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Abstract Stock heterogeneity was investigated in alba-

core tuna (Thunnus alalunga, Bonnaterre 1788), a com-

mercially important species in the North Atlantic Ocean

and Mediterranean Sea. Twelve polymorphic microsatellite

loci were examined in 581 albacore tuna from nine loca-

tions, four in the north-east Atlantic Ocean (NEA), three in

the Mediterranean Sea (MED) and two in the south-western

Pacific Ocean (SWP). Maximum numbers of alleles per

locus ranged from 9 to 38 (sample mean, 5.2–22.6 per

locus; overall mean, 14.2 ± 0.47 SE), and observed het-

erozygosities per locus ranged from 0.44 to 1.00 (overall

mean: 0.79 ± 0.19 SE). Significant deficits of heterozy-

gotes were observed in 20% of tests. Multilocus FST values

were observed ranging from 0.00 to H = 0.036 and

H0 = 0.253, with a mean of H = 0.013 and H0 = 0.079.

Pairwise FST values showed that the SWP, NEA and MED

stocks were significantly distinct from one another, thus

corroborating findings in previous studies based on mito-

chondrial DNA, nuclear DNA (other than microsatellites)

and allozyme analyses. Heterogeneity was observed for the

first time between samples within the Mediterranean Sea.

GENELAND indicated the potential presence of three

populations across the NEA and two separate populations

in the Mediterranean Sea. Observed genetic structure may

be related to migration patterns and timing of movements

of subpopulations to the feeding grounds in either summer

or autumn. We suggest that a more intensive survey be

conducted throughout the entire fishing season to ratify or

refute the currently accepted genetic homogeneity within

the NEA albacore stock.

Introduction

Waldman (1999) defines a ‘‘stock’’ as an exploitable pop-

ulation with some degree of genetic integrity. Other defi-

nitions of stock have less or no emphasis on genetic

structure (Cadrin et al. 2005). Stocks can be delineated

from observations relating to various aspects of life history

(Griffiths 1997). Discrimination of stock components into

genetic stocks can be undertaken by molecular methods,

such as allozyme analysis and mitochondrial DNA studies,

or by directly targeting variations in nuclear DNA

composition. The stock structure of albacore (Thunnus
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alalunga) has been identified globally by a variety of

methods, primarily from information gathered directly

from the fishery. Catch rates from each location and catch

at length data (incorporated with information from ages

determined from the calcareous structures) have been used

to determine differences in growth rates and stock abun-

dance in each ocean basin (ICCAT 1996; Miyake et al.

2004). In addition, conventional tag-recapture studies using

plastic floy tags attached to individual fish have provided

information on the migratory movements of albacore. It is

considered that separate north and south stocks are present

in both the Atlantic and Pacific Oceans as there has been no

evidence to date of cross-equatorial migration from con-

ventional tag-recapture studies, with the latitudinal differ-

ences observed in catch rates and seasonality of spawning

(ICCAT 1996; Ramon and Bailey 1996). Therefore, fish

observed in the northern and southern hemispheres are

managed as separate units. Beardsley (1969) proposed that

small numbers of albacore may undertake inter-oceanic

migrations between the South Atlantic Ocean and the

Indian Ocean; however, such claims remain to be sub-

stantiated through tagging studies, and hence, the Indian

Ocean population is managed as a separate stock (Chen

et al. 2005). Results from tagging surveys by Arrizabalaga

et al. (2002, 2003) have shown that only very limited

migration occurs between the North Atlantic Ocean and

Mediterranean Sea, and genetic differences have been

observed between the two regions using nuclear DNA

(Nakadate et al. 2005). Consequently, the Mediterranean

stock is managed as a separate unit (ICCAT 1996). In

summary, based on information gathered from the fishery,

six populations of albacore are recognised as stock units:

Northern Atlantic, Southern Atlantic, Mediterranean,

Indian, Northern Pacific and Southern Pacific (Miyake

et al. 2004; ICCAT 2007).

Stock identification by genetic methods may indicate

previously unidentified population structuring (Hoarau et al.

