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Dogs were widely distributed across western 
Eurasia during the Palaeolithic
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Archaeological evidence suggests that dogs diverged from wolves during the 
Palaeolithic, more than 15,000 years ago1–7. The earliest unequivocal genetic evidence, 
however, is associated with dog remains from Mesolithic archaeological contexts 
approximately 10,900 years ago8,9. Here we generate both nuclear and mitochondrial 
genomes from canid remains at Pınarbaşı in Türkiye (15,800 years ago)10 and  
Gough’s Cave in the UK (14,300 years ago)11, as well as from dogs excavated from  
two Mesolithic sites in Serbia (Padina between 11,500–7,900 years ago and Vlasac 
8,900 years ago)12,13. Our analyses indicate that a genetically homogeneous dog 
population was already widely distributed across Europe and Anatolia during  
the Late Upper Palaeolithic (by at least 14,300 years ago). This finding suggests that 
dogs were exchanged among genetically and culturally distinct western Eurasian  
Late Palaeolithic human populations, namely the Magdalenian, Epigravettian and 
Anatolian hunter-gatherers10,14–16. Last, we identify a major influx of eastern Eurasian 
dog ancestry during the Mesolithic, concomitant with the movement of eastern 
hunter-gatherer populations into Europe14, which led to the establishment of the 
primary ancestry characteristics that define European dog populations today.

Despite the application of both molecular and morphological app
roaches, the temporal and geographic origins of dog domestication 
remain unknown. Previous estimates have varied from 135,000 to 
15,000 years ago7, which reflects both the large uncertainties associated 
with genetic-based dating methods and the difficulties in distinguish-
ing skeletal remains of dogs and wolves on the basis of morphology. 
This is especially true in the earliest stages of domestication, during 
which there may have been an absence of detectable lineage-defining 
characteristics17–19.

Morphological analyses of archaeological canid remains have sug-
gested that dogs were present across Eurasia during the Upper Pal-
aeolithic1–6 (35,000–15,000 years ago). Stable dietary isotopes (δ13C 
and δ15N) have also been used to tentatively distinguish dogs from 
wolves in Palaeolithic contexts20. Without corroborating nuclear 
genomic data, however, definitive identification of these remains as 
dogs has been challenging. For instance, although Upper Palaeolithic 
remains from Europe (for example, approximately 34,000 years cali-
brated before present (cal bp) from Goyet in Belgium1; approxi-
mately 28,500 years cal bp from Předmostí in Czechia2) and Russia 

(for example, approximately 33,000 years cal bp from Razboinichya 
Cave in the Altai Mountains3; approximately 17,600 years cal bp from  
Eliseevichi in western Russia5) were initially identified as early dogs 
using morphological approaches, nuclear genomes generated from 
these individuals have shown they belonged to now-extinct wolf popu-
lations21,22. The earliest definitive dogs, on the basis of nuclear genetic 
data, have been identified at the Mesolithic site of Veretye (Karelia, 
Russia), dated to approximately 10,900 years cal bp (ref. 8).

Although Palaeolithic dogs are yet to be unequivocally identi-
fied, several candidates have been suggested. An approximately 
14,300 years cal bp canid mandible from the Late Upper Palaeolithic 
site of Bonn-Oberkassel (Germany), for example, shows dog-like mor-
phology, was co-interred alongside a dual human burial and shows 
pathologies that would have been lethal if not for prolonged human 
care23. Claims for Palaeolithic dogs, based on either morphological or 
biomolecular analyses, or both, have also been made for material from 
sites across continental Europe including Kesserloch (Switzerland24,25), 
Erralla (Spain26), Grotta Paglicci (Italy27) and Le Morin (France28). Other 
candidates for early dogs include potential burials of juvenile canids 
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at the Epipalaeolithic site of Pınarbaşı (16,100–12,900 years cal bp) on 
the Central Anatolian Plateau in Türkiye10 (Supplementary Fig. 1) and 
canid remains from a Late Upper Palaeolithic Magdalenian horizon 
(15,100–14,200 years cal bp) at Gough’s Cave in the UK29,30 (Supplemen-
tary Fig. 2). Remains at both of these sites show postmortem treatment 
that mirrors the human remains15,29.

