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6		
Late	Quaternary	demographic	responses	of	

baleen	whales	associated	to	climate	change	

and	prey	dynamics		
 
Cabrera, A. A., Schall, E., Bérubé, M., Bachmann, L., Berrow, S., Best, P.B., Clapham, P.J., Cunha, 
H., Dalla Rosa, L., Dias, C., Findlay, K.P,, Haug, T., Heide-Jørgensen, M.P., Kovacs, K., Larsen, 
F., Lopes, X. M., Lydersen, C., Matila, D., Oosting, T., Pace, R.M., Papetti, C., Paspati, A., Pastene, 
L.A., Prieto, R. Ramp, C., Robbins, J., Ryan, C., Sears, R., Secchi, E.R., Silva, M. A., Vikingsson, 
G., Wiig, Ø., Øien, N., Palsbøll, P.J.   
  
 

Global warming during the Late Quaternary (~14 – 9 thousand years ago, 
kya) had significant and lasting impacts on the distribution, population 
dynamics and trophic interactions of fauna and flora (Hewitt, 1996, 2000, 
2004). The effects were most dramatic at high latitudes and have been the 
subject of numerous terrestrial studies. In contrast, knowledge of the effects 
of this warming period on marine ecosystems remains sparse. This study 
infers temporal trends in abundance and migration rates during the Late 
Quaternary from DNA sequence variation within eight baleen whale species 
and seven fish and invertebrate species; these latter species represent baleen 
whale prey in the context of this study. Except for one baleen whale 
population, the analysis revealed increases in abundance during the Late 
Quaternary in both the North Atlantic Ocean and in the Southern 
Hemisphere. These increases in abundance were correlated with an increase 
in temperature, prey species’ abundance and sea ice declines. In the Southern 
Hemisphere, temporal trends in abundance in both baleen whales and 
invertebrate prey species were highly synchronized. In the North Atlantic 
Ocean, the initial increases in whale abundance were followed by subsequent 
decreases in three species some 6-8 kya. This study shows that the impacts of 
past global warming were long-lasting and spanned the entire marine 
ecosystem. Furthermore, the findings suggest that baleen whale abundance 
can be subject to bottom-up control (White, 1978; Power, 1992) at least 
during the initial part of a warming phase. However, the results also reveal 
that long-term trends in whale (and prey) abundance are highly context 
dependent and hence difficult to predict. 
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Main Text 

 

Ongoing global warming is affecting the population dynamics and trophic interactions across 

a wide range of ecosystems and habitats (Parmesan, 2006; Post et al., 2009). Translating the 

observed short-term effects into their long-term consequences remains a challenge. The Pleistocene-

Holocene transition (~11.7 kya) during the Late Quaternary, was characterized by rapid and dramatic 

increases in temperatures and concomitant changes in environmental conditions (Abrantes, 2000; 

Clark et al., 2009; Figure 1). An exploration of the Pleistocene-Holocene transition provides an 

opportunity to gain insights into long-term responses of natural populations to a period of global 

warming in the past. The effects of the Pleistocene-Holocene transition upon species’ ranges and 

extinction rates (Hewitt, 1996, 2000), have been the subject of several studies of terrestrial 

megafauna, which have revealed substantial spatio-temporal variation in species’ responses 

(Lorenzen et al., 2011). Less is known about the responses of marine megafauna to the Pleistocene-

Holocene transition. Baleen whales are a group of globally distributed marine mammal megafauna 

that prey on invertebrates and fishes. Most baleen whale species undertake extensive seasonal 

migrations between low-latitude breeding grounds and high latitude feeding areas (Berta et al., 

2006). Consequently, baleen whales are subjected to the environmental and ecological changes 

across entire ocean basins. 

In this study, we employed the coalescent-based Bayesian statistical framework 

implemented in the software MIGRATE-N (Beerli & Felsenstein, 2001) to infer temporal trends in 

regional genetic  diversity (�) and inter-regional gene flow (�). The parameter (�), which is the 

regional effective population size scaled with the generational mutation rate (�), was employed as 

proxy for local abundance. Similarly, �, which is the immigration rate scaled with �, was employed 

as proxy for inter-regional connectivity. The analyses focused on baleen whales as well as pelagic 

fish and invertebrate species that are known to be preyed on by baleen whales or representing the 

trophic level of baleen whale prey species. In total, 4,761 and 2,271 mitochondrial DNA (mtDNA) 

sequences were analyzed obtained from eight different baleen whale species and seven fish and 

invertebrate species in the North Atlantic Ocean and the Southern Hemisphere, respectively 

(Extended Data Table 1). For three baleen whales, the results obtained from the mtDNA sequences 

were corroborated with estimates of � based on genome-wide data (Extended Data Tables 3-4, 

Extended Data Figure 3).  

The genetic estimates of the temporal trends in baleen whale abundance during the 

Pleistocene-Holocene transition revealed substantial differences between the North Atlantic and the 
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Southern Hemisphere (Moline et al., 2008). The marine environment in the Southern Hemisphere is 

governed by the stable Antarctic Circumpolar Current (Tynan, 1998; Figure 1a) and a pelagic food 

web dominated by Antarctic krill (Euphausia superba; Hopkins, 1985), resulting in a comparatively 

homogenous ocean basin where a large biomass of krill supports most baleen whale species. The 

North Atlantic is a smaller ocean influenced by several current systems, continental run-off and 

cyclical climate oscillations (Rossby, 1996; O'Hare et al., 2005; Figure 1b). As a result, the 

distribution and abundance of whale prey in the North Atlantic Ocean varies considerably across 

time and space (Pershing et al., 2005). The two oceans also differ in terms of the relative change in 

sea ice cover during the Pleistocene-Holocene transition. The North Atlantic was subjected to a more 

extensive reduction in sea ice cover compared to the Southern Hemisphere (Figure 1c-f).  

The results of this study suggest large, exponential and highly synchronous increases in 

abundance in all baleen whale species in the Southern Hemisphere, with the exception of the 

common minke whale (Balaenoptera acutorostrata, Figure 2a). The temporal increases in baleen 

whale abundances tracked similar increases in the abundances of Antarctic krill and copepods 

(Figure 2b). The largest increases in abundances were estimated after the Pleistocene-Holocene 

transition, which was a period characterized by a steep rise in temperatures; in turn, accelerated 

deglaciation rates, reduced sea ice cover and increased sea levels (Abrantes, 2000; Clark et al., 

2009). The result was an expansion of marine habitats, large-scale changes in ocean circulation 

patterns and an increase in primary productivity (Abrantes, 2000; Clark et al., 2009; Tornqvist & 

Hijma, 2012; Figure 1). The one notable exception from the general trend in the Southern 

Hemisphere, the common minke whale appeared to decline in abundance during the Late 

Quaternary. This species’ distribution is at lower latitudes compared to other Southern Ocean baleen 

whales. The Southern Hemisphere common minke whale feeds predominantly on myctophid fishes 

(Kato & Fujise, 2000), whereas the other whales feed predominantly on krill.  

