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Genomic history of early dogs in Europe
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The earliest morphologically identifiable dogs are from Europe and date to at least 
14,000 years ago1–5, although early remains are also found in other regions. The origin 
of early dogs in Europe, and their relationships to other dogs, has remained elusive in 
the absence of genome-wide data. Similarly, although dogs were the only domestic 
animal to predate agriculture, little is known about how the arrival of Neolithic 
farmers from Southwest Asia affected the dogs living with European Mesolithic 
hunter-gatherers. Here we analysed 216 canid remains, including 181 from Palaeolithic 
and Mesolithic Europe. We developed a genome-wide capture approach that enriched 
endogenous DNA by 10–100-fold and could distinguish dog from wolf ancestry for 141 
of 216 remains. The oldest dog data that we recovered are from a 14,200-year-old dog 
from the Kesslerloch site in Switzerland, and we find that it shares ancestry with later 
worldwide dogs—inconsistent with the hypothesis that European Upper Palaeolithic 
dogs derived wholly from a separate domestication process. The Kesslerloch dog 
already displays more affinity to Mesolithic, Neolithic and present-day European dogs 
than to Asian dogs, demonstrating that dog genetic diversification had started well 
before 14,200 years ago. We find a Neolithic influx of Southwest Asian ancestry into 
Europe, but this seems to have been of smaller magnitude than in humans, suggesting 
that Mesolithic dogs contributed substantially to Neolithic, and, ultimately, probably 
also modern, European dogs.

Dogs (Canis lupus familiaris) were domesticated from grey wolves 
(Canis lupus) towards the end of the last Ice Age, and were the first 
animals to enter into a domestic relationship with humans. Where 
in the world this happened, and which human group or groups were 
involved in the process of domestication, remains unknown6–14.  
The earliest known canid remains with probable dog morphology have 
been found in Europe, and include remains from the Bonn–Oberkassel2, 
Kesslerloch1, Le Morin3, Errala4 and Paglicci5 sites, all from the period 
14,000–17,000 years ago (14–17 ka); however, putative dog remains 
within a few thousand years younger than these have also been found 
in East Asia15, the Levant16 and the Americas17, such that the archaeologi-
cal record does not clearly point to any particular geographical region 
as the centre of domestication. Some much earlier remains have also 

been hypothesized to be dogs, but many morphological assignments 
remain contested in the absence of genetic data18.

Despite Europe having the earliest archaeological evidence of dogs, 
European wolves that lived during the Late Glacial period (~23–12 ka), 
when dogs probably arose, have not been found to have contributed 
detectably to dog ancestry14. Instead, dogs overall show stronger 
genetic affinities to Late Glacial wolves from eastern Eurasia14. But 
further to this, dogs exhibit some degree of variation in their genetic 
relationships to ancient wolves, implying a ‘dual ancestry’ model in 
which at least two distinct wolf populations must have contributed 
ancestry to dogs14. In particular, dogs in Southwest Asia and Africa show 
an affinity to wolves in Southwest Asia, suggesting a second source 
from there14. The identities of the wolf source populations, whether 
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they imply a single or multiple domestication processes, and their 
relationships to the earliest dogs in Europe, remain undetermined.

With the exception of Mesolithic dogs from Karelia in northeastern 
Europe13,19, previous genome-wide analyses of European dogs have been 
restricted to the Neolithic period and later8,12,13. DNA analyses of older 
putative dogs have been restricted to mitochondrial DNA, which does 
not always reliably distinguish wolves from dogs10. Neolithic and later 
European dogs have been found to be genetically intermediate between 
East Eurasian dogs on the one hand, and Southwest Asian and African 
dogs on the other13. The genomic ancestry of dogs in Europe predat-
ing the Neolithic, in the Upper Palaeolithic and Mesolithic periods— 
including the probable dog remains dating to 14–17 ka—remains 
unknown. It is also unknown how the Neolithic transition, which 
involved large-scale migrations of people and domestic animals into 
Europe from Southwest Asia, affected the dog populations already 
present in Europe during the Mesolithic.

Targeted genome-wide DNA enrichment
We extracted and analysed DNA from 216 canid skeletal remains (Supple-
mentary Data 1), at least 181 of which come from pre-Neolithic contexts 
in Europe (Fig. 1a). Some of these remains might derive from the same 
biological individual (Supplementary Data 5). Our sampling included 
remains from the Kesslerloch site, Switzerland (14.2 ka, Magdalenian 
culture, n = 104), the Gnirshöhle site, Germany (~15 ka, Magdalenian, 
n = 35), Goyet and various other cave sites in Belgium (46–2 ka, n = 12), 
the Aghitu-3 cave in Armenia (31–30 ka, Upper Palaeolithic, n = 3), the 
Boncuklu Höyük site in Turkey (11.4 ka, Neolithic, n = 1), a canid found 
close to the Senckenberg Natural History Museum, Germany (11.1 ka, 
no cultural context, n = 1), the site of Hardinxveld-Giessendam de 
Bruin, Netherlands (~7 ka, Mesolithic, n = 7), seven sites in southern 
Sweden (10–5 ka, Mesolithic Kongemose and Ertebølle, and Neolithic 
Pitted Ware cultures, n = 9), 20 sites in Denmark (9–5 ka, Mesolithic 
Kongemose and Ertebølle, and Neolithic, n = 32) and three sites in  
Scotland (5 ka, Neolithic, n = 4) (Supplementary Data 1). We obtained 
eleven new radiocarbon dates (Supplementary Data 2).

We screened remains for DNA preservation and found generally low 
levels of endogenous DNA in pre-Neolithic remains: 95% of remains from 
the Upper Palaeolithic and Mesolithic periods had less than 5% endo
genous DNA, and 79% of remains had less than 1% endogenous DNA. To 
overcome this, we turned to hybridization capture of single-nucleotide 
variants (SNVs), an approach that has proven effective in improving 
DNA recovery in human studies20.

Following the expectation that ascertainment in an outgroup should 
enable largely unbiased ancestry inference21, we identified about 
311,000 transversion SNVs that are heterozygous in a present-day 
coyote and also polymorphic among present-day grey wolves. We 
also included approximately 178,000 SNVs from commonly used dog 
genotyping arrays, to ensure overlap with existing datasets. The final 
array design included 486,547 variants, and we applied the capture to 
138 remains (Methods). Most remains saw a 10–100-fold enrichment in 
endogenous content after capture (Fig. 1b), and we see clear enrichment 
of DNA at the targeted sites (Extended Data Fig. 1), and evidence of some 
degree of DNA preservation in most if not all remains (Supplementary 
Data 1). We combined the generated data with previously published 
modern and ancient canid genomes (Supplementary Data 3).

