strait of Sicily (15°E), considered as a sort of physical
barrier to the surface circulation dynamics as reported
by Garc�ıa Lafuente et al. (2005).

Moreover, the horizontal temperature and fluores-
cence patterns (Fig. 2b) indicated the presence of
upwelling localized off the Sicilian coast (37.5°E;
12.5°N), as well as previously reported for instance by
Garc�ıa Lafuente et al. (2005), Basilone et al. (2013)
and Bonanno et al. (2013). Specifically, the upwelling
area was characterized by lower values of temperature
and higher values of salinity, oxygen and fluorescence
than the surrounding areas (Fig. 2b).

Morphometry

The morphometric parameters were measured for 43
Maltese and 435 Sicilian larval specimens (50 in area
1, 5 in area 2, 309 in area 3, 49 in area 4 and 22 in area
5).

The box plots provided information about the dif-
ferences among the distributions of the normalized
morphometric parameters in the different areas
(Fig. 3).

PERMANOVA showed that there were significant
differences in larval morphometry among the different
areas (F = 6.2218; P-value < 0.001). Particularly, the
univariate analyzes tested that the larvae significantly
differed in terms of ML (F = 20.52; P-value < 0.0101),
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BD (F = 9.5287; P-value < 0.001) and ED (F = 2.7117;
P-value = 0.03).

The pairwise comparisons explained that the values
of ML distinguished three groups of larvae (areas 1–3;
areas 4 and 5; area Malta). Areas 1 and 2 differed from
area 3 in terms of BD, as well as area 4 from area 5.
The BD values of larvae from Malta were significantly
different from areas 4 and 5. Only areas 3 and 4 dif-
fered in terms of ED (Table 1).

The stepwise quadratic discriminant analysis
revealed that the variables that mostly significantly
contributed to the multivariate discrimination of the
different areas were ML and then BD. The total

correct classification rate estimated from the cross-val-
idation procedure was 0.433. The correct classification
rates ranged from about 0.42 to about 0.54 (Table 2).
The classification of larvae from area 3 was the most
confused.

The larvae from areas 1 and 2 were discriminated
by lower values of ML and BD. The larvae from area 3
had no distinguishing characteristics compared with
the other areas. The larvae from area 4 showed higher
values of both variables. The larvae from area 5 had
higher ML values and lower BD. The larvae from
Malta were mainly discriminated by higher values of
ML (Fig. 4).
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Figure 2. (a) hS diagram of the conductivity/temperature/depth (CTD) casts acquired in the surface water of the Strait of Sicily.
(b) Isosurfaces of environmental parameters at the top and 20 meters of depth.
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Otholits

The distribution of age in day seems to be different
among areas. The 20 larvae from area 1 and 13 larvae
from area 2 exclusively belonged to the lower age clas-
ses (2 and 3 days). In contrast, in zones 4 and 5 only
larvae older than 4 days were found. Area 3 and Malta
showed a wider range of age classes (Fig. 5).

MtDNA

A 608-bp portion of the mitochondrial control region
was sequenced in 74 individuals of anchovy from the
Strait of Sicily (areas 1–3 and 5) and from the Maltese
coast. The base composition showed an A-T bias
(A+T content = 0.66), as usual for this mitochondrial
region. A total of 51 nucleotide sites were found vari-
able, of which 46 positions were parsimony informa-
tive. Saturation analysis showed that the
mitochondrial control region data set bears little sub-
stitution saturation (the observed Iss values were sig-
nificantly lower than Iss.c); thus, our data could be
appropriate for our purposes. The analysis of all inves-
tigated sequences led to the identification of a total of
35 distinct mtDNA haplotypes with a frequency rang-
ing from 0.027 to 0.216. The highest frequency haplo-
type is shared among three Sicilian sites. Notably, all
other haplotypes resulted in either a unique or shared
between two specimens of the same sampling sites.

The genetic variation within each population was
described by the haplotype diversity (h) and nucleo-
tide diversity (p) indices. Overall values for (h) and
(p) were 0.944 and 0.025 respectively; considering the
single populations the haplotypes diversity ranged
from 0.860 (area 3) to 0.962 (area 5), meanwhile
nucleotide diversity ranged from 0.017 (Malta) to
0.024 (area 5) (Table 3).

The phylogenetic tree constructed with the Maxi-
mum Likelihood method (Fig. 6) revealed the

Figure 3. Box plots of normalized morphometric parameters among different areas. The bottom and top of the boxes are the first
and third quartiles. The band inside the box is the median. The bottom and top of the whiskers are minimum and maximum.