2004; Carlsson et al. 2006; Was et al. 2008; Kovach et al.

2010). Results from molecular genetic studies presently

support the recognised subdivision of albacore populations

into the six recognised stocks. Despite the lack of differ-

entiation in mitochondrial DNA (mtDNA) (using restriction

endonuclease analysis) observed between albacore sampled

in the South Atlantic and North Pacific Oceans (Graves and

Dizon 1989), Chow and Kishino (1995) showed differen-

tiation between North and South Atlantic and Indo-Pacific

albacore populations using PCR–restriction fragment length

polymorphism (RFLP) analysis of the mtDNA ATPase

gene. Further analysis of the mtDNA D-loop region of

albacore in the Indo-Atlantic region by Yeh et al. (1997)

showed that populations in the South Atlantic and Eastern

Indian Oceans were genetically distinct. Investigations into

the genetic structure of North Atlantic and Mediterranean

stocks, also using the mtDNA D-loop region (Viñas et al.

1999) as well as allozymes (Pujolar et al. 2003), showed

genetic homogeneity between the two stocks. However,

differences in morphometric characteristics, growth rates

and reproductive areas had been previously reported for the

two stocks (Megalofonou 2000). Viñas et al. (2004) con-

ducted an additional study using the mtDNA control region

in combination with nuclear DNA markers with their results

indicating there was a small but significant difference

between the two stocks. Nakadate et al. (2005) using

nucleotide sequence variations of the glucose-6-phosphate

dehydrogenase gene intron (G6PDH) and the mtDNA

D-loop region corroborated their findings. Analysis of blood

lectins (Arrizabalaga et al. 2004) indicated that the north-

east Atlantic, South Atlantic and south-east Pacific popu-

lations were distinct but that South Atlantic and Indian

Ocean populations were genetically similar.

Many of the previous studies address differences

between stocks in different oceanic regions, with few

investigating genetic heterogeneity within regions.

Recently, Wu et al. (2009) studied albacore from three

areas in the north-western Pacific Ocean (Taiwan, Japan

and North of Hawaii) using analysis of mtDNA sequence

data. Their findings showed that albacore tuna in the region

constituted a single stock with no significant differences in

geographic distributions. A preliminary study using

microsatellites on albacore tuna revealed significant levels

of differentiation between and within Atlantic and Pacific

Oceans compared to mtDNA analyses of samples from the

same areas (Takagi et al. 2001).

In view of the paucity of information on the genetic

structure of albacore tuna within the North Atlantic Ocean

(NEA) and Mediterranean Sea, the main objective of the

present study was to analyse spatial, seasonal and temporal

genetic heterogeneity using 12 microsatellite markers in

albacore tuna collected in consecutive years from 2005 to

2007, from four NEA areas (waters off the south-west of

Ireland, towards the southern Bay of Biscay along the Por-

cupine Ridge and off the northern coast of Africa near the

Canary Islands), and from central (Tyrrhenian and Southern

Adriatic Seas) and western (Balearic Sea) Mediterranean

Sea regions. All albacore sampled with the exception of

those collected from near the Canary Islands were juveniles.

Materials and methods

Sampling

A total of 14 samples (N = 581) of albacore were collected

from NEA (West of Ireland, South Bay of Biscay and

Canary Islands) and Mediterranean Sea (Med) using a

variety of fishing methods (Table 1). All samples were
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obtained from commercial fishing operations, which tar-

geted aggregations of fish in summer feeding grounds. Fish

were measured for fork length (LF) to the nearest centi-

metre and weighed to the nearest 10 g. Maturity was

assigned on the basis of age and length with fish \5 years

and with a LF \ 90 cm considered immature or juveniles

(see Santiago and Arrizabalaga 2005). Sample details are

shown in Table 1. A 5-mm3 piece of white muscle was

removed from behind the head in each individual and

stored in 96% ethanol. Two south-west Pacific Ocean (Pac)

sample sets from archived freeze-dried tissue (2003 and

2005) were acquired to serve as out-group samples.