For seven individuals, we performed deeper whole-genome sequenc-
ing with at least one billion sequences each: these were from the Meso-
lithic sites of Bökeberg (13× coverage) and Tågerup (4×, 0.1×) in Sweden, 
the Neolithic sites of Tulach an t’Sionnaich (18×), Tulloch Of Assery 
(0.4×) and Cuween (0.8×) in Scotland, the Late Glacial La Fru rock shel-
ter in France (0.04×) and the Neolithic Boncuklu site in Turkey (0.8×). 
We found that capture data produce ancestry results that are highly 
similar to those obtained using shotgun data (Extended Data Fig. 2), 
although it is possible that there are still batch effects to some degree 

between the data types22. Although environmental sources of microbial 
DNA are hard to exclude, we also detected microbial DNA from oppor-
tunistic pathogens known to infect dogs in several samples (Extended 
Data Table 1 and Supplementary Data 6). Among these, Erysipelothrix 
rusiopathiae has been linked to endocarditis23, Tannerella forsynthia 
to periodontal disease24 and Clostridium perfringens to acute diar-
rhoea in dogs25.

Genetic identification of early dogs
We tested whether the genetic ancestry of each sample is consistent 
with that of a dog or wolf by quantifying the amount of genetic drift 
shared with a present-day dog (the African Basenji). We found that 
this test clearly separates known dogs and wolves, and that data on 
only about 500 out of the captured 486,547 variants are sufficient to 
distinguish dogs from wolves. We successfully obtained this resolu-
tion, and a dog or wolf identification for 141 out of the 216 analysed 
remains (133 out of 138 for remains subjected to capture) (Fig. 1c). 
Strictly speaking, genetic data cannot rule out that any of the individu-
als we classify as wolves had been domesticated independently and 
thus could also be considered dogs in some sense, but in this work we 
only intend the word ‘dog’ to refer to members of the known C. lupus 
familiaris population.

In Mesolithic Sweden, out of eight samples with sufficient data, we 
find that all are dogs. At Mesolithic and Neolithic sites in Denmark, we 
identify 21 dogs and five wolves, the latter being from the Ertebølle, 
Ramløse and Halleby Å sites and previously morphologically identi-
fied as wolves according to museum records. At the Mesolithic site of 
Hardinxveld in the Netherlands, we identify four dogs and one wolf. 
We confirm that a canid found close to the Senckenberg Museum in 
Frankfurt, Germany—which we radiocarbon date to 11.1 ka—is a dog. All 
four analysed Scottish Neolithic samples are dogs. In the cave sites in 
Belgium, France and Armenia, we only identify wolves. The presence 
of wolves alongside dogs in several Mesolithic human settlements in 
northwestern Europe is consistent with zooarchaeological records rich 
in wolves and other carnivores in this period26, with hunting being the 
most parsimonious explanation26.

We find that a canid from the Goyet cave in Belgium, directly dated to 
13.7 ka and previously suggested to be a dog on the basis of its small size 
in combination with traces of human modification and red-coloured 
stains27, has fully wolf-like ancestry. This finding highlights the impor-
tance of genetic confirmation of hypothesized dog remains, but we 
also note that genetic data cannot rule out that this, or other wolves, 
could have interacted with humans in a variety of ways (for example, 
taming).

We identified eight remains displaying dog ancestry from the sites of 
Předmostí (Czechia), Goyet (Belgium) and Gnirshöhle (Germany) that 
all hold Upper Palaeolithic material culture; however, in every case, 
radiocarbon dating or analysis of the genetic data demonstrates either 
later deposition of dog bones at these sites in the past few thousand 
years, or DNA contamination from modern dogs (Methods). Similarly, 
some of the identified dogs from the Dutch and Danish Mesolithic and 
Neolithic sites display ancestry typical of more recent dogs, suggest-
ing later deposition. We also directly radiocarbon dated a dog from 
the Gökhem site in Sweden, previously thought to be of Neolithic age 
but displaying ancestry more similar to recent European dogs13, and 
found it dates to the Late Iron Age (1.1 ka).

Among the analysable remains from the Kesslerloch site (some of 
which might derive from the same individual), we find that 62 have 
wolf ancestry and one is from a dog. The specimen we identify as a 
dog genetically was previously proposed to be a dog on the basis of its 
morphology1, and has been radiocarbon dated to 14.2 ka. Our genetic 
results thus confirm that this individual is a dog, thereby pushing back 
the record of dogs confirmed by genome-wide genetic analyses to the 
Upper Palaeolithic.
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Shared origin of European and other dogs
The fact that early European dogs are identifiable through their shared 
genetic drift with present-day members of the C. lupus familiaris dog 
lineage (Fig. 1c) reveals that they cannot derive from an independent 
source population of wolves. If they shared no ancestry with other 
dogs, they would look no different from wolves in these analyses. As 
further evidence for a shared origin, in a principal component analysis 
(PCA) based on projecting dogs into a space defined by modern wolf 
diversity (Supplementary Data 4), Upper Palaeolithic and Mesolithic 

European dogs cluster among previously analysed dogs, implying 
their relationship to wolves is similar to that of other dogs (Fig. 2a).

Under the previously proposed dual ancestry model, dogs derive 
ancestry from two distinct wolf sources: an eastern progenitor that 
probably lived somewhere in eastern Eurasia, and a western progeni-
tor that probably lived somewhere in western Eurasia—perhaps in 
Southwest Asia14. All dog genomes analysed so far have some amount 
of eastern progenitor ancestry, whereas only some dogs seem to have 
western progenitor ancestry. The largest proportion of western pro-
genitor ancestry observed so far is in Neolithic dogs in Southwest 
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Asia, which trace approximately half of their ancestry to this source, 
with smaller proportions in Neolithic and later European dogs14. The 
east–west cline in the proportions of eastern and western progenitor 
ancestry carried by different dogs is visible in their projection onto 
the wolf PCA (Fig. 2a). In this cline, we find that pre-Neolithic Euro-
pean dogs tend to fall on the eastern side—similarly to East Asian and 
Arctic dogs—rather than together with Southwest Asian and African 
dogs. Consistent with this, f4-statistics demonstrate that pre-Neolithic 
European dogs—like dogs generally14—have stronger affinities to Late 
Pleistocene Siberian wolves than to the European wolves they were 
contemporary with (Extended Data Fig. 3). In contrast to nearby dogs 
in the Levant and Iran, the Neolithic Anatolian Boncuklu dog does not 
fall towards the western extreme of the wolf PCA cline, and instead 
projects alongside early European dogs (Fig. 2a).

We next used the qpAdm framework28 to more formally model how 
different dogs fit into the dual ancestry model. We used a 9,500-year-old 

dog from Zhokhov island in the East Siberian Sea29 to represent a base-
line of likely fully eastern progenitor ancestry. We asked whether a 
single-source eastern progenitor model can explain the ancestry 
of a given target, or whether a contribution from a second, western 
Eurasian wolf is needed (we use a present-day Syrian wolf as a proxy 
for this western progenitor). We find that the single-source Zhokhov 
model fits or nearly fits for all the pre-Neolithic European dogs ana-
lysed here, including the 14,200-year-old Kesslerloch dog (Fig. 2b and 
Supplementary Data 7). This implies that the ancestry of these early 
dogs in Europe is consistent with deriving from the same eastern pro-
genitor source as dogs in Siberia, East Asia and Australasia, and that 
no additional contributions from western Eurasian wolf sources are 
required to explain the data. Surprisingly, given that dogs in the nearby 
Levant 7 ka had the largest western progenitor contribution observed 
so far14, the Boncuklu dog in Anatolia is also consistent with having 
entirely eastern dog progenitor ancestry, suggesting that the western 
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to wolves. a, A PCA constructed using modern wolf genomes, with dogs then 
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cluster. Dogs fall on a west-to-east cline, with European pre-Neolithic dogs 
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in dog genomes, estimated by sampling two reads per site. Error bars represent 
±2 standard errors. PWC, Pitted Ware Culture.
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progenitor ancestry present in Neolithic Levant and Iran might not 
have been present in Anatolia 11.4 ka.

