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Abstract The skipjack tuna, Katsuwonus pelamis
is the worldwide most fished and economically sig-
nificant tuna species. In the Atlantic Ocean, the man-
agement strategy of the International Commission for
the Conservation of Atlantic Tunas (ICCAT) includes
two stocks: (a) eastern (SKJ-E) and (b) western
(SKJ-W) stocks. However, the genetic cohesiveness
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between these stocks remains poorly understood.
Here, we provide this information through mito-
chondrial [control region (CR)] and nuclear (intron
S7) data. In both markers, high genetic diversity and
no contraction signals in effective population sizes
were found, supporting the species conservation sta-
tus as ‘Least Concern’ by the IUCN and the results
of the latest ICCAT assessment of the two stocks. In
general, no well-defined genetic-geographic struc-
ture was detected, which may be explained by the
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specie life history strategies, such as large popula-
tion effective sizes and migratory behavior, with a
broad geographical distribution, that reduce the iso-
lation, inbreeding, and genetic drift effects. However,
pairwise Fgp values within and between the Eastern
and Western Atlantic suggest some weak to moder-
ate genetic differentiation. These results involved
mainly the Eastern Temperate Zone, represented
herein by the Azores archipelago. It is important to
highlight that higher differentiation levels were found
between sites from different stocks. In addition, the
CR data revealed a weak but significant genetic dif-
ferentiation between the eastern and western stocks
(Fg=0.0006). These results can be used to improve
and support the ICCAT management strategies of
skipjack tuna stocks, highlighting the need for a
reevaluation and possible alignment between Eastern
and Western Atlantic management actions.

Keywords Conservation - Fishery stocks - Genetic
cohesiveness - Population structure - Skipjack tuna

Introduction

The skipjack tuna, Katsuwonus pelamis (Scombridae),
is the third most caught species among the world’s
marine resources and the most important tuna species,
accounting for around 37% of all tuna and tuna-like
species fished, being commercialized as frozen, fresh,
and canned meat (ISSF 2024; FAO 2024; WCPEC
2024). The fishing pressure started around the 1950s
in the Pacific Ocean and expanded to the other oceans
between 1950 and 1970 (Sea Around Us 2020). In
2022, 3.1 million tons of skipjack tuna were caught
globally (FAO 2024).

In the Atlantic Ocean, the management strategies
adopted by the International Commission for the
Conservation of Atlantic Tunas (ICCAT) assume the
presence of two stocks: (1) Eastern skipjack stock
(SKJ-E) and (2) Western skipjack stock (SKJ-W). In
2023, fisheries targeting the species generated a total
catch of 219,874 tons for the SKJ-E stock, and 29,555
tons for the SKJ-W stock (ICCAT 2025). Considering
ICCAT’s latest stock assessments (ICCAT 2025), both
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stocks presented a high probability (78% for SKIJ-E
and 91% for SKJ-W) to be in a sustainable condition
(Kobe plot green quadrant), indicating that these stocks
are not overfished and are not undergoing overfishing.
According to the Kobe II Strategy Matrix (K2SM)
projections for both stocks, with catches remaining
at the Maximum Sustainable Yield (MSY) median
of 216,617 tons, SKJ-E will have around a 55%
probability of remaining in the green quadrant of the
Kobe plot until 2028, while SKJ-W will have around
a 70% probability, with future catches remaining at the
MSY median of 35,277 tons until 2028 (ICCAT 2025).
These results agree with the [UCN (International Union
for Conservation of Nature—Red List of Threatened
Species) assessment, where the species is globally
listed as ‘Least Concern’ (Collette et al. 2021).

Katsuwonus pelamis is a widely distributed pelagic
species, occurring in tropical and subtropical waters,
and only limited by the 15 °C isotherm (Collete and
Nauen 1983; FAO 2004). Migration behavior is
mainly influenced by environmental conditions such
as temperature, salinity, and food availability, and
aggregations are associated with convergence zones
and other oceanographic phenomena (Collette and
Nauen 1983). The species is also sensitive to low
dissolved oxygen levels (Collette et al. 2021), being
able to swim more than 60 km per day to facilitate
respiration (Sharp and Dizon 1978; ICCAT 2025). In
addition, skipjack tuna has a short life cycle (median
age of 4.5 years, living for 6-8 years; Collette et al.
2021), which makes them the fastest-growing
tuna species. In the Atlantic, there is a distinction
between two growth patterns: slow growth in the
equatorial waters, where the energy is mainly used for
reproduction, and faster growth in temperate waters
(Gaertner et al. 2008; Fonteneau 2015a).

