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Abstract
Recent glaciations in northwestern Russia completely covered the Barents Sea during four glacial
advances. At the peaks of those glacial advances, there were no nearshore macrofauna. Consequently,
colonization by species that now inhabit present-day nearshore waters must have occurred since the
habitat became available and hospitable, less than 15 ka. We analyzed microsatellite data from Eleginus
nawaga (Gadiformes: Gadidae) collected from Khaipudyrskaya Bay in the southeastern Barents Sea with
coalescent-based models to estimate the times and effective population sizes that existed before and
after major historical demographic changes. Colonization of E. nawaga, which could only follow
establishment of a lower trophic-level food web, provides an indicator of the for that timing. The results
of the analyses were consistent with two major demographic events. After an initial founding event from
a small number of individuals before ~ 140 ka, the population grew to an effective size of about 2700
individuals. Subsequently, probably as the ice receded after the Last Glacial Maximum, it plateaued at ~ 
26,000 about 3000 years ago. Colonization likely came from eastern populations following the Saalian
Period, after which there was little nearshore ice to the East of the Kara Sea.

Introduction
Following glacial retreat, some marine habitat loses its ice cover, while other habitat is created by
inundation from rising sea level. Newly available habitat is not colonized instantaneously. Organisms at
higher trophic levels must await colonization by lower-level prey organisms. Some higher-level species
depend on a suite of prey species as they grow from larvae to adults and at different life history stages
may seek different prey species in different ecological locations. Consequently, there may be a
substantial lag between colonization of lower- and upper-trophic level species. Nevertheless, timing of
colonization of upper-level species should indicate when a mature ecosystem with a complex food web
has been established.

The genetic composition observed at nearly neutral loci of a species results from processes such as
mutation and demographic history. Mutation generates new alleles at a locus and demographic events
act stochastically on the abundance of those alleles (e.g. Tajima 1983). In a population at mutation-drift
equilibrium, there will be a �ux of allelic composition; but the number of allelic states at a locus will
remain relatively constant. However, the composition of and relationships between states will vary
stochastically, driven by the timing and magnitudes of historic �uctuations in population size. For some
kinds of genetic markers, such as microsatellites or DNA sequences and with some simple assumptions,
it is possible to estimate genealogies that re�ect ancestral compositions and to estimate a demographic
history.

In this paper, we examined the establishment of the southwestern Barents Sea nearshore food web from
the historical demographics of a small, nearshore gadid, navaga (Eleginus nawaga). Only after the
recession of glaciers and the rise in sea level began ~ 18 thousand years ago (ka) could nearshore marine
organisms colonize Barents Sea habitat. The program Migraine (Leblois et al. 2014) uses coalescence
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(e.g. Kingman 2000) to construct likely genealogies for an observed set of alleles at a locus to estimate
historic changes in effective population sizes and the times at which the changes occurred. The changes
would postdate the establishment of nearshore species at lower trophic levels.

Over the last 100,000 years or so, glaciers have advanced and retreated three times in the northern
European and western Russian Arctic (e.g. Svendsen et al. 2004). Each time, ice sheets have merged to
create a continuous expanse from the Scandinavian Peninsula to the Taimyr Peninsula (Fig. 1). At the
Last Glacial Maximum (LGM) about 20–19 ka (thousand years ago), the ice advance in combination with
reduced sea level (Dittmers et al. 2008; Lambeck et al. 2014) completely �lled the Barents Sea basin.
Consequently, only after the recession of glaciers and the rise in sea level began ~ 18 ka could nearshore
marine organisms colonize Barents Sea habitat.

Navaga Eleginus nawaga, an arctic bentho-pelagic gadid (Gadiformes: Gadidae) that inhabits estuarine
and nearshore waters at shallow (to 40 m) depths and prefers a silty, soft bottom, is abundant in the
White, Barents, and Kara seas. Annual migrations are local seasonal movements offshore from the coast
and back in the late summer (Maznikova and Orlov 2020). Navaga may have population structure that
corresponds to estuaries of rivers that �ow into different bays. Genetic structure has also been observed
for Paci�c herring (Clupea pallasii), another nearshore species within the White, Barents, and Kara seas
(Semenova et al. 2015).