In contrast to the Southern Hemisphere, the estimated temporal trends in abundance among 

the North Atlantic baleen whales did not display the same level of synchronicity (Figure 2d). 

Although all baleen whale species underwent an initial expansion during the Later Quaternary, the 

subsequent trends in abundance varied considerably among species. The blue whale, B. musculus, 

the humpback whale, Megaptera novaeangliae, and the North Atlantic right whale, Eubalaena 

glacialis, all underwent subsequent declines in abundance, in some cases resulting in an overall net 

decrease in abundance during the Late Quaternary. The temporal trends in the abundance of 

Northern krill (Meganyctiphanes norvegica), copepods (Calanus helgolandicus, Centropages 

typicus, Pleuromamma abdominalis), herring (Clupea harengus) and capelin (Mallotus villosus) 

varied among species as well, though most prey species increased in abundance (Figure 2e).   
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Figure 1. Major ocean currents and summer sea ice conditions during the Late Quaternary (a-
b) Simplified configuration of major surface ocean currents in the Southern Ocean and North 
Atlantic Ocean. (c-d) Summer sea ice and ice sheets current condition. (e-f) Summer sea ice and ice 
sheets conditions during the LGM. 
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The increase in the abundances of Northern krill and copepods was estimated to have begun 

immediately after the Last Glacial Maximum (~19kya; Clark et al., 2009), whereas the increases in 

abundance of capelin and herring were estimated to take place approximately 6-8 kya.  

The relative change in baleen whale abundance during the Late Quaternary (i.e., from 21 – 

1 kya) in the Southern Hemisphere was on average 13x. In contrast, the average increase in 

abundance among North Atlantic baleen whales during the same period was only 2x (Figure 3a). A 

similar, albeit less pronounced, difference in relative abundance was observed between the two 

regions in the fishes and invertebrate species (Figure 3b).  

Estimated temporal trends in immigration rates were associated with high levels of 

uncertainty (Extended Data Figure 2). A general increase in baleen whale immigration rates was 

observed during the Holocene when baleen whale regional abundance increased. However, baleen 

whale immigration rates were also elevated during the Last Glacial Maximum, despite lower 

abundances. The increased connectivity could simply be due to contracted species’ ranges towards 

the Equator, limited by the increased extent of sea ice at higher latitudes (Figure 1c-f), creating 

greater proximity among populations.  

Our study estimated a substantial increase in the biomass of baleen whales during the Late 

Quaternary, which appeared to be facilitated by a preceding and synchronous increase in biomass at 

lower trophic levels (Figure 2g). The observation that the baleen whale abundances tracked increases 

in abundance in key invertebrates (i.e., krill and copepods) suggests an initial bottom-up enrichment 

of the oceans during the Late Quaternary (White, 1978; Power, 1992). The concerted increase was 

particularly evident in the Southern Hemisphere where the trends in abundance of between baleen 

whales (excluding the common minke whale) and Antarctic krill (Kawamura, 1980) were strongly 

correlated (r=0.88-1.00, p<0.005, Extended Data Figure 1). The results are consistent with previous 

paleo-oceanographic reconstructions, which suggested an increase in primary productivity during 

the Late Quaternary (Radi & de Vernal, 2008; Tsandev et al., 2008). There was a notable shift in the 

marine environment at 12-15 kya coinciding with a shift in composition of phytoplankton from 

perennial pelagic to seasonal sea-ice-associated species, which are indicative of a high primary 

productivity (Caissie et al., 2010; Harland et al., 2016). The initial bottom-up regulated increase in 

baleen whale biomass may have facilitated further increases in primary production via the so-called 

whale pump (Roman & McCarthy, 2010) resulting in a positive “loop”.  
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Figure 2. Temporal changes in effective population size estimated for baleen whales and prey species during the Late Quaternary. (a, d) 

Baleen whales, (b, e) prey species. Note the different scales of the values on the vertical axis in �. (c, f) Historical surface air temperature 

relative to present temperature (SATRTP) in degrees Celsius (°C). Horizontal axis denotes the time in kya. NE-NA: Northeastern North Atlantic 

(NA), SE-NA: Southeastern NA and W-NA: the Western NA. (g) General model of demographic responses to the Late Quaternary climate 

change in marine species proposed in this study. The red- and blue-shaded areas represent the Holocene and Pleistocene period, 

respectively. The dark blue-shaded area indicates the LGM. 
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Figure 3. Relative increase in baleen whale and prey abundance during the Late Holocene 
relative to the Late Pleistocene. a) Baleen whales and b) prey species. Circles represent the median 
point estimates of � for each species. The dotted lines indicate the average estimate of theta 
(estimated from all point estimates). The numbers indicate the average relative increase in theta at 
one kya relative to 21 kya for the Southern Hemisphere and the North Atlantic Ocean. 
 

 

The demographic responses to the global warming during the Late Quaternary were 

heterogeneous in the North Atlantic. The temporal trends in abundance inferred in this study for 

most baleen whales, fish and some copepods species showed a marked change in trajectories around 

6-8 kya which did not correlate well with long-term ambient temperatures (Figure 2, Extended Data 

Figure 1). One possible cause is the 8.2 kya event, when global ocean water temperatures dropped 

precipitously, particularly in the North Atlantic (Alley et al., 1997; Barber et al., 1999). The source 

of the 8.2 kya event was likely a massive discharge of glacial melt water into the western North 

Atlantic Ocean basin from proglacial lakes due to the collapse of an ice dam that had previously 

isolated Hudson Bay (Barber et al., 1999). This period was also characterized by a shift in the 

phytoplankton composition from species associated with seasonal sea ice to species associated with 

open water (Caissie et al., 2010; Harland et al., 2016)   

The growing concerns regarding the effects of current global warming have spurred 

numerous studies and reviews attempting to predict the effects of the current climate change on 

marine mammal populations (Moore & Huntington, 2008). Current, short-term, observations 

suggest that baleen whale species, such as humpback, fin (B. physalus) and blue whales arrive earlier 

and at increasingly higher latitudes as the extent of summer sea ice decreases, infringing upon 
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resident Arctic species, such as the bowhead whale (Balaena mysticetus; Moore, 2016). These 

contemporary observations suggest that some baleen whales benefit at present from the current 

global warming. However, the results reported here suggest that the relationship between increasing 

temperatures and baleen whale abundance goes beyond short-term observations. The initial increase 

in temperatures during the Late Quaternary had wide ranging and long-lasting effects on 

oceanographic conditions as well as on primary productivity and prey abundance. Indeed, the 

regional oceanographic conditions, including the prey base, appears to have been the main driver of 

the long-term response in baleen whales to past global warming.  