Here, to test the hypothesis that dogs were present in western Eura-
sia during the Palaeolithic, we directly dated and generated nuclear 
genome data (median depth 1.5×, 0.1–3.0×) from canid remains from 
Gough’s Cave (UK, n = 2), Pınarbaşı (Türkiye, n = 1) and a suspected 
Palaeolithic deposit from Wezmeh Cave (Iran, n = 2). We also gener-
ated low-coverage genome data (median depth 0.11×; 0.07–0.17×) 
from morphometrically identified dogs from Mesolithic contexts in 
Serbia (Padina; n = 2; Vlasac; n = 1, refs. 12,13; Fig. 1a,b, Supplemen-
tary Tables 1 and 2 and Supplementary Fig. 3). These data were ana-
lysed alongside previously published ancient dog (n = 68) and wolf 
(n = 71) genomes spanning the past 100,000 years (Supplementary 
Table 1), as well as 276 modern dog, wolf and outgroup canid genomes 
(which are a representative subset of the 1,700 genomes included in 
the NHGRI Dog Genome Project Database; Supplementary Table 3,  
ref. 31). 

In addition, we generated low-coverage sequencing data (less 
than 0.001×) and used in-solution capture to obtain high-coverage 
mitochondrial genomes (median depth 15.7×, 5.0–72.3×) from canid 
remains from Pınarbaşı (n = 3), Padina (n = 2), Vlasac (n = 1) and a Late 
Upper Palaeolithic canid from Grotta Continenza (Italy, n = 1; Sup-
plementary Tables 4 and 5). Finally, to assess the degree to which the 
dietary isotopes derived from canid remains overlapped with those 
from Palaeolithic humans (for example, ref. 32), we performed carbon 
(δ13C) and nitrogen (δ15N) compound-specific stable isotope analysis of 
individual collagen amino acids of human and canid remains at Gough’s 
Cave (n = 6) and Pınarbaşı (n = 6; Supplementary Table 6).

Dogs were widespread during the Palaeolithic
To determine whether these newly sequenced canids were genetically 
closer to modern and ancient dogs or wolves, we first performed prin-
cipal component analysis (Fig. 1c and Supplementary Fig. 4) and unsu-
pervised ADMIXTURE (K = 2, which differentiates dogs and wolves; 
Supplementary Fig. 5) analyses based on nuclear genomic data. Of 
the eight newly sequenced individuals, six clustered with modern 
and ancient dogs, including an approximately 15,800 year cal bp 
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Fig. 1 | Dogs were widespread in Palaeolithic Europe and Anatolia. a, Location 
of the published ancient African and/or Near Eastern (green), European (orange) 
and Arctic (blue) dog, as well as Pleistocene (white) and Holocene (dark grey) 
Eurasian wolf genome data analysed in this study (n = 139), with unpublished 
canid specimens shown as stars (n = 8). Sites from which new genomic data 
(mitochondrial or nuclear) were generated are labelled in black text. Frequently 
mentioned sites from which data were already available are labelled in grey 
text. b, Temporal distribution of ancient Eurasian dog and unpublished wolf 
nuclear genomes in a, based on either direct radiocarbon dates, or securely 
dated contexts (Supplementary Table 4). c, Principal component (PC) analysis 

of ancient dogs (n = 73) and wolves (n = 66). Frequently mentioned samples  
are labelled in either black (Palaeolithic) or grey (Mesolithic-Byzantine).  
d, Simplified phylogeny based on mitogenomes (see Supplementary Fig. 6 for 
the complete tree) of 202 dogs (black) and 17 wolves (grey). The C haplogroup 
is shown in more detail (right panel) to highlight the position of C5 dogs (which 
included Gough’s Cave and Pınarbaşı) as a sister clade to all other C dogs, as  
well as the position of the Grotta Continenza wolf as a sister lineage to the 
whole C (including C5). Polytomies represent nodes for which bootstrap 
support values were less than 50. Across all figures, an asterisk (*) indicates 
data generated in this study.
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individual from Pınarbaşı (1.3×; 15,915–15,669 years cal bp), an app
roximately 14,300 year cal bp individual from Gough’s Cave (1.7×; 
14,793–14,090 years cal bp), all three Mesolithic Serbian individuals 
(Padina (0.1× and 0.2×) and Vlasac (0.1×); 11,500–7,900 years bp), and 
an approximately 1,532 year cal bp individual from Wezmeh Cave in 
Iran (0.1×; 1,574–1,419 years cal bp).