The Kesslerloch dog, and especially the Boncuklu dog, do display a 
slight westward shift in the exploratory analyses (Fig. 2a and Extended 
Data Fig. 3), raising the possibility that they could have a small contri-
bution of western wolf ancestry that is outside the detection power of 
qpAdm. Regardless, we can rule out a substantial western wolf contri-
bution, and conclude that most of the ancestry of these Palaeolithic 
European and early Neolithic Anatolian dogs derives from the same 
wolf source as that of dogs in eastern Eurasia. The finding that the  
Kesslerloch dog shares ancestry with other worldwide dogs also 
allows us to reject the hypothesis that the Palaeolithic dogs in Europe 
derived wholly from a separate domestication process, independent 
from dogs in Asia8.

Dogs overall show a reduction in genetic diversity levels of about 
one-third relative to Late Glacial wolves14, but it is not known whether 
this loss of diversity occurred early during the domestication process 
itself, or during later episodes of dog population history. We quantified 
conditional heterozygosity at captured SNVs, and find that the lower 
diversity levels typical of dogs was already in place in Upper Palaeo-
lithic and Mesolithic European dogs, including in the Kesslerloch dog 
14.2 ka (Fig. 2c). This observation strengthens the hypothesis that the 
domestication process itself was responsible for the diversity loss.

Genetic affinities of pre-Neolithic dogs
To explore the genetic relationships of pre-Neolithic dogs in Europe 
to later and present-day European and worldwide dogs, we ran the 
model-based clustering software ADMIXTURE30 (Fig. 3a and Extended 
Data Fig. 4). This results in what we refer to as ancestry components, 
which should not be viewed as population genetic estimates of ancestry, 
but rather as exploratory evidence of affinities between individuals. 
We find that all Upper Palaeolithic and Mesolithic European dogs share 
an ancestry component (shown in red in Fig. 3a) that is not assigned 
to any dogs elsewhere in the world. This red component is gradually 
replaced in Neolithic and later European dogs, initially by a component 
maximized in ancient Southwest Asia, and eventually completely by 
a component that is maximized in present-day European dogs. These 
results suggest a largely shared ancestry of pre-Neolithic dogs in 
Europe, at least in the regions of northwestern Europe covered by our 
dataset, as well as some degree of continuity with later Neolithic dogs.

The 14,200-year-old Kesslerloch dog, the earliest in our dataset, is the 
only pre-Neolithic dog in Europe that is modelled as sharing ancestry 
with ancient dogs from Southwest Asia—about half of its ancestry is 
assigned to a component maximized in Neolithic and later dogs in the 
Levant and Iran. Meanwhile, the 11,400-year-old Boncuklu dog from 
Anatolia is the only Southwest Asian dog that is assigned a considerable 
amount of the Mesolithic European component, displaying an overall 
ADMIXTURE profile similar to that of the Kesslerloch dog. This hints 
at an early connection between dogs in Southwest Asia and Upper 
Palaeolithic Europe that, by 7 ka, is no longer visible; however, these 
ADMIXTURE results do not inform on the directionality or temporal 
depth of any genetic connectivity that would have given rise to this 
pattern.

For a few pre-Neolithic European dogs, the ADMIXTURE software 
assigns parts of their ancestry to other components. Dogs from the 
Mesolithic Veretye culture in Karelia13,19, dated to 10.9 ka, are assigned 
one-third of their ancestry to a component found in Siberian and North 
American dogs. This component is absent in the Swedish and Danish 
Mesolithic dogs, demonstrating a greater eastern affinity in the Kare-
lian dogs, which would mirror differences in human ancestry between 
Scandinavian and eastern hunter-gatherers28,31.

Dogs associated with the Neolithic Pitted Ware hunter-gatherer 
culture in Scandinavia (Ajvide and Möllehusen sites) are the most 
recent dogs in our dataset that are assigned all of their ancestry to 

the Mesolithic ancestry component. Our results demonstrate over 
three millennia of ancestry continuity in hunter-gatherer Scandina-
via, between our earliest Mesolithic Scandinavian dogs at around 8 ka  
and the most recent Pitted Ware Culture dogs 4.8 ka. Like the humans 
that they lived alongside32,33, these Pitted Ware Culture dogs probably 
represented some of the last populations with ancestry profiles typical 
of pre-agricultural Europe.

Deep genetic structure in Europe
The 14,200-year-old Kesslerloch dog is several thousand years older 
than other dog genomes published so far, and therefore of particu-
lar interest for understanding early dog history. Global dog diversity 
has been found to be empirically well-described by a cline stretching 
between eastern Eurasian dogs on one end, and African and Southwest 
Asian dogs on the other, with European dogs intermediate13. We find 
that the Mesolithic Scandinavian dogs fall towards the eastern side of 
this cline, but that the Kesslerloch dog behaves very differently (Fig. 3b). 
The Kesslerloch individual is the only dog to fall off the cline, display-
ing low amounts of shared drift with both the eastern Eurasian and the 
Southwest Asian dog populations.

We next directly contrasted Kesslerloch with a Mesolithic Scandina-
vian dog, and asked how much genetic drift other worldwide dogs share 
with each of these (Fig. 3c). This reveals a largely linear relationship, but 
almost all dogs are heavily shifted off-diagonally towards the Scandina-
vian dog. This is even true of dogs geographically distant from Europe, 
including dingoes and North American dogs, both of which are closer 
to Mesolithic Scandinavia than to Kesslerloch. This again indicates a 
divergent ancestry in Kesslerloch, and implies either that there has been 
some amount of shared ancestry connecting virtually all dogs in the 
world after the divergence of Kesslerloch from other dog ancestors, 
or that Kesslerloch received a portion of ancestry by admixture from 
a lineage basal to other dogs. The Anatolian Boncuklu dog (11.4 ka) 
displays a similarly divergent profile, although less pronounced than 
in Kesslerloch (Extended Data Fig. 5a).

There are two exceptions to the linear relationship in the Kesslerloch–
Scandinavia contrast (Fig. 3c). First, dogs in Southwest Asia and Africa 
depart from the trend line and display excess affinity to Kesslerloch. 
Second, the early Neolithic Anatolian Boncuklu dog also falls off the 
trend line, but shows much higher affinity to Kesslerloch than other 
Southwest Asian dogs do. These Southwest Asian, African and Neo-
lithic Anatolian dogs are the only dogs that are almost equally similar 
to Kesslerloch as to Mesolithic Scandinavia. This mirrors the connec-
tion between Kesslerloch and ancient Southwest Asia, and in particu-
lar between Kesslerloch and Boncuklu, observed in the ADMIXTURE  
clustering results (Fig. 3a).

