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Climate oscillations, such as the transitions between glacial 
and interglacial periods that characterized the Pleistocene, 
can cause species’ ranges to contract, fragment or expand, 

as well as creating opportunities for specialization and adaptation1. 
Population genomic data reveal that climate-driven range shifts also 
allow admixture between closely related lineages that have not yet 
evolved complete reproductive isolation2–6. The resulting gene flow 
transfers both adaptive and maladaptive alleles between lineages7–12, 
resulting in reticulate evolution that complicates strategies to pro-
tect endangered species and highlights the potential of admixture as 
an evolutionary force5,8,13,14.

One of the best-known examples of post-divergence admixture 
is that between brown bears, Ursus arctos, and polar bears, Ursus 
maritimus. Polar bears diverged from brown bears approximately 
500,000 years ago (ka)15. Polar bears have since evolved into a 
behaviourally, physiologically and morphologically distinct lineage 
with low genetic diversity and adaptations for life along the Arctic 
continental shelf15. In contrast, brown bears are genetically diverse 
and have historically occupied one of the broadest range distribu-
tions of any extant mammal15,16. Brown bears range from Western 
Europe to North America and from the Himalayas to the tundra 
regions of Arctic Europe and Asia. Whereas polar bears are special-
ized hunters of marine mammals on the sea ice, brown bears are 
generalized foragers within a wide range of habitats. Some brown 

bear populations subsist mainly on plants, while others rely on fish 
and/or large ungulates. Despite their distinct ecologies, polar and 
brown bears are not reproductively isolated and hybrid offspring 
have been produced both in captivity17 and in the wild4,15,18–20.

Previous genomic studies suggest that admixture between 
brown and polar bears most frequently results in introgression of 
polar bear DNA into brown bear genomes but not the other way 
around. In the ABC Islands of south-east Alaska, for example, 
brown bears derive 6–8% of their genomes from admixture that 
occurred with female polar bears during the later stages of the last 
ice age, perhaps between 17 and 14 ka (refs. 18,19). Separate admix-
ture events during the last ice age led to members of the now-extinct 
population of brown bears in what is now Ireland having as much 
as 20% polar bear ancestry4. Variable levels of admixture with 
polar bears also occurred among brown bears living on Japan’s  
Inikari Islands4.

In addition to this relatively recent gene flow, genomic data hint 
at much earlier admixture events between brown and polar bears. 
For example, Liu et al.15 detected short segments of admixed polar 
bear DNA in European and North American brown bear genomes 
that they hypothesized may derive from admixture more than 
150,000 ka. Because recombination reduces the size of admixed 
genomic segments over generations7,21, this hypothesis has been dif-
ficult to test.
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In 2009, the skull of a juvenile polar bear nicknamed ‘Bruno’ 
(now part of the collection at the University of Alaska Museum of 
the North, accession no. UAMES 29513) was found on the beach of 
the Beaufort Sea near Point McLeod in Arctic Alaska (Fig. 1a and 
Extended Data Fig. 1). Three radiocarbon dates on the skull yielded 
non-finite ages (Methods). The geomorphic setting where this skull 
was found (Methods) suggests that Bruno lived during the most 
recent period when the relative sea level was higher than today, 
possibly during the Pelukian Transgression between 110 and 70 ka 
before present when the sea was as much as 10 m higher than today 
along this portion of the Beaufort Sea coastline22. Given this poten-
tial age, Bruno’s genome provides an opportunity to explore older 
episodes of admixture that are undetectable in genomes of more 
recent bears. Analysis of this ancient polar bear genome reveals 
evidence of a previously unrecognized admixture event between 
polar and brown bears. Genes from this admixture event are shared 
among all living brown bear populations, contributing to our inabil-
ity to detect it using only genomes from extant bears.

Results
We generated a high coverage mitochondrial and 20.3-fold cover-
age nuclear genome using ancient DNA from the root of a tooth 

extracted from Bruno’s skull (Methods). Using an optimized 
approach to recover degraded fragments of DNA23, we prepared a 
total of 14 indexed libraries for sequencing. When mapped to the 
polar bear reference genome (GCF_017311325.1), these libraries 
ranged in endogenous content from 69 to 85% (Supplementary 
Table 1). Mapped sequences were short, with read lengths of 83 ± 34 
(mean ± s.d.) base pairs (bp) (Supplementary Table 1), with excess 
cytosine deamination at the read ends (Extended Data Figs. 2 and 
3), as is characteristic for ancient DNA24. The average read depth 
across the X chromosome was 18.6-fold, indicating that Bruno was 
female. We then analysed these data along with previously pub-
lished mitochondrial and nuclear genomes from polar, brown and 
American black bears (Supplementary Tables 2 and 3) to estimate 
Bruno’s age, infer evolutionary relationships between Bruno and 
extant bear populations and explore the extent of gene flow between 
brown and polar bears during previous intervals of potential  
range overlap.

