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Abstract
The blue shark Prionace glauca is a top predator with one of the widest geographi-
cal distributions of any shark species. It is classified as Critically Endangered in the 
Mediterranean Sea, and Near Threatened globally. Previous genetic studies did not 
reject the null hypothesis of a single global population. The blue shark was proposed 
as a possible archetype of the “grey zone of population differentiation,” coined to 
designate cases where population structure may be too recent or too faint to be de-
tected using a limited set of markers. Here, blue shark samples collected through-
out its global range were sequenced using a specific RAD method (DArTseq), which 
recovered 37,655 genome- wide single nucleotide polymorphisms (SNPs). Two main 
groups emerged, with Mediterranean Sea and northern Atlantic samples (Northern 

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.

Natacha Nikolic and Floriaan Devloo- Delva contributed equally. 

 1365294x, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16822 by Ifrem
er - C

entre A
tlantique, W

iley O
nline L

ibrary on [20/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

www.wileyonlinelibrary.com/journal/mec
mailto:
mailto:
https://orcid.org/0000-0002-6055-0923
https://orcid.org/0000-0002-6757-2949
https://orcid.org/0000-0002-2951-1272
https://orcid.org/0000-0003-1212-1742
https://orcid.org/0000-0001-8492-5382
mailto:natachanikolic@hotmail.com
mailto:natacha.nikolic@inrae.fr
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fmec.16822&domain=pdf&date_stamp=2022-12-25


    |  1001NIKOLIC et al.

1  |  INTRODUC TION

The blue shark Prionace glauca is distributed worldwide and consid-
ered the most abundant pelagic shark (Compagno, 1984; Nakano 
& Seki, 2003). Occurring in all oceans, its habitat extends from the 
surface to >1100 m depth except in polar regions (i.e., from 60° N to 
50° S) of the world oceans (Queiroz et al., 2012). Like other top pred-
ators (Estes et al., 2011; Hughes et al., 2013), the blue shark contrib-
utes to the top- down regulation of marine communities, and thus 
to the stability and persistence of the pelagic marine ecosystems 
across its vast distribution (e.g., Hernández- Aguilar et al., 2015).

The blue shark is the most frequently fished shark species world-
wide (Baum & Blanchard, 2010; Biton- Porsmoguer, 2018; Campana 
et al., 2006) along with shortfin mako and pelagic thresher sharks 
(Megalofonou, Yannopoulos, et al., 2005). Although occasion-
ally targeted for its meat on the western coast of Baja California 
Sur (Galván- Magaña et al., 2019) and by recreational fisheries 
(Campana et al., 2006; Mejuto & Garcia- Cortés, 2005; Panayiotou 
et al., 2020), the blue shark is mostly a bycatch of tuna and swordfish 
longline fisheries (Biton- Porsmoguer, 2017; Biton- Porsmoguer & 
Lloret, 2018; Carvalho et al., 2015; Coelho et al., 2017). The bycatch 
mortality rate on pelagic longline fishing operations can be high, up 
to 35%, with an additional post- release mortality at 19% (Campana 
et al., 2009). The blue shark is also the main species involved in the 
shark fin trade (Clarke et al., 2006), in which the fins are retained and 
the body is most often discarded because of its lower commercial 
value. Despite not being particularly targeted for its meat, with an 
estimate of 10– 20 million individuals caught annually (Megalofonou 
et al. 2005b; Stevens, 2009), the blue shark has been evaluated as 
Near Threatened worldwide (Rigby et al., 2019; Stevens, 2009) and 
Critically Endangered in the Mediterranean Sea (Sims et al., 2016).

Evidence of a 90% decline in blue shark abundance has 
been reported in the Mediterranean Sea (Ferretti et al., 2008). 
Population declines have also been reported in both the Atlantic 

(Aires- da- Silva et al., 2008, 2009; Baum & Blanchard, 2010; 
Simpfendorfer et al., 2002) and the Pacific (Clarke et al., 2013) 
oceans, but some other studies in the same areas indicate that 
the catch per unit of effort might be stable, or even slightly in-
creasing (ISC, International Scientific Committee for Tuna and 
Tuna- like Species in the north Pacific Ocean, 2018; Matsunaga & 
Nakano, 1999; Nakano & Clarke, 2005; Nakano & Stevens, 2008). 
These inconsistencies point to a poor understanding of the biology 
and ecology of the blue shark and to the difficulties in estimat-
ing its abundance. Intergovernmental bodies have acknowledged 
the need to fill important ecological and biological data gaps to 
improve stock assessments in the blue shark, which in turn can 
be used to provide advice on fisheries management (IOTC, 2017; 
ISC, 2018). The International Commission for the Conservation of 
Atlantic Tunas (ICCAT) acknowledged the steady increase of blue 
shark catches in recent years and the large level of uncertainty in 
the data inputs and model assumptions about the stock and the 
fishery. In 2019, the ICCAT adopted recommendations to further 
limit blue shark catches and encouraged further research to pro-
vide essential knowledge needed for its long- term management, 
including life- history parameters and migrations (ICCAT, 2019).

Given the blue shark's highly migratory behaviour and its 
wide distribution (Stevens, 1990), fisheries managers rely on the 
assumption that stocks in the northern and southern Atlantic 
(ICCAT, 2015), in the northern and southern Pacific (ISC, 2018), 
and in the Indian (IOTC, 2017) oceans are regionally homoge-
neous. Electronic tags have confirmed that blue sharks swim 
over large distances, even crossing from one ocean to another 
(da Silva et al., 2010; Kohler et al., 2002; Maxwell et al., 2019; 
Queiroz et al., 2012; Vandeperre et al., 2014). However, nonover-
lapping reproductive cycles have been reported in the Northern 
and Southern Hemispheres (Nakano & Seki, 2003; Nakano & 
Stevens, 2008) and transequatorial migration is assumed to be lim-
ited (Kohler and Kohler & Turner, 2008).

population) differentiated significantly from the Indo- west Pacific samples (Southern 
population). Significant pairwise FST values indicated further genetic differentiation 
within the Atlantic Ocean, and between the Atlantic Ocean and the Mediterranean 
Sea. Reconstruction of recent demographic history suggested divergence between 
Northern and Southern populations occurred about 500 generations ago and re-
vealed a drastic reduction in effective population size from a large ancestral popula-
tion. Our results illustrate the power of genome scans to detect population structure 
and reconstruct demographic history in highly migratory marine species. Given that 
the management plans of the blue shark (targeted or bycatch) fisheries currently as-
sume panmictic regional stocks, we strongly recommend that the results presented 
here be considered in future stock assessments and conservation strategies.

K E Y W O R D S
blue shark, bycatch, genome scans, pelagic, population genetics, SNPs, stock differentiation 
and assessment
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1002  |    NIKOLIC et al.

