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The occasional westward transport of warm water of the Agulhas Current, “Agulhas leakage”, around southern Africa has been
suggested to facilitate tropical marine connectivity between the Atlantic and Indian oceans, but the “Agulhas leakage” hypothesis
does not explain the signatures of eastward gene flow observed in many tropical marine fauna. We investigated an alternative
hypothesis: the establishment of a warm-water corridor during comparatively warm interglacial periods. The “warm-water corridor”
hypothesis was investigated by studying the population genomic structure of Atlantic and Southwest Indian Ocean green turtles
(N =27) using 12,035 genome-wide single nucleotide polymorphisms (SNPs) obtained via ddRAD sequencing. Model-based and
multivariate clustering suggested a hierarchical population structure with two main Atlantic and Southwest Indian Ocean clusters,
and a Caribbean and East Atlantic sub-cluster nested within the Atlantic cluster. Coalescent-based model selection supported a
model where Southwest Indian Ocean and Caribbean populations diverged from the East Atlantic population during the transition
from the last interglacial period (130-115 thousand years ago; kya) to the last glacial period (115-90 kya). The onset of the last
glaciation appeared to isolate Atlantic and Southwest Indian Ocean green turtles into three refugia, which subsequently came into
secondary contact in the Caribbean and Southwest Indian Ocean when global temperatures increased after the Last Glacial
Maximum. Our findings support the establishment of a warm-water corridor facilitating tropical marine connectivity between the
Atlantic and Southwest Indian Ocean during warm interglacials.
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INTRODUCTION

The genetic structure of populations is shaped by the combined
action of intrinsic (e.g., behaviour and ecology), and extrinsic
processes (e.g., geographic isolation and environmental change)
across space and time (Hewitt 2000). The spatio-temporal changes
of the underlying processes affect the overall distribution of
genetic diversity within and among individuals in different ways,
from which the population history may be inferred and key
processes identified (Hewitt 2000). A classic example of the latter
is the isolation of populations in glacial refugia, subsequent post-
glacial expansion and admixture observed in many species on the
European continent (Taberlet et al. 1998). Insights into the past
biological and environmental processes that shaped the con-
temporary genetic structure of populations are of key importance
to our understanding of the evolution of biodiversity.

A few key biogeographic processes have been associated with
large-scale population genetic structure and phylogeographic
patterns in marine species. Many marine species show a degree of
genetic divergence between Atlantic and Pacific lineages con-
sistent with the formation of the Panama Isthmus ~2.8 million
years ago (Coates et al. 1992; Lessios 2008). More recently, sea
level fluctuations during the Pleistocene (Pillans et al. 1998)
altered the spatial configuration and areas of different marine
habitats (Ludt and Rocha 2015), in turn affecting population
connectivity (Rocha 2003). For example, the lowered sea levels
during glacial periods resulted in the exposure of the Sunda and
Sahel shelves in the Indo-Malay Archipelago (Woodruff 2010)
leading to the concurrent isolation of conspecific marine
populations in the West Pacific Ocean and the Indian Ocean.
Subsequent sea level rise during interglacial periods re-established
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connectivity and subsequent secondary contact among previously
isolated populations (Gaither et al. 2011).

After the formation of the Isthmus of Panama, the waters off the
southern tip of Africa became the primary marine migratory
corridor between the Indian Ocean, and Atlantic Ocean (Teske
et al. 2011). The cold-water Benguela Current is believed to restrict
dispersal in tropical marine fauna between the two ocean basins
(Bowen et al. 2016). However, the incidental leakage of warm and
saline water of the Agulhas Current, or “Agulhas leakage”, from the
Indian Ocean into the Atlantic Ocean (Penven et al. 2001) has
been proposed to facilitate tropical marine connectivity (Bowen
et al. 2016). The population genetic structure of many tropical
marine fauna indicates westward gene flow from the Indian Ocean
around the southern tip of Africa into the Atlantic Ocean
consistent with the Agulhas leakage hypothesis. For example,
analysis of mitochondrial DNA sequences suggested an Atlantic
colonization by Indo-Pacific olive ridley turtles, Lepidochelys
olivacea, somewhere during the last 300 thousand years (Bowen
et al. 1997). Similar observations were made in reef-associated
gobies of the genus Gnatholepis, for which an Atlantic colonization
by Indo-Pacific lineages was inferred to have occurred
155-130 kya (Rocha et al. 2005). However, a few marine species
show signatures of eastward gene flow of the Indian Ocean by
Atlantic mitochondrial lineages, such as the scalloped hammer-
head shark, Sphyrna lewini (Duncan et al. 2006), the silky shark,
Carcharhinus falciformis (Domingues et al. 2018), the glasseye,
Heteropriancanthus spp. (Gaither et al. 2015) and the green turtle,
Chelonia mydas (Bourjea et al. 2007). The eastward gene flow
observed in these species is inconsistent with the Agulhas leakage
hypothesis, which merits exploring alternative hypotheses.

An alternative hypothesis for eastward gene flow from the
Atlantic Ocean to the Indian Ocean by tropical marine fauna can
be derived by extending the Agulhas leakage hypothesis with the
global climate oscillations of the Pleistocene glacial cycles. The
intensity of Agulhas leakage fluctuated during the last glacial
cycles (Peeters et al. 2004). The transport of warm water from the
Indian Ocean to the Atlantic Ocean was reduced during past
glacial periods, while westward warm water transport increased
during interglacial periods (Peeters et al. 2004). These observa-
tions imply that the Pleistocene glacial cycles played an important
role in mediating past tropical marine connectivity between the
Atlantic Ocean and Indian Ocean by influencing the intensity of
Agulhas leakage. However, Pleistocene glacial cycles also caused
major global shifts in the distribution of climate zones (Hewitt
2000). Tropical climate zones possibly showed greater poleward
shifts during comparatively warm interglacial periods, such as the
last interglacial period. Global temperatures were higher during
the last interglacial period (130-115 kya) compared to present-day
temperatures (Kukla et al. 2002; Bintanja et al. 2005). Compara-
tively large poleward expansions of tropical climate zones are
supported by extensive poleward shifts in the distribution of reef
corals during the last interglacial period (Kiessling et al. 2012). A
combination of intensified Agulhas leakage and pronounced
poleward shifts in tropical climate zones could potentially lead to
the establishment of a persistent warm-water corridor around the
southern tip of Africa.

