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ABSTRACT
Understanding how dispersal, life history, and environmental variability shape genetic connectivity in the open ocean remains 
a central challenge in evolutionary biology. Highly migratory marine predators like tunas have traditionally been considered 
genetically homogeneous across ocean basins, yet emerging genomic evidence suggests that cryptic population structure can per-
sist even in species with high gene flow and large effective population sizes. We used 2bRAD sequencing of 348 larval and sub-
adult skipjack (Katsuwonus pelamis), yellowfin (Thunnus albacares), and bigeye tuna (T. obesus) collected from the central Pacific 
across 7 years of sampling to examine species boundaries, population genetic information, genetic structure, and connectivity. 
Larval sampling revealed consistent spawning by all three species and enabled unbiased detection of genetic patterns prior to re-
cruitment bottlenecks. We found strong divergence amongst species, no evidence of structuring within skipjack or bigeye, and a 
divergent yellowfin population detected in 2 consecutive sampling years north of American Samoa. Comparisons between larvae 
and subadults suggest that sampling early life history stages can be a valuable tool for assessing population genetic information 
before recruitment bottlenecks, selective harvest by fisheries, adult dispersal, and selective pressures acting on adult populations, 
thereby contributing novel insights to the research and effective management of these species. These results highlight how larval 
genomics can complement traditional population genomic studies of adult tunas and reveal fine-scale structure in highly vagile 
species, providing new perspectives on connectivity in the open ocean.

1   |   Introduction

Tunas comprise some of the most valuable wild-capture fisher-
ies in the world, supplying an average of $USD 40 Billion per 

year at final point of sale and providing food and job security 
for millions of people (FAO  2024). Much of the global tuna 
supply is derived from the western and central Pacific Ocean 
(WCPO), a region that supplies roughly 50%–60% of the world's 
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tuna (Hare et  al.  2022; Senina et  al.  2018) and is dominated 
by tropical tunas, including (in descending order of landings) 
skipjack (Katsuwonus pelamis: ~1.75 million metric tonnes per 
year), yellowfin (Thunnus albacares: ~720 thousand mt year−1), 
and bigeye (T. obesus: ~140 thousand mt year−1; Day et al. 2023; 
Magnusson et al. 2023; Teears et al. 2025). Skipjack and yellow-
fin, which are characterized by fast generation times, high re-
productive output, and large population sizes relative to other 
tunas, are the dominant catch and are primarily targeted by 
purse seine fleets to supply canneries throughout the region 
(Artetxe-Arrate et  al.  2021; FAO  2024). Bigeye have slower 
generation times, smaller population sizes, and are typically 
found at greater depths, making them targets of longline fisher-
ies that supply high quality tuna to sushi and sashimi markets 
(Artetxe-Arrate et  al.  2021; Campling et  al.  2017). In addition 
to their socio-economic benefits, tunas provide valuable ecosys-
tem services through top-down ecosystem regulation (Baum 
and Worm 2009; Heithaus et al. 2008; Miller et al. 2018), car-
bon sequestration via deadfalls (Mariani et  al.  2020; Mouillot 
et  al.  2023), and via nutrient transport between pelagic and 
mesophotic environments (Bernal et  al.  2017; Schaefer and 
Fuller 2010).

Skipjack tuna can reach sexual maturity in as little as 6 months 
(Ashida et al. 2017; Ohashi et al. 2019) and spawn as much as 
once per day during the spawning season, which can be year-
round in the tropics and involve up to 1.87 million eggs per 
female during spawning events (Ohashi et  al.  2019). Skipjack 
have a maximum lifespan of 8–10 years, although most of the 
catch from industrial fisheries encompasses individuals less 
than 4 years old (Teears et al. 2025). Skipjack are relatively small 
bodied compared to other commercially harvested tunas, reach-
ing maximum sizes of 90–100 cm (Teears et al. 2025). Yellowfin 
tuna generally reach sexual maturity at about 2 years of age in 
the WCPO (Itano  2000), and spawn continuously throughout 
the year within 10 degrees of latitude from the equator, with re-
productively active females releasing up to 4 million eggs per 
spawning event, which can occur nearly daily in the tropics 
(Itano  2000; Schaefer  1996). Yellowfin can reach considerably 
larger body sizes than skipjack, with some individuals growing 
up to 180 cm and living up to 15 years (Magnusson et al. 2023). 
Bigeye reach sexual maturity later than the other tropical tunas, 
with most individuals beginning to spawn from 2 to 5 years 
of age depending on the sampling region (Farley et  al.  2017). 
Spawning can occur almost daily in reproductively active fe-
males and take place year-round in the tropics as in skipjack and 
yellowfin, but large females are capable of releasing upwards 
of 8 million eggs per spawning event (Farley et  al.  2017; Sun 
et al. 2013). Bigeye are capable of growing up to 200 cm and living 
as long as 14–16 years (Day et al. 2023). While all three of these 
species are capable of retaining metabolic body heat (Ciezarek 
et al. 2019; Dizon and Brill 1979; Schaefer et al. 2009), bigeye are 
particularly adept due to their additional heat-exchangers that 
permit more frequent and deeper dives below the thermocline 
(Ciezarek et al. 2019; Holland et al. 1992; Thygesen et al. 2016).

All tropical tunas are traditionally considered highly migratory 
by fisheries managers (United Nations 1982), even though some 
studies have shown evidence of site fidelity (Filous et al. 2020; 
Schaefer and Fuller 2009; Schaefer and Fuller 2022; Sibert and 
Hampton 2003). Still, tropical tunas can travel over 1200 miles 

between tagging recoveries (Fonteneau and Hallier  2015), 
traversing Exclusive Economic Zones (EEZs) of different na-
tions as well as the high seas, making international cooper-
ation important for the scientific study and management of 
these species (Allen et  al.  2010; Bayliff et  al.  2005). There are 
five tuna Regional Fisheries Management Organizations (tRF-
MOS) tasked with studying, managing, and enforcing regu-
lations for tunas within their jurisdictions, with the Western 
and Central Pacific Fisheries Commission (WCPFC) manag-
ing the largest and most productive tuna fisheries in the world 
(Hare et  al.  2022). Since the expansion of industrial commer-
cial tuna fishing in the 1950s, there has been a nearly ten-fold 
increase in global catch (Juan-Jordá et  al.  2011), mainly from 
the expansion of purse seine fisheries (Barclay  2014; Miyake 
et al. 2004). The most recent estimates suggest an improvement 
in tuna stock health, suggesting that 74% of all tuna stocks are 
in a healthy state (up from 65% in 2025), 0% overfished (down 
from 9% in 2025; measured by harvest > maximum sustainable 
yield), and the remaining 26% have remained steadily at an 
intermediate level based on data from class 4, 5, and 6 indus-
trial vessels (ISSF 2025, 2026). Skipjack, yellowfin, and bigeye 
tuna are all managed by the WCPFC based on stock assessment 
models and input from fishing nations and other participating 
entities. Presently, none of these species are considered to be 
overfished in the WCPO, and the latest assessments of spawn-
ing stock biomass for skipjack, yellowfin, and bigeye are 51%, 
47%, and 35% of estimates of unfished levels, respectively (Day 
et al. 2023; Magnusson et al. 2023; Teears et al. 2025). However, 
these species are still considered by the International Union for 
Conservation of Nature to be declining in adult abundance, with 
bigeye tuna considered a globally vulnerable species (Collette 
et al. 2021a, 2021b, 2021c).