Genomic data confirmed that Bruno is genetically distinct from 
living polar bears and, as suggested by the geological record, prob-
ably lived during the marine isotope stage (MIS) 5 interglacial 
period. Mitochondrial (Fig. 1b) and nuclear (Fig. 1c) phylogenies 
as well as D-statistics (Fig. 1d) place Bruno outside the diversity of 
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Fig. 1 | Sample location and genetic affinity of bears. a, Map describing the locations of origin for polar bear nuclear genomes analysed in this study and 
Bruno (black triangle). The colours indicate the subpopulation from which each polar bear genome is derived. b, Maximum likelihood phylogeny of 41 
mitochondrial genomes from the brown, polar, cave and American black bears places Bruno (black) outside of the diversity of modern polar bears in a 
clade with an ancient polar bear from Svalbard, Norway, which dates to 110–130 ka (ref. 63). c, A neighbour-joining tree of complete nuclear genomes using 
transversion sites from 26 brown bears, 30 polar bears and 1 American black bear places Bruno outside the diversity of extant polar bears. The inset shown 
is with the outgroup removed and branch lengths of the polar bear clade square root-transformed for improved tree rendering. Bootstrap supported the 
nodes below. d, A D-statistics69,70 confirmed Bruno’s basal position relative to modern polar bears. For D(P1, P2, P3, O), positive D values suggest that P3 
shares more derived alleles with P1 than with P2; negative D values indicate that P3 shares more derived alleles with P2 than with P1. Calculations in the 
form of D(brown bear, polar bear; Bruno, BLK) yielded significant negative values (z-scores from all tests were −100), suggesting that Bruno shares more 
derived alleles with extant polar bears than with brown bears. D(polar bear1; polar bear-x; Bruno, BLK) was non-significant (z-scores from these tests 
ranged from −2.6 to 0.33), indicating that Bruno is not more closely related to any particular extant polar bear.
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extant polar bears but within a clade that includes both extant and 
ancient polar bear mitogenomes.

Using our panel of polar bears, we measured the derived allele 
frequency spectrum. Then, we measured whether the frequency of 
a derived allele in extant polar bears accurately predicts its presence 
in extant polar bears, brown bears and in Bruno (Extended Data 
Fig. 4). As expected, all extant polar bears carry derived alleles as 
often as predicted by polar bear-derived allele frequencies. Brown 
bears, on the other hand, sometimes share derived allele variation 
in polar bears, probably because of past admixture. But the pres-
ence of a derived allele in brown bears is not well predicted by its 
frequency in polar bears. The rate of derived alleles found in Bruno 
fell between extant polar and brown bears. This is consistent with 
Bruno’s genome existing before the time to most recent common 
ancestor (MRCA) of extant polar bears in many genomic regions, 
having a different genetic drift history or a combination of the two.

Pairwise sequentially Markovian coalescent (PSMC)25 esti-
mated changes in effective population size (Ne) over time revealed 
a divergence between Bruno’s adjusted PSMC plot and that of the 
other polar bears approximately 110 ka (Fig. 2). Because DNA dam-
age and low statistical power can inflate estimates of Ne in recent 
times26, we extrapolated from these data and the geological context 
in which the skull was recovered that Bruno lived between 110 and 
75 ka (Methods). This estimate is corroborated by multiple sequen-
tially Markovian coalescent (MSMC)27 estimates of the relative cross 
coalescence rate (RCCR) and divergence times between Bruno and 
an extant brown bear (T1) and between extant polar bears and the 
same brown bear (T2). Based on 50% RCCR, the difference in diver-
gence time between the two pairs (∆T = T2 − T1), which is also an 
estimate of the difference in age between Bruno and living polar 
bears, is 104.4 ± 3.4 kyr (mean ± s.d.; Extended Data Fig. 5).

Bruno’s genome provides the opportunity to explore the admix-
ture relationship between polar and brown bears in a time window 
not visible using only extant genomes. D-statistic analysis of allele 
sharing between polar bears and extant brown bears shows that spe-
cific populations of brown bears have polar bear ancestry from past 
admixture. We recapitulate that result in this study (Extended Data 
Fig. 6). Replacement of the polar bear genome with Bruno’s genome 
in the D-statistic analysis showed little difference in excess polar 
bear allele sharing between brown bears. However, D-statistics have 
no power to detect admixture that predates the population separa-
tion between brown bears.

The five-taxon DFOIL (ref. 28) approach counts the number of 
shared alleles based on a five-taxon symmetric phylogeny and can 
detect admixture at deeper nodes. Analysis of Bruno’s genome 
revealed pervasive and strongly statistically significant admixture 
between the lineage leading to Bruno and the lineage leading to all 
extant brown bears (Fig. 3). Taken at face value, this suggests that 
Bruno was part of a population of polar bears that admixed into 
the ancestors of all brown bears, contributing genetic variation not 
yet found in extant polar bears. This interpretation suggests that 
Bruno’s genome carries derived alleles that are present in all brown 
bears but absent from extant polar bears. A simple comparison of 
the number of alleles shared between Bruno, all brown bears in our 
panel, but absent from a polar bear confirmed this: Bruno shares 
more alleles with all brown bears that are also absent from another 
polar bear nearly twice as often as another polar bear used in this 
comparison (Extended Data Fig. 7).

The complex evolutionary history of brown bears, which includes 
episodes of admixture with polar bears and cave bears4,15,16,18,19,29,30, 
may complicate the inference of admixture, in particular at deeper 
nodes. Therefore, we ran DFOIL in several configurations (Fig. 3).  
First, because MSMC estimated the population divergence time for 
brown bears to be more recent than the death of Bruno (Extended 
Data Fig. 8), we ran DFOIL with European and North American 
brown bears in positions P1 and P2 and polar bears in positions 

P3 and P4, with the American black bear as the outgroup (O; Fig. 
3a,b). Second, we ran DFOIL in a configuration in which we swapped 
the positions of polar and brown bears in the phylogeny (Fig. 3c,d). 
Although this second configuration is in contrast to our MSMC 
result, it is consistent with previous older estimates of the brown 
bear genomic MRCA18. Although the results presented in Fig. 3 
assume a window size of 200 kilobases (kb) and exclude transitions, 
we recovered similar results when using window sizes spanning 100 
to 500 kb, when including both transitions and transversions and 
assuming P values of 0.05, 0.01, 0.005 and 0.001 (Supplementary 
Figs. 1–8).