The abundance of prey and baleen whales continued to increase in the Southern Hemisphere 

for several thousand years after the ambient temperatures stabilized during the early Holocene. 

These observations suggest that the long-term effects of global warming with respect to baleen whale 

abundance are predictable as long as the main oceanographic and geological features (e.g., sea ice) 

persist and temperatures remain within ranges that allow optimal prey production. However, the 

changes in abundances 6-8 kya observed in this study in the North Atlantic suggested that 

unpredictable changes in oceanographic conditions can have dramatic effects on baleen whale 

abundance.  

 

Methods 

 

Taxon selection  

This study focused on eight baleen whale species as well as seven pelagic fish and invertebrate 

species (Extended Data Table 1). The baleen whales included four species with global distributions 

(Extended Data Figure 4): the common minke whale (B. acutorostrata), the blue whale (B. 

musculus), the fin whale (B. physalus), and the humpback whale (M. novaeangliae). The right whale 

included two nominal species, the southern right whale (E. australis) and the North Atlantic right 

whale (E. glacialis). The right whales were treated as regional populations from a single “species” 

due to the low degree of genetic divergence between the two nominal species (Sasaki et al., 2005). 

The remaining two baleen whales have more restricted distributions; the bowhead whale (B. 

mysticetus) is restricted to the Arctic, and the Antarctic minke whale (B. bonaerensis) to the Southern 

Ocean (with a few notable exceptions in the North Atlantic during recent years (Glover et al., 2010; 

Rosel et al., 2016)).  

The pelagic fish and invertebrate species included two krill species, three copepod species 

and two small schooling fish species. These species are either known baleen whale prey species (i.e., 
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Antarctic krill (E. superba), northern krill (M. norvegica), North Atlantic herring (C. harengus) and 

capelin (M. villosus)) or at the same trophic level as potential baleen whale prey species (i.e., three 

copepod species (C. typicus, C. helgolandicus, P. abdominalis; Extended Data Table 1). The 

Antarctic krill is distributed exclusively in the Southern Ocean. The Northern krill, two of the 

copepod species (C. typicus, C. helgolandicus), the North Atlantic herring and the capelin are 

exclusive to the Northern Hemisphere. The copepod (P. abdominalis) has a global distribution 

(Extended Data Figure 4). 

 

Sample collection 

Tissue samples from baleen whales (Extended Data Table 1) were collected either as: 1) skin 

biopsies from free-ranging individuals using remote biopsy sampling approaches (Palsbøll et al., 

1991a), 2) stranded or by-caught whales or 3) whales killed during commercial whaling operations 

prior to the current moratorium on commercial whaling or during aboriginal subsistence whaling 

(permitted under the agreements of the International Whaling Commission). All tissue samples were 

stored in saturated sodium chloride and 20% dimethyl sulfoxide and archived at -20/-80 degrees 

Celsius (C). Total-cell DNA was extracted from the tissue samples using either standard 

phenol/chloroform extraction procedures (Sambrook et al., 1989) as described previously (Palsbøll 

et al., 1995) or using DNeasy™ columns (Qiagen Inc.) following the manufacturer’s instructions.   

Multi-locus microsatellites genotypes (data not shown) were employed to remove duplicate 

samples of the same individual as well as mother and calf pairs sampled during the same sighting 

events (i.e., non-independent samples). Related individuals sampled at random (i.e., during different 

sightings) were not excluded from the analysis (Waples & Anderson, 2017).  

 

Mitochondrial DNA data 

In total, 4,761 baleen whale mtDNA control region sequences and 2,271 mtDNA sequences 

from pelagic fish and invertebrate species were included in this study. The latter DNA sequences 

were from either; cytochrome c oxidase, subunit I (COI), NADH dehydrogenase, subunit 1 (ND1), 

cytochrome b (CYTB) or 16S ribosomal DNA (16S rDNA; Extended Data Table 1). DNA sequence 

data were either generated during this study or obtained from previously published sources (Malik 

et al., 1999; Zane et al., 2000; Papetti et al., 2005; LeDuc et al., 2007; Pastene et al., 2007; 

Valenzuela et al., 2009; Goodall-Copestake et al., 2010; Colbeck et al., 2011; Yebra et al., 2011; 

Castellani et al., 2012; Sremba et al., 2012; Teacher et al., 2012; Archer et al., 2013; Jackson et al., 

2014; Hirai et al., 2015). The experimental conditions for published data are described in the relevant 
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publications (Extended Data Table 1). In case of previously unpublished data the sample collection 

and experimental procedures are described above and below, respectively. 

Laboratory methods: The first ~400 base pairs (bp) of the 5’ end of the mtDNA control 

region were amplified, using the primers MT4F (Árnason & Gullberg, 1993) and BP16071R (Drouot 

et al., 2004). The initial symmetric PCR amplification was performed in a 20 µL reaction volume 

consisting of 0.2 µM of each dNTP, 67 mM Tris-HCl (pH 8.8), 2 mM MgCl2, 17 mM NH3SO4, 10 

mM �-mercaptoethanol, 0.1 µM of each PCR primer, 0.4 units of Taq DNA polymerase (Fermentas 

Inc.) and ~10 - 20 ng of extracted DNA. The thermo-cycling conditions were: 2’ (minutes) at 94° C, 

followed by 25 cycles consisting of 15’’ (seconds) at 94° C, 30’’ at 54° C and 120’’ at 72° C. 

Unincorporated nucleotides and excess primers were removed using shrimp alkaline phosphatase 

and exonuclease I (Werle et al., 1994). Cycle sequencing was conducted according to the 

manufacturer’s instructions (only 1/16th the recommended amount of Big Dye™ v3.1 Terminator 

Ready Reaction Mix was used (Life Technologies Inc.), using the primers MT4F or BP16071R. 

Excess nucleotides were removed by ethanol/EDTA precipitation (Sambrook & Russell, 2001) and 

the cycle-sequencing products re-suspended in 10 µL deionized formamide (Calbiochem Inc.). The 

order of cycle-sequencing products was resolved by capillary electrophoresis (Applied Biosystems 

ABI Prism™ 3730, Life Technologies Inc.). The DNA sequence chromatograms were inspected by 

eye with either Chromas® (ver. 2.13, Technelysium Pty Ltd.) or Sequencher® (ver. 5.1, Gene Codes 

Corporation).  