Life history characteristics of navaga obtained from commercial �sheries on spawning aggregations are
consistent with population structure. Differences in relative abundances of age classes and average
sizes-at-age have changed during the past 50 years, probably a consequence of increased temperatures
and reduction in commercial �shing, which declined when Russia transitioned to a market economy in
the mid-1990s (Stasenkov and Goncharov 2020). Data reported for commercial catches (Stasenkov and
Goncharov 2020) can be used to estimate average age at reproduction (average generation time) and
average size of �sh in the catches. In the White, Barents, and Kara seas, average generation times varied
from 2.8 to 5.4 years and the weight of individuals averaged 86 to 137 g; in Khaipudyrskaya Bay, the
average generation time was 4.5 to 5.0 years and the average size was 86 to 100 g. Prior to the mid-
1990s, catches in Khaipudyrskaya Bay averaged 417 mt, which corresponds to between 4.2 and
4.8 million �sh, a minimum census size.

Navaga deposit demersal eggs in the winter under ice cover in shallow water from late December to
February. Usually, embryogenesis takes place in a narrow temperature range (–2.0 – +2 .0 C) and salinity
(not less than 21‰). The duration of egg development is 80–90 days (Makhotin and Novikov 1990).
Pelagic juveniles (19–25 mm long) are relatively evenly distributed on the spawning grounds but absent
in the open waters of bays (Makhotin and Novikov 1990). The transition of juveniles to the benthic life
starts at a length of 25 mm when they move off shore. In July, the length of juveniles is 5–7 cm, in
September to December the length of underyearlings is 9–13 cm. By the end of the �rst year of life
(March), juveniles are 12–13 cm long (Makhotin and Novikov 1990). Most of their feeding and growth
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takes place when temperatures rise above 0 C, usually between 6 and 12 C. In summer at higher
temperatures, they may descend to colder water layers in order to avoid warmer temperatures.

Juveniles feed on zooplankton; as they grow, they switch to feeding on benthic invertebrates, such as
polychaetes and crustaceans (amphipods, mysids), as well as small �sh. Adult navaga feed on �sh
(herring, smelt, sand eels, sticklebacks), crustaceans and polychaetes, and also priapulids, �sh eggs,
molluscs, insect larvae, and seagrass Zostera (Kudersky 1966). Consequently, colonization of the Barents
Sea by navaga required �ourishing of a mature nearshore ecosystem

Detailing navaga demographic history will provide insight into timelines relative to postglacial
colonization events of multiple species in the Barents Sea and nearby waters. Information about that
timing may be useful for predicting the spread of colonization following a variety of habitat disruptions.
The advantage of the program Migraine is that it can �t several different models that subsume more
complex models to make maximum-likelihood estimates of the times and effective sizes of the
population when demographic changes occurred in the past. It should be possible to compare results of
those models and choose the most appropriate one. Comparing the results of those models with known
information about recent glacial history in the Barents Sea (e.g. Mangerud et al. 2004; Svendsen et al.
2004) should provide some insight into the timing of recolonization events. To this end we: (1) obtained
microsatellite data from samples of navaga from southeastern Barents Sea population; (2) estimated the
timing and population sizes of demographic events resolved with the program Migraine; and (3)
interpreted those data in the context of the recent glacial history of the Barents Sea.

Materials And Methods

Collections
Specimens of E. nawaga were taken at seven locations off the Varandey coast near Khaipudyrskaya Bay
in the southeastern part of the Barents Sea (Fig. 1). This �eld work was carried out as part of the
ecological and �sheries research on board the RV Dalnie Zelentsy (Murmansk Marine Biological Institute
of the Kola Scienti�c Center, Russian Academy of Sciences). The �sh collected were captured from 19–
24 July 2013, primarily by bottom and Sigsbee trawls, but also by hook and line. Surface temperatures
were 12.8–18.3 C and the bottom layer was from − 1.7–2.0 C; surface salinity was 16.5–30.0‰ and the
bottom layer was 32.0–33.2‰.