We also identified an approximately 14,300 year cal bp wolf from 
the same context at Gough’s Cave (0.2×; 14,808–14,091 years cal bp) 
and an approximately 2,700 year cal bp wolf from Wezmeh Cave in 
Iran (3.0×; 2,745–2,542 years cal bp). The discrepancy between con-
textual and direct age estimates for canids from Wezmeh Cave reflects 
recent anthropogenic disturbance of the Palaeolithic horizon33. All 
taxonomic classifications were consistent with assignments gen-
erated using a pipeline that distinguishes dogs and wolves given 
ultra-low-coverage sequencing (screening) data34. Using the screen-
ing data (a few million reads per library), this pipeline identified a 
further 13 dogs and two wolves at these sites, as well as a wolf from 
the Palaeolithic site of Grotta Continenza (Extended Data Fig. 1 and 
Supplementary Table 4).

The definitive nuclear genome-based identification of dogs from 
Gough’s Cave and Pınarbaşı enabled us to evaluate newly generated 
and publicly available mitochondrial DNA (mtDNA) data to assess 
the status of other Palaeolithic canids. Dog mtDNA can be divided 
into five monophyletic haplogroups (A–D and X), each of which are 
sister to extinct and extant wolf lineages (Fig. 1d and Extended Data 
Fig. 2). Most of the suspected European Palaeolithic dogs for which 
mtDNA has previously been generated20,24,27 branch off just outside 
the diversity of C haplogroup dogs in previous analyses35. This phy-
logenetic placement, outside the diversity of modern and ancient 
dogs, yet closer to dogs than wolves, has made it difficult to assess 
their domestication status.

We constructed a maximum-likelihood phylogeny using 220 
mitogenomes (including 202 dogs and 17 wolves) representative of 
all known dog haplogroups, and a coyote as an outgroup (Fig. 1d and 
Supplementary Fig. 6). The dogs from Gough’s Cave and Pınarbaşı 
cluster together with other suspected European Palaeolithic dogs, 
sister to C haplogroup dogs, a haplogroup that we termed C5 (Fig. 1d). 
This clade also includes canids from Epigravettian sites in Germany 
(Bonn-Oberkassel, 14,805–14,088 years cal bp, ref. 24), Switzerland  
(Kesslerloch, 14,318–14,039 years cal bp, ref. 20) and Italy (Grotta Paglicci, 
14,310–13,859 years cal bp, ref. 27; Fig. 2a). The Grotta Continenza 
wolf formed a sister lineage to the diversity of all C haplogroup dogs  
including C5.

The placement of the Bonn-Oberkassel, Kesslerloch and Grotta 
Paglicci individuals within a dog-specific mitochondrial clade sugg
ests that they also carry dog nuclear ancestry. This association between 
dog nuclear ancestry and the C5 mtDNA clade therefore indicates that 
dogs were widely distributed across western Eurasia during the Late 
Upper Palaeolithic.

Genetically similar Palaeolithic dogs
To assess the degree of similarity between the Late Upper Palaeolithic 
dogs, we first inferred a Bayesian time-calibrated mtDNA phylogeny. 
The estimated time to the most recent common ancestor of the Gough’s 
Cave and Pınarbaşı individuals was approximately 16,900 years ago 
(95% highest posterior density, 18,569–15,860 years ago), less than 
3,000 years before the death of the Pınarbaşı dog (Extended Data 
Fig. 2). Furthermore, pairwise distance calculations, outgroup-f3 
(Extended Data Figs. 3–5) and kinship (θGough’sCave/Pınarbaşı 0.010, θmedian 
0.005; Supplementary Figs. 7 and 8) analysis of autosomal data indi-
cate that dogs from Gough’s Cave and Pınarbaşı are more genetically 
similar to each other than to any other dog. Combined, our mtDNA 
and nuclear results indicate the Pınarbaşı and Gough’s Cave individu-
als at the eastern and western extremes of the known distribution of 

Palaeolithic dogs were genetically very similar, and were members of a 
population that expanded across western Eurasia between 18,500 years 
and 14,000 years ago.