Previous studies leveraging molecular techniques including 
mtDNA and microsatellite sequencing led to hypotheses that 
tunas represented single stocks within ocean basins, with 
no genetic population structure within tRFMO jurisdictions 
(Grewe 1997; Kumar and Kocour 2015; Ward et al. 1994). Tropical 
tunas have long been assumed to be panmictic due to their large 
population sizes, fast generation times, high migratory potential, 
and subsequent high levels of gene flow and low genetic drift 
(Anderson et al. 2020; Funk et al. 2012). Management delinea-
tions for stocks therefore reflected the historical economic devel-
opment of each fishery rather than the biological characteristics 
of each stock (Moore et al. 2020). However, recent studies lever-
aging high-throughput DNA sequencing and single-nucleotide 
polymorphisms (SNPs) as molecular markers have provided evi-
dence of fine-scale regional population structure based on analy-
sis of loci under potential selection (LUPS) that may reflect local 
adaptations to environmental gradients within ocean basins in 
yellowfin, and to a lesser extent in bigeye (Grewe et  al.  2015; 
Pecoraro et al. 2018; Weist et al. 2024) but likely not in skipjack 
(Anderson et al. 2020). The ability to detect genetic structure is 
dependent on several factors, including spatiotemporal scope 
of sampling and sequencing methods (Anderson et  al.  2019). 
Despite numerous studies reporting intra-basin structure based 
on LUPS, it is important to note that divergence at outlier loci is 
not necessarily sufficient to confirm true genetic structure, and 
sampling design, sequencing errors, or statistical artefacts can 
lead to observable divergence and apparent structuring with-
out confirming the roles of such genes and their influence on 



3 of 18Molecular Ecology, 2026

individual fitness (Pardo-Diaz et al. 2015). Such studies typically 
fail to observe intra-basin genetic structuring when using neu-
tral SNPs (Grewe et al. 2015; Pecoraro et al. 2018). Nevertheless, 
the potential existence of subpopulations within tRFMO man-
agement areas raises concerns of the possibility to overfish sub-
populations with cryptic genetic diversity if not accounted for in 
management frameworks (Begg et al. 1999).

Here, we use 2bRAD sequencing to demonstrate the utility of 
larval genomics in assessing population genetic information 
of commercially important tropical tunas. We use these data 
to confirm which species are utilizing the central Pacific as a 
spawning habitat, compare population genetic information, and 
investigate patterns in population structure and connectivity 
within skipjack, yellowfin, and bigeye tuna collected from the 
Phoenix Islands Protected Area (PIPA) and the surrounding wa-
ters spanning over 30 degrees of latitude and 16 degrees of lon-
gitude, as well as the Palau National Marine Sanctuary (PNMS). 
We also compare our findings from larval genomics to those of 
adult yellowfin and bigeye collected from PIPA to explore the 
benefits and drawbacks of larval genomics as a method of study-
ing tuna populations and aiding fisheries management.

2   |   Materials and Methods

2.1   |   Field Sampling, Sequencing, and Genotyping

2.1.1   |   Study Sites—Phoenix Islands Protected Area, 
Palau National Marine Sanctuary

The Phoenix Islands are located in the central equatorial Pacific 
and are comprised of islands, atolls, and seamounts that inter-
act with equatorial currents to create hotspots of upwelling and 
primary productivity that attract a high diversity of coral reef, 
pelagic, and deep sea organisms (Auscavitch et al. 2020; Rotjan 
et al. 2014). In 2015, the Republic of Kiribati elevated PIPA to 
a fully no-take MPA, preventing commercial fishing and other 
extractive activities until PIPA was re-opened in January 2023 
(Kittinger et al. 2024). Skipjack, yellowfin, and bigeye tuna have 
all been observed to use the Phoenix Islands as a spawning area 
(Hernández et al. 2019). Due to the Phoenix Archipelago's phys-
ical location in the central equatorial Pacific, it may represent an 
area of mixing between different populations of tunas, such as 
eastern and western stocks which are managed by different tRF-
MOs, particularly during El Nino Southern Oscillation (ENSO) 
conditions when much of the tuna biomass in the western 
Pacific follows the warm pool eastwards towards the Phoenix 
Islands (Lehodey et al. 1997; Tseng et al. 2010). Consequently, 
the Phoenix Islands Archipelago is an ideal location to assess 
population demographics and structure of tunas in the region. 
Additionally, opportunistic sampling in the PNMS provides a 
geographic outgroup to test for connectivity between the Marine 
Protected Areas (MPAs), and allows for an assessment of popu-
lation structure of PNMS tuna, consistent with the management 
and research priorities identified in the PNMS Monitoring and 
Science Strategy (Claassens et al. 2023). The PNMS was enacted 
in 2015 and came into effect in 2020, when 80% of Palau's EEZ 
was closed to all extractive activities with the remaining 20% of 
the EEZ open for artisanal fishing. Similar to the establishment 
of PIPA, the formation of the PNMS aimed to protect offshore 

and deep-sea habitats while maintaining cultural ties to the pe-
lagic environment.

2.1.2   |   Larval Sampling and Lab Processing

Larval sampling primarily occurred on board the SSV Robert 
C Seamans (Sea Education Association) along similar cruise 
tracks and sampling dates in 2015 (July 8 to August 7), 2016 
(July 5 to August 6), 2017 (July 11 to August 9), 2018 (July 8 to 
August 10), and 2019 (July 7 to August 5; Figure 1a). Sampling 
took place over the entire cruise track and encompassed 18.9° 
N to 12.2° S and 159.1° W to 175.2° W, with 147/272 (54%) of 
the total sampling stations occurring within the PIPA boundary, 
and the remaining 125 (46%) during transit to and from PIPA 
spanning the areas from American Samoa to 6.6° S, and from 
1° S to Hawaii (Figure  1a). Up to 3 different zooplankton net 
deployments occurred at each station, with 2 or more conducted 
at each station inside the boundary of PIPA. Nets were towed for 
roughly 30 min at a speed of approximately 2 knots. A Tucker 
Trawl with a 1 m2 opening and 333 μm mesh was first towed 
obliquely to the thermocline (approximately 100–150 m) to sam-
ple the mixed layer. The Tucker Trawl net was then used again 
to sample the upper 50 m, where larval tuna are typically most 
abundant (Boehlert and Mundy  1994), using a double oblique 
tow (Wiebe et al. 2015). Lastly, a 0.5 × 1 m Neuston net was used 
to sample the upper 0.25 m of the surface waters. Sampling 
took place at roughly local noon and local midnight every day. 
Zooplankton samples were fixed in 95% ethanol before being 
shipped to Boston University, Boston, MA.

Larval fish were separated from the general zooplankton bio-
mass under a Leica M165FC stereomicroscope. Tuna larvae were 
separated and identified as either skipjack tuna (Katsuwonus pe-
lamis) or true tunas in the genus Thunnus using morphological 
characteristics (Nishikawa and Rimmer  1987; Richards  2005; 
Figure S1). Each larva was photographed and total length was 
measured using a Leica DFC550 digital camera with Leica 
Application Suite v4.9.0. Prior to DNA extraction, the gut of each 
larva was excised using a sterilized surgical scalpel to avoid con-
tamination of sequencing results from potential prey.