The total number of �sh was 88, �ve collections were small (n ≤ 5) and two were larger (n = 27 and 44).
The collections were made less than 65 km from each other (Table 1). Tissue samples were placed in a
DNA preservative (Seutin et al. 1991) and sent to the University of Alaska Fairbanks laboratory where they
were stored at -20° C. Isolation of DNA and microsatellite ampli�cation and analysis were conducted as
described in Smé et al. (2017) for eight tetra-nucleotide microsatellite loci: Elgr07, Elgr11, Elgr13, Elgr14,
Elgr23, Elgr31, Elgr44, and Elgr45.

Analysis
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Collections, both individually and combined, were tested for Hardy-Weinberg and linkage equilibrium with
GENEPOP ver. 4.5.1 (Rousset 2008). Pseudo-exact tests of homogeneity were made for the set of
populations and between pairs of populations with GENEPOP. Signi�cance of multiple tests was
corrected with false discovery rates (FDR) (Benjamini and Hochberg 1995).

An estimate of the effective number of breeders (Nb) was made based on linkage disequilibrium with
NeEstimator v.2.0 (Do et al. 2014). The extent of relatedness between individuals was estimated with the
software package IDENTIX v1.1 (Belkhir et al. 2002); two different estimators, the pairwise relatedness
method of moments and maximum likelihood (Lynch and Ritland 1999) and Identity (Mathieu et al.
1990), were used. A test for a recent (0.2 − 4.0 Ne generations) bottleneck was made with the program
Bottleneck (Piry et al. 1999). The mutational model used for the tetra-nucleotide microsatellite loci was
the stepwise-mutation model (SMM) (Sun 2012). Signi�cantly small heterozygosities, those expected
under Hardy-Weinberg proportions compared to expectations under drift-mutation equilibrium for the
observed number of alleles, are consistent with an expanding population (Cornuet and Luikart 1996).

Migraine (Leblois et al. 2014) uses coalescence to simulate phylogenetic trees from microsatellite data
and to estimate parameters for the times in the past and the effective population sizes of demographic
events. The program offers two models for data from single populations: (1) OnePopVarSize models a
single past change in population size and (2) OnePopFounderFlush models two past changes in
population size. In two parameterizations of the OnePopVarSize model there is a change (increase or
decrease) from the ancestral size (Nanc) D generations in the past to the size of the sampled population,
or to T generations before the present since when it has remained constant. Estimates of the general
parameters are scaled by mutation rate (µ) because estimates of Ne are confounded with µ: 2Nµ, 2Nancµ,
D/2N, and T/2N, for which the Ns are the number of alleles – twice the diploid number of individuals; note
that 2Nµ is Θ, the generalized Watterson (1975) estimator. The program can also estimate standardized
numbers of Dµ and Tµ, so that the effective population sizes and number of generations before present
can be estimated if mutation rates are known. Migraine makes iterative maximum-likelihood estimates of
demographic parameters of effective population sizes and times of events in the past from phylogenies
simulated by coalescence. Because the analysis is computer intensive, we used the Regional Computing
System at the University of Alaska (UAF). Custom BASH (Bourne again shell) scripts for the SLURM
(Simple Linux Utility for Resource Management) managed cluster at UAF were written (Online Resource
2). OnePopFounderFlush considers two past changes in effective population size that began from the
ancestral size (Nanc), which changed to a founder population effective size (Nfound) D generations ago
and then expanded (or contracted) to the present size (N) or to a time, T generations before present, after
which the effective population size was stable. The conditions for the analyses include: the number of
trees that are constructed and evaluated at each iteration; the number of iterations for the analysis; and
whether results of an iteration, selected by their likelihoods, are written over or appended to results of the
previous iteration (Rousset et al 2018).
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Some of the demographic parameters estimated in preliminary analyses with Migraine appeared not to
converge or had large con�dence intervals; examples are in Online Resource 1 Figs. 2, 3, and 4. The
reasons for these kinds of results could be the speci�cation of too few trees for each iteration, making
too few iterations, having an insu�cient number of microsatellite loci, or testing the wrong model. We
explored these possibilities by: (1) specifying either 2000 or 50,000 trees in each iteration; (2) increasing
the number of iterations that overwrote previous results; and (3) by arti�cially doubling the number of
loci. The last approach does not produce estimates that could be used to describe the demographic
history; but because the loci are evaluated independently in the program, the results can provide insight
on the effect of increasing the number of loci.