Skipjack tuna has distinctly high reproductive
potential. The species has an estimated 50%
probability of reaching sexual maturity at around
1.5 years of age or approximately 40 cm (Ashida
et al. 2008; Murua et al. 2017; Soares et al. 2019),
and fecundity ranging from 80 thousand to 2 million
eggs per spawning event (FAO 2004). Spawning
seems to occur continuously throughout the year in
favorable conditions, at sea temperatures of 25-30 °C
(ICCAT 2025; Collette et al. 2021). This translates
to diverse reproductive peaks in different parts of the
Atlantic, such as during the second and third quarters
of the year at the northern portion of the Guinea Gulf,
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and during the first and fourth quarters of the year at
the southern portion of the Guinea Gulf, and between
December and March along the Brazilian coast, with
peaks in January and February (ICCAT 2006-2016;
Soares et al. 2019). In the Mediterranean Sea (MS),
there are very few data about the reproduction season
of the skipjack tuna, and the spawning season was
unknown for many years (Di Natale et al. 2009). Only
Tortonese (1975) mentioned that the reproductive
season for K. pelamis in MS occurs generally during
the summer, and Puerto et al. (2022) reported that
skipjack tuna has a reproductive period between May
and August in the Balearic Sea.

The life history features described above, plus
the absence of large gene flow barriers in marine
environments, can reduce population differentiation,
and it leads to possible scenarios of panmixia (Cowen
et al. 2006; Cowen and Sponaugle 2009; Funk et al.
2012). However, the available data have revealed a
complex scenario for the population structure of K.
pelamis, which differs according to the study area
and design, identifying both significant and non-
significant genetic differentiation. These studies are
mainly focused on the Indian (Dammannagoda et al.
2011; Menezes et al. 2012; Jatmiko et al. 2019),
Pacific (Anderson et al. 2020), or both Oceans
(Grewe et al. 2019; Menezes et al. 2006). Regarding
the Atlantic Ocean, the available data suggests
strong gene flow within the West region (Carvalho
et al. 2020) and a close relationship with the Pacific
Ocean (Ely et al. 2005). It is important to highlight
that there is still no consensus in the literature about
the skipjack tuna population structure, especially in
the Atlantic, where the available information is quite
limited.

The current study aimed to investigate the
genetic structure and connectivity of the skipjack
tuna, at various scales within the Atlantic Ocean,
encompassing both eastern and western stocks. In
particular, we addressed the question of whether K.
pelamis from the East and West Atlantic comprise
two different stocks, since other studies in small and
large spatial scales have found both structuring and
panmixia along the species distribution (Carvalho
et al. 2020; Dammannagoda et al. 2011; Ely et al.
2005; Grewe et al. 2019; Jatmiko et al. 2019;
Menezes et al. 2006, 2012). We endeavor to access
the genetic and connectivity patterns of the skipjack
tuna throughout its Atlantic range to help fill a serious

data gap for this social-economically important
species.

Material and methods
Sample collection and molecular procedures

Tissue (muscle) and fin (first dorsal) samples of K.
pelamis were collected between 2019 and 2021 from
both Atlantic stocks currently considered by the
ICCAT (International Commission for the Conserva-
tion of Atlantic Tunas) [Western Atlantic—SKIJ-W,
represented by the Western tropical zone (WTZ; Ven-
ezuela), Western equatorial zone (WEZ; Northeast-
ern of Brazil), and Western Subtropical Zone (WSZ;
South of Brazil); Eastern Atlantic—SKJ-E, repre-
sented by the Eastern temperate zone (ETZ; Azores),
Eastern-central equatorial zone (ECEZ; St. Peter and
St. Paul Archipelago), and Eastern equatorial zone
(EEZ; African coast of Senegal, Ivory Coast, and
Gabon)], through bait boat and purse seine fisheries
based in Venezuela, Brazil, Portugal (Azores), Sen-
egal, Ivory Coast, and Gabon (Fig. 1; Table 1; Sup-
plementary Table S1), along the Economic Exclusive
Zone. The samples were stored in 96% ethanol and
kept at -20 °C. The total genomic DNA was extracted
using the Invitrogen Extraction Kit (Thermo Fisher
Scientific®), following the manufacturer’s protocol,
stained with Gelred™, visualized in 1% electropho-
resis gel, and quantified using a nano spectrophotom-
eter 2000 (Thermo Scientific).

