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1. Amplification and sequencing of mitochondrial DNA 
 
Primers used for PCR amplification and sequencing of two mtDNA regions were: 
 
A. Universal fish cytochrome-b PCR primers [1]:  
    L15361 AAACTAATGACTTGAAAAACCACCGTTG 
    H16553 TTAACCTCCGATCTCCGGATTACAAGAC 
B. Internal cytochrome-b sequencing primers for Clupea spp. (original): 
    Cytb-cluiL GTTCCSTATGTAGGTAACGCAC 
   Cytb-cluiH GGAGTTAAGTCCYGCCGGGTTG 
C. Control region primers for Clupea spp. (original): 
   L19c  TACCCCTAACTCCCAAAGCTA 
   ClupeaCRr TGACCCTTATCATTCATGATATGC 

 
Each PCR reaction mixture (volume 20 l) contained 50–200 ng total genomic DNA as template, 5 
pmol each primer, 200 M dNTPs, 1×PCR buffer, 2 mM MgCl2 and 1 unit of Taq DNA polymerase 
(reaction chemicals manufactured by Fermentas). Amplification was performed with Eppendorf 
Mastercycler EP Gradient S 96 for one denaturation step at 95°C for 2 min, followed by 35 cycles at 
95°C for 50 s, 55°C for 50 s, and 70°C for 1 min 20 s; and a final 7 min extension step at 72°C. PCR 
products were purified with ExoSAP-IT® (Fermentas) protocol. BigDye™ 1.1 (Applied Biosystems) 
was used for sequencing, and products were purified with Sephadex™ columns (GE Healthcare Life 
Sciences). Sequences were resolved on MegaBACE 1000 96-capillary systems. 
 
2. Substitution models 
 
The best-fit substitution model for each or the cyt-b, CR and concatenated datasets was selected by the 
procedure in Modeltest 3.7 [2] applied to the full two-species data. The GTR+I+  model (General 
Time Reversible model, with a category of invariable sites and gamma distribution of rate variation) 
was chosen for each set. For cyt-b, the estimate of the proportion of invariant sites was p-inv = 0.52 
and gamma distribution shape parameter  = 0.63; for CR, p-inv = 0.59 and  = 0.70; for the 
concatenated data p-inv = 0.64 and  = 0.62. 
 
3. Coalescence-based analyses of population history  
 
IM: Estimating demographic parameters in a two-population divergence model 
The MCMC simulation program IM [3] was applied to cyt-b data of population pairs representing the 
trans-Arctic lineage. The pooled NW Pacific samples were contrasted separately to each of the three 
genetically defined European population groups (White Sea, Mezen-Pechora and Balsfjord). For the 
two-population system, the program looks for HPD (highest probability density) estimates for a 
number of demographic parameters in a Bayesian setting: the ancestral population mutation parameter 

A (=NAu,  a measure of diversity and population size), the current population parameters 1 and 2, 
population splitting time t, the splitting ratio, and post-split immigration rates m1 and m2. 
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Uniform priors for the relevant parameters were used, and the upper limits of prior distributions were 
decided by screening in preliminary runs as suggested by Won and Hey [4].  The HKY substitution 
model and a burn-in period of 2 x 106 steps was used in the simulations (run parameter settings: -q1 
1000 -q2 1000 -qA 100 -m1 10 -m2 2 -t 10 -u -b 1 000 000 -fg -g1 0.95 -g2 0.8 -n 40 -k 40 -j9 -j1). 
There was not enough information in the data to yield estimates of population size related parameters 
1 and 2 which fluctuated till infinity in the preliminary runs. Despite varying  prior upper limits set 

for these parameters in the preliminary runs, and the fluctuating results, the HPD values of other 
parameters remained relatively stable (deviations well within the 90% HPD interval; see Table 4), and 
thus were considered reliable or at least indicative.  In the final runs, prior upper limits for the 1 and 
2 parameters were set based on the effective population sizes inferred from Bayesian skyline analysis 

(Figure 5). A geometric heating scheme was used with 40 chains and 40 swap attempts per step, in 
order to reach true mixing in the model. Three separate runs with over 2 000 000 genealogies were 
made to assess consistency across multiple runs. 
  