Of the five Palaeolithic dogs (Fig. 2a), each is associated with one 
of three genetically and culturally distinct human hunter-gatherer 
populations found across Europe and Anatolia in the Late Upper 
Palaeolithic: the Magdalenian (Gough’s Cave29,30), the Epigravettian 
(Bonn-Oberkassel, Kesslerloch and Grotta Paglicci20,24,27) and Anatolian 
hunter-gatherers (Pınarbaşı10). The spread of these dogs across the 
region is likely to have been linked with the migration, dispersal and 
interaction of humans associated with these Palaeolithic cultures. 
In fact, although most Palaeolithic dogs in this study are associated 
with human populations of Epigravettian-associated genetic ances-
try, including Anatolian hunter-gatherers at Pınarbaşı36, the dog from 
Gough’s Cave was recovered from a depositional context alongside 
humans with Magdalenian-associated ancestry37.

The presence of genetically similar dogs across sites with genetically 
differentiated human populations in the Palaeolithic suggests that dogs 
and humans have had different population histories. To assess this, 
we first established the degree to which humans and dog ancestries 
from the same archaeological contexts, across 35 sites that spanned 
the Late Upper Palaeolithic to the Medieval period, were correlated 
using outgroup-f3 statistics as a genetic similarity measure (Extended 
Data Fig. 3c and Supplementary Table 7). After correcting for time 
and spatial autocorrelation (Methods), we found a strong positive 
correlation (Mantel r ≈ 0.40, P < 0.0001) between human–human and 
dog–dog outgroup-f3 values, suggesting shared evolutionary histories 
between humans and dogs that cannot be explained by shared spatial 
or temporal structure alone.

In our comparison of the differences between human–human and 
dog–dog outgroup-f3 at the same site, we observed that the dogs from 
the Palaeolithic sites of Pınarbaşı and Gough’s Cave fell within the tail 
of the distribution. This indicates that there existed a greater degree of 
genetic similarity between the dogs than among the associated humans 
at the same sites (Extended Data Fig. 3d) and provides further evidence 
that a relatively homogeneous dog population spread between geneti-
cally and culturally distinct human populations across Europe and 
Anatolia in the Late Upper Palaeolithic.

One plausible scenario to explain the discrepancy between human 
and dog ancestry in the Palaeolithic is that the dispersal of dogs was cou-
pled with the spread of Epigravettian-associated ancestry and material 
culture roughly 16,000 years ago, which, after a period of interaction, 
eventually replaced the previously predominant Magdalenian culture 
and ancestry across northern Europe14,16,37. This timeframe aligns well 
with our mtDNA-based most recent common ancestor estimate for 
the Gough’s Cave and Pınarbaşı dogs (95% highest posterior density, 
18,569–15,860 years ago), which provides an estimated upper bound for 
the divergence of their ancestral populations (which must have taken 
place after approximately 18,500 years ago), and the youngest radio
carbon date (Gough’s Cave dog, 14,808–14,091 years cal bp; Supplemen-
tary Table 4), which provide a minimum age by which their ancestral 
population must have already diverged. Crucially, the timeframe for 
the spread of dogs in western Eurasia (between 18,500–14,000 years 
ago) postdates the earlier divergence of Magdalenian and Epigravettian 
human populations, which most probably occurred during or before the 
Last Glacial Maximum (approximately 24,000–21,000 years ago14,38). 
The spread of Palaeolithic dogs across western Eurasia, therefore, most 
probably occurred after the divergence of these two distinct human 
populations, possibly during the spread of Eppigravettian-associated 
ancestry and material culture roughly 16,000 years ago.