Data processing and sequence alignment: DNA sequence alignment was performed using 

the ClustalW algorithm (Thompson et al., 1994) and default parameter settings as implemented in 

MEGA (ver. 6.0; Tamura et al., 2013) followed by visual inspection of the alignment. All sequences 

were trimmed to equal length (Extended Data Table 1).  

Estimation of temporal trends of genetic diversity and immigration rates from single-locus 

DNA sequences: The software MIGRATE-N (ver. 3.6.6; Beerli & Felsenstein, 1999, 2001) was 

employed to estimate temporal skyline plots of regional genetic diversity (�) and migration rates 

(M). The software jModelTest  (ver. 2; Darriba et al., 2012) was employed to select the most 

probable nucleotide mutation model and associated parameter values (e.g., the 

transition/transversion ratio,  Extended Data Table 2). The prior ranges of � and M, in MIGRATE-

N, were determined from preliminary estimations with reduced sample sizes and short Monte Carlo 

Markov chains (MCMC) using the estimates of the FST –based method as starting values. The prior 

ranges were subsequently adjusted according to the outcomes of these preliminary estimations. The 

specific analysis parameter values employed during the final estimations are listed in Extended Data 

Table 2. For data sets with more than 250 DNA sequences, random sub-sampling (without 
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replacement) was employed at sample sizes of 250 DNA sequences per sample partition. Final 

estimates were based upon three independent estimations, all initiated with a different random seed. 

Each run comprised 100 replicates, each consisting of a single long MCMC of eight million burn-in 

steps followed by an additional eight million steps, sampled at every 200th step. A static heating 

scheme of four chains at temperatures 1.0, 1.5, 3.0, and 1,000,000, respectively, was employed. 

Convergence was assessed employing the R-CRAN package CODA (Plummer et al., 2006). 

Consistency among the three independent estimations, smooth and unimodal distribution within the 

prior range and an effective sample size above 10,000 for all estimates were also considered as signs 

of convergence. The final estimates of � and M represented the median and standard deviation of 

the pooled values of the three independent estimations. The pooled median was estimated as 	�� =
∑ ������ ��/∑ ������ , where �� denotes the number of observations in estimate �, � denotes the total 

number of estimates (i.e., three estimations), and	�� denotes the median value in estimate �. The 

pooled standard deviation was estimated as �� = �∑  �� − 1"��	���� / #∑ ������ $ − �", where �� 
denotes the standard deviation of estimate �. The credible interval of the final estimations was 

approximated to ��	± 1.96 ��, where �� denotes the median and �� the standard deviation. 

The conversion of time scaled mutation rate to years required estimates of generational 

mutation rates. A range of mutation rates from recent studies undertaken in closely related species 

or the species targeted in this study was explored. Similar generational mutation rates among species 

at the same marker but different generational mutation rates between the control region and the 

coding genes of the mtDNA were assumed (i.e., COI, ND1, CYTB and 16S rDNA). A generational 

mutation rate at 1.125 x 10-6 per bp in case of the mtDNA control region sequences was employed, 

which is within the range of previously estimated values (from 2 x 10-7 to 2 x 10-5 bp, see 

supplementary material S1).  The generational mutation rate was obtained from the annual mutation 

rate at 5.3 x 10-8 per bp reported by Alter and Palumbi (2009) and a generation time at 21.2 years, 

(the average of values estimated by Pacifici et al. (2013) and Taylor et al. (2007) for minke whales). 

For the mtDNA coding genes, a generational mutation rate at 3.4 x 10-7 per bp was employed. The 

generational mutation rate used is within the range of previously estimated values of generational 

mutation rate of mtDNA coding regions and the entire mtDNA genome (2 x 10-8 to 1 x 10-6 per bp, 

see supplementary material S1). This value was obtained from the estimate of the annual mutation 

rate at 1.7 x 10-8 for the coding regions of the human mtDNA genome reported by Ingman et al. 

(2000) and a human generation time of 20 years. This generational mutation rate was also similar to 

the direct estimates of the generational mutation rate of the entire mtDNA genome of invertebrate 

model species (Denver et al., 2000; see suplementary material S1; Xu et al., 2012).  
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The estimation period was limited to the period from 30 to 1 kya, in order to include the Last 

Glacial Maximum, while excluding possible recent anthropogenic effects, such as whaling.  

In order to assess the consistency of the results obtained from different mtDNA genes, 

estimates of temporal trends obtained from different mtDNA genes in the same species were 

compared (Extended Data Figure 3). The temporal trends estimated from mtDNA sequences were 

also compared to similar estimates based on genome-wide SNPs (single nucleotide polymorphisms) 

generated by next generation sequencing in a few select species as described below.  

 

Nuclear DNA data 

 Laboratory methods: In order to obtain estimates of temporal trends of � from nuclear DNA, 

genome-wide SNP genotypes were generated from double digested restriction-associated (ddRAD; 

Peterson et al., 2012) and quadRAD libraries (Franchini et al., 2017).  Common minke whale and 

Southern right whale libraries were generated from ddRAD libraries as described by Peterson et al. 

(2012). Fin whale libraries were generated from quaddRAD libraries following Franchini et al. 

(2017). All libraries were made from genomic DNA digested with HindIII and MspI and insert sizes 

between 300 and 400 bp. Libraries were sequenced on an Illumina HiSeq™ 2500 platform (ver. 4) 

as 100 (ddRAD) and 125 (quaddRAD) bp, paired-end sequencing with 10% PhiX spike-in.  

 Data processing: In the case of the quaddRAD library, PCR clones were removed using the 

clone_filter script implemented in the software suite STACKS (ver. 1.47; Catchen et al., 2013). 

Illumina HiSeq sequence data were de-multiplexed with process_radtags (STACKS, ver. 1.47) 

using default settings. The filtered reads were aligned to a reference genome using BOWTIE2 (ver. 

2.2.8; Langmead & Salzberg, 2012) as “end to end” alignment employing the setting very_sensitive 

(i.e., D 20 -R 3 -N 0 -L 20 -i S,1,0.50). Maximum fragment length for paired-end alignments were 

set at 600 bp disallowing discordant alignments. In the case of the common minke whale and fin 

whale data, the common minke whale genome (Yim et al., 2014) was employed as a reference, and 

the bowhead whale genome (Keane et al., 2015) was used as the reference in the case of the southern 

right whale. 

