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Abstract

This study extends the geographic coverage of a previous study of mitochondrial DNA restriction fragment length polymorphism in
European anchovy. Both studies together include 24 samples representing 17 localities extending from the Black Sea, through the Medi-
terranean Sea to the eastern Atlantic as far south as Dakar, Senegal. Eighty-eight haplotypes deWne two clades (A and B) separated by
3.2% sequence divergence. Clade A has a star-like genealogy indicative of a recent population expansion. Clade B has a more complex
genealogy, consisting of several haplotypes at intermediate frequencies. The distributions of these clades consist of a mosaic with abrupt
changes between some areas and gradients between other areas. Clade A predominates the Black and Aegean seas, but is present through-
out the Mediterranean. Unexpectedly, new data show that clade A is also at a high frequency in the Atlantic, from Portugal to at least
Senegal. Overall, the level of genetic diVerentiation among populations is high (FSTD 0.148, p < 0.0001), with the greatest diVerences
between basins. AMOVA reveals four main geographical groups: Atlantic, central Mediterranean, Aegean Sea, and Black Sea. Mismatch
distribution clearly indicates historical bottleneck and population expansion for clade A, while for clade B such evidence is equivocal.
This diVerence may reXect a range expansion for both clades, but with higher gene Xow (Nm values) between demes for clade A. Both con-
temporary and historical processes are important in shaping the complex genetic population structure of European anchovy.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The general lack of barriers in marine waters can facili-
tate high levels of contemporary gene Xow between popu-
lations, especially in species with pelagic eggs or larvae, or
in species with highly migratory adults. Although phylo
geographic studies show that marine species generally
exhibit less population structuring compared to the fresh-
water species (e.g., Hauser and Ward, 1998), population
structure has been detected in some marine species, espe-
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cially species with limited dispersal capabilities (Baus
et al., 2005; Doherty et al., 1995; Planes, 1998). Other stud-
ies show that under some circumstances, phylogeographic
structure can appear in marine pelagic species (Bargelloni
et al., 2005; Magoulas et al., 1996; Papetti et al., 2005;
Zardoya et al., 2004).

Ocean-climate cycles during the Pleistocene ice ages
have had an important inXuence on marine species. Shifts
in temperature and lowered sea levels have favored popu-
lation displacements, vicariances, extinctions, and coloni-
zations. Genetic imprints of these events are evident in
many marine pelagic species (Bremer et al., 2005; Lec-
omte et al., 2004; Magoulas et al., 1996; Viñas et al.,
2004). On shorter time scales, decadal climate shifts can
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lead to population declines and local extinctions (Grant
and Bowen, 1998).

The focus of the present study is on European anchovy
(anchovy hereafter), which is distributed in the Black Sea,
throughout the Mediterranean and in the Atlantic oV West
Africa and Europe (Whitehead et al., 1988). Geographical
variation in morphological characters indicates that the
Mediterranean may include several subspecies or races. The
taxonomic status of some of these groups remains doubtful
(Spanakis et al., 1989). Other groups may include cryptic
species. Borsa (2002) and Borsa et al. (2004) have described
an additional anchovy species, Engraulis albidus, that seems
to be limited to estuaries in the Mediterranean coast of
south France and in the northern Adriatic. In addition to
this diversity, anchovy appears to have an exceptional
degree of population structure among marine species. Stud-
ies of both allozyme and mitochondrial (mt) DNA popula-
tion markers show that anchovy populations are
subdivided in the eastern Mediterranean (Bembo et al.,
1995, 1996; Spanakis et al., 1989), but less so in the western
Mediterranean (Tudela et al., 1999).

In a previous study, Magoulas et al. (1996) used RFLPs
to study the mtDNA variation of anchovy populations in
the Mediterranean and adjoining seas. In total, 46 haplo-
types deWned two divergent clades (phylads A and B),
which diVered greatly in frequency among samples. Clade
A was nearly Wxed in the Black Sea, whereas its frequency
was about 0.85 in the northern Aegean, and about 0.40 in
the rest of Mediterranean and the Bay of Biscay. The lowest
frequency of clade A was 0.14 in northern Adriatic. The
authors postulated that clade A originated in the Black Sea
after isolation from the Mediterranean in the late Pliocene-
early Pleistocene. The presence of Clade A haplotypes in
the Mediterranean and the Bay of Biscay could be attrib-
uted to an outXow of anchovy from the Black Sea, possibly
during the last deglaciation, ca. 10 thousand years ago
when the Bosporus Strait reopened. It should be noted that
the two mtDNA clades do no seem to have been sorted out
in the two anchovy species described by Borsa et al. (2004),
as they are present in both Engraulis encrasicolus and
E. albidus, even if in diVerent frequencies.

Here, we extended the sample base to include addi-
tional localities in the Mediterranean, Black Sea and
Atlantic, as far south as Dakar, Senegal. These samples,
together with those in Magoulas et al. (1996), cover most
of the distribution of the anchovy in the Mediterranean
and eastern North Atlantic. The aim of the present article
is to provide a deeper understanding of the historical and
contemporary components of anchovy population struc-
ture. Mismatch analysis is used to estimate historical
demographic variables. Population upheavals were
expected to be a prominent feature of anchovy biology
over the last few hundreds of thousands of years because
of strong geological and ocean-climate changes. Egg and
larval movement in currents and adult dispersal is
expected to most inXuence the contemporary component
of population structure.
2. Materials and methods

For the present work, 14 samples of Wsh were collected
over a large portion of the species’ distribution, including
the Black Sea, the Mediterranean, and the northeastern
Atlantic (Table 1, Fig. 1). Samples were obtained using Wsh-
ing vessels and were immediately transported on ice to the
laboratory, where they were frozen at ¡70 °C, until DNA
extraction. In the laboratories, DNA was extracted from
muscle of individual Wsh following standard methods (Sam-
brook et al., 1989).