Under the “warm-water corridor” hypothesis, eastward gene
flow is expected to occur during interglacial periods characterized
by warmer-than-present climates. Reliable dating of past coloniza-
tion events requires obtaining robust estimates of demographic
parameters, such as divergence times, which may be improved by
basing an assessment upon a large number of unlinked, genome-
wide markers (Edwards and Beerli 2000). However, most previous
studies that investigated Atlantic-Indian Ocean gene flow in
tropical marine fauna (Bowen et al. 1997; Rocha et al. 2005;
Duncan et al. 2006; Domingues et al. 2018) were based exclusively
upon analyses of mitochondrial DNA sequences, which is subject
to two key limitations. First, single-locus inferences do not
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necessarily reflect the population history (Ball et al. 1990). Second,
in most species the inferences drawn from mitochondrial DNA
sequences reflect the maternal history, which in turn is affected by
sex-specific migratory and dispersal characteristics (Wilson et al.
1985). However, genotyping large numbers of single nucleotide
polymorphism (SNP) markers at relatively low costs is now feasible
for non-model organisms (Baird et al. 2008; Peterson et al. 2012),
providing an avenue for reliably dating past colonization events
and testing the warm-water corridor hypothesis.

The present study assessed the warm-water corridor hypothesis
by investigating the population genomic structure of Atlantic and
Southwest Indian Ocean green turtles using genome-wide SNPs.
The green turtle represents an excellent subject for studying the
effect of past glaciations on Atlantic-Indian Ocean tropical marine
connectivity using genome-wide SNP markers. The discovery of
southern Atlantic mitochondrial lineages in the Southwest Indian
Ocean suggested a recent eastward colonization into the South-
west Indian Ocean from the Atlantic Ocean (Bourjea et al. 2007).
However, the timing of this colonization remained largely
uncertain, which can be attributed to a lack of resolution due to
the analysis being based on a single molecular marker (i.e., the
mitochondrial control region; Bourjea et al. 2007). In addition, the
green turtle is a good example of a species with highly sex-specific
migratory behaviour. Adult female green turtles exhibit natal
homing behaviour, returning to their natal region for mating and
nesting during the breeding season (Carr et al. 1978). Accordingly,
the sequence variation in the mitochondrial genome is highly
structured across space in green turtles (Meylan et al. 1990). By
contrast, spatial genetic structure is less apparent in nuclear
diversity, suggesting male-mediated gene flow is prevalent
among rookeries in green turtles (Karl et al. 1992; Roberts et al.
2004; Naro-Maciel et al. 2014), despite reports of natal homing in
adult males (FitzSimmons et al. 1997; Bradshaw et al. 2018).
Inferences solely based upon mitochondrial sequence variation
are therefore expected to reflect the maternal population history.
The application of genome-wide SNPs addresses these concerns,
providing an avenue for testing the warm-water corridor
hypothesis and improve our understanding of the influence of
glaciations on past tropical marine connectivity between the
Atlantic-, and Indian oceans.

METHODS
Sample collection and DNA extraction
We obtained samples of foraging juvenile or sub-adult green turtles from
three geographic regions (Fig. 1): the Caribbean (N = 13), East Atlantic (N
=7) and Southwest Indian Ocean (N = 8). Tissue samples comprised either
a sliver of skin excised from the dorsal neck epidermal area, or skin from
the front flippers. Tissue samples were excised with a sterile scalpel blade
or 6 mm biopsy punch, and stored in 5M NaCl with 25% dimethyl
sulfoxide (Amos and Hoelzel 1991) or 70% ethanol. The Caribbean samples
were collected from green turtles captured by hand or by netting in Lac
Bay, Bonaire. A previous study showed the majority of foraging green
turtles (98%) in Lac Bay originate from rookeries across the wider
Caribbean (Van der Zee et al. 2019). The East Atlantic samples originated
from Principe Island, Sdo Tomé and Principe and were collected as part of
an earlier study (Alfaro-Nunez et al. 2014). Most green turtles that forage in
Principe Island originate from Guinea Bissau (77%), followed by Ascension
Island (7%; Patricio et al. 2017). The Southwest Indian Ocean samples were
collected off the Barren Isles, western Madagascar. Green turtles that
forage off western Madagascar originate primarily from rookeries in the
central (65%) and southern (34%) Southwest Indian Ocean (Jensen et al.
2020). The Caribbean, East Atlantic and Southwest Indian Ocean samples
were collected in 2015-2016; 2007; and 2006-2007, respectively.
Total-cell DNA was extracted from each sample using the Gentra
Puragene® Tissue Kit (QIAGEN Inc.) according to the manufacturer’s
instructions and resuspended in 1XTE buffer (10 mM Tris-HCI, 1 mM EDTA,
pH 8.0). The DNA quality was assessed by agarose gel electrophoresis. DNA
concentrations were estimated through fluorometric quantitation using a
Qubit® 2.0 fluorometer (Life Technologies) and normalized to 20.0 ng/pL.

Heredity
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Fig. 1 Map showing the sampling locations (stars) and sample sizes per location used in the present study: Caribbean (CA), East Atlantic
(EA) and Southwest Indian Ocean (SWO) as well as a proposed phylogeography based upon the findings of the present and previous
studies (Encalada et al. 1996; Bourjea et al. 2007; Naro-Maciel et al. 2014; Jensen et al. 2019). The hypothetical distribution of an ancestral
population during the last interglacial period (130-115 kya) is shown in purple. Arrows indicate post-glacial range expansion and gene flow.

Arrow size is proportional to the relative amount of gene flow.