In the first configuration (Fig. 3a) and under the default P 
cut-off of 0.01, DFOIL detected admixture in 10% of autosomal win-
dows (mean ± s.d. = 1,078 ± 31 windows) and 7.4% (46 ± 5) of X 
chromosome windows (Fig. 3b and Supplementary Fig. 9). Most 
of these windows showed gene flow between Bruno’s lineage and 
the ancestors of all extant brown bears (P4⇄P12; 79% of admixed 
autosomal windows and 91% of admixed X chromosome windows; 
Supplementary Fig. 9). This signal was confirmed by estimates of 
genetic divergence for admixed windows, which were lower between 
Bruno and brown bears than between living polar and brown bears 
(Supplementary Fig. 10). When we replaced Bruno as P4 with an 
extant polar bear, the total number of admixed windows decreased 
from 1,078 ± 31 to 184 ± 27 and the number of windows supporting 
admixture with P4 decreased from 848 ± 54 to 56 ± 9 (Fig. 3b). This 
confirms that the dominant admixture signal is due to specific dif-
ferences between Bruno and other polar bears.

To explore how much of the admixture signal was due to Bruno’s 
antiquity, we generated a pseudo last coalescent ancestor (LCA) of 
our 30 extant polar bear genomes by calling the most frequently 
observed allele at each locus. The LCA is expected to predomi-
nately carry the ancestral allele at sites of extant polar bear genetic 
variation. However, this genome will not carry derived variants 
in the population of polar bears that existed before extant polar 
bears, as Bruno does. Replacing the LCA for an extant polar bear 
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in position P3 in the DFOIL analysis, we found that the dominant 
admixture signal was between Bruno and the common ancestor 
of brown bears (P4⇄P12). However, the proportion of admixed 
windows in this category declined from 79% (n = 848 ± 54) to 57% 
(n = 276 ± 21) of admixed autosomal windows (Fig. 3b) and from 
91% (n = 42 ± 5) to 80% (n = 14 ± 3) of admixed X chromosome 
windows (Supplementary Fig. 9); the number of autosomal win-
dows supporting admixture between the LCA of polar and brown 
bears (P3⇄P12) increased from 2% (n = 26 ± 4) to 13% (n = 65 ± 7) 
(Fig. 3b).

In the second configuration (Fig. 3c), most admixed windows 
support gene flow between the ancestors of extant brown bears and 
the ancestors of both Bruno and extant polar bears, including when 

an extant polar bear is P2 or the LCA is P1 (Fig. 3d). This suggests 
that at least some of the admixture detectable with Bruno’s genome 
may have predated the MRCA of Bruno and extant polar bears.

Intriguingly, both configurations identify gene flow from brown 
bears into Bruno, suggesting that gene flow occurred from brown 
bears into polar bears. However, gene flow from brown bears into 
extant polar bears is only supported when the polar bear LCA is 
used as P2 and fewer windows support this than support gene 
flow from brown bears into Bruno. This may reflect admixture 
from brown bears into polar bears that has largely been lost from 
extant polar bear genomes, which is consistent with the hypoth-
esis that brown bear ancestry in polar bears is associated with  
a fitness cost19.
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That admixture is supported in both configurations indicates that 
the result is not impacted by model misspecification due to impre-
cise estimates of the timing of brown bear population divergence. 
Instead, the availability of Bruno’s paleogenome has made it pos-
sible to detect an ancient admixture event that impacted all extant 
brown bears (Extended Data Fig. 9 and Supplementary Fig. 11). The 
antiquity of the admixture event was supported by admixture dat-
ing analysis using MSMC isolation-migration (MSMC-IM)31, which 
estimated a peak duration of post-divergence gene flow between 
polar and brown bears around 100 ka (Fig. 4, Extended Data Fig. 10 
and Supplementary Fig. 12).

While the strongest signal from DFOIL and MSMC-IM was of 
admixture around the time that Bruno lived, we also recovered a 
signal of the more recent event around the Last Glacial Maximum 
(LGM) (Figs. 3b and 4). The pattern detected by DFOIL is similar to 
that reported previously4,18,19, in which admixture from polar bears 
is more common in North American than European brown bears: 
2% of admixed windows support admixture from extant polar bears 
into North American brown bears; P3→P2; n = 17 ± 9, while <1% 
support admixture from extant polar bears into European brown 
bears; P3→P1; n = 4 ± 2 (Fig. 3b). When using the polar bear LCA 
as P3, the proportion of admixed windows supporting gene flow 
from the LCA into North American brown bears increased from 
2 to 9% (n = 42 ± 16 windows), suggesting that the LCA is a better 
model for the LGM admixing polar bear than is any sampled extant 
polar bear (Fig. 3b). This later admixture event was also detected 
by MSMC-IM, which estimated a second but much smaller peak 
around 40–20 ka (Fig. 4).

Discussion
Using paleogenomic data from Bruno, a polar bear that lived in 
northern Alaska between 110 and 75 ka, we identified an ancient 
episode of admixture between polar and brown bears that probably 
occurred during the latter substages of MIS 5, the last interglacial, 
when the sea ice extent in the Arctic Ocean may have been changing 
rapidly32 (Fig. 4). Before the analysis of Bruno’s genome, the legacy 
of this admixture event was undetectable in the genomes of living 
bears. The directionality of gene flow during this ancient admixture 
event was, as it also was in more recent admixture events, mostly 
from polar bears into brown bears (Fig. 3). However, we also found 
evidence of admixture from brown bears into the lineage leading 
to Bruno. This is consistent both with Bruno being a more recent 
descendent of an admixed bear and with the hypothesis, based on 
the absence of brown bear ancestry in living polar bears, that brown 
bear ancestry in polar bears is associated with a fitness cost. As 
revealed by the analysis of Bruno’s genome, up to 10% of present-day 
brown bear genomes comprise ancestry that introgressed from 
polar bears during this ancient admixture event.