Two loci were amplified through PCR using the
primer sets: CRA 5° TTCCACCTCTAACTCCCA
AAGCTAG 3 and CRE 5° CCTGAAGTAGGA
ACCAGATG 3’ (Lee et al. 1995), and STRPEXI1F 5’
TGGCCTCTTCCTTGGCCGTC 3’ and S7TRPEX2R
5" AACTCGTCTGGCTTTTCGCC 3’ (Chow and
Hazama 1998), for the control region (CR; mtDNA)
and the first intron of the S7 ribosomal protein (S7;
nuDNA), respectively. The reactions were carried
out in 25 pL using: (a) CR: 12.5 pyL of 2X Taq Pol
Master Mix (Cellco®), 1 uL of each primer (10 mM),
0.5 puL of magnesium chloride (50 mM), 2 pL of
DNA (40 ng/uL), and 7.5 pL of ultrapure water,
following the cycle described by Domingues et al.
(2006); (b) S7: 12.5 pL of 2X Taq Pol Master Mix
(Cellco®), 0.75 pL of each primer (10 mM), 0.5 uL
of magnesium chloride (50 mM), 2 uL of DNA

@ Springer
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Fig. 1 Map showing the sample sites of K. pelamis. The white
line represents the ICCAT geographical division between east-
ern and western Atlantic stocks. (WTZ: Western tropical zone;

(40 ng/uL), and 8.5 pL of ultrapure water, following
the cycle described by Chow and Hazama (1998).

The PCR products were stained with Gelred™ and
visualized in 1.8% electrophoresis gel. The positive
amplifications were purified using the NucleoSAP
kit (Cellco®), following the recommended protocol
provided by the manufacturer. The purified amplicons
were quantified using a nano spectrophotometer
Nanodrop 2000 (Thermo Scientific), diluted to a final
concentration of 20 ng/uL and Sanger sequenced in
the forward direction using the Bigdye® Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems),
on an automatic sequencer ABI 3500 (Applied
Biosystems).

@ Springer

WEZ: Western equatorial zone; WSZ: Western subtropical
zone; ETZ: Eastern temperate zone; ECEZ: Eastern-central
equatorial zone; EEZ: Eastern equatorial zone)

Data analysis

The electropherograms were visualized and edited
using the BioEdit Sequence Alignment Editor
v.7.0 (Hall 1999). After applying this quality filter,
sequences that presented a large number of non-
identified bases (referred as ‘N’) were excluded.

The sequences obtained from each marker were
aligned using the ClustalW algorithm (Thompson
et al. 1994) implemented on BioEdit Sequence
Alignment Editor v.7.0 (Hall 1999). Due to the
presence of polymorphisms of a recombinant
nature in the nuclear genome, the S7 alleles were
reconstructed using the PHASE v.2.1 tool (Stephens
et al. 2004) implemented on DnaSP v.6.0 (Librado
and Rozas 2009), considering only allelic states
with probabilities higher than 70% (Stephens et al.
2004). The analysis described below was performed
separately for each marker.
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Table 1 Genetic diversity indices and neutrality tests obtained from the K. pelamis control region (CR; mtDNA) and intron S7

(nuDNA) data

Marker Site N H S h I1 Fu’s Fs Tajima’s D

CR WTZ 40 38 103 0.99 0.059 —16.35* —0.24*
WEZ 40 40 109 1 0.059 —21.09* —0.48
WSz 39 39 108 1 0.058 —23.63* —-0.44
SKJ-W 119 115 133 0.99 0.056 —23.88% —0.478
ETZ 48 43 111 0.99 0.056 —23.83%* —-0.52
ECEZ 23 23 88 1 0.058 —8.18* -0.15
EEZ 87 56 133 1 0.056 —23.9% —0.50
SKJ-E 158 151 142 0.99 0.055 —23.77* —0.48
Total 277 263 159 0.99 0.054 —23.56* -0.63

S7? WTZ 84 62 103 0.99 0.039 —24.11%* —-0.78
WEZ 52 39 93 0.98 0.023 —-20.17* —1.87*
WSz 50 39 97 0.99 0.039 —10.36* —-0.96
SKJ-W 186 112 111 0.99 0.033 —23.88% —-0.91
ETZ 88 59 105 0.98 0.031 —21.27* —1.28
ECEZ 26 22 23 0.98 0.012 -9.61% —-0.63
EEZ 166 110 119 0.99 0.032 —23.98% —-1.25
SKJ-E 280 165 125 0.98 0.03 —23.84* —-1.29
Total 466 230 129 0.98 0.03 —23.62% —1.11