Library preparation

Double-digest restriction associated DNA (ddRAD) libraries were prepared
following the original protocol (Peterson et al. 2012). Genomic DNA was
double-digested using Hindlll and Mspl endo-nuclease restriction enzymes.
Each DNA extraction was uniquely barcoded by ligating a unique
combination of P1 and P2 adapters to the double-digested DNA fragments
(Supplementary Table S1). Uniquely barcoded samples were pooled and
cleaned using in-house Sera-mag SpeedBeads (1.5x ratio). Barcoded DNA
fragments were size-selected (300-400 base pairs [bp] range) using a
Pippin Prep™ (Sage Science Inc.). Size-selected fragments were enriched
and uniquely indexed using a Phusion® High-Fidelity PCR kit (New England
Biolabs). The resulting library was paired-end sequenced (100 bp) in a
single lane on an lllumina HiSeq2500 in high-throughput mode at the
National DNA Sequencing Centre at the University of Copenhagen
(Denmark).

SNP genotyping

The full bioinformatic and analysis pipeline is described in detail in
Supplementary Fig. S1. Raw sequence reads were demultiplexed and
processed using process_radtags in STACKS version 1.47 (Catchen et al.
2011). Paired-end reads were aligned against a green turtle reference
genome (accession number: GCF_000344595.1; Wang et al. 2013) with
BOWTIE2 version 2.3.3.1 (Langmead et al. 2009) using the pre-defined
settings “very-sensitive” and “end-to-end”. Discordant reads were aligned
as unpaired reads. Alignments were converted to BAM format and sorted
using SAMTOOLS version 1.7 (Li et al. 2009).

Genotypes were called from the aligned reads with a minimum mapping
quality of 30 using the marukilow model (Maruki and Lynch 2017)
implemented in gstacks (STACKS version 2.2). Loci genotyped in all three
populations (p = 3) and in >80% of the samples in each population (r=
0.80) were retained using STACKS populations. We did not filter based
upon Hardy-Weinberg equilibrium because our samples were from regions
where genetically distinct populations overlap (Bourjea et al. 2007; Naro-
Maciel et al. 2014). The maximum observed heterozygosity to process a
nucleotide site at a RAD locus (hm,,) Was set at 0.5. All SNPs per RAD locus
were retained. No minimum minor allele frequency filter was applied to
avoid a potential bias in the population structure assessments (see Linck
and Battey 2019). We refer to the data at this point as the “standard
STACKS output” (Supplementary Fig. S1).

SNPs with a mean sequencing depth across samples below 30x or above
300x were excluded (i.e., the “depth-filtered” data; Supplementary Fig. S1)
using VCFTOOLS version 0.1.15 (Danecek et al. 2011). SNPs were thinned
within 100,000 bp to limit potential biases due to physical linkage (i.e., the
“unlinked” SNP data; Supplementary Fig. S1) using VCFTOOLS.

Population structure assessment

Genetic differentiation among sampling locations was assessed by
estimating pairwise Fsr from the full and downsampled unlinked data
(Supplementary Fig. S1) using SCIKIT-ALLEL version 1.3.2 (Miles et al. 2017)
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with Python version 3.8.2. Two Fsr estimators were used: Weir &
Cockerham’s 6 based upon allele frequencies (Weir and Cockerham
1984) and Hudson's Fsy estimator (Hudson et al. 1992; Bhatia et al. 2013)
based upon allele counts. We chose the well-known Weir & Cockerham’s 6
given it is widespread use and familiarity among researchers, and Hudson's
Fst due to its relative insensitivity to sample size variance (Bhatia et al.
2013). P-values were obtained by estimating a null distribution for each
test statistic (i.e, Hudson's Fsr and Weir & Cockerham’s 6) using a
randomization approach and calculating the proportion of values greater
than or equal to the observed value. Null distributions were obtained by
randomly assigning samples to a sampling location in each pairwise
comparison (n=1000 replicates) and calculating Hudson’s Fst and Weir
and Cockerham’s 0 for each replicate.

To assess whether our sample sizes were sufficient to detect population
structure at the estimated level of genetic differentiation, simulations were
performed using MSPRIME version 0.7.4 (Kelleher et al. 2016) with Python
version 3.8.2. For analytical convenience, we assumed a two-population
model where each population was comprised of 10,000 diploid individuals.
Migration among the two populations was symmetrical with migration rate
m = 0.00025. We generated “RAD-like” data by simulating 20,000 loci that
were 200bp in size and a per-generation mutation rate of 1.0x 108
assuming an infinite-sites mutation model (i.e., each mutation introduces a
SNP at a different site). If a single in silico RAD locus contained multiple
SNPs, only the first SNP was retained to ensure each SNP was unlinked. We
explored a range of sample sizes per population (i.e, N;=1{2,3,4,5,7,8,9,
10, 15 20, 25, 50, 75, 100}; Fig. 3), and simulated 1000 datasets per sample
size. For each dataset, we estimated pairwise Fst using Weir & Cockerham'’s
6, and Hudson's Fst with SCIKIT-ALLEL version 1.3.2 (Python version 3.8.2).
The expected value of Fst in a symmetrical island model was calculated
according to Fst= 1/(1 + 4Nem) (Wright 1951) given m = 0.00025 and N, =
10,000.

We performed model-based clustering using STRUCTURE version 2.3.4
(Pritchard et al. 2000) to detect the best-supported number of clusters K
and estimate admixture proportions. STRUCTURE requires unlinked
markers (Pritchard et al. 2000). Hence, the STRUCTURE analysis was
conducted using the unlinked SNP data (Supplementary Fig. S1). Values of
K= 1-10 were evaluated from 15 replicate assessments for each value of K.
Each replicate consisted of an initial burn-in of 100,000 iterations followed
by 1,000,000 iterations. The ancestry prior a was estimated separately for
each sampling location (Wang 2017). The starting value of a was set to
0.25. The STRUCTURE estimations assumed correlated allele frequencies
(Falush et al. 2003). The most probable number of clusters (i.e, K) was
inferred from the mean likelihood of K as well as AK (Evanno et al. 2005).
The pophelper R package (Francis 2017) was employed to estimate AK and
visualize admixture proportions as well as merge results across replicates.
In addition, we performed a principal component analysis using the ade4 R
package (Dray and Dufour 2007), as well as multivariate-based clustering
and a discriminant analysis of principal components (DAPC) using the
adegenet R package (Jombart et al. 2010). All analyses using R were
performed with R version 4.0.2 (R Core Team 2021). To facilitate a

SPRINGER NATURE



J.P. van der Zee et al.

