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ABSTRACT 

In oceanic ecosystems, the nature of barriers to gene flow, and the processes by which 

populations may become isolated are different from the terrestrial environment, and less well 

understood. In this study we investigate a highly mobile species (the sperm whale, Physeter 

macrocephalus) that is genetically differentiated between an open North Atlantic population and the 

populations in the Mediterranean Sea. We apply high resolution single nucleotide polymorphism 

(SNP) analysis to study the nature of barriers to gene flow in this system, assessing the putative 

boundary into the Mediterranean (Strait of Gibraltar and Alboran Sea region), and including novel 

analyses on structuring among sperm whale populations within the Mediterranean basin. Our data 

support a recent founding of the Mediterranean, around the time of the last glacial maximum, and 

show concerted historical demographic profiles in both the Atlantic and in the Mediterranean. In 

each region there is evidence for a population decline around the time of the founder event. The 

largest decline was seen within the Mediterranean Sea where effective population size is 

substantially lower (especially in the eastern basin). While differentiation is strongest at the 

Atlantic/Mediterranean boundary, there is also weaker but significant differentiation between the 

eastern and western basins of the Mediterranean Sea. We propose, however, that the mechanisms 

are different. While post-founding gene flow was reduced between the Mediterranean and Atlantic 

populations, within the Mediterranean an important factor differentiating the basins is likely a 

greater degree of admixture between the western basin and the North Atlantic and some level of 

isolation between the western and eastern Mediterranean basins. Subdivision within the 

Mediterranean Sea exacerbates conservation concerns and will require consideration of what 

distinct impacts may affect populations in the two basins. 
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INTRODUCTION 

In oceanic ecosystems, geographic barriers are often less relevant than oceanographic and 

other environmental factors in shaping the genetic structure of populations (e.g., Hoelzel, 1994; 

Palumbi, 2004; Van Cise et al., 2019; Westbury et al., 2022). Varying selection pressures, patterns 

of connectivity and genetic drift shape the diversity of species, potentially leading to greater 

geographic diversity in species with a wide latitudinal distribution range (Ralph & Coop, 2010). In 

general, cetaceans are highly mobile with high dispersal potential (see Stevick et al., 2011; 

Mrusczok et al., 2021; Violi et al., 2021; Peres dos Santos et al., 2022). Even so, they often show 

population genetic structure over relatively small geographic ranges (e.g., Hoelzel, 2009). In some 

cases, migratory whales from different stocks may mix on feeding grounds (Palumbi & Baker, 

1994; Larsen et al., 1996). In conservation biology, the identification and protection of genetically 

distinct local populations, including those in mixed assemblages, is essential for conserving 

evolutionary potential and reducing extinction risks (e.g., Avise, 2009). Given the potential for 

population structure to be cryptic in the marine environment, both empirical data defining 

populations and an understanding of the evolutionary mechanisms generating structure are required 

to facilitate effective conservation and management (e.g., Luck et al., 2003; Holderegger et al., 

2020; Hohenlohe et al., 2021).  

In this study, we investigate fine-scale population structure in the sperm whale (Physeter 

macrocephalus), a species with a global range across ocean basins (see Whitehead, 2018), 

considered to play a fundamental role in the balance of the oceanic ecosystems (Würtz & Simard, 

2007). Worldwide and for up to three centuries, this species was the focus of two intensive hunting 

periods (Whitehead, 2002). From a pre-whaling abundance of over 1 million, today there are an 

estimated 844,761 (Whitehead & Shin, 2022) and they are now globally classified as Vulnerable on 

the IUCN red list (Taylor et al., 2019). 
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Range-wide population genetic studies of sperm whales have identified several key features. 

Genetic variation is low especially at mtDNA (Alexander et al., 2013, 2016; Morin et al., 2018), 

and low enough to suggest a historical population bottleneck (see Lyrholm & Gyllensten, 1998; 

Morin et al., 2018) or cultural hitchhiking (genetic variation co-segregating according to cultural 

structure; see Whitehead, 2017). In both the Atlantic and Indian Oceans, mtDNA structure was 

found despite the absence of clear geographic boundaries (Engelhaupt et al., 2009; Alexander et al., 

2016). Within the Pacific Ocean the lack of genetic structure at mtDNA was proposed to be 

consistent with the wider dispersal scale of females compared to Atlantic populations (Rendell et 

al., 2012; Mesnick et al., 2011; Whitehead et al., 2012). Discrepancy between mtDNA and nuclear-

DNA based population structure was suggested to imply male-mediated gene flow (Engelhaupt et 

al., 2009; Mesnick et al., 2011).  

Here, we focus on the populations of sperm whales within the Mediterranean Sea and in 

nearby Atlantic waters to investigate the mechanisms for maintaining fine-scale population 

structure in this region. Engelhaupt et al. (2009) reported differentiation between the Mediterranean 

Sea and North Atlantic at microsatellite DNA and mtDNA loci. Based on a mitochondrial genome 

phylogeny, Morin et al. (2018) found evidence for differentiation, but proposed that the 

Mediterranean lineage was founded from the Atlantic population only ~20k years ago, at the end of 

the last glacial maximum. Consistent with genetic differentiation, sperm whales show differential 

usage of vocal ‘codas’ (see Frantzis & Alexiadou, 2008) within the Mediterranean compared to 

elsewhere (Pavan et al., 2000; Drouot et al., 2004b; Teloni, 2005). 

Within the northeast Atlantic, sperm whales are regularly present (see Fais et al. 2014; Silva 

et al. 2014; Alves et al., 2018; Boys et al., 2019; Ferreira et al., 2022). Within the Mediterranean, 

sperm whales are widely distributed in both the western and eastern basins (see Notarbartolo di 

Sciara et al., 2008; Pirotta et al., 2011, 2020a,b; Aïssi et al., 2012, 2014; Fiori et al., 2014; Mussi et 

al., 2014; Bellomo et al., 2019; Frantzis et al., 2003, 2014; Rendell & Frantzis, 2016; Tepsich et 
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al.,2014). In the Strait of Gibraltar, they are regularly seen both east and west of the Strait (de 

Stephanis et al., 2008), suggesting the potential for gene flow despite evidence for differentiation 

(e.g. Engelhaupt et al., 2009). Movement by males within the Mediterranean has been broadly 

documented (e.g., Carpinelli et al., 2014; Rendell et al., 2014, Mussi et al., 2014; Alessi et al., 2014) 

including movement from the western to the eastern basin (Frantzis et al., 2011), though such direct 

observations do not necessarily imply local mating success and effective gene flow. 

To date, no studies have assessed sperm whale population genetics within the Mediterranean 

Sea, though this information is essential in support of effective conservation strategies (see 

Notarbartolo di Sciara, 2014). Conservation planning could furthermore benefit from information 

on current and past demographic trajectory. Plastic debris ingestion, collisions with ships and 

entanglements put a strain on the Mediterranean population (Notarbartolo di Sciara, 2014), which 

numbers fewer than 2,500 mature individuals and is classified as Endangered in the IUCN Red List 

(Pirotta et al., 2021). Although this assessment is justified by the observed mortality levels at 

present, no robust data regarding population trends exist (Rendell & Frantzis, 2016). 

Here we assess the pattern and mechanisms of demographic trends and population structure 

of a highly mobile species showing population structure within an oceanic basin. We use high 

resolution nuclear genetic analyses (double digest restriction site-associated DNA sequencing: 

ddRADseq) to assess the pattern and level of gene flow within the Mediterranean Sea and between 

the Atlantic Ocean and the Mediterranean Sea. We also consider ongoing and historical population 

dynamics since the putative founding of the population and implications for the effective 

conservation management of this endangered population. These data provide transferable inference 

supporting the conservation of other mobile marine species in similar, recently founded habitats.  
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MATERIALS AND METHODS  

Sperm whale tissue samples were obtained during various research projects between 1999 

and 2018. Skin biopsy samples were collected in the Azores, Madeira, Strait of Gibraltar, and the 

Ligurian-Provençal area, while skin and muscle samples were obtained from stranded individuals in 

the Canary Islands, Galicia, Tyrrenian Sea, Adriatic Sea and the Greek Seas. Altogether the 

Mediterranean samples were sourced from six different areas in four different countries (Greece, 

Italy, France and Spain) and the Atlantic samples were from four different areas (Galicia, Azores, 

Canary Islands and Madeira) (Figure 1 and Table S1). 

 

DNA Extraction and Library prep 

DNA was extracted both by kit (OMEGA BIOTEK and MN MACHEREY-NAGEL) 

following the manufacturers protocol, and by the phenol chloroform method (after Hoelzel, 1998). 

Genomic DNA concentration was quantified using the Qubit High Sensitivity kit (Thermo Fisher 

Scientific). We applied the ddRADseq methodology (Peterson et al., 2012) to sperm whales for the 

first time in this study. Two Sequencing libraries, each of 80 samples, were constructed following 

the protocol in Peterson et al. (2012). DNA (500ng) was digested using enzymes MspI and HindIII 

(New England Biolabs). Adapters were ligated using T4 ligase in a reaction solution with 1 X 

Buffer, 400 units of T4 Ligase and 1.5 μM of adapter that contained a unique in-line barcode for 

each individual. Uniquely barcoded samples were pooled, and cleaned using calibrated streptavidin 

coated SpeedBeads (Sera-Mag). Fragments between 360 and 560 bp were size-selected using a 

Pippin Prep (Sage Science). Sixteen uniquely indexed libraries were prepared, each containing ten 

individually barcoded samples, with randomized allocation of individuals across libraries. Fragment 

size distributions of resulting libraries were evaluated using a 2200 Tapestation (Agilent 

Technologies), and library DNA concentrations were estimated using qPCR. Two final libraries 
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were then sequenced on an Illumina HiSeq 2500 using 125 bp paired-end sequencing at the DBS 

Genomics facility at Durham University 

(https://www.dur.ac.uk/biosciences/services/dna/dnasequencing/). 

 

SNP calling 

Reads were trimmed to 110 bp, demultiplexed and filtered using process_radtags in 

STACKS v. 2.2 (Rochette et al., 2019). Unpaired reads were discarded. Paired reads were aligned 

using the very-sensitive mode of Bowtie v. 2.2.5 (Reinert et al., 2015) against a sperm whale 

reference genome downloaded from the NCBI website (GCA_002837175.2). Samtools v. 1.9 (Li et 

al., 2009) was used to filter out reads which aligned discordantly, as well as reads with a mapping 

quality below 20. SNPs were called using the STACKS refmap pipeline with default settings. Sites 

were not filtered based on depth (an option which has purposely been removed from STACKS 

version 2.0 onwards), but instead based on a likelihood ratio test which weighs the evidence for 

heterozygous versus homozygous calls (which depends partially on coverage), using the default p-

value threshold of 0.05. The Populations command of STACKS was run with r=0.7 and p=3. We 

accepted multiple SNPs per read and thinned the dataset downstream when appropriate. PGD-

Spider (Lischer & Excoffier, 2012) or vcftools (Danecek et al., 2011) was used to convert the SNP 

data into PED and MAP format. Binary files (BED, RAW and BIM) were generated from PED and 

MAP files using Plink (Purcell et al., 2007). The vcftools flags --depth and --site-depth were used to 

calculate read depth per individual and per SNP. SNP data management and analyses were 

performed in R v. 3.6.2 (R Core Team, 2019) using wrapper functions of the R package SambaR 

(De Jong et al., 2021). The data was imported into R and stored in a genlight object using the 

function 'read.PLINK' of the R package Adegenet v. 2.1.1 (Jombart & Ahmed, 2011).  
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SNP and sample filtering 

Two datasets were obtained using two different threshold filters. Dataset A excluded 

samples with more than 50% missing data and all loci with greater than 5% missing data. Dataset B 

excluded all samples with more than 25% missing data and all loci with greater than 5% missing 

data (see Table S2). Both datasets were thinned selecting one SNP per 500 bp region, in order to 

limit SNPs to one per paired-end read, and used for further structure and diversity analyses. 