The ‘*’ values represent significant values (p <0.05). (N =sample size; H=number of haplotypes; S =number of polymorphic sites;

h=haplotype diversity; ©=nucleotide diversity)

WTZ: Western tropical zone; WEZ: Western equatorial zone; WSZ: Western subtropical zone; ETZ: Eastern temperate zone; ECEZ:

Eastern-central equatorial zone; EEZ: Eastern equatorial zone

The value in parentheses in the ‘N’ column refers to the number of recovered alleles

Genetic diversity indices [number of haplotypes
(H), polymorphic sites (S), haplotype (h), and nucleo-
tide diversities ()] were obtained through DNAsp
v.6.0 (Librado and Rozas 2009). To investigate the
relationships among the haplotypes and their geo-
graphic distributions, a haplotype network was built
in the software PopART using the TCS method
(Clement et al. 2002; Leigh and Bryant 2015). The K.
pelamis population structure was also tested through
a Bayesian approach in the software BAPS v.6.0
(Bayesian Analysis of Population Structure group-
ing analysis; Corander and Marttinen 2006; Corander
et al. 2008).

Genetic differentiation was tested through the
pairwise Fgr for both sample sites and the SKJ-E
vs SKJ-W ICCAT stocks in ARLEQUIN v.3.5.2.2
(Excoffier and Lischer 2010) using 1000 permuta-
tions (p<0.05). Significant values were corrected
through the False Discovery Rate (FDR) (Benjamini
and Hochberg 1995) and Bonferroni (Rice 1989) test

using the ‘tidyverse’ package in ‘R’ (R Core Team
2017; https://www.R-project.org/). The Analysis
of Molecular Variance (standard AMOVA), using
1000 permutations (p<0.05), was also performed
in ARLEQUIN v.3.5.2.2, and considered four hier-
archical models: (a) Panmixia or null hypothesis
(all samples in the same group), (b) Two ICCAT
stocks (SKJ-E and SKJ-W), (c) Three groups:
SKJ-E (removing ETZ samples), SKJ-W and ETZ,
and (d) Two groups: SKIJ-E (removing ETZ sam-
ples)+SKJ-W and ETZ.

Demographic oscillations over time were
investigated through three approaches. The first
one consisted of the traditional neutrality tests,
Fu’s Fs (Fu 1997) and Tajima’s D (Tajima 1989),
obtained in ARLEQUIN v.3.5.2.2 (p<0.05).
Secondly, the Mismatch distribution analysis was
performed on DnaSP v.6.0 (Librado and Rozas
2009; Rogers and Harpending 1992), considering:
(a) both Atlantic stocks, (b) SKJ-W and (c¢) SKJ-E.
For mitochondrial data, using a historical approach,

@ Springer
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the Bayesian Skyline Plot (BSP—Drummond et al.
2005) was performed on BEAST v.2.4.7 (Bouckaert
et al. 2014), using a mutational rate of 3.6% X 1078
per site per million years (Donaldson and Wilson
1999), considering the same groups used in the
Mismatch analysis. The best evolutionary model of
each dataset was determined in jModelTest v.2.1.7
(Darriba et al. 2012) using the Akaike Information
Criterion (HKY+I+G for ‘a” and ‘b’, and
K80+1+G for ‘c’). Three independent runs of 30
million MCMC interactions for ‘a’ and 20 million
MCMC interactions for ‘b’ and ‘c’, were performed,
assuming a burn-in of 25%. Each dataset run (log
and tree files) was combined using LogCombiner
in BEAST v.2.4.7, and the effective sampling size
(>200) was checked in Tracer v.1.7.1 (Rambaut
et al. 2018), and the BSP was reconstructed.