Bruno lived during 1 of the later substages of MIS 5, a period of 
rapid climate changes after the peak warmth of MIS 5e (129–116 ka), 
when temperatures warmed as much as 5–8 °C above present in 
Greenland and sea levels rose 6–10 m above present33,34. During 
the warm substages of MIS 5, continental ice sheets shrank, boreal 
forests expanded northwards and the sea ice extent was reduced in 
Arctic seas32,33,35. By analogy with the radical changes in sea ice cover 
and boreal ecosystems occurring today as Arctic climates warm, it is 
likely that Bruno lived at a time when warm conditions enabled the 
plant communities suitable for supporting brown bears to spread 
northwards to the Beaufort Sea coastline.

During the same period of warmer summers and seasonally 
restricted sea ice cover, polar bears may have been more abundant 
on shore, much as they are today with climate-induced sea ice loss. 
However, polar bears, which are not adapted to feed on terrestrial 
food sources36, would not have to leave the coast in search of food. 
Instead, they could have fed on marine mammals that use terrestrial 
habitats for reproduction, such as walrus and other pinnipeds, as 

well as scavenge on whale carcasses37. This source of rich nutrition 
along the coast would also have attracted brown bears to scavenge, 
where they may have remained for extended periods and been in 
contact with polar bears, as they are in the present day38. Because the 
breeding seasons of the two species overlap roughly from late April 
through June39,40, these shifts in the distributions of both brown and 
polar bears could have created conditions favourable to admixture 
over a protracted period.

In the past, polar bears also expanded their range into the south-
ern Bering Sea and even into the North Pacific as sea ice spread 
during the coldest periods of the last ice age41. We know that at 
some stage, polar bears mated with brown bears because in both the 
Alexander Archipelago of south-east Alaska and the Kuril Islands  
of eastern Siberia, brown bears still carry polar bear genes.  
Therefore, it is likely that admixture between brown and polar 
bears occurred during periods of climatic transition, both glacial 
and interstadial conditions, and independent of absolute climate 
state. If repeated episodes of admixture occurred throughout their  
evolutionary histories, episodic hybridization may have contributed 
to the survival and evolutionary trajectory of both taxa. Regardless 
of when or how admixture happened between polar and brown 
bears, our results show that the large magnitude climatic shifts 
characteristic of Arctic regions can cause previously allopatric 
species to periodically commingle, creating conditions favourable  
for admixture.

Methods
Discovery and chronological context of Bruno’s skull. We discovered the skull 
of a juvenile U. maritimus (‘Bruno’) (Extended Data Fig. 1) on the Beaufort Sea 
coast (70° 53′ 33′ N, 153° 46′ 02′ W) at Point McLeod, 9 miles west of Lonely, 
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Fig. 4 | MSMC-IM analysis of gene flow between brown and polar bears 
over time. MSMC-IM uses coalescence rates within and across pairs of 
populations to fit a continuous, symmetric, isolation-migration model. The 
plot shows the results from 18 replicate runs, each using 2 extant polar 
bears and 2 extant brown bears. We identified the strongest migration 
peak at 400–500 ka, which corresponds to the divergence between the 
brown and polar bear lineages, and 2 additional peaks (A and B), which 
we hypothesize correspond to episodes of admixture. We note that 
MSMC-IM assumes symmetric migration, which may not be true for our 
data. However, analyses of simulated datasets showed that estimates 
of the timing of migration peaks are robust to the directionality of gene 
flow (Extended Data Fig. 10). The grey bands indicate the timing of MIS 
1–6, with darker grey representing glacial periods74. Because precise rate 
estimates for brown and polar bears are not available, we used an average 
mutation rate for bears (family Ursidae) to scale the MSMC-IM estimation.
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Alaska. The skull’s excellent preservation at a location where polar bears live today 
suggested that this animal died recently. However, three AMS 14C dates obtained 
on ultrafiltered collagen extractions of bone all yielded non-finite ages (Beta-
283240: >43,500 14C; OxA-23894: >50,500 14C; OxA-23986: >50,500 14C). The 
skull is housed at the University of Alaska Museum (UAMES 29513). Based on its 
non-finite age and excellent preservation, we infer that Bruno’s skull was probably 
frozen in permafrost since death. This is consistent with its discovery on the 
seawards face of a coarse clastic barrier beach that is advancing shorewards across 
the basin of a drained thaw lake and reworking the underlying sediment as it goes.

The Beaufort Sea coastline has experienced multiple fluctuations in relative sea 
level (RSL) over the last several million years42. As a result, a series of offlapping 
beach ridge complexes cover the coastal plain that borders the Beaufort Sea. These 
beach ridge complexes consist of barrier beaches, spits and barrier islands formed 
when RSL was higher than today. The youngest and best-preserved of these ancient 
shoreline deposits dates to the Pelukian Transgression, which occurred between 
110 and 70 ka during the later substages of MIS 5, the last interglacial22. The RSL 
during the Pelukian Transgression rose 6–10 m above present sea level.

We can infer a possible chronostratigraphic context for Bruno’s skull by 
placing it into context with the RSL history of the area where it was found. When 
the sea transgresses across the coastal plain, it thaws the underlying permafrost 
and erodes the surficial sediment, reworking this and organic remains preserved 
there into sand and gravel barrier beaches. Ancient driftwood, bivalve shells and 
the battered bones of marine and terrestrial mammals occur today in the barrier 
beaches deposited by the Pelukian Transgression. If Bruno had died before the 
Transgression, her skull would probably have been transported inland by waves  
as the RSL rose and been battered in the process. If, alternatively, Bruno died  
after the Transgression when the RSL was lower than today and her skull  
deposited below present sea level, the surrounding sediment would have remained 
unfrozen and bone preservation would be poor. We speculate instead that  
Bruno died on sea ice several kilometres from the contemporary shoreline, either 
during the height or waning stages of the Transgression, at a time when the  
RSL was higher than today. Her skull was then deposited in subtidal muds at 
an altitude slightly above present-day sea level. As the RSL fell, the skull and 
surrounding sediment were incorporated into permafrost, remaining there until 
recent coastal erosion exhumed it.