6y S5 6, S 6;
6, = =

Tq eren

o\ T s

63 = 6

Ce1‘——»92‘——»93 D91=92=93
........... T2 To - f
........... T4 T3 weeeaeeaes

Fig. 2 Migration and population divergence models tested in the
present study using data from the Caribbean (CA; 6,), East
Atlantic (EA; 6,) and Southwest Indian Ocean (SWO; 63). (A) Model
1: an island model without divergence; (B) Model 2: CA and SWO
diverged from EA; (C) Model 3: CA and EA diverged from SWO; (D)
Model 4: EA and SWO diverged from CA. Arrows indicate migration.
Differences in population-specific divergence times (t;) are for
illustrative purposes; divergence time priors were parametrized
similarly among populations (Supplementary Table S2).

comparison with the STRUCTURE results, we performed multivariate
clustering on the unlinked SNP data. We retained the number of principal
components that explained 80% of the cumulative variance. In addition,
the optimal number of principal components to retain in the DAPC was
determined by a-score optimization. Finally, we estimated a co-ancestry
matrix from the depth-filtered data (Supplementary Fig. S1) with
FINERADSTRUCTURE using the default settings (Malinsky et al. 2018).

Coalescent model selection

We assessed four demographic models with different migration patterns
and population divergence times (Fig. 2) using MIGRATE-N version 4.2.14
(Beerli 2006; Beerli and Palczewski 2010). Model parameter priors are listed
in Supplementary Table S2. In order to reduce computational load, we
conducted the MIGRATE-N assessment using five random subsets of 5000
SNPs from the unlinked SNP data (Supplementary Fig. S1). A custom
Python script was used to retrieve the full DNA sequence of the RAD locus
associated with each SNP in the five random subsets from the standard
STACKS output (Supplementary Fig. S1). STACKS output files were
converted to input files for MIGRATE-N using the stacks2mig.py script
provided with MIGRATE-N. For the MIGRATE-N analysis, we assumed a per-
base frequency of 0.25, a transition/transversion ratio at 2.0, a per-base
sequencing error rate of 0.001, a constant mutation rate and the F84
mutation model (Felsenstein and Churchill 1996) employed by MIGRATE-N
for DNA sequence data. Model parameters were evaluated via slice-
sampling. We ran a single long chain with a sampling increment of 100,
1000 iterations and a burn-in of 1000. Ten replicates were run per chain.
MCMC convergence was assessed by evaluating whether model parameter
effective sample sizes (ESSs) were >1000, following the MIGRATE-N
manual. The marginal likelihood of each model was approximated via
Bezier-approximated thermodynamic integration using four chains heated
to different temperatures: t; = 1, t, = 1.5, t3 = 3.0 and t;, = 1,000,000 (Beerli
and Palczewski 2010). We calculated log-Bayes factors using the following
equation: In (prob(D | X))-In (prob(D | Y)) where X was the model compared
to the model (Y) with highest support.

Given that 8 =4Ncu and T=N,T (i.e, population divergence times
measured in effective population size times the number of generations),
we obtained population divergence times in years from the estimates of 6
for different generation times (1) and mutation rates (u). We explored
values of T between 30 and 40 years, given the unresolved status of
generation times in green turtles (Bell et al. 2005; Goshe et al. 2010;
Seminoff et al. 2015). A substitution rate derived from the genome-wide
divergence between alligators and crocodiles (7.9x107° per site per
generation) represented the lower bound of mutation rates that were
explored (Green et al. 2014). As an upper bound, we used a genome-wide
de novo human mutation rate estimated from pedigrees (1.2 x 1078 per
site per generation (Kong et al. 2012; Scally and Durbin 2012).
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RESULTS

Sequencing

Raw Illumina sequencing reads were obtained from 28 individual
green turtles. Read and alignment statistics are summarized in
Supplementary Table S1. Alignment rates were high (>94%). One
sample aligned poorly (PI070009) to the green turtle reference
genome sequence and was excluded from subsequent analyses,
which resulted in a sample size of 27 individuals. An initial number
of >156,000 loci containing between 54,000 and 100,000 SNPs
were genotyped (Supplementary Table S3), with <6.5% missing
data (Supplementary Table S4). Excluding SNPs with a mean
sequencing depth averaged across individuals below 30x and
above 300x (Supplementary Fig. S2) reduced the number of
variant SNPs to ~95,200 with 36,000 to 62,000 SNPs per location
(Supplementary Table S3). Depth-filtering decreased the amount
of missing data per sample (<2.4%; Supplementary Table S4).
Thinning SNPs within 100,000 bp windows resulted in ~12,000
unlinked SNPs (4400-7700 SNPs per sampling location; Supple-
mentary Table S3) with low amounts of missing data (<2.4%;
Supplementary Table S4). The fewest SNPs and private alleles were
observed in the East Atlantic. The largest number of SNPs and
private alleles was observed in the Southwest Indian Ocean
(Supplementary Table S3).

Population structure

Estimates of pairwise genetic differentiation were statistically
significant (P<0.001; Supplementary Table S5), and ranged
between 0.11 and 0.18 (Hudson’s Fst) and 0.10-0.17 (Weir &
Cockerham'’s 6; Supplementary Table S5). Estimates of Weir &
Cockerham'’s 0 were slightly lower than estimates of Hudson’s Fst
(Supplementary Table S5). The largest degree of genetic
differentiation was observed between the East Atlantic Ocean
and the Southwest Indian Ocean (Fst=0.18; 6=0.17). The
smallest genetic differentiation was observed between the
Caribbean and East Atlantic (Fst=0.11; 6 =0.10). The largest
number of alleles were privately shared between the Caribbean
and East Atlantic (1305), followed by the Caribbean and Southwest
Indian Ocean (946; Supplementary Table S5).