Results

The final alignment of the 277 CR fragments obtained
had 404 bp, defining 263 haplotypes, of which only
12 were shared, and 159 polymorphic sites. In the
S7 dataset, 233 fragments were sequenced with
410 bp, recovering 466 alleles and 129 polymorphic
sites. In general, the haplotype (h) and nucleotide (r)
diversity were high for both markers (CR: h=0.99,
n=0.054; S7: h=0098, =n=0.03). The genetic
diversity indices observed by CR data ranged from
0.99 to 1 for haplotype diversity, and from 0.055
to 0.059 for nucleotide diversity. In S7 data, the
genetic diversity indices ranged from 0.98 to 0.99
for haplotype diversity, and from 0.012 to 0.039 for
nucleotide diversity (Table 1). Both ICCAT Atlantic
stocks presented similar haplotype diversity for
both markers. Nucleotide diversities were slightly
different, being 0.055 (CR) and 0.03 (S7) for SKJ-E,
and 0.056 (CR) and 0.033 (S7) for SKJ-W.

Both haplotype networks revealed a low and
homogeneous frequency among the recovered haplo-
types (Fig. 2a) and alleles (Fig. 2b). BAPS analysis
recovered 4 genetic profiles (K=4; P=1) for both
CR and S7 data, distributed, in general, throughout
all sample sites in different frequencies (Fig. 3).

The pairwise Fgp values differ between the two
markers and can be observed in Fig. 4. The Fgy val-
ues for mitochondrial data were low but statisti-
cally significant (p<0.05) in comparisons which

@ Springer

Fig. 2 Haplotype networks of K. pelamis based on the TCS
method generated, on PopART for a control region and b
intron S7 data. The circles represent the haplotypes, and their
sizes represent the frequencies in each sample site (different
colors). Lines between the haplotypes represent the mutational
steps and the black circles represent missing or not sampled
haplotypes. (WTZ: Western tropical zone; WEZ: Western
equatorial zone; WSZ: Western subtropical zone; ETZ: Eastern
temperate zone; ECEZ: Eastern-central equatorial zone; EEZ:
Eastern equatorial zone)

encompass, especially, samples from ETZ, ranging
from~0.003 (when ETZ was compared to the WEZ,
WSZ, EEZ) to 0.0057 (compared to the WTZ). In
addition, the comparison between WTZ and EEZ pre-
sented a low and significant value (0.003). Concern-
ing S7 data, pairwise Fgp values were statistically
significant only when the ETZ and EEZ were com-
pared (Fgr=0.004). All these values remain statisti-
cally significant after the FDR correction, and two
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Fig. 3 BAPS analysis of K. pelamis for a control region and b
intron S7 data. Different colors represent the recovered genetic
profiles in each geographical sampled zone. (WTZ: Western
tropical zone; WEZ: Western equatorial zone; WSZ: Western
subtropical zone; ETZ: Eastern temperate zone; ECEZ: East-
ern-central equatorial zone; EEZ: Eastern equatorial zone)

comparisons (ETZ compared to WEZ and to WSZ)
presented a p-value increase after the Bonferroni cor-
rection (more details about the corrected p-values can
be found in Table S2). Between SKJ-E and SKIJ-W
ICCAT stocks, the pairwise Fgp presented a low but
significant value (Fgr=0.0006; p<0.05) in CR data,
and a negative value (Fgp=— 0.0002) in S7 data.

In all hierarchical models tested, AMOVA results
indicate that more than 99% of the genetic variation
resides within the sampled zones. The null model of
panmixia presented low and significant Fgr values both
in CR and S7 data (0.0024 and 0.004, respectively)
(Table 2). When the two ICCAT stocks (SKJ-E and
SKJ-W) were considered, no genetic differentiation
between groups (Fp) was found (CR: —0.0001; S7:
—0.0012; Table 2). The third model, which separated

SKJ-E (removing ETZ samples), SKJ-W, and ETZ
samples, presented a low and non-significant genetic
differentiation between groups by both markers (CR:
Fr=0.001; S7: For=0.0005). When only the ETZ
was separated as a different group (the other sample
sites were treated as one single group) the Foy value
remained low and non-significant (Table 2).

The neutrality tests showed no statistical significance
when analyzing the data for both markers (Table 1).
However, the mismatch distribution analyses revealed
a unimodal pattern in all simulated scenarios [Atlantic
(SKIJ-E+SKJ-W), SKIJ-E, and SKJ-W] (Supplementary
Fig. S1). The BSP data showed a long period of popu-
lation expansion of K. pelamis in the Atlantic Ocean,
between 850 and 350 thousand years ago (Fig. 5). A
similar pattern was shared between SKIJ-E and SKJ-
W, which seems to have gone through two expansion
events: one approximately 1 million years ago, and one
about 500 thousand years ago (Supplementary Fig. S2).