Larvae were also opportunistically collected from October 7–23, 
2022 in the PNMS by the Palau International Coral Reef Center. 
Sampling was concentrated in three regions within the Palau 
EEZ: PNMS North and South (both fully protected), and the 
Domestic Fishing Zone (open to commercial fishing; Figure 1b). 
Within each sampling region, 2–3 sites separated by at least 15 
nautical miles (nm) were sampled with 3 net deployments at each 
site, with all deployments occurring at least 2 nm apart. In total, 
6 tows were conducted in the north, 3 tows were conducted in 
the west, and 12 tows were conducted in the south (N = 21 total 
deployments). For each deployment, a 2 m2 plankton net with 
333 μm mesh was lowered to a depth of at least 50 m and pulled 
at 2 kts. Once at the desired depth, the net was slowly brought 
back to the surface via a winch, and this process was repeated 
two more times to conduct a triple oblique/towyo deployment 
(Wiebe et al. 2015). A SeaGear Flowmeter and depth logger were 
also attached to the net to record the volume of water filtered and 
confirm the depth of each net deployment. Upon recovery of the 
net, zooplankton biomass was fixed in 95% ethanol and sorted 
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for tuna larvae (for additional details, see Claassens et al. 2024). 
Larvae were then shipped to Boston University, Boston, MA for 
genomic analysis. Processing of PNMS larval tuna prior to DNA 
extraction followed the same protocols as above.

2.1.3   |   Adult Sampling

Fin clips from subadult and adult (79–121 cm) bigeye (T. obesus) 
and yellowfin (T. albacares) tuna were collected from September 
13–16, 2020 from sampling stations within the PIPA boundary 
(Figure 1a) by the Secretariat of the Pacific Community during a 
tagging survey for the WCPFC. Sampling occurred with pole and 
line near oceanographic data moorings and drifting fish aggre-
gating devices at night. Fin clips were fixed in RNAlater before 
they were shipped to Boston University, Boston, Massachusetts.

2.1.4   |   DNA Extraction and 2bRADseq Library 
Preparations

Larval and adult tuna DNA was extracted using Qiagen DNEasy 
Blood and Tissue Kits (Qiagen, Hilden, Germany) following 
manufacturer's instructions, except a smaller volume of elution 

buffer was used to increase DNA concentrations. The resulting 
DNA was quantified using a Quant-iT PicoGreen dsDNA assay 
kit (Thermo Fisher Scientific) and prepared for 2bRAD sequenc-
ing (Wang et al. 2012). 60 technical replicates were used to ac-
count for downstream sequencing batch effects that may arise 
due to multiple sequencing runs. In total, 466 samples were suc-
cessfully sequenced, with 180 samples sequenced across 2 lanes 
of Illumina HiSeq2500 using single-end 50 bp sequencing, and 
286 samples sequenced across 3 lanes of Illumina NovaSeq6000 
using single-end 100 bp sequencing at the Tufts University Core 
Facility in Boston, Massachusetts. Sample metadata and in-
formation on sequencing depth and coverage can be found in 
Data S2.

2.1.5   |   Genotype Calling and Detection 
of Technical Replicates

Initial processing of 2bRAD-seq data followed the pipeline 
outlined at https://​github.​com/​z0on/​2bRAD_​denovo (ac-
cessed February 2023). Adapters and barcodes were trimmed, 
and raw reads were demultiplexed using the provided trim-
ming/demultiplexing perl script. Cutadapt v. 4.1 (Martin 2011) 
was used to remove reads with Phred quality score less than 15 

FIGURE 1    |    Maps of sampling locations. (a) Map of sampling locations from 2015 to 2020 within the Phoenix Islands Protected Area (PIPA) and 
surrounding waters with Exclusive Economic Zones (EEZs) shown in orange. (b) Map of sampling locations from 2022 within the Palau National 
Marine Sanctuary (PNMS) with EEZs shown in orange. (c) Map of the broader western and central pacific with map extents (black boxes) showing 
sampling regions.

https://github.com/z0on/2bRAD_denovo
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and reads less than 25 bp in length. All reads were mapped to a 
T. albacares reference genome (Accession: GCF_914725855.1; 
Wellcome Sanger Tree of Life Programme, 2023) using bowtie2 
v2.5.1 with default parameters (Langmead and Salzberg 2012). 
Genotyping and identification of single nucleotide polymor-
phisms (SNPs) were conducted using maximum likelihood es-
timates produced by ANGSD v0.935 (Korneliussen et al. 2014). 
The following genotyping filters were used for initial iden-
tification of technical replicates: retained loci were present 
in at least 50 individuals, had a minimum mapping quality 
Phred score of 20, minimum quality Phred score of 25, strand 
bias p-value > 1 × 10−5, heterozygosity bias p-value > 1 × 10−5, 
SNP p-value (probability a site is truly variable) < 1 × 10−5, 
minimum minor allele frequency > 0.05, excluded triallelic 
sites, and excluded reads with multiple best hits (Figure  S2; 
see Table  S1 for the genotyping filters for each analysis and 
subsequent number of loci retained). Additionally, individu-
als that had less than 40% of their sites with > 5× coverage 
were removed from downstream analyses (n = 46). Four larval 
samples from PNMS did not cluster with any known species 
group and were therefore excluded from subsequent analyses. 
Sequences from technical replicates were then merged with 
samtools v1.12 (Danecek et al. 2021). The full analysis pipe-
line can be found open source at https://​github.​com/​jaski​elj/​
Jaski​el_​et_​al_​2025_​Tuna_​2bRAD​.

2.2   |   Interspecific Analyses

2.2.1   |   Species Identification and Validation

Putative species groups were assigned using a hierarchical clus-
tering dendrogram (Figure S3a) constructed based on a pair-
wise identity by state (IBS) matrix produced via ANGSD using 
the following filters: loci must have been present in at least 80% 
of individuals, individual sequencing depth had to be 5× or 

greater per locus, loci had a minimum mapping quality Phred 
score of 20, minimum quality Phred score of 25, strand bias 
p-value > 1 × 10−5, heterozygosity bias p-value > 1 × 10−5, SNP 
p-value < 1 × 10−5, minimum minor allele frequency > 0.05, 
excluded triallelic sites, and excluded reads with multiple best 
hits (Table S1). A Principal Coordinate Analysis (PCoA) based 
on resulting IBS matrices was conducted in R(R Core Team 
2024) using the capscale function (package = vegan; Oksanen 
et al. 2022) to confirm species groups assigned via hierarchi-
cal clustering (Figure  2). ADMIXTURE v1.3.0 (Alexander 
et al. 2009) was used to validate the optimal number of species 
clusters (K) using Evanno's ∆K (Evanno et al. 2005) and the 
least cross validation error with 10 replicates for each value of 
K, from K = 1 to K = 10. However, admixture plots for the most 
probable numbers of population clusters were produced using 
NGSadmix v32 (Skotte et al. 2013) based on PCoA and cluster 
dendrogram results, as Evanno's ∆K and least CV error did not 
agree on the optimal number of population clusters (Figure 3; 
Figure S4).

2.2.2   |   Genetic Divergence of Tropical Tuna Species

Before calculating genetic differentiation between species, se-
quences were grouped according to their cluster assignment and 
the following filters were used to produce sets of SNPs without 
distorted allele frequencies: loci must have been present in at 
least 80% of individuals, had a minimum mapping quality Phred 
score of 20, minimum quality Phred score of 25, strand bias p-
value > 1 × 10−5, heterozygosity bias p-value > 1 × 10−5, excluded 
triallelic sites, excluded reads with multiple best hits, and no 
minimum minor allele frequency or SNP p-value filters were 
used (Table  S1). ANGSD was then used to calculate the Site 
Allele Frequency (SAF) for each species group's panel of SNPs. 
RealSFS was then used to calculate folded 1d Site Frequency 
Spectra (1dSFS) for each pairwise species comparison. SAFs 

FIGURE 2    |    Principal Coordinate Analysis (PCoA) of all samples (N = 356) based on the identity by state matrix using a panel of 2539 single-
nucleotide polymorphisms (SNPs). Clusters represent skipjack (Katsuwonus pelamis), yellowfin (Thunnus albacares), and bigeye tuna (T. obesus). The 
asterisk indicates known adult samples of T. albacares and T. obesus collected from PIPA in 2020.

https://github.com/jaskielj/Jaskiel_et_al_2025_Tuna_2bRAD
https://github.com/jaskielj/Jaskiel_et_al_2025_Tuna_2bRAD


6 of 18 Molecular Ecology, 2026

and SFSs were used to calculate weighted global FST for each 
pairwise species comparison (Figure S3b).

