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connectivity and population 
structure of albacore tuna 
across southeast Atlantic 
and southwest indian oceans 
inferred from multidisciplinary 
methodology
natacha nikolic1,2,3,12*, Iratxe Montes4, Maxime Lalire5, Alexis Puech1, Nathalie Bodin6,11,13, 
Sophie Arnaud‑Haond7, Sven Kerwath8,9, Emmanuel Corse2,14, Philippe Gaspar 5,10, 
Stéphanie Hollanda11, Jérôme Bourjea1, Wendy West8,15 & Sylvain Bonhommeau 1,15

Albacore tuna (Thunnus alalunga) is an important target of tuna fisheries in the Atlantic and 
indian oceans. the commercial catch of albacore is the highest globally among all temperate tuna 
species, contributing around 6% in weight to global tuna catches over the last decade. The accurate 
assessment and management of this heavily exploited resource requires a robust understanding 
of the species’ biology and of the pattern of connectivity among oceanic regions, yet Indian Ocean 
albacore population dynamics remain poorly understood and its level of connectivity with the Atlantic 
Ocean population is uncertain. We analysed morphometrics and genetics of albacore (n = 1,874) in the 
southwest Indian (SWIO) and southeast Atlantic (SEAO) Oceans to investigate the connectivity and 
population structure. Furthermore, we examined the species’ dispersal potential by modelling particle 
drift through major oceanographic features. Males appear larger than females, except in South African 
waters, yet the length–weight relationship only showed significant male–female difference in one 
region (east of Madagascar and Reunion waters). The present study produced a genetic differentiation 
between the southeast Atlantic and southwest Indian Oceans, supporting their demographic 
independence. The particle drift models suggested dispersal potential of early life stages from SWIO to 
SEAO and adult or sub-adult migration from SEAO to SWIO.
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Albacore tuna (Thunnus alalunga, Scombridae) is an important, commercially harvested pelagic species with 
high migratory capacity, distributed throughout most tropical and temperate oceans, except in the polar  regions1. 
The commercial albacore catch is the highest globally among all temperate tuna species, contributing around 
6% in weight to global tuna catches over the last  decade2,3 and 5% in  20174. Although currently not subject to 
overfishing in the South Atlantic and Indian  Oceans5,6, there is significant uncertainty about stock assessments 
due to the lack of key biological  information7,8.

The Indian and the South Atlantic Oceans remain the two least known areas regarding albacore population 
structure and connectivity. Life history, biology and population structure information are critical input for stock 
assessments and the representation of these parameters has to resemble the actual population structure of the 
 resource9. In this context ‘population’ is used in the biological and ecological sense (individuals of a species that 
live simultaneously in a geographical area and have the ability to reproduce). Regional Fisheries Management 
Organizations (RFMOs) currently manage albacore based on six hypothetical populations or stocks (Mediterra-
nean, North Atlantic, South Atlantic, Indian, North Pacific, and South Pacific). The definition of these populations 
or stocks have been supported by some genetic  studies10–15 but the definition remains controversial, particularly 
within an ocean (e.g. between albacore populations of northern and southern hemispheres). Additionally, differ-
ences in delimitation among various methods (i.e. serological, parasitological, proteomic, tagging, morphometric, 
genetic) is evident (see Table 1 and 2 in Nikolic and  Bourjea16).

Tag-recapture experiments suggest low rates of migration between  hemispheres13. The albacore remains 
underrepresented in ongoing programs such as the Atlantic Ocean Tuna Tagging Program AOTTP, as these 
target mostly tropical species such as bigeye, skipjack and yellowfin tuna. Consequently, migratory exchange 
between the South Atlantic and Indian Oceans remains unresolved.

The establishment of an accurate population boundary requires a multidisciplinary approach to which popu-
lation genetics can provide an important  contribution17,18. In fact, genetic markers are widely used to investigate 
connectivity between populations and to define stocks and the degree of mixture between stocks in a  fishery19–21. 
Based on catch statistics,  Morita22 suggested active inter-oceanic migration of adult albacore between Atlantic and 
Indian Oceans off South Africa, which could be promoted by the strong Agulhas Current, as also suggested for the 
congeneric bigeye tuna (Thunus obesus)23. Albacore from southwest Africa are usually genetically clustered with 
the Atlantic  population15,22. Also, in a previous genetic  study24 based on samples of albacore from the seas off the 
Cape of Good Hope (South Africa), southeast Atlantic and southwest Atlantic observed no heterogeneity. Yet, to 
our knowledge, no samples from the southwest Indian and southeast Atlantic Oceans were analyzed to test for 
the existence of inter-oceanic migration. The scarce information on the population structure of albacore in the 
South Atlantic and Indian Oceans thus warrants further analyses of the population structure and connectivity 
of this species in these areas, in order to test Morita’s hypothesis of a significant exchange.

Genetics studies on albacore began with assessing the population structure of this species in the Pacific and 
Atlantic  Oceans9–12,15,24–28; and more recently, in the Indian Ocean using multi-locus analyses based on nuclear 
and mitochondrial genetic markers. These multi-locus analyses include microsatellite markers, which have been 
increasingly used during the last decade in fisheries  management29. Although recent studies on albacore have 
used Single Nucleotide Polymorphism (SNPs, e.g.. 616 and 75  SNPs30,31), the limited number of SNPs used for 
this species has not provided high-density genetic map coverage and genome information .

In addition to genetic markers, fish populations can also be discriminated based on variations of morpho-
metric  traits32, such as length–weight relationships, which can be the result of either genetic variation and/or 
phenotypic responses to variations in local environmental  factors33–35. Few length–weight relationship estimates 
are available for albacore in the Indian  Ocean36.

Dispersal (and thus connectivity) is greatly dependent upon ocean fronts and  currents37. Since the population 
structure of marine pelagic fishes is influenced by physical features of the marine environment, biophysical mod-
elling can be used to predict passive  dispersal38. Lagrangian transport models can help to predict the potential 
early stage dispersal pattern and extent of connectivity from spawning area to settlement  sites39,40, including over 
large  scales41, and to assess oceanographic model  limitations42. Here, we used Lagrangian simulation of particles 
solely drifting with surface currents (i.e. with no active locomotion) to test if connectivity through passive drift 
can explain, at least partly, early life stage dispersal of albacore tuna and the genetic structure of the population.

The objective of our study was to investigate the connectivity and population structure of albacore tuna 
between the southeast Atlantic (SEAO) and southwest Indian Oceans (SWIO), with multiple methods. We col-
lected genetic and morphometric data from albacore in 2013 and 2014 in four geographic regions to determine 
genetic or morphometric differences. We combined these information with the Lagrangian simulation to test if 
connectivity through passive drift can explain, at least partly, early life stage dispersal of albacore tuna and the 
genetic structure of the population.

Materials and methods
Sampling. Albacore samples were collected from four different geographic regions from June 2013 to August 
2014 over two seasons (periods); in the southwest Indian Ocean between the east of Madagascar and Reunion 
(region A), and Seychelles to the coast of Somalia (region B), in South African waters (region C), and in the 
southeast Atlantic Ocean (region D) (Fig. 1). To account for the variability of environmental conditions and life 
history traits, sampling was performed over two seasons (Austral summer: November-February, i.e. potential 
reproduction season of tunas; and austral winter: April–August, i.e. potential feeding period or post-reproduc-
tion  period8,43) except in geographic region B, and over two years (2013 and 2014) except in geographic region 
D (see Appendix 1). They are called sampling locations (A1, A2, B1, B2, C1, C2, D1, and D2) (Fig. 1). Fish from 
the waters of geographic region A were sampled on a research trip on board a commercial longliner and from 
artisanal fishermen using vertical longlines in the second season. Albacore from the geographic region B were 
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caught by purse-seiners and sampled during processing. Finally, in geographic regions C and D, the samples 
were obtained from the catch landed by the commercial pole-and-line fishing boats and at sea by observers. No 
ethical approval was required as all fish sampled were dead by sampling time. A total of 1,874 adults’ individuals 
were collected for genetic analyses, 2,129 with body length, and 1,059 with weight information (Appendix 1). 
The geographic positions were also collected per fishing operation for geographic regions A, B, and C, and trip 
for geographic region D.

Based on the sampling locations and morphometric analysis, three scenario clusters were proposed to ana-
lyse data: a scenario T1, where each area would harbour distinct stocks (regions A, B, C, and D), a scenario T2, 
where individuals caught in the same area during potential reproductive and feeding seasons would belong to 
distinct stocks (regions A-B and C-D), and a scenario T3, where individuals caught on either side of the Cape 
of Good Hope (South Africa) during the potential reproductive and feeding seasons would belong to different 
groups (regions A1, A2, B1, B2, C1, C2, D1, and D2). Both morphometric and genetic analyses were designed 
to identify the most likely among those three scenarios.

Morphometric analysis. Macroscopic analyses of the gonads and stomach contents were carried out 
within the GERMON project (see  report43). These confirmed that the areas studied in the southwest Indian 
Ocean (regions A and B) are indeed breeding and feeding areas for the species (see Appendix 1). No gonad 
samples were available from region D and the individuals of region C were mainly immature. The proportion of 
females to males, and matures to immatures (< 90 cm FL), based on the reproduction study of albacore in the 
southwest Indian  Ocean44 and previous  studies45–47, were mapped per region and season using ArcGIS software 
(https ://www.arcgi s.com) (Appendix 2).

Fork length (FL, cm) and weight (W, kg) were measured per individual, then data were tested for normality 
with Kolmogorov–Smirnov normality tests with the Lilliefors  correction48, and for homogeneity of variances 
with Levene  tests49. Sizes and weights were compared among geographic regions and sexes with nonparametric 
k-sample permutation  tests50. The analysis was carried out using the R statistical computing version 3.3.0. and 
included the following libraries (“perm”51; “car”52).

Figure 1.  Sampling locations of albacore sampled for genetic analysis (total of 1,874 individuals). Circles are 
proportional to the number of individuals collected in both periods. Austral summer (1) and Austral winter 
(2). (A) East Madagascar (around Reunion Island (A1) n = 236; around Reunion Island and east of Madagascar 
(A2) n = 230). (B) North Madagascar ((B1) n = 233; (B2) n = 233). (C) South Africa ((C1) n = 323; (C2) n = 276). 
(D) Southeast Atlantic Ocean ((D1) n = 157; (D2) n = 191). Southwest Indian Ocean (SWIO) also mentioned 
by (A) and (B) sampling locations. Southeast Atlantic Ocean (SEAO) also mentioned by (C) and (D) sampling 
locations. Benguela Current (BC), Agulhas Current (AC), Agulhas Return Current (AR), Somali Current (SC), 
Southern Gyre (SG), South Equatorial Counter Current (SECC), and Southeast Madagascar Current (SEMC).

https://www.arcgis.com
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A common problem in fisheries research is to decide if the parameters from a simple linear regression fit are 
different between  populations53. Analysis of length–weight relationships per sampling case T1 were performed 
using the R statistical software with  FSA53 and  MASS54 packages. The exponential equation W = a * FLb was fit-
ted to determine the relationship between FL and W, where, a is the coefficient related to body form and b is the 
exponential expressing relationship between length–weight, also called allometric  coefficient55,56. Parameters 
were estimated using a Nonlinear Least Squares (NLS) method from the function of  Rossiter57 to provide more 
precise relationships than the classical relations. The coefficient of determination  (R2) was used as an index of the 
goodness of fit of the estimates and standard error was calculated for parameter estimations. Graphical analysis 
was performed for the comparison between geographic regions with reported allometric equations.