Based on mitochondrial DNA or/and microsatellite markers, 
no consistent pattern of genetic differentiation has been de-
tected, even between the Northern and Southern Hemispheres 
(Bitencourt et al., 2019; King et al., 2015; Li et al., 2017; Taguchi 
et al., 2015; Verissimo et al., 2017). Only weak differentiation of 
the Mediterranean Sea population (Bailleul et al., 2018; Leone 
et al., 2017), and among the southeastern Pacific and Western 
Australian sampling locations (Taguchi et al., 2015) was detected. 
Traditional genetic approaches only detect extreme restriction 
to gene flow, far below the threshold of demographic indepen-
dence (Waples, 1998; Waples & Gaggiotti, 2006), and integrate 
migration over an often large number of generations that is pro-
portional to effective population size (Hedgecock et al., 2007). In 
marine species, effective population size can be extremely large, 
a situation that probably applies to the blue shark considering its 
wide distribution and relatively high abundance. In fact, the blue 
shark has been used as a case species to illustrate the concept of 
“population grey zone” (Bailleul et al., 2018), which refers to the 
often- inconclusive results of population genetic differentiation 
studies. The “population grey zone” effect describes the poten-
tially very long time- lag (hundreds to thousands of generations) 
between the demographic split of a population into two indepen-
dent demographic entities and its translation into a genetic signal 
strong enough to be detected by a handful of molecular markers 
(Bailleul et al., 2018). Genome scan methods such as restriction 
site- associated DNA sequencing (RADseq; Davey & Blaxter, 2010) 
or Diversity Arrays Technology sequencing (DArTseq; DArT Pty 
Ltd: Georges et al., 2018) provide a much denser array of markers, 
typically thousands of single nucleotide polymorphisms (SNPs) 
along the genome, increasing the power to detect subtle levels of 
genetic differentiation (Foster et al., 2021). The recent use of ge-
nome scans to detect genetic structure in large pelagic species in-
cluding yellowfin tuna (Grewe et al., 2015; Mullins & Shaw, 2018; 
Pecoraro et al., 2018), striped marlin (Mamoozadeh et al., 2020), 
spotted dolphin (Leslie & Morin, 2016) and Atlantic mackerel 
(Rodríguez- Ezpeleta et al., 2016) provided a much higher resolu-
tion than traditional genetic markers and revealed genetic struc-
ture where no or only weak, sometimes incongruent, patterns of 
differentiation had initially been detected.

Here, we used the DArTseq sequencing approach on blue shark 
samples collected from the Atlantic, Pacific and Indian Oceans, as 
well as from the Western Mediterranean Sea, to test the null hypoth-
esis of large- scale panmixia. Preliminary results on basic population 
differentiation have been presented previously (Nikolic et al. 2020a). 
In this paper we provide a more comprehensive analysis of the blue 
shark population genetic structure as well as infer its demographic 
history for the first time. We take advantage of the power offered 
by genome scan analysis to delineate potential management units, 
and to investigate the demographic history up to the most recent 
decades, which were marked by increasing fishing pressure on blue 
shark populations worldwide (IOTC, 2017; Nakano & Seki, 2003; 
Porcher & Darvell, 2022).

2  |  MATERIAL S AND METHODS

2.1  |  Sampling

A total of 376 individual blue sharks were sampled by scientists 
(90%) and fishermen (10%) between 2009 and 2018, and 364 in-
dividuals were successfully genotyped (29 individuals sampled in 
2009, eight in 2010, four in 2011, 24 in 2012, 56 in 2013, 39 in 
2014, 81 in 2015, three in 2017 and 120 in 2018) across several 
geographical regions throughout the species range (Figure 1). All 
were caught by longline as bycatch, except the samples from the 
eastern Indian Ocean where individuals were caught by purse 
seine. Only dead individuals were sampled. Individual length (cm) 
and phenotypic sex (based on the presence or absence of clasp-
ers), geographical location (latitude and longitude) and details on 
operating vessel were recorded— except for 93 individuals miss-
ing length data and 149 individuals whose sex was not identified. 
Whenever applicable, curved fork length, precaudal length and 
interdorsal (space on the dorsal surface between the first and sec-
ond dorsal fins) were converted to fork length (FL) based on the 
equations of Cramer et al. (1997). A small piece of fin, skin or mus-
cle was preserved in 96% ethanol at all sampling locations except 
the eastern Indian Ocean samples, tissues of which were dried in 
silica gel, and Reunion Island samples, tissues of which were pre-
served in RNAlater solution (Qiagen).

2.2  |  DArT library preparation and sequencing

Genomic DNA was extracted from 15 mg of muscle tissue subsam-
pled from individual biopsies on an Eppendorf EP Motion 5057 
liquid robotic handler using a modification of the QIAamp 96 DNA 
QIAcube HT Kit (Qiagen). This extraction included a lysis step in the 
presence of proteinase K followed by bind- wash- elute Qiagen pro-
cessing. Low- quality or degraded samples were extracted using the 
modified CTAB method of Grewe et al. (1993).

Genomic DNA was processed for the construction of a reduced 
representation library, sequenced and genotyped by using the 
DArTseq technique. DNA sample libraries were created through 
digestion and ligation reactions using two methylation- sensitive 
restriction enzymes, PstI and SphI. The PstI site was compatible 
with a forward adapter that included a flow cell (Illumina) attach-
ment sequence and a sequencing primer sequence incorporating 
a staggered, barcode region of varying length. The SphI digestion 
generated a compatible overhang sequence that was ligated to a 
reverse adapter containing a flow cell attachment region and a 
reverse- priming sequence. Only mixed PstI– SphI restriction frag-
ments were amplified by PCR (polymerase chain reaction). PCR 
conditions consisted of an initial denaturation at 94°C for 1 min 
followed by 30 cycles of 94°C for 20 s, 58°C for 30 s and 72°C for 
45 s, with a final extension step at 72°C for 7 min. After PCR, equi-
molar amounts of amplification products from each sample of the 
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    |  1003NIKOLIC et al.

96- well microtitre plate were bulked and subjected to cBot bridge 
PCR (Illumina), followed by sequencing on an Illumina Hiseq2000 
automated sequencing system. The sequencing (single- end) was 
run for 77 cycles. The DNA fragments selected by this process 
were ~ 75 bp long. Further details on this sequencing method 
can be found in Sansaloni et al. (2011), Kilian et al. (2012) and 
Georges et al. (2018).

2.2.1  |  SNP genotyping process

For initial assessment of read quality and sequence representation, 
raw reads (raw data, Figure 2) were processed using the Illumina 
Consensus Assessment of Sequence And VAriation (CASAVA) ver-
sion 1.8.2 software. Genotypes were generated from sequencing 
runs completed at DArT using a proprietary DArTseq analytical 
pipeline (DArT- Soft14 version). The DArT toolbox was then used 
to filter away poor- quality sequences, apply more stringent selec-
tion criteria to the barcode region and generate the final genotypes 
(Kilian et al., 2012), here called one- row data (Figure 2). Details of 
the bioinformatic steps leading to SNP genotyping can be found in 
Georges et al. (2018).

2.2.2  |  SNP filtering

Multiple steps were performed in the data analysis, each using the 
appropriate software. Details of the scripts for SNP filtering and 

data analyses are presented in an R Markdown report (https://
cloud.r- proje ct.org/packa ge=rmark down; Allaire et al., 2020) as 
Appendix S1. Here, we provide an overview of the process followed 
for SNP filtering, on individual samples grouped per geographical re-
gion (Filtration 1) or per sampling site (Filtration 2).

First, metadata with all information on the individuals including 
sampling location, sex and length, and one- row data with both SNP 
and reference alleles where a zero (0) score denotes a homozygote, 
one (1) a homozygote, and two (2) a heterozygote, were merged to 
build the data set called DATA 1 (Figure 2). Then, SNPs from DATA 
1 were filtered for low reproducibility based on technical replicate 
libraries, monomorphism across all individuals, low minor allele 
count, low coverage per locus, high missing data per SNP, short- 
linkage disequilibrium by keeping one SNP per locus, and SNPs out 
of Hardy– Weinberg equilibrium (HWE) using the radiator package 
version 1.2.0 (Gosselin, 2018; Gosselin et al., 2020) in R version 
4.1.0 (R Development Core Team 2020) (see details in Appendix S1). 
Individuals were filtered based on high missing data, high heterozy-
gosity and duplicate individuals. At this stage, the data set was called 
DATA 2 (Figure 2).