One possibility is that populations related to Kesslerloch were a par-
tial source of ancestry for dogs in Southwest Asia, and another possibil-
ity is that earlier dogs in Southwest Asia were a source of ancestry for 
Kesslerloch—our data do not allow us to dissect the directionality of 
this affinity. But it does set Kesslerloch apart from later dogs in Europe, 
as by the Neolithic, this connection to Southwest Asia is not as pro-
nounced. One hypothesis that could explain both the basal position 
of Kesslerloch (Fig. 3b) and the weakened Southwest Asian affinity in 
Mesolithic Europe (Fig. 3c) is that some more easterly ancestry, perhaps 
first observed in the Karelian Veretye dogs, came into Europe after 
14.2 ka and mixed with Kesslerloch-like dogs to produce the ancestry 
that characterizes the Mesolithic at around 8–10 ka. Filling the current 
gap in genomic sampling between 14 and 10 ka will be needed to better 
understand this change in European dog ancestry.

Although the Kesslerloch dog displays a divergent ancestry profile, 
our results also show that it is not a strict outgroup to later dog diversity. 
First, Kesslerloch shares more genetic drift with Boncuklu than with 
any other dog. Second, Kesslerloch clearly shares more drift with later 
dogs in Europe than with dogs in Asia (Fig. 3c). This can also be seen in 
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Fig. 3 | Genetic affinities of pre-Neolithic dogs in Europe. a, Results of 
clustering with ADMIXTURE (k = 7), with each colour representing a modelled 
ancestry component. Bolded samples are new to this study. b, Contrasting  
the affinities of global dogs to a 7,200-year-old dog from the Levant (Tel Hreiz) 
versus a 9,500-year-old dog from Siberia (Zhokhov) reveals a cline. c, Contrasting 

the affinities of global dogs to the 14,200-year-old Kesslerloch dogs versus a 
7,800-year-old Mesolithic Scandinavian dog reveals a largely linear relationship, 
but Southwest Asian dogs depart from this relationship. Error bars for ancient 
genomes denote ±2 standard errors (See also Extended Data Fig. 5).
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f4-statistics directly contrasting affinities to European versus eastern 
dogs living today, for example, f4(Andean Fox, Kesslerloch; German 
Shepherd, New Guinea Singing Dog) = −0.014, Z = −15.6. Our results 
thus demonstrate that the differentiation of European dog ancestry had 
already occurred by 14.2 ka, and that there has been at least some degree 
of ancestry continuity in European dogs since then to the present day.

Effects of the Neolithic transition
In humans, ancient DNA studies have shown that the onset of the 
Neolithic transition and the arrival of farming in Europe was driven 
by large-scale migration of people from Southwest Asia28,34–36. Dogs 
were the only domestic animal that existed in Europe before the Neo-
lithic, but the extent to which dogs experienced a similarly large-scale 
ancestry replacement is not known. An influx of Southwest Asian dog 
ancestry has been suggested on the basis of mitochondrial DNA37 
and ancestry clines among Neolithic dogs13, but direct genome-wide 
data to address this question have not been previously available. The 
ADMIXTURE results show a gradual replacement of the Mesolithic 
ancestry component, starting in the Neolithic with a component that 
peaks in Southwest Asian dogs (Fig. 3a). This could be consistent with 

a history similar to that of humans, but the exploratory nature of this 
method means it is difficult to draw firm conclusions about an influx 
of ancestry.

To test for an influx of Neolithic ancestry more formally, we used 
qpAdm to model the ancestry of European dogs post-dating the 
arrival of Neolithic groups as a combination of sources drawn from 
pre-Neolithic Europe (Ertebølle, Denmark; Bökeberg, Sweden; Ver-
etye, Karelia; Kesslerloch, Switzerland) and Neolithic Southwest Asia 
(Tel Hreiz, Levant; Boncuklu, Anatolia), with individuals from Siberia, 
North America and Oceania as reference populations. We find that a 
Southwest Asian contribution is needed as a source to fit the ancestry of 
nearly all available Neolithic European dogs (Fig. 4a and Supplementary 
Data 8), but with the sizes of those contributions varying greatly (Fig. 4b 
and Extended Data Fig. 6). A 7,000-year-old dog from the Herxheim site 
fits equally well without as with a 13% contribution. The estimates of 
Southwest Asian ancestry are 21–25% for three Scottish Neolithic dogs, 
and 33–34% for three Croatian and Serbian Neolithic and Eneolithic 
dogs. The highest values are obtained for Neolithic dogs in southern 
Europe—66% in a dog from Greece and 40% in a dog from Spain—and 
a Late Neolithic (Corded Ware) dog from Germany with 53%. Overall, 
these Neolithic ancestry proportions are substantially lower than in 
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Fig. 4 | Modelling the Mesolithic–Neolithic transition in dog ancestry.  
a, qpAdm results for dog targets living around or after the arrival of the Neolithic 
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P value indicates poor model fit. If any model with n sources fits with P > 0.01, 
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using Ertebølle (Denmark) and Tel Hreiz (Israel) as representatives of 
Mesolithic European and Neolithic Southwest Asian source populations, 
respectively. Error bars represent ±2 standard errors (refer to Extended Data 
Fig. 6 for analyses of the robustness of the estimated proportions to choices of 
sources and genetic variant sets).
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humans, where early Neolithic groups in Europe typically had at least 
70–80% Southwest Asian ancestry38.

Most of the dogs from Mesolithic and early Neolithic sites in  
Denmark are consistent with lacking Neolithic Southwest Asian 
ancestry, consistent with a relatively late Neolithic ancestry turnover 
in humans in Denmark39. Both dogs from the Neolithic–Mesolithic 
transitional site of Syltholm were consistent with having little or no  
Neolithic Southwest Asian ancestry, mirroring human DNA from chewed 
birch pitch at the site showing completely Mesolithic ancestry40. The 
only Danish dogs with confidently detectable Neolithic ancestry are 
from the Middle Neolithic site of Bundsø (estimated contributions of 
18–19%), demonstrating an arrival of that ancestry to Denmark at least 
by about 5,000 years before present (bp; although we caution that these 
Bundsø dogs are not directly dated). The Swedish Neolithic Pitted Ware 
Culture dogs are consistent with entirely Mesolithic ancestry, or a small 
Neolithic contribution (8.5% in one individual).

In humans, the Neolithic transition in Europe was associated with 
an increase in genetic diversity, with heterozygosity levels at around 
20–40% higher in Neolithic farmers than in Mesolithic hunter- 
gatherers32,35. In dogs, we do not find the same pattern, as pre-Neolithic 
dogs in Europe generally have similar heterozygosity levels to Neolithic 
dogs (Fig. 2c). Only in the Late Neolithic and later periods do European 
dogs display higher heterozygosity levels. We find a very low level of 
diversity in the dog from the early Neolithic Anatolian Boncuklu site, 
not mirroring human Anatolian farmers who generally had higher diver-
sity levels than European hunter-gatherers41, but we caution that with 
just one genome we cannot say how representative this is of Neolithic 
Anatolian dogs.