To determine if the parameter estimates are statistically different among geographic regions, sexes and sea-
sons, the length–weight model was transformed to a linear model by taking the natural logarithms, log(Wt) = lo
g(a) + blog(FLt) + ϵt, with y = log(W), x = log(FL), slope = b, and intercept = log(a). We then determined whether 
log(a) and/or b differs mainly between geographic regions and sexes using analysis of covariance (ANCOVA). A 
test of whether the fish in a population exhibit isometric growth or not can be obtained by noting that b is the esti-
mated slope from fitting the transformed length–weight  model53. The following statistical hypotheses (H0: b = 3 
“Isometric growth”; ⇒ H1: b ≠ 3 “Allometric growth”) were tested using t-tests from the linear regression results.

Molecular analysis. Technical protocols. The genomic DNA was isolated from a tissue sample of muscle 
(25 ng) without fat and skin using Qiagen DNeasy spin columns and quantified with NanoDrop (Thermo Fisher 
Scientific).

Microsatellite PCRs were performed on selected loci (see description of the selection process in supplemen-
tary text S1-a, S2-b, and Appendix 3) in 25 μl reactions containing 5 ng of template DNA, 1X reaction buffer, 
1.5 mM MgCl2, 0.24 mM dNTP, 0.1 μM of each primer, and 1U Taq polymerase. The PCR cycling for microsatel-
lite markers consisted of an initial denaturation at 95 °C for 10 min, followed by 40 cycles: denaturation at 95 °C 
for 30 s, annealing at the appropriate temperature (55 °C) for 30 s, and extension at 72 °C for 1 min and a final 
extension at 72 °C for 10 min. Each PCR had a negative control as well as a positive control. The PCR products 
were genotyped with Applied Biosystems 3,730 XL and the profiles obtained were analysed using  GeneMapper® 
v5.0 software. Allele binning was performed using the bins created in the study by Nikolic et al.58 and adding 
alleles respecting the allele size (± 0.4 bp). The corresponding type of repetition (e.g. di and tri) was respected 
as much as possible.

Population genetic diversity and differentiation. For the purpose of this paper we define “migration” as the 
movement of individuals from one place to another, “dispersal” as the process or result of the spreading of indi-
viduals from one place to another and “gene flow” as the transfer of genetic variation from one population to 
another. We use the term “gene flow” when Nm (number of efficient migrants entering a population by genera-
tion) is estimated and “migration rate” when m (fraction of individuals sampled in a given group that are more 
likely migrants derived from another population of origin) is estimated.

Nuclear data. Genetic analyses were performed using individuals clustered a priori according to each of the 
putative stock scenarios (T1-3) (number of alleles, heterozygosity, and FIS; similar to previously described analy-
ses per marker see text S1-a). We added analysis of FIS by bootstrapping (1,000) to obtain 95% confidence 
intervals (CI) with GENETIX. Hardy Weinberg Equilibrium (HWE) tests in each population and in the overall 
data were carried out using GENEPOP v4.0  software59 with Markov chain parameters (10,000 dememorization, 
1,000 batches, and 10,000 iterations per batch) (hypothesis Ho = random union of gametes) with an alternative 
hypothesis (H1 = heterozygote deficit).The U Score test was used as it is more powerful than the probability-
test especially when there is inbreeding or population  admixture60. Q-test analysis are preferable to maintain a 
proper balance between the avoidance of type I errors and the induction of type II  errors61–65, so we added this 
analysis using Q-value R package as it performs the false discovery rate (FDR)61–65. We completed our under-
standing on deviation of HWE by using HWxtest V.1.1.9 R  package66 because in most tests for Hardy–Weinberg 
proportions (with real data and multiple alleles) there are often rare alleles which make the asymptotic test unre-
liable. By using the genotype counts contained within each test, we extracted and re-analysed the data to plot the 
distribution with Monte Carlo sample size, for a smoother curve.

Genetic differentiation among samples within each scenario (T1-3) was estimated as pairwise Wright’s F-sta-
tistics (FST)67 using ARLEQUIN 3.168 computed with 10,000 permutations and significance level at 0.05. FST 
average with 95% confidence interval (CI) and standard deviation (SD) was computed using  GENETIX69 with 
1,000 bootstrap. Representation of genetic matrix distance (FST) and Principal Component Analysis on allelic 
frequencies was performed using the R package  ADEGENET70,71. Isolation by distance (IBD) in sampling sce-
nario T2 was tested using a Mantel test between genetic (FST and Euclidean Edwards’ distance) and geographic 
distances with 10,000 resampling between individuals and geographic regions using ADEGENET,  ADE472 and 
GRDEVICES (R Development Core Team and contributors worldwide) R packages. Finally, IBD differentiation 
(patches) was performed using a 2-dimensional kernel density estimation with MASS R package.

The hierarchical genetic structure and the admixture rates were estimated by the Bayesian individual cluster-
ing assignment performed with StRUC TUR E 2.3.4  software73 with the admixture model and correlated allele 
frequencies. The number of clusters, k, was determined by comparing log-likelihood ratios in 5 runs for values of 
k between 1 and 14 (number of main geographic sampling + 1) with a burn-in period of 100,000 steps followed 
by 1,000,000 MCMC replicates. For obtaining optimal k, results were analysed through  StructureSelector74 (see 
https ://lmme.ac.cn/Struc tureS elect or/) using the methods  of73,75,76,  and77.

https://lmme.ac.cn/StructureSelector/
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Bifurcated evolutionary trees were built using  POPTREEW78 with 100,000 bootstrapping samples and DSW 
genetic distances. GenGIS  279 was used to build a 3D phylogeography tree with sample geographic site informa-
tion and phylogenetic tree from  POPTREE280 file results. Additional analysis (AMOVA, network analysis etc., 
see supplementary text S1-b) were performed in order to check for consistency of the results when based on 
different a priori.

Test for sex-bias. We used a population assignment test for sex-biased dispersal using the software GenAlEx 
v.  681. This method produces Assignment Index correction (AIc) values for each sex according to Mossman 
and  Waser82. Mean negative AIc values characterize individuals with a higher probability of being immigrants, 
whereas positive values characterize individuals with a lower probability of being migrants. The statistical analy-
sis was carried out using the R statistical computing version 3.3.083 and included the following libraries (“law-
stat”84; “ade4”85; “mgcv”86,87; and “glmmADMB”88,89). AIc values for each sex were compared with a non-para-
metric Mann–Whitney U-test (also known as the Mann–Whitney–Wilcoxon, MWW) because samples violated 
assumptions of the normality and homoscedasticity (homogeneity of variance) (Shapiro’s, Levene’s and Brown 
and Forsythe’s tests).

Combining molecular and morphologic analysis. A fork length measurement was available for all but five 
individuals genotyped in this work. The length–weight relationship estimated previously (Appendices 4, 5), was 
used to estimate the lengths of the five fish without a length measurement. We used the assignPOP R  package90 
to perform population assignment using a machine-learning framework and employed genetic and non-genetic 
(morphometric) data sets, evaluating the discriminatory power of data collected. We tested the power of assign-
ment with 1 to 8 hypothetical populations. We used principle component analysis (PCA) for dimensionality 
reduction; Monte-Carlo cross-validation to estimate mean and variance of assignment accuracy; K-fold cross-
validation to estimate membership probability; resample individuals and loci either randomly and based on 
locus FST value; machine-learning classification algorithms, including LDA (Linear Discriminant Analysis) and 
SVM (Support Vector Machine). The output was visualized using ggplot2 functions.

The package assignPOP was also used to standardize the data with and without the optional software to 
remove low variance loci across the dataset. The default setting of variance threshold is 0.95, meaning that a locus 
will be removed from the dataset if its major allele occurs in over 95% of individuals across the populations. A 
low variance locus—which has a major allele in most individuals and a minor allele in very few individuals—is 
not likely to be useful because an allele that only occurs in the training or test data will not help ascertain popula-
tion membership of test individuals.

particle‑tracking simulation design. Passive drift simulations. Larvae, juvenile and young albacore 
(less than 80–90 cm LF) are thought to be less able to perform vertical migration as their swim bladder is not 
yet  functional91 and young albacore predominantly inhabit shallow water (< 50 m)92, hence simulations of sur-
face water movements are relevant to track dispersal. Moreover, spawning takes place at the sea-surface 93,94. To 
compute the trajectories of passively drifting individuals, we used the modelled surface current fields from the 
GLORYS-1 (G1) reanalysis of the World Ocean  circulation95 performed by the Mercator-Ocean centre (https 
://www.merca tor-ocean .fr/) with the NEMO numerical ocean model (https ://www.nemo-ocean .eu/). The G1 
model has a horizontal resolution of 0.25° and 50 vertical layers. The G1 reanalysis provides a close-to-reality, 
3-dimensional, simulation of the World Ocean dynamics as it assimilates satellite altimetry, temperature and 
salinity measurements. Passive drift trajectories were computed using the Lagrangian trajectory simulation soft-
ware ARIANE (freely available at https ://www.univ-brest .fr/lpo/arian e/) and the G1-simulated currents in the 
first model layer (surface currents). One geographic region per day was recorded for analyses of trajectories. 
This trajectory simulation technique was previously used to study the passive dispersal of hatchlings (and then 
juveniles) from the west Atlantic leatherback turtle (Dermochelys coriacea)  population96,97.

We chose to simulate the dispersal of particles drifting only with surface currents. Passive drift is the most 
parsimonious hypothesis for exploring early stages (i.e. egg, larvae (1 month cohort) and small juveniles (three 
monthly cohort) connectivity, given the high uncertainty about (1) the depth occupied and (2) the development 
of swimming ability. We performed passive drift simulations over 1 month and 3 months (young of the year 
individual). After the juvenile phase, fish are capable of active movement (linked to their size and habitat) in 
addition to being transported by oceanic  currents98.

Individual release. Between 1,000 to 5,000 particles were released in each simulation but for visual reasons we 
presented 2000 particles in the figures. Release positions were uniformly distributed over potential spawning 
 regions8,36, except in the southeast Atlantic C-D (unknown spawning region in this case, including South Africa) 
but it was important to test for a possible migratory pathway from SEAO to SWIO. Individuals were released 
daily during a 3-month period corresponding to the spawning season. Releases are performed uniformly over 
time (i.e. the same number of individuals was released every day). To address the interannual variability in the 
currents, we performed 17 simulations—one per year between 1998 (first year of available current data) and 
2014 (last year of the sampling program)—for each potential spawning ground. From these simulations we then 
computed the average, minimal and maximal numbers of transits between the different areas.

ethical approval and informed consent. Fish samples authors confirm that all experiments were car-
ried out in accordance with regulations. The field studies did not involve endangered or protected species. Alba-
core tuna is a commercial species all over the world that is, thus far, not subject to any ethical official rules. No 
specific permissions were required for the sampling locations. Fishes were sampled from French, Seychelles and 

https://www.mercator-ocean.fr/
https://www.mercator-ocean.fr/
https://www.nemo-ocean.eu/
https://www.univ-brest.fr/lpo/ariane/
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South African fishing vessels (at sea with within observer program) in the authorized marine waters or at land-
ing. Only dead fish were sampled.

Results
Morphometry. Length–weight data were not normally distributed across the overall data (Lilliefors test: 
p < 0.001), and the variances were heterogeneous among geographic regions (Levene test: F = 8.41, p < 0.001 for 
the size; F = 13.12, p < 0.001 for the weight) and sexes (Levene test: F = 19.26, p < 0.001 for the size; F = 9.19, p < 0.01 
for the weight). Univariate nonparametric statistical tests revealed that sizes and weights significantly differ 
among regions (permutation test: chi-squared = 509.69, p < 0.001 for the size; chi-squared = 643.78, p < 0.001 for 
the weight) and sexes (permutation test: chi-squared = 26.76, p < 0.001 for the size; chi-squared = 16.3, p < 0.001 
for the weight).