Discussion

Eastern and Western Atlantic stock structure and
demographic history

The mitonuclear data suggests a homogeneous
distribution of the genetic diversity of K. pelamis in
the Atlantic Ocean and did not confirm the geographic
structure in two stocks (East and West) as currently
considered by ICCAT for management purposes. This
lack of a geographic genetic structure is consistent
with the biological features of the skipjack, as we will
argue below.

K. pelamis is a migratory and widely distributed
species, being able to swim more than 60 km per day
(Sharp and Dizon 1978) and sustains a large effec-
tive population size (Vincent et al. 2019). These life
history features, associated with the marine environ-
ment physical structure (e.g., absence of large gene
flow barriers), can reduce the genetic drift effects
(Cowen et al. 2006; Cowen and Sponaugle 2009;
Funk et al. 2012) and may support a lack of a genetic
structure of the skipjack tuna, at least in the Atlan-
tic Ocean. Results obtained by the AOTTP (Atlan-
tic Ocean Tropical Tuna Tagging Program) show
an interchange, even if minimal, between the East
and West stocks (ICCAT 2025). This admixture
was also suggested by Hermida et al. (2019), who

@ Springer
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Fig. 4 Heat map of pairwise differences among each sample
site represented on both the x and y axes for a control region
and b intron S7 data. Fgp values can be found above diagonal,
and p-values below diagonal. Significant pairwise Fgr values
are indicated by ‘*’ (p<0.05). (Corrected p-values can be

Table 2 AMOVA for control region (mtDNA) and intron S7
(nuDNA) of K. pelamis, testing four hierarchical models: (a)
Panmixia (SKJ-E + SKJ-W ICCAT stocks), (b) Two ICCAT

found in Table S2. WTZ: Western tropical zone; WEZ: West-
ern equatorial zone; WSZ: Western subtropical zone; ETZ:
Eastern temperate zone; ECEZ: Eastern-central equatorial
zone; EEZ: Eastern equatorial zone)

stocks (SKJ-E and SKJ-W), (c) Three groups: SKI-E, SKJ-W,
ETZ, and (d) Two groups: SKJ-E + SKJ-W, ETZ

Hierarchical models SKJ-E+SKJ-W 1)SKJ-E 1)SKJ-E 1)SKJE +SKJ-W
2)SKJ-W 2)SKJ-W 2)ETZ
3)ETZ
CR S7 CR S7 CR S7 CR S7
Variation source (%)  Among groups - - —0.01 -0.12 0.10 0.05 0.25 0.22
Among populations  0.18 0.22 0.18 0.29 0.11 0.18 0.09 0.13
Within populations ~ 99.82 99.78 99.82 99.83 99.80 99.77 99.65 99.65
Fixation indices Fyc - - 0.002* 0.003* 0.0011* 0.0018 0.001*  0.0013
Fgr 0.002*  0.002*  0.002* 0.002* 0.002* 0.002*  0.003* 0.0035*
Fer - - —0.0001 -0.0012 0.001 0.0005  0.002 0.002

*Significant values (p <0.05)

found ‘exclusive’ parasites of the western skipjacks
in individuals sampled in eastern regions. Further-
more, the skipjack tunas from these areas seem to
share similar population dynamics regarding growth
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parameters, at least in equatorial zones (e.g. Hallier
and Gaertner 2006; Vilela and Castello 1991). It is
also important to acknowledge that the expansion of
the use of Fishing Aggregating Devices (FADs) by
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Fig. 5 Bayesian Skyline Plot of K. pelamis. The ‘y’ axis rep-
resents population size, and the ‘x” axis the time in years. The
blue line is the mean population size X generation time, and the
blue bar corresponds to the 95% confidence intervals

the purse seine fleet in the eastern Atlantic changed
the fishery dynamic in the Atlantic Ocean, affecting
the spatial distribution of the tuna species (Sempo
et al. 2013). The drift of these devices, driven by the
South Equatorial Current, promoted an expansion of
the skipjack tuna’s fishery area in the western direc-
tion (Hallier and Gaertner 2008; ICCAT 2025). Thus,
these devices may have changed the original move-
ment patterns of the skipjack tuna, contributing to the
connectivity between SKJ-E and SKJ-W, as already
hypothesized by Fonteneau (2015b) and observed by
Wang et al. (2014) in the Pacific Ocean. However,
more studies are needed to better elucidate this issue,
including determining whether the boundary between
stocks in the Western Equatorial Zone needs to be
adjusted.