Bruno’s genome: data generation. We performed all pre-amplification steps 
in DNA extraction and library preparation pipelines in the dedicated ancient 
DNA processing facility at the University of California, Santa Cruz (UCSC) 
Paleogenomics Lab using sterile protocols developed for ancient DNA. We 
extracted a tooth from Bruno’s skull and removed, using a Dremel tool, a fragment 
of the root. We powdered the root using an MM 400 Mixer Mill (Retsch) and 
performed 6 DNA extractions from 100–120 mg of powder. We treated 1 of 6 
powder aliquots (JK578) with 0.5% sodium hypochlorite solution43 before DNA 
extraction. For all 6 aliquots, we extracted DNA, following44 with a final elution of 
50 µl EBT buffer (10 mM Tris, 0.05% Tween 20).

For the DNA extracts JK300, JK578, JK579 and JK580, we prepared 
double-stranded DNA libraries45 to which we added indices on both ends46. We 
prepared 50 µl reactions containing 10 µl non-indexed library, 1X AmpliTaq Gold 
Buffer, 2.5 mM MgCl2, 0.25 mM deoxyribonucleotide triphosphates, 0.4 µM i7 
indexing primer, 0.4 µM i5 indexing primer and 0.04 U µl−1 AmpliTaq Gold Hot 
Start Polymerase (Applied Biosystems). We amplified libraries using a Bio-Rad 
T100 thermal cycler as follows: 94° C for 10 m, followed by 25 cycles of 94° C for 
30 s, 60° C for 30 s and 72° C for 40 s, followed by 72° C for 7 m.

For the DNA extracts BAN036 and BAN037, we prepared single-stranded 
DNA (ssDNA) libraries23 with the following modifications: a final reaction 
volume of 80 µl; a 2:1 ratio of splinter:adaptor oligonucleotide; a 6:1 molar ratio of 
adaptor:ssDNA; and a 65:1 molar ratio of extreme thermostable single-stranded 
DNA binding protein:ssDNA. We double-indexed and amplified these libraries  
as above and prepared 50 µl reactions containing 10 µl pre-amplified library,  
1X AmpliTaq Gold 360 Master Mix (Applied Biosystems), 1 µM i7 indexing  
primer and 1 µM i5 indexing primer. We amplified libraries as above: 95° C for 
10 m, followed by 20 cycles of 95° C for 30 s, 60° C for 30 s and 72° C for 60 s, 
followed by 72° C for 7 m.

We purified all amplified libraries using 75 µl (1.5X) of a SPRI bead mixture47. 
We quantified the amplified libraries using a Qubit 4 (Invitrogen) and Qubit 1X 
dsDNA HS Assay Kit (Invitrogen). Finally, we visualized the amplified libraries 
on a TapeStation 2200 (Agilent Technologies) using the D1000 High Sensitivity 
ScreenTape Assay (Agilent Technologies).

To assess library quality, we sequenced each library to a depth of 100,000–
500,000 reads at UCSC using 2 × 100 and 2 × 150 (150 cycles) chemistry for either 
the Illumina MiSeq or Illumina NextSeq systems. After preliminary assessments of 
library quality, we pooled the libraries for sequencing on an Illumina HiSeq 4000 
and Xten systems located at the University of California, San Francisco CAT Core, 
Fulgent Genetics or SciLifeLab using 2 × 100 and/or 2 × 150 chemistry.

Bruno’s genome: data processing. We used SeqPrep2 (https://github.com/
jeizenga/SeqPrep2) to trim adaptors and merge paired reads with the options 
-o 15 -q 15. We discarded merged reads shorter than 25 bp and low-complexity 
reads from the downstream analysis. Details of each library are provided in 

Supplementary Table 1. We mapped merged reads passing quality filtration against 
the polar bear reference genome (GenBank accession no. GCF_017311325.1) 
using the Burrows–Wheeler Aligner v.0.7.12-r1039 (ref. 48) with disabled seed 
option (-l 1024). We removed duplicate reads using the rmdup tool in SAMtools 
v.0.1.19 (ref. 49). We used mapDamage v.2.0.6-2-g6507525 (ref. 50) to estimate DNA 
fragment length distribution, measure cytosine deamination and rescale the quality 
of mapped reads. Approximately 7% of the first position in each read exhibited 
C-T or G-A substitution (Extended Data Fig. 2). We filtered the resulting BAM 
alignment with a minimum mapping quality of 30 and minimum read length of 
35 bp using SAMtools v.0.1.19 (ref. 49). We used snpAD v.0.3.4 (ref. 51) to estimate 
the sequencing error rate and reference bias for each scaffold with the options -B 
-c 6. We called bases using snpADCall in snpAD, considering reference bias and 
sequencing error with the options -B -e –p, and removed bases with a read depth 
lower than one-third (--min-meanDP 7) and higher than twice (--max-meanDP 
42) the average sequencing depth, and genotype quality lower than 40 (--minQ 40) 
using VCFtools v.0.1.5 (https://vcftools.github.io/index.html). Our final assembly 
had an average sequencing coverage of 20.3-fold (Supplementary Table 2).

To assemble a mitochondrial genome, we used mapping-iterative-assembler 
v.1.0 (ref. 52) using the polar bear mitochondrial genome (accession no. 
NC_003428.1) as seed with the ancient DNA substitution matrix. We called 
bases with a minimum sequence depth >20X and 90% consensus, resulting in a 
mitochondrial genome assembly with an average read depth of 863-fold.

Other bear genomes. We downloaded data from 26 extant brown bears (18 from 
Europe and 8 from North America), 30 extant polar bears and 1 American black 
bear (Supplementary Table 2) and remapped these to the polar bear reference 
genome. All polar bears and 17 brown bears (9 from Europe and 8 from North 
America) had a genome sequencing coverage >15-fold.