Sex- linked marker identification
The unfiltered data (DATA 1) were tested for the presence of sex- 
linked markers using the sexy_markers function in the radiator pack-
age (Gosselin et al., 2020). To eliminate erroneous detections, the 
DATA 1 data set was filtered for high individual missing data and 
heterozygosity, as well as monomorphic markers and short- distance 
linkage of SNPs. Subsequently, we identified markers on the Y or 

F I G U R E  1  Location of blue shark, Prionace glauca, sample sites across several geographical regions (364 genotyped individuals). Circle 
area is proportional to the number of individuals. Black and white colours indicate sex as identified from genetic markers and biological 
identification. Geographical regions are Mediterranean (MED: MED1, n = 34 individuals; and MED2, n = 20), northern Atlantic (NATL, 
n = 49), northeastern Atlantic (NEATL, n = 26), South Africa (SAF: SAF1, n = 21; and SAF2 n = 89), eastern Indian Ocean (EIO, n = 8), 
northern Indian Ocean (NIO, n = 27), western Indian Ocean (WIO, n = 29), southwestern Pacific (SWPAC: SWPAC1, n = 30; SWPAC2, 
n = 16; and SWPAC3, n = 11) and northeastern Pacific (NPAC, n = 4). Shaded: Species distribution area, from Compagno (1984) and the 
IUCN red list (https://www.iucnr edlist.org/speci es/39381/ 2915850; accessed June 22, 2022).
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1004  |    NIKOLIC et al.

W chromosomes by their presence in one sex, but absence in the 
other. Similarly, X-  or Z- linked markers were detected based on the 
heterozygosity and coverage patterns between sexes. All identified 
sex- linked markers were eliminated from the DATA 2 data set to ob-
tain a modified data set (DATA 3) containing all other loci (Figure 2, 
see Appendix S1 for details on sex- linked analysis). Markers on the Y 
or W chromosomes were used to assign the genetic sex to individu-
als with missing phenotypic sex.

Outlier identification
Two complementary algorithms were used to identify putative 
outliers: pcadapt version 4.3.3 (Luu et al., 2017) and outflank ver-
sion 0.2 (Whitlock et al., 2015). We removed the outliers detected 
by both pcadapt and outflank from DATA 3 with individual samples 
grouped per geographical region. The last step of filtering consisted 
of removing SNP loci with overall allele frequency lower than 0.01 
(“minor” allele frequency; MAF) using dartr version 1.9.9 (Georges 
et al., 2018). Thus, we finally obtained the DATA 4 data set where 
we kept only nonoutlier loci, and the DATA 5 data set where we kept 
only outlier loci (Figure 2; Appendix S1).

All downstream analyses were run on DATA 3 with all loci in-
cluding outliers (with individual samples grouped per geographical 
region or per sample sites), and on DATA 4 and DATA 5 with only 

nonoutlier and only outlier loci, respectively (with individual samples 
grouped per geographical region) (Figure 2, see Results section and 
Appendix S1).

2.3  |  Population genetic analysis

All group stratification from geographical regions (Figure 1), as 
Mediterranean merged and not, was tested in population genetic 
analysis (see Appendix S1). Indices of genetic diversity including het-
erozygosity, allelic richness (Ar), FIS and their probabilities under the 
null hypothesis of HWE were estimated using the diversity package 
version 1.9.90 (Keenan et al., 2013).

Pairwise FST and average sample- pairwise differences together 
with their significance estimated by bootstrap resampling were 
obtained using the stratag version 2.5.01 (Archer et al., 2017) and 
stampp (Pembleton et al., 2013) packages. Principal component anal-
ysis (PCA) on allelic frequencies was run under adegenet version 2.1.5 
(Jombart, 2008; Jombart & Ahmed, 2011). Discriminant analysis of 
principal components (DAPC; Jombart et al., 2010) was run using the 
adegenet package. Principal components were selected from cross- 
validation in DAPC according to the putative origin of individuals 
and with 1000 replicates (see Appendix S1 for more details). Based 

F I G U R E  2  Prionace glauca. Summary of the genetic data filtering process from DArT- sequencing read output to the final genotype DATA 
sets (DATA 3, DATA 4 and DATA 5). In step 5, minor allele frequency is abbreviated as MAF.
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    |  1005NIKOLIC et al.

on the retained discriminant functions, we inferred group member-
ship probabilities to assess the extent of admixture in the inferred 
clusters.

We estimated the partition of molecular variance within indi-
vidual samples, between individual samples from sample sites (or 
geographical regions), and between sample sites (or geographical 
regions) using an analysis of molecular variance (AMOVA; Excoffier 
et al., 1992) implemented in the R packages poppr version 2.9.3 
(Kamvar et al., 2014) and pegas version 1.1 (Paradis, 2010). To test 
for significance, we performed a randomization test. The matri-
ces of samples were randomly permuted as described in Excoffier 
et al. (1992).

Hierarchical genetic clustering was done using admixture version 
1.3 (Alexander et al., 2009) assuming a number (K) of ancestral pop-
ulations between two and six. The value of K with lowest associated 
error value was identified using the cross- validation procedure of ad-
mixture. Then, the R package stockr version 1.0.74 (Foster, 2020) was 
used with K values (designed in stockr to correspond to a number of 
differentiated groups) from two to six and following the approach 
outlined in Foster et al. (2018), which has been designed to discrim-
inate groups with no contemporary mixture, based on assignment 
probability.

The correlation between pairwise genetic (FST and Euclidean 
Edwards' distance) and geographical distances was tested using a 
Mantel test with 1000 permutations between individuals and geo-
graphical regions using the R packages adegenet and ade4 version 
1.7– 18 (Bougeard & Dray, 2018; Chessel & Dufour, 2004; Dray 
et al., 2007; Dray & Dufour, 2007) on the data set without outlier 
only (DATA 4).

2.4  |  Demographic analysis

We used the software gadma (Genetic Algorithm for Demographic 
Model Analysis; Noskova et al., 2020) to rebuild the evolutionary 
trajectory of the two main genetic clusters detected from the previ-
ous analyses (see Results). Our main objective was the reconstruc-
tion of the past and recent demographic trends of these populations, 
considering the global conservation status of the blue shark. Besides, 
we also expected demographic reconstruction to allow a better un-
derstanding of the position of one particular geographical region 
(namely, South Africa or SAF) relative to the two detected clusters.

gadma implements a global genetic algorithm and different ex-
isting “engines” of local optimization, such as δaδi (Gutenkunst 
et al., 2009), moments (Jouganous et al., 2017) or momi (Kamm 
et al., 2020), to simulate the expected joint allele- frequency spec-
trum (JAFS) from multiple populations under various demographic 
scenarios, and compare it with the observed JAFS. More precisely, 
the genetic algorithm implemented in gadma enables us to delineate 
time structures (epochs) showing particular trends in effective pop-
ulation size (Ne) through time (e.g., linear or exponential growth or 
decline for a given period of time). A local optimization algorithm 
supports finer inference of demographic parameter values in those 

predefined structures. This favours the identification of the demo-
graphic scenario most likely to explain the observed genetic varia-
tion, even with limited a priori knowledge, implying the exploration 
of a wide parameter space.