Microsatellite analysis

Genomic DNA was extracted from muscle tissue

(*2 mm3) using the phenol–chloroform method of Sam-

brook et al. (1989). DNA was diluted 1:5 in sterile

deionised water to give a concentration of 30–100 ng ll-1.

The microsatellite loci developed for bluefin tuna were

cross-amplified in albacore, and of those successfully

amplifying, twelve were selected for analysis: Ttho4,

Ttho6, Ttho7 (Takagi et al. 1999), Tth5 (McDowell et al.

2002), Tth4, Tth14, Tth17, Tth185, Tth254, Tth1-31, Tth12-

29 and Tth16-2 (Clark et al. 2004). The reverse primer of

each pair was end-labelled with fluorescent dye (700-IRD

or 800-IRD, Li-COR, Lincoln, NE, USA). Polymerase

chain reaction (PCR) was carried out using a reaction

volume of 10 ll, containing 0.17U Taq polymerase, 19

reaction buffer (Bioline), 0.25 lM of each primer, 0.2 lM

of mixed dNTPs, 0.2 mM MgCl2 and 1 ll of the 1.5

dilution of template DNA. Thermocycling procedures for

each locus were exactly those in Takagi et al. (1999);

McDowell et al. (2002), and Clark et al. (2004).

Amplification products were separated on 6% poly-

acrylamide gels using a Li-COR 4300 automated sequencer

(Li-COR, Lincoln, NE, USA). PCR products were diluted

1:5–1:15 with deionised water and 1 ll of the dilution

mixed 1:3 with bromophenol blue in formamide loading

buffer. A sizing standard (50–350 base pairs, Li-COR,

Lincoln, NE, USA) was run in the centre and at both ends

of the gels to calibrate allele size. An internal reference

sample consisting of individuals where allele sizes had

been predetermined was included to ensure consistency in

genotype scoring across runs. Fragment length polymor-

phisms were scored with GENE IMAGIR software (Li-

COR, Lincoln, NE, USA).

Data analysis

Allelic distribution, observed (HO) and unbiased expected

(HE) heterozygosity estimates for the 14 samples were

computed for each locus individually and as a multilocus

estimate using GENETIX 4.05.2 (Belkhir et al. 2002). Tests

for conformance to Hardy–Weinberg equilibrium (HWE),

single and multilocus FIS (Weir and Cockerham 1984), sig-

nificance of heterozygote deficiency and linkage disequilib-

rium between pairs of loci were performed using GENEPOP

v.4.0 (Rousset 2008) with specified Markov chain parameters

(10,000 dememorisation steps, 100 batches, 5,000 iterations

per batch). Sequential goodness of fit (SGoF) (Carvajal-

Rodriguez et al. 2009) was employed in all multiple testing in

order to reduce Type I errors. Deviations from HWE expec-

tations were manually checked for the evidence of hetero-

zygote or homozygote excess, and rare allele combinations.

In locus–sample combinations where significant heterozy-

gote deficiency was detected, the frequency of null alleles

was estimated by the EM algorithm (Dempster et al. 1977) in

the program FreeNA (Chapuis and Estoup 2007).

Global and pairwise FST estimated using traditional (H)

(Weir and Cockerham 1984) and heterozygosity-corrected

estimators (H0) (Hedrick 2005; Meirmans and Hedrick

2011) were employed to infer population differentiation.

Two heterozygosity-independent methods were also

employed to assess population structuring: Pairwise exact

G tests were performed in GENEPOP v.4.0; correspon-

dence analysis (CA) was performed using the Adegenet

package in R (Jombart 2008). For the latter analysis, all

loci were included, plots were centred in the origin and

missing data were replaced using mean v2 distance. The

first and second principle components (PC) with the highest

eigenvalues were plotted to reveal the relative typology of

the samples based on their multilocus allele distributions.