Furthermore, Grewe et al. (2019) discussed that K.
pelamis, compared to Thunnus obesus (bigeye tuna)
and T. albacares (yellowfin tuna), seem to be the least
genetically differentiated tuna species in the Pacific
Ocean, which was also found by Anderson et al.
(2020) through genomic data. In general, the genetic
differentiation of these scombrids is associated
with specific behaviors, such as defined periods of
reproductive migrations and philopatry, not observed
so far for K. pelamis (Richardson et al. 2016; Schaefer
et al. 2007). Moreover, Ely et al. (2005) found a
genetic structure between the Pacific and Atlantic
Oceans for yellowfin tuna but not for skipjack tuna.
The mitonuclear data presented here follow, in
general, a long tradition of similar conclusions on K.

pelamis in different oceans, including the Atlantic.
However, an exception seems to be the Indian Ocean,
where some data reveal signals of genetic structure
(e.g., Dammannagoda et al. 2011; Menezes et al.
2006, 2012).

On the other hand, the CR data presented a low
but significant differentiation between western
and eastern Atlantic, unlike the nuclear data. It is
important to highlight that those incongruences
between mitochondrial and nuclear data are natural,
since the nuclear DNA coalesces up to four times
slower than mtDNA, being more susceptible to
incomplete lineage sorting (Després, 2019; Towes
and Brelsford 2012). In addition, low differentiation
values are expected in migratory species since
one migrant per generation can homogenize the
populations (Waples 1998). Furthermore, the
pairwise Fgr was slightly higher between zones from
ICCAT different stocks than between those from the
same stock and involved, especially samples from
the Eastern temperate zone (ETZ) represented by the
Azores archipelago.

The distinctiveness of the Azores samples can
be explained by oceanographic features. These
Islands are located in the SJO1 ICCAT area,
“isolated” from the other sample sites, and ICCAT
proposed a separation of this region for future stock
assessments (ICCAT 2014). Similar evidence of
genetic differentiation by limited gene flow and
possibly mediated by factors such as ocean currents,
historical processes, and differences between insular
and continental environments were found by other
studies, especially for nektonic species (e.g., Almada
et al. 2017; Robalo et al. 2021). Additionally, the
population dynamics of the skipjack tuna seem
to differ between temperate and equatorial zones
(Collete et al. 2021; Fonteneau 2015a; Hallier and
Gartner 2006). In warmer equatorial areas, the
skipjack tuna seems to be focused on directing their
energy to reproduction more than growing, since they
spawn opportunistically at sea temperatures between
25 and 30 °C. On the contrary, individuals from
temperate areas present faster growth rates, focusing
on feeding and growing.

However, since the differences observed were
subtle, it is reasonable to suggest that individuals
of skipjack tuna from the North retain plasticity to
overcome ecological and physical barriers between
these provinces to complete their biological cycle in
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the Southern hemisphere, as confirmed by Arregui
et al. (2020) through AOTTP tagging results, showing
significant southward movements (1500 nm) in fish
tagged in the Azores. These North—South movements
are probably seasonal (Fonteneau 2015b) and are
contrary to the data obtained by Gaertner et al. (2008)
that showed low north—south admixture in the SKJ-
E. Nevertheless, despite the limitation of the data
analyzed (low tagged number, data obtained before
FADs uses), the revision conducted by Fonteneau
(2015b) highlighted that the East—West movements
seem to be limited at the temperate latitudes due to
the presence of the ocean gyres, which can contribute
to the genetic differentiation observed.

Otolith and genetic data showed no differentiation
between South (Rio Grande do Sul) and Southeast
(Rio de Janeiro) of Brazil, and from South, Southeast
and Northeast of Brazil, respectively (Carvalho
et al. 2020; de Souza Corréa et al. 2022). The results
presented herein agree with these previous data,
confirming the lack of differentiation within the
SKJ-W ICCAT stock. Regarding the SKIJ-E, subtle
levels of genetic differentiation were found mainly
between the temperate and equatorial zones, as argued
above. This pattern should be further investigated
through a holistic approach, by using whole genomic
sequencing, which can improve the investigation
of weakly hypothetical differentiated population by
searching for local adaptation signals (outliers loci),
tagging and otolith chemistry, focusing on adults
to investigates potential spawning movements and
area fidelity, since they can be sensitive to different
biological process and spatial-time scales (Moore
et al. 2020; Papa et al. 2021). However, until now,
the data presented herein are the first to explore the
population structure within this region.