Length–weight relationships in sampling scenario T1 (regions A, B, and C) revealed significant differences 
between geographic regions (Table 1), with a lower ratio for individuals from South Africa (Region C), prob-
ably due to the sampling of earlier life stages, and higher values for the northernmost Indian Ocean (Region B) 
(Fig. 2). The homogeneity test (ANCOVA) also revealed significant differences among geographic regions. Here 
we considered estimates of length at 50% maturity around 90 cm fork length (FL)46 at an age of 4–5 years. Based 
on length of adult fish (> 90 cm FL), individuals caught would therefore be considered as adults in geographic 
regions A and B, and immatures in C and D (Appendix 2). For more details on the length–weight relationship 
see supplementary text (S2-a).

The results indicate differences in the length–weight relationships between geographic regions (Table 1, Fig. 2, 
Appendix 4). While the interaction terms are not significant between the geographic regions A and B (p = 0.1166), 

Table 1.  Length–weight relationships of albacore tuna according the equation weight (kg) = a*FLb from 
the non-linear least squares (NLS) form per geographic regions cases. n is the number of individuals, a the 
constant, b the allometric coefficient,  R2 the coefficient of determination, and Std. Error the standard error. The 
last column summarizes the Analysis of Covariance (ANCOVA) with the linear model (General Linear Model, 
GLM) between geographic regions.

Regions n a Std. error (a) b Std. error (b) R2 Analysis of covariance

A 269 5.9206 × 10–5 1.987 × 10–5 2.7747 7.259 × 10–2 0.8520

B 485 8.4869 × 10–5 1.648 × 10–5 2.7293 4.236 × 10–2 0.8950

C 302 2.0103 × 10–5 4.172 × 10–6 2.9846 4.619 × 10–2 0.9127

A-B 754 5.7418 × 10–4 1.474 × 10–4 2.3007 5.583 × 10–2 0.6983 Intercepts significant

A-C 571 5.1527 × 10–6 8.293 × 10–7 3.2983 3.507 × 10–2 0.9502 Intercepts significant

C-B 787 2.6044 × 10–6 6.102 × 10–7 3.4786 5.127 × 10–2 0.8719 Slopes and intercepts significant

A-B-C 1,056 1.2819 × 10–5 2.758 × 10–6 3.1212 4.691 × 10–2 0.8390 Slopes and intercepts significant

Figure 2.  Length–weight relationship (fork length (cm) and weight (kg)) for albacore (Thunnus alalunga) per 
geographic regions from the catch data of Reunion (blue; region A), Seychelles (green; region B) and South 
Africa (black; region C) fishery. The curves represent the length–weight relationship according to NLS form: 
Seychelles (green), Reunion (blue), and South Africa (black).
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and A and C (p = 0.5044) (i.e. not enough evidence to conclude a difference in slopes), the P-value (p) for the 
indicator variable suggests that there is a difference in intercepts between these two pairs of geographic regions 
(p < 2.2 × 10–16). Because these geographic regions (A and B, A and C) have statistically equal slopes but differ-
ent intercepts, there is a constant difference between the log-transformed weights of albacore regardless of the 
log-transformed lengths of albacore. Concerning geographic regions B and C, there is significant difference (in 
slopes and intercepts) in the length–weight relationship between the two geographic regions (p = 0.003334 and 
p < 2.2 × 10–16 respectively).

Males are significantly larger than females (Appendix 5), except in South African waters (region C), where 
most immature individuals were collected. The Appendix 5 summarizes the NLS-adjusted curve for each geo-
graphic region and the linear models to test sex-specific differences. The difference in length–weight relationship 
between the sexes is significant in geographic region A. Yet, for geographic region B, the results show differences 
between the sexes (Kruskal–Wallis test p < 0.05) that are not confirmed by the parallelism test (contained in the 
linear model with the length–weight relationship). Females appear heavier than males for the fork length below 
99 cm. This trend reverses above 99 cm fork length. However, these differences in the length–weight relation-
ship per sex in geographic region B are not confirmed by the analysis of variance (Appendix 5). A bias in sex 
ratio (proportion of females to males in the sample) in favor of females with fork length (FL) < 100 cm has been 
confirmed in a previous study of geographic regions A and  B36. In geographic region C, both males and females 
reached smaller sizes compared to the other geographic regions, due to the dominance of juveniles in the sample.

Molecular. Genetic diversity. Descriptive statistics across loci and samples, and for each microsatellite and 
sample are shown in Appendix 3. Based on the 32 microsatellite markers retained after quality selection from 
the initial panel of 54 putative loci (see Supplementary text S2-b), analyses were performed considering four 
different geographic groups (Fig. 1) under three a priori scenarios of individual grouping, T1, T2 and T3. Clas-
sic genetic variability per geographic group and scenario is described in Table 2. High expected and observed 
heterozygosity values were found for all samples, with values ranging from 73.7 ± 13.2 to 74.8 ± 12.8 for He and 
68.3 ± 13.0 to 71.4 ± 12.7 for Ho. All samples or groupings had significant P-values for Hardy Weinberg tests, 
meaning that all scenarios resulted in a deficit of heterozygotes (Table 2). Inbreeding coefficients (FIS) and CI 
95% were superior to 0 for all sampling locations (0.03–0.08) with the lowest values for geographic regions A and 
B (particularly B1), and the highest for region C (Table 2). Overall data and each population per scenario pre-
sented a significant deviation from HWE, yet with a high proportion of False Discovery Rate (> 0.45). Based on 
these results, we completed marker analysis using HWxtest. All markers presented a tail in the distribution and 
17 markers also presented infrequent alleles creating a “shoulder” in the distribution. Those potential outcomes, 
in which a rare genotype occurred, can partly explain the observed deviation from HWE.

POWSIM99 results for the 32 loci dataset indicated that the probability of detecting population structure 
was high and statistically significant at FST ≥ 0.001 for χ2 and Fisher’s tests. When FST was set to zero (i.e. no 
divergence among samples), the proportion of false significant values (α type I error) was lower than the intended 
value of 4% for χ2 test and was 7% for Fisher’s test. Markers shared a similar range of mutation rates (u) of around 
2 × 10–4 (mean) and 1 × 10–4 (median).

Table 2.  Descriptive statistics for albacore samples over 32 microsatellite loci without null alleles. Number of 
genotyped individuals (n); mean number of alleles (MNa); mean percent of expected (He), expected unbiased 
(Hnb), and observed (Ho) heterozygosity; and inbreeding coefficient (FIS) with CI 95%. Significant values are 
in bold. Mean values are ± SE. Sample abbreviations as in Fig. 1. Different samples considering scenarios of 
clustering T1, T2, and T3 (sampling scenario).

Samples n MNa He Hnb Ho FIS

Scenario T1

A 466 16.8 74.2 ± 13.0 74.3 ± 13.0 71.1 ± 12.4 0.043 (0.033–0.052)

B 466 16.8 73.9 ± 12.9 74.0 ± 12.9 71.4 ± 12.7 0.035 (0.026–0.043)

C 598 17.9 74.1 ± 13.5 74.2 ± 13.6 68.8 ± 12.4 0.072 (0.061–0.082)

D 344 16.9 74.8 ± 12.5 74.9 ± 12.5 70.3 ± 12.3 0.062 (0.050–0.071)

Scenario T2

A1 236 15.4 74.3 ± 12.8 74.5 ± 12.9 71.4 ± 12.2 0.042 (0.027–0.052)

A2 230 14.8 73.9 ± 13.2 74.1 ± 13.3 70.8 ± 13.0 0.045 (0.029–0.057)

B1 233 15.4 73.7 ± 13.2 73.9 ± 13.2 71.4 ± 13.5 0.033 (0.019–0.043)

B2 233 14.9 73.9 ± 12.8 74.1 ± 12.8 71.3 ± 12.4 0.038 (0.023–0.046)

C1 322 16.0 74.1 ± 13.5 74.2 ± 13.5 69.3 ± 12.4 0.067 (0.052–0.077)

C2 276 15.6 73.9 ± 13.6 74.1 ± 13.7 68.3 ± 13.0 0.079 (0.060–0.092)

D1 156 14.8 74.8 ± 12.8 75.1 ± 12.8 70.7 ± 13.2 0.059 (0.039–0.071)

D2 188 14.9 74.5 ± 12.4 74.7 ± 12.4 69.9 ± 12.1 0.064 (0.046–0.075)

Scenario T3

A-B 932 18.5 74.1 ± 13.0 74.2 ± 13.0 71.2 ± 12.5 0.039 (0.033–0.045)

C-D 942 19.1 74.4 ± 13.1 74.5 ± 13.1 69.4 ± 12.2 0.068 (0.060–0.075)
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Population structure. The clustering analysis, carried out with STRU CTU RE (Appendix 6), over 5 runs, 
favoured the existence of two main clusters. Pairwise FST values (Table 3) were significant between almost all 
comparisons of A/B with C/D, under all 3 scenarios, indicating differentiation between SEAO and SWIO Indian 
samples. Pairwise FST with the scenario T2 revealed lower (and not significant) FST values between eastern 
Madagascar (A2) and South Africa (C1), and also between Mozambique Channel (B1) and South Africa (C1) 
(Table 3).

AMOVA results revealed significant genetic differences among the two genetic clusters (A/B, and C/D) rep-
resenting 20% of the total variation and among individuals within geographic area (A, B, C, and D) representing 
36% of the total variation. The Mantel test confirmed a significant (p < 0.05) correlation between both genetic 
distance (FST and Euclidean) and geographic distance (Fig. 3A, e.g. with Euclidean distance). However, the 
scatterplot showed two consistent clouds of points, thus suggesting that apparent IBD was actually mostly due to 
the existence of two separate entities rather than by a regular increase of genetic differentiation with geographic 

Table 3.  Pairwise FST among albacore for albacore samples considering the three scenarios clustering T1, T2 
and T3 over 32 microsatellite loci with 10,000 permutations. Significant corrected P-value (< 0.05) are bold.

Scenario T1 A B C D

A 0

B − 0.00005 0

C 0.00127 0.00143 0

D 0.00281 0.00340 0.00013 0

Scenario T2 A1 A2 B1 B2 C1 C2 D1 D2

A1 0

A2 0.00066 0

B1 0.00044 − 0.00030 0

B2 0.00022 0.00045 0.00038 0

C1 0.00141 0.00042 0.00045 0.00145 0

C2 0.00272 0.00101 0.00193 0.00213 − 0.00032 0

D1 0.00290 0.00287 0.00385 0.00310 − 0.00100 0.00026 0

D2 0.00290 0.00187 0.00292 0.00278 0.00024 − 0.00077 − 0.00145 0

Scenario T3 A-B C-D

A-B 0

C-D 0.00198 0

Figure 3.  (A) Mantel test correlation (the original value of the correlation between the distance matrices 
is represented by the dot, while histograms represent permuted values (i.e., under the absence of spatial 
structure); here the isolation by distance is clearly significant, and (B) scatterplot of isolation by distance using 
a 2-dimensional kernel density estimation (red line is the correlation). Both analysis between Euclidian genetic 
and geographic distances using the sampling scenario T2 (regions A1, A2, B1, B2, C1, C2, D1, and D2).
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distances (Fig. 3B, e.g. with Euclidean distance). The 3D geophylogeny Neighbour Joining (NJ) from Dsw dis-
tances (Appendices 7 and 8) also differentiated SEAO from SWIO, in line with STRU CTU RE (Appendix 6), and 
PCA (Appendix 9).