Table 1. P-value of the pair-wise tests using permutational
t-tests of normalized mouth length (ML), body diameter
(BD) and eye diameter (ED) among areas. Bold text indi-
cates that the difference is significant (P-value < 0.05).

Area 1–2 3 4 5 Malta

ML 1–2 1
3 0.784 1
4 0.012 0.002 1
5 0.012 0.002 0.463 1
Malta 0.002 0.002 0.002 0.012 1

BD 1–2 1
3 0.002 1
4 0.002 0.071 1
5 0.283 0.002 0.002 1
Malta 0.075 0.221 0.010 0.008 1

ED 1–2 1
3 0.910 1
4 0.213 0.020 1
5 0.763 0.595 0.595 1
Malta 0.910 0.910 0.085 0.595 1
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presence of two well-defined clades A and B including
both specimens from Sicilian areas and Maltese
waters.

In order to investigate where the genetic variation
was mainly distributed, among or within a population,
in a hierarchical analysis of molecular variance
(AMOVA) clustering samples according to their geo-
graphic location was conducted and reported a low but
significant structure among locations with a FST value
of 0.218 (P < 0.001).

Pairwise ΦST values resulted significant in all the
comparisons except between area 1–2 versus area 5,
confirming the genetic heterogeneity of the analysed
samples.

Most of the variance among anchovy larvae was
distributed in the first and second axes (65.23%) of the
PCoA and the graphical pattern of genetic relation-
ships among populations showed the presence of two
different groups; in each group specimens from the
three Sicilian areas and from the Maltese coast were
present (Fig. 7).

The Minimum Spanning Network of the haplo-
types clearly separated the two phylogroups (Fig. 8),
each separated by the other from 17 mutational steps;
the first comprised the most common haplotype shared
among areas 1, 2, area 3 and area 5 and other shared
haplotypes and the second one groups shared and
unique haplotypes from all the sampling areas.

Table 2. Classification matrix by Quadratic Discriminant Analysis applied on normalized morphometric parameters of larvae
from all areas.

Number of larvae classified into estimated groups

Area 1–2 3 4 5 Malta
% correctly
classified

Number of larvae
classified into observed
areas

1–2 24 10 8 6 7 0.436
3 62 130 59 26 32 0.421
4 7 9 22 3 8 0.449
5 3 2 1 12 4 0.545
Malta 6 2 4 12 19 0.442

Figure 4. Scatterplots of the normalized body diameter (BD) values versus normalized mouth length (ML) values for each origin
area. Horizontal and vertical axes correspond to the ML and BD average, respectively.
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Sequence alignment of larvae specimens was inte-
grated with mtDNA control region sequences from
Vi~nas et al. (2014). The alignment of 400 bp from
adults and larvae revealed 105 variable sites, 61 of
which were informative. From the alignment, 250
haplotypes were present distributed in two well-
defined groups as was evident from the Neighbour
Joining tree used to infer phylogenetic relationships
among larvae and adults. The two well-defined clades
grouped specimens from all Mediterranean locations
as in the case of the NJ tree based on larvae sequences.

DISCUSSION

The present study represents the first description of a
larval population structure of European anchovy in

the Strait of Sicily by means of otolith readings,
morphometric and genetic techniques.

Several previous studies (Bembo et al., 1996;
Is�men, 2001; Magoulas et al., 2006; Pollar et al., 2007;
Diaz et al., 2009; Vi~nas et al., 2014) have demon-
strated that these methods represent a useful tool for
studying the population structure of small pelagic spe-
cies such as Engraulis encrasicolus.

In particular, the otoliths reading is a powerful
parameter for the age in days determination of the
larvae, useful to identify possible spawning areas and,
associated with the mesoscale phenomena, their
transport dynamics. The presence of eggs and younger
larvae in the western part of the Sicilian coast could
be interpreted as an indicator of the spawning
grounds for anchovies. These results confirm previous
findings reported in Garc�ıa Lafuente et al. (2002),
Cuttitta et al. (2003, 2006) and Basilone et al.
(2013).

The hydrological analyzes in the study area show
that the distribution of anchovies in early life stages
could highly depend on surface water dynamics
(Garc�ıa Lafuente et al., 2002; Cuttitta et al., 2003;
Sabat�es et al., 2007), which is mainly controlled by
the Atlantic–Ionian Stream (AIS) (Robinson et al.,
1999). In fact, the absence of larvae of the higher age
classes in the western part of the study area off Mazara

Figure 5. Histogram of the frequency distribution of the age classes of larvae for each origin area.