The simulation results are depicted in Fig. 3, and Supplementary
Tables S6 and S7. The expected level of genetic differentiation was
~0.091 in our simulations, which was consistent with the empirical
data. Increasing the sample size narrowed the 95% confidence
interval, but the decrease in uncertainty was marginal beyond six
samples per population. Approximately 2000 to 4700 SNPs were
observed in silico, which was lower than the number of SNPs
observed in the empirical data (Supplementary Tables S6 and S7).

The mean likelihood of K suggested the most likely number of
clusters was three (K= 3; Fig. 4A), which was also supported by
the multivariate clustering results (Supplementary Fig. S4 and S5).
By contrast, AK supported K= 2 (Fig. 4B). Admixture proportions
estimated for K =2 partitioned the samples into an Atlantic and
Southwest Indian Ocean cluster and indicated admixture in the
Southwest Indian Ocean (Fig. 5A). Consistent with AK and the
admixture proportions under K= 2, samples clustered according
to ocean basin in the principal component analysis (Supplemen-
tary Fig. S6). The majority of variation was captured by the first
principal component (Supplementary Fig. S7), which seemed to
reflect inter-oceanic differentiation. For K= 3, the Atlantic cluster
was further subdivided in a Caribbean and East Atlantic cluster,
with considerable admixture (i.e., >30% East Atlantic ancestry)
observed in all Caribbean samples (N = 13; Fig. 5B). An additional
model-based clustering analysis performed on solely the Atlantic
samples (i.e., Caribbean and East Atlantic) suggested the most
likely number of clusters was two (K= 2) according to the mean
likelihood of K and AK (Fig. 4C, D). In contrast with the admixture
proportions estimated for the full data under K=3, only a few
Caribbean samples had East Atlantic ancestry (N = 4; Fig. 5C). The
DAPC performed using a number of principal components
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Cockerham’s 6. The dashed line denotes the expected Fsr (~0.091).
Filled circles denote the mean Fst and error bars show the 95%
confidence interval derived from 1000 replicate simulations per
sample size.

explaining ~80% of cumulative variance (Supplementary Figs. S8,
S$10) indicated no admixture (Supplementary Fig. S12) but
assigned one Caribbean sample (BO150013) to the East Atlantic
cluster. However, a-score trajectories suggested retaining only a
single principal component in the DAPC (Supplementary Figs. S9,
S11). Caribbean sample BO150013 was assigned ~90% East
Atlantic ancestry when a single principal component was retained
in the DAPC (Supplementary Fig. S13A), but 100% East Atlantic
ancestry when Southwest Indian Ocean samples were excluded
(Supplementary Fig. S13B).

Pairwise co-ancestries were higher within oceans than between
oceans, indicating a higher degree of genetic similarity within
ocean basins consistent with hierarchical population structure
(Fig. 6). Two main clades corresponding to the Atlantic (i.e,
Caribbean and East Atlantic) and Southwest Indian Ocean were
observed in a tree describing the relative degree of co-ancestry
among samples, which were further partitioned into sub-clades
corresponding to sampling locations (Fig. 6). Consistent with
model-based-, and multivariate clustering, pairwise co-ancestries
indicated Caribbean sample BO150013 was more genetically
similar to East Atlantic samples. Two additional Caribbean samples
(BO150077 and BO150141) showed a higher degree of co-ancestry
shared with East Atlantic samples and were placed on a separate
branch within the Caribbean sub-clade. This was in agreement
with the ~20-25% East Atlantic ancestry estimated for these
samples via model-based clustering (Fig. 5C).

Coalescent model selection

Effective samples sizes were high (i.e, >1x10°) and consistent
across individual estimations (Supplementary Table S8), indicating
MCMC chain convergence. The marginal likelihoods were
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consistent among individual estimations (Supplementary Table
S9). Model 2, i.e., the Caribbean and the Southwest Indian Ocean
diverged from the East Atlantic, was best-supported (Table 1).
Estimates of 6 were similar among the sampling locations, though
the estimated value of 6 in the East Atlantic (mean 6z = 0.0031)
was lower than the Caribbean (mean 6c,=0.0048) and the
Southwest Indian Ocean (mean Bsyo = 0.0041; Supplementary
Table S10). In addition, we estimated asymmetric gene flow from
the East Atlantic into the Caribbean (mean Mga_,ca = 800.7; mean
Mcaea =234.1) and the Southwest Indian Ocean (mean
Mga_.swo = 710.0; mean Mswo_.ea = 251.4). Gene flow between
the Caribbean and Southwest Indian Ocean (mean Mca_.swo =
440.5; mean Msywo_.ca = 504.7) exceeded gene flow into the East
Atlantic (Supplementary Table S10). The divergence time between
the East Atlantic and the Southwest Indian Ocean (mean Tga_.swo
=0.0345) predated the divergence time between the Caribbean
and East Atlantic (mean tga_.ca = 0.0290; Supplementary Table
S10). The divergence of the Southwest Indian Ocean (Table 2A)
and Caribbean (Table 2B) from the East Atlantic seemed to align
with the timing of the last interglacial period (130-115 kya), but
divergence times (in years) varied considerably with assumed
mutation rates and generation times. The Southwest Indian Ocean
divergence seemed to predate the Caribbean divergence by
~2000 years (Table 2C).