 

Population structure 

The two datasets were used in most of the analyses to test for divergence between Atlantic 

and Mediterranean populations and within the Mediterranean putative western and eastern 

populations. Replicates were detected using KING-robust score calculations (Manichaikul et al., 

2010) and were excluded from the analyses. Kinship analyses were performed only on dataset B 

due to the higher number of SNPs, using the pi_hat score of the software Plink (Purcell et al., 2007). 

The background variation was based on the Atlantic and Med samples separately. 

Population structure was assessed in R, using SambaR wrapper functions. Principal 

coordinate analysis (PCoA) was calculated using the Ape v. 5.3 (Paradis & Schliep, 2019) for both 

datasets. PCoA is more suitable for the analyses of categorical data (like genotype data: 0 , 1 and 2) 

than PCA. Structure analyses were performed using two methods: the Landscape and Ecological 

Studies (LEA 3.10.0) package (Frichot & Francois, 2015) setting the putative number of population 

(K) to 2-4, and Admixture 1.3 (Alexander et al., 2009), giving prior assignment to Atlantic and 

Mediterranean populations. We did 20 repeat runs using PONG (https://github.com/ramachandran-

lab/pong; see Behr et al 2016), using a greedy approach to identify modes and default threshold 

(0.95) for determining modes. F-statistics were assessed in Arlequin V. 3.5 (Excoffier & Lischer, 

2010) with 10,000 permutations and the level of missing data set to 0.05. FST was calculated for 
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both datasets at three levels: 1) all sampled areas; 2) Atlantic vs. Mediterranean populations; and 3) 

Atlantic vs. western vs eastern putative populations.  

 

Migration rates and population modelling 

Contemporary migration rates were calculated using BayesAss3-SNPs (Mussmann et al., 

2019) using both datasets comparing Atlantic vs Mediterranean populations and Atlantic vs. 

western vs. eastern Mediterranean populations. BayesAss3 uses allele frequency data and MCMC 

simulations to find individuals that are migrants or have migrant ancestry “over the last several 

generations”. The analysis was run with 1,000,000 iterations and a burn-in of 100,000 iterations, 

seed of 10 and delta value of 0.1. Output matrices were converted into gene flow plots with the use 

of the R package Circlize V. 0.4.6 (Gu et al., 2014) through SambaR.  

We considered 4 scenarios in DIYABC (see Collin et al., 2021; https://github.com/diyabc) 

to test inference about 1 or 2 populations in the Mediterranean. These had the Atlantic as an 

ancestral population (at t2) and a split within the Mediterranean later at t1, the Western Med as 

ancestral, the Eastern Med as ancestral, and only two populations, Atlantic and Mediterranean. We 

excluded admixed individuals, and the number of simulations in the training set was to 120 while 

the number of trees was 500. The priors were default flat priors. 

 

Admixture and population dynamics 

Patterns of admixture were interrogated using the Unix software TreeMix v. 1.13 (Pickrell & 

Pritchard, 2012) using the Atlantic population as an outgroup and testing for 1 migration event, 

while the parameter f3 was calculated using the R program Admixtools v. 2 using default settings 

(Patterson et al., 2012). Both analyses were performed on sample set B comparing the putative 

Atlantic, western Mediterranean and eastern Mediterranean populations. TreeMix uses allele 
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frequencies to construct a maximum likelihood tree and builds a model which allows for both 

population splits and gene flow to infer the pattern of admixture among lineages. The analysis was 

run with Bootstrap replicate over blocks of 500 contiguous SNPs (as suggested in the manual). The 

f3 statistic assesses the covariance of allele frequencies between a population pair with a shared 

outgroup. Measuring the shared drift between the population pairs in the context of drift that is 

specific to single populations allows inference about their relationship and the chance of admixture.  

The historical demography of the Atlantic and the Mediterranean populations was inferred 

using the Stairway plot analysis (Liu & Fu, 2020). Due to potential issues with admixture affecting 

demographic inference (e.g., Heller et al., 2013), we analysed pooled population samples that 

showed no evidence of differentiation. One sample from Galicia from the Atlantic sample was 

omitted due to missing data, and those individuals from Liguria with a clear signal for admixture 

with the Atlantic were also excluded. The folded site frequency spectra (SFS), was calculated using 

the software package ANGSD v. 0.938 (Korneliussen et al., 2014). The proportion of sites used for 

training was 0.67, and the number of input files created for estimations was 200. As in Morin et al. 

(2018), the mutation rate was set at 2.9 x 10-8 substitutions per nucleotide per generation based on 

Dornburg et al., (2012) and the generation time at 31.9 years based on Taylor et al. (2007). A 

comparative assessment that can estimate relatively recent Ne with greater accuracy was applied 

(using the same sample sets as for the stairway plots), drawing inference from linkage 

disequilibrium (LD). This was assessed using SNeP software v1.11 (Barbato et al., 2015, after 

Corbin et al., 2012). Ne estimation was calculated with a minimum and maximum distance between 

SNPs of 50,000 and 4 Mb, respectively. Data was arranged in 30 bins of 50 kb distance 

each. Maximum number of SNPs per chromosome was set to 100,000. The formula used to 

estimate Ne from LD was as proposed by Sved & Feldman (1973), as recommended from a 

comparative analysis by García-Cortés et al. (2018).  
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RESULTS 

Reads and SNPs. 

A total of 160 sperm whale individuals were sequenced. Both sequencing lanes combined 

produced 628.9 million reads. Up to 16.2 million reads had to be discarded due to either low 

quality, an ambiguous radtag, or a missing read mate, resulting in an average of 1.9 million read 

pairs per sample (stdev: 1.3 million, min: 0.003 million, max: 6.5 million). Individuals with less 

than 10, 1, 0.5 and 0.25 percent missing data had a minimum cover of respectively 3, 8.6, 8.6, and 

23.2 reads. The mean sequence depth per individual ranged from 3.2 to 184.4 reads per SNP, with a 

mean 12.4 reads. From a total of 46,717 SNPs, after filtering and thinning, 132 samples and 4,422 

SNPs were retained for dataset A and 117 samples, and 12,616 SNPs were retained for dataset B. 

Ten samples found as replicates were excluded (Table S1 and S2). 

 

Population structure and gene flow 

Comparisons assessing genetic differentiation between the Atlantic and Mediterranean 

populations based on FST were significant for both datasets, as was the FST value comparing the 

western and eastern basins (Table 1). The FST value within the Mediterranean was smaller than for 

comparisons with the Atlantic, but significantly greater than zero. A subdivision between the basins 

is sensible based on physical and oceanographic differences, and based on evidence of 

differentiation across this boundary for other highly mobile species (such as the bottlenose dolphin, 

Tursiops truncatus; see Natoli et al., 2005 and discussion therein). This established a pattern that we 

then further investigated using ordination (PCoA) and assignment (LEA and Admixture) methods.  

Principal coordinate analyses (PCoA) revealed that Atlantic samples form a tight cluster 

(blue circle) separated from Mediterranean samples (green circle; both datasets are shown in Figure 

1B, C). The Mediterranean samples are distributed over a broader range of Euclidian space in the 
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plot, and there is only a weak pattern of differentiation among samples from the western and eastern 

basins (Figure S1). The pattern is somewhat clearer when only samples from within the 

Mediterranean are included, but there is still overlap (Figure 1D, E). Kinship estimations (pi-hat 

scores) are consistent with lower overall pairwise kinship among samples collected in the Atlantic 

than among samples collected in the Mediterranean Sea (Figure S2). While the values are 

consistently higher in the Mediterranean, they also extend over a broader range (Figure S2). Support 

values are low per axis, but this is typical when based on many loci. 

LEA analyses with values of K=2-4 revealed a clear differentiation between the 

Mediterranean and Atlantic samples and for K=3-4, inconsistent differentiation between the western 

and eastern Mediterranean basins (Figure 2). A cross-entropy analysis shows that both K=2 and 

K=3 are equally well supported (Figure S3). As expected, the pattern was somewhat clearer when 

only Mediterranean samples were included (Figure 2C). This is confirmed using Pong to repeat the 

Admixture Mediterranean only analyses 20 times (Figure S4). For K= 2-4 for the Med only samples 

(Figure S5) the lowest validation error is again K=2 (K2 cv = 0.22375; K3 cv = 0.24256; K4 cv = 

0.25900). For Bayesian modelling in DIYABC, three populations (Atlantic as ancestral followed by 

an east vs west split within the Mediterranean) was as well supported as a model that considered 

only two population (Atlantic and Mediterranean; Figure S6). 

Mixed Atlantic/Mediterranean ancestry was found within Mediterranean areas consistently 

at all K values. The proportions of the admixture coefficient for K=2 was estimated in Admixture, 

based on separate Atlantic and Mediterranean putative populations (K=2), as K=2 gave the lowest 

cross validation error when all samples were included (K=2: cv 0.2234; K=3: cv 0.2318; K=4: cv 

0.2486). This analysis revealed a subset of Mediterranean samples with mixed 

Atlantic/Mediterranean ancestry, especially from the western basin (Figure 2B). That was the case 

for 29 samples (29/85=34%) overall, including 3 (3/85=3.5%) samples from the Strait of Gibraltar, 

24 (24/85=28.2%) samples from Ligurian-Provençal area, 1 (1/85=1.1%) sample from Tyrrenian 
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Sea and 1 (1/85=1.1%) sample from the Adriatic Sea. These samples showed assignment 

probabilities to the Atlantic population ranging from 14 to 74 % (Table S3). Averaged over all 

samples within each basin, there was 12.6% admixture from the Atlantic in the western basin, and 

0.7% in the eastern basin. Individuals showing some level of admixture in the Admixture analysis 

were marked as red dots in the PCoA shown in Figure S1B and all group within the Mediterranean 

cluster. An f3 analysis shows marginal values, but a stronger indication of admixture for the 

western region with the Atlantic than for other possible combinations (Figure 3C and Table 4). The 

analysis in Treemix showed the same pattern, with admixture suggested from the Atlantic into the 

western region (Figure 3D), though the drift parameter is low for the tree overall. Neither of these 

methods are specifically identifying only recent migrants (as in BayesAss3). Also, while BayesAss3 

can consider bidirectional gene flow, in TreeMix we could only test one migration edge due to the 

simplicity of the tree. 

Investigations of contemporary migration rate were conducted with BayesAss3-SNPs. A 

first analysis was run for both datasets between the Atlantic and Mediterranean populations and 

revealed an estimated proportion of migrants of ~1% through the Strait of Gibraltar in both 

directions (Figure 3A and Table 2), consistent with either low gene flow or the relatively recent 

cessation of gene flow. A second analysis, between the Atlantic, western and eastern Mediterranean 

putative populations indicated recent or ongoing directional movement between the two basins from 

west to east (about 18-26%), and low (~1%) gene flow between each basin and the Atlantic (Figure 

3B, Table 3).  

Demography  

All three stairway plot profiles (Figure 4) showed an apparent increase in population size 

during the early part of the Pleistocene, though recent time periods (within ~10 Ka) are less precise 

by this method and therefore should be interpreted with caution. All three regions showed a similar 
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effective population size (Ne) (in the 10k to 20k range) and profile prior to the last glacial 

maximum (LGM ~20ka). After that, all populations showed a decline, but this was most severe 

within the Mediterranean (down to ~1k while in the Atlantic the decline was only to ~8k). Our 

comparative assessment using inference from LD (in the program SNeP) showed a similar estimate 

for Ne at ~7Ka, but then a steeper decline to the present (Figure S7). The contemporary estimate of 

Ne was low by this method (~100; within the confidence limits of estimates from the stairway 

plots). Ne for the Atlantic was largest followed by the western and then eastern Mediterranean, but 

all had a similarly low level for the most recent estimates. 