The Gough’s Cave dog, however, dates to the Late Magdalenian (from 
15,000 years ago; Fig. 2b), a period for which there is at present no 
evidence of humans carrying Epigravettian-associated ancestry in the 
UK37. Yet, this period is characterized by transitions in lithic technology 
(for example, Federmessergroupen) that are associated with people 
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carrying Epigravettian-related ancestry on the European continent 
(for example, at Bonn-Oberkassel)39–42, whereas later individuals from 
the UK (for example, Kendrick’s Cave, 13,780–13,354 years cal bp) carry 
Epigravettian-associated ancestry14,37. Further, the putative presence 
of dogs (based on short mtDNA fragments) has also been suggested 
at another Magdalenian context, in Spain (Erralla Cave, 17,410–
17,096 years cal bp, ref. 26) and, unlike at Gough’s Cave, these remains 
postdate the earliest evidence of Epigravettian ancestry in the region 
by more than 1,000 years (El Mirón, approximately 18,700 years cal bp, 
refs. 43,44).

Combined, our results are consistent with a dispersal of dogs across 
Late Palaeolithic Europe alongside the expansion of Epigravettian-
associated ancestry and material culture approximately 16,000 years 
ago. Under this scenario, people carrying Magdalenian-associated 
ancestry in the UK, and perhaps in Spain, acquired dogs through 
interactions with Epigravettians. These interactions did not leave any 

signal of Epigravettian ancestry in the Magdalenian humans at Gough’s 
Cave37, implying that the exchange of dogs between Palaeolithic human 
groups was not always accompanied by detectable gene flow within 
the human populations. However, an alternative scenario that involves 
dogs being exchanged through networks that are not associated with 
the Epigravettian expansion cannot at present be ruled out due to the 
paucity of Palaeolithic dog remains.

Close Palaeolithic human–dog association
The discovery of dogs within Magdalenian, Epigravetian and Anato-
lian hunter-gatherer contexts across western Eurasia indicates dogs 
were integrated with culturally, geographically and genetically distinct 
human groups. At Gough’s Cave, human remains in a Magdalenian 
context show postmortem anthropic modification including the shap-
ing of skulls into skull-cups and the engraving of human remains15,45. 
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and beta values, calibrated using terrestrial (vascular) and aquatic (non-vascular) 
autotrophs71. The interpretation of the Pınarbaşı neonatal canids assumes  
a minimal offset in Phe and Glx δ15N values between mothers and their foetal 
offspring54. Photograph in c reproduced with permission from The Trustees of 
the Natural History Museum, London.
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This is indicative of funerary cannibalism, a behaviour identified at 
Magdalenian sites across Europe15,16. Similar postmortem anthropic 
modification is evident on the dog remains at Gough’s Cave, most nota-
bly a perforation on the masseteric fossa (Fig. 2c and Supplementary 
Fig. 2), indicating the shared treatment practices of humans and dogs 
postmortem. Similar shared postmortem treatment of dog and human 
remains is also evident at Pınarbaşı, where neonatal and juvenile dogs 
were buried in the same area of the site as contemporaneous human 
burials10 (Fig. 2b). These shared patterns of postmortem treatment 
extend the symbolic treatment of dogs identified during the Mesolithic 
to earlier Palaeolithic hunter-gatherers46,47.

To investigate whether similar close associations were also evident 
during the lifetime of the dogs, we evaluated the degree of dietary simi-
larity between canids and humans at both Gough’s Cave and Pınarbaşı 
through the measurement of bulk and amino acid stable isotopes (δ13C 
and δ15N) in bone collagen48 (Fig. 2d, Supplementary Fig. 9 and Sup-
plementary Table 6).

At Gough’s Cave, the dogs and humans have comparable bulk isotope 
and amino acid δ15N values, and the δ15NGlx-Phe proxy for trophic posi-
tion (Fig. 2d) indicates a similar degree of omnivory49,50. The Gough’s 
Cave wolf occupied a similar trophic position to both these species 
(Fig. 2d). Niche partitioning between dogs and wolves (for example, 
ref. 51) may have, therefore, been less pronounced in Late Upper Pal-
aeolithic Europe compared with later periods, notably after the emer-
gence of starch-rich diets in the Neolithic52 (Supplementary Fig. 10). 
We note, however, that the isotopic approach lacks the resolution to 
definitively discriminate between wild and domestic canids, as differ-
ent diets may result in identical isotopic signatures53. Alternatively, the 
dietary overlap between wolves and humans at Gough’s Cave could also 
indicate close association, although this remains tentative given the 
lack of comparable isotopic data from wolves outside anthropogenic 
contexts in the Late Upper Palaeolithic.