Results
Microsatellite data for eight loci were obtained for the 88 individuals from 7 collections (Online Resource
3). No test of the data indicated a departure from Hardy-Weinberg or linkage equilibrium; of course, only
tests of the two larger collections and combination of collections were meaningful. Departures from
homogeneity were not detected. Subsequently, all analyses were conducted on the combined data.

The estimate for Nb that used all alleles was 694.2 (95% parametric CI: 355.7–6790.5). The upper limit
for estimates when rare alleles were omitted was in�nite, which is consistent with the small sample size.
Navaga does not have discrete generations, so an estimate of Ne would re�ect the effective number of
breeders of the cohorts. For an average generation time of 5 years, an estimate of Ne would be between
about 1778 and 33,952 individuals.

None of the estimates for relatedness from IDENTIX v1.1 or their variances were signi�cant (P > 0.10). All
three of the tests for bottlenecks (sign test, standardized test, and Wilcoxon test) were signi�cantly small
(P < 0.05) for the SMM.

Results of Migraine analyses with variation in tree numbers and iterations indicated that the
OnePopFounderFlush model that included a current population size that had been stable for T
generations provided the best �t to the microsatellite data (Online Resource 1).

Those results were consistent with a present-day effective population of about 26,000 diploid individuals
(assumed mutation rate of 10− 3; Sun 2012) that has been stable for about 3000 years (Table 2), a
number that had climbed from an ancestral size near zero, although the con�dence interval was
enormous (Table 2 and Fig. 2) since about 143,000 years before present, an estimate that also had a
large con�dence interval (Table 2 and plots in Online Resource 2 Fig. 12). Those results suggest that the
population was founded by a very small number of individuals within the last 100,000 or so years. That
number expanded to the current effective size about 3000 years ago and has been stable since.

Discussion
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The Migraine model most consistent with our data included two demographic changes, a change from an
ancestral effective population size (Nanc) followed by an increase to a founder size (Nfound) until recently
when the size stabilized at the present-day effective size (N). To interpret these sizes and times in the
past, we will brie�y review glacial history of the Barents Sea and nearby regions. Marine isotope stage
(MIS) corresponds to a temporal index based on the ratio of the 16O and 18O isotopes in deep-sea core
sediments; relatively higher levels of 18O re�ect colder periods (e.g. Urey et al. 1951). From ~ 190–140 ka
(MIS 6), the Late Saalian Glacial stage advanced far into northern Europe and western Russia (Hughes
and Gibbard 2018), well past the limits of the Last Glacial Maximum (LGM) ~ 20–19 ka during the Late
Weichselian (MIS 2; 25–15 ka) (Svendsen et al. 2004). There is evidence that much of the land-locked
Arctic Ocean was covered with an ice sheet at MIS 6 (~ 140 ka) and high points on the ocean �oor
probably pinned the > 1000 m thick sheet (Jakobsson et al. 2016). This means that there would have
been little macrofauna at that time in the western Arctic Ocean and colonization of species like navaga
must have occurred subsequently.