Overall, our results demonstrate that dogs qualitatively mirror the 
demographic processes seen in humans in that the Neolithic period 
brought an influx of ancestry from Southwest Asia, but that the overall 
effect of this was of a smaller magnitude in dogs. This suggests that 
dogs from local hunter-gatherer groups contributed substantially to 
the dog populations that lived with Neolithic farmer communities in 
Europe. The legacy of Mesolithic European dogs is substantial, and has 
seemingly been maintained until the present day. Modern European 
dogs still largely fall within the diversity established during the Neo-
lithic13, and in the dog ancestry cline they fall roughly halfway between 
Mesolithic European and Neolithic Southwest Asian dogs (Fig. 3b), 
implying that they might trace approximately half of their ancestry 
to the pre-agricultural dogs of Europe.

Conclusion
Our understanding of dog history before the spread of agriculture 
primarily relies on morphological assessments, but these are often 
contentious. Furthermore, even if a morphology distinct from wolves 
can be established for a given individual, it is still difficult to confidently 
conclude that it belongs to the same lineage as the domestic dogs that 
we know today (C. lupus familiaris). Our results demonstrate the value 
of genome-wide nuclear DNA analysis in distinguishing members of the 
domestic dog lineage from wolves. By making use of capture technol-
ogy, we were able to make a dog versus wolf ancestry call for two-thirds 
of the tested specimens, and to confirm dog ancestry for at least 14 new 
individuals from European hunter-gatherer contexts.

The observation that the Kesslerloch dog already shows higher affin-
ity to later dogs in Europe than those in other regions demonstrates 
that population structure in dogs is at least 14,200 years old. This 
pushes back the time depth of dog genetic diversification supported by 
genome-wide ancient DNA past the 10.9 ka previously demonstrated13. 
Although this result does not impose any strong constraints on the tim-
ing of dog domestication, it seems reasonable to assume that domes-
tication would have occurred several millennia before 14.2 ka, to allow 
time for this structure to emerge. Beyond this, our results cannot resolve 
where in the world, and how many times, dogs were domesticated.

How dogs spread across Europe and the rest of the world, and how this 
fits into the human history of the Upper Palaeolithic, remains unclear. 
The Kesslerloch site is associated with the Magdalenian technocomplex, 
as are several other sites with putative early dog remains in Europe1–4. 
The period around 14 ka is one of substantial change in human popula-
tions, with large-scale and rapid replacement following the spread of 
the so-called Villabruna hunter-gatherer ancestry42,43. The expanding 
Villabruna ancestry had an elevated affinity to populations in Southwest 
Asia44,45, in that sense mirroring our findings on the Kesslerloch dog. 
Coincidentally, the earliest observation of the Villabruna ancestry 
north of the Alps is in individuals from the Bonn-Oberkassel site in 
Germany 14 ka (ref. 43), where they were buried alongside one of the 
earliest known canids with clear dog morphology2 (although nuclear 
genetic data are not available from this probable dog). A tempting 
hypothesis is thus that dogs spread through Europe with, or just ahead 
of, the Villabruna expansion; however, this hypothesis would not fully 
align with remains suggested to be dogs on morphological grounds in 
Europe as early as 17 ka (ref. 4), and leaves question marks in terms of 
where people in Europe ultimately obtained dogs.

Dogs were the only domestic animal that existed in Europe before 
the Neolithic, meaning their history can provide unique insights into 
how farming societies from Southwest Asia spread across the conti-
nent. Our results show that rather than replacing local Mesolithic dogs, 
incoming farmers incorporated them to a large extent. This contrasts 
with other dramatic expansions in human history, such as the arrival of 
Europeans to the Americas in the colonial era, in which European dogs 
rapidly and almost completely replaced native American dogs13,46. Our 
results suggest a less sudden and violent process in Neolithic Europe, 
consistent with admixture and interactions between farmers and 
hunter-gatherers ongoing for several centuries in many parts of the 
continent38. The smaller Neolithic effect on dogs is also reflected in how 
they do not mirror the genetic diversity increase seen in humans. The 
persistence of Mesolithic dog ancestry in the Neolithic might imply that 
hunter-gatherers and farmers used dogs for at least partially overlap-
ping purposes, but we stress that genetic data cannot reveal the social 
and economic processes underlying the admixture between Mesolithic 
and Neolithic dogs. In any case, the modern European dog population 
probably traces a substantial portion of their ancestry to the dogs that 
lived in Europe before the advent of agriculture.
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Methods

Radiocarbon and contextual dating
We generated eleven new radiocarbon dates (Supplementary Data 2). 
Dates were calibrated using the IntCal20 calibration curve, using the 
OxCal v.4.4 software. For samples where δ¹³C values were obtained 
independently of accelerator mass spectrometry using high-precision 
stable-isotope mass spectrometry—providing dietary information—no 
high values indicative of potential marine diets were observed, and 
therefore no corrections for marine reservoir effect were applied. The 
previously published C88 dog from the site of Frälsegården, Gökhem 
in southwestern Sweden had been attributed to a Neolithic cultural 
context and an approximate age of 5,000 years bp13, but the new radio-
carbon date of 1,154 calibrated years bp instead places it in the Late 
Iron Age or Viking Age.

For remains that did not have radiocarbon dates, we assigned dates 
usable in analyses on the basis of available archaeological context. The 
‘Analysis date’ column in Supplementary Data 3 holds the best available 
single number date estimate, with a value of ‘NA’ if we were not able to 
confidently assign a date.

Sampling, DNA extractions and library preparation
When sampling skeletal remains for DNA, in most instances we aimed 
to take one sample per biological individual. In some instances, sam-
ples were obtained from different remains that possibly could derive 
from the same individual, based on the zooarchaeological context (in 
particular this was the case for the Kesslerloch site). In a few cases in 
which it was unambiguous that data from multiple remains came from 
the same individual, we merged those data. But in most cases, we treated 
data from different remains separately, to err on the side of caution and 
not incorrectly merge data. The true number of sampled individuals is 
thus not precisely known, but we provide a table listing the groups of 
remains where archaeological information suggest they might derive 
from the same individual (Supplementary Data 5).

University of Tübingen. A number of samples had already been pro-
cessed in the cleanroom facilities of the University of Tübingen and 
analysed for DNA preservation, as previously described47. In brief, 
samples were subjected to UV radiation for 30 min, followed by DNA 
extraction48 and double-stranded library preparation49. For the cur-
rent project, these double-stranded libraries were transferred to the 
Max Planck Institute for Evolutionary Anthropology, where they were 
enriched for targeted canid single nucleotide polymorphisms using an 
in-solution capture as described below.

Max Planck Institute. Material from the Kesslerloch site was sampled 
and processed into powder at the cleanroom facilities of the Institute 
of Evolutionary Medicine, University of Zurich. All bone and teeth were 
decontaminated via UV irradiation for 30 min in a cross-linker on at least 
two sides before drilling. For some specimens, the external surface was 
lightly ablated by hand with a dentist drill to access more sterile tissue. 
Samples were then drilled using a dentist drill with sterilized bits to 
produce powder. The powders were then transferred to the Max Planck 
Institute for Evolutionary Anthropology for further processing. Three 
samples of the Senckenberg dog (a vertebra, a foot phalanx and a rib), 
and 25 new specimens from Gnirshöhle, were sampled in the designated 
clean room laboratories at the Max Planck Institute for Evolutionary 
Anthropology, in which they were decontaminated under ultraviolet 
irradiation for 30 min on each side and drilled with a sterile dentist drill 
to produce bone powder. DNA extractions for all of the aforementioned 
samples were then performed at the Max Planck Institute.