We trimmed low-quality data using Trimmomatic v.0.39 (ref. 53) with 
the settings -threads 10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 
MINLEN:36. Reads passing the filter were then aligned onto the polar bear 
reference genome using Burrows–Wheeler Aligner-MEM v.0.7.12-r1039 (ref. 54)  
with default parameters except for the -t 12 option. We sorted the alignment  
and removed duplicate reads using the SortSam and MarkDuplicates functions  
in Picard v.2.20.0-SNAPSHOT (https://github.com/broadinstitute/picard/).  
We called variants jointly using HaplotypeCaller from the GATK package v.3.7.0  
(ref. 55) with the --min_base_quality_score 18 option. We filtered low-quality bases 
using VariantFiltration from GATK with the settings QUAL < 40.0 MQ < 25.0 
MQ0 ≥ 4 && ((MQ0/(1.0*DP)) > 0.1 -cluster 3 -window 10. The resulting genotype 
file was merged with that for Bruno using the merge function in BCFtools  
v.1.4-7-g41827a3-dirty (https://samtools.github.io/bcftools/). We retained  
biallelic alleles for subsequent analysis.

Phylogenetic inference. We generated a nuclear phylogeny using only transversion 
sites (to reduce the potential error introduced by ancient DNA damage) using a 
dataset comprising Bruno, 30 modern polar bears, 26 brown bears and 1 American 
black bear. We constructed a neighbour-joining tree using megacc56 in MEGA7 
(ref. 57), with 1,000 bootstraps. The tree and accompanying map (Fig. 1a) were 
edited with the R (https://www.r-project.org/) packages ggplot2 v.3.3.5 (https://
cran.r-project.org/web/packages/ggplot2/index.html), PlotSvalbard v.0.9.258,  
ggtree v.3.2.159–61 and treeio v.1.18.162.

To place Bruno within a mitochondrial phylogeny, we downloaded 40 
published mitochondrial genomes (Supplementary Table 3), including 2 American 
black bears, 2 cave bears, 9 brown bears, 26 polar bears and a 120,000-year-old 
polar bear from Svalbard63. We aligned these along with Bruno using MUSCLE 
v.3.8.31 (ref. 64) with default parameters, excluding the control region. We used 
RAxML v.8.1.17 (ref. 65) with one partition and the GTRGAMMAI model of 
nucleotide evolution to construct a maximum likelihood phylogeny. We performed 
1,000 bootstrap replicates and visualized the phylogeny with Figtree v.1.3.1 (https://
github.com/rambaut/figtree/).

MSMC and MSMC-IM analyses. We used MSMC27 to estimate the timing of 
divergence between brown and polar bears, restricting our analysis to genomes 
with >20-fold coverage. We used BEAGLE v.4.1 (ref. 66) with default settings to 
phase the genotypes. To avoid erroneous read mapping, we generated a mappability 
mask file for the polar bear reference genome using the SNPable toolkit (http://
lh3lh3.users.sourceforge.net/snpable.shtml) with the settings k = 35 and r = 0.9. 
We restricted the genome to regions with more than average but less than twice 
the average depth of sequencing coverage in the reference genome using SAMtools 
and bamCaller.py scripts from the MSMC toolkit (https://github.com/stschiff/
msmc-tools). We generated the MSMC input using the generate_multihetsep.py 
from the MSMC toolkit. Because we sequenced only one ancient genome, we ran 
MSMC2 to estimate the RCCR for haplotype-phased genomes from Bruno and 
one of two brown bears (SAMN07422272 or SAMN07422262) and between an 
extant polar bear (SAMN02261853 or SAMN02261826) and the same two brown 
bears. We performed separate runs for the 2 different polar and brown bear pairs 
(Extended Data Fig. 5), with 30 bootstrap replicates. We assumed a mutation rate 
of 1.0 × 10−9 site per year16 and a generation time of 11.5 years to scale to calendar 
years. We note that a recent ancient genome study estimated that the nuclear 
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substitution rate for bears was 9.56 × 10−10 substitution per site per year29, which is 
similar to the rate from Kumar et al.16.

We estimated the rate of gene flow between polar and brown bears  
over time using MSMC-IM31, which uses estimates of coalescence rates within  
and across pairs of populations to fit a continuous isolation-migration model  
and estimate time-dependent rates of gene flow. We estimated coalescence  
rates within and across pairs of brown and polar bear populations using  
MSMC2 based on eight haplotypes (two brown bear genomes and two polar  
bear genomes). Using these estimates as input, we then ran MSMC-IM using the 
option -mu 1.15e-8 -beta b1,b2. As the chosen values for each pair of b1 and b2 
(the -beta option) impact fit, we used a combination of values in which b1 was 
either 1 × 10−9, 1 × 10−8, 1 × 10−7, 1 × 10−6 or 1 × 10−5, and b2 was either 1 × 10−3, 
1 × 10−2 or 0.1, resulting in a total of 15 (5 × 3) b1–b2 combination pairs.  
We performed MSMC-IM with each pair of b1–b2 values independently and 
manually checked the fit. We found that the inference when using b1 as 1 × 10−8 
and b2 as 1 × 10−2 better approximated the MSMC-inferred coalescence rate 
(Supplementary Fig. 12).

We analysed the simulated datasets to test whether the directionality of gene 
flow affected the MSMC-IM estimates. To generate datasets that reflected the 
presumed evolutionary history of brown and polar bears, we simulated evolution 
using msprime67 under the scenario in which two populations (pop0 and pop1; 
Extended Data Fig. 10) diverged 500 ka with symmetric and asymmetric gene flow 
at 100 ka. We tested 8 models: 2 in which the two populations exchange 5 or 10% 
ancestry symmetrically and 6 in which 1 population contributes 5 or 10% ancestry 
to the other asymmetrically. For each model, we simulated sequences for 4 diploid 
individuals (corresponding to 8 haplotypes) with 30 chromosomes of length 30 Mb. 
We ran MSMC2 using these eight haplotypes as above and used the resulting 
output as input for MSMC-IM. For each model, we performed ten independent 
tests. MSMC-IM recovered similar results for the eight simulated datasets, 
suggesting that MSMC-IM estimates are robust to the directionality of gene flow 
(Extended Data Fig. 10).