AssignPop analysis (Appendix 10), combining the genetics and morphometrics (length), supported the sce-
nario of two genetic clusters k = 2 (A/B, C/D). When using the genetic-morphometric data, the assignment accu-
racies of regions A and B increased and that of region C remained high, resulting in increasing overall assignment 
accuracy (Appendix 10-B). Assignment accuracies of region B remained low (Appendix 10-B). The results were 
similar with removal of alleles with low variance. The addition of the variable sex did not improve the results.

Test for sex-biased dispersal. Analysis of sex-biased dispersal showed that males have strongly negative AIc val-
ues for groups A-B (southwest Indian Ocean), and C (South Africa), indicating that males are more often likely 
to be immigrants (Appendix 11). Nevertheless, the Mann–Whitney U-tests were not significant.

predicting connectivity through passive drift: particle‑tracking modelling. We chose to present 
results from the simulation of the year 2009 that corresponds to a neutral phase of the Indian Ocean Dipole 
(IOD)100. IOD is an oscillation of the sea-surface temperature between the eastern and western side of the tropi-
cal Indian Ocean. Similarly to the El Nino Phenomenon in the Pacific Ocean, IOD has a strong influence on the 
climate-ocean system of the Indian Ocean and affects surface and subsurface  currents101.

Simulated 1- and 3 month trajectories of passive drift are shown in Appendices 12 and 13. A schematic view of 
the number of transits between the areas after 1 and 3 month drift is presented in Fig. 4. One month trajectories 
display similar spatial patterns as 3 month trajectories, but 1 month is too short to draw conclusions about the 
destination of the particles except for the ones released off South Africa (Appendix 12).

Modeling results suggest that connectivity through passive drift is possible, although low, between SEAO 
and SWIO. Passive exchange between the southeast Atlantic (C-D) and the three potential spawning grounds 
in the southwest Indian Ocean (A, B, E) appear to be highly asymmetric and subject to significant inter-annual 
variability (Fig. 4). Particles released in the SEAO can be driven very quickly (within less than 1 month) into 
the Indian basin by the eastward flowing Agulhas Return Current that originates from the retroflection of the 
Agulhas Current off the southern tip of Africa. Over the 20 individual years tested, an average proportion 
of 2.7% (min. = 1.7%, max. = 4.7%) of particles passed from SEAO to SWIO after 1 month of drift, and 4.9% 
after 3 months (min. = 2.1%, max. = 6.7%). After entering the Indian Ocean particles from the Atlantic circulate 
eastward around 40°S. We found no direct connectivity through early life stages between SEAO and the three 
potential spawning grounds of SWIO. Particles that remained in the southeast Atlantic disperse northwestward 
with the Benguela Current and the South Atlantic Equatorial Current. The passive dispersal route from SWIO 
to SEAO is longer and more complex. The Mozambique Channel appeared to be the main pathway linking the 
SWIO to the SEAO. Dispersal in the Mozambique Channel indicated large mesoscale activity but is mostly 
southward. At the southern end of this channel, water continued to move southward with the Agulhas Current. 
No particles entered the SEAO from the northern Mozambique Channel (E region) after 1 month of dispersal, 
and only a small percentage entered after 3 months (mean = 0.3%, min. = 0%, max. = 2.4%).

Passive exchanges to the SEAO were predicted to be far more limited from the East of Madagascar (A) and, 
surprisingly, almost non-existent from North of Madagascar (B), although located in the direct vicinity of the 
Mozambique Channel. In fact, most particles from B were entrained toward the Equator line and dispersed 
into the North Hemisphere. Within 1 month and 3 month of drift, no particles originating from areas A and B 
were able to reach the SEAO. The A region is strongly connected with the E region, and, to a lesser extent, with 
the B region, by the North Madagascar Current that flows northwestward and then goes around Cap d’Ambre, 
the northern tip of the island. Passive transport from A to E accounted for 9.8% (min. = 6.5%, max. = 13.4%) 
of particles after 3 months. In comparison, the B region was crossed in average by 0.4% of particles from A 

Figure 4.  Schematic simulated passive drift trajectories for tuna larvae (and then small juveniles) released from 
different potential spawning areas (delineated by dotted lines): East Madagascar (A), North Madagascar (B), 
Southeast Atlantic (C, D), and Mozambique Channel (E).
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(min. = 0%, max. = 1.4%) after 3 months. Very few passive particles travelled to A region from B. Passive con-
nectivity from B to E was very weak after 3 months of drift (mean = 0.2%, min. = 0%, max. = 0.7%). The pattern 
was similar in the opposite direction (from E to B), but subject to greater interannual variability: an average 
proportion of 0.04% (min. = 0%, max. = 0.7%) of particles transited this way after a 3 month drift. Interestingly, 
it appears that passive connectivity from E to B (northward drift through Mozambique Channel) was inversely 
proportional to the passive connectivity from E to C-D (southward drift). Drift simulations from the spawning 
region offshore of northwest Australia (F) indicated that passive flow from southeast to north Indian Ocean is 
also possible (Appendix 13). Indeed, several particles released in this geographic region were driven westward 
by the South Indian Equatorial Current.

Discussion
The results presented here indicate small but significant genetic and morphometric differences between the 
southeast Atlantic and southwest Indian Oceans, suggesting the existence of two independent populations, and 
identifying a spawning ground in South Western Indian Ocean waters (eastern Madagascar). We consider these 
results in relation to simulations of larval dispersal through the main currents, and previous data on other species 
in the same geographic region, before discussing their implications under the current delineation of management 
units. The results have significant implications for RFMOs (e.g. ICCAT and IOTC) as the stock assessments and 
in turn the sustainable management of albacore relies on the accurate representation of population structure 
and connectivity across management units.

instantaneous population structure based on morphometric data. Stock identification is tradi-
tionally based on morphometric differences, sometimes combined with demographic modelling. The morpho-
metric analyses of albacore tuna revealed differences in the weight, regardless of the length, between geographic 
regions from SWIO waters (regions A and B). The results indicate a greater albacore weight gain in northernmost 
waters, in line with previous hypotheses that the waters between the Seychelles and the coast of Somalia consti-
tutes an important albacore feeding  region43. Results obtained here are consistent with the enhanced phytoplank-
ton productivity associated with the dynamic system of mesoscale eddies of the Mozambique  Channel102–104 and 
mid-ocean shallow banks of the Seychelles  plateau105, whereas the Mascarenes are characterised by low-nutrient 
subtropical  waters106. Surface dwelling behaviour is reported for albacore of geographic regions B and C, whereas 
albacore mostly occur in deeper waters in geographic region  A43. Others  authors107 also found morphometric 
differences between southwest Indian and the southeast Atlantic albacore populations and suggested that the 
Agulhas current enabled the sporadic interchange of adult albacore in deep waters.

Male albacore are significantly larger than females, except in South African waters, as found in several previ-
ous studies, showing that few females of albacore tuna exceed a fork length of 100  cm46,108. This may be due to 
asymptotic growth and different natural mortality between the sexes, and/or females investing more energy into 
gonad development than into somatic growth. Moreover, some  authors46,109 suggested that increased mortal-
ity would occur just after their first reproduction. Concerning the length–weight relationship, the difference 
between the sexes was only significant in the east of Madagascar and Reunion waters (region A). This suggests 
the presence of an important area of reproduction in the east of Madagascar, resulting in the higher weight of the 
females. This result seems consistent with large catches in the southwest Indian Ocean in the waters off eastern 
 Madagascar110–114 and between 10°S and 25°S45, which led to assumptions of the existence of a spawning ground 
in the southwest Indian Ocean by Nishikawa et al.115, and Nishida and  Tanaka116, also relayed by Nikolic et al.8. 
A common factor among tuna species is that spawning takes place when sea-surface  temperatures94 reach or 
exceed 24 °C93. Spawning generally occurs throughout the year over vast areas of the Atlantic, Indian, and Pacific 
Oceans and in the warm northern equatorial waters, but in higher latitudes it is restricted to the summer months 
(94,117,118). Here, the adults were mainly encountered in the SWIO region, particularly east of Madagascar. These 
results are consistent with histological analyses of the gonads and the investigation of the gonadosomatic  index36 
corroborating that spawning occurs between 10˚S and 30˚S in the east of Madagascar from October to January.

Some  authors8 estimated the potential spawning area in the southwest Indian Ocean basins (also positioned 
in western areas of subtropical gyres) by mapping the catch of longline fisheries. Albacore abundance in warm 
waters show a seasonal peak in November–December in the SWIO region, after which the fish would migrate 
to other geographic  regions8,119. These results suggest that after the spawning season some fish migrate towards 
other regions.

Long term integrated population structure based on genetic differentiation. High values of 
genetic diversity were observed among all sampling locations and sampling scenarios of albacore tuna. These 
values are close to those previously reported for both this  species11,120 and bluefin  tuna121–123. The positive FIS 
values obtained (0.03–0.08) are within the range of those obtained in a previous  study120 and the confidence 
intervals also differed from zero. These values reflect a bias towards an excess of homozygotes that may be due 
to a technical pitfall resulting in partial allele amplification, or due to biological origin indicating departure 
from random mating. A Wahlund effect (two differentiated populations that are included in a single sample) 
would imply genetic structure of approximately the same level as those FIS values, whereas FST values were 
much lower. The main driver of departures from HWE seem to be the presence of infrequent alleles resulting in 
rare genotypes, rather than genotyping error. The low differentiation value (low FST), despite a clear dichotomy 
between SWIO and SEAO (geographic regions), is not surprising, since FST is bounded by the level of diversity 
(here very high); its significance is thus more meaningful than the value itself. Moreover, it is the raw number 
of migrants (Nm) rather than the migration rate (m) that determines FST, thus larger populations will tend to 
exhibit lower FST values.
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All statistical methods used here on a large dataset yielded similar results, indicating structural differentia-
tion of two albacore genetic groups: one identified in the southwest Indian Ocean (regions A and B) and the 
other corresponding to southeast Atlantic Ocean (regions C and D). The genetic relationship between possible 
SWIO and SEAO stocks has been the subject of much debate, with conflicting results found in the literature with 
genetic data (e.g.120,124), a combination of blood markers and direct  tagging13. Our work however agrees with 
and confirms, based on a large sample of the southwest Indian and southeast Atlantic albacore population, the 
results of different  authors30,31,124.

Based on catch statistics,  Morita22 suggested migration of albacore between two oceans off South Africa, which 
could be facilitated by the strong Agulhas Current. It is possible that the connectivity is a passive migration from 
the SWIO to the SEAO (through the Mozambique Channel), and an active migration in the opposite direction. 
These results and scenarios are consistent with oceanographic simulations on individual dispersal, yet imply a 
limited exchange, similar to the results of the genetic differentiation and clustering analysis.

The low but significant levels of genetic differentiation reported previously for albacore tuna have been 
ascribed to their population characteristics, such as reproduction in the open ocean, their highly migratory 
nature, and large population  sizes125,126. Significant differentiation between samples A/B (SWIO) and C/D 
(SEAO), based on the analysis of allelic frequencies, suggests a very small number of migrants exchanged per 
generation, implying demographic independency of populations from each side of the Cape of Good Hope.