2.3   |   Intraspecific Analyses

2.3.1   |   Linkage Disequilibrium Filtering, Detection 
of Related Individuals, and Outlier Detection

Before analysing species groups individually, loci in Linkage 
Disequilibrium (LD) were detected with ngsLD (Fox et al. 2019) 
and sites in linkage were removed based on the LD decay curve 
for each species (Figure S5; max distance = 5 kb, min r2 = 0.2 for 
each) using the provided LD pruning script (https://​github.​com/​
fgvie​ira/​prune_​graph​). Following the removal of linked sites, 
related individuals were detected with NGSrelate v2 (Hanghøj 
et al. 2019), and dyads with pairwise relatedness exceeding 0.125 
(corresponding to first cousins) were identified (Figure S6). The 
individual with the lowest sequencing coverage was removed 
from each dyad, as presence of close kin can influence observed 
patterns of population structure (Selwyn et al. 2016) or indicate 
cross-contamination of samples (Anderson et al. 2023). Finally, 
outlier sites were detected for each species cluster with the R 
package pcadapt v4.4.1 (Luu et al. 2017; Privé et al. 2020), which 
uses robust Mahalanobis distances to identify SNPs that are 
highly correlated with the most explanatory principle compo-
nents from PCA and does not rely on prior population assign-
ments. SNPs with q-values < 0.05 (false discovery rate less than 
5%) using the Benjamini-Hochberg Procedure were considered 
to be outliers, and were removed to produce panels of neutral 

SNPs for analysis of population genetic statistics, structure, and 
connectivity.

2.3.2   |   Genetic Divergence and Demographics Within 
Tropical Tuna Species

To assess the degree of genetic divergence between years of 
sampling within individual species clusters, the following set 
of genotyping filters were applied: neutral, unlinked loci must 
have been present in at least 80% of unrelated individuals, and 
no minimum minor allele frequency or SNP p-value filters were 
applied (Table S1). Resulting SNPs were then used to calculate 
SAFs and corresponding folded 1dSFS for each year of sampling 
for each species group. Weighted pairwise FST between sam-
pling years for each species cluster was calculated in realSFS 
using the 1dSFS (Figure 4) only for year-classes with 4 or more 
individuals to avoid inflated FST as a consequence of low sample 
size. Expected heterozygosity (He) was calculated with realSFS's 
expectation maximization algorithm using genotype likelihoods 
generated by ANGSD (Figure  S7). Welch's two sample t-tests 
were used to determine differences between He values calculated 
for each year of sampling within species clusters. Nucleotide di-
versity (π) and thetas were acquired in ANGSD by first taking 
the folded SFS produced earlier for each species and calculating 
thetas for each chromosome with realSFS. Then, Watterson's 
Theta (θW) and Tajima's D (Tajima  1989) were calculated for 
each species (Table 1). Effective population size (Ne) was calcu-
lated using θ = 4Neμ, where θ = θW (Table 1). The mutation rate 
μ has been estimated for yellowfin to be 7.3 × 10−9 mutations per 

FIGURE 3    |    (a) Admixture plot of all samples (N = 356) grouped by putative species cluster with K = 3 populations. (b) Admixture plot of samples 
grouped by putative species cluster with K = 4 populations.

https://github.com/fgvieira/prune_graph
https://github.com/fgvieira/prune_graph
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site per generation (Barth et al. 2017), and we applied approx-
imate 30% corrections for skipjack and bigeye mutation rates 
(5.1 × 10−9 and 9.5 × 10−9, respectively) to account for life history 
differences like generation times and fecundity, which influence 
per site per generation mutation rates (Bergeron et  al.  2023). 
Average He and observed heterozygosity (Hobs) were derived 
from allele frequencies under Hardy–Weinberg Equilibrium for 
each species group (Table 1), where He = 2pq, Hobs = He − F(He), 
and F is the inbreeding coefficient estimated by ANGSD.

2.3.3   |   Analyses of Population Genetic Structure

To investigate intraspecific population genetic structure across 
years of sampling, the following genotyping filters were used in 
ANGSD to filter SNPs: neutral, unlinked loci were present in at 
least 80% of unrelated individuals, had an individual sequencing 
depth of 5× or greater per locus, had a minimum mapping qual-
ity Phred score of 20, minimum quality Phred score of 25, strand 
bias p-value > 1 × 10−5, heterozygosity bias p-value > 1 × 10−5, 
SNP p-value < 1 × 10−5, minimum minor allele frequency > 0.05, 
excluded triallelic sites, and excluded reads with multiple best 
hits (Table  S1). The resulting IBS matrices were used to cre-
ate PCoA plots and cluster dendrograms for each species in R 
using the capscale function in the package vegan (Figure  5). 
ADMIXTURE was used to infer ancestry proportions within 
species, and the least cross validated error was used to deter-
mine the optimal number of clusters/populations within each 

species group using 10 replicates for each K (Figure S8). In order 
to assess connectivity between MPAs and determine whether 
physical distance drove genetic divergence between samples, 
isolation by distance plots were produced in R, and Mantel tests 
were conducted to quantify the relationship between pairwise 
geographic and genetic distances using 9999 permutations 
(Figure 6).

The differences in population genetic parameters between the 
main yellowfin cluster and the putative subpopulation were 
explored by separating the sequences for each population and 
calculating pairwise FST, He, Hobs, π, and θW as above (Table 2). 
The same population genetic parameters were calculated sepa-
rately for adults and larvae of both yellowfin and bigeye to as-
sess whether fisheries-independent sampling of larvae yielded 
comparable values to adult samples (Table 3).

3   |   Results

3.1   |   Interspecific Analyses

3.1.1   |   Technical Replicate Detection and Species 
Identification

A dendrogram corresponding to all samples (N = 466; 
Figure  S2) with the initial set of genotyping filters (31,694 
SNPs; Table  S1) was initially used to validate sequencing 

FIGURE 4    |    Weighted pairwise FST across sampling years for (a) K. pelamis, (b) T. albacares, and (c) T. obesus.

TABLE 1    |    Population demographic summary statistics for each focal species. Statistics are based on neutral, unlinked SNPs present in at least 80% 
of unrelated individuals, and no minimum minor allele frequency or SNP p-value filters were applied. Included are average expected heterozygosity 
(He), average observed heterozygosity (Ho), nucleotide diversity (π), Watterson's theta (θW), Tajima's D, and estimated effective population size (Ne) 
calculated using Ne = θW/4 μ, where μ was assumed to be 7.3 × 10−9 for yellowfin (Barth et al. 2017), and approximate corrections of μ for skipjack and 
bigeye were 5.1 × 10−9 and 9.5 × 10−9, respectively.