Samples were subject to RFLP analysis of mtDNA fol-
lowing the DIG-non-radioactive method described in
Magoulas et al. (1996). Five restriction endonucleases were
used, and each individual was assigned a Wve-letter code,
which corresponded to the restriction proWle of each
enzyme, with the order BglI, BglII, HindIII, BamHI, and
EcoRI. The analysis of the samples from Bari, Bay of Bis-
cay (Bis2), and Dakar encountered technical diYculties and
therefore these samples were only scored by using a PCR-
based clade test. This assay was developed for the easy scor-
ing of individuals to identify clade origin. This test has over
95% accuracy in correct characterization of the clades
(unpublished data, the primer sequences and technical
details are available on request). However, in the haplo-
type-based analysis (see results) it was not possible to use
this information.

The RFLP data for these 14 samples were combined
with those in the 10 samples of Magoulas et al. (1996) for
further analysis. The digestion proWles were used to pro-
duce a matrix of presence/absence of restriction sites that
was used to estimate the evolutionary distances between
haplotypes. The program DA in REAP (McElroy et al.,
1991) was used to estimate haplotype (h) and nucleotide
diversity (�) and nucleotide divergence (dxy) among popula-
tions (Nei and Tajima, 1981). FST pairwise values were esti-
mated by ARLEQUIN version 2 (Schneider et al., 2000) and
genetic heterogeneity among samples was estimated by the
exact test of sample diVerentiation based on haplotype fre-
quencies (Raymond and Rousset, 1995) also implemented
in ARLEQUIN version 2 (Schneider et al., 2000).

To examine hierarchical population structure as well as
the geographical pattern of population subdivision, we used
analysis of molecular variance (AMOVA; ExcoYer et al.,
1992). This procedure estimates the amount of genetic struc-
turing at diVerent hierarchical levels by quantifying the inter-
and intra-group component of total variance by F statistics,
the signiWcance of which was tested by 10,000 permutations.

Tajima’s D (Tajima, 1989) was used to test for neutrality.
Tajima’s D is based on the diVerence between estimates of
� from the average number of pairwise restriction site
diVerences (�) and from the number of segregating sites (S).
Under the inWnite mutation model, signiWcant negative val-
ues indicate an excess of low-frequency haplotypes that can
arise from selection or rapid population growth. Estimation
of signiWcance was performed by bootstrap resampling
with 10,000 replicates of Tajima’s D.
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Table 1
List of samples location, codes, date of collection, sample size (N) and measures of genetic diversity, number of haplotypes (nh), number of sample speciWc
haplotypes (nhs), the ratio of haplotypes to the number of individuals sampled (nh/N), haplotype diversity with standard deviation (h § SD) and nucleotide
diversity (�) within each of the sampling sites and also within the groups indicated by AMOVA results

, samples analysed only by clade test, i.e., only clade frequency data available; , samples from previous work (Magoulas et al., 1996).

Sampling site Code Date N nh nhs nh/N h (§SD) �

Dakar, Senegal, Atlantic Dak Mar. 99 34
Canary Islands, Spain, Atlantic Can Mar. 99 48 13 3 0.27 0.5293 § 0.08842 0.007021
Tangier, Atlantic coast of Morocco Tan Dec. 97 62 4 1 0.06 0.2110 § 0.06753 0.002432
Olhão, South coast of Portugal Olh Jul. 97 57 10 1 0.18 0.4292 § 0.08199 0.007342
Aveiro, West coast of Portugal Ave Mar. 98 70 19 5 0.27 0.5843 § 0.07045 0.007364
Bay of Biscay, Northern Atlantic coast of Spain Bis1 Mar. 93 47 10 0 0.20 0.7937 § 0.03449 0.016911
Bay of Biscay, Northern Atlantic coast of Spain Bis2 Apr. 01 50
Malaga, Alboran Sea Mal Nov. 98 47 13 2 0.28 0.5902 § 0.08424 0.008190
Gulf of Lions, Northeastern Mediterranean Lio Dec. 92 50 11 2 0.22 0.7959 § 0.03656 0.017335
Livorno, Ligurian Sea Liv May. 98 55 19 2 0.35 0.8929 § 0.02586 0.015895
Otranto, Italy, Southern Adriatic Otr Aug. 98 71 14 2 0.20 0.8298 § 0.02951 0.012402
Chioggia, Italy, Northern Adriatic Chi1 Nov. 93 57
Chioggia, Italy, Northern Adriatic Chi2 Jul. 97 57
Chioggia, Italy, Northern Adriatic Chi Pooled 114 22 8 0.39 0.8070 § 0.02349 0.009692
Bari, Italy (Southern Adriatic) Bar Jul. 97 70
Patraikos Gulf, East Ionian Sea Pat1 Aug. 89 121
Patraikos Gulf, East Ionian Sea Pat2 Oct. 89 55
Patraikos Gulf, East Ionian Sea Pat Pooled 176 22 4 0.13 0.8173 § 0.01474 0.016659
Saronikos Gulf, South Aegean Sea Sar Jun. 93 59 16 4 0.27 0.8393 § 0.02981 0.016923
Pagasitikos Gulf, Central Aegean Sea Pag Sep. 92 20 7 0 0.35 0.5211 § 0.13464 0.009812
Gulf of Kavala, North Aegean Sea Kav1 May. 89 57
Gulf of Kavala, North Aegean Sea Kav2 Oct. 89 144
Gulf of Kavala, North Aegean Sea Kav Pooled 201 23 5 0.11 0.5595 § 0.04174 0.010253
Varna, Bulgaria, Western Black Sea Var1 Oct. 92 70
Varna, Bulgaria, Western Black Sea Var2 Oct. 97 45
Varna, Bulgaria, Western Black Sea Var Pooled 115 10 3 0.09 0.2580 § 0.05413 0.001721
Crimea, Ukraine, Northern Black Sea Ukr Nov. 97 43 6 2 0.14 0.3732 § 0.09234 0.001731
Batumi, Georgia, Eastern Black Sea Geo Feb. 99 50 8 4 0.16 0.3894 § 0.08638 0.002150

Regions
Atlantic (Mal included) 284 38 12 0.13 0.4717 § 0.03771 0.006371
Mediterranean 525 44 13 0.08 0.8315 § 0.01146 0.016750
Aegean Sea 221 24 5 0.11 0.5554 § 0.04016 0.010177
Black Sea 208 17 10 0.08 0.3144 § 0.04240 0.001838