As the area of SEAO sampled by the study does not provide suitable conditions for reproduction and spawn-
ing, it might be hypothesized to support a mixed stock, with migrants from the SWIO and the Atlantic north 
of the Benguela System. Genetic data from elsewhere in the Atlantic during the reproduction period would 
be needed to test such hypothesis. In a previous  study127, bigeye tuna from distinct stocks (Atlantic and Indo-
Pacific) have been shown to be in contact around South Africa, and the distribution and mixture of fishes from 
each stock seems influenced by the dynamics of the currents in that area. Population genetic structuring can be 
influenced by ecological (e.g. homing behaviour) and physical (e.g. present-day ocean currents, past changes in 
sea temperature and levels)  factors23. Repeated glaciations and deglaciations have caused changes in sea levels, 
 temperatures128,129, and  currents127 and have regularly led to changes in the distribution of marine species. Bigeye 
tuna showed divergent clades, which were assumed to have been originated during the last Pleistocene glacial 
 maxima23. Fish population expansion during the Pleistocene has been reported in several  studies130–133 and may 
lead to the modification of population structure. We thus encourage continued analyses on albacore by integrat-
ing the models of the evolutionary history worldwide.

Predicted passive dispersal based on Lagrangian simulations. Lagrangian simulations support the 
possibility of passive connectivity between SWIO and SEAO regions that could shape the early dispersal of 
albacore populations in this part of the globe. The connectivity between the Indian and Atlantic Oceans was 
suggested or demonstrated in other species of tuna (e.g. Barth et al.134), swordfish (e.g.  West135), sharks (e.g. Da 
Silva Ferrette et al.136), and sea turtles (e.g. green  turtles137). One shall also note that passive simulations were 
unable to reproduce trajectories from SEAO to the three potential spawning regions in the SWIO region, in line 
with genetic data showing significant differentiation.

Offshore of the southern tip of Africa, the Agulhas Current retroflects eastward, into the Indian Ocean. The 
retroflection takes the form of an unstable jet that can shed warm eddies into the Atlantic Ocean. Passive trajec-
tories from the SEAO into the SWIO rapidly reach latitudes beyond 40°S where water temperatures are relatively 
low (below 15 °C), well below 24–25 °C, the preferred range of albacore eggs and  larvae45,46,138,139. These are thus 
unlikely to survive. Conversely, individuals carried from the SWIO into the SEAO by the warm Agulhas Current 
and then the Agulhas Rings would have a much better chance of survival due to higher temperatures than the 
ones following the opposite direction to the cold Circumpolar Current, which may explain the asymmetry of 
predicted passive exchange. In fact, the Mozambique Channel appears to be the only path tested where links may 
occur between the southwest Indian and the southeast Atlantic Oceans. Nevertheless, according to simulations 
over the duration of 1 to 3 months, connectivity is still predicted as very limited. Thus, the warm Agulhas current 
may promote passive or quasi-passive dispersal of early stage albacore from the SWIO to the SEAO regions, yet 
both prediction through modelling and inference through genetic data suggest this dispersal pattern, if it exists, 
would be very limited. In the yellowfin tuna, an asymmetric migration was supported from the Indo-Pacific to 
the  Atlantic134,140, and several Indian Ocean migrants were detected at the Atlantic spawning site demonstrating 
asymmetric  dispersal140, as is suggested here by modelling of albacore tuna.

Large ocean currents and physicochemical characteristics are congruent with the differentiation and con-
nectivity between albacore of southeast Atlantic and southwest Indian Oceans. Predicted dispersal patterns 
reported here are indeed in line with the dichotomy observed with both morphometric and genetic data. How-
ever, no obvious parameter prevents migration of post-larval or adult albacore with partially or fully developed 
thermoregulation abilities from the south Atlantic to the south Indian Ocean, or the other way round. In the 
southeast Atlantic adult albacore are caught down to 55°S by  fisheries141. Moreover, several authors (e.g. 110,124), 
using catch rate statistics, have suggested that exchange of immature fish between the two oceans may occur 
during the austral summer. The Agulhas current might act as a facilitator of the transport of individuals from 
SWIO to SEAO. For the passage from SEAO to SWIO, the temperature should act as a barrier to young of the 
year albacore. On the other hand, adult individuals have larger temperature tolerances (between 14 and 21 °C, all 
oceans and information  combined142–149), and be able to migrate from SEAO to SWIO. Yet, genetic analyses do 
not suggest a high level of migration, despite the apparent lack of physical barrier, such as in the case for bigeye 
tunas that are prevented from mutual penetration between Atlantic and Indo-Pacific127.
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implications for stock assessments. One of the key elements required to improve the management of 
stocks is an enhanced understanding of the spatial delineation and dynamics of stocks, their connectivity, as well 
as the environmental drivers of those elements. Sustainable management of fisheries ideally requires the exploi-
tation of one single population per  stock150 to avoid the overexploitation and the risk of losing minority popula-
tions when various populations are managed as a single  stock31. Furthermore there is an increasing requirement 
for traceability of fish, for consumer  protection151 and regulatory  enforcement152. Fisheries management is con-
cerned about the demographically independent units’  identification153,154 and the stock boundaries representing 
restricted  connectivity150. Units identified by fishery management, even if defined as biological  entities153, might 
differ considerably from populations identified by genetic  approaches154 that define the population structure 
according to the evolutionary history, the migrants, and the population size.

The present study suggests significant genetic differentiation between the southeast Atlantic and southwest 
Indian Oceans, supporting their demographic independence. The study of metal bioaccumulation and bio-
geochemical tracers in tuna  muscle155 suggested movements of individuals between the two oceans. Distinct 
genetic clusters and morphometric differences, between and within Atlantic and Indian Oceans, are a result of 
a complex life cycle that includes migration and inter-ocean dispersal, yet with limited mating among groups. 
Juveniles and sub-adults observed in South Africa would mostly originate from the south Atlantic population 
as suggested by several  authors107,124,156. The differentiation of southeast Atlantic and southwest Indian Oceans 
stocks has implications for the stock assessments of albacore tuna in the respective RFMOs, ICCAT and IOTC, 
as these need to reflect the most suitable geographical scale for stock management. Since the genetic differentia-
tion reveals independence between the stocks, separate stock assessments are recommended, a strategy already 
adopted by the commissions’ working groups.

According to the IOTC  report157, the juvenile albacore caught off South Africa’s Atlantic coastline may origi-
nate in part from the northeast of Brazil. However, the simulation of passive drift does not support this assump-
tion (Fig. 5), but revealed a potential pathway to an important fishing area in the North Atlantic. An increase 
of sampling localities with a clear strategy targeting spawning versus feeding grounds in both oceans would 
certainly help to improve the understanding of the grain size at which sub-structure develops among the albacore 
populations in the South Atlantic and Indian Oceans. For example, additional sampling in the eastern Indian 
Ocean should clarify the existence of two albacore populations in this ocean delimited by the 90°E meridian as 
suggested in different studies (e.g.107,124,158). Moreover, the present study sampled a small area of the southeast 
Atlantic Ocean that may be potentially separated from the rest of the south Atlantic. Sampling the northeast 

Figure 5.  One-year long simulated passive drift trajectories for tuna larvae (and then small juveniles) released 
from a potential spawning area (delineated by dotted lines) situated offshore Brazil. Colors bar are in number of 
passive drift days.
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and northwest of the South Atlantic may help to further investigate the Atlantic origin of albacore caught off 
South Africa.

All of these results encourage further studies on the stock delineation of albacore in both oceans and both 
hemispheres, using different methods that are informative across nested time scales (direct tagging, biochemical 
markers, population modelling, multi-generation dispersal prediction, population assignment genetic analysis, 
Bayesian reconstruction of demography through genome scan data).

Our results provide a considerable degree of resolution concerning differentiation and levels of migration 
between both oceans, but there are still areas of uncertainty. Because genetic differentiation is the result of both 
historical processes and present-day gene flow, further investigation will be necessary to disentangle processes 
operating at different spatial and time scales. Collaborations between researchers and RFMOs provide promising 
avenues for enhancing our understanding of ecological and evolutionary mechanisms underlying population 
structure and connectivity of marine species, and information essential for their conservation and management. 
Inferring genetic connectivity and spatial genetic structure is difficult in large populations of tuna species that 
exhibit high fecundity and dispersal capabilities, resulting in low levels of genetic differentiation that prevent 
the reliable use of Bayesian reconstruction to disentangle long-term from contemporary connectivity patterns. 
Application of high-power genomic techniques (e.g. RAD or DART sequencing with mixed-stock analysis) could 
resolve the subtle boundaries and the sub-population structure.

Neutral SNPs and SNPs under selection can be used to identify discrete albacore populations under fine-
grained resolution. Such approaches are likely to be routinely implemented in the future to discriminate tuna 
stocks, check their demographic status, diagnose illegal trade, and develop more sustainable management meas-
ures (as recommended for yellowfin tuna  by159).

Data availability
All relevant data are within the published paper and its Supporting Information files. The dataset can be down-
load at https ://wwz.ifrem er.fr/lareu nion/Produ ction -scien tifiq ue/Jeux-de-donne es or https ://doi.org/10.17882 
/61552 .

Received: 18 March 2019; Accepted: 9 July 2020

References
 1. Collette, B. & Nauen, C. Scombrids of the world—An annotated and illustrated catalogue of tunas, mackerels, bonitos and related 

species known to date. FAO Sp. Cat 2, 137 (1983).
 2. ISSF. ISSF Tuna Stock Status Update, 2015: Status of the world fisheries for tuna. ISSF Technical Report 2015-03A. (International 

Seafood Sustainability Foundation, Washington, D.C., 2015).
 3. FAO. The State of World Fisheries and Aquaculture 2012. (2012).
 4. ISSF. Status of the world fisheries for tuna. ISSF Technical Report. 2019-07. International Seafood Sustainability Foundation, 

Washington, D.C., USA. https ://iss-found ation .org/knowl edge-tools /techn ical-and-meeti ng-repor ts/ (2019).
 5. ICCAT. ICCAT Report of the 2016 ICCAT North and South Atlantic Albacore stock assessment meeting. N & S Atlantic ALB 

stock assessment meeting–Madeira 2016. (2016).
 6. IOTC. Albacore executive summary. Status summary for species of tuna and tuna-like species under the IOTC mandate, as well 

as other species impacted by IOTC fisheries. (2016).
 7. IOTC. Albacore executive summary. Status summary species tuna and tuna species under iotc mandate well other species 

impacted by iotc fisheries. (2018).
 8. Nikolic, N. et al. Review of albacore tuna, Thunnus alalunga, biology, fisheries and management. Rev. Fish. Biol. Fisheries. 27, 

775–810 (2016).
 9. Arrizabalaga, H., Lopez-Rodas, V., Costas, E. & González-Garcás, A. Use of genetic data to assess the uncertainty in stock 

assessments due to the assumed stock structure: The case of albacore (Thunnus alalunga) from the Atlantic Ocean. Fish. Bull. 
105(1), 140–146 (2007).

 10. Chow, S. & Kishino, H. Phylogenetic relationships between tuna species of the genus Thunnus (Scombridae: Teleostei): Incon-
sistent implications from morphology, nuclear and mitochondrial genomes. J. Mol. Evol. 41, 741–748 (1995).

 11. Takagi, M., Okamura, T., Chow, S. & Taniguchi, N. Preliminary study of albacore (Thunnus alalunga) stock differentiation 
inferred from microsatellite DNA analysis. Fish. Bull. 99, 697–701 (2001).

 12. Viñas, J., Bremer, J. A. & Pla, C. Inter-oceanic genetic differentiation among albacore (Thunnus alalunga) populations. Mar. Biol. 
145, 225–232 (2004).

 13. Arrizabalaga, H. et al. Population structure of albacore, Thunnus alalunga, inferred from blood groups and tag recapture analyses. 
Mar. Ecol. Prog. Ser. 282, 245–252 (2004).