First, we converted the DATA 4 data set in Variant Call Format 
(VCF file) using the function genomic_converter in radiator (see 
Appendix S1). Then from these converted data, we built the ob-
served JAFS by grouping individual samples according to the popula-
tions delineated from the previous structure and clustering analyses. 
However, considering the computational costs of the analysis of 
high- density JAFS, we subsampled the original JAFS using easysfs 
(https://github.com/isaac overc ast/easySFS) to allow the analysis 
with realistic computing time and resources. easysfs builds the JAFS 
on this subset, while selecting the number of individual samples and 
variants needed to maintain the characteristics of the initial JAFS. 
The easysfs approach implies a subsampling that has an effect similar 
to the reduction of population sample size, still allowing a reasonable 
trade- off between data resolution and computational limitations 
(see Fraisse et al., 2018).

Thus, we ran demographic inferences using a JAFS with 50 × 50 
cells, composed by 31,901 and 32,387 segregating sites for Northern 
(northern Atlantic Ocean and Mediterranean Sea) and Southern 
(Indian and southwestern Pacific oceans) populations, respectively. 
The population structure analysis revealed a clear differentiation of 
those two clusters of samples (see Results). Hereafter, this will be 
referred as the 2- population model. The predefined 2- population 
demographic scenario allowed for Ne of an ancestral population 
to vary, before that ancestral populations split into two daughter 
populations, with steady Ne variation allowed and continuous gene 
flow occurring during divergence. This, overall, corresponded to an 
isolation- with- migration (IM) model integrating Ne variations. This 
2- population model relied on 12 parameters, nine of which were 
quantitative (Figure 3.1, Table 4). Three qualitative parameters de-
scribed trends and dynamics in population effective size (constant, 
linear or exponential). Five quantitative parameters described the 
effective size of each population at the start and the end of each 
time period. Two quantitative parameters described bidirectional 
migration rates between the two daughter populations. Finally, two 
quantitative parameters described the duration of the different 
time periods, specifically before and after the split of the ancestral 
population.

The South African geographical region was excluded from the 
2- population model, due to the inconsistent results obtained de-
pending on the methods employed for detecting differentiation 
(see Results). Thus, we included SAF as a possible undetected third 
demographic entity in what we will be referred to, hereafter, as a 
3- population demographic model. The 3- population model thus 
distinguished the South African, Northern and Southern sampling 
regions. In the 3- population model, we tested two tree models: 
(a) first tree model— the ancestral population was split into the 
Northern population and a common population made up of SAF and 
the Southern population, which was split later; and (b) second tree 
model— the ancestral population was split into a Southern population 
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and a common population made up of SAF and the Northern popu-
lation, which was split later (Figure 3).

In a first step, all parameter values (both qualitative and quan-
titative) for the Northern and Southern populations were fixed as 
pointed in the 2- population models. Seven quantitative parameters 
related to the SAF geographical region were left to be inferred. Two 
were related to the effective population size of SAF at the begin-
ning and at the end of its time period. One was related to its di-
vergence time from either the “Southern (tree model (a))” or the 
“Northern (tree model (b))” population. Four were related to migra-
tion rates with the Northern and the Southern populations. For fast 
inference of those seven parameters, we used a downsized JAFS of 
20 × 20 × 20 cells obtained using easysfs (Figure 3.2).

In a further step, we re- estimated all parameters (16 of which 
were quantitative, Supporting Information S7) from the 3- population 
model using Powell's local search algorithm and a bigger JAFS of 
50 × 50 × 50 with 32,387, 31,901 and 31,557 segregating sites for 
Northern, Southern and SAF populations (Figure 3.3). Fixed and in-
ferred parameter values from the previous step were used as initial 
points of the run.

For both the 2-  and 3- population models, we converted the in-
ferred parameter values into biologically meaningful values (i.e., ge-
netic units), using a mutation rate (μ) of 10−8— mutation rate reported 
on sequences in Pirog (2018) in concordance with the mutation rate 
on hammerhead shark (Duncan et al., 2006)— and the effective 
sequence length (L) of 2,598,195 bp as described in Rougeux and 
Bernatchez (2017). We first estimated the ancestral effective popu-
lation size (Nanc) from flux theta (�):

Then, we defined the effective population size of contemporary pop-
ulations (Ni):

where nui corresponds to the inferred effective population size for 
population i from the model. The migration rate (M) between popula-
tions (i and j) was estimated as the proportion of individuals per gener-
ation migrating from population j to population i:

where mij corresponds to the migration parameter estimated from the 
model.

Finally, we converted time parameter values (i.e., duration of dif-
ferent epochs) in number of generations 

(

ti
)

 and inferred the dura-
tion of divergence in years (Ti) by integrating a rounded generation 
time (tg) of 9 years— as previously published estimates were 8.1 years 
(IOTC, 2007), and 8.2 and 9.8 years for South African and northern 
Atlantic populations, respectively (Cortés et al., 2015) (giving a mean 
generation time of 8.70– 9 years):

For demographic inferences, we used 50 independent gadma runs with 
the engine moments (Jouganous et al., 2017) to observe convergence 
in models and infer parameter values, as well as statistical robustness.

As all model parameter values were positive, their logarithms 
were used to calculate confidence intervals (CIs) for the inferred 

Nanc =
�

4�L
# (1)

Ni =nui .Nanc#(2)

Mij=
mij

2Nanc

#(3)

Ti = ti . tg . 2Nanc#(4)

F I G U R E  3  A scheme of demographic inference for two and three populations of the blue shark, Prionace glauca. The 2- population 
model (upper part, [1]) distinguished northern (Atlantic Ocean and Mediterranean Sea) from southern (Indian and southwestern Pacific 
oceans) populations. The 3- population models (middle and lower part, [2] and [3]) distinguished south African, northern (Atlantic Ocean and 
Mediterranean Sea) and southern (Indian and southwestern Pacific oceans) populations, with the two tree models differing depending on 
the late divergence of SAF from the northern (a) or southern (b) group. Light green colour corresponds to the data used (size and dimensions 
of the observed JAFS, obtained from DATA 4 converted into a VCF file). Light yellow refers to the algorithms used. White and grey refer to 
the evaluated scenarios, the latter representing the scenario identified as the most likely to explain the observed genetic variation.
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parameter values. Each bootstrap was performed 100 times 
under the assumption that all SNPs are independent.

3  |  RESULTS

3.1  |  Samples

The body length of individuals ranged from 74.5 to 330.0 cm FL 
with a mean of 140.4 cm FL. Females were on average shorter 
than males (Appendix S1 and S2) but the opposite trend was ob-
served in the northern Atlantic, western Indian Ocean and eastern 
Indian Ocean geographical regions (Appendix S1). The smallest 
individuals were sampled in the northern Atlantic and the larg-
est in the Mediterranean Sea (Appendix S1). As only 23 of the 54 
individuals sampled from the Mediterranean were measured, cau-
tion should be taken when interpreting these results on body size. 
A study with a three times higher sample size (https://fishr eg.jrc.
ec.europa.eu/web/medbl uesge n/sampl ing- data) revealed a differ-
ence in the range of sizes between East and West Mediterranean 
samples.