We extracted DNA from between 6 mg and 104 mg of the powdered 
sample applying a silica-based method optimized to recover short DNA 
fragments48,50. In brief, lysates were prepared by adding 1 ml lysis buffer 
(0.45 M EDTA at pH 8.0, 0.25 mg ml–1 proteinase K, 0.05% Tween-20) to 

the sample material in a sterile 2.0 ml BioPure Eppendorf tube, which 
was rotated at 37 °C overnight. DNA was purified from 125 µl of the 
lysate using silica-coated magnetic beads and the binding buffer D 
(ref. 50) on an automated liquid-handling system Bravo NGS Worksta-
tion B (Agilent Technologies). Purified DNA extracts were eluted in 
30 µl Tris–EDTA–Tween buffer (TET). Extraction blanks without sample 
material were processed with the samples.

Single-stranded DNA libraries were built using a protocol adapted 
for automated library preparation51,52 on the Bravo-B NGS Workstation 
(Agilent Technologies). In short, all DNA molecules in the complete 
volume of the DNA extract (30 μl) were dephosphorylated at the 5′ and 
3′ ends and denatured into single strands by heating. A 3′-biotinylated 
synthetic DNA adaptor was attached to the 3′ ends of the DNA fragments 
using T4 DNA ligase and a splinter oligonucleotide carrying a sequence 
of six random nucleotides. Ligation products were then immobilized 
on streptavidin-coated magnetic beads and splinter oligonucleotides 
were removed by washing beads at elevated temperature. The second 
DNA strand was synthesized using the Klenow fragment of Escherichia 
coli DNA polymerase I. The unincorporated primers were removed 
during a bead wash at elevated temperature. After the blunt-end liga-
tion of the second DNA library adaptor, the final synthesized strand 
was released from the beads by heat denaturation. Extraction blanks 
were turned into single-stranded DNA libraries alongside the samples. 
DNA libraries were diluted tenfold and quantified via qPCR in the Light
Cycler 96 (Roche).

DNA fragments in each library were extended via PCR with a 
sample-unique pair of indices in 100 μl reactions using AccuPrime Pfx 
DNA Polymerase (Thermo Fisher Scientific) and amplified to plateau to 
enable simultaneous sequencing of multiple libraries later on. Indexed 
libraries were purified using the solid-phase reversible immobilization 
method with magnetic beads, eluted in 20 µl Tris–Tween buffer (EBT) 
and quantified using a NanoDrop 8000 spectrophotometer (Thermo 
Fisher Scientific). Half of the indexed purified library was amplified 
again for 15 cycles in a 100 µl reaction using Herculase II Fusion DNA 
Polymerase (Agilent Technologies) to increase the concentration and 
were purified with the SPRI bead approach. Before sequencing, DNA 
libraries were normalized to the final concentration of 200 ng μl–1, 
reconditioned with a single PCR cycle and pooled in equal volumes. 
Library pool was purified over silica columns using the MinElute PCR 
Purification Kit (QIAGEN N.V.), and eluted in a 30 µl EBT. The pool was 
quantified using the Agilent TapeStation System 4200 (Agilent Tech-
nologies). Equimolar pools of libraries and of extraction blanks were 
shotgun-sequenced on the Illumina HiSeq 4000. Five million reads 
(single-end, 75 cycles) were generated for each library and analysed 
to obtain basic quality metrics.

The Francis Crick Institute. For material processed at the Francis Crick 
Institute, powders were obtained using an Emax EVOlution fine den-
tistry drill in a cleanroom. Cementum samples were taken by removing a 
thin layer of powder from the surface of the tooth root, while the dentine 
was accessed by drilling a small hole directly into the root to access and 
hollow out the pulp cavity. Petrous bones were sampled by drilling a 
hole directly into the bone to access the cochlea, and the cortical bone 
was sampled on postcranial material. The initial lysis extraction pro-
tocol was performed manually, where extraction buffer (HPLC water, 
0.5 M EDTA pH 8.0, Tween-20, 0.25 mg ml–1 Proteinase K; ref. 51) was 
added to the powders based on weight: 300 µl for <10 mg of powder, 
500 µl for 10–15 mg, 700 µl for 15–25 mg and 1,000 µl for >25 mg. These 
were incubated and rotated for 24 h at 37 °C before being centrifuged 
for 2 min at 13,200 r.p.m. Then, 140 µl of the supernatant was trans-
ferred into LVL tubes with 10 µl EBT (HPLC water, 1 M Tris–HCL pH 8.0, 
Tween 20; ref. 51) where automated extraction, indexing and library 
preparation on an Agilent Bravo Workstation was then undertaken.

For the samples from Denmark, sampling and DNA extraction was 
performed in the ancient DNA facility of the PalaeoBARN laboratory 
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at the University of Oxford. Sampling was performed by removing a 
small area of the outer surface layer, cutting off a small piece and then 
pulverizing it with a mixer mill to produce 50–70 mg of bone powder. 
DNA extraction was performed following the Dabney protocol48 but 
with the addition of 30 min pre-digestion. The DNA extracts were trans-
ferred to the Francis Crick Institute for further processing.

All samples, including those extracted in Oxford, were prepared 
as single-stranded libraries and amplified with unique double index 
combinations50,53. A qPCR quality control step was undertaken in 
between library preparation and indexing, using a QuantStudio  
7 Flex machine. The sample plates were processed with negative extrac-
tion controls and positive and negative library controls. All samples 
underwent paired-end sequencing with a 2 × 100 paired-end read 
configuration on Illumina HiSeq4000, NovaSeq 6000 and NovaSeqX  
platforms.

Capture design
Single-nucleotide variants from the nuclear genome to include on the 
capture were taken from three sets:
1)	SNVs ascertained for population genetics. We first identified trans-

versions SNVs that are heterozygous in a single high-coverage coyote 
genome (Coyote01 from California, BioSample: SAMN02921301). 
Ascertainment in an outgroup should ensure unbiased population 
genetic inferences21,54. To reduce the number of variants that are 
monomorphic in dogs, we further ascertained the list by requiring 
a minor allele count of at least 2 in a set of 44 Eurasian grey wolves. 
This set had 311,037 SNVs.

2)	SNVs found on commonly used dog genotyping arrays. We down-
loaded the list of variants used by the Embark company for a dog 
genome-wide association study55 and excluded variants that cannot 
be unambiguously strand-flipped (C/G and A/T variants). This set 
had 178,357 SNVs.

3)	A small number of SNVs hand-picked due to potentially being asso-
ciated with trait variation in dogs, taken from previous studies56,57. 
This set had 273 SNVs.