 14. Wu, G. C. C., Chiang, H. C., Chen, K. S., Hsu, C. C. & Yang, H. Y. Population structure of albacore (Thunnus alalunga) in the 
Northwestern Pacific Ocean inferred from mitochondrial DNA. Fish. Res. 95, 125–131 (2009).

 15. Davies, C. A., Gosling, E. M., Was, A., Brophy, D. & Tysklind, N. Microsatellite analysis of albacore tuna (Thunnus alalunga): 
Population genetic structure. Mar. Biol. 158, 2727–2740 (2011).

 16. Nikolic, N. & Bourjea, J. Differentiation of albacore stock: Review by oceanic regions. Collect. Vol. Sci. Pap. ICCAT  70(3), 
1340–1354 (2014).

 17. Pawson, M. G. & Jennings, S. A critique of methods for stock identification in marine capture fisheries. Fish. Res. 25, 203–217 
(1996).

 18. Waldman, J. R. The importance of comparative studies in stock analysis. Fish. Res. 43, 237–246 (1999).
 19. Nielsen, E. E., Hemmer-Hansen, J., Larsen, P. F. & Bekkevold, D. Population genomics of marine fishes: Identifying adaptive 

variation in space and time. Mol. Ecol. 18, 3128–3150 (2009).
 20. Waples, R. S. & Naish, K. A. Genetic and evolutionary considerations in fishery management: Research needs for the future. 

Future Fish. Sci. N. Am. 31, 427–451 (2009).
 21. Montes, I. et al. Transcriptome analysis deciphers evolutionary mechanisms underlying genetic differentiation between coastal 

and offshore anchovy populations in the Bay of Biscay. Mar. Biol. 163, 205 (2016).
 22. Morita, S. On the relationship between the albacore stocks of the South Atlantic and Indian Oceans. Collect Vol. Sci. Pap. ICCAT  

7, 232–237 (1977).

https://wwz.ifremer.fr/lareunion/Production-scientifique/Jeux-de-donnees
https://doi.org/10.17882/61552
https://doi.org/10.17882/61552
https://iss-foundation.org/knowledge-tools/technical-and-meeting-reports/


14

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:15657  | https://doi.org/10.1038/s41598-020-72369-w

www.nature.com/scientificreports/

 23. Gonzalez, E. G., Beerli, P. & Zardoya, R. Genetic structuring and migration patterns of Atlantic bigeye tuna, Thunnus obesus 
(Lowe, 1839). BMC Evol. Biol. 8, 252 (2008).

 24. Chow, S. & Ushiama, H. Global population structure of albacore (Thunnus alalunga) inferred by RFLP analysis of the mitochon-
drial ATPase gene. Mar. Biol. 123, 39–45 (1995).

 25. Graves, J. E. & Dizon, A. E. Mitochondrial DNA sequence similarity of Atlantic and Pacific albacore tuna (Thunnus alalunga). 
Can. J. Fish. Aquat. Sci. 46, 870–873 (1989).

 26. Viñas, J., Santiago, J. & Pla, C. Genetic characterization and Atlantic-Mediterranean stock structure of Albacore, Thunnus 
alalunga. Collect Vol. Sci. Pap. ICCAT. 49, 188–190 (1999).

 27. Pujolar, J. M., Roldán, M. I. & Pla, C. Genetic analysis of tuna populations, Thunnus thynnus thynnus and T. alalunga. Mar. Biol. 
3, 613–621 (2003).

 28. Nakadate, M. et al. Genetic isolation between Atlantic and Mediterranean albacore populations inferred from mitochondrial 
and nuclear DNA markers. J. Fish Biol. 66, 1545–1557 (2005).

 29. Abdul-Muneer, P. M. Application of microsatellite markers in conservation genetics and fisheries management: Recent advances 
in population structure analysis and conservation strategies. Genet. Res. Int. 2014, 691759 (2014).

 30. Albaina, A. et al. Single nucleotide polymorphism discovery in albacore and Atlantic bluefin tuna provides insights into world-
wide population structure. Anim. Genet. 44, 678–692 (2013).

 31. Laconcha, U. & Iriondo, M. New nuclear SNP markers unravel the genetic structure and effective population size of Albacore 
tuna (Thunnus alalunga). PLoS ONE 10, e0128247 (2015).

 32. Heincke, D. F. Naturgeschichte des herring. Abhandlungen Doutsch Seefisch Verein 2, 128–233 (1898).
 33. Foote, C. J., Wood, C. C. & Withler, R. E. Biochemical genetic comparison of sockeye salmon and kokane, the anadromus and 

nonanadromus forms of Oncorhynchus nerka. Can. J. Fish. Aquat. Sci. 46, 149–158 (1989).
 34. Robinson, B. W. & Wilson, D. S. Genetic variation and phenotypic plasticity in a tropically polymorphic population of pump-

kinseed sunfish (Lepomis gibbosus). Evol. Ecol. 10, 631–652 (1996).
 35. Cabral, H. N. et al. Genetic and morphologica variation of Synaptura lusitanica Capello, 1868, along the Portuguese coast. J. Sea 

Res. 50, 167–175 (2003).
 36. Dhurmeea, Z. et al. Reproductive biology of Albacore tuna (Thunnus alalunga) in the Western Indian Ocean. PLoS ONE 11, 

0168605–0168610 (2016).
 37. Gonzalez, E. G. & Zardoya, R. Relative role of life-history traits and historical factors in shaping genetic population structure 

of sardines (Sardina pilchardus). BMC Evol. Biol. 7, 197 (2007).
 38. Young, E. F. et al. Oceanography and life history predict contrasting genetic population structure in two Antarctic fish species. 

Evol. Appl. 8, 486–509 (2015).
 39. Santos, A. M. P. et al. Sardine (Sardina pilchardus) larval dispersal in the Iberian Upwelling System, using coupled biophysical 

techniques. Prog. Oceanogr. 162, 83–97 (2018).
 40. Kaplan, D. M., Cuif, M. & Fauvelot, C. Uncertainty in empirical estimates of marine larval connectivity. ICES J. Mar. Sci 74(6), 

1723–1734 (2016).
 41. Cowen, R. K., Paris, C. B. & Srinivasan, A. Scaling of connectivity in marine populations. Science 311, 522–527 (2006).
 42. Nickols, K. J., White, J. W., Largier, J. L. & Gaylord, B. Marine population connectivity: Reconciling large-scale dispersal and 

high self-retention. Am. Nat. 185, 196–211 (2015).
 43. Nikolic, N. et al. GERMON project final report (GEnetic stRucture and Migration Of albacore tuna). IFREMER Re. 2015, 219 

(2015).
 44. Dhurmeea, Z. et al. Reproductive biology of albacore tuna (Thunnus. in alalunga) in the Western Indian Ocean. PLoS ONE 

11(12), e0168605 (2016).
 45. Ueyanagi, S. Observations on the distribution of tuna larva in the Indo-Pacific Ocean with emphasis on the delineation of 

spawning areas of albacore, Thunnus alalunga. Bull. Far. Seas Fish. Res. Lab. 2, 177–219 (1969).
 46. Bard, F. X. Le Thon Germon (Thunnus alalunga, Bonnaterre 1788) de l’Océan Atlantique. De la dynamique des populations à la 

stratégie démographique. Thèse de Doctorat d’Etat. Université Pierre et Marie Curie. (XI, 1981).
 47. Wu, C. L. & Kuo, C. L. Maturity and fecundity of albacore, Thunnus alalunga (Bonnaterre), from the Indian Ocean. J. Fish Soc. 

Taiwan 20(2), 135–151 (1993).
 48. Lilliefors, H. W. On the Kolmogorov–Smirnov test for normality with mean and variance unknown. J. Am. Stat. Assoc. 62, 

399–402 (1967).
 49. Levene, H. Robust tests for equality of variances. In Contributions to Probability and Statistics: Essays in Honor of Harold Hotelling 

(eds Olkin, I. et al.) 278–292 (Stanford University Press, Stanford, 1960).
 50. Manly, B. Randomization bootstrap and Monte Carlo methods in biology (Chapman & Hall/CRC, Boca Raton, 2007).
 51. Fay, M. P. & Shaw, P. A. Exact and Asymptotic Weighted Logrank Tests for Interval Censored Data: The Interval R Package. J. 

Stat. Softw. 36, 1–34 (2010).
 52. Fox, J. & Weisberg, S. An R Companion to Applied Regression (Sage, London, 2011).
 53. Ogle, D. H. Introductory Fisheries Analyses with R (Chapman & Hall/CRC, Boca raton, 2016).
 54. Venables, W. N. & Ripley, B. D. Modern Applied Statistics with S 4th edn. (Springer, Berlin, 2002).
 55. Ricker, W. E. Linear regression in fisheries research. J. Fish. Res. Board Can. 30, 409–434 (1973).
 56. Ricker, W. E. Methods for assessment of fish production in fresh waters. IBP Handbook N°3 (Blackwell Scientific Publications, 

Oxford and Edinburgh, 1968).
 57. Rossiter, D. G. Technical note: Curve fitting with the R Environment for Statistical Computing. In Enschede (NL): 17, International 

Institute for Geo-information Science & Earth Observations (2009).
 58. Nikolic, N. et al. Discovery of genome-wide microsatellite markers in Scombridae: A pilot study on albacore tuna. PLoS ONE 

10, e0141830 (2015).
 59. Rousset, F. Genepop’007: A complete reimplementation of the Genepop software for Windows and Linux. Mol. Ecol. Resour. 8, 

103–106 (2008).
 60. Rousset, F. & Raymond, M. Testing heterozygote excess and deficiency. Genetics 140, 1413–1419 (1995).
 61. Storey, J. D. A Direct Approach to False Discovery Rates. J. R. Stat. Soc. Ser. B Stat. Methodol. 64, 479–498 (2002).
 62. Storey, J. D. The positive false discovery rate: A Bayesian interpretation and the q-value. Ann. Stat. 31, 2013–2035 (2003).
 63. Storey, J. D. & Tibshirani, R. Statistical significance for genome wide studies. Proc. Natl. Acad. Sci. USA. 100, 9440–9445 (2003).
 64. Storey, J. D., Taylor, J. E. & Siegmund, D. Strong control, conservative point estimation and simultaneous conservative consist-

ency of false discovery rates: A unified approach. J. R. Stat. Soc. Ser. B Stat. Methodol. 66, 187–205 (2004).
 65. Storey, J., Bass, A., Dabney, A. & Robinson, D. qvalue: Q-value Estimation for False Discovery Rate Control. https ://githu b.com/

jdsto rey/qvalu e (2019).
 66. Engels, W. R. Exact tests for Hardy-Weinberg proportions. Genetics 183, 1431–1441 (2009).
 67. Weir, B. S. & Cockerham, C. C. Estimating F-statistics for the analysis of population structure. Evolution 38, 1358–1370 (1984).
 68. Excoffier, L., Laval, G. & Schneider, S. Arlequin ver. 3.1: An integrated software package for population genetics data analysis. 

Evol. Bioinform. Online 1, 47–50 (2005).
 69. Belkhir, K., Borsa, P., Chikhi, L., Raufaste, N. & Bonhomme, F. GENETIX, logiciel sous WindowsTM pour la génétique des popula-

tions. Laboratoire Génome, Populations, Interactions CNRS UMR 5000. (Université de, 1996).

http://github.com/jdstorey/qvalue
http://github.com/jdstorey/qvalue


15

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:15657  | https://doi.org/10.1038/s41598-020-72369-w

www.nature.com/scientificreports/

 70. Jombart, T. adegenet: A R package for the multivariate analysis of genetic markers. Bioinformatics 24, 1403–1405 (2008).
 71. Jombart, T. & Ahmed, I. adegenet 1.3-1: New tools for the analysis of genome-wide SNP data. Bioinformatics 27(21), 3070–3071 

(2011).
 72. Thioulouse, J., Chessel, D., Dolédec, S. & Olivier, J. M. ADE-4: A multivariate analysis and graphical display software. Stat. 