3.2  |  Sequencing and quality control

DArT sequencing yielded 545,764– 2,702,952 reads per individual 
with an average of 1,805,674 (Figure 2). We obtained 364 geno-
types and 172,384 SNPs after applying the DArTseq analytical 
pipeline (DATA 1; Figure 2). The different filtering steps using the 
R package radiator (detailed in Appendix S1) resulted in a data set 
of 45,810 SNPs (one SNP per de novo assembled fragment) from 
312 individuals when considering a stratification per geographical 
region (Filtration 1), and 34,033 SNPs from 313 individuals when 
considering a stratification per sample site (Filtration 2; DATA 2) 
(Figure 2; Appendix S1). Individual samples from the northeastern 
Pacific (NPAC, Hawaii) were discarded during this process, as NPAC 
consisted of only four individuals with high genotype missingness 
(considered as a potential result of long- term storage and low DNA 
quality). The next steps of filtering removed 143 sex- linked SNPs 
from DATA 2 when considering a stratification per geographical 
region (45,810 SNPs initially), and 94 sex- linked SNPs from DATA 
2 when considering a stratification per sample site (34,033 SNPs 
initially). From this stage, further filtering led to identical results re-
gardless of a stratification per sample sites or per geographical re-
gion, indicating robust data (Appendix S1). Thus, search for outliers 
from DATA 3 was performed considering a stratification per geo-
graphical region only (Filtration 1), and not per sample site. We de-
tected nine outliers in common with both outflank and pcadapt, 2832 
loci that were monomorphic at this stage, and 5171 SNPs with allele 
frequency below 0.01, yielding to a final data set of 37,655 nonout-
lier SNPs on a total of 312 individual samples (DATA 4) (Figure 2). 
Analyses on the nine outlier SNPs (DATA 5) revealed results very 
similar to those detailed below (but see section 3.4 for an exception TA

B
LE

 1
 

G
en

et
ic

 d
iv

er
si

ty
 e

st
im

at
es

 fo
r P

rio
na

ce
 g

la
uc

a 
pe

r g
eo

gr
ap

hi
ca

l r
eg

io
n 

an
d 

w
ith

ou
t o

ut
lie

rs
 (f

ro
m

 D
AT

A
 4

: 3
7,

65
5 

no
no

ut
lie

r S
N

Ps
 a

nd
 3

12
 in

di
vi

du
al

s)
.

Po
p

Ar
N

b
H

O
H

E
H

E u
nb

ia
se

d
F IS

Te
st

 g
lo

ba
l H

W
E

Te
st

 s
ig

ni
fic

an
ce

 
H

W
E 

(h
om

oz
yg

ot
e 

de
fic

ie
nc

y)

Te
st

 s
ig

ni
fic

an
ce

 
H

W
E 

(h
et

er
oz

yg
ot

e 
de

fic
ie

nc
y)

N
AT

L
1.

59
4 

(1
.5

4–
 1.

62
)

42
0.

14
5

0.
16

8
0.

17
0

0.
09

1 
(0

.0
74

– 0
.0

88
)

1.
00

0
1.

00
0

1.
00

0

N
EA

TL
1.

56
8 

(1
.5

0–
 1.

61
)

21
0.

14
2

0.
16

6
0.

17
0

0.
10

2 
(0

.0
69

– 0
.0

94
)

1.
00

0
1.

00
0

1.
00

0

M
ED

1.
58

3 
(1

.5
3–

 1.
61

)
45

0.
14

2
0.

16
6

0.
16

8
0.

09
9 

(0
.0

83
– 0

.0
96

)
1.

00
0

1.
00

0
0.

00
0

SA
F

1.
58

3 
(1

.5
3–

 1.
60

)
10

5
0.

14
0

0.
16

6
0.

16
6

0.
11

5 
(0

.1
03

– 0
.1

13
)

0.
00

0
1.

00
0

0.
00

0

W
IO

1.
56

2 
(1

.4
9–

 1.
60

)
22

0.
14

1
0.

16
3

0.
16

7
0.

08
8 

(0
.0

59
– 0

.0
81

)
1.

00
0

1.
00

0
1.

00
0

N
IO

1.
54

7 
(1

.4
8–

 1.
60

)
16

0.
14

3
0.

16
1

0.
16

6
0.

06
7 

(0
.0

28
– 0

.0
57

)
1.

00
0

1.
00

0
1.

00
0

EI
O

1.
50

6 
(1

.4
4–

 1.
58

)
8

0.
14

5
0.

15
7

0.
16

7
0.

03
1 

(−
0.

06
7–

 0.
02

1)
1.

00
0

1.
00

0
1.

00
0

SW
PA

C
1.

58
1 

(1
.5

3–
 1.

61
)

53
0.

13
9

0.
16

6
0.

16
7

0.
11

3 
(0

.0
96

– 0
.1

10
)

0.
00

0
1.

00
0

0.
00

0

N
ot

e:
 A

lle
lic

 ri
ch

ne
ss

 (A
r) 

w
ith

 th
e 

lo
w

 a
nd

 h
ig

h 
95

%
 C

I, 
nu

m
be

r o
f i

nd
iv

id
ua

l s
am

pl
es

 (N
b)

, o
bs

er
ve

d 
he

te
ro

zy
go

si
ty

 (H
O

), 
ex

pe
ct

ed
 h

et
er

oz
yg

os
ity

 (H
E)

, u
nb

ia
se

d 
ex

pe
ct

ed
 h

et
er

oz
yg

os
ity

 (N
ei

 1
97

8)
 (H

E 
un

bi
as

ed
), 

in
br

ee
di

ng
 c

oe
ff

ic
ie

nt
 (F

IS
) w

ith
 th

e 
lo

w
 a

nd
 h

ig
h 

95
%

 C
I o

n 
F IS

, p
- v

al
ue

s 
fr

om
 a

 c
hi

- s
qu

ar
e 

te
st

 fo
r g

oo
dn

es
s-

 of
- f

it 
to

 H
ar

dy
– W

ei
nb

er
g 

eq
ui

lib
riu

m
 (H

W
E)

, t
es

tin
g 

si
gn

ifi
ca

nc
e 

of
 h

om
oz

yg
ot

e 
an

d 
he

te
ro

zy
go

te
 d

ef
ic

ie
nc

y.
 M

ED
, M

ed
ite

rr
an

ea
n;

 N
AT

L,
 n

or
th

er
n 

A
tla

nt
ic

; N
EA

TL
, n

or
th

ea
st

er
n 

A
tla

nt
ic

; S
A

F,
 S

ou
th

 A
fr

ic
a;

 E
IO

, e
as

te
rn

 In
di

an
 O

ce
an

; N
IO

, n
or

th
er

n 
In

di
an

 O
ce

an
; S

W
PA

C
, s

ou
th

w
es

te
rn

 
Pa

ci
fic

; W
IO

, w
es

te
rn

 In
di

an
 O

ce
an

.

 1365294x, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16822 by Ifrem
er - C

entre A
tlantique, W

iley O
nline L

ibrary on [20/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://fishreg.jrc.ec.europa.eu/web/medbluesgen/sampling-data
https://fishreg.jrc.ec.europa.eu/web/medbluesgen/sampling-data


1008  |    NIKOLIC et al.

in pairwise FST values). Thus, unless stated otherwise, in the section 
below, we focus on results from the DATA 4 data set including non-
outlier SNPs with a stratification per geographical region. Results for 
analyses on other data sets or with a stratification per sample site 
are presented in Appendix S1.

Phenotypic and genetic sex assignment matched very well. Only 
18 individuals were corrected out of the 215 individuals with pheno-
typic sex (nine male to female corrections and nine female to male 
corrections). These phenotypic identification errors in the data are 
probably due to human error. The few samples with an incorrect 
phenotypic sex were collected by fishermen without bringing the 
individual on board. In addition, at least one fisherman reversed the 
sex identification (female for male and vice versa).