At Pınarbaşı, although perinatal dogs (and by proxy their mothers) 
had different isotopic signatures to the humans (Fig. 2d), the δ15NGlx-Phe 
values of both species were elevated relative to Gough’s Cave. Not-
withstanding uncertainties in the mother–offspring isotopic offset54, 
these data indicate an aquatic dietary component (Fig. 2d and Sup-
plementary Table 6). The remains of small freshwater fish, probably 
net-caught, are common in the human-occupied layers at Pınarbaşı10, 
suggesting that dogs were either being directly or indirectly provi-
sioned by humans.

Genetic ancestry of Palaeolithic dogs
Dogs can be broadly separated into two lineages: an eastern lineage, 
found in Arctic, East Asian and precontact American dogs (which 
mostly disappeared after CE 1492, ref. 55), and a western lineage that 
encompasses dogs from Europe and the Near East56. The presence 
of both eastern and western ancestries in Karelian Mesolithic dogs 
approximately 10,900 years ago8 implies that the two ancestries 
diverged during the Palaeolithic. To establish the ancestry of Pal-
aeolithic and Mesolithic European dogs, we calculated shared drift 
with representatives of eastern (an approximately 9,500 years cal bp 
Siberian hunter-gatherer dog from Zhokhov Island57) and western (an 
approximately 5,800 years cal bp dog from the Neolithic Iranian site of 
Tepe Ghela Gap58) dog lineages using outgroup-f3 statistics of the form 
f3(Coyote, D_TepeGhelaGap1_5826/D_Zhokhov1_9515, X).

Palaeolithic dogs from Europe and Anatolia share more drift with the 
western Eurasian lineage (Extended Data Figs. 4 and 5), which is also 
apparent from principal component analysis (Fig. 1c and Supplemen-
tary Fig. 4), and D statistics of the form D(Coyote, X, D_Zhokhov1_9515, 
D_TepeGhelaGap1_5826) (Supplementary Fig. 11). These results indicate 
that Palaeolithic dogs form part of the western Eurasian dog lineage, 
which pushes the divergence of eastern–western dog populations to 
at least 15,800 years ago.

Wolf–dog admixture in the ancient Near East
A recent genomic study22 indicated that both modern and ancient 
western Eurasian dogs possess genetic ancestry similar to present-day 
wolves in Syria. To assess whether newly sequenced western Eura-
sian Palaeolithic and Mesolithic dogs also possess Near Eastern 
wolf ancestry, we performed D statistics of the form D(Coyote, 
Near Eastern Wolf, Early Western Eurasian Dogs, D_Zhokhov1_9515). 
We used a newly sequenced genome (3×) from an approximately 
2,700-year-old wolf from Iran (Wezmeh Cave; Fig. 1a) as a proxy for 
Near Eastern wolf ancestry, because some present-day Near Eastern 
wolf populations (for example, Israel and Saudi Arabia) probably 
acquired dog ancestry through hybridization more recently (Extended  
Data Fig. 6a).

We identified excess allele sharing between ancient Near East-
ern dogs (including the Palaeolithic dog from Pınarbaşı) and the 
Wezmeh wolf, consistent with gene flow between dogs and the 
local Near Eastern wolf population as far back as 15,800 years ago 
(Extended Data Fig. 6a and Supplementary Fig. 12). We found no 
evidence of excess allele sharing with Mesolithic dogs from Veretye 
(Karelia, north-west Russia; approximately 10,900 years cal bp) or 
Padina (Serbia; 11,500–7,900 years bp). However, tests were signifi-
cant for a Mesolithic dog from Vlasac (Serbia; 9,500–8,300 years bp). 
These results indicate that Near Eastern wolf ancestry was vari-
able in dogs across western Eurasia during the Palaeolithic and  
Mesolithic.