Total 1238 88 0.07 0.6012 § 0.04240 0.009637

Fig. 1. Sampling sites (present work samples denoted by asterisks in the map and with the codes given in Table 1, other samples from Magoulas et al., 1996)
and mtDNA clade frequencies (in red clade A, in blue clade B).
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The distributions of the number of pairwise restriction
sites diVerences between individuals (mismatch analyses)
were used to estimate historical demographic variables
(Rogers and Harpending, 1992). The shape of a mismatch
distribution is aVected by historical demographic changes
of the population: sudden expansion after a bottleneck gen-
erates a unimodal mismatch distribution, while stable or
slowly declining populations produce a variety of multi-
modal distributions. The mismatch distribution of an
expanding population can provide estimations of the
parameters �0D2Nf0u, �1D 2Nf1u, and �D2ut, where Nf0
is the initial female population size, Nf1 the female popula-
tion size after growth, u the mutation rate of the DNA
region under study, and t the time of growth in generations.
The mutation rate (u) can be estimated from ûD2�k, where
� is the mutation rate per nucleotide. In this case, 2� was
considered to be 2 or 4% per million years (Bowen and
Grant, 1997) and kD 240, the number of nucleotide sites
that are covered by the restriction sites in the data.

AMOVA, Tajima’s D and mismatch analyses were per-
formed using the software ARLEQUIN version 2.0 (Schneider
et al., 2000). Both Tajima’s D and mismatch analyses were
performed for each clade separately, since the apparent
mixing of the two divergent clades (see Section 3 and Sec-
tion 4) in the samples does not allow analyses of the two
clades together.

A phylogenetic network of the 88 haplotypes was con-
structed from the Median Joining algorithm implemented
in Network (Bandelt et al., 1999). Ambiguous connections
between haplotypes were resolved according to Pfenninger
and Posada (2002).

3. Results

In total, 745 new individuals were genotyped in this
study. For some individuals it was not possible to score all
Wve enzymes, but nevertheless clade type could conWdently
be inferred from the enzymes that were successfully scored.
In total, 42 new haplotypes were found, which were added
to the 46 haplotypes in the study of Magoulas et al. (1996),
deWned by the same Wve restriction enzymes. Haplotype and
clade frequencies of all the samples appear in Table 2. In
total 41 sites were assayed by the battery of Wve restriction
enzymes used in the study and of them only four were not
variable.

In general, large haplotype and nucleotide diversities
were found in the samples, characteristic of many marine
Wshes (Grant and Bowen, 1998). Average nucleotide diver-
sity (�) over all samples was t1%. The highest nucleotide
diversity of pooled samples per region was found in the
Mediterranean (1.7%), intermediate values were found in
the Atlantic Ocean (0.6%) and Adriatic and Aegean Seas
(around 1%), and the lowest in the Black Sea (0.2%) (Table
1). The average haplotype diversity (h) overall populations
was 0.60, and the individual haplotype diversities followed
the same geographical pattern as that for � (Table 1). Out
of character were samples from the Bay of Biscay, which
had higher nucleotide and haplotype diversities than those
in other Atlantic samples, and Malaga, which had lower
nucleotide and haplotype diversities than the average val-
ues in the Mediterranean. Genetic variability does not con-
form to an isolation by distance model, as several pairs of
the most distant populations have nucleotide divergences
of zero (Table 3).

Replicate sampling carried out in some areas (Var 1–2,
Kav 1–2, Par 1–2, and Chi 1–2) indicates that the gene
pools are temporally stable and genetically homogeneous
with the exact tests for diVerentiation in haplotypic fre-
quencies (results not shown), therefore these replicate sam-
ples from Var, Kav, Par, and Chi, respectively, were pooled
by location for the following analyses.

A total of 71 in 136 pairwise exact tests of FST are sig-
niWcant (Table 3). When the Atlantic region includes
Malaga, but excludes Bay of Biscay, only one of the sig-
niWcant comparisons, Chi-Liv, involves an intra-region
population comparison. FST values between samples
from the Atlantic and the Mediterranean and from the
Mediterranean and the Black Sea were generally signiW-
cant, but were not signiWcant between the Atlantic and
the Black Sea.

There is an overwhelming presence of clade A in the
Black Sea (227 of 228 individuals) (Fig. 1). Clade B has a
frequency of t15% in the northern Aegean and increases to
a frequency of t65% in the southern Aegean and Ionian
seas. The Adriatic is characterized by a high frequency of
clade B (>82%), with a slight north to south cline in clade
frequencies. Samples from the Ligurian Sea and the Gulf of
Lions have clade B frequencies of t56%. The most salient
Wnding of the present study is that clade A ranged from 85
to 97% in samples from Malaga in the Alboran Sea and
from Tangier, Olhão, Aveiro, the Canaries and Dakar in
the Atlantic. These high frequencies stood in sharp contrast
to those in neighbouring areas on both sides, namely the
Gulf of Lions (42%) and the Bay of Biscay (45%). Samples
from the Bay of Biscay diVered from other Atlantic sam-
ples, exhibiting a Mediterranean clade distribution type,
whereas the sample from Malaga has an Atlantic clade pro-
Wle (Fig. 1).

The haplotype network (Fig. 2) shows the two clades,
separated by six mutational steps between their central
haplotypes. Clade A is characterized by a star-like geneal-
ogy centered on one geographically widespread haplotype
(No. 1 in Fig. 1), connected to numerous less-frequent hap-
lotypes diVering from one to 6 mutation steps. Clade B has
several haplotypes at intermediate frequencies, and has a
more reticulated network. Interclade nucleotide divergence
was 3.2%.