We merged the above three sets, which overlapped to some degree, 
and then designed probes. For each targeted SNV, we designed four 
probes, each of 52 base pair (bp) length, by extracting sequences from 
the canFam3.1 reference genome. Two probes of 52 bp centre on the 
SNV, but carry the two different alleles at the SNV. The other two probes 
end 1 bp upstream and start 1 bp downstream of the SNV, respectively. 
We excluded SNVs where any of the four probes contained a 15-mer that 
was found more than 100 times in the reference genome, or contained 
N’s. The final set contained 486,547 SNVs. An additional 8-bp linker 
sequence (CACTGCGG) was added to each probe, and the complete 
set of probes was ordered on two Agilent SureSelect DNA Capture 
Arrays, which were turned into an in-solution DNA capture library as 
previously described20.

In-solution capture
Capture was performed at the Max Planck Institute for Evolution-
ary Anthropology. Targeted single nucleotide variants (SNVs) were 
enriched from the total DNA in a library by applying an in-solution 
capture technology that is based on synthetic modified, immortal-
ized probe sequences58,59. DNA (1,000 ng) was hybridized with the 
single-stranded capture probes for 24 h under stringent conditions 
in the thermocycler at 65 °C with a heated lid. Hybridization reactions 
were subjected to multiple automated washing steps on magnetic beads 
using the Bravo-B NGS Workstation. Purified enriched libraries were 
eluted in 30 μl TT and 1 μl was quantified via qPCR in the LightCycler 96 
(Roche). The complete remaining eluate was amplified to the plateau 
using Herculase II Fusion DNA Polymerase (Agilent Technologies), puri-
fied with the SPRI method and eluted in 20 μl EBT. Purified enriched 
libraries were quantified on the NanoDrop 8000 spectrophotometer 

(Thermo Fisher Scientific) and normalized to 100 ng μl–1. Normalized 
libraries were reconditioned and prepared for sequencing following 
the same protocol as for shotgun sequencing. Enriched libraries were 
sequenced for 20 million reads per library single-read on the Illumina 
HiSeq 4000 with 75 cycles.

Decisions on which libraries to subject to capture were made slightly 
differently for different sets of samples. For libraries built at the Uni-
versity of Tübingen and the Francis Crick Institute, all libraries were 
captured regardless of what the screening metrics looked like. An 
exception to this was the set of libraries built from Danish samples 
at the Francis Crick Institute, seven of which showed poor screening 
metrics and were not captured. Three samples (two La Fru, Boncuklu) 
were processed later in the project and not captured for that reason. 
For libraries built at the Max Planck Institute, capture decisions were 
informed by screening metrics with generally any library showing at 
least 0.1% endogenous DNA being captured. An exception to this was the 
final batch of samples from the Gnirshöhle site, which were processed 
late in the project and were not considered for capture.

Read data processing
Genomic data were processed through the nf-core/eager v.2 pipeline60. 
Adaptors were trimmed, overlapping paired-end reads collapsed 
and bases with qualities below 20 trimmed using AdapterRemoval 
v.2 (ref. 61) (--trimn --trimqualities --collapse --minadapteroverlap 1 
--preserve5p). Collapsed reads with lengths of ≥35 bp were mapped 
to the canFam3.1 reference genome (NCBI assembly accession no. 
GCF_000002285.3) using bwa aln v.0.7.17 (ref. 62) with permissive 
parameters (-l 16500 -n 0.01). Pseudohaploid genotypes were called 
for all ancient genomes by sampling a single allele per position using 
htsbox pileup r345 (ref. 63), requiring a minimum read length of 35 bp, 
a mapping quality of 20 and a base quality of 30. For samples where 
we had both shotgun and capture data, we added the suffix ‘c1’ to the 
capture data sample ID in genotype files. We inferred biological sex 
for samples with greater than 0.01× coverage on the captured sites, 
assigning male if the chrX-to-autosome coverage ratio was less than 
0.7, and female if the ratio was greater than 0.9.

As the starting point for population genetic analyses, we used a VCF 
file containing diploid genotypes across 722 modern canids (NCBI 
BioProject accession no. PRJNA448733)64, augmented with diploid 
genotypes from additional modern dogs and wolves65–68 as described 
previously14, and pseudohaploid calls from ancient canids8,12–14,19,46,69,70, 
at 67.8 million biallelic SNVs. We then added the pseudohaploid geno-
types from the newly generated ancient genomes onto this VCF, and 
subsetted to sites targeted in the capture, resulting in a dataset of 
470,024 SNVs (336,297 transversions, 133,727 transitions). Metadata 
on the previously published genomes used are provided in Supple-
mentary Data 3.

Metagenomic screening and authentication
Reads not aligning to the dog reference genome were screened for 
microbial DNA by competitive alignment to a curated pathogen ref-
erence panel using BWA aln62, with parameters identical to those for 
host mapping. This panel was manually curated to include clinically 
relevant species with bloodstream invasion potential, while mini-
mizing within-genus redundancy by selecting single representatives 
with less than 10% mutual genome coverage, or restricting to specific 
chromosomes or organelles (Supplementary Data 6). Duplicate reads 
were removed using DeDup v.0.12.8 (ref. 71) and only alignments with 
a mapping quality ≥30 and sequence identity ≥80% were retained.  
A taxon was considered as authentically present if it met four authenti-
cation criteria: (1) a minimum of 30 unique reads; (2) a 5′ terminal C-to-T 
substitution rate of ≥0.1, estimated using PMDtools v.0.60 (--first)72; 
(3) a monotonically decreasing mismatch distribution (freq(zero mis-
matches) > freq(one mismatch) > freq(two mismatches)), assessed 
after excluding characteristic C-to-T and G-to-A damage-related 

https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000002285.3/
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA448733


substitutions; and (4) an observed genome coverage of at least 80% 
of the value expected under a Poisson distribution.

Ancestry analyses
Clustering was performed using ADMIXTURE v.1.3.0 (ref. 30), running 
on all 470,012 captured SNVs, on samples having data on at least 4,000 
SNVs. To perform PCA in the context of a larger number of modern 
wolves, we merged our data with a previously compiled dataset of array 
(CanineHD BeadChip) genotypes73, which includes data from numerous 
past studies74–78 (Supplementary Data 4). After merging, 91,280 SNVs 
remained. PCA was performed using EIGENSOFT v.7.2.1 (ref. 79), using 
the poplistname parameter to specify 211 modern Eurasian wolves to 
use for inferring principal components, with dogs instead being pro-
jected. The options ‘lsqproject: YES’ and ‘shrinkmode: YES’ were used.

To assess stability of ADMIXTURE to the choice of random seed, we 
reran ADMIXTURE (at k = 7 as in Fig. 3a) 100 times with different random 
seeds, and used the CLUMPAK ‘Compare’ program80 to compare these 
results with our primary results shown in Fig. 3a. CLUMPAK identified 
a cluster of solutions that 82/100 of the replicate runs converged on, 
and this solution had a correlation coefficient with our primary results 
of 99.92%. There is thus minimal variation between runs with different 
random seeds, and the primary results we present in Fig. 3a represent 
the solution most commonly found by ADMIXTURE.