Following the Late Saalian period was an interglacial, the Eemian period (MIS 5e; ~130–115 ka), which
may have been warmer than our present climate (Sakari Salonen et al. 2018). Next came the Weichselian
period, during which glaciers advanced three times: (1) the Early Weichselian (100–80 ka; MIS 5d), (2) the
Middle Weichselian (60–50 ka; MIS 3) and (3) the Late Weichselian (25–15 ka; MIS 2). Each was
followed by deglaciation (Svendsen et al. 2004). The Early Weichselian glaciation was the most
extensive; the Kara, Barents, and Scandinavian ice sheets coalesced to extend from the Scandinavian
Peninsula to the Taymyr Peninsula, which is the western boundary of the Laptev Sea. Grounded ice
completely covered the Barents and Kara Seas from the coastline to the continental shelf. Inside the
Russian ice sheet, large proglacial lakes formed, which probably drained through the Volga River to the
Aral Sea (Soulet et al. 2013). When the glaciers receded, an enormous volume of water erupted through
the southern Barents Sea and through the Baltic Sea (Mangerud et al. 2004). A combination of the
grounded ice and huge water �ow through the shallow coastal waters precludes the existence of navaga
at our sampling sites during this period. During the Middle Weichselian, grounded ice sheets again were
continuous from the Scandinavian Peninsula to the Taymyr Peninsula and proglacial lakes formed south
of the Russian glaciers. At the end of this period, the proglacial lake waters probably �owed north. During
the Late Weichselian, coalesced ice sheets extended through the Barents and Kara seas, but there
appeared to be only peripheral proglacial lake formation (Mangerud et al. 2004). The regional ice
volumes varied during the three Weichselian glaciations. Ice was thickest in the east during the Early
Weichselian; whereas, there was more extensive glaciation from the Scandinavian Ice sheet during the
Late Weichselian (Svendsen et al. 2004). Nevertheless, there is evidence of grounded ice throughout the
Barents Sea (Landvik et al. 1998) during all three periods.

The demographic estimates from the microsatellite data can be interpreted in terms of the glacial history.
During the Eemian interglacial, which followed the Late Saalian when much of the Arctic Ocean was ice
covered, nearshore habitat became available. Our analysis detected a �rst demographic event that was ~ 
140 ka, which is consistent with the Eemian interglacial. The effective population size at that time was
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about 2700 individuals. The ancestral population preceding that time was much smaller than that of the
present day (Fig. 2, Table 2). The results of the model we applied in Migraine indicated that the current
population size (about 26,000) had been attained by the time of the second demographic event. That
means that the population had expanded about 10-fold since the Eemian. Constrained by the models
available in Migraine, the population growth was modeled assuming exponential growth. However, it is
unlikely continuous growth occurred because appropriate habitat did not become instantaneously
available, rather it probably expanded slowly. Habitat in the Barents Sea was unavailable until ice
retreated starting ~ 15 ka and the southern connection between the Barents and Kara seas was not
available until ~ 10 ka (Fig. 3). Also, most of the rise in sea level was not complete until ~ 7 ka (Lambeck
et al. 2014). It would be expected that habitat did not actually become available to navaga until the
ecosystem expanded to include an appropriate complex of prey populations, which would lag behind
simple access to the shallow nearshore marine environment. From the known present-day distribution, it
seems likely that the colonization occurred as a westward movement from the Laptev or East Siberian
seas. Because the western Russian Arctic coast was not continually ice-covered during the Weichselian
advances, that area may have been a refugium. The estimate of the present-day effective population size
from the coalescent model of Migraine was ~ 26,000, which was included in the range (1778–33,952)
estimated from the linkage disequilibrium method. In contrast, the census size exceeds 4 million �sh. The
estimate from Migraine makes use of the distribution and suite of alleles to construct an historic
estimate; whereas, NeEstimator looks at the linkage disequilibrium for pairs of alleles, but does not use
the information provided by the sizes of the alleles. Regardless, the census size far exceeds effective
numbers, possibly as a consequence of the recent colonization compounded by large variance in family
size and inter-annual variation in the number of recruits.