Species

Expected 
heterozygosity 

(He)

Observed 
heterozygosity 

(Ho)
Nucleotide 

diversity (π)
Watterson's 
theta (θW) Tajima's D

Effective 
population 

size (Ne)

K. pelamis 0.031 0.028 0.030 0.089 −2.03 4,362,745

T. albacares 0.033 0.026 0.033 0.071 −1.75 2,431,507

T. obesus 0.030 0.027 0.028 0.073 −2.07 1,921,053
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accuracy based on identification of technical replicates, whose 
sequences were ultimately merged for downstream analy-
sis after ensuring batch effects were not apparent. Technical 

replicates were confirmed to have much higher similarity to 
their replicate than to other samples. Additionally, no nota-
ble differences in sequencing coverage or depth were observed 

FIGURE 5    |    Principal coordinate analysis (PCoA) and corresponding cluster dendrograms of individual species groups based on identity by state 
matrices. (a) PCoA and cluster dendrogram of skipjack based on 1326 neutral single-nucleotide polymorphisms (SNPs) (b) PCoA and cluster dendro-
gram of yellowfin based on 3577 neutral SNPs (c) PCoA and cluster dendrogram of bigeye based on 4130 neutral SNPs.

FIGURE 6    |    Isolation by distance plots comparing pairwise geographic distances between sampling locations to pairwise genetic distances for (a) 
skipjack, (b) yellowfin, and (c) bigeye tuna. Mantel's r, associated p-values, and best fit lines are included to show the relationship between geographic 
and genetic distances.

TABLE 2    |    Population genetic parameters (He, Hobs, PW FST, π, and θW) calculated separately for the main yellowfin cluster and the putative 
yellowfin subpopulation.

Yellowfin 
population

Expected 
heterozygosity (He)

Observed 
heterozygosity (Ho) Pairwise FST

Nucleotide 
diversity (π)

Watterson's 
theta (θW)

Main 0.029 0.026 0.39 0.028 0.054

Subpop 0.027 0.024 0.024 0.036
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between sequencing runs (Data S2), and samples clustered 
according to putative species group rather than by sequenc-
ing run, further indicating batch effects were not present. 
Removal of individuals with poor sequencing coverage (less 
than 40% of sites covered at > 5× depth) and samples that did 
not cluster with known species groups resulted in a total of 356 
individuals retained, including 288 larvae and 53 adult tuna 
from PIPA, and 15 larvae from PNMS (Tables S2 and S3). The 
PCoA and dendrogram of the resulting 356 tuna with more 
stringent genotyping filters (2539 SNPs; Table  S1) yielded 4 
clusters representing 3 putative species groups, including 
one cluster of skipjack, one cluster of bigeye, and 2 clusters 
of yellowfin (Figure 2; Figure S3a). While skipjack larvae are 
identifiable to species level morphologically, Thunnus larvae 
are not easily distinguishable; therefore, species level identi-
fication for larval yellowfin and bigeye was confirmed using 
cluster assignment with known adult samples.

3.1.2   |   Genetic Divergence of Tropical Tuna Species

Weighted pairwise global FST values between putative spe-
cies clusters indicated high divergence between species 
(Figure S3b; skipjack/yellowfin = 0.25, skipjack/bigeye = 0.28, 
yellowfin/bigeye = 0.32). The optimal number of species clus-
ters according to least CV error was 7 (Figure  S4a), while 
Evanno's ∆K was maximized at K = 2 with 10 replicates for 
each K (Figure  S4b). Consequently, the values of K used in 
admixture plots were based on the number of species groups 
(K = 3) and the number of clusters from the PCoA and cluster 
dendrogram of all samples (K = 4), since least CV error can 
often be minimized at higher values of K due to overfitting 
(Bradburd et al. 2018), while Evanno's ∆K can underestimate 
K with uneven sampling of hierarchically structured popu-
lations (Puechmaille  2016). Admixture ancestry proportions 
of individuals based on species assignments showed some 
limited mixing between clusters. For K = 3 and K = 4, the di-
vergent group of yellowfin larvae appeared to have mixed an-
cestry proportions with the bigeye lineage (Figure 3). Skipjack 
were assigned to 2 lineages with mixed ancestry for some in-
dividuals when K = 4.

3.1.3   |   Linkage Disequilibrium, Related Individuals, 
and Outlier Detection

Patterns in linked loci were very similar across all three 
species clusters, with the line of best fit indicating rapid LD 
decay and relatively weak linkage amongst loci (Figure  S5). 

The number of SNPs retained after removal of linked sites is 
reported for each species group in Table  S1. After calculat-
ing relatedness and kinship coefficients with NGSrelate v2, 
9 dyads representing 17 individuals within skipjack samples 
were found to have pairwise relatedness values exceeding the 
threshold of 0.125 (Figure  S6), and the individual with the 
lowest sequencing coverage in each dyad was removed from 
subsequent analyses (n = 8). No samples from the yellowfin or 
bigeye sample groups were found to have pairwise relatedness 
or kinship above the threshold corresponding to first-cousin 
levels of relatedness.

No outlier sites were detected within skipjack sequences using 
pcadapt with a false discovery rate of 5% (q-values < 0.05) using 
the Benjamini-Hochberg Procedure, and therefore all sub-
sequent analyses with skipjack were conducted with the full 
panel of filter-passing SNPs that were assumed to be neutral 
(n = 1326). Conversely, yellowfin had 2265 SNPs identified as 
outliers using the same thresholds, which were consequently 
removed from the dataset and resulted in 3577 neutral SNPs for 
downstream analysis. Under the same thresholds, bigeye only 
had 3 sites flagged as outliers, which were also removed and re-
sulted in a panel of 4130 neutral SNPs for downstream analysis.

3.2   |   Intraspecific Analysis—Genetic Divergence, 
Demographics, and Population Structure

3.2.1   |   Skipjack

Weighted pairwise FST values calculated across 5 years of 
larval skipjack collections revealed generally low divergence 
between groups (Figure  4a). Weighted pairwise FST ranged 
from 0.0042–0.035, and was generally highest in comparisons 
involving the skipjack collected in 2019. Average He and Hobs 
were 0.031 and 0.028, respectively (Table 1), and skipjack col-
lected in 2019 exhibited significantly higher He than all other 
years of sampling except 2015 based on Welch's two sample 
t-tests (p < 0.05; Figure S7a). Skipjack had intermediate values 
of nucleotide diversity (π = 0.030) and Tajima's D (D = −2.03) 
compared to the other species analysed, and had the highest 
observed values of Watterson's Theta (θW = 0.089) and esti-
mated effective population size (Ne = 4,362,745; Table 1). The 
dendrogram displaying hierarchical clustering of pairwise 
IBS values for skipjack along with the corresponding PCoA 
(Figure  5a) showed no distinct patterns in ordination that 
would indicate population structuring based on an analysis 
of all neutral sites that passed a stringent set of genotyping 
filters and excluded related individuals (1326 SNPs retained). 

TABLE 3    |    Population genetic parameters (He, Hobs, PW FST, π, and θW) calculated for adult and larval samples of yellowfin and bigeye tuna.

Species/life stage
Expected 

heterozygosity (He)
Observed 

heterozygosity (Ho) Pairwise FST

Nucleotide 
diversity (π)

Watterson's 
theta (θW)

Adult T. albacares 0.029 0.026 0.033 0.028 0.049

Larval T. albacares 0.034 0.025 0.034 0.069

Adult T. obesus 0.031 0.027 0.012 0.029 0.059

Larval T. obesus 0.029 0.026 0.028 0.060
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Additionally, the most probable number of populations ob-
served across all samples based on least CV error with 10 
replicates was 1 (Figure S8a). Skipjack showed no significant 
relationship between pairwise geographic and genetic dis-
tances based on a Mantel test (r = 0.051, p = 0.15; Figure 6a).