 

Discussion 

Atlantic vs. Mediterranean divergence 

Our data support the differentiation between the North Atlantic and Mediterranean Sea 

described in previous genetic and acoustic studies (e.g., Engelhaupt et al., 2009; Drouot et al., 

2004a; Rendell & Frantzis, 2016; Mesnick et al., 2011; Morin et al., 2018). Pairwise comparison 

between these two areas in our study based on 12,616 SNP markers reveals a low but significant 

value (FST=0.03454, P-value=0.000), consistent with that reported in Engelhaupt et al., (2009; 

where FST=0.034, P-value=0.022 based on 16 microsatellite DNA markers). Significant genetic 

division between the Atlantic and Mediterranean areas has also been documented for other 

cetaceans such as fin whale (Balaenoptera physalus; Berubé et al., 1998; Palsboll et al., 2004), 

bottlenose dolphin (Tursiops truncatus; Natoli et al., 2005), Cuvier’s beaked whale (Ziphius 

cavirostris; Onoufriou et al., 2022) and for other top predators such as swordfish (Xiphias gladius; 

Smith et al., 2015) and the blue fin tuna (Thunnus thynnus; Puncher et al., 2018). Our findings from 

LEA and Admixture were consistent with Atlantic ancestry of the Mediterranean populations. 

Estimates of contemporary migration patterns indicate low gene flow through the Strait of Gibraltar, 
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approximately 1% migration per generation in both directions. Sperm whales have been routinely 

observed in the Strait of Gibraltar, both in summer (de Stephanis et al., 2008) and winter (Gauffier 

et al., 2012, 2018). Some movements from the Strait of Gibraltar to the Balearic Islands and the 

Ligurian-Provençal area and vice versa have also been documented through photoidentification 

(Carpinelli et al., 2014). Historical reports from Bolognari (1949, 1950, 1951) suggested seasonal 

movements through the Strait of Gibraltar – entering in the winter and going out in spring. 

Movements from the Atlantic into the Mediterranean Sea have also been recorded for other 

cetacean species (e.g., fin whales, Castellote et al., 2010; Giménez et al., 2013; Gauffier et al., 2018, 

2020; humpback whales Megaptera novaeangliae, Violi et al., 2021; killer whales Orcinus orca, 

Mrusczok et al., 2021). 

A complex network of submarine canyons in the western Mediterranean act as corridors 

between continental shelf areas and deep-sea regions, enhancing oceanographic processes that 

enrich the deep-sea food web (De Leo et al., 2010) and create a favourable environment for the 

cephalopod species (e.g., Quetglas et al., 2000; O’Dor & Coelho, 1993) that sperm whales prey on. 

Therefore, this region can support the energetic demands of sperm whales and other deep divers 

(Torreblanca et al., 2022). Distinct resource availability and resource specialisations have been 

proposed as drivers of differentiation in various cetacean species (see Hoelzel 2009; Louis et al., 

2014). However, the umbrella squid Histioteuthis bonnellii is evidently the most common prey of 

sperm whales both in the Mediterranean Sea (Garibaldi & Podestà, 2014; Foskolos et al., 2020; 

Tonay et al., 2021) and in the Atlantic Ocean (Clarke et al., 1993), and so resource specialisation 

may not be an important driver in this case. We note that in this study we have not tested for the 

various other environmental drivers that may be relevant, such as surface temperature and salinity. 
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Structure within the Mediterranean 

Within the Mediterranean, we report weak differentiation between the basins either side of 

Italy and the Strait of Sicily, as observed in other species (e.g., bottlenose dolphin in Natoli et al., 

2005; Gaspari et al., 2015; striped dolphin in Gaspari et al., 2007; Cuvier’s beaked whale in 

Onoufriou et al., 2022). The relatively shallow sill at the Strait of Messina and the Sicilian Channel, 

and the differential current patterns in the two basins likely reinforce this boundary. Our results 

from PcoA and LEA were largely consistent with FST, which showed significant differentiation 

between the western and eastern basins, though weaker than the differentiation between the North 

Atlantic and Mediterranean Sea. Assignment analysis (using LEA) restricted to the Mediterranean 

samples showed a weak pattern when K=3 or 4 (Figure 2), but this type of assignment method has 

low power to resolve a pattern when FST is lower than ~0.02 (Latch et al., 2006). Ordination 

(PCoA) showed some separation between western and eastern basin samples, but some overlap as 

well. We found evidence of admixture between the North Atlantic and Mediterranean Sea, based on 

analyses using the program Admixture (Figure 2), f3 statistics and TreeMix (Figure 3). We propose 

that the signal for differentiation between the two basins is driven largely by the more frequent 

historical admixture between the Atlantic and the western basin than with the eastern basin. Signals 

for ongoing migration based on BayesAss also show relatively low, bi-directional gene flow 

between the Atlantic and the Mediterranean, but relatively high, directional gene flow from the 

western into the eastern basin (see Figure 3). One possible interpretation would be that the signal 

for differential admixture from the Atlantic into the western basin predates a more recent increase in 

gene flow from the western into the eastern basin (since BayesAss should register only recent 

movement).  
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Diversity & Demography 

Overall, the Mediterranean samples show higher pairwise kinship than the samples from the 

North Atlantic (Figure S2), reflecting reduced diversity overall (assuming random sampling). This 

is consistent with the results from demographic profiling, where the estimated contemporary Ne is 

approximately six times lower in the Mediterranean than in the Atlantic based on the stairway plots 

(Figure 4), though the difference was smaller based on SNeP (Figure S7). After a period of relative 

stasis through the latter part of the Pleistocene, all putative populations show a decline starting 

around the time of the LGM (Figure 4), and the overall profile is similar for all. However, the 

Mediterranean trajectories diverge from the Atlantic trajectory at that time. This would fit with a 

timeframe of within the last 20 ka for the founding of the Mediterranean by sperm whales, as 

suggested earlier (Morin et al., 2018). The decline in the Mediterranean might be explained by a 

relatively small founder population, a low rate of migration between the Atlantic and Mediterranean 

after founding, and a consequent reduction in Ne within the Mediterranean. At the same time, the 

parallel pattern of demography is interesting, suggesting that both populations were impacted by a 

similar process leading to population decline. Based on mtDNA mismatch distributions, Alexander 

et al. (2016) suggested a post-bottleneck expansion signal world-wide as recently as 10Ka. The 

stairway plots and SNeP gave similar Ne estimates between ~7Ka and 1Ka (especially within the 

Mediterranean), but the stairway plot estimates then level off, and are known to be less accurate for 

very recent timeframes (reflected in the confidence limit estimates; Figure 4). SNeP estimates 

continue to decline, suggesting low Ne in modern populations both in the Mediterranean and in the 

Atlantic.  

Episodes of ocean cooling/warming are proposed to have influenced the distribution and 

abundance of various cetacean species and such events could have led to restricted home ranges 

(Gaskin, 1982). Morin et al. (2018) proposed this scenario for sperm whales, whose suitable habitat 

for females was reduced up to 50% since the last glacial maximum. Cold regions at high latitude 
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were covered by ice, and sperm whale males, which usually feed in these regions, may have instead 

occupied the same home range as females and their social units, which normally do not range into 

cold waters (Best, 1979). This change of age/sex classes distribution and overlap could have led to 

competition for resources and a reduction of food availability.   

Some species known to be preyed on by sperm whales, such as the giant squid (Architeuthis 

spp. Winkelmann et al., 2013), the Humboldt squid (Dosidicus gigas Ibáñez et al., 2011) and the 

Patagonian longfin squid (Doryteuthis gahi Ibanez & Poulin, 2014) show low mitogenomic 

diversity and signatures of demographic/range expansions associated with the LGM. Some 

cetaceans species such as long-finned pilot whale (Globicephala melas Kraft et al., 2020), northern 

bottlenose whale (Hyperoodon ampullatus Feyrer et al., 2019), white-sided dolphins 

(Lagenorhynchus obliquidens Banguera-Hinestroza et al., 2010) and killer whales (Orcinus orca 

Moura et al., 2014) also show a similar expansion pattern. 

The Mediterranean Sea played a key role as a refuge for several marine species during the 

last glacial period (see Patarnello et al., 2007). During Pleistocene glaciations, sea level was 

reduced up to 150 m (Lambeck & Purcell, 2005), changing oceanographic features that created 

isolated refugia and geographical barriers to gene flow, followed by post-glacial dispersal and 

expansion (Xue et al., 2014). Previous studies have suggested that Mediterranean biodiversity more 

generally is the result of endemism from glacial refugia (see Patarnello et al., 2007). During the 

LGM, changes in the pattern of deep-water availability were more pronounced in the eastern basin 

(Mikolajewicz et al., 2011; Thunell & Williams 1989). In the western basin, sperm whales could 

have found suitable deep water habitat to colonize where there was likely to be cephalopod prey. 

 

Conservation 

Our data are consistent with earlier studies showing significant genetic differentiation 

between the North Atlantic and Mediterranean sperm whale populations, and within the 
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Mediterranean greater identity by descent and consequently lower Ne. Demographic profiles show a 

shared history until around the time of the LGM, after which the decline in Ne in the Mediterranean 

was likely greater than in the Atlantic. Our estimates of effective population size are low, consistent 

with the IUCN-Red list assessment, which classified the Mediterranean sperm whale population as 

Endangered (see Pirotta et al., 2021). Our data supports the need to manage the Atlantic and 

Mediterranean populations separately. Estimates of gene flow suggest low contemporary levels 

between the Atlantic and the Mediterranean, but more historical admixture. Greater historical 

admixture in the west and some level of isolation between the basins appears to explain the pattern 

of differentiation between basins, though gene flow may have increased recently (from west to east 

based on the analysis in BayesAss). Any persistent subdivision within the Mediterranean Sea would 

exacerbate conservation concerns and require consideration of what distinct impacts may affect 

populations in the two basins. Here we find a weak, but significant subdivision between the eastern 

and western basins, probably driven by differential patterns of admixture with the Atlantic 

population (more in the west). We also find evidence for a lower Ne in the eastern basin (see Figure 

S7). We therefore would propose that the eastern and western populations be considered separate 

management units.  

It has been proposed that sperm whales in the Mediterranean are not directly threatened by 

fisheries since their main prey is H. bonnellii (Garibaldi et al., 2014; Foskolos et al., 2019), which is 

not a target of fishery activity. However, Mazzariol et al., (2011) found several hooks within 

stomach content analyses of stranded sperm whales suggesting possible feeding activity along 

fishing lines as described in some oceanic regions (e.g., Jacobsen et al., 2010). At the same time, 

fishery activity can also impact sperm whales through entanglement in fishing nets (e.g., Pace et al., 

2008; Blasi et al., 2021). Ghost nets, ship collision and the ingestion of plastic debris are the three 

main impacts that are seriously threatening these endangered sperm whales in the Mediterranean 

Sea (de Stephanis et al., 2013; Alexiadou et al., 2019; Frantzis et al., 2019). 
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Conclusions 

Marine systems can be a challenge for the identification of patterns of population structure 

and the units of conservation for effective management (e.g., Alves et al., 2019). Apart from 

obvious continental barriers, physical barriers are few, and even continental barriers can be 

overcome (by going around; see Hoelzel et al., 2021). However, oceanic structures, such as current 

systems (e.g., Knutsen et al., 2007) that move or concentrate larvae, prey or predators can determine 

distribution patterns that remain cryptic unless the relevant drivers are understood (see Goncalves 

da Silva et al., 2019). This reflects a need to combine genetics with ecological data to integrate 

evidence for both genetic and ecological management units (e.g., Esteban et al., 2016; Giménez et 

al., 2018). Historical changes in species distributions, such as those driven by the glacial cycles of 

the Pleistocene, can also shape modern day population structure (e.g., Bracken et al., 2015). In our 

study, we find that a highly mobile species likely founded an isolated population around the end of 

the last glacial period, and that this founder population was further structured by some period of 

admixture between the source population and the region within the Mediterranean most proximate 

to the source. This may be a useful model for investigating other patterns of cryptic structure in 

marine systems. 