Table 3. Mitochondrial DNA variation summary or the five
samples of E. encrasicolus; (N is number of specimens; H is
number of haplotypes; h haplotype diversity; n nucleotide
diversity).

Area N H h p

1–2 28 12 0.878 0.023
3 17 9 0.860 0.018
5 13 10 0.962 0.024
Malta 16 10 0.925 0.017
Tot 74 35 0.944 0.025
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suggests that the spawning product was transported
into different areas.

Presumably, the main branch of the AIS carried a
large number of larvae towards the south-east end.
The cyclonic structure, close to the coastline between
Mazara and Sciacca, as well as the coastal upwelling,
probably determined the offshore larval transport of a
small number of larvae, which escaped the main
branch of the AIS.

Moreover, the presence of larvae under Sciacca
could be explained by transport from the area off Maz-
ara, owing to the drift by currents parallel to the coast,
highlighted by the colder and slightly less salty inshore
waters.

The presence of eggs and young larvae also in the
eastern area (off Capo Passero) and in the Maltese
waters confirms these were also spawning areas for

anchovies. Older larvae were found in these areas as
well, probably owing to the presence of a thermohaline
front that represented a sort of physical barrier to the
dynamics of surface circulation and gave them charac-
teristics that favored retention processes. Therefore, it
is verified that during the summer of 2010 the
anchovy-spawning habitat in the Strait of Sicily was
primarily inshore and so it could be speculated that it
was related to the bathymetry. Therefore, the observed
distribution pattern confirms that anchovy mainly
spawns over a continental shelf area characterized by
waters with low salinity and high primary and second-
ary production (Garc�ıa and Palomera, 1996; Regner,
1996; Somarakis et al., 2004; Somarakis and Nikoliou-
dakis, 2007).

The presence of more than one spawning area sug-
gests the possibility that two or more sub-populations

Figure 6. Maximum Likelihood tree
based on the Tamura–Nei model [1]. The
tree with the highest log likelihood (–
1507.6763) is shown. The percentage of
trees in which the associated taxa clus-
tered together is shown next to the
branches. Bootstrap values lower than
50% are not reported.
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may co-exist in the study area. In this regard, the mor-
phometric studies provide useful results for identifying
marine fish stocks and describing their spatial
distributions.

A discrete degree of morphometric discrimination
among anchovy larvae samples is also noted, except
for the area off Capo Passero. In fact, the larvae found
in this area are not clearly discriminated from the mor-
phometric parameters, and this could be as a result of

their provenience from different areas of the Strait of
Sicily.

The most useful parameters to discriminate the dif-
ferent larval groups are the length of the mouth and
the body diameter. Statistical tests indicate differences
mainly between samples taken in an area off Mazara
and the offshore areas in the eastern part, character-
ized by the absence of mixing by surface currents.

The area off Capo Passero and the western offshore
areas were characterized by larvae with similar mor-
phometrics to western coastal larvae, confirming the
transport of these larvae by means of the surface cur-
rents. The Maltese larvae seem to have had distin-
guishing features from all other areas.

In spite of the distribution of morphometrical varia-
tion among E. encrasicolus larvae from the Strait of
Sicily, the population structure by means of genetic
data reports the presence of two phylogroups co-occur-
ring among samples; that is, in each sampling locations
specimens belonging to the two philogroups were pres-
ent. This conclusion of differentiation among loca-
tions comes from a different kind of analyzes such as
hierarchical AMOVA in which the fixation index
results are significantly different from zero and the
pairwise ΦST values that result spread different from
zero. Analysis of differentiation based on distance

Figure 7. Principal coordinate analysis (PCoA) plots
obtained from the Nei distance matrix. In the figure the per-
centage of variance explained by the first three axes is also
reported.

Figure 8. Minimum Spanning Network of control region haplotypes detected for Engraulis encrasicolus samples. The area of each
circle is proportional to the number of individuals exhibiting that haplotype. In each line connecting two haplotypes is reported
in the number of mutational steps. Gray: Area 1–2; black: Area 3; white: Area 4; dotted: Malta.
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(PCoA and Minimum Spanning Network) also cor-
roborates the results showing the presence of two
mixed groups in which all the specimens from the
Strait of Sicily were widespread.

Furthermore, comparative analyzes of the mtDNA
control region of larvae from the Strait of Sicily and
adults from the Mediterranean waters (Alboran sea, Gulf
of Lyons, Tyrrhenian sea, Adriatic sea and Aegean sea;
Vi~nas et al., 2014) indicate that the two larvae phylo-
groups correspond to the two phylogroups of the adults.