DISCUSSION

Warm water from the Agulhas Current occasionally flows from the
Indian Ocean to the Atlantic Ocean around the southern point of
Africa (Penven et al. 2001), providing an avenue for tropical
marine connectivity between the Indo-Pacific and Atlantic after
the closure of the Isthmus of Panama (Teske et al. 2011). However,
the westward direction of Agulhas leakage is inconsistent with
previous reports of eastward gene flow observed in many tropical
marine species in the Atlantic and Southwest Indian Ocean
(Duncan et al. 2006; Bourjea et al. 2007; Gaither et al. 2015;
Domingues et al. 2018). In the present study, we developed and
investigated an alternative hypothesis, which differs from the
Agulhas leakage hypothesis by incorporating the influence of the
Pleistocene glacial cycles on connectivity between the Atlantic
and Indian oceans in tropical marine fauna. The alternative
hypothesis was based upon two key drivers of inter-oceanic
connectivity that fluctuated between interglacial and glacial
periods: (1) the intensity of Agulhas warm water leakage (Peeters
et al. 2004), and (2) the distribution of climate zones (Hewitt 2000).
Specifically, we hypothesized the establishment of a persistent,
warm-water corridor during comparatively warmer interglacial
periods due to the combined effect of an increased level of
Agulhas leakage and a poleward shift in tropical climate zones.
Under this warm-water corridor hypothesis, the divergence
between tropical marine taxa in the Atlantic and Indian oceans
is expected to coincide with the cooling period at the end of
interglacial periods with comparatively higher global tempera-
tures than present-day temperatures.

We assessed the above prediction of the warm-water corridor
hypothesis by investigating the population genomic structure of
Atlantic and Southwest Indian Ocean green turtles from ~12,000
genome-wide SNP markers. We detected considerable genetic
divergence among the Caribbean, East Atlantic and Southwest
Indian Ocean sampling locations, as well as hierarchical popula-
tion structure indicating greater inter-oceanic (i.e., between the
Atlantic and Southwest Indian Ocean) versus intra-oceanic (i.e.,
within the Atlantic) genetic differentiation. Our coalescent-based
model selection identified the model in which contemporary
green turtle populations in the Caribbean and the Southwest
Indian Ocean diverged from the East Atlantic population as the
most likely. The population divergence time of Atlantic Ocean and
Southwest Indian Ocean green turtles was traced back to the last
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interglacial period, 130-115kya (Dahl-Jensen et al. 2013). Our
findings suggested that green turtles from the Atlantic colonized
the Southwest Indian Ocean during the last interglacial period,
consistent with the warm-water corridor hypothesis. The timing of
the colonization of the Southwest Indian Ocean by Atlantic green
turtles was uncertain in previous studies based solely on
mitochondrial DNA sequence variation (Bourjea et al. 2007). The
population divergence time estimates suggested that these
populations became isolated at the onset of the last glaciation
(Kukla et al. 2002; Clark et al. 2009; Dahl-Jensen et al. 2013). These
findings suggested that tropical marine connectivity between the
Atlantic and Indian oceans was disrupted when the global climate
cooled during the initial phase of the last glacial period, followed
by further restriction of tropical marine connectivity within the
Atlantic Ocean as global cooling continued (Bintanja et al. 2005).

The warm-water corridor hypothesis postulated in the present
study represented an extension of the Agulhas leakage hypothesis
that is able to explain the westward and eastward colonisations
around the southern point of Africa observed in many tropical
marine species. For example, gobies of the Gnatholepis genus
have been shown to have colonized the Atlantic Ocean from the
Indian Ocean during the last interglacial period (Rocha et al. 2005).
Other studies identified both west-, and eastward gene flow using
mitochondrial DNA, e.g., in olive ridley turtles (Bowen et al. 1997)
and scalloped hammerhead sharks (Duncan et al. 2006). However,
the data employed in those studies were, in general, insufficient to
date the population divergence time. The results presented here
suggest that next-generation sequencing approaches, such as
RAD-seq (Baird et al. 2008; Peterson et al. 2012), may possibly
enable dating these events. Our study also showed that
comparatively few samples (e.g., 5 to 10 per location) and a few
thousand unlinked SNPs are capable of resolving genetic
divergence at these levels of genetic differentiation (e.g., Fst
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~0.10). By shifting towards smaller sample sizes, cost-effective
generation of multi-species genomic datasets becomes feasible in
difficult to sample, or rare non-model organisms. Multi-species
analyses are a powerful approach to further assess and interrogate
the the consistency of hypotheses aiming at the influence of
Pleistocene glacial cycles on tropical marine connectivity between
the Atlantic and Indian oceans; such as assessing species across a
range of different life history traits, e.g., migratory characteristics
and age structure (Duncan et al. 2006).

The presence of three genetic clusters suggested that Atlantic
and Southwest Indian Ocean green turtles were isolated in three
refugia during the most recent glacial period. Our results are
consistent with previous studies (Encalada et al. 1996; Reece et al.
2005; Naro-Maciel et al. 2014; Reid et al. 2019; Jensen et al. 2019).
Previous studies aimed at Atlantic green turtles, employing
mitochondrial DNA sequences and microsatellite genotypes,
suggested the presence of two glacial refugia located in the West
Caribbean and South Atlantic, and subsequent post-glacial
secondary contact in the East Caribbean (Encalada et al. 1996;
Naro-Maciel et al. 2014). Mitochondrial DNA lineages in the
Atlantic partition into a northern clade containing West Caribbean
and Mediterranean Sea individuals, and a southern clade including
Caribbean and South Atlantic individuals (Encalada et al. 1996).
Microsatellite variation showed a similar pattern, i.e., two Atlantic
genetic clusters. A recent global population genetic analysis of
green turtles, based upon mitochondrial DNA sequences, sug-
gested the presence of glacial refugia in the Northwest Caribbean,
East Atlantic and Southwest Indian Ocean, inferred from the levels
of mitochondrial DNA haplotype diversity and private alleles
(Jensen et al. 2019).

The admixture proportions estimated in this study suggested
that green turtle populations isolated in glacial refugia underwent
post-glacial secondary contact in the Caribbean and Southwest
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K=2; Atlantic samples only.

