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RETRACTED: Close Kin Proximity in
Yellowfin Tuna (Thunnus albacares)
as a Driver of Population Genetic
Structure in the Tropical Western and
Central
Pacific Ocean

Giulia Anderson, Monal Lal"2t, John Hampton3, Neville SmijtF

sllowfin directly school with related individuals through their first year, and at least
demonstrate tightly overlapping regional fidelity as adults. These results may explain,
to some extent, the patterns of population genetic structure recently observed in
yellowfin tuna.

Keywords: Thunnus albacares, co-dispersal, fidelity, population genetic structure, FAD, Federated States
of Micronesia

INTRODUCTION

Yellowfin tuna (Thunnus albacares) is a pantropical scombrid of great fishery importance. Yellowfin
represents 28% of the global tuna fishery by volume, second only to skipjack (Katsuwonus pelamis)
(ISSF, 2017), and is highly versatile as a consumer product. Mature individuals can produce
sashimi-quality meat, and younger animals are often processed as high quality canned tuna,
valued only slightly less than or equal to “white meat” albacore tuna (Macfadyen and Defaux,
2016). The species also exhibits greater fecundity and more rapid growth to maturity than other
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quality-oriented tuna species such as Atlantic, Pacific and
Southern bluefin (Thunnus thynnus, Thunnus orientalis, and
Thunnus maccoyii) and bigeye (Thunnus obesus) tunas, the
former of which are recovering from or currently experiencing
over-exploitation in specific oceanic regions (ISSF, 2017). In
contrast, yellowfin tuna in the Western and Central Pacific Ocean
(WCPO) is identified as merely fully exploited, yet supports
a catch volume four times greater than that of bigeye (also
“fully exploited”) in the same region (ISSF, 2017). With careful
management, yellowfin tuna can continue to provide large
quantities of high-quality protein for human consumption.
Although tunas have traditionally been treated as panmictic
within the WCPO, yellowfin tuna display some of the strongest
population structuring of the tropical tuna species (Pecoraro
et al,, 2016). Numerous types of studies have detected some
level of genetic differentiation in yellowfin populations within
the Pacific Ocean. Morphometric calculations have been used
to propose semi-independent eastern, central, and western
populations (Suzuki et al., 1978); allozymes differentiated fish
caught in the western and central Pacific from eastern fish
(Ward et al.,, 1997); microsatellites detected structure between
the Philippines and Papua New Guinea (Aguila et al., 2015);
and genome-wide single nucleotide polymorphisms (SNP)
distinguished fish from eastern and central Pacific, and to a
lesser degree central from western Pacific regions (Grewe et al.,
2015). Some of the same studies did not detect structure in
sympatric species, like skipjack, at the same intra-ocean scale
and using the same molecular markers (Ely et al., 2005). The
genetic observations are backed by morphometric and behavioral
studies that have confirmed the presence of a magnetite organ

(Walker et al., 1984). Furthermore, tagging st
median individual range of less than 800 km i

e, the presence of family
act distribution of the neutral
genetic diversity and th e population structure of marine
taxa. Selwyn et al. (2016) found spatially clustered family
groups in a marine goby species (Coryphopterus personatus)
associated with small, but significant, population structure over
short distances and within-population deviations from Hardy-
Weinberg equilibrium (HWE), both of which are consistent
with a pattern known as chaotic genetic patchiness (CGP) or
fluctuating genetic mosaics (Eldon et al., 2016). Although CGP
has never been directly applied to a tuna species, it shares
similarities, and possibly driving factors, with the highly complex
system of structure proposed by the collective literature for
yellowfin tuna. However, genetic relatedness has never been
thoroughly explored in tuna because of the traditionally held
improbability of finding persistent family organization in an
ocean dwelling, broadcast spawning, cosmopolitan species.

To assess this possibility, we established kin relationships
using 1340 SNPs and 280 yellowfin tuna specimens showing
unexpected patterns of population structure. The individuals
were collected opportunistically from seven exclusive economic
zones (EEZs) across the WCPO in 30 catch events conducted
between 2009 and 2014. We observed the presence of full- and
half-sib dyads between and within EEZs and school-specific
catch events and compared the overall level of relatedness within
and between groups. Apart from defining the impact of kin
presence on population structure, we also explore the significance
of our findings for the biology and fisheries management of
yellowfin tuna. We attempt to separate the impacts of kin co-
dispersal from other biological and behavioral mechanisms, such
as sweepstakes reproduction and site fidelity, and discuss the
implications in the context of genetic population structure and
fisheries management.

MATERIALS AND MET

Sample Collecti
r Janalysis from tissue
ction managed by the
auspices of the Western
ission (WCPFC), in Nouméa,
s consisted of muscle plug biopsies

DNA “extraction. Specifically, a 2 mm?® piece of tissue taken
om the core of the sample using a scalpel that was re-
sterilized with ethanol over a flame after any cut that contacted
the tissue surface.

Tissue samples for this study were originally selected
opportunistically from the available collection based on catch
location and date, such that all samples in a grouping were
collected within 6 weeks of each other, and within an area of
3400 km? (radius of 330 km). Population samples from different
years were selected from archived tissue collected in the same
area and season but in different years. Samples were accompanied
by metadata including catch location, date, and catch event
number, fish size, and a description of objects associated with
the school of interest. A total of 280 individuals from 7
geographic locations were analyzed, representing 4 countries
and spanning 6 years (Figure 1 and Supplementary Table S1).
Population samples are labeled based on country and year of
collection: from the Federated States of Micronesia in 2009
and 2011 (FM09 and FM11, respectively), the Gilbert Islands
of Kiribati in 2009 (GL09), New Caledonia in 2014 (NC14),
and in Papua New Guinea in 2009, 2011, and 2013 (PGO09,
PGl1, and PG13).