Microsatellite genotypes and sample spatial location

data were analysed for all loci and samples in GENELAND

package in R (Guillot et al. 2005, 2008). The geographical

information was used to detect spatial delineation of

genetic discontinuities, where the number of population

units is treated as an unknown parameter. The number of

populations (K) was inferred by running the Markov chain

Monte Carlo (MCMC) analysis using numbers of iterations

varying from 100,000 to 1,000,000. The maximum number

of K after the initial analysis was set at a minimum of 1 and

a maximum of 10. The MCMC analysis was run at 100,000

iterations with 100 burn-in generations. The analysis was

run with correlated allele frequency models and true spatial

and null allele models. Consistency across the best suite of

parameters was assessed across ten independent runs.

Results

Genetic diversity and HWE

A total of 581 fish from 14 locations in NEA, SWP and

MED were genotyped at 12 microsatellite loci. All loci

2730 Mar Biol (2011) 158:2727–2740
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were moderately to highly polymorphic with a maximum

of 9–38 alleles per locus (mean 5.2–22.6; Table 2) with

similar level of polymorphism across samples and effective

numbers of alleles (NE) ranged from 1.89 to 18. Of the 301

alleles detected at the 12 loci, 43 were rare alleles occur-

ring within a single sample with frequencies no higher than

0.006. Observed heterozygosity values ranged from 0.44

for Tth16-2 to 1.00 for Tth4 and Ttho4. Mean multilocus

observed heterozygosities were similar across all samples

(0.74–0.82).

Ten locus–sample combinations significantly deviated

from HWE after multiple testing (Table 2); however, only

six of these combinations could be explained by hetero-

zygosity deficiency, of which three were in locus Tth16-2.

The estimate of null allele frequency in Tth16-2 ranged

from 0.05 to 0.11. There was no consistent pattern across

samples or the other loci; hence, only locus Tth16-2 was

removed for analyses assuming HWE. No significant

linkage disequilibrium was found among any combination

of loci across all samples, and no loci combination within

samples was significant after correction for multiple test-

ing, indicating no evidence of physical linkage between all

pairs of loci tested among all sampled areas.

Population differentiation between regions

Significant population structure was detected across sam-

ples, with three major clusters being identified; NEA, MED

and SWP. Samples were consistently separated from each

other for all analytical methods used. Global FST values for

all loci tested were significant (Table 3). Pairwise mul-

tilocus FST estimates and exact G tests of genic proportions

indicated that the two samples from the SWP (Pac_03 and

Pac_05) were similar to each other but differed signifi-

cantly from all samples from the MED and NEA with FST

estimates ranging for H between 0.007 and 0.036 and for

H0 between 0.065 and 0.253 (Table 3). The correspon-

dence analysis (CA) supports this as both SWP samples

grouped separately from the northern hemisphere samples

(Fig. 1). All three MED samples were found to be signif-

icantly distinct from all of the NEA samples based on

pairwise FST estimates (H ranging from 0.011 to 0.026 and

H0 from 0.011 to 0.166) and exact G tests (Table 3). The

difference is also illustrated in the CA plot (Fig. 1), in

which samples from the MED and NEA are clearly sepa-

rated from each other.

Population differentiation within regions

Within the NEA out of 36 pairwise comparisons, only 5

FST estimates and 9 exact G test were significant after

multiple testing correction (Table 3). These samples were

obtained from feeding grounds covering approximatelyT
a
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2,500 km from south-west Ireland to the southern Bay of

Biscay. There was evidence of genetic heterogeneity in

pairwise comparisons involving the three samples:

CS2_05, CS1_06 and BB1_06 (Table 3). Four significant

pairwise FST and four exact G test comparisons indicated

slight genetic heterogeneity between CS1_06 and other

NEA samples (average H = 0.006; H0 = 0.031). Signifi-

cant genetic differentiation was also detected with both

methods between CS2_05 and CS3_05 (H = 0.005;

H0 = 0.038). These three samples (CS2_05, CS1_06 and

BB1_06) were caught early in the fishing season (July and

August) (Table 1), while the other five juvenile NEA

samples were caught between the end of September and

October (Table 1).

All juvenile samples (CS1_05, CS2_05, BB2_06 and

WI2_07) from the NEA were genetically undifferentiated

from the adults collected from the Canary Islands

(CAN_07), i.e. there were no significant differences in

pairwise comparisons of FST values and exact tests for

these five samples (Table 3).