Comput. 7, 75–83 (1997).
 73. Pritchard, J. K., Stephens, P. & Donnelly, P. Inference of population structure using multilocus genotype data. Genetics 155, 

945–959 (2000).
 74. Li, Y.-L. & Liu, J.-X. StructureSelector: A web-based software to select and visualize the optimal number of clusters using multiple 

methods. Mol. Ecol. Resour. 18, 176–177 (2018).
 75. Evanno, G. & Regnaut Sand Goudet, J. Detecting the number of clusters of individuals using the software STRU CTU RE: A 

simulation study. Mol. Ecol. 14, 2611–2620 (2005).
 76. Puechmaille, S. J. The program structure does not reliably recover the correct population structure when sampling is uneven: 

Subsampling and new estimators alleviate the problem. Mol. Ecol. Resour. 16, 608–627 (2016).
 77. Kopelman, N. M., Mayzel, J., Jakobsson, M., Rosenberg, N. A. & Mayrose, I. CLUMPAK: A program for identifying clustering 

modes and packaging population structure inferences across K. Mol. Ecol. Resour. 5, 1179–1191 (2015).
 78. Takezaki, N., Nei, M. & Tamura, K. POPTREEW: Web version of POPTREE for constructing population trees from allele fre-

quency data and computing some other quantities. Mol. Biol. Evol. 6, 1622–1624 (2014).
 79. Parks, D. H. et al. GenGIS 2: Geospatial analysis of traditional and genetic biodiversity, with new gradient algorithms and an 

extensible plugin framework. PLoS ONE 8, 69885 (2013).
 80. Takezaki, N., Nei, M. & Tamura, K. PopTree2: Software for constructing population trees from allele frequency data and com-

puting other population statistics with Windows interface. Mol. Biol. Evol. 27, 747–752 (2010).
 81. Peakall, R. & Smouse, P. GenAlEx 6: Genetic analysis in Excel. Population genetic software for teaching and research. Mol. Ecol. 

Notes 6, 288–295 (2006).
 82. Mossman, C. A. & Waser, P. M. Genetic detection of sex-biased dispersal. Mol. Ecol. 8, 1063–1067 (1999).
 83. R development Core Team. R: A language and environment for statistical computing. (R Foundation for Statistical Computing, 

Vienna, 2013). https ://www.R-proje ct.org.
 84. Gastwirth, J. L. et al. lawstat: Tools for Biostatistics. (Public Policy, and Law, 2017).
 85. Dray, S. & Dufour, A. B. The ade4 package: Implementing the duality diagram for ecologists. J. Stat. Softw. 22(4), 1–20 (2007).
 86. Wood, S. N. Generalized Additive Models: An Introduction with R (Chapman and Hall/CRC, Boca Raton, 2006).
 87. Wood, S. N. Fast stable restricted maximum likelihood and marginal likelihood estimation of semiparametric generalized linear 

models. J. R. Stat. Soc. B 73(1), 3–36 (2011).
 88. Fournier, D. A. et al. AD Model Builder: Using automatic differentiation for statistical inference of highly parameterized complex 

nonlinear models. Optim. Methods Softw. 27, 233–249 (2012).
 89. Skaug, H., Fournier, D., Nielsen, A., Magnusson, A. & Bolker, B. Generalized Linear Mixed Models using AD Model Builder. 

(2013).
 90. Chen, K.-Y. et al. assignPOP: An r package for population assignment using genetic, non-genetic, or integrated data in a machine-

learning framework. Methods Ecol. Evol. 9, 439–446 (2018).
 91. Gibbs, R. & Colette, B. Comparative anatomy and systemics of the tunas, genus Thunnus. USA. Fish Wildl. Serv. Fish. Bull. 66, 

65–130 (1967).
 92. Cosgrove, R., Arregui, I., Arrizabalaga, H., Goni, N. & Sheridan, M. New insights to behaviour of North Atlantic albacore tuna 

(Thunnus alalunga) observed with pop-up satellite archival tags. Fish. Res. 150, 89–99 (2014).
 93. Schaefer, K. M. Reproductive biology of tunas. Fish Physiol. 19, 225–270 (2001).
 94. Ramon, D. & Bailey, K. Spawning seasonality of albacore, Thunnus alalunga, in the South Pacific Ocean. Fish. Bull. Natl. Oceanic 

Atmos. Admin. 94(4), 725–733 (1996).
 95. Description and results. Ferry. Mercator global eddy permitting ocean reanalysis glorys1v1. Tech. Rep. Mercator Ocean Q. Newsl. 

36, 15–28 (2010).
 96. Gaspar, P. et al. Oceanic dispersal of juvenile leatherback turtles: Going beyond passive drift modeling. Mar. Ecol. Prog. Ser. 457, 

265–284 (2012).
 97. Lalire, M. & Gaspar, P. Modeling the active dispersal of juvenile leatherback turtles in the North Atlantic Ocean. Mov. Ecol. 7, 

7 (2019).
 98. Lehodey, P., Senina, L., Dragon, A. C. & Arrizabalaga, H. Spatially explicit estimates of stock size, structure and biomass of North 

Atlantic albacore tuna (Thunnus alalunga). Earth Syst. Sci. Data 6, 317–329 (2014).
 99. Ryman, N. & Palm, S. POWSIM: A computer program for assessing statistical power when testing for genetic differentiation. 

Mol. Ecol. Notes 6, 600–602 (2006).
 100. Saji, N. H., Goswami, B. N., Vinayachandran, P. N. & Yamagata, T. A dipole mode in the tropical Indian Ocean. Nature 401, 360 

(1999).
 101. Li, J. et al. Impacts of the IOD-associated temperature and salinity anomalies on the intermittent equatorial undercurrent 

anomalies. Clim. Dyn. 51, 1391–1409 (2018).
 102. Schouten, M. W., de Ruijter, W. P., van Leeuwen, P. J. & Ridderinkhof, H. Eddies and variability in the Mozambique Channel. 

Deep Sea Res. Part II Top. Stud. Oceanogr. 50, 1987–2003 (2003).
 103. de Ruijter, W. P. M. et al. Eddies and dipoles around South Madagascar: Formation, pathways and large-scale impact. Deep Sea 

Res. Part I 51, 383–400 (2004).
 104. de Ruijter, W. P. M., Ridderinkhof, H., Lutjeharms, J. R. E., Schouten, M. W. & Veth, C. Observations of the flow in the Mozam-

bique Channel: Observations in the Mozambique channel. Geophys. Res. Lett. 29, 140-1-140–3 (2002).
 105. Longhurst, A. R. Ecological Geography of the Sea (Academic Press, London, 2007).
 106. New, A. et al. Physical and biochemical aspects of the flow across the Mascarene Plateau in the Indian Ocean. Philos. Trans. R 

Soc. Math. Phys. Eng. Sci. 363, 151–168 (2005).
 107. Penney, A. J., Yeh, S. Y., Kuo, C. L. & Leslie, R. W. Relationships between albacore (Thunnus alalunga) stocks in the southern 

Atlantic and Indian Oceans. In Int Com Conserv AH Tuna Tuna Symp, Ponta Delgada, Azores (ed. Beckett, J. S.) 10–18 (1998).
 108. Postel, E. Sur deux lots de germon (Germo alalunga) capturés dans le Golfe de Guinée par les palangriers japonais. Cahiers 

ORSTOM Série Océanographique 2, 55–60 (1964).
 109. Liorzou, B. Les nouveaux engins de pêche pour la capture du germon: Description, statistiques, impact sur le stock nord-

Atlantique. Collect. Vol. Sci. Pap. 30(1), 203–217 (1989).
 110. Koto, T. Studies on the albacore-XIV. Distribution and movement of the albacore in the Indian and the Atlantic Oceans based 

on the catch statistics of Japanese tuna long-line fishery. Bull. Far. Seas Fish. Res. Lab. 1, 115–129 (1969).
 111. Conand, F. & Richards, W. J. Distribution of tuna larvae between Madagascar and the Equator, Indian Ocean. Biol. Oceanogr. 

4, 321–336 (1982).
 112. Shiohama, T. Overall fishing intensity and length composition of albacore caught by long line fishery. In The Indian Ocean, 

1952–1982. IPTP, Vol. 22, 91–109 (1985).
 113. Fonteneau, A. A summarized presentation of the report of the 2nd. In IOTC WP of the Albacore Meeting held in Bangkok (2008).
 114. IOTC. Proposition: Résumé exécutive: GERMON. in IOTC, IOTC-2013-SC16-ES01 (2013).

http://www.R-project.org


16

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:15657  | https://doi.org/10.1038/s41598-020-72369-w

www.nature.com/scientificreports/

 115. Nishikawa, Y., Honma, M., Ueyanagi, S. & Kikawa, S. Average distribution of larvae of oceanic species of scombroid fishes, 
1956–1981. Far. Seas Fish. Res. Lab. 12, 1–99 (1985).

 116. Nishida, T. & Tanaka, M. General reviews of Indian Ocean Albacore (Thunnus alalunga). IOTC-2004- WPTMT-03. (2004).
 117. Stéquert, B. & Marsac, F. La pêche de surface des thonidés tropicaux dans l’océan Indien. (1986).
 118. Fonteneau, A. & Marcille, J. Ressources, pêche et biologie des thonidés tropicaux de l’Atlantique centre-est. FAO Dot. Tech. Pêches 

292. (1988).
 119. Hoyle, S., Sharma, R. & Herrera, M. Stock assessment of albacore tuna in the Indian Ocean for 2014 using stock synthesis. 

Indian Ocean Tuna Commission working party on temperate Tunas, Busan, Rep. of Korea, 28–31 July 2014, IOTC–2014–
WPTmT05–24_Rev1. (2014).

 120. Montes, I. et al. Worldwide genetic structure of albacore (Thunnus alalunga) revealed by microsatellite DNA markers. Mar. Ecol. 
Prog. Ser. 471, 183–191 (2012).

 121. Carlsson, J. et al. Microsatellite and mitochondrial DNA analyses of Atlantic bluefin tuna (Thunnus thynnus thynnus) population 
structure in the Mediterranean Sea. Mol. Ecol. 13, 3345–3356 (2004).

 122. Carlsson, J., McDowell, J. R., Carlsson, J. E. & Graves, J. E. Genetic identity of YOY bluefin tuna from the eastern and western 
Atlantic spawning areas. J. Hered. 98, 23–28 (2007).

 123. Riccioni, G., Landi, M., Ferrara, G. & Milano, I. Spatio-temporal population structuring and genetic diversity retention in 
depleted Atlantic bluefin tuna of the Mediterranean Sea. Proc. Natl. Acad. Sci. USA 107, 2102–2107 (2010).

 124. Yeh, S. Y., Treng, T. D., Hui, C. F. & Penney, A. J. Mitochondrial DNA sequence analysis on Albacore, Thunnus alalunga, meat 
samples collected from the waters off western South Africa and the Eastern Indian Ocean. ICCAT Col. Vol. Sci. Pap. 46, 152–159 
(1997).