DNA Sequencing and SNP Calling

DNA extraction and sequencing was conducted by Diversity
Arrays Technology (DArT PL). Its patented next generation
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FIGURE 1 | Locations of catch event by year (green = 2009, yellow = 2011, red
caught per event is reflected in marker size.

2009
e '1-10 fish

@ 10-20 fish
@ 20-30 fish

2011
o 1-10 fish
O 10-20 fish|

e 1-10 fish

le = 2014) across the western and central Pacific. Number of fish

enzymes were cho
genomic regions that ally informative and tend to carry
elevated risk of misinterf g paralogs as a single locus during
marker calling. Specialifed adaptors were ligated to digested
DNA. Both PstI and Sphl adapters included a PCR primer
sequence and Illumina flowcell attachment sequence, and the
Pstl adaptor also included a unique, varying length barcode
sequence for sample recognition within pooled libraries. PCR
only amplified fragments capped with both adaptors, using
the following protocol: 1 min denaturation at 94°C, 30 cycles
of 20 s at 94°C, 30 s and 58°C and 45 s at 72°C, and a
final extension step of 7 min at 72°C. Libraries were then
further amplified using bridge PCR on the Illumina HiSeq 2500
platform and sequenced on the same platform. The resulting
data was submitted to an in-house software, DArTsoft, which
interprets sequences from images of fluorescence taken during
[umina sequencing and produces FASTQ files. Files were quality

controlled for sequences with 90% confidence at 50% of bases,
and split by barcode into individual specimens. Sequences were
aligned de novo. A separate algorithm, DArTsoft14, called SNPs
and further quality filtered for singletons and other suspected
sequencing errors. The final output produced by DArT was a
genotype report of all identified SNPs, their global call rate,
polymorphic information content, and their co-dominant status
in each sequenced specimen.

The returned dataset was further filtered for locus quality. Loci
were first culled by removing all but one SNP per sequenced DNA
fragment. Remaining loci were selected based on a 99% call rate,
a minimum read depth of 7x, and 5% minor allele frequency.
Fgr outlier analyses were conducted with BAYESCAN v. 2.1 using
the prior odds for neutral model and a 10% false discovery rate.
Individuals were submitted to BAYESCAN in their 7 original
sample groups. Next, loci were extracted that showed deviation
from Hardy-Weinberg equilibrium across all populations. HWE
tests if loci occur at frequencies that deviate from selectively-
neutral assumptions and was analyzed using Arlequin v. 3.5.2.1
(Excoffier and Lischer, 2010) using the most sensitive possible
p-value threshold of 0.0001. HWE results were also filtered for
loci with a maximum observed heterozygosity of 0.5, as an
independent control for the potential merging of paralogous
loci in the DArTseq pipeline. All individuals were kept in their
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original sample groups during SNP filtering. Raw datasets are
publicly available at: https://doi.org/10.17605/OSF.IO/WTZD8.

Population Structure

To test for population structure, genetic diversity and population
structure parameters were measured for each sample group. The
inbreeding coeflicient (Frs) and adjusted expected and observed
heterozygosity (H,.p, and H,) were obtained in GENETIX
v. 4.05 (Belkir et al, 2004), while pairwise Fsy (Weir and
Cockerham, 1984) was calculated using Arlequin. ADMIXTURE
v. 1.3.0 (Alexander et al., 2015) was used to recommend the
number of independent genetic clusters (k) among all sampled
individuals and then estimate the probability of membership of
each individual to the resulting clusters. Analyses were run with
hypothetical k values ranging from 1 to 10, and the optimal
k value was selected based on a low coeflicient of variance.
A Discriminant Analysis of Principle Components (DAPC) was
conducted using the “dapc” and “optim.a.score” commands in the
adegenet package in R v. 3.3.1 to validate the results of pairwise
Fsr and ADMIXTURE analyses.

Relatedness

In response to unexpected heterozygosity and inbreeding
assessments, we explored the possibility that observed population
genetic structure resulted from the presence of related individuals
in our sample groups. First, to more accurately group individuals
for relatedness analyses, all samples were submitted to a
clustering algorithm using the “find.clusters” command in the
R package adegenet. All further analyses were carried out in
triplicate: once on all sampled individuals treated as a single

universal analyses.
To assess relatedness among sampl
two software programs: RelateAdmi

conservative statistica and appropriateness for admixed
tuna populations, Rela ix results are given precedence
during interpretation. ‘Conveniently, results from the two
algorithms rarely contradict each other.

COANCESTRY was first run using simulated genotypes based
on empirical allele frequency data, which were constructed in
full sib, half sib, and unrelated pairs. The generated dyads were
submitted to seven algorithms offered by the COANCESTRY
software, and the average difference between empirical results
and expected values calculated to determine which algorithm
was most accurate for determining the relationship correlation
coeflicient (r) for this species. TrioML was selected and used
in further analyses of empirical data to assess r between all
sampled individuals. RelateAdmix requires a priori information
about general genetic clustering, which was recycled from
ADMIXTURE. The output.P and .Q files from the selected

ADMIXTURE analysis were submitted to RelateAdmix, and
output values were used to calculate 6 = (k;/4)+(k»/2), where 6
is the expected fraction of two genomes is identical by decent.
RelateAdmix and COANCESTRY both produce relatedness
coefficients but no recommendation of how to differentiate
full sibling pairs from half siblings and more distantly
related individuals. To determine cut-off values for categorizing
relatedness coefficients, we again used COANCESTRY to
simulate 200 dyads each of full sibling, half siblings, and
unrelated individuals based on the same allele frequencies as
the original population samples. The simulated genotypes were
then submitted to both COANCESTRY and RelateAdmix, and
results used to calculate the lower 95% confidence interval of
the mean of each group, assuming normal distribution. These
values became the cut-offs for delineating full- and half-siblings
in empirical datasets in the respective software programs. The
pairs of specimens identified as related b er software were

s, a Spearman’s rho statistic and linear
calculated between the number of full sib

est for comparing medians of non-parametric data, and Student’s
P-test for mean. We organized individuals from the all-sample
dataset by location (at the EEZ level), year at a single location, and
catch event at a single location. We also explored the importance
of environmental context by binning dyads based on the presence
and type of floating objects specimens were associated with
when caught. All statistical analyses were conducted in the R
statistical analysis package (R Core Team 2016) using commands
“cor.test” with the Spearman method, “lm,” “wilcox.test,” and

“t.test,” respectively.