 The folded site frequency spectrum (SFS; Nielsen et al., 2012) was estimated with ANGSD 

(Korneliussen et al., 2014) for those samples from which more than three million reads were 

obtained. SNPs with a base quality score below 20 and a minimum mapping quality at less than 10 

were discarded. Only SNPs typed in minimum 80% of the individuals at a minimum coverage of 

x10 per individual were retained for the final analyses. SNP genotype frequencies were estimated 

using likelihood procedure implemented in GATK (McKenna et al., 2010). 
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 Estimation of temporal trends of genetic diversity from genome-wide SNP genotypes: The 

method implemented in the software STAIRWAY PLOT (ver. 2.0 beta; Liu & Fu, 2015) was 

employed to infer the temporal changes in � from the SFS estimated from the genome-wide SNP 

data. Two thirds of the data were employed as training data and #�%�&$ − 2 4,⁄  #�%�&$ − 2 2,⁄  

3  �%�& − 2" 4,⁄  and �%�& − 2 , where �%�& is two times the sample size, as the number of random 

breakpoints. The optimal number of random breakpoints was chosen based upon the results from 

the training data. In order to convert the time scaled mutation rate estimates in years, we employed 

an annual mutation rate at 1.07x10-9 per bp (Yim et al., 2014) for the whole-genome, in all baleen 

whale species. For generation time, the average values estimated by Taylor et al. (2007) and Pacifici 

et al. (2013) were used, resulting in 21.22 years for the common minke whale, 32.47 years for the 

fin whale and 27.57 years for the southern right whale. Similar to the mtDNA data, we limited the 

estimation period from one to 30 kya. 

 

Temperature data  

Surface air temperature (SAT) estimates for the Southern Hemisphere were inferred from 

deuterium measurements collected from the Antarctic EPICA Dome C Ice Core (Jouzel et al., 2007). 

For the Northern Hemisphere, continental atmospheric temperatures between 40 and 80° N 

calibrated with oxygen isotope records from 57 sediment cores were obtained from Bintanja et al. 

(2005).  

 

Maps of ocean circulation and sea ice reconstructions 

Maps were created using ArcGIS® software (ver. 10.3, Esri® Inc.). Ocean current data were 

compiled from the NOAA National Weather Service 

(http://www.srh.noaa.gov/jetstream/ocean/currents_max.htm). Contemporary and LGM permafrost 

and ground ice data were obtained from Brown et al. (2002) and Lindgren et al. (2016), respectively. 

Average sea ice conditions during March and September 2016 (obtained from the National Snow 

and Ice Data Center (Fetterer et al., 2017)) were employed to represent contemporary summer sea 

ice conditions in the Antarctic and the Arctic, respectively. Contemporary ice sheet and glacial 

projections were obtained from Natural Earth (Natural_Earth, 2017). The data for the Antarctic 

summer sea ice, ice sheet cover and extension of the glaciers during the LGM were obtained from 

Gersonde et al. (2005) and CLIMAP 1981 (Climap, 1981). The data for the Arctic summer sea ice, 

ice sheet and extension of the glaciers from the LGM were from GLAMAP 2000 (Pflaumann et al., 

2003) and Ehlers et al. (2011). Maps are displayed using South Pole or North Pole Lambert 
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Azimuthal Equal Area projections with World Geodetic System 1984 with map datum at a scale of 

1:65,000,000. 

 

Correlation among baleen whales, prey and climate 

Pearson’s correlation coefficients were estimated using R (ver. 3.2.5; R-Development-Core-

Team, 2016). Estimates of � and SAT were fitted to 1,000 year intervals by linear interpolation as 

implemented in R (ver. 3.2.5; R-Development-Core-Team, 2016). 
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Extended Data Table 1. Species list and sample collection for the North Atlantic and Southern 
Hemisphere  

Species Common name 
Sample 
region 

n 
Sequence 

length 
Marker Source 

North Atlantic 

Baleen whales       

Balaenoptera acutorostrata 
Common minke 

whale NA 931 322 CR This study 

Balaenoptera musculus Blue whale NA 325 404 CR This study 

Balaenoptera physalus Fin whale WNA 280 391 CR This study, Archer 
et al. (2013) 

Megaptera novaeangliae Humpback whale WI 1086 396 CR This study 

Eubalaena glacialis 
Northern right 

whales WNA 269 381 CR Malik et al. (1999) 

Balaena mysticetus Bowhead whale WNA 395 454 CR This study 

Prey species       

Meganyctiphanes norvegica  Northern krill NA 834* 155 ND1 Zane et al. (2000); 
Papetti et al. (2005) 

Calanus helgolandicus  Copepod ENA 218 408 16S Yebra et al. (2011) 

Centropages typicus Copepod NA 79 560 COI Castellani et al. 
(2012) 

Pleuromamma abdominalis Copepod NA 130 441 COI Hirai et al. (2015) 

Clupea harengus Atlantic herring ENA 98 1551 COI Teacher et al. 
(2012) 

Mallotus villosus Capelin WNA 41 572 CYTB Colbeck et al. 
(2011) 

Southern Hemisphere  

Baleen whales       

Balaenoptera acutorostrata 
Common minke 

whale 
WSA, 

SO 23 322 CR Pastene et al. (2007) 

Balaenoptera musculus Blue whale SO 230 404 CR LeDuc et al. (2008); 
Sremba et al. (2012) 

Balaenoptera physalus Fin whale SO 61 391 CR This study, Archer 
et al. (2013) 

Megaptera novaeangliae Humpback whale SA 500 396 CR Jackson et al. 
(2014) 

Eubalaena australis 
Southern right 

whale SA 481 381 CR 
This study, 

Valenzuela et al. 
(2009) 

Balaenoptera bonaerensis 
Antarctic minke 

whale 
WSA, 

SO 180 337 CR Pastene et al. (2007) 

Prey species       

Euphausia superba  Antarctic krill SO 640 593 COI 
Goodall-Copestake 

et al. (2010); 
Deagle et al. (2015) 

Pleuromamma abdominalis Copepod SA, 
WIO 231 441 COI Hirai et al. (2015) 

List of species analyzed, molecular marker, number of samples (n), sequence length in number of 
base pairs, sampling region and source. CR: control region, COI: cytochrome c oxidase, subunit 1, 
ND1: NADH dehydrogenase, subunit 1, CYTB: cytochrome b and 16S: 16S rDNA of the 
mitochondrial DNA. NA: North Atlantic (NA), ENA: Eastern NA, WNA: Western NA, WI: West 
Indies, SA: South Atlantic (SA), WSA: Western SA, SO: Southern Ocean, WIO: Western Indian 
Ocean.  *Includes 654 sequences from the Northeastern NA (NE-NA), 146 from the Southeastern 
NA (SE-NA) and 34 from the Western NA (W-NA).  
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Extended Data Table 2. Demographic parameters and prior distributions employed to infer 
the demographic history of baleen whales and prey species in Migrate-N  