On a Wner scale, analysis of diVerentiation between sam-
ples was based on the frequencies of haplotypes rather than
on clade frequencies, to take into account all the variability
detected. One gene pool test by AMOVA returned signiW-
cant levels of genetic structure among the populations
(�STD0.1475; p < 0.0001) indicating the existence of two or
more groups of populations (Table 4). Additional AMOVA
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Table 2
Codes and frequencies of the 88 composite mtDNA haplotypes observed among Engraulis encrasicolus, and percentage of clade groups in each sample

Black Sea

Kav2 Kav Var1 Var2* Var Ukr* Geo*

40 132 58 41 99 34 39
2 7 1 1 3 4
1 5 1 1 2 2
2 6

1
2 5 5
3
2 1 1 2 1

2 2
3 1
2

1 1 1
1

1
2

2 2

1 1
1
1

1

Haplotypes Nb Total Atlantic Ocean West Mediterranean Adriatic Sea Ionian Sea Aegean Sea

Dak* Can* Tan* Olh* Ave* Bis1 Bis2* Mal* Lio Liv* Otr* Bari* Chi1 Chi2* Chi Pat1 Pat2 Pat Sar Pag Kav1

Clade A
AAAAA 1 652 33 55 43 45 16 30 17 14 10 5 1 6 30 18 48 17 14 92
AAACA 2 21 2 4 5
AAABA 3 20 1 5 1 1 1 1 2 4
AAAAL 4 13 2 1 1 3 3 1 4
ABAAA 5 12 4 2 2 1 1 2 2 1
AAAAH 6 10 1 1 1 2
AABAA 7 8 1 1 2 1 1 3
AAAAG 8 7 1 1 2
AAHAA 9 6 1 1 1 1 1
CAAAA 10 6 1 1 1 3
AAGAA 11 5 1 1 1 2
AJAAA 12 5 1 2 1 1
AAAAK 13 4 2 1 1
AAEAA 14 4 1 1 1
AAFAA 15 4 1 1 1 1 1
BAAAA 16 4 1 1 2
ABBBB 58 4 2 2
DAAAA 17 3 1 1 1 1
AAAAO 18 2
AACAA 19 2 1 1
AGAAG 20 2
AIAAA 21 2 1 1
ABCBB 71 2 1 1
IBABC 72 1 1
AAAAB 22 1 1
AAAAC 23 1 1
AAAAI 24 1 1
AAAAJ 25 1
AAAAP 26 1 1
AAABL 27 1
AAADA 28 1 1
AAAEA 29 1
AABBA 30 1 1 1
AADAG 31 1 1
AAGBA 32 1 1
AAIAA 33 1
AAKAA 34 1 1
AALAA 35 1 1
ABAAL 36 1 1
ABBAA 37 1 1
ABCAA 38 1 1
ABCAC 39 1 1 1
AACBC 40 1 1
AHAAA 41 1 1
BAABA 42 1 1 1
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 data is available.

CBAAA 43 1 1
DAAAG 44 1 1

1
1
1

1 1
1

2 10
6 15

1
2 3

1 1

1 1

1

1

4 57 201 70 45 115 43 50
.4 80.7 84.1 98.6 100.0 99.1 100.0 100.0
.6 19.3 15.9 1.4 0.0 0.9 0.0 0.0
Asterisk represent location sampled in this work; other samples are from Magoulas et al. (1996). Columns in grey represent samples for which only clade

DAABA 45 1
EAAAA 46 1 1
EAADA 47 1 1
GAABA 48 1
IAAAA 49 1
Clade B
BBBBB 50 168 1 2 4 3 11 14 9 24 21 13 34 30 10 40 15 1 8
BBCBB 51 126 2 2 2 6 7 12 16 18 34 31 9 40 6 9
BBBBC 52 52 1 1 1 10 2 2 2 9 5 14 8 3 11 6 1 1
BBCBC 53 31 1 4 5 2 3 5 6 5 11 2 1
BABBB 54 18 2 1 2 3 2 1 3 4 1 5 1
BBBAB 55 9 7 2 2
BBBBA 56 6 3 3
BBABB 57 4 1 1 2
FBBBC 59 4 2 1 1 1
BCBBB 60 3 1 1 1 1
BBBAC 61 3 3
BDCBF 62 2 1 1 2
BBCBK 63 2 1 1 2
BBCAB 64 2 1 1 1
BBBBE 65 2 1 1
BBBBD 66 2 1 1 1 1
BBABA 67 2 1 1 1
BBAAB 68 2 1 1 1
BABBC 69 2 1
BAABB 70 2 1 1
BHBBC 73 1 1
BFBBB 74 1 1 1
BEBBC 75 1 1
BEBBB 76 1 1 1
BCDBB 77 1 1
BBKBC 78 1 1 1
BBJBB 79 1 1 1
BBEBB 80 1 1 1
BBCBN 81 1 1
BBCBM 82 1 1 1
BBCBF 83 1 1
BBCBA 84 1 1
BBCAC 85 1 1 1
BBBBG 86 1 1 1
BBABC 87 1 1 1
BABAB 88 1 1
Total 1285 34 48 62 57 70 47 50 47 50 55 71 70 57 57 114 121 55 176 59 20 14
Clade A % 64.4 94.0 91.7 96.8 89.5 90.0 40.4 42.0 91.5 42.0 49.1 21.1 10.9 12.3 10.5 11.4 29.8 40.0 33.0 33.9 85.0 85
Clade B % 35.6 6.0 8.3 3.2 10.5 10.0 59.6 58.0 8.5 58.0 50.9 78.9 89.1 87.7 89.5 88.6 70.2 60.0 67.0 66.1 15.0 14
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tests were therefore performed by pooling populations into
alternative groups trying to maximize �CT values (Table 4).
The maximum �CT values for partitions within Atlantic
and the Mediterranean corresponded respectively to the
Atlantic divided into two sets (Canaries + Tangier +
Olhão + Aveiro in one set and Bay of Biscay alone), and
the Mediterranean into three sets (Malaga aside; Gulf of
Lions + Livorno + Otranto + Chioggia + Patras + Saronikos
; Pagasitikos + Kavala). All of these groupings were signiW-
cant (p < 0.05). The three samples from the Black Sea con-
stitute a single group. Other arrangements based on
geographical proximity and genetic similarity of Malaga
with the Atlantic, yield the highest �CT when Malaga is
grouped with Canaries, Tangier, Olhão and Aveiro and
when Bay of Biscay is joined to the Mediterranean. This in
our view justiWes the inclusion of Malaga in the Atlantic
region group for the subsequent calculations. We did not
pool Biscay into any region, because there is no geographi-
cal sense in including it in the Mediterranean group.