Indian Ocean, which is in agreement with previous studies (Naro-
Maciel et al. 2014). Admixture proportions were higher in the
Caribbean compared to the Southwest Indian Ocean, where only a
small proportion of East Atlantic ancestry was detected. Including
samples from the Southwest Indian Ocean appeared to increase
admixture in the Caribbean (i.e., a high degree of apparent East
Atlantic ancestry in Caribbean green turtles). By contrast,
excluding the Southwest Indian Ocean decreased apparent
admixture in the Caribbean. These findings are likely explained
by hierarchical population structure and uneven sample sizes,
which can lead to unpredictable clustering and erroneous
ancestry inferences (Kalinowski 2011) under the island model
employed by STRUCTURE (Pritchard et al. 2000). Here, we suspect
that East Atlantic ancestry within the Caribbean was over-
estimated when the Southwest Indian Ocean was included,
because alleles could be less confidently assigned to Atlantic
sub-clusters due to genetic similarities within the Atlantic.

The DAPC suggested a lack of admixture in the Caribbean and
Southwest Indian compared to model-based clustering. For
example, one Caribbean sample (BO150013) was assigned 100%
East Atlantic ancestry, while the same sample was assigned ~64%
East Atlantic ancestry via model-based clustering. We hypothesize
that the lack of admixture inferred by DAPC can be attributed to

Heredity

over-fitting of posterior group memberships because too many
principal components were retained, resulting in a “perfect”
assignment of individuals to clusters (Jombart et al. 2010).
Concordant with over-fitting, retaining a single principal compo-
nent resulted in ~90% East Atlantic ancestry for sample BO150013
when the full data (i.e.,, Atlantic and Southwest Indian Ocean) was
considered. We suspect that a combination of a large number of
SNP markers, strong genetic differentiation among sampling
locations and relatively small sample sizes contributed to the over-
fitting of group memberships in our study.

Range contractions, isolation in refugia and subsequent post-
glacial range expansions were likely associated with concurrent
fluctuations in population sizes, a parameter not assessed in our
analysis. The isolation-with-migration model framework employed
in this study assumes constant population sizes (Beerli 2006).
Fluctuating population sizes may bias estimates of N, in isolation-
with-migration models (Strasburg and Rieseberg 2010). In this
study, divergence times were estimated in units of N, generations.
Accordingly, a downward biased estimate of Ne will lead to a
downward bias in population divergence times as well. By contrast,
population genetic sub-structuring appear to have negligible
effects on estimates of divergence times and migration rates in
isolation-with-migration models (Strasburg and Rieseberg 2010).

SPRINGER NATURE
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Table 1. Mean marginal likelihoods across replicate MIGRATE-N runs
using different sub-samples of 5000 RAD loci (mL) and log-Bayes
factors (LBF) for each model (CA: Caribbean; EA: East Atlantic; SWO:
Southwest Indian Ocean).

Model In (mL) LBF

1: Island —1642928 —9183
2: CA—EA—-SWO —1633745 0

3: CA<SWO - EA —1634368 —623
4: EA < CA—> SWO —1635514 —1769

The best-supported model is highlighted in bold.

Obtaining estimates of divergence times in years necessitated
stipulation of the generation time and mutation rates. Given the
inherent uncertainty in estimating mutation rates as well as the
unresolved status of generation times in green turtles, we
explored a range of values for these parameters to obtain
estimates of divergence times in years. Specifically, we assessed a
range of mutation rates between 7.9x10°° (obtained from
crocodilians; Green et al. 2014) and 1.2x 1078 per site per
generation (obtained from humans; Kong et al. 2012; Scally and
Durbin 2012). Rates of molecular evolution in crocodilians and
green turtles appear to be largely similar and slower than
mammals (Green et al. 2014), suggesting that the “true” green
turtle mutation rate may be located near the lower bound of the
range of mutation rates explored in this study. However, the
crocodilian mutation rate represented a substitution rate derived
from the genome-wide divergence between alligators and
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crocodiles (Green et al. 2014). Rates of molecular evolution
estimated from phylogenies, such as the crocodilian estimate,
possibly underestimate the actual mutation rate since some novel
mutations are expected to be removed over time via selection and
genetic drift (Ho et al. 2005). An underestimate of the mutation
rate, which acts as a scaling factor, implies a shift towards more
recent population divergence times. Consequently, we used a
genome-wide de novo mutation rate estimated from humans
(Kong et al. 2012) as an upper bound. If we assume that the
crocodilian substitution rate underestimates the “true” green
turtle mutation rate without exceeding the human de novo
mutation rate, the “true” green turtle mutation rate possibly falls
within the middle of the range of explored mutation rates,
consistent with a population divergence associated with the
timing of the last interglacial period. In regards to the generation
time, we assumed values between 30 and 40 years (Seminoff et al.
2015). However, we note that the generation time in green turtles
is largely unknown (Bell et al. 2005; Goshe et al. 2010) and age in
sea turtles is typically inferred indirectly from mark-recapture
studies and growth rates, which depend on environmental
conditions (Bjorndal et al. 2000, 2017).

An important consideration in any population genetic analysis is
how many samples are required to reliably detect population genetic
structure and estimate demographic parameters in evolutionary
models. While our sample sizes were small, the statistical power in
coalescence-based analyses is primarily determined by the number
of markers (Felsenstein 2006). In addition, the effect size is an
important determinant of statistical power, which when testing for
population genetic structure is the magnitude of genetic differentia-
tion among populations (Waples 1998). Pairwise genetic

Heredity
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Table 2.

Population divergence times (kya) for different pairwise combinations of the mutation rate (1078 per site per generation) and generation

time (years) for (A) the divergence between the East Atlantic and Southwest Indian Ocean, (B) the divergence between the Caribbean and East
Atlantic and the (C) difference in divergence times between the Southwest Indian Ocean and Caribbean.