RESULTS

Sequencing using the DArTseq pipeline identified 49,078 SNP loci
on 30,727 DNA fragments. Further, stringent filtering retained
1135 neutral, polymorphic markers in HWE that occur in at least
99% of samples analyzed, and demonstrated a minimum read
depth and allele frequency of 7 and 5%, respectively (Table 1).
Genetic diversity and population genetics parameters were
measured, including multi-locus heterozygosity and fixation
indices, using all individuals in their original sample groups.
All measurements varied among the sample groups, with FM09
and FM11 always similar and distinct from the other samples
(Table 2). They had the highest expected heterozygosity values
and deviation from Hardy-Weinberg Expectations in the form
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TABLE 1 | Number of loci remaining after each quality filtering step.

Filtering step Number of loci

Initial 49078

Duplicates on contig 30727

Call rate (99%) 7092

Read depth (7 x) 6635

MAF (5%) 1361

FST outliers (FDR 90%) 1354

HWE (p < 0.0001) 1354

Heterozygosity (0.5) 1135

LD (70%) 1135

TABLE 2 | Population genetic diversity parameters.

Population Heterozygosity Fis
Hp.b. (stdev) H, (stdev)

FMO09 0.283(0.12) 0.353 (0.19) -0.255
FM11 0.278 (0.12) 0.346 (0.19) -0.255
GLO09 0.203 (0.11) 0.207 (0.12) -0.020
NC14 0.185(0.12) 0.177 (0.13) 0.041
PG09 0.182 (0.11) 0.171 (0.11) 0.058
PG11 0.180 (0.11) 0.173 (0.11) 0.041
PG13 0.197 (0.11) 0.191 (0.12) 0.036

TABLE 3 | Pairwise Fst values (below diagonal) and p-values (above diagonal).

FMO09 FM11 GL09 NC14 PG09 PG11 PG13
FMO09 - 0.0001 0 0 0
FM11 0.00948 - 0 0 0
GL09 0.02328 0.02317 - 0.0319
NC14 0.02789 0.02998 0.00274 -
PGO09 0.04378 0.04363 0.00817
PG11 0.04689 0.04744 0.00887
PG13 0.02848 0.03045 0.01

Statistically significant values are®* D
value of 0.00238.

of significant heter
in both cases), as we ant outbreeding, as measured
by Frs (more extreme -0.25, p < 0.0001). In contrast,
GL09, NC14, PG09, PGYT, and PG13 had much more moderate
heterozygosity values, with H, ;, values ranging from 0.18 to
0.20, and slight-to-negligible heterozygosity deficits (H, between
0.17 and 0.20; Frs between -0.02 and 0.05, p < 0.0001).
Pairwise Fsr values were significant in all comparisons except
five after Bonferroni correction: between NC14 and all three PG
groups, and between GL09 both NC14 and PG13. Statistically
significant values ranged from 0.008 to 0.047 (Table 3). All
values greater than 0.02 involved pairwise comparisons with
either FM09 or FM11. A DAPC using adegenet in R confirmed
the separation of FM samples from the remaining sample
groups (Figure 2). ADMIXTURE recommended the separation
of sampled individuals into two populations, one of which
accounted for 19 samples from either FM09 or FM11 and two

individuals in GL09, and the other that incorporated all other
individuals with high confidence (Figure 3). Collectively, the
tests provided clear evidence of population genetic structure in
the WCPO. The heterozygosity and Fjs values justify further
exploration of collective dispersal of kin (Selwyn et al., 2016).

To ensure that pre-existing population structure did not
influence the perceived relatedness of compared individuals
in tests for kinship, adegenet’s “find.cluster” command in
R was used in conjunction with ADMIXTURE results to
separate specimens into populations with minimal sub-structure.
Adegenet recommended the separation of 38 individuals from the
main dataset, including all of those highlighted by ADMIXTURE.
Specimens were separated as recommended and processed by
COANCESTRY and RelatedAdmix in two separate analyses.
The cross-validation of results from both software programs
for the cluster of 38 FM and GL samples identified between 4
and 19 siblings for every sampled indiy ith an average

iy ADMIXTURE

per specimen.
g 240 samples
(36 of 28680

concurred on the presence of
s that were equally or more similar
gh-confidence siblings, 283 occurred
EZ, compared to 49 between EEZs; 190
e same EEZ were caught in the same year,
0 93 between years; and 88 occurred within the same
t, compared to 102 between catch events but in the
ame EEZ and year (Table 4). Despite reccommendations to divide
e specimens into two clusters, 37 dyads from between the
resulting groups were listed as siblings in the consensus dataset.

Given the confirmation that related individuals were present
in numbers that might affect population structure, we removed
one individual from each sibling pair from the dataset and
re-calculated pairwise Fsr values (Table 5). The number of
significant comparisons after Bonferroni correction dropped
from 16 to 9, and the largest Fsr values dropped from 0.047
to 0.016. Although comparisons with FM11 were compromised
due to the inappropriately low number of remaining samples
in that group, the reduction was evident in all groups in which
kin were observed. ADMIXTURE results likewise changed from
recommending k=2to k= 1.