The results of tests for population expansion for clades
A and B as a whole gave large signiWcantly negative values
of Tajima’s D (Table 5), consistent with demographic
expansion. However, the D value of clade A (¡2.180, pD0)
was considerably lower than that of clade B ¡1.544,
pD0.034. Mismatch statistics for clade A yield a pattern
with a mode of zero, and a mean number of mismatches of
0.564 (Fig. 3, Table 5). The parametric bootstrapping tests
(SSD and Raggedness) did not reject Wt of the observed dis-
tribution to an expansion model (Table 5). Therefore, the
population parameters could be estimated, and values of
�D0.811, �0D 0 and �1D0.794 were obtained. With
2�D0.02 per million years, � yielded 84,000 years since pop-
ulation growth started, while this estimate drops to 42,000
years ago, if 2�D 0.04 per million years. The estimate of �1
yielded a recent female population size of 0.083£ 106.

Mismatch distribution for clade B, revealed a smooth
unimodal pattern with a mode of one, and a mean number
of mismatches of 1.197 (Table 5, Fig. 3). SSD and ragged-
ness tests did not support a Wt to the expansion model
(Table 5), however, mismatch distribution analysis is a
rather conservative approach and some evidence for popu-
lation expansion can be found in Tajima’s D value, as
stated above. If one estimates the mismatch parameters,
values of �D 1.328, �0D0 and �1D1892.2 are obtained. The
� value corresponds to a population growth that started
about 140,000 years ago for 2�D 0.02 per million years, or
70,000 years ago for 2�D0.04 per million years. The esti-
mate of �1 indicates a recent female population size of
197£ 106.

4. Discussion

European anchovy shows a remarkable degree of
genetic population subdivision and phylogeographic com-
plexity, in comparison to other coastal pelagic Wshes. Pop-
ulations of other species of anchovy that have been
surveyed with molecular population markers, including
populations oV southern Africa (‘E. capensis,’ Grant,
1985a) and California-Mexico (E. mordax, Hedgecock
et al., 1989; Lecomte et al., 2004) show virtually no genetic
population subdivision among areas. Similar undivided
population structures have also been observed for popula-
tions of sardines, which often co-occur with anchovies.
These include populations of Sardinops sagax along the
coasts of California-Mexico (Lecomte et al., 2004) and
southern Africa (Grant, 1985b) and Sardinella aurita in the
western Atlantic (Tringali and Wilson, 1993), although
diVerences between Atlantic and Mediterranean popula-
tions were reported for the latter species (Chikhi et al.,
1997). The contrast between European anchovy and other
pelagic Wshes can be seen in the diVerences in values of FST
for the two groups. European anchovy have an overall FST
of about 0.15, whereas most other coastal pelagic species
have a FST of 0.01 or less, often much less.
Table 3
Pairwise population subdivision FST values (above diagonal) (signiWcant exact test values p < 0.05 with 10,000 permutations in bold, after Bonferroni cor-
rection for 136 simultaneous exact tests) and population pairwise nucleotide divergence (below diagonal) among 17 populations of Engraulis encrasicolus

Can Tan Olh Ave Bis1 Mal Lio Liv Otr Chi Pat Sar Pag Kav Var Ukr Geo

Can 0.0543 0.0010 ¡0.0039 0.1235 ¡0.0078 0.1209 0.1244 0.2268 0.2728 0.1376 0.1300 ¡0.0187 ¡0.0075 0.0409 0.0024 0.0007
Tan 0.000 0.0196 0.0691 0.2912 0.0837 0.2840 0.2884 0.3878 0.4193 0.2605 0.2901 0.0555 0.0559 0.0068 0.0248 0.0275
Olh 0.000 0.000 0.0073 0.1591 0.0171 0.1561 0.1671 0.2682 0.3175 0.1730 0.1672 ¡0.0136 0.0105 0.0241 0.0053 0.0054
Ave 0.000 0.000 0.000 0.1046 0.0021 0.1053 0.1092 0.2089 0.2601 0.1298 0.1144 ¡0.0118 0.0029 0.0628 0.0169 0.0163
Bis1 0.007 0.009 0.006 0.006 0.1124 0.0086 0.0178 0.0538 0.0808 0.0270 ¡0.0028 0.0985 0.1230 0.3082 0.1970 0.1956
Mal 0.000 0.000 0.000 0.000 0.007 0.1075 0.1047 0.2067 0.2538 0.1248 0.1157 ¡0.0080 ¡0.0010 0.0711 0.0151 0.0106
Lio 0.007 0.008 0.005 0.006 0.000 0.006 0.0050 0.0210 0.0606 0.0011 ¡0.0080 0.1016 0.1117 0.3027 0.1954 0.1935
Liv 0.006 0.007 0.004 0.005 0.000 0.005 0.000 0.0279 0.0496 0.0065 ¡0.0016 0.1104 0.1244 0.3099 0.1968 0.1958
Otr 0.014 0.015 0.012 0.012 0.001 0.013 0.001 0.002 0.0176 0.0200 0.0194 0.2092 0.2257 0.4144 0.3021 0.3010
Chi 0.018 0.020 0.016 0.017 0.003 0.018 0.003 0.003 0.000 0.0315 0.0478 0.2622 0.2729 0.4426 0.3457 0.3445
Pat 0.010 0.011 0.008 0.009 0.000 0.009 0.000 0.000 0.000 0.001 0.0036 0.1308 0.1308 0.2751 0.2021 0.1999
Sar 0.009 0.010 0.007 0.008 0.000 0.008 0.000 0.000 0.000 0.002 0.000 0.1110 0.1279 0.3117 0.2035 0.2019
Pag 0.000 0.000 0.000 0.000 0.005 0.000 0.005 0.004 0.011 0.016 0.008 0.000 ¡0.0083 0.0351 0.0033 0.0018
Kav 0.000 0.000 0.000 0.000 0.005 0.000 0.005 0.004 0.011 0.015 0.001 0.007 0.000 0.0510 0.0165 0.0149
Var 0.000 0.000 0.000 0.000 0.010 0.000 0.009 0.008 0.017 0.022 0.013 0.012 0.000 0.001 0.0108 0.0151
Ukr 0.000 0.000 0.000 0.000 0.010 0.000 0.009 0.008 0.017 0.022 0.013 0.012 0.007 0.001 0.000 ¡0.0146
Geo 0.000 0.000 0.000 0.000 0.010 0.000 0.009 0.008 0.017 0.022 0.013 0.012 0.000 0.001 0.000 0.000
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The much higher level of diVerentiation among popula-
tions of European anchovy can be attributed to present-
day factors that shape population genetic structure and to
historical isolations that have produced the deep diver-
gence between the two clades. It is likely that the two
clades have evolved in isolated populations in the past
and their coexistence in most of the present distribution
range of anchovy is a result of secondary mixing after
range expansion.