Our last question is the source of the colonization of navaga following the LGM. Nucleotide sequence
data from the mitochondrial cytochrome B gene of navaga and its sister taxon, saffron cod (E. gracilis),
suggest that they diverged ~ 2.32 Ma (million years ago), as did several other vicariant species pairs
(Laakkonen et al. 2021). The Pliocene cooling that took place 3.5–3.1 Ma (e.g. De Schepper et al 2015)
was followed by a large glacial advance between ~ 3.6 and 2.4 Ma (Matthiessen et al 2009), after which
cooling, relative to the earlier Pliocene and Miocene, continued through the Pleistocene to the present.
Prior to complete closure of the Isthmus of Panama, the connection between the Paci�c and Atlantic
oceans had a depth of at least 1200 m (O’Dea et al. 2016). Subsequently, global oceanic current patterns
were radically altered (e.g. De Schepper et al. 2015). One of the consequences of the changes in oceanic
currents was the reversal of �ow through the Arctic from the Paci�c Ocean to the Atlantic Ocean during
interglacial periods, when the water level was high enough to inundate the Bering Strait (e.g. De Schepper
et al. 2015).

The mitochondrial nucleotide sequence data suggest that there was no contact between navaga and
saffron cod subsequent to their divergence (Laakkonen et al. 2015). Biogeographical patterns deduced
from mitochondrial gene sequences suggest that 34 taxa, which include mollusks, crustaceans, and �sh
also have a deep vicariance between the Paci�c and Atlantic oceans (Laakkonen et al. 2015). Although E.
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nawaga and E. gracilis have slightly diverged morphologically; they can be di�cult to distinguish without
close scrutiny that may include dissection (Vasil’eva 1997).

During the Pleistocene, multiple glacial advances blocked access through the Bering Strait (Miller et al.
2020). As in the Late Pleistocene (the Saalian and Weichselian glacial cycles), the Arctic Ocean of
northern Europe and northwestern Russia was completely covered by glaciers, as was the coastline of
Greenland and North America. The Arctic coastal areas of eastern Siberia, which included much of the
large continental shelf, were not glaciated (e.g. Batchelor et al. 2019), but were probably covered by
seasonal ice. The resulting large coastal plain was grasslands, which supported grazers such as wooly
mammoths and horses (Sher et al. 2005). Also during the late Pliocene and early Pleistocene, because of
uplift in eastern Asia, Siberian rivers (Lena, Ob, and Yenisey) began to drain into the Arctic Ocean (e.g. Ma
et al. 2021). Those rivers now contribute much of the total freshwater �ow into the Arctic Ocean. The
estuaries that were created could have served as favorable navaga habitat. It seems likely that the Laptev
and Eastern Siberian seas may have provided refuge for navaga during glacial advances that occurred
subsequent to the separation of navaga and saffron cod lineages.

What do we know about the ranges of navaga and saffron cod at present? There appears to be a several
thousand kilometer disjunction, from the western Laptev Sea to the Chukchi Sea. The documented
eastern limit for navaga is the Khatanga Bay in the western Laptev Sea (Ulchenko et al. 2016). Records of
more eastern navaga are erroneous or undocumented. The most cited original report (Borisov 1928) of
navaga for the Laptev Sea (the Lena River delta) was a misidenti�cation of an Arctogadus borisovi
specimen (Svetovidov 1948). There are no recent records of navaga in �eld studies in the Lena drainage,
the Lena Polynya, the Laptev Sea shelf, or in the East-Siberian Sea (Gukov 1999; Chernova 2015; Orlov et
al. 2020a, b).

The western limit of saffron cod is Kolyuchinskaya Bay in the western Chukchi Sea (Rendahl 1931).
Saffron cod were not listed for Chaunskaya Bay in the western East Siberian Sea (Neelov 2008; Chernova
2022) nor caught in trawl surveys on shelf of the East Siberian Sea (e.g. Glebov et al. 2016; Orlov et al.
2020c). Although saffron cod are included in a few compilations of �sh species of the East Siberian and
Laptev seas), there is no documentation. Thus, at present navaga and saffron cod seem to be absent in
the area between the Khatanga Bay (western Laptev Sea) and Kolyuchinskaya Bay (western Chukchi
Sea).