3.3  |  Diversity

Genetic diversity values are presented in Table 1 and Appendix S1. 
Heterozygosity was low in all geographical regions (observed around 
14% and expected around 16%– 17%). These levels of genetic diver-
sity, very similar among all sampled area, are consistent with pre-
vious reports (Bailleul et al., 2018; Leone et al., 2017). We did not 
detect significant Hardy– Weinberg disequilibrium, except for South 
Africa and the southwestern Pacific (SWPAC) where observed 
heterozygosity was lower than expected. The positive FIS values 
obtained (0.031– 0.115) differed from zero in all areas except the 
Eastern Indian Ocean (EIO), possibly due to low statistical power 
linked to low sample size (N = 8).

3.4  |  Genetic differentiation

Differences between geographical regions, between individual 
samples within a geographical region, and within individual samples 
explained 0.09%, 11.83% and 88.08% of the molecular variance, 
respectively. Although the ϕ statistic of population differentiation 
suggested a low amount of differentiation between geographical 

regions (Appendix S1), the variance estimates within and between 
samples, and between geographical regions were all significant 
(p < .001).

Pairwise FST values were of the order of 10−3 to 10−4 both be-
tween geographical regions (Table 2) and between sampling sites 
(Table 3). FST values were significant among all geographical regions, 
with South African populations differentiated from the northern 
Atlantic but not from Indo- Pacific ones (Table 2), while no genetic 
differentiation was detected within regions (Table 3), with two 
exceptions involving the South African site SAF2 differing from 
SWPAC2 and SWPAC3 in the Indo- Pacific (Table 3). A similar pattern 
emerged on the data set containing only outlier loci and a stratifica-
tion per geographical region (DATA 5) (FST Tables S12 and S13 from 
Appendix S2).

Clustering analyses using PCA (Appendix S1 and S3), DAPC 
(Figure 4), admixture (Figure 5a; Appendix S1) and stockr (Figure 5b; 
Appendix S1) revealed two distinct genetic groups, one including geo-
graphical regions from the northern Atlantic and the Mediterranean 
(MED, NATL and NEATL), and the other including geographical regions 
from the Indo- West Pacific (EIO, NIO, WIO and SWPAC). Individual 
samples from the SAF geographical region showed an admixed profile 
with admixture analysis, while stockr clustered SAF individuals with 
Indo- West Pacific ones (in concordance with FST results) with both 
“non- outlier” (DATA 4) and “outlier” (DATA 5) data sets.

Finally, no significant correlation between geographical and 
genetic distance (either expressed as pairwise FST or Euclidean dis-
tance) was detected through the Mantel test performed on geo-
graphical regions (p > .05) (Appendix S1).

3.5  |  Demographic inference

3.5.1  |  Scenario with northern and southern 
populations (2- population model)

The demographic scenario showing the best fit to the observed 
genetic variation (log- likelihood = −2054.75) (Figure 6; Supporting 

TA B L E  2  Pairwise FST values and their level of significance after correction with q- value (*p < .01, **p < .001) (from DATA 4: 37,655 
nonoutlier SNPs and 312 individuals) per geographical region.

MED 
(45) NATL (42) NEATL (21) SAF (105) EIO (8) NIO (16) WIO (22)

SWPAC 
(53)

MED 0.0007** 0.0010** 0.0015** 0.0023* 0.0017** 0.0017** 0.0022**

NATL 0.0005* 0.0012** 0.0010* 0.0011** 0.0016** 0.0017**

NEATL 0.0017** 0.0015* 0.0015** 0.0015** 0.0020**

SAF 0.0000 0.0000 0.0000 0.0000

EIO 0.0004 0.0000 0.0000

NIO 0.0000 0.0000

WIO 0.0001

SWPAC

Abbreviations: EIO, eastern Indian Ocean; MED, Mediterranean; NATL, northern Atlantic; NEATL, northeastern Atlantic; NIO, northern Indian 
Ocean; SAF, South Africa; SWPAC, southwestern Pacific; WIO, western Indian Ocean.
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    |  1009NIKOLIC et al.

Information S4) corresponded to an ancestral population that 
started to linearly increase ~130,000 generations ago (between 
~1 and 1.275 million years ago) reaching an effective popula-
tion size of 30,000 to up to 170,000 individuals, before splitting 
into two populations (Figure 7). During the split that would have 
occurred ~550 generations ago (i.e., ~,000 [4503– 5449] years 
ago), the two populations may have experienced important bot-
tlenecks, as suggested by the inferred contemporary effective 
population sizes of only about 5300 and 6400 in Northern and 
Southern populations, respectively (Table 4). The constant effec-
tive population size of the Northern population was estimated 
to be ~5300 and the Southern population may have experienced 
a marginal linear growth of ~2000 (~4200 to ~6300) between 
the time of split and the present day. In addition, an important 
asymmetry in gene flow was estimated, with preferential migra-
tion from Southern to Northern population (MSou- Nor = 0.168 vs. 
MNor- Sou = 0.004) (Table 4).

3.5.2  |  Scenario with northern and southern 
populations, and South Africa (3- population model)

A 3- population (Northern and Southern sampling regions, and South 
Africa) demographic model was constructed to evaluate the most 
likely membership of SAF individuals favoured in the first tree model 
(a) (i.e., with the SAF population originating from the Southern clus-
ter) (Supporting Information S5– S8). Nevertheless, non- negligible 
exchange through migration was detected over time (Supporting 
Information S6 and S7) between the Northern and Southern clusters 
in particular, through SAF which seemingly acts as a stepping stone 
between the Atlantic and the Indo- West Pacific regions.

4  |  DISCUSSION

In contrast to previous reports of large scale panmixia in the blue 
shark (within oceanic basins: Queiroz et al., 2012; King et al., 2015; 
and among oceanic basins: Verissimo et al., 2017; Ovenden 
et al., 2009; Taguchi et al., 2015; Bailleul et al., 2018), our results 
for the first time demonstrate clear evidence of population genetic 
structure both within and among oceanic basins. These patterns of 
population differentiation were obtained with genome- wide mark-
ers. This study also hints at a genetic bottleneck in the recent past.

4.1  |  Genetic diversity, population structure and 
demographic history of blue shark

Levels of genetic diversity were consistent with previous reports 
on this species (Bailleul et al., 2018; Leone et al., 2017) and similar 
to those reported in the closely related genus Carcharhinus (Green 
et al., 2019; Momigliano et al., 2017; Pazmiño et al., 2017). The limited 
but significant heterozygote deficiency was comparable to results TA
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1010  |    NIKOLIC et al.

from previous studies (Bailleul et al., 2018; Verissimo et al., 2017). 
This is probably due to null alleles considering the absence of any 
behaviour known to favour inbreeding.

Significant pairwise FST values, together with genetic clus-
tering analyses, revealed two distinct genetic clusters across the 
studied area: (i) the northern Atlantic Ocean region, including the 
Mediterranean Sea, and (ii) the Indo- West Pacific region; these 
seemingly acted as independent demographic units. In fact, most 
analyses here pointed toward a clear split between samples col-
lected in the Mediterranean and northern Atlantic and other areas. 
There was also subtle differentiation between the Atlantic and the 
Mediterranean (significant FST values) when they were examined in 
more detail.

Reconstruction of past demographic history using the site fre-
quency spectrum suggested that the two main clusters diverged 
from an ancestral population after it experienced a substantial in-
crease in effective population size. Estimating the time periods of 
population growth for the ancestral population, as well as divergence 
time between ancestors of the contemporary populations, required 
us to postulate the average generation time. We chose 9 years as an 
intermediate value between the previous estimates of 8.1, 8.2 and 
9.8 years (Cortés et al., 2015; IOTC, 2017). Under this scenario, the 
linear growth of the ancestral population would have started in the 
early Pleistocene, between 1.05 and 1.28 million years ago, and the 
split into Northern and Southern populations would have happened 
4503– 5449 years ago (~550 generations ago), during the Holocene.