The recommended sibling groups were not evenly distributed
between population samples. Of the 190 half- or full-siblings
that occurred in the same EEZ and year, 106 were from sample
group FM11, 61 from FM09, 12 from PG13, and five or fewer
from GL09, NC14, PG11, and PGO09. Specific to full siblings, 9
of 23 relevant dyads occurred in FM09, 5 in FM11, 5 in PG13,
and two or fewer in the other population samples. Of the 142
cross-location or cross-year dyads, 91 were between FM samples
from different years, and another 44 were between either FM
sample and the nearby GL sampling sites. Two half-sib dyads
were found between years in PG, and only 5 occurred between
all other, more disparate locations like PG and FM. Among dyads
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FIGURE 3 | Probability of membership of all sampled individuals to either of two genetic clusters, as recommended by ADMIXTURE.
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TABLE 4 | The distribution of kin dyads, organized by population sample,
catch event, EEZ.

Grouping Full sibs % of Half and % of
possible  full sibs possible
dyads dyads
Within FMO9 9 1.4 61 9.7
sample group  FM11 5 0.5 106 11.2
GL09 2 0.2 5 0.5
NC14 1 0.3 2 0.6
PG09 0 0.0 2 0.2
PG11 1 0.1 2 0.2
PG13 5 0.5 12 1.3
Between FMO09-FM11 1 0.1 91 5.9
sample FMO09-GL09 0 0.0 20 1.3
groups FM09-PG13 0 0.0 2 0.3
FM11-GLO9 5 0.3 24 1.2
FM11-PG13 0 0.0 2 0.1
GL09-PG13 0 0.0 1 0.1
PG11-PG13 0 0.0 2 0.1
Within catch FMO9 1 3 3.3 17 18.7
events FMO09 2 0 0.0 3 8.3
FMO09 3 3 3.8 17 21.8
FMQ9 total 6 2.9 37 18.0
FM11 1 2 0.9 32 13.9
FM11 2 1 0.4 28 12.1
FM11 total 3 0.6 60 13.6
GL09 1 1 1.8 2 3.6
GL09 2 1 1.5 2 3.0
GLO9 total 2 0.9 4 1.0
NC14 3 1 100 1
NC14 total 1 3.2
PGO9 total 0
PG113 1
PG11 total 1
PG133 0
PG13 4 .
PG137 0.1
PG13 total 4.3
Between FMO! 5.6
catch events FMO9 11.0
within a FMO9 2- 6.8
sample group  FMO09 total 0.7 35 8.2
FM11 1-2 2 0.4 58 12.0
FM11 total 2 0.4 58 12.0
GL09 2-3 0 0.0 1 0.7
GLO9 total 0 0.0 1 0.2
NC14 2-5 0 0.0 1 100
NC14 total 0 0.0 1 0.3
PG09 1-2 0 0.0 1 1.7
PG09 2-3 0 0.0 1 0.4
PGO9 total 0 0.0 2 0.4
PG11 total 0 0.0 0 0.0
PG13 2-3 0 0.0 3 2.6
PG13 6-7 1 0.2 2 4.4
PG13 total 1 0.2 5 0.6
(Continued)

TABLE 4 | Continued

Grouping  Full sibs % of Half and % of
possible full sibs possible
dyads dyads
Within EEZ FM 15 0.5 258 8.2
GL 2 0.2 5 0.6
NC 1 0.3 2 0.6
PG 6 0.1 18 0.2
Between FM-GL 5 0.1 44 1.3
EEZs
FM-PG 0 0.0 4 0.0
GL-PG 0 0.0 1 0.0

TABLE 5 | Pairwise Fs7 values (below diagonal) and p-values (above diagonal) of
sample groups with siblings removed.

FMO09 FM11 GL09 NC14 PG11 PG13
FM09 - 0.02237 0 0 0.05653
FM11 0.00289 - 0.13603
GL09 0.00767 0.00364 - . 0.03950
NC14 0.00694 0.00393 0.01129 0.05653
PGO09 0.01421 0 0
PG11 0.01619 0.01118 - 0
PG13 0.01 . . 53 0.01350 0.01454 -

significant  valu old, using a Bonferroni corrected alpha

s by both algorithms, cross-sample siblingship
curred between FM11 and either FM09 or GL09.

me uneven trends were evident in continuous r data
Figures 4, 5). Comparisons of RelateAdmix median results using
ann-Whitney U tests are reported here, as RelateAdmix tended
to be more conservative than COANCESTRY and tests of median
more appropriate for the demonstrably non-parametric data than
tests of mean. COANCESTRY data and analyses using T-tests
for mean produced similar statistical conclusions. When samples
were organized by location, the median level of relatedness of
all FM samples (r = 0.117) was significantly larger than that of
any other EEZ (median r values ranging from 0.097 to 0.102,
all p-values < 2.2e-16). Median relatedness was also significantly
larger within the NC and PG EEZs (median r values of 0.102 and
0.097) than between EEZs (between EEZ r = 0.096, compared
to NC p = 3.49e-12, PG p = 0.005), although the absolute
difference was at the potentially uninformative scale of 10e-4.
Median relatedness in GL was not significantly different from that
between EEZs (p = 0.284).