Species Marker ti/tv 

Parameter � Parameter M 

Priors Starting parameters Priors Starting 
parameters 

Maximum Delta �+ �, Maximum Delta MN>S MS>N 

B. acutorostrata CR 7.7 0.1 0.01 0.01 0.03 200 20 50 1 
B. musculus CR 19.7 0.1 0.01 0.06 0.01 300 30 95 1 
B. physalus CR 19.8 0.2 0.02 0.09 0.02 100 10 0 20 

M. novaeangliae CR 25.4 0.15 0.015 0.07 0.007 250 25 60 20 

E. glacialis CR 119.5 0.1 0.01 0.04 0.003 300 30 1 25 
B. mysticetus CR 9.6 0.1 0.01  0.035     

B. borealis CR 25.2 0.4 0.04 0.22      

E. superba COI 8.2 0.5 0.05 0.19      

M. norvegica ND1 5 0.1 0.01  
0.02 (NE-NA) 

0.017 (SE-
NA) 0.012 
(W-NA) 

    

C. helgolandicus 16S 6.5 0.1 0.01  0.02     

C. typicus COI 39.2 0.5 0.05  0.2     

P. abdominalis COI 6.8 0.2 0.02 0.12 0.12 500 50 83 83 

C. harengus COI 12.3 0.2 0.02  0.036     

M. villosus CYTB 7.4 0.05 0.005   0.02         

CR: control region, COI: cytochrome c oxidase, subunit 1, ND1: NADH dehydrogenase, subunit 1, 
CYTB: cytochrome b and 16S: 16S rDNA of the mitochondrial DNA. The transition/transversion 
rate (ti/tv). The prior parameters and the starting parameter values are shown for � and	�. A uniform 
distribution and a minimum prior of zero were employed for all priors. �,: � Northern Hemisphere 
population, �+: � Southern Hemisphere population, �,-+: immigration rate from North to South 
and �+-,: immigration rate from South to North. See Extended Data Table 1 for the definition of 
the abbreviations: NE-NA, SE-NA and W-NA. 
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Extended Data Table 3. Species list and sample selection for the comparison of the 
demographic history employing different mitochondrial genes and multi-locus data  

Species Common name Sample 
region Marker n  

Sequence 
length/Single 

nucleotide genotypes 
Source 

C. harengus Atlantic herring ENA COI 98 1,551 Teacher et al. (2012) 
C. harengus Atlantic herring ENA CR 98 1,055 Teacher et al. (2012) 
C. harengus Atlantic herring ENA ND1 98 975 Teacher et al. (2012) 

C. harengus Atlantic herring ENA Mitogen
ome 98 15,653 Teacher et al. (2012) 

E. superba Antarctic krill SO COI 640 593 
Goodall-Copestake et 
al. (2010); Deagle et 

al. (2015) 
E.superba Antarctic krill SO NDI 139 494 Deagle et al. (2015) 

B. acutorostrata 
Common minke 

whale NA CR 867 322 This study 

B. acutorostrata 
Common minke 

whale NA SNPs 27 14,304 This study 

E. australis 
Southern right 

whale SA CR 481 381 
This study, 

Valenzuela et al. 
(2009) 

E. australis 
Southern right 

whale ESA SNPs 45 31,482  This study 

B. physalus Fin whale WNA CR 280 391 This study 

B. physalus Fin whale NA SNPs 28 29,544 This study 

Species, molecular marker, sample size (n), sequence length in number of base pairs or number of 
estimated single nucleotide polymorphisms genotypes (i.e., number of inferred polymorphic sites 
from the site frequency spectrum) for each baleen whale and prey species. CR: control region, COI: 
the cytochrome c oxidase, subunit 1, ND1: the NADH dehydrogenase, subunit 1 of the mitochondrial 
DNA, Mitogenome: entire mitochondrial genome excluding the control region, SNPs: single 
nucleotide polymorphism genotypes. See Extended Data Table 1 for the definition of the 
abbreviations: NA, ENA, WNA, SA, SO and ESA. 
 
 

Extended Data Table 4. Demographic parameters and prior distributions employed to infer 
the demographic history of additional data sets in MIGRATE-N 

Species Marker ti/tv 
Parameter � 

Priors Starting parameters 
Maximum Delta �+: �, 

C. harengus CR 5.6 0.4 0.04  0.16 

C. harengus ND1 12.3 0.2 0.02  0.04 

C. harengus Mitogenome 11.3 0.2 0.02  0.08 

E. superba ND1 7.7 0.3 0.03 0.15   

CR: control region, ND1: NADH dehydrogenase, subunit 1 of the mitochondrial DNA and 
Mitogenome: entire mitochondrial genome excluding the control region. The transition/transversion 
rate (ti/tv). A uniform distribution and a minimum prior of zero were employed for all priors. �,: � 
Northern Hemisphere population, �+: � Southern Hemisphere population. 
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Extended Data Figure 1. Pairwise Pearson’s correlations among baleen whale and prey effective population size changes, temperature 

changes and time.  a) Southern Hemisphere, b) North Atlantic. Blue: positive correlation, red: negative correlation. *, **, *** denotes p-values 
estimated at less than 0.05, 0.01, 0.001, respectively. 
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Extended Data Figure 2. Temporal changes in immigration rate between the Northern and the 
Southern Hemisphere baleen whale populations. a) Immigration rate from North to South (�,-+) 
and b) immigration rate from South to North (�+-,). M = m/µ, where m denotes the probability that 
a gene copy is an immigrant and µ is the mutation rate per bp per generation). All values on the 
horizontal axis denotes the time in kya. Note the different scales for the vertical axis in �. (c-d) 
Historical surface air temperature relative to present temperature (SATRTP) in degrees Celsius (°C) 
for (c) the Northern and (d) Southern Hemisphere. 
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Extended Data Figure 3. Comparison of demographic history estimated employing genetic 
data based on different mitochondrial genes and genome-wide SNP genotypes. (a) Estimated 
demographic history employing mitochondrial genes and nuclear multi-locus data in common minke 
whale, right whale and fin whale, (b) estimated demographic history employing different 
mitochondrial genes in North Atlantic herring and Antarctic krill. Values on the horizontal axis 
denote the time in kya and on the vertical axis θ. Note the different scales of the vertical axis. CR: 
control region, COI: cytochrome c oxidase, subunit 1, ND1: NADH dehydrogenase, subunit 1 of the 
mitochondrial DNA, Mitogenome: entire mitochondrial genome, SNPs: single nucleotide 
polymorphisms genotypes. The red- and blue-shaded areas represent the Holocene and Pleistocene 
period, respectively. The dark blue-shaded area indicates the LGM. 
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Extended Data Figure 4. Sampling locations and estimated parameters for the North Atlantic 
and the Southern Hemisphere baleen whales and prey species. Approximate species range and 
sampling location for (a-f) baleen whales and (g-l) prey species. Estimated parameters were theta, � 
(� N: theta from the North Atlantic populations and � S: theta from the Southern Hemisphere 
populations) and migration rate, M (MNS: migration rate from North Atlantic to Southern 
Hemisphere populations, MSN: migration rate from Southern to Northern Hemisphere populations). 
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Supplementary material S1 

 

Notes on mutation rate  

The mutation rates employed in our estimations were obtained from previously published 

rates of mitochondrial DNA (mtDNA) sequences in relevant taxonomic groups. Since our analyses 

were based on both coding and non-coding regions of the mtDNA, we applied different mutation 

rates for each of these mtDNA regions (Aquadro & Greenberg, 1983). 