Clade A revealed a star-like phylogeny, which is a typi-
cal signature of a recent population expansion following a
population bottleneck (Slatkin and Hudson, 1991). The
SSD and Raggedness tests for population expansion, as
well as Tajima’s D test also indicated a relatively recent
bottleneck and subsequent population expansion for this
clade. In contrast, for clade B the two categories of tests
provided contradictory results, SSD and Raggedness tests
did not support the population expansion model, while the
Tajima’s test provided evidence for population growth. The
diVerence between the two clades could be explained if a
scenario of range expansion rather than simply population
(deme) expansion is considered. It is reasonable to assume
that populations of anchovy were restricted in refugia or in
isolated basins during the glacial maxima of the Pleistocene
and that their range was expanded during the warming of
post-glacial eras. Ray et al. (2003) have suggested that the
shape of gene genealogy and the overall pattern of diversity
between demes included in a range expansion depend not
only on the age of the expansion, but also on the level of
gene Xow between neighboring demes. Star shaped gene
genealogies and signiWcant negative values in neutrality
tests like Tajima’s D are produced after a range expansion,
only if the demes exchange a high number of migrants, that
is if high Nm values occur, where N is the deme size and m
is the migration rate between the demes. It is therefore pos-
sible that clade A evolved in a population with higher Nm
values, which expanded spatially with a stronger pace com-
pared to clade B.

If this hypothesis of range expansion is true, the lower
genetic variability encountered in the Black Sea can be
explained if we consider it as a peripheral deme sensu Ray
et al. (2003). The geographic conWguration of the Black Sea,
Fig. 2. Median joining tree of the 88 haplotypes detected in Engraulis encrasicolus. Haplotypes were divided into seven frequency size classes for a balanced
representation. The area of the circles is proportional to the haplotype frequency class. Shading refers to the region in which haplotypes were found. In the
case where haplotypes are shared among regions, shading is proportional to the frequency of the haplotype in each region. Black squares represent missing
haplotypes. Regions were constituted in agreement with AMOVA results. The Atlantic includes the Malaga sample.
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which is an almost completely isolated basin, as well as the
hydrography in the Bosporus straits, which further hamper
the gene Xow to it, further contribute to the reduced level of
genetic diversity in this sea.

4.1. Population genetic structure

European anchovy inhabit spatially complex coastal
areas, and this complexity tends to isolate populations by
reducing levels of gene Xow between regions. One funda-
mental diVerence between European anchovy and other
coastal pelagic species, which show little genetic population
subdivision, is that European anchovy inhabit coastal seas
isolated from one another by peninsulas and narrow straits.

Table 5
Neutrality statistics of Engraulis encrasicolus within major regions as indi-
cated by AMOVA results

p measures the probability of deviation from a hypothesis of sudden pop-
ulation expansion.

Pooled samples Clade A Clade B

Sample size 827 457
Mean number of pairwise diVerences (d) 0.564 1.197
p (sim. SSD 7 obs. SSD) 0.732 0.000
p (sim. Rag. 7 obs. Rag.) 0.664 0.000
� 0.811 1.328
� 0 0
�1 0.794 1892.2
t 84,479 138,833
Nfe0 0 0
Nfe1 82,708 197,104,167
Tajima’s D ¡2.18 ¡1.544
p 0.000 0.034
For example, peninsulas partially isolate the Adriatic and
Aegean seas from the rest of the Mediterranean, shallow
sills in the Bosporus Strait isolate the Black sea from the
Mediterranean, and the constriction of the Strait of Gibral-
tar partially isolates the Mediterranean from the eastern

Fig. 3. Number of restriction site pairwise mismatch distributions for
clades A and B.
Table 4
Engraulis encrasicolus analysis of molecular variance (AMOVA) with the groupings that maximize �CT, with variance, percentage of total variance, � sta-
tistics (�SC, �ST, �CT) and its signiWcance (p) based on 10,000 replicates

Structure tested Variance % total � statistics p

Observed partition
One gene pool D no structure (Can; Tan; Olh; Ave; Bis1; Mal; Lio; Liv; Otr; Chi; Pat; Sar; Pag; Kav; Var; Ukr; Geo)

Among populations 0.053 14.75 �ST D 0.1475 <0.0001
Within populations 0.308 85.25

One gene pool in the Atlantic Ocean (Can; Tan; Olh; Ave; Bis1)
Among populations 0.024 8.83 �ST D 0.0883 <0.0001
Within populations 0.248 91.17

Atlantic Ocean (Can; Tan; Olh; Ave)(Bis1)
Among groups 0.055 17.94 �CT D 0.1794 0.1985
Among populations/group 0.005 1.56 �SC D 0.0191 0.0068
Within populations 0.248 80.5 �ST D 0.1950 <0.0001

West-Central-East Mediterranean (Mal) (Lio; Liv; Otr; Chi; Pat; Sar) (Pag; Kav)
Among groups 0.057 13.21 �CT D 0.1331 0.00762
Among populations/group 0.009 1.98 �SC D 0.0228 <0.0001
Within populations 0.368 84.81 �ST D 0.1519 <0.0001

One gene pool in the Black Sea (Var; Ukr; Geo)
Among populations 0.001 0.74 �ST D 0.0074 0.15832
Within populations 0.157 99.26

Combination of previous partitions (Can; Tan; Olh; Ave; Mal)(Bis1) (Lio;Liv;Otr; Chi;Pat;Sar)(Pag;Kav)(Var;Ukr;Geo)
Among groups 0.059 15.91 �CT D 0.1591 <0.0001
Among populations/group 0.006 1.67 �SC D 0.0198 <0.0001
Within populations 0.308 82.43 �ST D 0.1757 <0.0001
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North Atlantic. Many of the haplotype frequency disconti-
nuities occur across these potential barriers to gene Xow.