On the suspicion that uneven distribution of kin might
stem from opportunistic and uneven sample collection across
locations, we explored the correlation between number of
possible dyads in a group and the number of kin identified.
A linear regression between number of siblings and number of
possible dyads when data was organized by EEZ, catch event,
or associated objects produced a statistically significant but
incomplete relationship. Number of dyads only accounts for
34% of the variance in number of siblings (p = 0.0004). When
incorporated into a multiple regression that also considered
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Number of Dyads

FMD9

GL09 NC14

FIGURE 4 | Number of full sibling dyads identified in each sample group, and b
striped bars represent those from different catch events.

both EEZs was larg®
than between years ( @'median r = 0.121 within years,
0.113 between years, p 94e-8; Papua New Guinea median
r = 0.098 within years,#0.097 between years, p = 0.031), but
median relatedness between years in the same EEZ was still
significantly larger than that between EEZs (FM p < 2.2e-16;
PG p = 2.24e-6). Furthermore, when samples from each EEZ
were subdivided into catch events, FM and PG demonstrated
significantly larger median relatedness within catch events
(median r = 0.124 and 0.099, respectively) than between events
(median r = 0.116 and 0.097; p = 5.06e-7 and 0.036, respectively).
When divided by year, only FM09 retained this trend according
to both algorithms. PG13 also showed a weaker but significant
trend in results produced by RelateAdmix. Samples from GL, NC,
as well as FM11 and PG09 and PGl11, did not demonstrate any
difference within-versus-between catch events. One detail that
distinguished FM09 and PG13 from other sample groups was

Sample group

PG09 VD9/FMI1 FMIV/GL09

esent dyads from the same catch event, horizontally

e environmental context within which samples were collected,
pecifically the presence and type of floating objects associated
with sampled schools. Dyads were therefore re-organized into
groups based on associated objects and re-assessed using the
Mann-Whitney U test and Student’s T-test.

Organization by associated object produced several significant
trends. Dyads from within a catch event that lacked data on
associated objects had significantly larger median relatedness
than any other category (median r = 0.012, p between 0.0001 and
2.2e-16), followed by those in the same sampling event around
drifting fish aggregating devices (dFADs) (median r = 0.105).
Median relatedness around dFADs was greater than that from
individuals found around anchored fish aggregating devices
(aFADs), whale sharks, current lines, seamounts, or no object at
all (medians range from 0.096 to 0.101, p ranges from 0.009 to
4.10e-6). Although COANCESTRY and RelateAdmix produced
some contradictory conclusions about the ranking of remaining
bins, the absolute differences under discussion were miniscule.
Functionally, there was no significant difference in relatedness
between fish caught in free swimming schools and those caught
around current lines, seamounts, and natural drifting objects.
Alternatively, when comparing means, individuals from around
aFADs (mean r = 0.113) showed significantly larger relatedness
values than those around seamounts, current lines, natural
drifting objects, whale sharks, or in free schools (mean r ranges
from 0.099 to 0.101, p-values range from 0.006 to 0.0002). These
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calculations reflected the distribution of full and half-sib dyads
retained in the consensus dataset: large numbers of sibling dyads
lack association data, a moderate number of siblings were found
around dFADs, a disproportionate number of full sibs were
collected near aFADs, 65% of all sibling dyads occurred between
association groups, and less than 1% originated from all other
categories (Table 6). In short, there was a great deal of noise in
the data when organized this way, which potentially confounded
more subtle statistical trends.

dyads from the same catch event, horizontally striped bars

DISCUSSION

In the process of exploring population genetic structure of
yellowfin tuna in the WCPO, we identified 332 dyads that
are genetically similar enough to be half sibs, 29 of which
are similar enough to be full sibs. Individual dyads can also
often be amalgamated into complex family groups that contain
up to 24 full or half sibs. The presence of sibling groups in
multiple yellowfin tuna population samples is cross-validated by
heterozygosities and inbreeding coefficients. Population samples
with few related individuals have slight but significant and
positive inbreeding coeflicients and little to no heterozygote
deficit, which is consistent with other yellowfin studies that
specifically sampled across multiple age groups per location,
used genome-wide neutral SNP loci, and found effectively no
heterozygosity deficit (Grewe et al., 2015). In summary, our
identification of a limited number of kin coincides with the
expected genetic diversity of explicitly mixed sample groups.
Conversely, those sample groups with numerous sibling groups
show the opposite trend: a heterozygous excess, and negative
and significant Frg, While a negative Frg value is normally
associated with outbreeding, Pudovkin et al. (2010) suggests that
the smaller the number of breeders, the larger the possibility that
genetic differences between parents result in a large heterozygote

Frontiers in Marine Science | www.frontiersin.org

July 2019 | Volume 6 | Article 341


https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Anderson et al.

Close Proximity of Yellowfin Kin

excess, and consequently a negative Frg, in the progeny. Waples
and Allendorf (2015) concur that the Fjs of a group will be
increasingly negative as it is produced by fewer parents, and
the authors highlight that this may particularly apply to species
with a highly fecund, broadcast spawning life history (which
includes yellowfin tuna). This supports current observations
that samples from purportedly outbred populations are also
composed of large numbers of related individuals. The alignment
of basic population structure analyses and the presence of families
confirm that the observations made during kinship assessments
are not mere artifacts produced by low genetic diversity in the
larger populations, but represent actual relatedness.

The presence of kin is also clearly an important factor
creating population structure among sampled individuals. When
individuals were separated as recommended by ADMIXTURE
and the adegenet package, one group was made up exclusively
of related individuals from a complex family group. Given that
population structure is fundamentally a measure of ancestral
relatedness, the clustering algorithms’ interpretation of a large
number of highly similar individuals as a distinct population
group rather than a family is an artifact of the unexpected size
of the group (Astle and Balding, 2009). Without the extracted
family group, and even more so when one individual from each
sibling pair across all samples was deleted from the dataset,
pairwise Fsr values between remaining sample groups dropped
markedly and the recommended number of clusters reduced to
k = 1. It is very likely that the study area should be treated as a
single population with moderate substructure, and the instance
of major structure recognized as a predictable result of cryptid
relatedness within sample groups.