 

ACKNOWLEDGMENTS 

This work was supported by OceanCare (Switzerland), project Catodon of the Menkab, il 

respiro del mare association, and MPA Bergeggi Island. Sampling was supported by Loro Parque 

Foundation, the Fundación Biodiversidad, FCT (IF/00943/2013/CP1199/CT0001, 

UIDB/05634/2020 & UIDP/05634/2020), FRCT, the EC through research projects TRACE-

PTDC/MAR/74071/2006, MAPCET-M2.1.2/F/012/2011, WATCH IT (Acores-01-0145-FEDER-

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16898 by U
niversidad D

e L
as Palm

as D
e G

ran C
anaria, W

iley O
nline L

ibrary on [09/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 

000057) [FEDER, COMPETE, QREN, POPH, ESF, Portuguese Ministry for Science and 

Education, OP Azores 2020, the regional government Xunta de Galicia – Dirección Xeral de 

Patrimonio Natural, research program “Sperm whales of the Greek Seas” of the Pelagos Cetacean 

Research Institute partially supported by OceanCare since 2008, Oceanic Observatory of Madeira 

throughout the project M1420-01-0145-FEDER-000001-OOM and of the Oceano Azul Foundation 

throughout the Whale Tales Project (ODL/2019/003). Biagio Violi was funded by Department of 

Earth and Life Sciences of Genoa University. Joan Giménez was supported by the Spanish National 

Program Juan de la Cierva-Formación (FJC2019-040016-I) and the Severo Ochoa Centre of 

Excellence accreditation (CEX2019-000928-S) given to the Institute of Marine Science (ICM-

CSIC). Ana Dinis and Filipe Alves were funded by ARDITI throughout the project M1420-09-

5369-FSE-000002 and by FCT throughout the projects UIDB/04292/2020 and UIDP/04292/2020 

granted to MARE and project LA/P/0069/2020 granted to the Associate Laboratory ARNET. 

Mónica Almeida e Silva was co-funded by OP Azores 2020 (Fund 01-0145-FEDER-000140- 

MarAZ Researchers) of the EU. Cláudia Oliveira was funded by WATCH IT – Acores-01-0145-

FEDER-000057, and service contract with SRMCT/DRAM under project INTERTAGUA 

(MAC2/1.1a/385). Okeanos is supported by FCT (UIDB/05634/2020 & UIDP/05634/2020) and the 

Regional Government of the Azores (M1.1.A/REEQ.CIENTÍFICOUI&D/2021/010). Alfredo 

Lopez was supported by the CESAM by FCT/MCTES (UIDP/50017/ 2020+UIDB/ 50017/2020 + 

LA/P/0094/2020), through national funds and by national funds (OE), through FCT-I.P., in the 

scope of the framework contract foreseen in the numbers 4, 5 and 6 of the article 23, of the Decree-

Law 57/2016, of August 29, changed by Law 57/2017, of July 19. We thank Prof. Maurizio Würtz, 

Prof. Alberta Mandich, Daniel Moore, Mario Erandi Bonillas, Vania Fonseca, Sofia da Silva, 

Thomas Keggin, Luke Hecht, Ali Reza Foroozani, Michelle Gaither, Howard Gray, Karis Baker, 

Andreanna Welch, Fulvio Garibaldi, Phillip Morin, Alana Alexander, Andre Moura, Xiaoming Liu 

and Mark Dixon for helpful advice. We thank the Prof. Bruno Cozzi, Prof. Sandro Mazzariol, 

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16898 by U
niversidad D

e L
as Palm

as D
e G

ran C
anaria, W

iley O
nline L

ibrary on [09/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

 

Mattia Panin and Cinzia Centelleghe, Rita Ferreira, Annalisa Sambolino, Philippe Verborgh, Juan 

Manuel Salzar Sierra, Pauline Gauffier, Ruth Esteban, Rui Prieto, Marta Tobeña, Irma Cascão, and 

Sergi Pérez-Jorge for samples. Samples in Madeira were collected under permit number 508/IFCN 

IP-RAM/2018. Sampling in the Canary Islands was done under permission from the Ministry of 

Agriculture, Fisheries, Food and Environment of Spain. Sampling in Galicia was done under 

permission from Xunta de Galicia – Dirección Xeral de Patrimonio Natural. 

  

REFERENCES 

Aïssi, M., Fiori, C., & Alessi, J. (2012). Mediterranean submarine canyons as stepping stones for 
pelagic top predators: the case of sperm whale. Mediterranean Submarine Canyons: 
Ecology and Governance. IUCN, 99-103. 

Aïssi, M., Ouammi, A., Fiori, C., & Alessi, J. (2014). Modelling predicted sperm whale habitat in 
the central Mediterranean Sea: requirement for protection beyond the Pelagos Sanctuary 
boundaries. Aquatic Conservation: Marine and Freshwater Ecosystems, 24(S1), 50-58. 
https://doi.org/10.1002/aqc.2411 

Alessi, J., Aïssi, M., & Fiori, C. (2014). Photo‐identification of sperm whales in the north‐Western 
Mediterranean Sea: an assessment of natural markings. Aquatic Conservation: Marine and 
Freshwater Ecosystems, 24(S1), 11-22. https://doi.org/10.1002/aqc.2427 

Alexander, D.H., Novembre, J., Lange, K. (2009). Fast model-based estimation of ancestry in 
unrelated individuals. Genome Res 19 (9):1655–1664. 
https://doi.org/10.1101/gr.094052.109di 

Alexander, A., Steel, D., Slikas, B., Hoekzema, K., Carraher, C., Parks, M., ... & Baker, C. S. 
(2013). Low diversity in the mitogenome of sperm whales revealed by next-generation 
sequencing. Genome biology and evolution, 5(1), 113-129. 
https://doi.org/10.1093/gbe/evs126 

Alexander, A., Steel, D., Hoekzema, K., Mesnick, S. L., Engelhaupt, D., Kerr, I., ... & Baker, C. S. 
(2016). What influences the worldwide genetic structure of sperm whales (Physeter 
macrocephalus)? Molecular ecology, 25(12), 2754-2772. https://doi.org/10.1111/mec.13638 

Alexiadou, P., Foskolos, I., & Frantzis, A. (2019). Ingestion of macroplastics by odontocetes of the 
Greek Seas, Eastern Mediterranean: Often deadly!. Marine pollution bulletin, 146, 67-75. 
https://doi.org/10.1016/j.marpolbul.2019.05.055 

Alves, F., Alessandrini, A., Servidio, A., Mendonça, A. S., Hartman, K. L., Prieto, R., ... & Aguilar 
de Soto, N. (2019). Complex biogeographical patterns support an ecological connectivity 
network of a large marine predator in the north‐east Atlantic. Diversity and 
Distributions, 25(2), 269-284. https://doi.org/10.1111/ddi.12848 

Alves F., Ferreira R., Fernandes M., Halicka Z., Dias L., Dinis A. (2018). Analysis of occurrence 
patterns and biological factors of cetaceans based on long-term and fine-scale data from 
platforms of opportunity: Madeira island as a case study. Mar. Ecol. 39 (2), e12499. 
doi: 10.1111/maec.12499 

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16898 by U
niversidad D

e L
as Palm

as D
e G

ran C
anaria, W

iley O
nline L

ibrary on [09/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/aqc.2411
https://doi.org/10.1002/aqc.2427
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1093/gbe/evs126
https://doi.org/10.1111/mec.13638
https://doi.org/10.1016/j.marpolbul.2019.05.055
https://doi.org/10.1111/ddi.12848


 

 

Avise, J. C. (2009). Phylogeography: retrospect and prospect. Journal of biogeography, 36(1), 3-15. 
https://doi.org/10.1111/j.1365-2699.2008.02032.x 

Banguera-Hinestroza, E., Bjørge, A., Reid, R. J., Jepson, P., & Hoelzel, A. R. (2010). The influence 
of glacial epochs and habitat dependence on the diversity and phylogeography of a coastal 
dolphin species: Lagenorhynchus albirostris. Conservation Genetics, 11(5), 1823-1836. 
https://doi.org/10.1007/s10592-010-0075-y 

Barbato, M., Orozco-terWengel, P., Tapio, M., & Bruford, M. W. (2015). SNeP: a tool to estimate 
trends in recent effective population size trajectories using genome-wide SNP 
data. Frontiers in genetics, 6, 109. https://doi.org/10.3389/fgene.2015.00109 

Behr, A. A., Liu, K. Z., Liu-Fang, G., Nakka, P., & Ramachandran, S. (2016). Pong: fast analysis 
and visualization of latent clusters in population genetic data. Bioinformatics, 32(18), 2817-
2823. https://doi.org/10.1093/bioinformatics/btw327 

Bellomo, S., Santacesaria, F. C., Fanizza, C., Cipriano, G., Renò, V., Carlucci, R., & Maglietta, R. 
(2019). Photo-identification of Physeter macrocephalus in the Gulf of Taranto (Northern 
Ionian Sea, Central-Eastern Mediterranean Sea). In IEEE metrology for the Sea 2019 
IMEKO TC-19 International workshop on metrology for the Sea (pp. 33-37). 

Best, P.B. (1979). Social organization in sperm whales, Physeter macrocephalus. In Behavior of 
marine animals. pp. 227–289. Springer US. 

Blasi, M. F., Caserta, V., Bruno, C., Salzeri, P., Di Paola, A. I., & Lucchetti, A. (2021). Behaviour 
and vocalizations of two sperm whales (Physeter macrocephalus) entangled in illegal 
driftnets in the Mediterranean Sea. PloS one, 16(4). 
https://doi.org/10.1371/journal.pone.0250888 

Bolognari, A. (1949). A proposito della ricente cattura di· alcuni esemplari di Capodoglio (Physeter 
macrocephalus L.) nel Mediterraneo. Bull. Inst. Ooean., Monaco; n. 9i9. 

Bolognari, A. (1950). Ancora sulla comparsa del Capodoglio: (Physeter macrocephalus L.) nel 
Mediterraneo. Italian Journal of Zoology, 17(1-3), 29-37. 

Bolognari, A., (1951). La migrazione del Capodoglio nel Mediterraneo. Bolletino di Zoologia, 18, 
253-256. Centro Studi Cetacei, 1986-2000. Cetacei spiaggiati lungo le coste italiane. 
Rendiconto. Atti della Societa' Italiana di Scienze Naturale di Milano.  

Boys, R. M., Oliveira, C., Pérez‐Jorge, S., Prieto, R., Steiner, L., & Silva, M. A. (2019). Multi‐state 
open robust design applied to opportunistic data reveals dynamics of wide‐ranging taxa: the 
sperm whale case. Ecosphere, 10(3), e02610. https://doi.org/10.1002/ecs2.2610 

Bracken, F.S.A, Hoelzel A.R., Hulme, J.B. & Lucas, M.C. (2015). Contrasting population genetic 
structure among freshwater-resident and anadromous lampreys: the role of demographic 
history, differential dispersal, and anthropogenic barriers to movement. Mol. Ecol. 24, 1188–
1204. https://doi.org/10.1111/mec.13112 

Carpinelli, E., Gauffier, P., Verborgh, P., Airoldi, S., David, L., Di‐Méglio, N., ... & de Stephanis, 
R. (2014). Assessing sperm whale (Physeter macrocephalus) movements within the West 
Mediterranean Sea through photo‐identification. Aquatic Conservation: Marine and 
Freshwater Ecosystems, 24(S1), 23-30. https://doi.org/10.1002/aqc.2446 

Castellote, M., Clark, C. W., & Lammers, M. O. (2010). Population identity and migration 
movements of fin whales (Balaenoptera physalus) in the Mediterranean Sea and Strait of 
Gibraltar. IWC Scientific Committee, Agadir, Morocco. 