The results of the GENELAND analysis are shown

using a maximum of K = 10, at 100,000 iterations, thin-

ning at a rate of 100, correlated allele frequency model,

with 100 burn-in generations. GENELAND analysis con-

sistently identified K = 5 within the NEA and MED

samples. The map of probable sample membership to a

particular cluster is shown in Fig. 2 (Individual member-

ship can be viewed in supplementary Figures). The

southern Bay of Biscay samples (BB1_06 and BB2_06)

group together. The only sample in this study which was

obtained from an adult population of albacore in the North

Atlantic (CAN_07) forms its own group. The majority of

the remaining NEA (CS and WI) samples are classified as

belonging together.

Pairwise FST estimates and exact G tests showed that the

sample collected from the western side of the Mediterra-

nean Sea in 2005 (Med_05) differed significantly from the

two samples from the central region: Med_06 (H = 0.014;

H0 = 0.124) and Med_07 (H = 0.008; H0 = 0.072).

Although the results from exact G tests also indicated

significant allele frequency heterogeneity among all three

MED samples (Table 3), differentiation between the two

samples from the central region of the Mediterranean Sea

was not significant. The GENELAND analysis provides a

Table 3 Multilocus pairwise estimates of differentiation (H and H0) and significance of exact G test for albacore tuna (Thunnus alalunga)

MED_05 MED_06 MED_07 CS1_05 CS2_05 CS3_05 CS1_06 BB1_06 BB2_06 WI1_07 WI2_07 CAN_07 PAC_03 PAC_05
MED_05 0.014 * 0.008 * 0.014 * 0.019 * 0.018 * 0.024 * 0.018 * 0.026 * 0.017 * 0.020 * 0.023 * 0.025 * 0.033 *
MED_06 0.124 0.002 0.012 * 0.020 * 0.015 * 0.021 * 0.017 * 0.018 * 0.013 * 0.019 * 0.024 * 0.026 * 0.034 *
MED_07 0.072 0.036 0.011 * 0.021 * 0.015 * 0.020 * 0.017 * 0.020 * 0.013 * 0.018 * 0.021 * 0.026 * 0.036 *
CS1_05 0.122 0.100 0.113 0.004 0.000 0.006 * 0.000 0.000 -0.002 -0.002 0.001 0.014 * 0.020 *
CS2_05 0.152 0.174 0.184 0.046 0.005 * 0.006 * 0.002 0.007 0.003 0.001 0.002 0.003 0.007 *
CS3_05 0.135 0.112 0.119 0.002 0.038 0.003 0.001 0.003 0.002 0.003 0.006 0.017 * 0.019 *
CS1_06 0.149 0.162 0.148 0.029 0.041 0.024 0.007 * 0.003 0.009 * 0.004 0.007 0.011 * 0.015 *
BB1_06 0.150 0.134 0.141 0.012 0.023 0.011 0.048 0.001 0.002 0.001 0.003 0.009 * 0.015 *
BB2_06 0.157 0.130 0.155 -0.011 0.047 0.003 0.034 -0.004 0.008 -0.001 0.002 0.009 0.014 *
WI1_07 0.166 0.125 0.132 0.004 0.019 0.008 0.036 0.021 0.039 0.000 0.002 0.014 * 0.019 *
WI2_07 0.154 0.167 0.145 0.009 0.018 0.023 0.019 0.024 0.001 -0.001 0.000 0.008 * 0.014 *
CAN_07 0.150 0.158 0.162 0.026 0.015 0.051 0.019 0.036 0.001 -0.002 0.016 0.009 0.014 *
PAC_03 0.189 0.211 0.194 0.132 0.046 0.128 0.094 0.105 0.073 0.115 0.088 0.082 -0.005
PAC_05 0.223 0.253 0.253 0.149 0.065 0.103 0.107 0.121 0.084 0.122 0.103 0.100 -0.015