That said, using comparisons of average
relatedness per group, several revealing and cg

Yellowfin tuna in thg
fork length (Lehg %
individuals are most\€onus

rface are therefore susceptible to pole

and line and purse seine fi§hiflg. As they grow, fish depend less on
floating objects and spen@'more time in free swimming schools or
at depth (Robert et al., 2012). This relationship holds true for the
specimens observed in the current study.

When dyads were grouped based on catch event within each
population sample, COANCESTRY and RelateAdmix results
concurred that only FM09 consistently showed higher relatedness
within a school than between schools in the same population,
with RelateAdmix also finding the trend significant in PG13.
These groups consist almost exclusively of small fish caught
around either dFADs or aFADs, whereas all other population
samples include more diverse catch event descriptions. The
precise placement of individuals of interest at single FADs, more
than between FADs as close as 20 km from each other, has
precedent in the literature. Numerous studies have discussed

the dynamics of yellowfin movement around FADs. Most
fundamentally, modeling of tuna aggregations under floating
objects acknowledges the importance of social dynamics and
the presence of other fish, more than that of prey, in attracting
tuna to a FAD (Robert et al.,, 2014). Synchronized movement
to and from anchored FADs by multiple tagged individuals,
interpreted as school membership, has been observed via acoustic
tagging in the Philippines (Mitsunaga et al., 2013), the Maldives
(Govinden and Jauhary, 2013), and Okinawa (Ohta and Kakuma,
2005). Other studies have focused more on the impacts of
FADs, themselves; when fish were tracked within a network
of FADs, more than 80% of fish showed strong FAD fidelity,
never visiting other FADs only 20 km away over more than
a 100 days of observation (Dagorn et al., 2007). Collectively,
the literature suggests a moderately structured use of FADs,
largely determined by behavioral mechanisms. The current
study supports the prevailing view with evidence of kin
aggregations around FADs.

to the site of taggin
the associated E

anism to explain synchronized
owever, our observations of kin

ated adjacent FADs, such that highly related individuals
develop site fidelity to different FADs within an area,
and show no significant difference in relatedness at the observed
scale. Furthermore, the equal performance of drifting and
anchored FADs in demonstrations of school-specific relatedness
negates the exact importance of location, since drifting FADs, by
definition, move over time.

Therefore, there are mechanisms at work that influence
small yellowfin tuna to maintain strong social, as well as
geographic, bonds over long periods. It is beyond the power
of the current study to determine if the disproportionate
association with closely related individuals is a result of
kin recognition mechanisms and preference, or of general
school fidelity that develops before larval cohorts disperse,
and incidentally incorporates a majority of brood-mates. The
latter has precedence, including observations by Govinden and
Jauhary (2013) of instances in which small tagged yellowfin left
FADs in synchrony with adult skipjack tuna, indicating that
individual size and proximity override species differentiation to
prompt schooling behavior. Regardless, these results suggest that
yellowfin tuna may remain in close kin aggregations around
FADs at least through their first year of life in the WCPO. This
includes the 40-70 cm life stage when yellowfin tuna experience
peak fishing pressure (Tremblay-Boyer et al., 2017).

The use of purse seining on young, closely related fish groups
may disproportionately impact population genetic diversity.
Persistent kin association may concentrate the presence of rare
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alleles in single schools. Purse seining extracts large portions
of a school in one catch event (Majkowski, 2003), and thus
potentially removes entire families, and their rare alleles, from the
population. This study therefore suggests careful management of
young yellowfin tuna schools, during a particularly vulnerable
life stage that both demonstrates family (and, consequently,
population) structuring and is targeted by both intensive and
non-selective fishing techniques.

It is interesting to note that, while drifting FADs attract
schools composed of fish with the same degree of relatedness
as fish around aFADs, the results are not comparable to those
of other drifting objects. This could reflect the lower number of
catch events that occur around natural drifting objects, which
produces fewer opportunities to catch related fish. However, the
linear regression and Spearman correlation suggested incomplete
correlations between the two factors, leaving room for other
explanations. Among these, dFADs differ from natural drifting
objects in multiple ways that may carry significance. Foremost,
drifting FADs are specifically constructed to attract fish by
including sub-surface structure like tethered palm leaves (Scott
and Lopez, 2014), which may not exist on or may decay and
break off of natural drifting objects. Likewise, FADs can be
repositioned into high-priority fishing areas if they drift into
areas of low productivity (Davies et al., 2014). Therefore, based
on location, there are more likely fish to catch around dFADs
than natural drifting objects, in general, and large groupings
of fish that are more likely to include siblings. Drifting FADs
are also often deployed in locations with few natural objects
in efforts to prompt unassociated fish to begin schooling af
the surface (Davies et al., 2014; Scott and Lopez, 2014). It is

question in the future.
The comparison of relatedness of

young tuna. Prior to
unassociated schools,

ess of individuals found in free-
swimming schools in thig®ttidy is significantly lower than that
found around FADs, suggesting that kin aggregations among
young fish may not have always been as significant as we currently
observe. This could have implications for our perception of the
impacts of FADs on yellowfin tuna, and reinforces the need to
carefully regulate FAD-based purse seining.

Site Fidelity in Adults

Adult yellowfin tuna live and are caught differently from
juveniles. Like most tuna species, yellowfin tend to live deeper
and school more loosely as they grow. Consequently, rather
than being caught via pole and line or purse seining of
surface schools, adults are susceptible to longline fishing.
Longline fishing involves setting up to 3,000 baited hooks at
depths of 50-300 m for 5-12 h over a hundred or more

kilometers (FAO, 2003). Because of the extensive area covered
and prolonged soak time, the exact time and location, and
conditions under which each animal was caught cannot be
precisely marked. Consequently, there is a tight agreement
in our data between the presence of fish greater than one
meter in fork length, the use of longlining, and a lack of data
concerning the presence of any surface or other aggregating
object like a seamount.