Clarke, M. R., Martins, H. R., & Pascoe, P. (1993). The diet of sperm whales (Physeter 
macrocephalus Linnaeus 1758) off the Azores. Philosophical Transactions of the Royal 
Society of London. Series B: Biological Sciences, 339(1287), 67-82. 
https://doi.org/10.1098/rstb.1993.0005 

Collin, F. D., Durif, G., Raynal, L., Lombaert, E., Gautier, M., Vitalis, R., ... & Estoup, A. (2021). 
Extending approximate Bayesian computation with supervised machine learning to infer 

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16898 by U
niversidad D

e L
as Palm

as D
e G

ran C
anaria, W

iley O
nline L

ibrary on [09/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/j.1365-2699.2008.02032.x
https://doi.org/10.3389/fgene.2015.00109
https://doi.org/10.1371/journal.pone.0250888
https://doi.org/10.1111/mec.13112
https://doi.org/10.1002/aqc.2446
https://doi.org/10.1098/rstb.1993.0005


 

 

demographic history from genetic polymorphisms using DIYABC Random Forest. 
Molecular Ecology Resources, 21(8), 2598-2613. https://doi.org/10.1111/1755-0998.13413 

Corbin, L. J., Liu, A. Y. H., Bishop, S. C., & Woolliams, J. A. (2012). Estimation of historical 
effective population size using linkage disequilibria with marker data. Journal of Animal 
Breeding and Genetics = Zeitschrift Für Tierzüchtung Und Züchtungsbiologie, 129(4), 257–
70. doi:10.1111/j.1439-0388.2012.01003.x 

Danecek, P., Auton, A., Abecasis, G., Albers, C. A., Banks, E., DePristo, M. A., ... & 1000 
Genomes Project Analysis Group. (2011). The variant call format and 
VCFtools. Bioinformatics, 27(15), 2156-2158. https://doi.org/10.1093/bioinformatics/btr330 

De Leo, F. C., Smith, C. R., Rowden, A. A., Bowden, D. A., & Clark, M. R. (2010). Submarine 
canyons: hotspots of benthic biomass and productivity in the deep sea. Proceedings of the 
Royal Society B: Biological Sciences, 277(1695), 2783-2792. 
https://doi.org/10.1098/rspb.2010.0462 

de Jong, M. J., de Jong, J. F., Hoelzel, A. R., & Janke, A. (2021). SambaR: An R package for fast, 
easy and reproducible population‐genetic analyses of biallelic SNP data sets. Molecular 
Ecology Resources, 21(4), 1369-1379. https://doi.org/10.1111/1755-0998.13339 

de Stephanis, R., Cornulier, T., Verborgh, P., Sierra, J. S., Gimeno, N. P., & Guinet, C. (2008). 
Summer spatial distribution of cetaceans in the Strait of Gibraltar in relation to the 
oceanographic context. Marine Ecology Progress Series, 353, 275-288. 
https://doi.org/10.3354/meps07164 

de Stephanis, R., Giménez, J., Carpinelli, E., Gutierrez-Exposito, C., & Cañadas, A. (2013). As 
main meal for sperm whales: plastics debris. Marine pollution bulletin, 69(1-2), 206-214. 
https://doi.org/10.1016/j.marpolbul.2013.01.033 

Dornburg, A., Brandley, M. C., McGowen, M. R., & Near, T. J. (2012). Relaxed clocks and 
inferences of heterogeneous patterns of nucleotide substitution and divergence time 
estimates across whales and dolphins (Mammalia: Cetacea). Molecular Biology and 
Evolution, 29(2), 721-736. https://doi.org/10.1093/molbev/msr228 

Drouot, V., Berube, M., Gannier, A., Goold, J. C., Reid, R. J., & Palsboll, P. J. (2004a). A note on 
genetic isolation of Mediterranean sperm whales (Physeter macrocephalus) suggested by 
mitochondrial DNA. Journal of Cetacean Research and Management, 6(1), 29-32. 

Drouot, V., Goold, J. C., & Gannier, A. (2004b). Regional diversity in the social vocalizations of 
sperm whale in the Mediterranean Sea. Revue d'écologie. http://hdl.handle.net/2042/55620 

Engelhaupt, D., Rus Hoelzel, A., Nicholson, C., Frantzis, A., Mesnick, S., Gero, S., ... & Mignucci‐
Giannoni, A. A. (2009). Female philopatry in coastal basins and male dispersion across the 
North Atlantic in a highly mobile marine species, the sperm whale (Physeter 
macrocephalus). Molecular Ecology, 18(20), 4193-4205. https://doi.org/10.1111/j.1365-
294X.2009.04355.x 

Esteban, R., Verborgh, P., Gauffier, P., Giménez, J., Martín, V., Pérez-Gil, M., ... & de Stephanis, 
R. (2016). Using a multi-disciplinary approach to identify a critically endangered killer 
whale management unit. Ecological Indicators, 66, 291-
300.https://doi.org/10.1016/j.ecolind.2016.01.043 

Excoffier, L., & Lischer, H. E. (2010). Arlequin suite ver 3.5: a new series of programs to perform 
population genetics analyses under Linux and Windows. Molecular ecology 
resources, 10(3), 564-567. https://doi.org/10.1111/j.1755-0998.2010.02847.x 

Fan, G., Zhang, Y., Liu, X., Wang, J., Sun, Z., Sun, S., ... & Liu, X. (2019). The first chromosome‐
level genome for a marine mammal as a resource to study ecology and evolution. Molecular 
ecology resources, 19(4), 944-956. https://doi.org/10.1111/1755-0998.13003 

Fais, A., Lewis, T. P., Zitterbart, D. P., Álvarez, O., Tejedor, A., & Aguilar Soto, N. (2016). 
Abundance and distribution of sperm whales in the Canary Islands: Can sperm whales in the 

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16898 by U
niversidad D

e L
as Palm

as D
e G

ran C
anaria, W

iley O
nline L

ibrary on [09/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1098/rspb.2010.0462
https://doi.org/10.1111/1755-0998.13339
https://doi.org/10.3354/meps07164
https://doi.org/10.1016/j.marpolbul.2013.01.033
https://doi.org/10.1093/molbev/msr228
http://hdl.handle.net/2042/55620
https://doi.org/10.1111/j.1365-294X.2009.04355.x
https://doi.org/10.1111/j.1365-294X.2009.04355.x
https://doi.org/10.1016/j.ecolind.2016.01.043
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1111/1755-0998.13003


 

 

archipelago sustain the current level of ship-strike mortalities?. PLoS One, 11(3), e0150660. 
https://doi.org/10.1371/journal.pone.0150660 

Ferreira, R., Steiner, L., Martín, V., Fusar Poli, F., Dinis, A., Kaufmann, M., ... & Alves, F. (2022). 
Unraveling site fidelity and residency patterns of sperm whales in the insular oceanic waters 
of Macaronesia. Frontiers in Marine Science, 9, 2546. doi: 10.3389/fmars.2022.1021635 

Feyrer, L. J., Bentzen, P., Whitehead, H., Paterson, I. G., & Einfeldt, A. (2019). Evolutionary 
impacts differ between two exploited populations of northern bottlenose whale (Hyperoodon 
ampullatus). Ecology and evolution, 9(23), 13567-13584. https://doi.org/10.1002/ece3.5813 

Fiori, C., Giancardo, L., Aïssi, M., Alessi, J., & Vassallo, P. (2014). Geostatistical modelling of 
spatial distribution of sperm whales in the Pelagos Sanctuary based on sparse count data and 
heterogeneous observations. Aquatic Conservation: Marine and Freshwater 
Ecosystems, 24(S1), 41-49. https://doi.org/10.1002/aqc.2428 

Foskolos, I., Koutouzi, N., Polychronidis, L., Alexiadou, P., & Frantzis, A. (2020). A taste for 
squid: the diet of sperm whales stranded in Greece, East Mediterranean. Deep Sea Research 
Part I: Oceanographic Research Papers, 155, 103-164. 
https://doi.org/10.1016/j.dsr.2019.103164 

Frantzis, A., Alexiadou, P., Paximadis, G., Politi, E., Gannier, A., Corsini-Foka, M. (2003) Current 
knowledge on the cetacean fauna of the Greek seas. Journal of Cetacean Research and 
Management 5: 219–232.  

Frantzis, A., & Alexiadou, P. (2008). Male sperm whale (Physeter macrocephalus) coda production 
and coda-type usage depend on the presence of conspecifics and the behavioural 
context. Canadian Journal of Zoology, 86(1), 62-75. https://doi.org/10.1139/Z07-114 

Frantzis, A., Airoldi, S., Notarbartolo-di-Sciara, G., Johnson, C., & Mazzariol, S. (2011). Inter-
basin movements of Mediterranean sperm whales provide insight into their population 
structure and conservation. Deep Sea Research Part I: Oceanographic Research 
Papers, 58(4), 454-459. https://doi.org/10.1016/j.dsr.2011.02.005 

Frantzis, A., Alexiadou, P., & Gkikopoulou, K. C. (2014). Sperm whale occurrence, site fidelity and 
population structure along the Hellenic Trench (Greece, Mediterranean Sea). Aquatic 
Conservation: Marine and Freshwater Ecosystems, 24(S1), 83-102. 
https://doi.org/10.1002/aqc.2435 

Frantzis, A., Leaper, R., Alexiadou, P., Prospathopoulos, A., & Lekkas, D. (2019). Shipping routes 
through core habitat of endangered sperm whales along the Hellenic Trench, Greece: Can 
we reduce collision risks?. PloS one, 14(2). https://doi.org/10.1371/journal.pone.0212016 

Frichot, E., & François, O. (2015). LEA: An R package for landscape and ecological association 
studies. Methods in Ecology and Evolution, 6(8), 925-929. https://doi.org/10.1111/2041-
210X.12382 

García-Cortés L.A., Austerlitz F., de Cara MAR. (2019). An evaluation of the methods to estimate 
effective population size from measures of linkage disequilibrium. J Evol Biol. 32:267–277. 
https://doi.org/10.1111/jeb.13411 

Garibaldi, F., & Podestà, M., (2014). Stomach contents of a sperm whale (Physeter macrocephalus) 
stranded in Italy (Ligurian Sea, north-West Mediterranean). J. Mar. Biol. Assoc. UK 94, 
1087–1091. http://dx.doi.org/10.1017/S0025315413000428 

Gaskin, D. E. (1982). Ecology of whales and dolphins. Heinemann 
Gaspari, S., Azzellino, A., Airoldi, S., & Hoelzel, A. R. (2007). Social kin associations and genetic 

structuring of striped dolphin populations (Stenella coeruleoalba) in the Mediterranean 
Sea. Molecular Ecology, 16(14), 2922-2933. https://doi.org/10.1111/j.1365-
294X.2007.03295.x 

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16898 by U
niversidad D

e L
as Palm

as D
e G

ran C
anaria, W

iley O
nline L

ibrary on [09/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/aqc.2428
https://doi.org/10.1016/j.dsr.2019.103164
https://doi.org/10.1139/Z07-114
https://doi.org/10.1016/j.dsr.2011.02.005
https://doi.org/10.1002/aqc.2435
https://doi.org/10.1371/journal.pone.0212016
https://doi.org/10.1111/2041-210X.12382
https://doi.org/10.1111/2041-210X.12382
http://dx.doi.org/10.1017/S0025315413000428
https://doi.org/10.1111/j.1365-294X.2007.03295.x
https://doi.org/10.1111/j.1365-294X.2007.03295.x


 

 

Gaspari, S., Scheinin, A., Holcer, D., Fortuna, C., Natali, C., Genov, T., ... & Moura, A. E. (2015). 
Drivers of population structure of the bottlenose dolphin (Tursiops truncatus) in the East 
Mediterranean Sea. Evolutionary Biology, 42(2), 177-190. https://doi.org/10.1007/s11692-
015-9309-8 

Gauffier P, Moral Cendón M, Blasi A, Carpinelli E, Jiménez Torres C, Giménez Verdugo J, 
Esteban R, de Stephanis R, & Verborgh P. (2012). Winter presence of large cetaceans in the 
Strait of Gibraltar. 26th Annual Meeting European Cetacean Society, Galway, Ireland, 26–
28 March 2012. 
https://www.europeancetaceansociety.eu/sites/default/files/ecs2012galwayabstractbook.pdf 

Gauffier, P., Verborgh, P., Giménez, J., Esteban, R., Sierra, J. M. S., & de Stephanis, R. (2018). 
Contemporary migration of fin whales through the Strait of Gibraltar. Marine Ecology 
Progress Series, 588, 215-228. https://doi.org/10.3354/meps12449 

Gauffier, P., Borrell, A., Silva, M. A., Víkingsson, G. A., López, A., Giménez, J., ... & Aguilar, A. 
(2020). Wait your turn, North Atlantic fin whales share a common feeding ground 
sequentially. Marine Environmental Research, 155, 104884. 
https://doi.org/10.1016/j.marenvres.2020.104884 

Giménez, J., Gómez‐Campos, E., Borrell, A., Cardona, L., & Aguilar, A. (2013). Isotopic evidence 
of limited exchange between Mediterranean and East North Atlantic fin whales. Rapid 
Communications in Mass Spectrometry, 27(15), 1801-1806. 
https://doi.org/10.1002/rcm.6633 

Giménez, J., Louis, M., Barón, E., Ramírez, F., Verborgh, P., Gauffier, P., ... & de Stephanis, R. 
(2018). Towards the identification of ecological management units: a multidisciplinary 
approach for the effective management of bottlenose dolphins in the southern Iberian 
Peninsula. Aquatic Conservation: Marine and Freshwater Ecosystems, 28(1), 205-215. 
https://doi.org/10.1002/aqc.2814 

Goncalves da Silva, A., Barendse, B., Kijas, J., England, P.R., & Hoelzel, A.R. (2019) Genomic 
data suggest environmental drivers of fish population structure in the deep sea; a case study 
for the orange roughy (Hoplostethus atlanticus) J. Applied Ecol. 57, 296-306. 
https://doi.org/10.1111/1365-2664.13534 

Gu, Z., Gu, L., Eils, R., Schlesner, M., & Brors, B. (2014). circlize implements and enhances 
circular visualization in R. Bioinformatics, 30(19), 2811-2812. 
https://doi.org/10.1093/bioinformatics/btu393 

Heller, R., Chikhi, L., & Siegismund, H. R. (2013). The confounding effect of population structure 
on Bayesian skyline plot inferences of demographic history. PloS one, 8(5), e62992. 
https://doi.org/10.1371/journal.pone.0062992 

Hoelzel, A.R. (1994). Ecology and genetics of whales and dolphins. Annual Review of Ecology and 
Systematics, 25:377-399 
https://www.jstor.org/stable/2097317 

Hoelzel, A. R. (1998) Molecular analysis of populations; a practical approach. Oxford, UK: Oxford 
University Press. 