BEAST: Bayesian skyline plot analysis of population size history 
The Bayesian skyline plot analysis of population size history, using BEAST v1.5.3 software [5] was 
applied separately to the cyt-b and CR sequences, for various subsets of data representing genetically 
homogeneous population groups.  To test for convergence, 108 iterations were performed with a burn-
in of 107 under the GTR+I+  model (or 5 x 109 iterations with 5 x 108 burn-in when needed; for White 
Sea and Mezen–Chesha), a strict molecular clock and a stepwise skyline model with 20 piecewise 
intervals in the genealogies for C. harengus and for the NE Pacific and NW Pacific C. pallasii, and 
with 5 intervals for the European C. pallasii subgroups. Genealogies and model parameters were 
sampled every 10 000 iterations and operators were optimized automatically. Effective sample size 
(ESS) for each parameter exceeded 200.  The trajectories were plotted by Tracer v1.5 (included in the 
BEAST package). The time axis (in terms of estimated divergence) was related to calendar years with 
using the long-term rates below. The population size axis was scaled assuming a 4-yr generation time 
[6]. 
 
Mismatch distributions 
Expansions within population groups judged to represent historically coherent entities were illustrated 
in mismatch distributions separately for cyt-b and CR data using Arlequin ver. 3.5 [7]. As the 
mismatch distributions were often not simply unimodal, the timing of the possible expansion events 
were judged directly from the prominent peaks in the distributions. An approximate model correction 
for the peak age was made, by applying the relationship (ratio) of the model estimate vs. observed 
distances of corresponding age in the actual individual or average distances in the data (e.g. those 
plotted in Additional file 3).  The most recent expansion represented by the zero modes (in the trans-
Arctic populations) was however calculated directly as an average from the first two bars in the 
distribution (0 and 1 differences).  
 
4. Long-term molecular rates 
 
Conventionally, molecular datings have been based on rates derived from fossil or biogeographical 
calibration points of “deep”, pre-Pleistocene age (>2 Myr). Whereas it is now clear that such rates are 
not valid on short time scales (see Discussion: Non-linear rate and amending of time estimates), we 
use a tentative 1.5 % My-1 (0.75% per lineage) rate as an operational scale for the initial discussion. 
There are no direct calibration points even for the deep rate in Clupea, but this rate is used on two 
general arguments. First, on general biogeography, the Pacific and Atlantic herrings represents a 
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general pattern of inter-oceanic vicariance observed in numerous taxa and thought to be a result of the 
Great Trans-Arctic Interchange that followed the Pliocene opening of the Bering Strait [8]. A date of 
3.5 Mya, related to the evidence of the first appearance Pacific mollusks in the Atlantic has most often 
been used as a calibration date for the various vicarious taxa (e.g. [9-12]), while the time favourable 
for exchange could plausibly range some 5.4 to 2.5 Mya, i.e. from opening of the strait to start of 
Pleistocene glaciations [8,13]. Second, on comparative fish data: Kontula et al. [1] cited mitochondrial 
coding-gene rates estimated from a number of taxa based on fossil or biogeographical evidence, 
ranging 0.5–1.2% divergence My-1, and external rates 1.0–2.7% My-1 have been applied in a number 
of recent fish studies [1,14-17]. The 1.5 % My-1 cyt-b rate fits this range and also the popular trans-
Beringian biogeographical age (4.7 % lineage divergence C. pallasii and C. harengus lineage 
divergence corresponding to 3.1 My, or roughly 3.6 % net divergence to c. 2.4 My population split). 
The estimated interspecific CR divergence was 3.6 times that in cyt-b, and if the substitution models 
actually would properly linearize the divergence scales, the CR rate would be 3.6 fold, i.e. 5.4% My-1. 
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