Unfortunately, the technicalities of longlining limit the
observations we can make about adult trends in relatedness
because, even though highly related fish were observed in the
same hauls, it cannot be confirmed that the fish were schooling
together before being caught. However, there is already evidence
in the literature that large yellowfin demonstrate population
structure at the school level. Klimley and Holloway (1999)
observed fish up to 90 cm in length that displayed both very
strong synchronized movements and _si delity, with 73%
of fish returning to their exact ca in the same
times over a

year of observation.
Although our obser,

1mity among kin. Longlined
igher mean and median relatedness
uvenile) specimens, overall, but no

catch event or between catch events from
and year. Of 225 half or full sib dyads that

ame catch event, 58 between catch events in the same year,
and 92 from different years in the same EEZ. In the latter case,
specimens displayed appropriate size disparity to be members
of the same cohort, caught 2 years apart. Still another 24 dyads
followed the same explanation but were from neighboring EEZs,
representing an appropriately drastic but not absolute drop in
relatedness with expanding geographic area. Of 225 relevant
dyads, only 2 cannot be explained by continual residence in
or repetitive return to an area of 500 km radius for more
than 2 years. This level of site fidelity alone may explain the
species’ population structure through reduced migration and
population connectivity, provided that spawning aggregations
are composed of individuals that show similar patterns of
regional fidelity. Fsr values calculated in this study indicate
much stronger spatial than temporal population structure, which
further supports the persistence of local populations with a
limited influx of migrants.

Given strong and precise site fidelity as adults, long-term kin
association in yellowfin tuna only requires young sibling groups
to actively persist until an age when individuals develop loyalty
to the same location. Diverse research has described mechanisms
that could produce the hypothesized effect. Modeling studies
have suggested that we currently underestimate the passive co-
dispersal of marine planktonic larvae. For example, standard
oceanographic features like eddies and fronts concentrate larvae
into patches, rather than allowing them to diffuse evenly and
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randomly across a region (Siegel et al., 2008). One tuna-specific
model using Mediterranean dynamics observed a correlation
between patchiness of larvae and the strength of mesoscale
features, with the highest concentrations of larvae consistently
found in proximity to a semi-stable salinity front (Mariani
et al,, 2010). Since eddies can be as small as 10 km across
and can persist for weeks or months, and larvae from a
single spawning event are likely to encounter the same eddy,
related individuals can be retained within a few kilometers
of each other throughout their larval phase merely through
environmental forcing (Siegel et al, 2008). The process is
admittedly random and does not guarantee co-dispersal, but does
negate the impossibility of it in broadcast spawning species with
long larval stages.

Meanwhile, yellowfin tuna life history includes numerous
mechanisms that could build upon environmental factors to
promote cohesion among related individuals beyond larval
stages. Mature captive fish display mating behavior in which one
female and a small number of males swim in tight circles while
releasing gametes, creating a vortex that fertilizes most eggs with
sperm from a limited paternal gene pool (Margulies et al., 2007).
Compared to less structured forms of synchronized broadcast
spawning, this creates a disproportionately high number of half-
and full-siblings. The resulting fertilized eggs are buoyant, but
sink and hatch in 18-28 h (Margulies et al., 2007), well within
the 3 day particle de-correlation time estimated for off-shore
oceanic conditions (Siegel et al., 2003). The original mating
behavior also can produce sweepstakes reproductive success
which again promotes the disproportionate presence of kin in
cohort (Hedgecock and Pudovkin, 2011).

Larvae begin feeding (and thus displaying effectiv,
control) in less than 4 days (Kaji et al, 19
scombrids have remarkable nektonic develo

creased larval concentrations
around islands and asses, especially along leeward
coasts where dispersivewind and wave energies are limited
(Miller, 1979; Leis et al, 1991; Boehlert and Mundy, 1994).
Furthermore, tuna demonstrate schooling behavior as both
juveniles and adults, with size of fish inversely correlated to
the strength of schooling behaviors (Goujon and Majkowski,
2000). If social behavior arises as soon as individuals are
capable of nektonic movement, the strength of which can be
extrapolated from juvenile and adult observations, there is a
high probability of successful cohesion among brood-mates
throughout larval development.

Therefore, a combination of passive environmental
mechanisms and active biological impulses could plausibly
result in larval and juvenile co-dispersal that persists into
adulthood due to related individuals’ overlapping site fidelity.

a long-running obser

Micronesia as a Unique System

Alternatively, the most consistent and strong trends we describe
all concern fish from the Federated States of Micronesia.
It is possible that the FM location presents an exceptional
circumstance that promotes both juvenile and adult aggregation,
and that the observed genetic relatedness is not entirely relevant
to other locations. Even with sibling groups removed, population
differentiation analyses performed using putatively neutral loci
suggest that FM09 is indeed genetically distinct (Fsy = 0.007
to 0.017). FM11 cannot be confidently evaluated due to the
inappropriately small number of samples that remain after kin
groups have been disassembled. When compared against dyads
from single, FAD-associated catch events in Papua New Guinea,
the median r from within FM09 catch events was still 130%
larger and significant (p < 2.2e-16). A similar difference was
measured between catch events from FM11 and NC14, as the
only groups collected with longlines and association data
(p = 0.0002). Although the trend
exists in FAD- and longline-ass@ci

of Micronesia’s EEZ.
The large size
it difficult to 4

ation (ENSO) neutral years, and even more so
Nina events (Bell et al., 2011). Habitat selection
g highlights the importance across numerous taxa of
onsistently attractive conditions in retaining individuals’ site
fidelity within unpredictable habitats (Switzer, 1993), which
includes the oceanic conditions associated with ENSO inter-
annual variability. The presence of many small islands also
provides good inshore conditions for larval and young tuna.
However, other island groups in the Pacific, including the Gilbert
Islands, have similar topography and experience similar primary
productivity levels, SSTs, and ENSO impacts. If the Micronesia
tuna population is unique, the underlying mechanisms that
drive the cohesiveness of it and the limited connectivity with
other genetically differentiated demes are likely complex and
interconnected, and incorporate behavioral, biological, and
oceanographic influences.