F I G U R E  4  Prionace glauca. Results of genetic clustering using DAPC (from DATA 4: 37,655 nonoutlier SNPs and 312 individuals). (a) 
Density of individuals based on discrimination function with K = 2. (b) Scatter plot with K = 3, with colours corresponding to geographical 
regions. EIO, eastern Indian Ocean; MED, Mediterranean; NATL, northern Atlantic; NEATL, northeastern Atlantic; NIO, northern Indian 
Ocean; SAF, South Africa; SWPAC, southwestern Pacific; WIO, western Indian Ocean.
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Palaeoclimatic events could have triggered the divergence be-
tween Northern and Southern populations: Holocene tropical 
sea- surface temperatures (SSTs) followed a warming trend until 
5000 years ago and a global stabilization until the present, albeit 
with some local variations. Leduc et al. (2010) revealed a warming of 
up to ~2°C (SSTs) in the western tropical Atlantic and eastern trop-
ical Pacific from the early Holocene to the present. Meanwhile, a 
global Northern Hemisphere cooling happened about 5000 years 
ago (Masson- Delmotte et al., 2013). Lake sediment records from 
Greenland “suggest that around 4,500 and 650 years ago variability 
associated with the North Atlantic Oscillation changed from gener-
ally positive to variable, intermittently negative conditions” (Masson- 
Delmotte et al., 2013; Olsen et al., 2012). Furthermore, this lowering 
of SST occurred concomitantly in the Southern Hemisphere. In the 
Australian– New Zealand region, Holocene SST followed a cooling 

trend (Bostock et al., 2013), as in the high- latitude Southern Ocean 
from the early to the late Holocene (Kaiser et al., 2008; Shevenell 
et al., 2011). These past variations in SST may have favoured a split 
between Northern and Southern populations. Shifts in blue shark 
reproductive seasons between the two hemispheres might have 
contributed to maintain that scission. In fact, while reproduction 
occurs in the summer (July, August) in the Northern Hemisphere 
(Fujinami et al., 2017), it is reported as more likely from December 
to July in the southwestern equatorial Atlantic Ocean (Coelho 
et al., 2017), and from October to December in the Indian Ocean 
(Druon et al., 2022).

Historical demography analysis suggested that this past diver-
gence event was associated with a strong bottleneck followed by 
rather constant population size in both the Northern and Southern 
populations, despite an increase (albeit moderate) of the latter. The 

F I G U R E  5  Prionace glauca. Results of genetic clustering using admixture (a) and stockr (b) (from DATA 4: 37,655 nonoutlier SNPs and 
312 individuals). Individuals with admixed background are indicated in white, as stockr does not test admixture. EIO, eastern Indian Ocean; 
MED, Mediterranean; NATL, northern Atlantic; NEATL, northeastern Atlantic; NIO, northern Indian Ocean; SAF, South Africa; SWPAC, 
southwestern Pacific; WIO, western Indian Ocean.
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1012  |    NIKOLIC et al.

gadma analysis suggested that just after the split, the effective pop-
ulation size of both daughter populations represented only ~2% to 
3% of the ancestral effective population size. Furthermore, the anal-
ysis suggested rather low contemporary effective population sizes 
(Ne ~ 4000– 6500 based on the 2- population model). These estimates 
are of the same order of magnitude as the estimates (~4000– 5000) 
previously proposed by Verissimo et al. (2017) in the Atlantic, and 
King et al. (2015) in the Pacific, using distinct estimation methods 
based on microsatellite genotype data. Historical demography anal-
ysis also suggested limited and strongly asymmetric gene flow, most 
of it being directed from the Southern population to the Northern 
population. This asymmetrical direction of gene flow might be 

due to the increase in population size of the Southern population 
(e.g., Rougeux & Bernatchez, 2017). Besides, gene flow toward the 
Northern area might explain the difficult assignment of the individ-
ual samples from the South African (SAF) region to one or the other 
of the two genetic clusters detected by clustering analysis.

In fact, the position of the SAF samples relative to the two clus-
ters slightly varied among genetic clustering methods. For instance, 
PCA and admixture analyses suggested an intermediate position of 
the SAF sample between the Atlantic and the Indo- West Pacific. In 
contrast, stockr (designed to explicitly ignore historical admixture) 
and FST values pointed toward the inclusion of the SAF samples in the 
Southern cluster, in line with the 3- population gadma demographic 

F I G U R E  6  Projection of the joint allele 
frequency spectrum (JAFS) observed 
from empirical data (top left) (50 × 50 cells 
JAFS subsampled from DATA 4— 37,655 
nonoutlier SNPs and 312 individuals), and 
expected under the best demographic 
scenario inferred by gadma (top right). The 
bottom line represents the Anscombe 
residuals (left) and the histogram of the 
residuals (right) from the comparisons 
between the observed and expected 
JAFS.

F I G U R E  7  Schematic plot of the best demographic scenario inferred by gadma for the demographic history of southern and northern 
populations. Past time is measured in number of generations, zero generation being the present time. Vertical arrows in the right panel 
represent asymmetric migration after the split.
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    |  1013NIKOLIC et al.

analysis. Yet, FST values also suggested genetic differentiation be-
tween the southwestern Atlantic and the Indo- West Pacific, simi-
lar to earlier reports using mitochondrial DNA markers (Bitencourt 
et al., 2019). The South African region might be an area of occasional 
reproductive mixing between the northern and southern popula-
tions or it might be under the influence of an east– west migration 
road (mix of individuals). Indeed, in this region, oceanic currents are 
particularly strong and form eddies. Off the southern tip of Africa, 
the Agulhas current retroflects eastward into the Indian Ocean. This 
retroflection takes the form of an unstable jet that can shed warm 
eddies into the Atlantic Ocean (Nikolic et al. 2020b). Studies on big-
eye tuna reported a lack of a clear physical barrier preventing mu-
tual exchange between the Atlantic and Indo- West Pacific regions 
and the co- occurrence of two separate populations off the south-
ern tip of Africa (Chow et al., 2000; Durand et al., 2005). Tagging 
data on yellowfin tuna revealed the migration of individuals from the 
western equatorial Indian Ocean to the southern Benguela region 
off western South Africa (Eveson et al., 2015; Murua et al., 2015). 
Previous studies on cosmopolitan large pelagic sharks in particular 
(e.g., Bester- van der Merwe et al., 2017; Portnoy et al., 2010), and 
other cosmopolitan large pelagic bony fishes in general (e.g., Mullins 
& Shaw, 2018; Nikolic et al. 2020b), also found similar population 
structure patterns and pointed to the potential role of the South 
African region in connecting populations from the Atlantic and 
Indian oceans.

It is unclear whether the differentiation detected between the 
two main clusters reflects a Northern– Southern split (possibly due 
to the shift in reproductive season between the two hemispheres: 
Nakano & Seki, 2003; Nakano & Stevens, 2008), or a split be-
tween the Mediterranean– Atlantic and Indo- West Pacific regions. 

Characterizing additional samples from the southwestern Atlantic 
including the Brazilian samples discussed by Verissimo et al. (2017) 
and Bitencourt et al. (2019), and the southeastern Atlantic, such as 
Gulf of Guinea, might help to ascertain the localization and the origin 
of the split between the two main clusters identified here.