Tables correspond to pairs of H (above diagonal) and heterozygosity-corrected H0 (below diagonal). Significant values after multiple test

correction are denoted with stars (*). The values have been shaded in grey for ease of interpretation: the darker the grey the higher the relative

value among comparisons (within estimator). The lines represent the borders between samples in different basins: Mediterranean Sea (top and

left), north-east Atlantic and Pacific (bottom and right). Differentiation values in grey font indicate exact G test comparisons that were not

significant after correction for multiple testing

Fig. 1 Sample correspondence analysis (CA) of albacore tuna

(Thunnus alalunga) representing the first (PC1) and second (PC2)

principal components of multilocus allele distributions. Eigenvalues

corresponding to the selected components are shown in black in the

histogram at the bottom right corner. Sample indicated by:

NEA = (open square), Med = (filled circle), SWP = ( )
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graphical representation of such significant heterogeneity

between the western and central Mediterranean samples.

The two samples from the SWP (Pac_03 and Pac_05)

did not differ for either FST or exact G test pairwise

comparisons in either data sets.

Discussion

Genetic diversity and HWE

The present study used microsatellite markers to investigate

the genetic structure of albacore tuna both within and

among different oceanic regions. Twelve microsatellites

were screened, all of which were developed for bluefin tuna

(Takagi et al. 1999; McDowell et al. 2002; Clark et al.

2004). Three of the microsatellites used in the present study

had previously been utilised by Takagi et al. (2001) to

evaluate genetic variation within and among albacore

samples from the North and South Atlantic and Pacific

Oceans. Similar numbers of alleles were observed in the

two studies at loci Ttho6 (NA = 18 (this study) and NA = 19

(Takagi et al. 2001)). At Ttho-4 and Ttho7 in NE Atlantic

samples, there were approximately twice as many alleles

observed in this study (Mean NA = 32 and 26, respectively)

compared to Takagi et al. (2001) (NA = 11 and 12,

respectively). Mean heterozygosities per locus were similar

in both studies for all loci and areas sampled; heterozy-

gosities were similar in range to studies on other species of

tuna (Appleyard et al. 2001; Carlsson et al. 2004).

Population differentiation between regions

Multilocus pairwise comparisons of FST values were low,

ranging from 0.000 (negative value shown in Table 2) to

H0 = 0.253 (H = 0.036), with an average value of H0 =

0.071 (H = 0.013). Despite relatively low FST values, 55

out of 91 (60%) were significant. Overall, results from

pairwise FST estimates and exact tests, and the CA plot

(Table 3; Fig. 1) indicate that NEA, MED and SWP are

strongly differentiated from one another. The largest FST

values were found between SWP and MED samples

(SWP_05 and Med_07, H0 = 0.253; H = 0.036, P \
0.001) and FST between MED and NEA ranged from

H0 = 0.100 to 0.166 and H = 0.011 to 0.026 (all signifi-

cant after multiple testing correction). The finding of sig-

nificant genetic differentiation between NEA and SWP

albacore corroborates those of Chow and Ushiama (1995),

where haplotype analysis of the mitochondrial ATPase gene

indicated genetic heterogeneity between both the Atlantic

and Pacific stocks but, showed homogeneity within both

stocks. In addition to FST and CA results, the GENELAND

analysis also supports genetic differentiation between NEA

and MED albacore; this has also been reported by Arriza-

balaga et al. (2004), Viñas et al. (2004) and Nakadate et al.

(2005) for a variety of markers, such as blood lectins,

mtDNA and nuclear markers. All these studies validate non-

molecular differences reported between NEA and MED

albacore (Megalofonou 2000). There is now ample genetic

evidence to support the justification of managing albacore

in the Mediterranean Sea as a separate entity to albacore in

the North Atlantic Ocean.

The science of landscape ecology is increasingly being

combined with population genetics to explain differentia-

tion between populations of a species (Manel et al. 2003).

Isolation by distance and physical barriers to gene flow are

two factors often proposed to explain differences within

species across different geographic areas, for example, as

the basis for the separation of bluefin tuna into two sub-

species, one which inhabits the Atlantic Ocean (Thunnus

thynnus thynnus) and the other the Pacific Ocean (T. t.

orientalis) (Ward 1995). Landscape genetics can be applied

to marine studies where both visible and invisible ocean-

ographic features, such as benthic topography and currents,

can lead to the segregation of marine populations with

pelagic stages in their life history (Jørgensen et al. 2005;

Karlsson and Mork 2005; Was et al. 2008; Kovach et al.