Generation time Mutation rate

A 0.80 0.85 0.90
30 133 125 118
31 137 129 122
32 141 133 126
33 146 137 130
34 150 141 134
35 155 146 138
36 159 150 141
37 164 154 145
38 168 158 149
39 172 162 153
40 177 166 157

B 0.80 0.85 0.90
30 131 123 116
31 135 127 120
32 139 131 124
33 144 135 128
34 148 139 131
35 152 143 135
36 157 147 139
37 161 151 143
38 165 156 147
39 170 160 151
40 174 164 155

C 0.80 0.85 0.90
30 2.1 20 1.9
31 2.2 2.1 1.9
32 23 2.1 2.0
33 23 22 2.1
34 24 23 2.1
35 25 23 2.2
36 25 24 23
37 26 24 23
38 27 25 24
39 27 26 24
40 28 26 25

0.95 1.00 1.05 1.10 1.15 1.20
112 106 101 96 92 88
115 110 104 100 95 91
119 113 108 103 98 94
123 117 111 106 101 97
127 120 115 109 105 100
130 124 118 113 108 103
134 127 121 116 111 106
138 131 125 119 114 109
141 134 128 122 117 112
145 138 131 125 120 115
149 141 135 129 123 118
0.95 1.00 1.05 1.10 1.15 1.20
110 104 929 95 91 87
114 108 103 98 94 920
117 111 106 101 97 93
121 115 109 104 100 96
125 118 113 108 103 929
128 122 116 111 106 102
132 125 119 114 109 104
136 129 123 117 112 107
139 132 126 120 115 110
143 136 129 123 118 113
147 139 133 127 121 116
0.95 1.00 1.05 1.10 1.15 1.20
1.8 1.7 1.6 1.5 1.5 14
1.8 1.7 1.7 1.6 1.5 1.5
1.9 1.8 1.7 1.6 1.6 1.5
20 1.9 1.8 1.7 1.6 1.5
2.0 1.9 1.8 1.7 1.7 1.6
2.1 2.0 1.9 1.8 1.7 1.6
2.1 2.0 1.9 1.8 1.8 1.7
22 2.1 20 1.9 1.8 1.7
23 2.1 20 1.9 1.9 1.8
23 2.2 2.1 20 1.9 1.8
24 23 2.1 20 20 1.9

Population divergence times associated with the approximate timing of the last interglacial period are highlighted in bold.

differentiation among sampling locations was high in our study (i.e.,
Fst>0.10), implying a large effect size and therefore high statistical
power. This suspicion was supported by our simulation results. Only a
few samples were required to characterize population genetic
structure given the observed level of genetic differentiation and the
number of SNP markers that were used in the present study, which is
consistent with previous studies (Willing et al. 2012). Furthermore,
clustering approaches are known to perform well at Fs; > 0.02 (Latch
et al. 2006), which is considerably lower than the level of genetic
differentiation observed in the present study. Finally, minimizing the
number of samples required to answer a research question can be
warranted for practical, economical, biological and ethical reasons. In
particular for endangered species, such as the green turtle (Seminoff
2004).

Heredity

Our data was comprised of individuals sampled at feeding
grounds, which are typically shared by different rookeries in sea
turtles (Lahanas et al. 1998). Long-distance dispersal from
rookeries to feeding grounds has been reported in juveniles
(Bowen et al. 1995; Boyle et al. 2009; Monzén-Arguello et al. 2010).
Consequently, the three Caribbean samples inferred to possess
East Atlantic ancestry possibly were immigrants from distant
rookeries located outside the Caribbean. However, West Car-
ibbean rookeries seem to account for the majority of juveniles
(80%) at the Lac Bay feeding ground, while fewer individuals seem
to originate from East Caribbean (18%) and South Atlantic (2%)
rookeries (Van der Zee et al. 2019). Here, South Atlantic
represented a grouping of Southwest Atlantic (e.g., Brazil) and
East Atlantic rookeries based upon similarities in mitochondrial
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and nuclear DNA variation (Naro-Maciel et al. 2014; Patricio et al.
2017). Given that dispersal from the South Atlantic was estimated
to be relatively rare (Van der Zee et al. 2019), we suggest that our
sample may have included immigrants from East Caribbean
rookeries that are possibly recent descendants of migrants from
South Atlantic rookeries. Unfortunately, a lack of samples from the
Southwest Atlantic precluded investigating this hypothesis.

Our study represents one of the first studies applying large
numbers of SNPs obtained from next-generation sequencing to
assess sea turtle population genomic structure. Recently, a Rapture-
based (Ali et al. 2016) framework was published employing ~2000
oligonucleotide baits (from leatherback turtle, Dermochelys coriacea,
RAD loci) to genotype SNPs using DNA capture in hard-shell sea
turtles, such as the green turtle (Komoroske et al. 2019). Our genomic
resources are freely available to researchers and can similarly be used
to design oligonucleotide probes for DNA capture-based sequencing
(Gnirke et al. 2009). For researchers interested in genotyping large
numbers of unlinked genome-wide SNPs in Atlantic Ocean and
Southwest Indian Ocean green turtles, the genomic resources in the
present study may be of interest. While ~11,000 SNPs were identified
in a global sample of green turtles using the Rapture-based
framework, these were genotyped using ~2000 oligonucleotide
probes and suggested many of the SNPs identified were located
within close proximity (Komoroske et al. 2019). It is clear, however,
that the use of next-generation sequencing tools in sea turtles is
emerging and can play a major role in sea turtle research in the
coming decade. Next-generation sequencing technologies have the
potential to greatly improve the detection of population structure,
which represents one of the key open questions in sea turtle research
(Hamann et al. 2010) and of critical importance for determining the
spatial scales of management efforts for marine species (Wallace
et al. 2010). The fine-scale population structure demonstrated in the
present study, along with the decreasing costs of sequencing,
highlights the potential of SNPs for in-depth studies of population
structure and connectivity in sea turtles, and for marine species in
general.

DATA AVAILABILITY

Raw sequencing data has been deposited in Dryad (https://doi.org/10.5061/
dryad.31zcrjdmd). Simulation scripts have been deposited in Zenodo (https://doi.
org/10.5281/zenodo.5513679) and are also available at GitHub (https://github.com/
jovdz/green-turtle-sims).
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