Despite this apparent split dominating the clustering analy-
sis, our results also revealed structure at a finer spatial scale, with 
differentiation between the Mediterranean and the northern 
Atlantic. These results confirm previous suggestions of a differen-
tiated Mediterranean population based on mitochondrial (Leone 
et al., 2017) and microsatellite data (Bailleul et al., 2018). Our re-
sults thus support the existence of two demographic units in the 
Northern Hemisphere (North Atlantic and Mediterranean), although 
this differentiation is subtler and less marked than the split between 
the two main clusters. This is also the case for swordfish, and the 
ICCAT considers the North Atlantic and the Mediterranean popu-
lations as two separate fish stocks (Greig et al., 1999). Furthermore, 
ongoing analyses with more samples of blue shark by A. Leone et al. 
(in prep.) will help investigate connectivity between the northeast 
Atlantic and the Mediterranean Sea.

4.2  |  Implications for fisheries

Fisheries management requires the identification of demo-
graphically independent units (Carvalho & Hauser, 1995; Waples 
et al., 2008). Using simulations, Bailleul et al. (2018) showed the 
extensive time lag between demographic change and its detecta-
ble imprint in population genetic structure (the “grey zone” effect), 
and suggested that genome scans may offer the necessary power 

TA B L E  4  Demographic parameter values inferred by gadma from a 50 × 50 JAFS with the 2- population model including northern 
(northern Atlantic Ocean and Mediterranean Sea) and southern (Indian and southwestern Pacific oceans) populations.

Parameter Value CI Unit Parameter definition

Nanc 30,422 [12,745– 29,119] Individuals Population size of the ancestral population

NA_split 176,072 [152,916– 
172,826]

Individuals Population size of the ancestral population after linear growth

NNor0 5255 [1315– 7144] Individuals Population size of the Northern population now after linear growth

NNor 5255 [1315– 7144] Individuals Population size of the Northern population after the split and until 
now (constant size from NNor0)

NSou0 4220 [979– 7382] Individuals Population size of the Southern population after split of the 
ancestral population

NSou 6356 [1067– 10,171] Individuals Population size of the southern population now after linear growth

TA 130,128 [141,491– 197,366] Number of generations Time of the start of ancestral population linear growth

Tsplit 556 [139– 705] Number of generations Time of ancestral population split

MSou- Nor 0.0168 [0.0127– 0.0853] Proportion per 
generation

Migration rate from Southern population to Northern population

MNor- Sou 0.0004 [0.0001– 0.0173] Proportion per 
generation

Migration rate from Northern population to Southern population

Abbreviations: CI, confidence interval; MNor- Sou, migration rate from Northern to Southern population; MSou- Nor, migration rate from Southern to 
Northern population; NA_split, population size after the initial split; Nanc, ancestral population size; NNor, population size of the Northern population 
after the split; NNor0, present population size of the Northern population; NSou, population size of the Southern population after the split; NSou0, 
present population size of the Southern population; TA, start time of ancestral population growth; Tsplit, time from the initial split.
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1014  |    NIKOLIC et al.

to detect patterns of population structure and escape this “grey 
zone” effect. The results obtained here support this prediction, 
showing that denser locus coverage enables the detection of sub-
tle genetic differences among blue shark populations from distinct 
ocean basins. They support the use of genome scans as a useful 
tool to define management units and assess demographic trends 
for conservation proposes. The ICCAT provided recommenda-
tions to fill gaps in our understanding of population differentia-
tion using genetic data (ICCAT, 2015, 2019). The present results 
should feed future models and management plans by the ICCAT, 
particularly regarding the minimum number of management units 
to be considered. In fact, genetic differentiation between blue 
shark from the Mediterranean and the northern Atlantic indicates 
the occurrence of at least two independent demographic entities, 
supporting the need for a revision of the management units rec-
ognized thus far. We failed to detect very recent bottlenecks (i.e., 
less than 10 generations ago) using the gadma analysis: the detec-
tion of such recent events is complex and varies depending on the 
type of genetic data and approaches (Sovic et al., 2019).

No genetic differentiation was detected between the Indian 
Ocean and the southwestern Pacific, which is consistent with tag-
ging results that reveal long migrations by individuals from the 
southwestern Pacific, across the Indian Ocean to South Africa 
(West et al., 2004). Our easternmost samples came from south-
eastern Australia, New Zealand and New Caledonia: an additional 
eastern boundary of the Indian Ocean blue shark stock could be 
set at 170° E to also joint assessment across the Indian Ocean and 
southwest Pacific. A complementary assessment would require 
joint effort between the Indian Ocean Tuna Commission (IOTC) 
and the Western and Central Pacific Fishery Commission. In the 
Indian Ocean, the IOTC blue shark assessment currently assumes 
a single stock (IOTC, 2017). Although our results did not provide 
evidence for multiple stocks at the scale of the Indian Ocean, 
this lack of evidence for demographic independence within the 
Indian Ocean and between the Indian Ocean and the southern 
Pacific should still be interpreted cautiously considering the low 
number of migrants sufficient to erase population differentiation 
(Bailleul et al., 2018).

We encourage additional genetic studies including more loca-
tions, with a focus on the southern Atlantic, and the southeast-
ern, central and northern Pacific, to refine our understanding of 
connectivity within the Indian Ocean and around South Africa. 
More importantly, considering the possible implication of dif-
ference in reproductive period among locations, we recommend 
targeted sampling in reproductive zones. Such additional data 
would help ascertain genetic differentiation among oceanic ba-
sins, and possibly detect finer- scale differentiation. Moreover, we 
recommend population monitoring within blue shark management 
units. Indeed, an anthropogenically driven decrease in blue shark 
effective population sizes could actually be occurring at present, 
but remain undetected. Such a phenomenon would be worthy of 
interest, considering the relatively low effective population sizes 
estimated in this study.

5  |  CONCLUSION

Knowledge of population structure, dynamics and connectivity is es-
sential for the management and conservation of exploited and threat-
ened species. Indirect methods are a valuable source of information in 
most cases where information cannot be obtained through direct ob-
servations, a situation exemplified in the marine realm. Great expec-
tations emerged with the availability of molecular markers enabling 
the estimation of geographical structure and demographic trends in 
the theoretical framework of population genetics, yet results have 
sometimes been inconclusive, particularly for those species with 
large population sizes and/or potential for large- scale migration. The 
results obtained here support Bailleul et al.'s (2018) prediction that 
the “grey zone effect” may be circumvented thanks to the enhanced 
power offered by genome scans. The use of several tens of thousands 
of SNPs enabled the detection of weak levels of population differen-
tiation, demonstrating for the first time the existence of distinct de-
mographic units in the blue shark. It also enabled the reconstruction 
of past fluctuations in effective population size. The present results 
should lead to a reconsideration of the definition of unit stocks for re-
gional stock assessment in the blue shark and taking additional man-
agement measures (ex. joint assessment across the Indian and Pacific 
oceans) in the dedicated fisheries commissions. They should also 
stimulate dedicated genetic sampling of reproductive aggregations, 
rather than opportunistic sampling through fisheries, in still poorly 
represented areas of the blue shark's global range. Beyond the blue 
shark case, our results highlight the value of the increased power of 
genome scans to describe demographically independent populations 
and stocks. For those marine species in which the “population grey 
zone” has thus far hampered such essential discrimination, genome 
scans could help distinguish between true panmixia and insufficient 
statistical power from limited molecular markers.
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