The pattern of genetic divergence among E. encra-
sicolus larvae in the Strait of Sicily is congruent with a
previous study conducted on adult populations present
in other Mediterranean areas with different molecular
markers (allozymes Tudela, 1999; Ivanova and Dob-
rovolov, 2006; Sanz et al., 2008; intron, Kristoffersen
and Magoulas, 2008; RFLP, Magoulas et al., 1996,
2006; SNP and mtDNA, Vi~nas et al., 2014; Zarraona-
india et al., 2013; Intron and microsatellites, Borrell
et al., 2012). The origin of genetic divergence between
the two phylogroups is hypothesized to be the result of
past geographical isolations brought about by climate
cycles during the late Pliocene and throughout the
Pleistocene. It seems that owing to the presence of
physical barriers two phylogroups have evolved in iso-
lated populations in the past and successively they
have had a secondary mixing that caused their present
coexistence in the Mediterranean (Magoulas et al.,
2006).

The strong concordance between population struc-
ture conducted both on adults and on larvae and based
on nuclear markers as well as on mitochondrial mark-
ers heavily suggests that the observed structure accu-
rately reflects the population structure of the species in
the Mediterranean sea. A genetic population structure
in the marine environment is usually explained by two
main issues acting solely or in combination, namely
the effect of oceanographic features such as currents,
water fronts, physical barriers and features relating to
life history, such as larval dispersal or adult displace-
ment ability, etc. Commonly, pelagic fish species (and
especially the ones with pelagic eggs and larvae) and
highly migratory species are expected to show genetic
homogeneity because of the absence of geographical
barriers to gene flow in the marine environment and
the dispersal capabilities of the species; furthermore in
those cases where hydrographical conditions such as
ocean fronts, upwelling areas and high levels of pro-
ductivity can facilitate high levels of contemporary
gene flow among populations such as in the Strait of
Sicily, a homogeneous genetic pattern is expected.
Although in the case of European anchovy the genetic
imprint of historical events is still evident and

supported by many kinds of molecular markers. More-
over, even though some hydrographical features
(shorelines, local upwelling and ocean gyres, etc.) can
sometimes explain part of the genetic variability
among specimens, they cannot account for the diver-
gence between the two major clades.

The co-occurrence of two distinct groups in the
Mediterranean basin was demonstrated in other pela-
gic fish species, such as swordfish, Xiphias gladius (Alva-
rado Bremer et al., 2005; Pappalardo et al., 2011) and
the Atlantic bonito, Sarda sarda (Vi~nas et al., 2004).
In this species two highly divergent clades were also
found co-existing in the Mediterranean, one of which
displayed a star-like phylogeny and the other a more
complex network. To explain this pattern these
authors have also considered allopatric isolation dur-
ing the Pleistocene, population bottleneck followed by
a sudden expansion that gave origin to the clade with
a star-like phylogeny, and later secondary contact of
the two previously isolated populations.

The habitat-specific nature of the morphological
variation and the lack of corresponding genetic varia-
tion among larvae from the different locations suggests
that the observed differences in morphology were
environmentally induced.

The environmental conditions, especially in early
life history, may have had a great influence in deter-
mining morphological variation (Winans, 1984). The
larvae from the western area showed slender bodies
compared to larvae from eastern areas and the larvae
closer to coast have a smaller mouth then the larvae in
the offshore areas. The larvae found in the Maltese
waters were mainly characterized by a bigger mouth
compared to the Sicilian larvae.

The body shape differences among different larvae
samples could reflect the nutritional status of larvae
(Ehrlich et al., 1976; Theilacker, 1978; Powell and
Chester, 1985; Frank and McRuer, 1989; Bombace,
1992). The length of the mouth and the body diameter
are morphometric characters that change in response
to starvation. In fact, this difference seems to be
related to pattern of oxygen and fluorescence, which is
an index of primary productivity and is linked to avail-
ability of food for anchovy larvae (Olivar et al., 2001).

The integrated approach has been demonstrated to
be a powerful tool for the analysis of population differ-
entiation and so in the resolution of population struc-
ture (Begg and Waldman, 1999). This is primarily
because genetic techniques are robust tools for identi-
fying reproductive isolation between groups mean-
while morphological (phenotypic) markers are more
useful for the detection of short-term variation
induced by environmental conditions. Moreover the
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study of population structure through the analysis of
early life stage, in this case the larvae, is innovative
and decisive because population genetics of marine
planktonic larvae or newborn are spatially and tempo-
rally much more dynamic than expected, given that
their adult populations are large and apparently well
connected by larval dispersal due to differential sur-
vival of genotypes after settlement (Koehn et al.,
1980; Hedgecock, 1986).
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