The demographic analyses indicated recent
expansion events in the western and eastern Atlantic.
This shared demographic history reinforces the
absence of the skipjack genetic structure in the
Atlantic Ocean as mentioned above. In addition, such
evidence suggests that the ICCAT stocks worked
historically as a cohesive group by sharing the same
demographic phenomenon.

The periods of population expansions in BSP
date from the Pleistocene. Sharp expansion
peaks date from the glacial [~800 thousand years
ago (Atlantic),~950 thousand years ago (SKIJ-
W) and~900 thousand years ago (SKIJ-E)] and
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interglacial periods [~350 thousand years ago
(Atlantic), ~ 550 thousand years ago (both SKJ-E and
SKJ-W)]. The Pleistocene was a period characterized
by oscillations in the sea level and temperature
(Chappell and Shackleton 1986), playing a key role
in shaping the history of many marine populations
by providing, sometimes, new areas to be colonized
and allowing adaptative radiation (Chen et al. 2020;
Neves et al. 2020), including demographic aspects
of skipjack tuna in the Atlantic Ocean. In a global
warming scenario, projections indicate that the
habitat suitability of skipjack tuna will increase as
the sea temperature warmed, especially in higher
latitudes (Dueri et al. 2014; Erauskin-Extramiana
et al. 2019; Muhling et al. 2015).

Fisheries management comments

ICCAT manages the skipjack tuna in the Atlantic
Ocean considering two stocks: SKJ-E and SKIJ-
W. Although we detected some subtle degrees of
genetic differentiation between skipjack tuna from
different Atlantic Ocean sample sites, especially
involving the Eastern Temperate Zone, other analyses
failed to detect genetic-geographic structure. In
addition, as the differentiation levels were subtle,
there is insufficient evidence to suggest that these
groups represent different populations. However,
it is important to recognize the possible limitation
regarding the resolution power of the two fragments
used herein. Thus, as observed by other studies
throughout its distribution, the stock structure of the
Atlantic skipjack tuna remains controversial.

High genetic diversity in all sites and groups
(SKJ-E and SKJ-W), by both mitochondrial and
nuclear data, and the absence of signals of contraction
and bottleneck by demographic analysis agreed with
the Least Concern status assessment provided by
IUCN (Colette et al. 2021). These data reinforce the
large effective population sizes reported by Vincent
et al. (2019), indicating the resilience of skipjack
tuna, despite the fishing pressure, and the absence
of evidence for overexploitation throughout the
Atlantic Ocean. This can be confirmed by the results
of the latest ICCAT assessment of the two stocks
(ICCAT 2025), which indicate that these stocks are
not overfished and are not undergoing overfishing.
In this case, we recommend that the ICCAT
conservation strategies be maintained. However,
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since the SKJ-E stock is much more productive than
the western stock, which can lead to a higher risk
of overexploitation in mixed fisheries, the lack of
genetic structure between these areas suggests that an
alignment of these strategies and further studies may
be necessary.

Conclusions and perspectives

The assessed parts of the genome considered in this
study confirm a genetic panmixia between the two
skipjack tuna Atlantic stocks (SKJ-E and SKIJ-W)
currently managed by ICCAT. Thus, we suggest that
these results should be taken into consideration by
the Regional Fisheries Management Organization
for improving future management and conservation
efforts, highlighting the need for a better
understanding of how the skipjack tuna should be
managed in the Atlantic Ocean. Additionally, it is
possible that an alignment and reevaluation of the
current strategies may be necessary. However, we
recognize that these results could be limited since
they were based only on two genetic fragments
(control region and intron S7). Thus, an integrative
investigation, joining both broad genomic assays,
investigating potential loci under differential
selective pressures, and non-genetic data such as
ecological, otoliths, isotopes, stomach contents,
and tagging, is strongly recommended to improve
the comprehension of the skipjack tuna population
and stock structure. This is especially critical for
the Eastern Temperate Zone, represented in the
present study by the Azores Archipelago. From a
global perspective, a collaboration between the five
Regional Fisheries Management Organizations of
skipjack tuna stocks is encouraged to investigate
the extension of the genetic diversity distribution
along the entire range of the species. Therefore,
improving a more informed system and contribute
to the sustainable management of the skipjack tuna
in general.
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