2010). The observed genetic distinctness of North Atlantic

Fig. 2 Geographical locations of albacore tuna (Thunnus alalunga)

sampling in Med_05 (X), Med_06 (filled circle), Med_07 (open
circle), CS1_05 (filled triangle), CS2_05 (filled square), CS3_05

(filled diamond), CS1_06 (shaded right pointed triangle), BB1_06

(shaded triangle), BB2_06 (shaded square), WI1_07 (open diamond),

WI2_07 (?) and CAN_07 (open square); the different colours
indicate posterior probability of belonging to subpopulations 1–5

detected in the GENELAND analysis (colours are arbitrary to

differentiate between population groupings)
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Ocean and Mediterranean Sea albacore is particularly

interesting in the light of the geological separation of the

two regions in the late Miocene period (*5.9 million years

ago) and reconnection during the Pliocenic period of the

late Cenozoic period, some 5.33 million years ago (Patar-

nello et al. 2007). The Mediterranean Sea is a fully

enclosed sea except for the narrow and deep connection

with the North Atlantic Ocean, with the majority of biota

having colonised the Mediterranean Sea from the Atlantic

Ocean through this entrance (Almada et al. 2001; Domin-

gues et al. 2005). Albacore are similar in morphology

(Pujolar et al. 2003) and environmental preference

(Beardsley 1969; Chow and Kishino 1995) to bluefin tuna

(T. t. thynnus), and both are considered part of the ‘‘blue-

fin’’ tuna group that occupy cooler waters, yet bluefin tuna

migrate out of the Mediterranean Sea through the straits of

Gibraltar (Carlsson et al. 2006), whereas for albacore,

Atlantic-Mediterranean migrations have been shown to be

limited (Arrizabalaga et al. 2002, 2003). The comparative

differences in behaviour of these two species raises ques-

tions as to why limited Atlantic-Mediterranean movement

is observed in albacore when these fish (as a fast moving

pelagic species tolerant of cooler waters) have the physi-

ology to cross oceanographic features such as the Almeria–

Oran front and the Straits of Gibraltar.

Population differentiation within regions

Albacore in the North Atlantic Ocean is currently managed

as a single stock, and no genetic structuring is recognised

within the population (ICCAT 2007) in spite of studies that

indicate otherwise (Hue 1979, 1980; Arrizabalaga et al.

2004). Although there have been no previous studies on

albacore, a study on bluefin tuna by Carlsson et al. (2006)

was able to determine whether individual bluefin tuna in a

feeding aggregation in the North Atlantic belonged to either

the eastern or western stock. The two stocks have been

shown to migrate to feeding grounds at different times but

are present for a few months as a mixed feeding aggregation

(Carlsson et al. 2006). The results presented here indicate

that there may be both spatial and seasonal structuring

within the North Atlantic albacore, with the Bay of Biscay

(BB1_06 and BB2_06, caught in August and September)