Hoelzel, A. R. (2009). Evolution of population genetic structure in marine mammal 
species. Population genetics for animal conservation. Cambridge University Press, 
Cambridge, 294-318. 

Hoelzel, A.R., Sarigol, F., Gridley, T., & Elwen, S.H. (2021) Natal origin of Namibian grey whale 
implies new distance record for in water migration. Biol. Lett. 17, 20210136 
https://doi.org/10.1098/rsbl.2021.0136 

Holderegger, R., Schmidt, B. R., Grünig, C., Meier, R., Csencsics, D., Gassner, M., ... & Stapfer, A. 
(2020). Ready-to-use workflows for the implementation of genetic tools in conservation 

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16898 by U
niversidad D

e L
as Palm

as D
e G

ran C
anaria, W

iley O
nline L

ibrary on [09/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s11692-015-9309-8
https://doi.org/10.1007/s11692-015-9309-8
https://www.europeancetaceansociety.eu/sites/default/files/ecs2012galwayabstractbook.pdf
https://doi.org/10.3354/meps12449
https://doi.org/10.1016/j.marenvres.2020.104884
https://doi.org/10.1002/rcm.6633
https://doi.org/10.1111/1365-2664.13534
https://doi.org/10.1093/bioinformatics/btu393
https://doi.org/10.1371/journal.pone.0062992
https://doi.org/10.1098/rsbl.2021.0136


 

 

management. Conservation Genetics Resources, 12(4), 691-700. 
https://doi.org/10.1007/s12686-020-01165-5  

Hohenlohe, P. A., Funk, W. C., & Rajora, O. P. (2021). Population genomics for wildlife 
conservation and management. Molecular Ecology, 30(1), 62-82. 
https://doi.org/10.1111/mec.15720 

Ibáñez, C. M., Cubillos, L. A., Tafur, R., Argüelles, J., Yamashiro, C., & Poulin, E. (2011). Genetic 
diversity and demographic history of Dosidicus gigas (Cephalopoda: Ommastrephidae) in 
the Humboldt Current System. Marine Ecology Progress Series, 431, 163-171. 
https://doi.org/10.3354/meps09133 

Ibáñez, C. M., & Poulin, E. (2014). Genetic structure and diversity of squids with contrasting life 
histories in the Humboldt Current System. Hidrobiologica, 24(1), 1-10.  

Jacobsen, J. K., Massey, L., & Gulland, F. (2010). Fatal ingestion of floating net debris by two 
sperm whales (Physeter macrocephalus). Marine Pollution Bulletin, 60(5), 765-767. 
https://doi.org/10.1016/j.marpolbul.2010.03.008 

Jombart, T., & Ahmed, I. (2011). adegenet 1.3-1: new tools for the analysis of genome-wide SNP 
data. Bioinformatics, 27(21), 3070-3071. https://doi.org/10.1093/bioinformatics/btr521 

Korneliussen, T. S., Albrechtsen, A., & Nielsen, R. (2014). ANGSD: analysis of next generation 
sequencing data. BMC bioinformatics, 15(1), 1-13. https://doi.org/10.1186/s12859-014-
0356-4  

Knutsen, H., Jorde, P.E., Albert, O.T., Hoelzel, A.R., & Stenseth, N.C. (2007). Population genetic 
structure in the North Atlantic Greenland halibut: influenced by oceanic current systems? 
Can. J. Fish. Aquat. Sci. 64, 857-866. https://doi.org/10.1139/f07-070 

Kraft, S., Pérez-Álvarez, M., Olavarría, C., & Poulin, E. (2020). Global phylogeography and 
genetic diversity of the long-finned pilot whale Globicephala melas, with new data from the 
southeastern Pacific. Scientific reports, 10(1), 1-13. https://doi.org/10.1038/s41598-020-
58532-3 

Lambeck, K., & Purcell, A. (2005). Sea-level change in the Mediterranean Sea since the LGM: 
model predictions for tectonically stable areas. Quaternary Science Reviews, 24(18-19), 
1969-1988. https://doi.org/10.1016/j.quascirev.2004.06.025 

Larsen, A. H., Sigurjonsson, J., Oien, N., Vikingsson, G., & Palsboll, P. J. (1996). Population 
genetic analysis of mitochondrial and nuclear genetic loci in skin biopsies collected from 
central and north Eastern North Atlantic humpback whales (Megaptera novaeangliae): 
Population identity and migratory destinations. Proc. R. Soc. Lond B. 263:1611-1618Latch, 
E.K., Dharmarajan, G., Glaubitz, J.C. & Rhodes, O.E. (2006) Relative performance of 
Bayesian clustering software for inferring population substructure and individual assignment 
at low levels of population differentiation. Cons. Genet. 7: 295-302. 
https://doi.org/10.1007/s10592-005-9098-1 

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., ... & Durbin, R. (2009). The 
sequence alignment/map format and SAMtools. Bioinformatics, 25(16), 2078-2079. 
https://doi.org/10.1093/bioinformatics/btp352 

Lischer, H. E., & Excoffier, L. (2012). PGDSpider: an automated data conversion tool for 
connecting population genetics and genomics programs. Bioinformatics, 28(2), 298-299. 
https://doi.org/10.1093/bioinformatics/btr642 

Liu, X., & Fu, Y. X. (2020). Stairway Plot 2: demographic history inference with folded SNP 
frequency spectra. Genome Biology, 21(1), 1-9. https://doi.org/10.1186/s13059-020-02196-9 

Louis, M., Viricel, A., Lucas, T., Peltier, H., Alfonsi, E., Berrow, S., ... & Simon‐Bouhet, B. (2014). 
Habitat‐driven population structure of bottlenose dolphins, Tursiops truncatus, in the North‐
East Atlantic. Molecular Ecology, 23(4), 857-874. https://doi.org/10.1111/mec.12653 

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16898 by U
niversidad D

e L
as Palm

as D
e G

ran C
anaria, W

iley O
nline L

ibrary on [09/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s12686-020-01165-5
https://doi.org/10.1111/mec.15720
https://doi.org/10.1016/j.marpolbul.2010.03.008
https://doi.org/10.1093/bioinformatics/btr521
https://doi.org/10.1186/s12859-014-0356-4
https://doi.org/10.1186/s12859-014-0356-4
https://doi.org/10.1139/f07-070
https://doi.org/10.1016/j.quascirev.2004.06.025
https://doi.org/10.1007/s10592-005-9098-1
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btr642
https://doi.org/10.1186/s13059-020-02196-9
https://doi.org/10.1111/mec.12653


 

 

Luck, G. W., Daily, G. C., & Ehrlich, P. R. (2003). Population diversity and ecosystem 
services. Trends in Ecology & Evolution, 18(7), 331-336. https://doi.org/10.1016/S0169-
5347(03)00100-9 

Lyrholm, T., Leimar, O., & Gyllensten, U. (1996). Low diversity and biased substitution patterns in 
the mitochondrial DNA control region of sperm whales: implications for estimates of time 
since common ancestry. Molecular Biology and Evolution, 13(10), 1318-1326. 
https://doi.org/10.1093/oxfordjournals.molbev.a025578  

Lyrholm, T., & Gyllensten, U. (1998). Global matrilineal population structure in sperm whales as 
indicated by mitochondrial DNA sequences. Proceedings of the Royal Society of London. 
Series B: Biological Sciences, 265(1406), 1679-1684. 
https://doi.org/10.1098/rspb.1998.0488 

Manichaikul, A., Mychaleckyj, J. C., Rich, S. S., Daly, K., Sale, M., & Chen, W. M. (2010). Robust 
relationship inference in genome-wide association studies. Bioinformatics, 26(22), 2867-
2873. https://doi.org/10.1093/bioinformatics/btq559 

Mazzariol, S., Di Guardo, G., Petrella, A., Marsili, L., Fossi, C. M., Leonzio, C., ... & Fernández, A. 
(2011). Sometimes sperm whales (Physeter macrocephalus) cannot find their way back to 
the high seas: a multidisciplinary study on a mass stranding. PLoS One, 6(5), e19417. 
https://doi.org/10.1371/journal.pone.0019417 

Mesnick, S. L., Taylor, B. L., Archer, F. I., Martien, K. K., Treviño, S. E., Hancock‐Hanser, B. L., 
... & Morin, P. A. (2011). Sperm whale population structure in the Eastern and central North 
Pacific inferred by the use of single‐nucleotide polymorphisms, microsatellites and 
mitochondrial DNA. Molecular Ecology Resources, 11, 278-298. 
https://doi.org/10.1111/j.1755-0998.2010.02973.x 

Mikolajewicz, U. (2011). Modeling mediterranean ocean climate of the last glacial 
maximum. Climate of the Past, 7(1), 161-180. https://doi.org/10.5194/cp-7-161-2011 

Morin, P. A., Foote, A. D., Baker, C. S., Hancock‐Hanser, B. L., Kaschner, K., Mate, B. R., ... & 
Alexander, A. (2018). Demography or selection on linked cultural traits or genes? 
Investigating the driver of low mtDNA diversity in the sperm whale using complementary 
mitochondrial and nuclear genome analyses. Molecular ecology, 27(11), 2604-2619.  
https://doi.org/10.1111/mec.14698 

Moura, A. E., Janse van Rensburg, C., Pilot, M., Tehrani, A., Best, P. B., Thornton, M., ... & 
Hoelzel, A. R. (2014). Killer whale nuclear genome and mtDNA reveal widespread 
population bottleneck during the last glacial maximum. Molecular biology and evolution, 
31(5), 1121-1131. https://doi.org/10.1093/molbev/msu058 

Mrusczok, M.T., Violi, B., Fakhri, M., Calogero, G., Biasissi, E., Jaouhar, A., Scullion, A., & 
Würtz, M. (2021). Long-Distance Movements of North Atlantic Killer Whales (Orcinus 
orca) from Iceland via Spain and Italy to Lebanon. Marine Mammal Science, 1–10. 
https://doi.org/10.1111/mms.12866 

Mussi, B., Miragliuolo, A., Zucchini, A., & Pace, D. S. (2014). Occurrence and spatio‐temporal 
distribution of sperm whale (Physeter macrocephalus) in the submarine canyon of Cuma 
(Tyrrhenian Sea, Italy). Aquatic Conservation: Marine and Freshwater Ecosystems, 24(S1), 
59-70. https://doi.org/10.1002/aqc.2460 