 125. Durand, J. D., Collet, A., Chow, S., Guinand, B. & Borsa, P. Nuclear and mitochondrial DNA markers indicated unidirectional 
gene flow of Indo-Pacific to Atlantic bigeye tuna (Thunnus obesus) populations, and their admixture off southern Africa. Mar. 
Biol. 147, 313–322 (2005).

 126. Poulsen, N. A., Nielsen, E. E., Schierup, M. H., Loeschcke, V. & Gronkjaer, P. Long-term stability and effective population size 
in North Sea and Baltic Sea cod (Gadus morhua). Mol. Ecol. 15, 321–331 (2006).

 127. Chow, S., Okamoto, H., Miyabe, N., Hiramatsu, K. & Barut, N. Genetic divergence between Atlantic and Indo-Pacific stocks of 
bigeye tuna (Thunnus obesus) and admixture around South Africa. Mol. Ecol. 9, 221–227 (2000).

 128. Graham, M. H., Dayton, P. K. & Erlandson, J. M. Ice ages and ecological transitions on temperate coasts. Trends Ecol. Evol. 18, 
33–40 (2003).

 129. Siddall, M. et al. Sea-level fluctuations during the last glacial cycle. Nature 423, 853–858 (2003).
 130. Rohfritsch, A. & Borsa, P. Genetic structure of Indian scad mackerel Decapterus russelli: Pleistocene vicariance and secondary 

contact in the Central Indo-West Pacific Seas. Heredity 95, 315–326 (2005).
 131. Janko, K. et al. Did glacial advances during the Pleistocene influence differently the demographic histories of benthic and pelagic 

Antarctic shelf fishes?—Inferences from intraspecific mitochondrial and nuclear DNA sequence diversity. BMC Evol. Biol. 7, 
220 (2007).

 132. Ravago-Gotanco, R. G. & Juinio-Meñez, M. A. Phylogeography of the mottled spinefoot Siganus fuscescens: Pleistocene diver-
gence and limited genetic connectivity across the Philippine archipelago. Mol. Ecol. 19, 4520–4534 (2010).

 133. Pedrosa-Gerasmio, I. R., Agmata, A. B. & Santos, M. D. Genetic diversity, population genetic structure, and demographic his-
tory of Auxis thazard (Perciformes), Selar crumenophthalmus (Perciformes), Rastrelliger kanagurta (Perciformes) and Sardinella 
lemuru (Clupeiformes) in Sulu-Celebes Sea inferred by mitochondrial DNA sequences. Fish. Res. 162, 64–74 (2015).

 134. Barth, J. M. I., Damerau, M., Matschiner, M., Jentoft, S. & Hanel, R. Genomic differentiation and demographic histories of 
Atlantic and Indo-Pacific yellowfin tuna (Thunnus albacares) populations. Genome Biol. Evol. 9(4), 1084–1098 (2017).

 135. West, W. MSc thesis. Genetic stock structure and estimation of abundance of swordfish (Xiphias gladius) in South Africa. https 
://open.uct.ac.za/handl e/11427 /20432 . (2016).

 136. Silva, D. M. et al. Evaluation of IMTA-produced seaweeds (Gracilaria, Porphyra, and Ulva) as dietary ingredients in Nile tilapia, 
Oreochromis niloticus L., juveniles. Effects on growth performance and gut histology. J. Appl. Phycol. 27, 1671–1680 (2015).

 137. Bourjea, J. et al. Phylogeography of the green turtle, Chelonia mydas, in the Southwest Indian Ocean. Mol. Ecol. 16, 175–186 
(2007).

 138. Rudomiotkina, G. P. Distribution of larval tunas (Thunnidae, Perciformes) in the Central-Atlantic Ocean. Int. Council Explor. 
Sea (ICES), Pelagic Fish (S.)Committee, J. 15 (1973).

 139. Piccinetti, C. & Piccinetti-Manfrin, G. Relation entre œufs et larves de thonidés et hydrologie en Méditerranée. CNEXO 8, 9–12 
(1979).

 140. Mullins, R. B., McKeown, N. J., Sauer, W. H. H. & Shaw, P. W. Genomic analysis reveals multiple mismatches between biological 
and management units in yellowfin tuna (Thunnus albacares). ICES J. Mar. Sci. 75, 2145–2152 (2018).

 141. Fonteneau, A. An overview of Indian Ocean albacore: Fisheries, stocks and research. IOTC-2004-WPTMT-02. (2004).
 142. Clemens, H. B. The migration, age and growth of Pacific albacore (Thunnus germo), 1951–1958. (1961).
 143. Talbot, F. H. & Penrith, M. J. Tunnies and Marlins of South Africa. Nature 193, 558–559 (1962).
 144. Flittner, G. A. Review of the 1962 seasonal movement of albacore tuna off the Pacific coast of the United States. Commer. Fish. 

Rev. 25(4), 7–13 (1963).
 145. Laurs, R. M. & Lynn, R. J. Seasonal migration of North Pacific albacore, Thunnus alalunga, into North America coastal waters: 

Distribution, relative abundance and association with transition zone waters. US Fish. Bull. 75, 795–822 (1977).
 146. Johnsson, J. H. Sea temperatures and the availability of albacore (Thunnus germo) off the coasts of Oregon and Washington. 

Paper presented to the Pacific Tuna biology conference (1961).
 147. Santiago, J. Dinamica de la poblacion de atun blanco (Thunnus alalunga, Bonaterre 1788) del Atlantico Norte. Thèse de Doctorat, 

Euskal Erico (2004).
 148. Boyce, D., Tittensor, D. P. & Worm, B. Effects of temperature on global patterns of tuna and billfish richness. Mar. Ecol. Prog. 

Ser. 355, 267–276 (2008).
 149. Childers, J., Snyder, S. & Kohin, S. Migration and behavior of juvenile North Pacific albacore (Thunnus alalunga). Fish. Oceanogr. 

20, 157–173 (2011).
 150. Hauser, L. & Carvalho, G. R. Paradigm shifts in marine fisheries genetics: Ugly hypotheses slain by beautiful facts. Fish Fish. 9, 

333–362 (2008).
 151. Logan, C. A., Alter, S. E., Haupt, A. J., Tomalty, K. & Palumbi, S. R. An impediment to consumer choice: Overfished species are 

sold as Pacific red snapper. Biol. Conserv. 141, 1591–1599 (2008).
 152. Primmer, C. R., Koskinen, M. T. & Piironen, J. The one that did not get away: Individual assignment using microsatellite data 

detects a case of fishing competition fraud. Proc. Biol. Sci. 267, 1699–1704 (2000).
 153. Carvalho, G. R. & Hauser, L. Molecular genetics and the stock concept in fisheries. in Molecular Genetics in Fisheries (eds. 

Carvalho, G. R. & Pitcher, T. J.) 55–79 (1995).
 154. Waples, R. S., Punt, A. E. & Cope, J. M. Integrating genetic data into management of marine resources: How can we do it better?. 

Fish Fish. 9, 423–449 (2008).

https://open.uct.ac.za/handle/11427/20432
https://open.uct.ac.za/handle/11427/20432


17

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:15657  | https://doi.org/10.1038/s41598-020-72369-w

www.nature.com/scientificreports/

 155. Chouvelon, T. et al. Chemical contaminants (trace metals, persistent organic pollutants) in albacore tuna from western Indian 
and south-eastern Atlantic Oceans: Trophic influence and potential as tracers of populations. Sci. Total Environ. 597, 481–495 
(2017).

 156. Penrith, M. J. G. The systematics and biology of the South African Tunas. (Masters Dissertation, University of Cape Town, 1963).
 157. IOTC. Report of the Fifteenth Session of the IOTC Scientific Committee. (2012).
 158. Stequert, B. & Marsac, F. Tropical tuna—surface fisheries in the Indian Ocean. Fisheries Technical Paper FAO, 282 (1989).
 159. Pecoraro, C. et al. The population genomics of yellowfin tuna (Thunnus albacares) at global geographic scale challenges current 

stock delineation. Sci. Rep. 8, 13890 (2018).

Acknowledgements
The authors want to thank all partners from the GERMON project for their implication in the collection, dis-
section and preparation of the fish samples: Melissa Meyer, Janine Cunningham and Kenneth Baloyi (DEFF); 
Chris Heinecken (CAPFISH); Louw Hoffman (Stellenbosch University); Sean Walker (Breakwater Products); 
Evgeny Romanov, Emilie Richard and Loïc Le Foulgoc (CAPRUN–HYDRO REUNION); Emmanuel Jouen 
(CIRAD); Jean Turquet (ARVAM); Emilie Augustin, Alex Tirant, Jimy Esparon, Emmanuel Chassot, Alain 
Damiano and Cindy Assan (IRD/SFA); François Rossi, Gary Algae, Patricia and Francis (Indian Ocean Tuna 
Ltd); the fishermen from the longliner MANOHAL (Jean-Marc Tatibouët Jean Hugues LAMY, Stéphan, Pascal, 
Olivier, Fafa et Joachim) and REUNIPECHE; the firm IEMANJA that operated the longliners; and finally, all the 
staff from IFREMER Délégation Océan Indien (notably Franck Bruchon, Magali Duval, David Roos, Hugues 
Evano, Ludovic Hoarau, Laurence Maurel, Yoann Aumond, Edouard Collin). We thank Ludovic Hoarau (IFRE-
MER) and Laurence Maurel (Kart’eau) for their help with mapping. We thank Mercator Ocean for providing the 
GLORYS-1 global ocean reanalysis that was used to perform all passive drift simulations. We thank Matthew 
Lauretta (NOAA) for his advice on R scripts length-weight relationship. We also thank Alain Fonteneau (IRD) 
for all personal communications that allowed us to better understand and reference the biology and physiology 
of tuna. The authors wish also to thank Helen Mako for her English corrections. Anonymous reviewers provided 
many helpful comments on an earlier version of the manuscript. We dedicate this paper to the loving memory 
of Franck Bruchon.

Author contributions
N.N., A.P., N.B., W.W., S.K., S.H., and J.B. participated and contributed in sample collection and conducted 
laboratory. N.N., I.M., M.L., N.B., and S.B. participated in data analyses. N.N. and M.L. wrote the manuscript. 
S.K., S.A.H., S.B., I.M., W.W., E.C., P.G., N.B., and M.L. reviewed the manuscript.

funding
This work was conducted in the framework of the GERMON project “N°759/DMSOI/2013” funded by the 
European Fisheries Funds EU FEP 2013-2015, IFREMER, and IRD.

competing interests 
The authors declare no competing interests.

Additional information
Supplementary information  is available for this paper at https ://doi.org/10.1038/s4159 8-020-72369 -w.

Correspondence and requests for materials should be addressed to N.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-72369-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Connectivity and population structure of albacore tuna across southeast Atlantic and southwest Indian Oceans inferred from multidisciplinary methodology
	Anchor 2
	Anchor 3
	Materials and methods
	Sampling. 
	Morphometric analysis. 
	Molecular analysis. 
	Technical protocols. 
	Population genetic diversity and differentiation. 
	Nuclear data. 
	Test for sex-bias. 
	Combining molecular and morphologic analysis. 


	Particle-tracking simulation design. 
	Passive drift simulations. 
	Individual release. 

	Ethical approval and informed consent. 

	Results
	Morphometry. 
	Molecular. 
	Genetic diversity. 
	Population structure. 
	Test for sex-biased dispersal. 

	Predicting connectivity through passive drift: particle-tracking modelling. 

	Discussion
	Instantaneous population structure based on morphometric data. 
	Long term integrated population structure based on genetic differentiation. 
	Predicted passive dispersal based on Lagrangian simulations. 
	Implications for stock assessments. 

	References
	Acknowledgements