3.2.2   |   Yellowfin

Weighted pairwise FST values calculated across the 6 years of yel-
lowfin sampling had the highest range and maximum value of 
the three species included in this study. Pairwise FST ranged from 
0.025 to 0.074, and the highest values generally involved samples 
collected in 2016 and 2018 (Figure 4b). Yellowfin had the highest 
average expected heterozygosity (He = 0.033), but the lowest av-
erage observed heterozygosity (Hobs = 0.026) amongst the three 
species (Table 1). Comparisons of average He across years of yel-
lowfin sampling yielded few statistically significant differences; 
however, samples collected in 2017 had the highest average 
He, while samples collected in 2022 from PNMS had signifi-
cantly lower He than all years except 2016 (p < 0.05; Figure S7b). 
Yellowfin also exhibited the highest values of nucleotide diversity 
(π = 0.033) and Tajima's D (−1.75) compared to skipjack and big-
eye, but had the lowest calculated Watterson's Theta (θW = 0.071) 
and effective population size (Ne = 2,431,507; Table 1).

The dendrogram for the analysis of yellowfin and the corre-
sponding PCoA based on strict genotyping filters (Figure  5b; 
3577 neutral SNPs retained) displayed divergence within yel-
lowfin that suggests apparent population structure within this 
group driven by 17 samples from 2017 (n = 1) and 2018 (n = 16). 
The most probable value of K with 10 replicates based on least 
CV error was 2 (Figure  S8b), further supporting the presence 
of 2 populations of yellowfin across the sampling areas. The 
putative subpopulation of yellowfin exhibited lower expected 
(He = 0.027) and observed (Hobs = 0.024) heterozygosities com-
pared to the main population (He = 0.029; Hobs = 0.026), and 
weighted pairwise FST was high between the two populations 
(FST = 0.39; Table 2). Additionally, the subpopulation had lower 
values of nucleotide diversity (π = 0.024) and Watterson's Theta 
(θW = 0.036) than the main population (π = 0.028; θW = 0.054; 
Table  2). Despite the divergence, there was no significant re-
lationship between pairwise geographic and genetic distances 
according to the Isolation by Distance plot (Mantel's r = 0.057, 
p = 0.30; Figure  6b), suggesting population connectivity be-
tween PIPA and PNMS yellowfin.

Yellowfin larvae exhibited higher average expected het-
erozygosity (He = 0.034) and lower observed heterozygos-
ity (Hobs = 0.025) when compared to adults (He = 0.029; 
Hobs = 0.026; Table  3). Larvae also exhibited higher values 
of nucleotide diversity (π = 0.034) and Watterson's Theta 
(θW = 0.069) than adult yellowfin (π = 0.028; θW = 0.049; 
Table 3). Pairwise FST between adult and larval samples was 
relatively low (FST = 0.033).

3.2.3   |   Bigeye

The values of weighted pairwise FST across years of bigeye 
sampling were generally lower than those of yellowfin but 

higher than those observed in skipjack, and were the most 
stable across sampling years (Figure 4c). Values ranged from 
0.019 to 0.038, and the highest values were observed in com-
parisons involving samples collected in 2022 from PNMS. 
When compared to the other species groups, bigeye had in-
termediate values of expected and observed heterozygosities 
(He = 0.030; Hobs = 0.027; Table 1). Expected heterozygosity in 
2022 was significantly lower than all other years of sampling 
for bigeye tuna (p < 0.05; Figure  S7c). Compared to skipjack 
and yellowfin samples, bigeye had the lowest values of nucleo-
tide diversity (π = 0.028) and Tajima's D (−2.07), and interme-
diate values of Watterson's Theta (θW = 0.073) and estimated 
effective population size (Ne = 1,921,053; Table 1). The dendro-
gram and PCoA (Figure 5c) of bigeye based on strict genotyp-
ing filters (4130 neutral SNPs retained) provided no evidence 
of genetic structuring within this population. The most prob-
able value of K observed across the sampling region according 
to least CV error with 10 replicates was 1 (Figure S8c). Bigeye 
additionally exhibited no statistically significant relationship 
between pairwise geographic and genetic distance (Mantel's 
r = 0.13; p = 0.065; Figure 6c).

Expected and observed heterozygosities were comparable 
between larval (He = 0.029; Hobs = 0.026) and adult bigeye 
(He = 0.031; Hobs = 0.026), and there was little genetic divergence 
between adults and larvae (PW FST = 0.012; Table 3). Similarly, 
nucleotide diversity and Watterson's Theta values were compa-
rable between larval bigeye (π = 0.028; θW = 0.060) and adults 
(π = 0.029; θW = 0.059; Table 3).

4   |   Discussion

The contrasting genetic patterns we observed amongst skipjack, 
yellowfin, and bigeye tuna provide an opportunity to examine 
how life history, dispersal potential, and population size interact 
to shape genetic structure and connectivity in pelagic predators. 
These three species span multiple continua of life history charac-
teristics, from the small-bodied, fast-maturing skipjack to the in-
termediate yellowfin, and the slower-growing, deeper-dwelling 
bigeye. In theory, such differences should influence the relative 
roles of genetic drift, selection, and gene flow in maintaining or 
eroding population structure. Our results generally align with 
this expectation: skipjack, with their large effective population 
size, high dispersal capacity, and rapid generation time, showed 
no detectable genetic structure; yellowfin, with intermediate life 
history traits, exhibited a clear though localized genetic subdi-
vision; and bigeye, despite a longer generation time, observed 
site fidelity in some tagging studies, and smaller effective popu-
lation size, displayed no genetic structure in our dataset. These 
contrasts suggest that neutral genetic differentiation in highly 
migratory pelagic fishes is not solely a function of dispersal po-
tential or Ne alone, but may also depend on behavioural ecol-
ogy, spawning-site fidelity, and the spatiotemporal stability of 
oceanographic features that could influence larval retention and 
recruitment in the WCPO. By considering these life-history dif-
ferences alongside our species-specific genomic results, we can 
better interpret the observed patterns of connectivity and appar-
ent local structuring within the broader evolutionary context of 
how highly mobile marine predators interact with their physical 
and ecological environments.
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4.1   |   Intraspecific Analysis of Divergence 
and Population Structure

In our analysis of population structure, we find evidence for 
two populations of yellowfin, but only one population of skip-
jack and bigeye. This is consistent with some genomic studies 
of these species within the WCPO that have found intra-basin 
genetic structuring in yellowfin (Grewe et  al.  2015; Pecoraro 
et al. 2018), but little evidence of structure observed in skipjack 
or bigeye (Anderson et  al.  2020; Chiang et  al.  2006; Natasha 
et al. 2022; but see Weist et al. 2024 for bigeye divergence at adap-
tive loci). However, it must be noted that numerous other studies 
have failed to detect intra-basin structuring within yellowfin 
tuna using a variety of genetic markers (Anderson et al. 2023; 
Appleyard et al. 2001; Barth et al. 2017; Muñoz-Abril et al. 2022; 
Nomura et  al.  2014). All 17 genetically divergent yellowfin in 
this study were larvae found at the southernmost sampling lo-
cations ~135–162 nm north of American Samoa exactly 1 year 
apart (Figure S9) and may be a genetically divergent subpopu-
lation that is distinct from the main WCPO stock represented 
by the Phoenix Islands and PNMS samples. Our calculations 
of pairwise FST between sampling years of yellowfin indicated 
relatively high divergence in comparisons involving 2017 and 
2018, likely driven by this putative subpopulation. Although low 
sample sizes may inflate FST (Holsinger and Weir 2009), using 
> 1000 SNPs on sample sizes as low as 4–6 can yield accurate re-
sults (Willing et al. 2012), and given these pairwise comparisons 
used ~100,000 SNPs, this divergence is not likely an artefact of 
low sample sizes. Additionally, while Hobs was lower than He in 
each species group (Table 1), the difference was larger in yellow-
fin, indicating possible genetic drift or substructuring consistent 
with the Wahlund effect. This difference was lessened when the 
two putative populations were separated (Table 2) and further 
exaggerated when analysing yellowfin larvae only (Table  3). 
Future genetic studies and tagging efforts of tropical Pacific 
tunas should emphasize sampling in this region as cryptic sub-
populations may be prone to overfishing if not accounted for in 
management frameworks (Begg et al. 1999). In addition, future 
studies should expand sampling efforts longitudinally across the 
equatorial Pacific, as our dataset encompassed greater latitudi-
nal rather than longitudinal sampling coverage.