In addition to physical barriers imposed by complex
shorelines, the Mediterranean is characterized by local
upwelling, current patterns and isotherms that reinforce
isolations among populations. High abundances of
anchovy are generally associated with areas of upwelling,
which support high levels of productivity (Agostini and
Bakun, 2002). However, high levels of productivity by
themselves do not ensure the development of Wsh stocks.
Additional requirements are ocean fronts that concentrate
larvae food and current gyres that retain eggs and larvae
for recruitment into the local population (Agostini and
Bakun, 2002). Ocean conditions within the Mediterranean
favorable to anchovy populations were identiWed in the
Aegean Sea, Adriatic Sea, Alboran Sea, Gulf of Lions and
Catalan coast, and the Strait of Sicily. Upwelling and high
levels of productivity in the Canary Current oV Northwest
Africa (Huntsman and Barber, 1977) also supports large
anchovy populations (Cury and Roy, 1989). Notably, these
oceanic domains also deWne to a large extent groups of
populations that are genetically distinct from neighboring
population groups in other ocean domains (Carlsson et al.,
2004; Peijnenburg et al., 2004).

The large-scale patterns of diVerentiation provide evi-
dence to two previously unrecognized barriers to gene Xow
between anchovy populations. One occurs within the Medi-
terranean between the Alboran Sea and the Gulf of Lions
and appears to coincide with the oceanic boundary at the
Almeria-Oran front (Bargelloni et al., 2003, 2005; Cimma-
ruta et al., 2005). Another barrier appears in the Atlantic,
most likely oV the north coast of Spain, and separates Por-
tuguese coastal areas from the Bay of Biscay. The geo-
graphically isolated populations of anchovies in the Bay of
Biscay have a Mediterranean genetic proWle, and popula-
tions in the Alboran Sea in the western Mediterranean have
a genetic proWle typical of Atlantic populations in the
Canary Current. The intrusion of Canary Current anchovy
into the Alboran Sea may be due to the hydrographic pat-
terns in the Gibraltar straits and to ecological similarities
between the two areas, as also suggested for other marine
species (Papetti et al., 2005). The Almeria-Oran front is a
long recognized barrier to gene Xow (Bargelloni et al., 2003,
2005; Perez-Losada et al., 2002; and references therein)
apparently acting by preventing the eastward dispersal of
planktonic stages. The abrupt genetic change between
anchovy in the Bay of Biscay and the Canary Current is
most likely due to a combination of historical events and
present day hydrographic or ecological patterns. It is likely
that the anchovy population in the Bay of Biscay became
extinct during the last (Würm) glaciation and was reestab-
lished after its termination, possibly by migrants from the
Mediterranean. Present-day hydrography and ecological
factors in the area of north Spanish coast likely prevent
homogenization of populations of the Bay of Biscay and
the Canary Current. During the recent past it has been
noted that the anchovy stock has nearly disappeared from
the north coast of Spain, while at the same time its distribu-
tion has expanded northwards. Anchovy presently is found
in the North Sea and extending into the Skagerak and the
Kattegatt (ICES, 2005). This fact supports the distinctness
of the anchovy population in the Bay of Biscay compared
with those of the rest of the Atlantic.

4.2. Historical isolations and dispersals

While the isolating eVects of complex shorelines, local
upwelling and ocean gyres may explain many of the shal-
low genetic diVerences among populations, they cannot
account for the deep divergence between the two major
clades. Nor can present-day oceanic conditions explain the
abrupt shifts in frequencies between the clades in some
areas. Explanations for both observations are most likely
based mainly on historical events rooted in the paleao-
oceanography of the Mediterranean and its adjacent seas.
Over the past few million years, numerous ocean-climate
events undoubtedly precipitated range displacements, pop-
ulation subdivisions, population declines and local extinc-
tions. The Messinian salinity crisis about 5.3 mya, which
lowered the level of the Mediterranean Sea and greatly
increased salinity, probably predates the events producing
the deep haplotype divergences in anchovy. Anchovy popu-
lations in the Mediterranean are unlikely to have survived
the extreme conditions (Por and Dimentman, 1985).

Except for altered shorelines due to lowered sea levels,
the shape of the Mediterranean basin and adjoining seas
has not change signiWcantly following the Messinian
salinity crisis. The last two million years have been char-
acterized by at least ten ice ages, each with numerous cli-
matic subcycles on scales of thousands and tens of
thousands of years (Cronin, 1999). These cycles led to
ocean-climate changes (Bond et al., 1993) and lowered sea
levels (Thiede, 1978) that greatly inXuence the distribution
and abundance of marine populations, including anchovy
populations, in the Mediterranean and northeastern
Atlantic.

Magoulas et al. (1996) proposed that the origin of the
deep divergence between clades A and B in European
anchovy resulted from geographical isolations brought
about by climate cycles during the late Pliocene and
throughout the Pleistocene. The ancient basin that existed
in the broader geographical area of the modern Black and
Caspian Seas, lost its connection to the world ocean in the
late Pliocene-early Pleistocene, some 1.5–3 mya, and did not
regain it until the Riss-Würm interglacial, 100,000–150,000
years ago. At that time the Dardanelles opened for the Wrst
time since the formation of the Tethys Sea (Zaitsev and
Mamaev, 1997). The connection was lost again during the
last glacial maximum (Würm), when lowered sea level cut-
oV the potential exchange of water between the Black Sea
and the Mediterranean across the sill (36 m) in the Bospo-
rus Strait. At the end of the last glaciation, a torrent of ice-
melted water gushed through the Bosporus Strait from the
Black Sea into the Mediterranean (Herman, 1988). If
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anchovy populations in the Black Sea survived the low
temperatures and the strong drops in salinity that accom-
panied the glacial periods, they were possibly isolated from
populations in the Mediterranean during most of the Pleis-
tocene. It was also postulated that previously isolated pop-
ulations of Black Sea anchovy moved into the
Mediterranean with the massive water outXow from the
Black Sea at the end of the last glaciation. This massive exit
is compatible with the hypothesis of a range expansion with
high levels of gene Xow.