Mussmann, S. M., Douglas, M. R., Chafin, T. K., & Douglas, M. E. (2019). BA3‐SNPs: 
Contemporary migration reconfigured in BayesAss for next‐generation sequence 
data. Methods in Ecology and Evolution, 10(10), 1808-1813. https://doi.org/10.1111/2041-
210X.13252 

Natoli, A., Birkun, A., Aguilar, A., Lopez, A., & Hoelzel, A. R. (2005). Habitat structure and the 
dispersal of male and female bottlenose dolphins (Tursiops truncatus). Proceedings of the 

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16898 by U
niversidad D

e L
as Palm

as D
e G

ran C
anaria, W

iley O
nline L

ibrary on [09/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/S0169-5347(03)00100-9
https://doi.org/10.1016/S0169-5347(03)00100-9
https://doi.org/10.1093/oxfordjournals.molbev.a025578
https://doi.org/10.1098/rspb.1998.0488
https://doi.org/10.1093/bioinformatics/btq559
https://doi.org/10.1371/journal.pone.0019417
https://doi.org/10.1111/j.1755-0998.2010.02973.x
https://doi.org/10.5194/cp-7-161-2011
https://doi.org/10.1111/mec.14698
https://doi.org/10.1111/mms.12866
https://doi.org/10.1002/aqc.2460
https://doi.org/10.1111/2041-210X.13252
https://doi.org/10.1111/2041-210X.13252


 

 

Royal Society B: Biological Sciences, 272(1569), 1217-1226. 
https://doi.org/10.1098/rspb.2005.3076 

Notarbartolo di Sciara, G., Agardy, T., Hyrenbach, D., Scovazzi, T., & Van Klaveren, P. (2008). 
The Pelagos Sanctuary for Mediterranean marine mammals. Aquatic Conservation: Marine 
and Freshwater Ecosystems. 18(4), pp.367–391. https://doi.org/10.1002/aqc.855 

Notarbartolo di Sciara, G. (2014). Sperm whales, Physeter macrocephalus, in the Mediterranean 
Sea: a summary of status, threats, and conservation recommendations. Aquatic 
Conservation: Marine and Freshwater Ecosystems, 24(S1), 4-10. 
https://doi.org/10.1002/aqc.2409 

Onoufriou, A. B., Gaggiotti, O. E., de Soto, N. A., McCarthy, M. L., Morin, P. A., Rosso, M., ... & 
Carroll, E. L. (2022). Biogeography in the deep: Hierarchical population genomic structure 
of two beaked whale species. Global Ecology and Conservation, e02308. 
https://doi.org/10.1016/j.gecco.2022.e02308 

Pace, D.S., Miragliuolo, A., & Mussi, B. (2008) Behaviour of a social unit of sperm whales 
(Physeter macrocephalus) entangled in a driftnet off Capo Palinuro (Southern Tyrrhenian 
Sea, Italy). Journal of Cetacean Research and Management 10: 131–135.  

Palumbi, S. R., & Baker, C. S. (1994). Contrasting population structure from nuclear intron 
sequences and mtDNA of humpback whales. Mol. Bioi. Evol. 11:426-435. 
https://doi.org/10.1093/oxfordjournals.molbev.a040115 

Palumbi, S. R. (2004). Marine reserves and ocean neighbourhoods: The spatial scale of marine 
populations and their management. Annual Rev. of Env. And Resources, 29:31–68. 
https://doi.org/10.1146/annurev.energy.29.062403.102254 

Paradis, E., & Schliep, K. (2019). ape 5.0: an environment for modern phylogenetics and 
evolutionary analyses in R. Bioinformatics, 35(3), 526-528. 
https://doi.org/10.1093/bioinformatics/bty633 

Patarnello, T., Volckaert, F. A., & Castilho, R. (2007). Pillars of Hercules: is the Atlantic–
Mediterranean transition a phylogeographical break?. Molecular ecology, 16(21), 4426-
4444. https://doi.org/10.1111/j.1365-294X.2007.03477.x 

Patterson, N., Moorjani, P., Luo, Y., Mallick, S., Rohland, N., Zhan, Y., ... & Reich, D. (2012). 
Ancient admixture in human history. Genetics, 192(3), 1065-1093. 
https://doi.org/10.1534/genetics.112.145037 

Pavan, G., Hayward, T.J., Borsani, J.F., Priano, M., Manghi, M., Fossati, C., & Gordon, J., (2000). 
Time patterns of sperm whale codas recorded in the Mediterranean Sea 1985–1996. J. 
Acoust. Soc. Am. 107, 3487–3495. http://dx.doi.org/10.1121/1.429419. 

Peres dos Santos, R., Martins, R., Chaiko, A., Cheeseman, T., Jones, L. S., & Wenzel, F. W. (2022). 
First humpback whale (Megaptera novaeangliae) re-sighting between Azorean waters and 
the Barents Sea (Murman coast, northWestern Russia). Polar Biology, 1-5. 
https://doi.org/10.1007/s00300-021-02998-y 

Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S., & Hoekstra, H. E. (2012). Double digest 
RADseq: an inexpensive method for de novo SNP discovery and genotyping in model and 
non-model species. PloS one, 7(5), e37135. https://doi.org/10.1371/journal.pone.0037135 

Pickrell, J., & Pritchard, J. (2012). Inference of population splits and mixtures from genome-wide 
allele frequency data. Nature Precedings, 1-1. https://doi.org/10.1038/npre.2012.6956.1 

Pirotta, E., Matthiopoulos, J., MacKenzie, M., Scott-Hayward, L., & Rendell, L. (2011). Modelling 
sperm whale habitat preference: a novel approach combining transect and follow 
data. Marine Ecology Progress Series, 436, 257-272. https://doi.org/10.3354/meps09236  

Pirotta, E., Brotons, J. M., Cerdà, M., Bakkers, S., & Rendell, L. E. (2020a). Multi-scale analysis 
reveals changing distribution patterns and the influence of social structure on the habitat use 
of an endangered marine predator, the sperm whale Physeter macrocephalus in the Western 

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16898 by U
niversidad D

e L
as Palm

as D
e G

ran C
anaria, W

iley O
nline L

ibrary on [09/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1098/rspb.2005.3076
https://doi.org/10.1002/aqc.855
https://doi.org/10.1002/aqc.2409
https://doi.org/10.1093/oxfordjournals.molbev.a040115
https://doi.org/10.1146/annurev.energy.29.062403.102254
https://doi.org/10.1093/bioinformatics/bty633
https://doi.org/10.1111/j.1365-294X.2007.03477.x
https://doi.org/10.1534/genetics.112.145037
http://dx.doi.org/10.1121/1.429419
https://doi.org/10.1007/s00300-021-02998-y
https://doi.org/10.1371/journal.pone.0037135
https://doi.org/10.1038/npre.2012.6956.1
https://doi.org/10.3354/meps09236


 

 

Mediterranean Sea. Deep Sea Research Part I: Oceanographic Research Papers, 155, 
103169. https://doi.org/10.1016/j.dsr.2019.103169 

Pirotta, E., Vighi, M., Brotons, J. M., Dillane, E., Cerdà, M., & Rendell, L. (2020b). Stable isotopes 
suggest fine-scale sexual segregation in an isolated, endangered sperm whale 
population. Marine Ecology Progress Series, 654, 209-218. 
https://doi.org/10.3354/meps13502 

Pirotta, E., Carpinelli, E., Frantzis, A., Gauffier, P., Lanfredi, C., Pace, D.S. & Rendell, 
L.E. (2021). Physeter macrocephalus (Mediterranean subpopulation). The IUCN Red List of 
Threatened Species 2021: e.T16370739A50285671. 
https://dx.doi.org/10.2305/IUCN.UK.2021-3.RLTS.T16370739A50285671.en. Accessed 
on 20 January 2023. 

Puncher, G. N., Cariani, A., Maes, G. E., Van Houdt, J., Herten, K., Cannas, R., ... & Tinti, F. 
(2018). Spatial dynamics and mixing of bluefin tuna in the Atlantic Ocean and 
Mediterranean Sea revealed using next‐generation sequencing. Molecular Ecology 
Resources, 18(3), 620-638. https://doi.org/10.1111/1755-0998.12764 

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A., Bender, D., ... & Sham, P. C. 
(2007). PLINK: a tool set for whole-genome association and population-based linkage 
analyses. The American journal of human genetics, 81(3), 559-575.  
https://doi.org/10.1086/519795 

Quetglas, A., Carbonell, A., & Sanchez, P. (2000). Demersal continental shelf and upper slope 
cephalopod assemblages from the Balearic Sea (north-Western Mediterranean). Biological 
aspects of some deep-sea species. Estuarine, Coastal and Shelf Science, 50(6), 739-749. 
https://doi.org/10.1006/ecss.1999.0603 

Ralph, P., & Coop, G. (2010). Parallel adaptation: one or many waves of advance of an 
advantageous allele?. Genetics, 186(2), 647-668. 
https://doi.org/10.1534/genetics.110.119594 

Reinert, K., Langmead, B., Weese, D., & Evers, D. J. (2015). Alignment of next-generation 
sequencing reads. Annual review of genomics and human genetics, 16, 133-151. 
https://doi.org/10.1146/annurev-genom-090413-025358 

Rendell, L., Mesnick, S., Dalebout, M., Burtenshaw, J., & Whitehead, H. (2012) Can genetic 
differences explain vocal dialect variation in sperm whales, Physeter macrocephalus? 
Behavior Genetics, 42, 332–343. https://doi.org/10.1007/s10519-011-9513-y 

Rendell, L., Simiao, S., Brotons, J.M., Airoldi, S., Fasano, D., & Gannier, A. (2014). Abundance 
and movements of sperm whales in the Western Mediterranean basin. Aquat. Conserv. Mar. 
Freshwat. Ecosyst. 24, 31–40. https://doi.org/10.1002/aqc.2426 

Rendell, L., & Frantzis, A. (2016). Mediterranean sperm whales, Physeter macrocephalus: the 
precarious state of a lost tribe. Advances in marine biology, 75, 37-74. 
https://doi.org/10.1016/bs.amb.2016.08.001 

Rochette, N. C., Rivera‐Colón, A. G., & Catchen, J. M. (2019). Stacks 2: Analytical methods for 
paired‐end sequencing improve RADseq‐based population genomics. Molecular 
Ecology, 28(21), 4737-4754. https://doi.org/10.1111/mec.15253 

Silva M., Prieto R., Cascão I., Seabra M., Machete M., Baumgartner M., et al. (2014). Spatial and 
temporal distribution of cetaceans in the mid-Atlantic waters around the Azores. Mar. Biol. 
Res. 10 (2), 123–137. doi: 10.1080/17451000.2013.793814 

Smith, B. L., Lu, C. P., García-Cortés, B., Viñas, J., Yeh, S. Y., & Alvarado Bremer, J. R. (2015). 
Multilocus Bayesian estimates of intra-oceanic genetic differentiation, connectivity, and 
admixture in Atlantic swordfish (Xiphias gladius L.). PLoS One, 10(6), e0127979.  
https://doi.org/10.1371/journal.pone.0127979 

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16898 by U
niversidad D

e L
as Palm

as D
e G

ran C
anaria, W

iley O
nline L

ibrary on [09/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.dsr.2019.103169
https://doi.org/10.3354/meps13502
https://dx.doi.org/10.2305/IUCN.UK.2021-3.RLTS.T16370739A50285671.en
https://doi.org/10.1111/1755-0998.12764
https://doi.org/10.1086/519795
https://doi.org/10.1006/ecss.1999.0603
https://doi.org/10.1534/genetics.110.119594
https://doi.org/10.1146/annurev-genom-090413-025358
https://doi.org/10.1007/s10519-011-9513-y
https://doi.org/10.1002/aqc.2426
https://doi.org/10.1016/bs.amb.2016.08.001
https://doi.org/10.1111/mec.15253
https://doi.org/10.1371/journal.pone.0127979


 

 

Stevick, P. T., Neves, M. C., Johansen, F., Engel, M. H., Allen, J., Marcondes, M. C., & Carlson, C. 
(2011). A quarter of a world away: female humpback whale moves 10 000 km between 
breeding areas. Biology letters, 7(2), 299-302. https://doi.org/10.1098/rsbl.2010.0717 

Sved, J. a, & Feldman, M. W. (1973). Correlation and probability methods for one and two loci. 
Theoretical Population Biology, 4(1), 129–132. doi:10.1016/0040-5809(73)90008-7 

Taylor, B. L., Chivers, S. J., Larese, J., & Perrin, W. F. (2007). Generation length and percent 
mature estimates for IUCN assessments of cetaceans. NOAA, NMFS, Southwest Fisheries 
Science Center Administrative Report LJ-07–01, 21. http://hdl.handle.net/1834/41281 

Taylor, B.L., Baird, R., Barlow, J., Dawson, S.M., Ford, J., Mead, J.G., Notarbartolo di Sciara, G., 
Wade, P. & Pitman, R.L. (2019). Physeter macrocephalus (amended version of 2008 
assessment). The IUCN Red List of Threatened Species 2019: e.T41755A160983555.  