The divergent population of yellowfin may be a consequence 
of spawning or site fidelity that sufficiently restricted gene 
flow and facilitated divergence from the main WCPO stock. 
Indeed, yellowfin have been studied for their magnetic hom-
ing capabilities (Walker et  al.  1984); fidelity to schoolmates, 
islands, and/or favourable oceanographic conditions (Klimley 
and Holloway  1999; Schaefer et  al.  2007); and migratory dis-
placements of 340–380 nm (Sibert and Hampton  2003) that 
could promote site fidelity and result in sufficient genetic drift 
for divergence. However, other constraints on gene flow must 
be present given the migratory potential of yellowfin, which 
have been observed to travel 948 nm or more (Fonteneau and 
Hallier 2015; Wright et al. 2021). Barriers to dispersal like sub-
optimal conditions for adults (e.g., lack of preferred habitat or 
forage) and lower tolerance for environmental fluctuations 
in larvae (Reglero et  al.  2014) may therefore contribute to the 
maintenance of structure in yellowfin if present. Based on our 
analysis of isolation by distance, there was no statistically sig-
nificant relationship between pairwise geographic and genetic 

relatedness for any species analysed, indicating that such bar-
riers to adult or larval dispersal could have contributed to the 
observed divergence rather than distance alone.

Differences in life histories and dispersal potential likely con-
tributed to the lack of observed population structure within 
skipjack and bigeye. Skipjack, with their quick generation 
times, large population sizes, and general lack of site or school 
fidelity (Bayliff  1988; Hilborn  1991), consequently appear to 
maintain high rates of gene flow that prevent significant ge-
netic divergence within the WCPO. Bigeye did not display pop-
ulation structure in our analysis despite their smaller effective 
population size and observed fidelity to physical features such 
as islands (Sibert et  al.  2003). However, while site fidelity has 
been observed in this species, their capacity for long-distance 
migrations could still result in sufficient gene flow to prevent 
genetic divergence from occurring. Indeed, a comprehensive 
tagging study of bigeye migrations in the central Pacific indi-
cated that median linear displacements of fish at liberty for 
more than 30 days was 936 nm, and while migrations were lim-
ited latitudinally, they were longitudinally extensive along the 
equator (Schaefer et  al.  2014). Such substantial longitudinal 
mixing along the equator likely maintains gene flow within 
the WCPO. Additionally, thermoregulatory abilities in bigeye 
tuna may represent another potential mechanism that allows 
for migrations between geographically isolated populations 
and subsequently limits genetic divergence. Bigeye tuna have a 
greater capacity to maintain elevated body temperatures than 
yellowfin, permitting frequent deep foraging dives which allows 
bigeye to more efficiently exploit productive deep-water habitat 
in areas with stratified, oligotrophic surface waters (Ciezarek 
et al. 2019; Holland et al. 1992; Thygesen et al. 2016). The epipe-
lagic environment around the Samoan Archipelago is mainly 
influenced by the South Equatorial Current, which transports 
nutrient-poor surface waters from the eastern Pacific and south 
Pacific gyre westward. Catches of surface schools of tuna in the 
purse seine fishery are low in this region, while the deep-water 
longline fishery is more active, particularly for albacore and to a 
lesser extent bigeye (Domokos 2009). Albacore, like bigeye, have 
adapted to maintain visceral heat and exploit deep waters for 
foraging (Ciezarek et al. 2019). In the case of bigeye, such ad-
aptations may expand feeding and migratory corridors within 
the South Equatorial Current, thereby maintaining connectivity 
and gene flow, and preventing sufficient divergence for intra-
basin population structure to occur.

4.2   |   Utility of Larval Genomics in Population 
Genomics of Tunas

Numerous studies have leveraged high-throughput DNA se-
quencing using various techniques and genetic markers in 
order to elucidate evolutionary relationships, population demo-
graphic information, or assess stock structure of commercially 
harvested tropical tunas, but very few incorporate fisheries-
independent sampling, particularly of early life history stages 
(but see Johnstone et al. 2021; Romdon et al. 2020). However, 
such sampling may be beneficial in studying the population 
genetics of tunas and other commercially exploited fishes be-
cause it potentially reduces biases in adult sampling due to 
fishing methods and gear type (Okemwa et al.  2023), samples 
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larvae before recruitment bottlenecks (Shropshire et al. 2022), 
and can help identify areas with elevated spawning activity that 
could represent priorities for spatial management (Hernández 
et al. 2019). Furthermore, sampling larvae and early life stages 
may allow for detection of more structure than in adult sam-
ples because of reduced mobility and admixture early in life 
(Anderson et al. 2023). Additionally, a better understanding of 
early life history dynamics can better parameterize stock assess-
ment models and possibly provide useful estimates of spawning 
output and recruitment at regional scales to aid in management 
decisions (Kolody et al. 2019).

Despite the numerous benefits, there are several caveats asso-
ciated with the use of larval tunas and other pelagic broadcast 
spawners for population genomics that could violate assumptions 
about independence of sampling. Larvae of broadcast spawners 
can be part of related cohorts or families via inbreeding, and 
highly related individuals could skew estimates of population 
structure and lead to erroneous conclusions on the level of diver-
gence between samples (Selwyn et al. 2016). Additionally, larval 
samples can represent siblings even in the absence of inbreeding 
if sampling occurs shortly after a spawning event where related 
offspring are transported together via currents or retained in 
small water masses like oceanic fronts or eddies (Broquet et al. 
2013; Veliz et  al. 2006). In spite of these potential limitations, 
only 9 dyads representing 17 skipjack larvae were identified 
as related in the present study, and their pairwise relatedness 
values indicated a degree of similarity corresponding to first-
cousins. No yellowfin or bigeye were identified as related based 
on the chosen threshold, which encourages the use of larvae as a 
means to assess various population genetic parameters. A study 
of western Atlantic larval bluefin (T. thynnus) identified a mod-
est level of sibship within samples, but not enough to discourage 
their use in close-kin mark-recapture studies, even in a species 
with a discrete spawning ground and shorter spawning season 
that increases the likelihood of detecting relatives compared to 
the tropical species included in the present study (McDowell 
et al. 2022). Since sample contamination can also lead to high 
levels of pairwise relatedness and kinship (Anderson et al. 2023; 
Dimens et  al.  2023), it is always important to test for related-
ness to ensure independence of sampling, particularly in larval 
studies.