Confirmation of increased tuna residency in Micronesia
could have extensive implications. First, comparing a location’s
environmental conditions against those found in FM could help
predict residency and migration rates. Second, the conservation
measures recommended from the current analyses are largely
based on trends epitomized by the Micronesian sample
groups. If over-generalized, the recommended conservation
measures could unnecessarily limit the industry in other
parts of the Pacific.

Regardless of underlying mechanisms, the observations in
this study indicate that instances occur in which yellowfin tuna
school in close kin groups well after they would have dispersed

Frontiers in Marine Science | www.frontiersin.org

July 2019 | Volume 6 | Article 341


https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Anderson et al.

Close Proximity of Yellowfin Kin

if not actively maintaining proximity. Although modeling larval
dispersal is very species- and region-specific (Largier, 2003),
and vanishingly few studies exist for the pelagic environment,
generalized algorithms suggest that cohorts can disperse across
hundreds of kilometers just during yellowfin’s month-long larval
life stage (Shanks et al., 2003). Instead, we repeatedly found
50 cm fish [estimated age 10-12 months (Lehodey and Leroy,
1999)] still schooling with full siblings, and 100 cm fish in close
proximity to both full- and half-sibs. While numerous tagging
studies have observed yellowfin moving in tandem for prolonged
periods, this is the first study to establish genetic relatedness
within such groups.

Relying on externally designed software and algorithms
potentially exposes this study to issues of automated,
inappropriate model assumptions and the false positive
identification of sibling pairs. However, studies that use custom
algorithms have recently tested for genetic relatedness in other
marine charismatic megafauna, including southern bluefin
tuna (Bravington et al., 2016a) and great white sharks (Hillary
et al, 2018). Unfortunately, the results cannot be compared
directly, given the significant differences in life histories between
species. Regardless, these studies demonstrate that it is not
impossible to sample kin among highly migratory marine
species. Hillary et al. (2018) found four full sib and 20 half
sib dyads among 4950 possible combinations of sampled
juvenile white sharks in Eastern Australia using 2186 SNPs and
algorithms of relatedness likelihoods developed by the authors.
Using similar methods, Bravington et al. (2016a) managed
to find 45 parent-offspring pairs among 38,000,000 possible
combinations of southern bluefin tuna. Downstream analyses

et al.,, 2016b), indirectly supporting the
Bravington et al. (2016a) also ackng

confidence in the improved
and automatic avoidance of,

6gnition
the use of

, which rely on different base
algorithms, would seem ffective means of reducing Type I
error. However, these efforts could still be undermined by our
selection of kin group cut-off values, which relied on a single,
pre-made algorithm in COANCESTRY. A more independent and
user-controlled algorithm may produce alternative conclusions
about the level of relatedness that defines a full- or half-sibling
from more distant relationships, which would significantly
impact our observed trends. Likewise, the selection criteria
used as quality filters is also debatable. The current call rate
and MAE 99 and 5%, respectively, produce a final, all-sample
dataset with 0.001% of genotypes missing and enough loci to
produce confident analyses. While quality loss is miniscule,
filtering at 100% call rate during preliminary data exploration
resulted in half as many loci, which may produce noticeably
different trends.

Finally, the current study was conducted in response to
unusual results during an assessment of genetic population
structure in yellowfin tuna in the Western and Central Pacific.
Future analyses should use sample groups specifically selected to
control variables that currently overlap, like the disproportionate
representation of FAD-associated fish in FM. Likewise, they
should regulate the number of individuals analyzed per catch
event. And, given the potential implications of the current
observations for fisheries management of a major market
species, follow-up studies should take much larger samples
that incorporate fish of more sizes, especially very small
juveniles, and from more locations, years, and seasons within
years. The proposed explanations are likely part of a much
larger and highly complex biological and behavioral system,
which deserves further exploration using specifically designed
sampling methods.

CONCLUSION

d 303 half sib
fin tuna by cross-
grams, COANCESTRY

We identified a total

ght by longline in open ocean
exact proximity of kin cannot be
he collection method. The majority of

trong school and FAD fidelity through their first year, which
ay generalize to regional fidelity as they mature. Close kin
proximity in young animals could be an inadvertent outcome
of stochastic collective dispersal, strong schooling instincts from
the larval stage, overlapping site fidelity, massive variance in
reproductive success resulting in a disproportionate number
of closely related recruits, or a mix of all four. Direct
recognition of and preference for associating with genetically
similar fish is also possible, but requires more observations to
confirm. Mature yellowfin tuna continue to demonstrate site
fidelity, and possibly other forms of synchronized movement
among kin. The observed close proximity of related fish
at both life stages results in increased population structure
and elevated susceptibility of population genetic diversity to
purse seine fishing.

Alternatively, the observed trends may result from processes
unique to the Federated States of Micronesia and should not
be generalized to the wider WCPO. More relatedness studies,
specifically targeting larvae and mature adults and increased
sampling of all life stages outside FM, are needed to validate the
observed trends.

Whatever the relevant geographic scale, the confirmation
of persistent family groups in yellowfin tuna also challenges
management assumptions of panmixia in this species [see
Grewe et al. (2015)], and highlights the under-appreciated social
dynamics available to cosmopolitan fishes.
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