In the case of the baleen whales, several estimates of the annual mutation rate for the mtDNA 

control region have been published from different baleen whale species (Table S1.1). In order to 

convert the published annual mutation rates to generational mutation rates the average of the 

generation time estimates reported by Pacifici et al. (2013) and Taylor et al. (2007) was used.  

In the case of the coding mtDNA regions (i.e., cytochrome c oxidase, subunit I, NADH 

dehydrogenase, subunit 1, cytochrome b and 16S ribosomal DNA), only a very limited number of 

estimates of mutation rates have been published in the targeted species. Consequently, we obtained 

mutation rates from a wider range of species, either, for the particular coding mtDNA gene, coding 

mtDNA regions in general, or the entire mitochondrial genome. The estimates were from species 

invertebrate and vertebrate model and non-model species (Table S1.2). Most published mutation 

rates were annual mutation rates which we converted to a generational mutation rates. However, the 

data available for generation times are very limited, and often imprecise, data in many species 

(particularly invertebrates), restricting the number of species that we were able to include in the 

estimation. Consequently, we assessed mutation rates in species from which estimates of generation 

time were available, or in which generational mutation rates was reported. Commonly used annual 

mutation rate for fishes and invertebrates have used the rise of Central American Isthmus as 

calibration time point (Lessios, 2008). However, due to the recent findings suggesting that the timing 

of the closure of the Central American Isthmus possibly is incorrect (e.g., Bacon et al., 2015; Montes 

et al., 2015), we chose not to include mtDNA mutation rate estimates based upon this specific event.    

 The reported generational mutation rates for the baleen whale mtDNA control region ranged 

from 2 x 10-7 to 2 x 10-5 per base pair (bp, Table S1.2, Figure S1.1a), with a median value at 1.24 x 

10-6 per bp. The two studies reporting estimates of generation times in baleen whales agreed well in 

case of the minke whale (Balaenoptera acutorostrata); with estimates of 20 to 22.3 years (i.e., less 

than three years). In contrast, the estimates in compared baleen whales, such as humpback whale 

(Megaptera novaeangliae) differed more (i.e., from 21.5 to 32.2 years). Using the annual mutation 

rate estimated for the minke whale (i.e., 5.3 x 10-8 per bp; Alter & Palumbi, 2009) and the generation 
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time of minke the whale (i.e., 21.2 years) we arrived at a generational mutation rate at 1.12x10-6 per 

bp. Assuming that the generational mutation rates for the same locus probably is similar among 

baleen whales, we applied this rate to all baleen whale estimations based upon mtDNA control region 

sequences. 

 

Table S1.1 Summary of mutation rate estimated for the mitochondrial DNA control region 
sequence  

Marker Species 
bp/year  

(95 % CI) 
Ref. 

Generation 
length 

bp/generation  
(95 % CI) 

CR Eschrichtius 
robustus 

5.40x10-08  
(4.96x10-08 - 6.16x10-08) 

(Alter & 
Palumbi, 2009) 25.76 1.39x10-06  

(1.28x10-06 - 1.59x10-06) 

CR Eschrichtius 
robustus 

4.80x10-08  
(4.32x10-08 - 5.36x10-08) 

(Alter & 
Palumbi, 2009) 25.76 1.24x10-06  

(1.11x10-06 - 1.38x10-06) 

CR Balaenoptera 
acutorostrata 

5.00x10-08  
(4.70x10-08 - 5.39x10-08) 

(Alter & 
Palumbi, 2009) 21.22 1.06x10-06  

(9.97x10-07 - 1.14x10-06) 

CR Balaenoptera 
acutorostrata 

5.30x10-08  
(4.94x10-08 - 5.66x10-08) 

(Alter & 
Palumbi, 2009) 21.22 1.12x10-06  

(1.05x10-06 - 1.20x10-06) 

CR Balaenoptera 
acutorostrata 

4.40x10-08  
(4.00x10-08 - 4.69x10-08) 

(Alter & 
Palumbi, 2009) 21.22 9.34x10-07  

(8.49x10-07 - 9.95x10-07) 

CR Megaptera 
novaeangliae 

4.60x10-08  
(3.59x10-08 - 5.50x10-08) 

(Alter & 
Palumbi, 2009) 26.87 1.24x10-06  

(9.65x10-07 - 1.48x10-06) 

CR Megaptera 
novaeangliae 

5.20x10-08 
 (4.12x10-08 - 6.32x10-08) 

(Alter & 
Palumbi, 2009) 26.87 1.40x10-06  

(1.11x10-06 - 1.70x10-06) 

CR Megaptera 
novaeangliae 

8.50x10-09  
(7x10-09 - 1x10-08) 

(Baker et al., 
1993) 26.87 2.28x10-07  

(1.88x10-07 - 2.69x10-07) 

CR Balaena 
mysticetus 

1.50x10-07  
(n/a) (Ho et al., 2007) 52.67 7.90x10-06  

(n/a) 

CR Balaena 
mysticetus 

2.10x10-07  
(1.22x10-07 - 3.03x10-07) (Ho et al., 2007) 52.67 1.11x10-05  

(6.43x10-06 - 1.60x10-05) 

CR Balaena 
mysticetus 

2.00x10-08  
(1.20x10-08 - 3.70x10-08) 

(Rooney et al., 
2001) 52.67 1.05x10-06  

(6.32x10-07 - 1.95x10-06) 

CR Balaena 
mysticetus 

4.11x10-07  
(2.07x10-07 - 6.49x10-07) 

(Foote et al., 
2013) 52.67 2.16x10-05  

(1.09x10-05 - 3.42x10-05) 
Mutation rates per base per year (bp/year) and per generation (bp/generation). CR: mtDNA control 
region. Numbers in parenthesis denotes the 95% confidence interval of the mutation rate estimate. 
Ref.: published source of estimates. n/a: not available. 