Teloni, V., (2005). Patterns of sound production in diving sperm whales in the north Western 
Mediterranean. Mar. Mammal Sci. 21, 446–457. http://dx.doi.org/10.1111/j.1748-
7692.2005.tb01243.x 

Tepsich, P., Rosso, M., Halpin, P. N., & Moulins, A. (2014). Habitat preferences of two deep-
diving cetacean species in the northern Ligurian Sea. Marine Ecology Progress Series, 508, 
247-260. https://doi.org/10.3354/meps10851  

Thompson, K. F., Patel, S. E. L. I. N. A., Baker, C. S., Constantine, R. O. C. H. E. L. L. E., & 
Millar, C. D. (2016). Bucking the trend: genetic analysis reveals high diversity, large 
population size and low differentiation in a deep ocean cetacean. Heredity, 116(3), 277-285.  
https://doi.org/10.1038/hdy.2015.99 

Thunell, R. C., & Williams, D. F. (1989). Glacial–Holocene salinity changes in the Mediterranean 
Sea: hydrographic and depositional effects. Nature, 338(6215), 493-496. 
https://doi.org/10.1038/338493a0 

Tonay, A. M., Öztürk, A. A., Salman, A., Dede, A., Danyer, I. A., Danyer, E., & Öztürk, B. 
Stranding records of sperm whale (Physeter macrocephalus) on the Turkish coast in 2019-
2020 with a note on the opportunistic sampling of stomach content. J. Black 
Sea/Mediterranean Environment, 27, 3: 281-293. https://blackmeditjournal.org/wp-
content/uploads/1-2021-3_281-293.pdf 

Torreblanca, E., Báez, J. C., Real, R., Macías, D., García-Barcelona, S., Ferri-Yañez, F., & 
Camiñas, J. A. (2022). Factors associated with the differential distribution of cetaceans 
linked with deep habitats in the Western Mediterranean Sea. Scientific Reports, 12(1), 1-16. 
https://doi.org/10.1038/s41598-022-14369-6 

Van Cise, A. M., Baird, R. W., Baker, C. S., Cerchio, S., Claridge, D., Fielding, R., ... & Morin, P. 
A. (2019). Oceanographic barriers, divergence, and admixture: phylogeography and 
taxonomy of two putative subspecies of short‐finned pilot whale. Molecular 
Ecology, 28(11), 2886-2902. https://doi.org/10.1111/mec.15107 

Violi, B., Verga, A., Jones, L. S., Calogero, G., Soldano, G., Cheeseman, T., & Wenzel, F. W. 
(2021). A wanderer in the Mediterranean Sea: the case of a humpback whale (Megaptera 
novaeangliae) from the West Indies. Aquatic Mammals, 47(6), 599-611. 
https://doi.org/10.1578/AM.47.6.2021.599 

Westbury, M. V., Cabrera, A. A., Rey-Iglesia, A., De Cahsan, B., Duchêne, D. A., Hartmann, S., & 
Lorenzen, E. D. (2022). A genomic assessment of the marine-speciation paradox within the 
toothed whale superfamily Delphinoidea. bioRxiv, 2020-10. 
https://doi.org/10.1101/2020.10.23.352286 

Whitehead, H. (2002). Estimates of the current global population size and historical trajectory for 
sperm whales. Marine Ecology Progress Series, 242, 295-304. 
http://doi:10.3354/meps242295 

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16898 by U
niversidad D

e L
as Palm

as D
e G

ran C
anaria, W

iley O
nline L

ibrary on [09/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1098/rsbl.2010.0717
http://hdl.handle.net/1834/41281
http://dx.doi.org/10.1111/j.1748-7692.2005.tb01243.x
http://dx.doi.org/10.1111/j.1748-7692.2005.tb01243.x
https://doi.org/10.3354/meps10851
https://doi.org/10.1038/338493a0
https://blackmeditjournal.org/wp-content/uploads/1-2021-3_281-293.pdf
https://blackmeditjournal.org/wp-content/uploads/1-2021-3_281-293.pdf
https://doi.org/10.1578/AM.47.6.2021.599
http://doi:10.3354/meps242295


 

 

Whitehead, H., Antunes, R., Gero, S., Wong, S. N., Engelhaupt, D., & Rendell, L. (2012). 
Multilevel societies of female sperm whales (Physeter macrocephalus) in the Atlantic and 
Pacific: why are they so different?. International Journal of Primatology, 33(5), 1142-1164. 
https://doi.org/10.1007/s10764-012-9598-z 

Whitehead, H. (2017). Gene–culture coevolution in whales and dolphins. Proceedings of the 
National Academy of Sciences, 114(30), 7814-7821. 
https://doi.org/10.1073/pnas.1620736114 

Whitehead, H. (2018). Sperm whale: Physeter macrocephalus. In Encyclopedia of marine 
mammals (pp. 919-925). Academic Press. 

Whitehead, H., & Shin, M. (2022). Current global population size, post-whaling trend and historical 
trajectory of sperm whales. Scientific Reports, 12(1), 1-12. https://doi.org/10.1038/s41598-
022-24107-7 

Winkelmann, I., Campos, P. F., Strugnell, J., Cherel, Y., Smith, P. J., Kubodera, T., ... & Gilbert, 
M. T. P. (2013). Mitochondrial genome diversity and population structure of the giant squid 
Architeuthis: genetics sheds new light on one of the most enigmatic marine 
species. Proceedings of the Royal Society B: Biological Sciences, 280(1759), 20130273. 
https://doi.org/10.1098/rspb.2013.0273 

Würtz, M., & Simard, F. (2007). Following the food chain: an ecosystem approach to pelagic 
protected areas in the Mediterranean by mean of cetacean presence. US Rapport de la 
Commission internationale pour la Mer Méditerranée. 

Xue, D. X., Wang, H. Y., Zhang, T., & Liu, J. X. (2014). Population genetic structure and 
demographic history of Atrina pectinata based on mitochondrial DNA and microsatellite 
markers. PLoS ONE, 9, e95436. https://doi.org/10.1371/journal.pone.0095436 

 

 

Data Accessibility 

Sequences associated with ddRADseq analyses are deposited at Genbank under BioProject 
accession PRJNA936197. ddRADseq genotype files and relevant code are provided on Dryad at: 
https://doi.org/10.5061/dryad.dv41ns233. There are no restrictions on data availability.  

  

 1365294x, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16898 by U
niversidad D

e L
as Palm

as D
e G

ran C
anaria, W

iley O
nline L

ibrary on [09/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s10764-012-9598-z
https://doi.org/10.1073/pnas.1620736114
https://doi.org/10.1098/rspb.2013.0273
https://doi.org/10.1371/journal.pone.0095436
https://doi.org/10.5061/dryad.dv41ns233


 

 

TABLES 
Table 1. Pairwise Fst values calculated using Arlequin v3.5 and based on dataset A (below the 
diagonal) and dataset B (above the diagonal). *values are significant at p= 0.000 (to the resolution 
provided by the program). Cell colour corresponds to comparisons between the Atlantic and 
Mediterranean (dark blue) or within the Mediterranean (light blue). 

 

 Atlantic West Mediterranean East Mediterranean 

Atlantic - 0.03009* 0.04085* 

West Mediterranean 0.03099* - 0.01276* 

East Mediterranean 0.03583* 0.01203* - 
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Table 2. Migration rates between Atlantic and Mediterranean populations using dataset A (above) 
and dataset B (below). Rates with standard deviations among parentheses defined as the proportion 
of individuals in a ‘current’ population (in rows) that are migrants derived from a ‘source’ 
population (in column), per generation. Values inferred in BayesAss3-SNPs. 

 

 

 

 

 

 

 

 

 

  

Source 

Current 
Atlantic Mediterranean 

Atlantic 0.9916 (0.0081) 

0.9903 (0.0094) 

0.0084 (0.0081) 

0.0097 (0.0094) 

Mediterranean 0.0063 (0.0044) 

0.0088 (0.0074) 

0.9937 (0.0044) 

0.9912 (0.0074) 
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Table 3. Migration rates between Atlantic West Mediterranean and East Mediterranean putative 
populations using dataset A (values above) and dataset B (values below). Rates with standard 
deviations among parenthesis defined as the proportion of individuals in a ‘current’ population (in 
rows) that are migrants derived from a ‘source’ population in column, per generation. Values 
inferred in BayesAss3-SNPs. 

 

 

 

 

 

 

 

 

 

 

 

  

Source 

Current 
Atlantic W Mediterranean E Mediterranean 

Atlantic 0.9757 (0.0136) 

0.9810 (0.0129) 

0.0081 (0.0079) 

0.0191 (0.0130) 

0.0162 (0.0113) 

0.0094 (0.0091) 

W Mediterranean 0.0042 (0.0041) 

0.0129 (0.0123) 

0.9639 (0.0114) 

0.9826 (0.0103) 

0.0320 (0.0108) 

0.0101 (0.0079) 

E Mediterranean 0.0117 (0.0114) 

0.0099 (0.0071) 

0.2467 (0.0293) 

0.2355 (0.0759) 

0.7416 (0.0280) 

0.7516 (0.0755) 
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Table 4: f3 statistic among Atlantic West Mediterranean and East Mediterranean putative 
populations. 

 

pop1 pop2 pop3 est se z P-value 

Atlantic W Mediterranean E Mediterranean 0.0018 6.25 E-05 29.7818 p<0.00001 

W Mediterranean E Mediterranean Atlantic -7.9 E-05 3.16 E-05 -2.4851 p=0.00459 

E Mediterranean Atlantic W Mediterranean 0.0009 4.58 E-05 19.9024 p<0.00001 
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Figure Captions: 

Figure 1: Population Structure analyses. a) Sampling locations, b) Principal coordinate analyses for 

dataset A (4,422 SNPs) and c) Principal coordinate analyses for dataset B (12,616 SNPs); d) and e) 

principal coordinate analyses on samples using dataset A or B (respectively) restricted to the 

Mediterranean. Eastern basin samples are represented by triangles. 

 

Figure 2: a) LEA plots of population structure including all samples for K= 2-4. b) Estimated 

proportions of admixture for K=2. Atlantic assignment is in blue and Mediterranean in green. 

Estimates developed in Admixture and visualized in R. c) LEA plots of population structure 

including only Mediterranean samples for K= 2-4. 

 

Figure 3: Gene flow analyses. Circosplots showing migration rates between populations as 

calculated by BayesAss3-SNPs. a) Atlantic (blue) and Mediterranean (green) putative populations. 

b) Atlantic (blue) and Western (orange) and Eastern (green) Mediterranean putative populations. c) 

f3 statistic values using Atlantic, west Mediterranean and east Mediterranean putative populations. 

All values are significant at the p<0.05 level based on the Z-scores shown. d) ML tree of Atlantic 

generated with TreeMix, Western and Eastern Mediterranean populations with inferred migration 

edges.  

 

Figure 4: Demography analyses using stairway plots. a) Atlantic subset; b) western Mediterranean 

subset; c) eastern Mediterranean subset. Last glacial period (LGP) and Last glacial maximum 

(LGM) indicated by shading. Red line indicates median values. Black lines indicate 12.5% and 

87.5% percentile values, and grey margins indicate 2.5% and 97.5% percentile values. 
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