samples separating from the Celtic Sea (CS1_06, caught in

September) samples in 2006 and West of Ireland samples

(WI1_07 and WI2_07, caught in September) separating

from the Canary Islands sample (CAN_07, caught in

March) in 2007. The observed structuring of albacore in a

transient population in the NEA may be based on different

timing of migration to feeding areas and the observation of

genetic structuring may be dependent on the month the

samples are collected during the fishing season. The iden-

tification of three subpopulation clusters within the north-

east Atlantic feeding aggregations (based on twelve

microsatellite loci) indicates that management based on the

whole population may mask issues with the health of sub-

populations; therefore, caution must be used to prevent a

genetic subpopulation (and hence the expression of avail-

able phenotypic plasticity) being exploited into possible

extinction. This is fundamental to ensure the longevity of

the populations/stocks within the whole catchment (Carv-

alho and Hauser 1994). Hue (1979, 1980) proposed that

North Atlantic albacore are differentiated into at least two

subpopulations with separate seasonally distinct migration

routes (i.e. the ‘‘Classic’’ and the ‘‘Azores’’); the fish that

follow these separate migration routes can be characterised

by observed differences in morphometric traits (head length

vs. body length) and by the analysis of proteins from the eye

lenses. Further information needs to be gathered to track the

movement of the different components migrating into the

feeding aggregations as well as collecting adult albacores

from spawning grounds. Data on intra-oceanic migration

pathways may be ascertained from archival tags, such as

those used on larger fish (Sims et al. 2003). A further study

including more intensive sampling throughout the fishing

season would be needed to confirm or disprove the sug-

gested structuring where different populations may be

migrating to the feeding areas at different times. The

combination of investigating migration pathway and tim-

ings with microsatellite data may provide further informa-

tion in order to either refute or ratify genetic homogeneity

within the North Atlantic stock.

Megalofonou (1990) and Cefali et al. (1986) cited in

Megalofonou (2000) have shown that the distribution of

albacore in the Mediterranean is discontinuous, with the

highest concentrations found in the Tyrrhenian Sea in the

Western Mediterranean Basin and the Ionian, Adriatic and

Aegean Seas in the Eastern Mediterranean Basin. Previous

studies have shown that oceanographic barriers appear

to exist within the Mediterranean Sea, most notably the

Almeria–Oran and the Siculo-Tunisian fronts, which sep-

arate the Mediterranean into the East and West basins.

Carlsson et al. (2004) proposed possible heterogeneity of

bluefin tuna within the Mediterranean, with the distinction

being most evident between the Tyrrhenian and Ionian

Seas (i.e. between the East and West basin separated by the

Siculo-Tunisian front). Genetic heterogeneity between the

East and West basins has been observed in other species,

from those with sedentary and slow dispersal (sea grass,

Posidonia oceanica (Arnaud-Haond et al. 2007) and cut-

tlefish, Sepia officinalis (Pérez-Losada et al. 2007)) to

mobile species such as sea bass, Dicentrarchus labrax

(Bahri-Sfar et al. 2000) and anchovy, Engraulis encrasic-

olus (Magoulas et al. 2006). In the current study, little

difference in FST values between the Tyrrhenian (Med_06)

and Southern Adriatic Seas (Med_07) was found, indicating
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homogeneity in albacore population genetic structure

around the Italian peninsula. However, large differences

were observed in both the FST and GENELAND analysis

between samples from the Balearic Sea (Med_05) and those

around the Italian peninsula, indicating possible heteroge-

neity within albacore in the Western Mediterranean basin.

Such findings have not been reported in other studies on

tuna. It is therefore possible that further heterogeneity in

addition to that observed in the present study may exist in

albacore within the Mediterranean Sea.

In conclusion, significant population structuring was

observed in both North Atlantic and Mediterranean alba-

core, despite potentially high gene flow by larval dispersal,

high fecundity, large population size (ICCAT 2007), high

fishery mortality, and the extensive trans-oceanic feeding

and spawning migrations undertaken by albacore tunas.

This study highlights that albacore in North Atlantic Ocean

and Mediterranean Sea need to be managed at a smaller

scale where substructuring is indicated. However, in order

to define boundaries, more exactly further work should be

undertaken; this includes collecting reference material

from spawning aggregations in the Eastern Atlantic Ocean

(Beardsley 1969), and throughout the entire Southern

Mediterranean Sea (Piccinetti and Piccinetti Manfrin 1993)

should be included. At present, the North Atlantic albacore

stock is managed as a single unit, with the Mediterranean

stock as a separate entity (ICCAT 2007). Heterogeneity

may exist within both stocks on the basis of different

migration patterns, discontinuous distribution, morpho-

metric traits and molecular data, which may have impli-

cations for stock management if one subpopulation

contributes more to the effective population size than

another. Bias in stock assessment could lead to the possible

elimination of some subpopulations (Carvalho and Hauser

1994) by overfishing of recruits or spawning stock.
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