 

The published generational mutation rates for coding mtDNA regions (including the entire 

mitochondrial genome as a proxy for coding regions) among vertebrate and invertebrate species 

overlapped to a large extent ranging from 1.6 x 10-8 to 1.2 x 10-6 per bp in vertebrate species, and 

from 2.5 x 10-8 to 1.7 x 10-7 per bp in invertebrate species (Table S1.1-2, Figure S1.1b), with an 

overall median value at 1.6 x 10-7. Accordingly, we applied a single mutation rate for all coding 

mtDNA sequences to all species in the range of observed estimates. The mutation rate we settled 

upon was at 3.4 x 10-7 per bp (Ingman et al., 2000; Figure S1.1). 
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Table S1.2 Summary of mutation rate estimated for the coding genes of the mitochondrial 
DNA and for the entire mitochondrial genome.  

Marker Species 
bp/year 

(95 % CI) 
Ref. 

Generation 
time 

Ref. 
bp/generation 

(95 % CI) 
Ref. 

Vertebrates        

CYTB Eschrichtius 
robustus 

4.00x10-09 
(3.87x10-09 - 
4.13x10-09) 

(Alter & 
Palumbi, 

2009) 
25.76 

(Taylor et 
al., 2007; 
Pacifici 
et al., 
2013) 

1.03x10-07 
(9.97x10-08 - 
1.06x10-07) 

 

CYTB Balaenoptera 
borealis 

7.00x10-09 
(3.00x10-09 - 
1.20x10-08) 

(Nabholz 
et al., 
2008) 

22.05 

(Taylor et 
al., 2007; 
Pacifici 
et al., 
2013) 

1.54x10-07 
(6.62x10-08 - 

2.65x10-07) 
 

CYTB Megaptera 
novaeangliae 

8.00x10-09 
(5.00x10-09 - 
2.00x10-08) 

(Nabholz 
et al., 
2008) 

26.87 

(Taylor et 
al., 2007; 
Pacifici 
et al., 
2013) 

2.15x10-07 
(1.34x10-07 - 
5.37x10-07) 

 

Mitogenome Ursus 
maritimus 

1.12x10-08 
(8.96x10-09 - 
1.50x10-08) 

(Krause 
et al., 
2008) 

15 
(Pacifici 

et al., 
2013) 

1.68x10-07 
(1.34x10-07 - 
2.25x10-07) 

 

Mitogenome Orcinus orca 
2.60x10-09 

(1.50x10-09 - 
3.83x10-09) 

(Morin et 
al., 2010) 31.8 

(Taylor et 
al., 2007; 
Pacifici 
et al., 
2013) 

8.27x10-08 
(4.77x10-08 - 
1.22x10-07) 

 

Coding region Homo sapiens 
1.70x10-08 

(n/a) 

(Ingman 
et al., 
2000) 

20 
(Ingman 

et al., 
2000) 

3.40x10-07 
(n/a)  

Coding region Homo sapiens 
1.26x10-08 

(1.18x10-08 - 
1.34x10-08) 

(Mishmar 
et al., 
2003) 

20 
(Ingman 

et al., 
2000) 

2.52x10-07 
(2.36x10-07 - 
2.68x10-07) 

 

Coding region Homo sapiens 
6.09 x10-08 

(n/a) 

(Howell 
et al., 
2003) 

20 
(Ingman 

et al., 
2000) 

1.22 x10-06 
(n/a)  

CYTB Anisotremus 
spp. 

    
1.60x10-08 

(1.50x10-08 - 
1.70x10-08) 

(Bernardi 
& Lape, 
2005) 

Mitogenome Clupea 
harengus 

4.70x10-09 
(3.50x10-09 - 
6.00x10-09) 

(Teacher 
et al., 
2012) 

6.5 
(Lorance 

et al., 
2015) 

3.06x10-08 
(2.28x10-08 - 
3.90x10-08) 

 

Invertebrates        

CYTB Paralithodes 
camtschaticus 

5.00x10-09 
(n/a) 

(Grant & 
Cheng, 
2012) 

5 
(Grant & 
Cheng, 
2012) 

2.50x10-08 
(n/a)  

Mitogenome Daphnia pulex     1.37x10-07 
(n/a) 

(Xu et al., 
2012) 

Mitogenome Daphnia pulex     1.73x10-07 
(n/a) 

(Xu et al., 
2012) 

Mitogenome Caenorhabditis 
elegans 

    
1.60x10-07 

(1.29x10-07 - 
1.91x10-07) 

(Denver et 
al., 2000) 

Mitogenome Drosophila 
melanogaster 

    
6.20x10-08 

(3.00x10-08 - 
1.14x10-07) 

(Haag-
Liautard et 
al., 2008) 

Estimates are in mutations per base pair per year (bp/year) and mutations per base pair per generation 
(bp/generation). CYTB: cytochrome b of the mtDNA, Coding region: coding regions of the entire 
mtDNA genome (i.e., excluding non-coding region). Mitogenome: entire mtDNA genome. The 
numbers in the parentheses denote the 95% confidence interval of the estimated mutation rate. Ref.: 
publication from which estimates were obtained. Generation length: average generation length 
estimate. n/a: not available. 
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We conducted subsequent comparisons of the temporal trends in genetic diversity for non-

coding and coding mtDNA regions in North Atlantic herring where mtDNA sequence data were 

available for different mtDNA regions (see Method section and Extended Data Table 2-3). As all 

mtDNA regions are linked and thus have the same underlying genealogy, the estimated trends and 

time points of change in the trends in the same species should agree, which was the case (Figure 

S1.2). 

 

 

 
Figure S1.1. Generational mutation rate for the coding and non-coding regions of the mtDNA 
a) control region, b) coding region (including entire genome) for vertebrates and invertebrates.  The 
color curve describes the shape of the distribution of the mutation rates in Table S1.1-2. The y axis 
is the probability of the data based on a Kernel density estimation. The red vertical line and inserted 
number represent the selected mutation rate value.  



EVOLUTIONARY ECOLOGY OF MARINE MAMMALS 

130 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1.2. Comparison of time of change in 
demographic trends estimated employing genetic 
data based on coding and non-coding 
mitochondrial genes. Estimated demographic 
history employing different mitochondrial genes in 
North Atlantic herring (Clupea harengus). Values on 
the horizontal axis denote the time in kya and on the 
vertical axis θ. Note the different scales of the 
vertical axis. CR: control region, COI: cytochrome c 
oxidase, subunit 1, ND1: NADH dehydrogenase, 
subunit 1 of the mitochondrial DNA, and Coding 
regions: entire mitochondrial genome excluding 
non-coding region. The number insert is the 
generational mutation rate (µ) employed. The red- 
and blue-shaded areas represent the Holocene and 
Pleistocene period, respectively. The dark blue-
shaded area indicates the LGM. 
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