The new information provided by sampling additional
areas in the Atlantic, show that clade A is also at a high fre-
quency in populations extending from Portugal to Senegal,
but also in populations in the Alboran Sea. This Wnding
calls for a re-consideration of the above-described scenario.
The similarity in haplotypic composition of clade A in the
two basins dominated by it (Canary current area and Black
Sea), as well as in the other regions (Aegean and Mediterra-
nean) is demonstrated by the lack of diVerence in FST tests.
However, the Atlantic is characterized by higher clade-A
haplotype diversity compared to the Black Sea, and this
indicates that the Black Sea was not actually the place of
origin of clade A, but rather a recipient area, the source
population being the Atlantic. In this case, the assumed
population bottleneck in the Black Sea could actually be a
founder event.

It is reasonable to assume that clade A originated in a
refugium, in which anchovy was possibly restricted during
glacial periods. If the hypothesis of Atlantic origin of this
clade is correct, a possible location for this refugium is the
west African coast, but other possibilities could not be
excluded. At a certain time later, approximately 100,000
years ago, under favorable climatic conditions, clade-A
anchovy should have migrated to the north east Atlantic
up to the west Portuguese coast, while it also entered the
Mediterranean and colonized the Black Sea. As men-
tioned above, this range expansion should have taken
place under conditions that allowed high levels of gene
Xow. There are two explanations for the fact that clade A
is today under-represented in the analyzed samples from
the northern coasts of the Mediterranean. Either the
upheavals of the Pleistocene have dissipitated the traces
of this movement or the route of migration could have
been along the African Mediterranean rim. It should be
noted that anchovy populations do presently exist along
the Mediterranean African coasts, but unfortunately we
lack information on their genetic composition.

This study provided evidence for a long-lasting pres-
ence of clade B in the Mediterranean. A Wt to the expan-
sion model was not consistently in evidence for this clade,
and this may suggest that the population in which it was
evolved experienced a spatial expansion, but with a low
number of migrants (Ray et al., 2003). It is likely that this
population was restricted in a Mediterranean refugium
during the last glacial maximum, likely the easternmost
Mediterranean, from which it expanded during the degla-
ciation period in the rest of the Mediterranean.
The episodic population upheavals and dispersals
caused by geological and ocean-climate changes during gla-
ciations may have produced the mosaic pattern of haplo-
type distributions revealed in this study. The oldness,
complexity and repeatedness of these phenomena, together
with the demographic instability of small pelagic Wsh, make
it very diYcult to reconstruct completely the population
phenomena that accompanied them. At this stage only
speculations can be made based on the pieces of evidence
available. Furthermore, when these disturbances ended, the
present hydrographic conditions erected barriers to gene
Xow.

A pattern of mtDNA diVerentiation strikingly similar to
that of the anchovy was recently found in Mediterranean
populations of bonito (Sarda sarda) by Viñas 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 also considered allo-
patric isolation during the Pleistocene, population bottle-
neck 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. It is
likely that the same historical factors have shaped the phy-
logeographic patterns in both species.

Recently, Borsa (2002) and Borsa et al. (2004), proposed
the existence of a new inshore anchovy species, E. albidus,
which is less common than the oceanic species E. encrasico-
lus. The recognition of this new species is based on the
occurrence of morphologic and genetic diVerences revealed
after a re-examination of previous allozyme (Bembo et al.,
1995, 1996; Pasteur and Berrebi, 1985; Tudela et al., 1999)
and mtDNA results (Bembo et al., 1995; Magoulas et al.,
1996). The relative proportions of the mtDNA clades A
and B seem to be diVerent between the two proposed spe-
cies, but do not represent Wxed characters deWning each one
(Borsa, 2002). Thus, these species bear ancestral polymor-
phisms that have not completely sorted between species. As
described above, these polymorphisms appear to have orig-
inated through isolations during ice-age cycles. There are
several examples where genetic divergence between popula-
tions was suggested to have originated during the early or
mid-Pleistocene and were apparently not dissipated after-
wards (Bargelloni et al., 2003; Borsa et al., 1997; Brunner
et al., 2001; Gysels et al., 2004; Luttikhuizen et al., 2003;
Quesada et al., 1995).

It is diYcult to correlate the results of the present study
with the existence of the E. albidus. This species seems to
have a restricted distribution in lagoonal areas, and in our
opinion represents locally adapted populations in clade-B
dominated regions. It is likely that none of our samples
belonged to E. albidus, since they were in general collected
from open oceanic areas. The only exception to this could
be the samples collected in the Chioggia (northern Adri-
atic), which belong to the area of distribution suggested for
E. albidus. However, these samples did not diVer signiW-
cantly in their haplotype composition from other samples
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from the central and south Adriatic (Bari and Otranto),
which should normally belong to E. encrasicolus species.
We consider that more work is needed regarding the distri-
bution and genetic constitution of the newly described spe-
cies, before sound conclusions can be drawn.

5. Conclusion

European anchovy populations are genetically structured
to a greater extent than are populations in other species of
anchovies and other species of small pelagic Wshes. This
structure appears to arise from the interaction between the
biology of anchovy and the complex geography and hydrog-
raphy of the Mediterranean. The pattern of genetic variabil-
ity among populations has also been greatly inXuenced by
the history of the Mediterranean basin. The high demo-
graphic instability makes it diYcult to disentangle the eVects
of contemporary gene Xow with those of historic population
extinctions, expansions and colonisations, which lead to the
present-day puzzling population structure of the European
anchovy. However, the combined use of nuclear and mito-
chondrial markers, as well as the use of other biological data
(e.g., characterization of spawning areas and periods) could
help to shed light on the role of these various factors on
shaping the present-day population structure of anchovy.
This would yield important information on both scientiWc
and Wsheries-management grounds for such an important
and overexploited commercial species.
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