PSMC inference of demographic history. We applied the PSMC v.0.6.5-r67  
(ref. 25) approach to infer plots of effective population size over time for 
Bruno, eight polar bears (SAMN02261865, SAMN02261845, SAMN02261868, 
SAMN02261854, SAMN02261878, SAMN19922664, SAMN19922660 and 
SAMN16454145) and two brown bears (SAMN02256313 and SAMN02256318). 
We restricted this analysis to genomes with >20-fold coverage. We generated 
consensus sequences containing heterozygotes for each of the 36 autosomal 
scaffolds with length >1 Mb using the mpileup function (-C50) of SAMtools 
v.0.1.18 and available scripts from the PSMC package. We required a sequencing 
depth for each locus above one-third of the average coverage (‘-d’ option) and less 
than twice the average coverage (-D option) and consensus quality >20. We ran 
PSMC with the settings -N25 -t15 -r5 -p 4 + 25*2 + 4 + 6, using the same mutation 
rate and generation time as above to scale estimations.

Because ancient genomes stop accumulating mutations at the time of death, 
they will contain fewer mutations (branch shortening) compared to modern 
genomes. To plot PSMC estimates for Bruno and the modern bear on the same 
calendar timescale, we used a previously described method26,68, in which we shifted 
Bruno’s PSMC plot along the x axis in units of divergence (d = 2uT), using the 
script psmc_plot.pl from the PSMC package, until Bruno’s demographic history 
aligned with that of modern polar bears. T represents the divergence time and u 
indicates the yearly mutation rate. We found that the PSMC curves for Bruno and 
modern polar bears overlapped when d = 0.00015.

Admixture analysis using D-statistics and DFOIL. To estimate allele sharing 
between Bruno, extant polar bears and extant brown bears, we first calculated the 
D-statistics69 using qpDstat from AdmixTools v.6.070. We measured the significance 
of each test using a block jackknife with |Z| > 3 suggesting admixture. We note 
that qpDstat reports minimum and maximum z-scores of −100 and 100. To 
avoid the potential bias from ancient DNA damage, we restricted our analyses to 
transversion sites.

We used DFOIL
28 to measure admixture among bear lineages. DFOIL detects 

admixture based on a five-taxon phylogeny (((P1,P2),(P3,P4)),O), with the ingroup 
taxa arranged in two sub-pairs (P1/P2 and P3/P4), in which P1 and P2 have 
diverged more recently than P3 and P4, and an outgroup taxon (O). We ran  
DFOIL in several configurations in which P1, P2, P3 and P4 are brown and polar 
bears and O is an American black bear. Since genetic diversity among bears 
is low and we restricted our analyses to transversions, we ran DFOIL in 200 kb 
non-overlapping sliding windows across the whole genome71 with other default 
parameters. For each computation, one genome was used to represent each of 
P1, P2, P3 and P4. For most analyses (excluding those using Bruno or the LCA 
of extant polar bears), we selected three genomes for each of P1, P2 and P3, 
resulting in a total of 27 (3 × 3 × 3) combinations. For each test, we applied the 
default significance cut-off of P < 0.01 measured with the chi-squared test. To 
test the robustness of this analysis, we analysed transversions and all variants 
(transversions + transitions) separately using window sizes of 100, 150, 200, 250, 
300, 350, 400 and 500 kb and with P value cut-offs of 0.05, 0.01, 0.005 and 0.001, 
respectively (Supplementary Figs. 1–8).

Assessing the impact of admixture on PSMC plots. Because admixture can lead 
to overestimation of effective population size in PSMC25, we explored the impact of 
admixture from polar bears on coalescent-based estimates of effective population 
size over time in brown bears. We used IBDmix72 to identify regions of brown 
bear genomes that are introgressed from polar bears. We set Bruno as the source 
(-a) and all brown bears as the admixed population, with other parameters as 
default, and recovered genomic regions with a length >30 kb and single-point log 
odds ratio score > 4 as admixed (Extended Data Fig. 9). This analysis identified 
more admixed segments in North American brown bears (195–378 Mb) than in 
European brown bears (30–127 Mb). We note that this analysis will have the most 
power to detect longer admixed segments not broken down by recombination.

Next, we estimated PSMC plots for two ABC Islands brown bears 
(SAMN02256318 and SAMN02256320) after masking these admixed regions.  
We removed the IBDmix-identified admixed regions from each brown bear 
genome (378 Mb for SAMN02256320 and 338 Mb for SAMN02256318)  
using the complement function of BEDTools v.2.25.0 (ref. 73). The remaining 
regions were used as input for SAMtools mpileup (the -l option) to generate 
a diploid consensus genome sequence. As a control, randomly selected and 
masked 30 kb non-overlapping regions from across the genome were used, 
generating a dataset for each brown bear that was the same total length as the 
admixture-masked genomes. We ran PSMC as above. PSMC plots comparing 
non-masked, admixture-masked and randomly masked datasets are presented  
in Supplementary Fig. 11.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Raw reads generated from Bruno are available from the NCBI SRA BioProject 
accession no. PRJNA720153. Other data used are listed in Supplementary  
Tables 2 and 3.