4.3   |   Implications for Fisheries Management 
and Marine Spatial Planning

The study of tuna population genomics using larval samples 
can provide additional context to aid in the research, conser-
vation, and management of these species. For instance, one 
of the fundamental tasks for fisheries managers is estimating 
the population sizes of commercially harvested tunas. Our es-
timates of effective population size using larvae may allow for 
additional insights into the long-term number of breeding fish 
to complement mark-recapture studies, and comparing such 
estimates with more traditional, fisheries-derived samples may 
reveal patterns in selection, recruitment, and fisheries impacts 
that are otherwise difficult to detect. Our estimates of Ne for 
skipjack, yellowfin, and bigeye were roughly 4.4, 2.4, and 1.9 
million respectively based on our calculations of θW and the 
equation Ne = θW/4 μ, using the estimated nuclear mutation 

rate for yellowfin of 7.3 × 10−9 (Barth et al. 2017) with approx-
imate adjustments to this rate for skipjack and bigeye based on 
differences in life history traits like generation times (Bergeron 
et al. 2023). Our estimates were therefore sensitive to the esti-
mated values of μ, and higher mutation rates than assumed here 
would result in lower estimates of Ne. These long-term coales-
cent estimates are generally high when compared with contem-
porary adult studies that estimate Ne with values ranging from 
several hundreds of individuals to tens of thousands (Anderson 
et al. 2020; Barth et al. 2017; Gonzalez et al. 2008; see Laconcha 
et al. 2015 for albacore), while estimates using heterozygote ex-
cess resulted in estimates of infinite Ne (Anderson et al. 2020). 
Ely et  al.  (2005) used mtDNA-based demographic reconstruc-
tions to estimate long-term female Ne for skipjack and yellowfin, 
with estimates of 98 million and 10 million, respectively. Waples 
et  al.  (2018) used close-kin mark-recapture data of southern 
bluefin, in conjunction with genetic and demographic estimates 
of Ne, to estimate the relationship between effective and census 
population size, and concluded the Ne/Nc ratio likely ranges 
from 0.1 to 0.5 in southern bluefin. Given the extremely large 
census population sizes for the species analysed in the present 
study (particularly skipjack), our calculations of larval genetic 
parameters sampled before recruitment bottlenecks may there-
fore reflect the number of breeding fish if a similar Ne/Nc ratio 
is applied. However, our estimates more likely reflect long-term 
coalescent Ne, and these results should not replace traditional 
close-kin mark-recapture studies and genetic estimates using a 
variety of techniques (Delord et al. 2024).

The lack of apparent population structure in skipjack and bigeye 
suggests high genetic connectivity between the two surveyed 
MPAs within the WCPO, and supports the current manage-
ment delineations in the Pacific, whereby skipjack and bigeye 
are assumed to consist of western/central and eastern Pacific 
stocks that are managed separately. However, the divergent 
population of yellowfin in this study raises interesting questions 
surrounding stock structure and management in the central 
Pacific, particularly because each individual in the divergent 
population was collected exactly 1 year apart in 2017 and 2018 
~135–162 nm north of American Samoa (Figure S9), suggesting 
the possibility of multiple subpopulations within the jurisdic-
tion of the WCPFC. Although the current levels of commercial 
fishing around American Samoa are low, the tuna biomass in 
the central and eastern Pacific is forecasted to increase under 
various climate change scenarios and as a consequence of in-
creasingly frequent ENSO events (Lehodey et  al.  1997, 2011; 
Senina et al. 2018), and the region's exposure as a fisheries tar-
get  is likely to grow with time. Consequently, more research 
is needed to resolve the regional population structure of tunas 
(particularly yellowfin) and avoid possible localized depletions 
in genetic diversity (Begg et  al.  1999). However, since the de-
gree of intra-basin population structuring within these species 
remains unclear and differs by molecular marker and spatio-
temporal scope of sampling, future research should prioritize 
whole-genome sequencing of tuna collected from both fisheries 
dependent and independent sampling efforts across their entire 
Pacific ranges to fully capture the genetic diversity within each 
population. Additionally, if LUPS are used to differentiate popu-
lations, their roles and influence on fitness should be thoroughly 
investigated before drawing conclusions about adaptive genetic 
population structuring.
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Much of the recent population demographic work on tropical 
tunas has discussed philopatry, or fidelity to specific natural 
features like islands, seamounts, or oceanic fronts (Richardson 
et al. 2018; Rooker et al. 2016; Schaefer et al. 2007, 2014) and/
or man-made objects like fish aggregating devices (Dupaix 
et al. 2024; Filous et al. 2020; Itano and Holland 2000), as philo-
patry has many implications for spatial management and con-
servation of these species (Relano and Pauly 2022). As the world 
works towards protecting 30% of the oceans by 2030, conser-
vation of tunas via MPAs has emerged as a contentious topic, 
with some arguing that the high migratory potential of tropical 
tunas, which can travel over 1200 miles between tag recoveries 
(Fonteneau and Hallier  2015), prevents effective conservation 
through spatial closures despite observable increases to local 
spawning biomass by MPAs (Hampton et al. 2023; Lynham and 
Villaseñor-Derbez 2024). To adjust spatial management to bene-
fit highly migratory pelagics like tunas, some advocate for large 
networks of reserves (Allan et al. 2021; Hooker et al. 2011) or 
shifting spatial closures dependent on oceanographic conditions 
(Gilman et al. 2019). Yet, tagging surveys of tropical tunas have 
pointed to lower lifetime migratory displacements than previ-
ously assumed, suggesting the potential for philopatry and/or 
locally-managed stocks. Indeed, skipjack have been observed to 
display lifetime median displacements of 420–470 nm, with yel-
lowfin exhibiting displacements of only 340–380 nm (Sibert and 
Hampton 2003). In another study, yellowfin were found to have 
an average straight-line displacement of 195 ± 244 nm from the 
PNMS (Filous et  al.  2020). Additionally, bigeye in the eastern 
Pacific were observed to have average lifetime displacements 
of 300 nm (Schaefer and Fuller 2009). Such migratory displace-
ments are on the same scale as MPAs, challenging the assump-
tion that spatial closures would be ineffective management tools 
for tuna conservation.

5   |   Conclusion

In this study, we demonstrate the utility of reduced representa-
tion genome-wide sequencing in assessing information on pop-
ulation genetics of commercially significant tunas, primarily 
using larvae from fisheries-independent sources. We found evi-
dence of population structuring in yellowfin, but not in skipjack 
or bigeye, which generally aligns with other genomic studies of 
these species in the WCPO. Our results highlight the need to 
resolve the extent to which tuna populations in the Pacific are 
genetically structured, and showcase how studies using early 
life history stages from fisheries-independent sources can con-
tribute to the already-rich area of research. Our findings also 
raise a set of broader evolutionary questions that extend be-
yond the immediate context of tuna management: what evolu-
tionary or behavioural mechanisms (e.g., natal homing) might 
maintain the genetically distinct yellowfin cluster we detected 
despite the species' high dispersal potential? Are such patterns 
stable features of population connectivity or transient responses 
to interannual environmental variability such as ENSO? Do 
adaptive differences emerge in the absence of strong neutral ge-
netic structure, and how might these differences be linked to 
gradients in temperature, oxygen, or prey availability across the 
WCPO? More generally, what can the differences in life histories 
demonstrated by skipjack, yellowfin, and bigeye tell us about the 
balance between drift, selection, and gene flow in highly mobile 

pelagic predators? And, how have the selective pressures on 
life history characteristics changed over time, and in an era of 
contemporary industrial use?  Addressing these questions will 
require integrating genomics, tagging, oceanographic model-
ling on all life stages to understand the processes that generate 
and maintain genetic structure in the open ocean, and to pre-
dict how such patterns may shift under changing climatic and 
oceanographic regimes.
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