In the coastal areas of the Siberian Arctic, the modern climate is colder than it was in the late Pleistocene
– early Holocene. This process is well documented by the succession of paleo�ora (Svitoch 1980).
During the climate optimum, the coastal region was occupied by forest and shrub tundra with thickets of
birch, alder, and dwarf forests. As a result of a climate cooling that started 5–4 ka, this vegetation was
replaced by arctic-type tundra. Paleoichthyology provides similar evidence. Fossil remains of freshwater
�sh were identi�ed in sediments (~ 12 ka) in the region of Chaunskaya Bay (Nazarkin 1992). Several
species (e.g. Crucian carp Carassius sp., lake minnow Phoxinus percnurus (= Rhynchocypris percnura),
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longnose sucker Catostomus catostomus, and European perch Perca �uviatilis) no longer inhabit the
area, presumably because of Holocene cooling (Nazarkin 1992).

Perhaps Holocene climate cooling explains the modern absence of the navaga and saffron cod in the
coastal Siberian water. The Laptev and East Siberian seas are among the harshest Arctic areas. The
duration of the ice-free period ranges from 1–1.5 months in the northeast to 2.5–3 months in the
southeast. The greatest in�ux of solar radiation falls on May-June, when the sea is still covered with ice
and 60% of the incoming radiation re�ects into the atmosphere (Ecological Atlas 2017). Warm currents of
neither the Paci�c nor Atlantic oceans penetrate into Siberian shelf areas (Anderson and Macdonald
2015). Although water temperatures have increased during the last 20 years (Golubeva et al. 2021), the
East Siberia shelf is still less saline (< 20‰) and colder (1–5 C) in the summer than the Kara, Barents,
and White sea coasts and freshwater intrudes down to ~ 25 m along much of the coast. The enormous
rivers also deliver substantial amounts of clay and silt, which characterize the very broad shelf of the East
Siberian Sea (e.g. Kokarev et al. 2021). The result of the physical environment is an ecosystem with low
productivity. All these factors make habitat unfavorable for both navaga and saffron cod. This cold
Siberian “spot” may limit the distribution of saffron cod from the Paci�c along the Asian coast. It also
may have caused the disappearance of navaga from this area. Navaga may have been distributed more
widely during the boreal optimum, eastward of the Kara-Barents seas, but after the Holocene cooling, it
could have been concentrated along the western Siberian coast; the modern range of navaga may be a
recent refuge.
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Figure 1

Map of the northwest Russian and northern European Arctic coast. The circles just above the label for
Pechora Lowlands are the locations from which samples of navaga were collected (see Table 1). The
map was constructed in ArcView (ESRI 2011) from ETOPO1 1 arc-minute data (Amante and Eakins
2009).
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Figure 2

Pairwise likelihood-ratio pro�les obtained with Migraine (Leblois et al. 2014) for population sizes and
times of population changes for the OnePopFounderFlush model for which T was estimated for Barents
Sea E. nawaga data. Migraine was conducted with 12 iterations in which the previous points were
overwritten by the points estimated from the likelihood space of the previous iteration. For the �nal four
iterations, the data points were appended to the points of the previous iteration. Each iteration used
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50,000 trees. The vertical bar shows color codes for the chi-square probabilities of the likelihood ratios for
parameter pairs relative to maximum-likelihood estimates.

Figure 3

Present land extent (dark grey) and estimated sea level (light grey) overlaid by estimated ice limits (blue)
for �ve different times in the past. The map was constructed in ArcView (ESRI 2011) from ETOPO1 1 arc



Page 20/20

minute data (Amante and Eakins 2009). The ice sheet extents are from Hughes et al. 2016. No proglacial
lakes are shown, but see Mangerud et al. (2004). Sea levels at each time in were according to Lambeck et
al. (2014). 
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