Code availability
Scripts and codes for genome analysis can be accessed at https://github.com/
PopGenomics-WMS/Bruno_aDNA_analysis.
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Extended Data Fig. 1 | Images of Bruno’s skull. Images of Bruno’s skull. (a) ventral, (b) lateral, (c) dorsal views, and (d) shown along with a brown bear 
skull (left) and a mature polar bear skull (right). Photos by Pam Groves.
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Extended Data Fig. 2 | MapDamage plot for each of the 14 sequencing libraries prepared from DNA extracts from Bruno. MapDamage plot for each 

of the 14 sequencing libraries prepared from DNA extracts from Bruno. Plots show the frequency of C>T and G>A substitutions. SE5145_BAN036 and 

SE5145_BAN037 are single-stranded DNA libraries and appear to have less damage than the other libraries.
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Extended Data Fig. 3 | An example of read length distributions for each of the 14 DNA sequencing libraries prepared from DNA extracts from Bruno. An 
example of read length distributions for each of the 14 DNA sequencing libraries prepared from DNA extracts from Bruno. The observed ~10 bp periodicity 
of recovered fragment lengths is commonly observed in nuclear DNA recovered from old tissues and is most likely explained by nucleosomal protection of 
DNA molecules.
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Extended Data Fig. 4 | the derived allele frequencies of polar bears, brown bears, and Bruno at polar bear polymorphic sites. The derived allele 
frequencies of polar bears, brown bears, and Bruno at polar bear polymorphic sites. We measured the derived allele frequency for all sites observed to 
be segregating polymorphism in the polar bears in the panel. For each 5% frequency bin, we measured the observed derived allele frequency within each 
polar bear (left panels) and each brown bear (right panels). The Bruno bear is in each panel (thick blue line). As expected, each polar bear carries the 
derived allele as often as would be expected given the derived allele frequency within polar bears (red, x = y line). Brown bears carry far fewer polar bear 
derived alleles. Genetically, Bruno is clearly not a modern polar bear nor a brown bear. An American black bear genome was used to polarize the ancestral 
state of alleles. Seven brown bears (SAMN07422261, SAMN07422264, SAMN07422265, SAMN07422266, SAMEA4762870, SAMN07422267, and 
SAMN07422270) were excluded from this analysis due to low sequencing coverage.
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Extended Data Fig. 5 | MSMC estimates the relative cross coalescence rate (RCCR) and divergence time between Bruno and an extant brown bear 
and between extant polar bear and the same brown bear. MSMC estimates the relative cross coalescence rate (RCCR) and divergence time between 
Bruno and an extant brown bear and between extant polar bear and the same brown bear. Two independent analyses using different polar bears (IDs: 
SAMN02261853 and SAMN02261826) and brown bears (IDs: SAMN07422272 and SAMN07422262) are shown as A and B. For each calculation, we 
performed 30 bootstrap replicates, which are shown as thin red lines. Based on a 50% RCCR, we estimate the divergence time for modern polar bears and 
brown bears (T2) to be 481,049 ± 4500 (mean ± SD) years ago, which is consistent with previous estimates (Liu et al. 2014), and the divergence time for 
Bruno and brown bears (T1) to be 376.9 ± 3.3 kya (mean ± SD). The resulting estimate for the time difference between when Bruno and the modern polar 
bear diverged from the brown bear (a rough estimate of how long ago Bruno died) is: ∆T = T2-T1 = 104.4 ± 3.4 kya.
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Extended Data Fig. 6 | D-statistics analysis of gene flow between polar bears and brown bears. D-statistics analysis of gene flow between polar bears 
and brown bears. (a) D-statistics in the form of D(brown bear-Europe; brown bear-N America; Bruno/Polar bear, Black bear). All combinations give 
significant negative values (−21.8 < Z-score < −21.3), suggesting admixture occurred between polar bears and North American brown bears, consistent 
with previous work. (b) D-statistics in the forms of D(PB-Greenland,PB-Alaska;BB-x,BLK), D(Bruno,PB-Alaska;BB-x,BLK) and D(Bruno,PB-Greenland; 
BB-x,BLK) are mostly non-significant (−3 < Z-score < 3). (c) Results of D-statistics in the form of D(All polar bears,Bruno;Brown bear,BLK).
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Extended Data Fig. 7 | Allele sharing among Bruno, all brown bears, and a polar bear. Allele sharing among Bruno, all brown bears, and a polar bear.  
(a) and (b) show the shared derived alleles (transversions+transitions) and transversions, respectively. Replacing data from Bruno with data from an 
extant polar bear, KB06, results in fewer alleles shared uniquely with all brown bears to the exclusion of other polar bears. Statistical significance was 
measured by the wilcox.test (two-sided) using R version 4.10.
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Extended Data Fig. 8 | MSMC estimates the relative cross coalescence rate (RCCR) and divergence time between brown bears. MSMC estimates the 
relative cross coalescence rate (RCCR) and divergence time between brown bears. Three independent analyses were performed for each pair. Based on 
a 50% RCCR, divergence time for North American and European Brown bears is 23–65 kya, which is more recent than the death of Bruno. We note that 
polar bear ancestry in North American bear genomes may affect these MSMC estimates and therefore perform DFOIL in multiple configurations that 
assume both a more recent and more ancient divergence between North American and European brown bears than the age of Bruno.
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Extended Data Fig. 9 | IBDMix inferred the amount of the genome showing a signal of admixture between Bruno and brown bears. IBDMix inferred 
the amount of the genome showing a signal of admixture between Bruno and brown bears. Blue, orange and gray lines show results when the minimum 
lengths of 30 kb, 40 kb and 50 kb were used as cut-off to recover admixed regions.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Analysis of simulated data shows that MSMC-IM is robust to the directionality of gene flow is robust. Analysis of simulated 
data shows that MSMC-IM is robust to the directionality of gene flow is robust. We assumed eight scenarios in which two populations diverged 500 kya 
with asymmetrical and symmetrical migrations at 100 kya, as described in Methods. Labeling is as follows: ‘M01 = 5%’ indicates that pop0 contributed 5% 
ancestry to pop1, ‘M10 = 5%’ indicates that pop1 contributed 5% ancestry to pop0. Vertical red dashed lines show the time of migration at 100 kya. Models 
and magnitude of migration for each direction are shown within each plot.
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