In the Near East, dogs from the Neolithic and onwards show excess 
allele sharing with Near Eastern wolves when compared with contem-
porary European dogs (Extended Data Fig. 6a). D statistics of the form 
D(Coyote, Near Eastern Wolf, X, D_Pinarbasi1_15787) were significantly 
negative in most cases, suggesting that these Near East dogs possess 
more Near Eastern wolf ancestry than the Pınarbaşı dog (Supplemen-
tary Fig. 13). To quantify the extent of excess Near Eastern wolf ances-
try in these Neolithic and post-Neolithic populations, we computed 
F4-ratios (Extended Data Fig. 6b) and performed supervised ADMIX-
TURE analysis (Supplementary Fig. 14). These analyses identified the 
highest levels of wolf ancestry (F4 ratio 19.0%, ADMIXTURE 13.5%) in 
a 7,000-year-old dog from Tel Hreiz (Israel; Supplementary Fig. 14). 
This component declined over the subsequent millennia to less than 
5% (F4 ratio 2.9–4.8%, ADMIXTURE 3.2–4.8%) in 2,300-year-old dogs 
from Ashkelon (Israel).

By contrast, high levels of wolf ancestry are maintained in modern 
Basenjis (F4 ratio 13.9–17.4%; Extended Data Fig. 6b), possibly due to the 
isolation of this dog population in sub-Saharan Africa until the colonial 
period. A previous study suggested that dogs in Africa experienced 
gene flow with endemic African canids59. It is possible, therefore, that 
Near Eastern wolf ancestry identified in Basenjis may derive from gene 
flow with these endemic canids after dogs dispersed into Africa.

To visualize both the direction and number of these admixture 
events, we constructed admixture graphs using TreeMix60 (Extended 
Data Fig. 7 and Supplementary Figs. 14 and 15) and AdmixtureBayes61 
(Fig. 3a and Supplementary Fig. 16). These results further support the 
conclusion that ancient Near Eastern (excluding Pınarbaşı) and African 
dogs possess mixed ancestry. Specifically, the two primary ancestry 
components are 96% western Eurasian dogs (represented by dogs from 
Pınarbaşı and Gough’s Cave) and 4% Near Eastern wolves (represented 
by the Wezmeh wolf).

Overall, our results indicate that Neolithic (and more recent) Near 
Eastern and African dogs possess more Near Eastern wolf ancestry 
than Palaeolithic and Mesolithic western Eurasian dogs. Although 
it remains possible that this wolf-related ancestry was the result of 
an independent domestication process22,56, it is more likely to result 
from geographically and temporally restricted gene flow between 
Neolithic and post-Neolithic western Eurasian dogs and Near Eastern 
wolves.
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Genomic legacy of Palaeolithic dogs
Our analyses indicate that both the Gough’s Cave and Pınarbaşı dogs 
derive most of their ancestry from the western Eurasian dog lineage, 
similar to Neolithic (and later Near Eastern) dogs. Previous work has 
shown that from the Late Neolithic onwards, European dogs pos-
sess mixed ancestry from both western and eastern Eurasian ances-
try22,56,58,62. This shift in ancestry proportions has been attributed to 
an influx of dog ancestry from the East during migration of Steppe 
pastoralists associated with the Corded Ware and Yamnaya cultures 
of the Late Neolithic and Early Bronze Age62.

Nevertheless, ancient human genomes have indicated earlier migra-
tions (before 9,000 years ago) of people with eastern hunter-gatherer 
genetic ancestry14 into eastern, central and southern Europe. Analyses 
of dogs from eastern hunter-gatherer contexts from north-eastern 
Europe (Veretye, Karelia) and the central Eurasian Steppe (Botai, 
Kazakhstan) have shown these individuals carried eastern Eurasian 
dog ancestry63. These results indicate that eastern Eurasian dog ances-
try may have reached other parts of Europe earlier than previously 
thought, possibly during the Mesolithic.

To assess the degree of eastern Eurasian dog ancestry in western 
Eurasian dogs, we implemented a tri-source model of dog ancestry 
in qpAdm (Fig. 3b and Supplementary Fig. 17), using three ancestry 
sources based on the results of D statistics and admixture graphs: Pal-
aeolithic western Eurasian (D_Pinarbasi1_15787) and eastern Eurasian 
(D_Zhokhov1_9515) dogs and Near Eastern wolves (W_Wezmeh1_2708). 
As expected, most ancient Near Eastern dogs possessed both western 
Eurasian dog and Near Eastern wolf ancestry. The eastern Eurasian 
dog ancestry component is absent until the Early Byzantine period 
(1,565 years cal bp at Marmara, Türkiye). By contrast, Balkan Meso-
lithic dogs from the Iron Gates in Serbia (Padina and Vlasac) and 
North-West Russia (Veretye) were best modelled as a combination 
of western Eurasian (mean 56.2%) and eastern Eurasian (mean 43.8%) 
dog ancestry.

Genomic analyses of Mesolithic hunter-gatherers from the same 
contexts as several of these dogs (Iron Gates and Veretye) have shown 
that they also possessed eastern hunter-gatherer genetic ancestry14,64. 
Coupled with the positive correlation between human–dog ancestries 
(Extended Data Fig. 3c), our results indicate that eastern Eurasian dog 
ancestry may have been introduced into Europe during the spread of 
eastern hunter-gatherers during the Mesolithic14, rather than during 
the later Steppe pastoralist migrations, as previously proposed62.

Our qpAdm analysis also indicates that the eastern Eurasian dog 
ancestry persisted in European dog populations from the Mesolithic to 
the present. Roughly 30% of this eastern Eurasian ancestry component 
is present in dogs during the Neolithic (for example, Pločnik, Serbia), 
33% during the Bronze Age (for example, Belverde Di Cetona, Italy), 
22% during the Iron Age (for example, Parknabinnia, Ireland), 18% 
during the Medieval period (for example, Vilnius Castle, Lithuania) 
and roughly 20% in modern breed dogs (Fig. 3b and Supplementary 
Fig. 17). Although this does not preclude further influxes of eastern 
Eurasian dog ancestry into Europe post-Mesolithic58,62, these find-
ings show that the fundamental ancestry components (both eastern 
and western Eurasian ancestry) in European dogs were established 
by at least 10,900 years ago and persisted into modern breeds  
(Supplementary Fig. 17).

Conclusions
Our results provide genomic evidence for the presence of genetically 
similar dogs in the UK, Germany, Italy, Switzerland and Türkiye during 
the Late Upper Palaeolithic (between 15,800–14,200 years cal bp; Figs. 1 
and 2). The ancestry of this Palaeolithic population was retained in dogs 
throughout the Holocene (Fig. 3) and into modern breeds. We propose 
that this early dog population first spread across Late Upper Palaeo-
lithic Europe alongside the expansion of Epigravettian-associated 
ancestry and material culture roughly 16,000 years ago. The pres-
ence of dogs in close association with humans carrying unadmixed 
Magdalenian-associated genetic ancestry (for example, at Gough’s 
Cave), however, indicates exchange of dogs between culturally distinct 
human populations during the Late Upper Palaeolithic in the absence 
of widespread gene flow or population turnover.

The Late Upper Palaeolithic dog population seems to have already 
been largely reproductively isolated from wolves. In fact, despite more 
than 15,000 years of the co-occurrence of dogs and wolves in western 
Eurasia, dogs have acquired little to no wolf ancestry aside from isolated 
instance(s) of admixture with wolves in the Near East that took place 
before 7,000 years ago. This contrasts with patterns of introgression 
seen in other domestic species, such as pigs and cattle, which interbred 
extensively with local populations of wild boar and aurochs following 
their introduction to Europe65–67. The near absence of wolf ancestry in 
ancient and modern dog genomes68 indicates that a substantial barrier 
to gene flow between wolves and dogs had been established in Europe 
and Anatolia by the Late Upper Palaeolithic. Combining many lines 
of evidence (for example, DNA, isotopes, material culture) that span 
the past 20,000 years across Eurasia will help to establish the precise 
phenotypic and cultural mechanisms responsible for the emergence 
of dogs, and their subsequent reproductive isolation from wolves.
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