Conditional heterozygosity was calculated on the 343,875 captured 
transversion SNVs, by randomly sampling two reads per site and per 
sample and calculating the fraction of sites at which those two reads 
display mismatching alleles (ignoring any alleles other than those tar-
geted by the capture). Standard errors were obtained through block 
jackknifing across the 38 chromosomes. Samples with data from 1,525 
or fewer sites covered by two reads were excluded from the figure. For 
the sample KSL101 we had five separate libraries, and we noticed that 
heterozygosity estimates obtained when merging these were higher 
than the per-library estimates, potentially owing to between-library 
batch effects—we therefore counted matches and mismatches only 
using reads from the same library, aggregated these per chromosome 
and performed the block jackknifing across chromosomes as above.

qpAdm analyses and f3 and f4 statistics were performed using ADMIX-
TOOLS2 v.2.0.0 (ref. 81), with statistics being calculated directly from 
genotype files, using all 38 chromosomes (auto_only = FALSE), and the 
allsnps = TRUE argument. Outgroup f3 statistics were calculated using 
a modern wolf (Wolf35Xinjiang) as the outgroup, using all 470,012 cap-
tured SNVs for wolf-versus-dog ancestry testing to maximize power, 
and 343,875 transversion SNVs for pairwise dog comparisons. qpAdm 
was run on all 470,012 captured SNVs to maximize power. We ranked 
qpAdm models by favouring models with fewer sources (except if a 
fewer-source model had a P value of <0.01). The two different qpAdm 
analyses were set up as follows:
1)	Testing for dual wolf ancestry: we tested one- and two-source  

models involving a 9,500-year old dog from Zhokhov island in 
Siberia and a modern Syrian wolf as proxies for eastern dog and 
Southwest Asian wolf ancestry, respectively14. We used a fixed set 
of reference populations consisting of pre-Last-Glacial-Maximum 
wolves from Siberia (LOW008, CGG29, IN18_016, VAL_005, LOW002, 
CGG23, VAL_008), the Yukon (SC19.MCJ010), the Altai (AL2744),  
Europe ( JK2175), the Caucasus ( JK1557) and an ancient dhole (HOV4).  
In one-source models, the other of the two candidate sources was 
also added to the reference list. All model test results are provided 
in Supplementary Data 7.

2)	Testing for Mesolithic versus Neolithic ancestry in Europe: we tested 
all possible one-, two- and three-source models across the follow-
ing set of dogs as candidate sources. European pre-Neolithic: Kes-
slerloch (KSL101), Veretye (OL4061), Bökeberg (C10604), Ertebølle 
(C11744); Southwest Asian Neolithic: Tel Hreiz (THRZ02), Boncuklu 
(C16498); eastern dogs: NewGuineaSingingDog, Zhokhov (CGG6), 
Port au Choix (AL3194), Baikal (OL4223) and an ancient dhole (HOV4).  

We rotated fully across populations, meaning any population not 
used as a source in a given model was placed in the reference list. We 
considered models with ancestry proportions outside [−0.1,1.1] as 
failed. All model test results are provided in Supplementary Data 8.

Identification of recent dogs at old sites
We identified a number of dogs from sites with early cultural context 
(Upper Palaeolithic, Mesolithic or Neolithic), but where the dogs display 
evidence of being more recent. We therefore excluded these dogs from 
analyses of dog population history in Neolithic or earlier time periods.

At the sites of Goyet, Belgium and Předmostí, Czechia, two dogs have 
direct radiocarbon dates of 2.3 ka (sample TU96) and 2.9 ka (sample 
JK1560), respectively. At Hardinxveld in the Netherlands, the sam-
ple C11478 is assigned fully to the modern European dog component 
in ADMIXTURE analyses (Fig. 3a). Similarly, for four samples from  
Denmark (C11741, C11748, C11754, C11727), 50–100% of their ancestry 
are assigned to the modern component. At Gnirshöhle, Germany, we 
identified several individuals with dog ancestry typical of modern dogs, 
despite direct radiocarbon dates of around 15.4 ka, consistent with 
the chronology of the site47. These individuals with dog ancestry also 
displayed much lower rates of ancient DNA damage (C-to-T substitu-
tion at 1–8% of terminal C’s) than individuals displaying wolf ancestry 
from the same site (31–40%). Furthermore, we found that these samples 
share high amounts of genetic drift with a specific modern breed, the 
Bernese Mountain Dog. Given the probably recent emergence of such 
a modern breed, a specific affinity such as this would be very unlikely 
unless the DNA is recent. Given that the radiocarbon dates from these 
samples are consistently Late Pleistocene in age, a probable explana-
tion for the recent dog DNA in the Gnirshöhle samples might be DNA 
contamination at some stage. Consistent with these samples being 
wolves with modern dog DNA contamination, a previous study of their 
mitochondrial DNA filtered reads based on ancient DNA damage pat-
terns, and then recovered mitochondrial sequences consistent with 
Late Pleistocene wolf diversity47.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Genomic data generated in this project are available at the European 
Nucleotide Archive under project accession no. PRJEB90148. We 
archive all genomic data generated, regardless of endogenous con-
tent or other data properties. This includes different combinations of 
shotgun screening, genome-wide capture and deep shotgun data for 
different samples. We make the data available in two forms: all reads 
in FASTQ format, and analysis-ready BAM files containing the reads as 
mapped and filtered for our analyses. The SNPs targeted by capture 
and the probe sequences are available via Zenodo at https://zenodo.
org/records/17080078.
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Extended Data Fig. 1 | Enrichment of DNA at sites targeted by capture. For 
selected samples, the number of mapped reads as a function of distance from 
the single-nucleotide variant targeted by the capture is plotted as histograms. 

There is clear enrichment at the target sites. Note that each panel has a 
different vertical scale. Shotgun data from three previously published wolf 
samples14 are included for comparison.



Article

Extended Data Fig. 2 | Comparing results obtained from shotgun and 
capture data. For a dog from the Swedish Mesolithic site of Bökeberg we  
have both shotgun (13× coverage) and capture data. The results of outgroup 
f3-statistics measuring the amount of genetic drift shared with other dogs 
obtained with each of these datasets is plotted against each other. Error bars 
for ancient genomes denote ±2 standard errors. All values line up along the 
diagonal, showing that highly comparable results are obtained with the two 
approaches.



Extended Data Fig. 3 | f4-statistics relating ancient dogs to wolves. Only 
transversion SNVs were used, requiring data on at least 10,000 SNVs for a given 
statistic. Bars denote ±3 standard errors. a) Contrasting each ancient dog to an 
ancient Siberian wolf (Belaya Gora, 18.1 ka) versus an ancient European wolf 
(Hohle Fels, 13.2 ka). b) Using a 9,500- year-old Siberian dog from Zhokhov 

island in Siberia as a baseline, to test other dogs for any excess affinity to an 
ancient European wolf (Hohle Fels, 13.2 ka). c) Using a 9,500-year-old Siberian 
dog from Zhokhov island in Siberia as a baseline, to test other dogs for any 
excess affinity to a present-day wolf from Syria.



Article

Extended Data Fig. 4 | ADMIXTURE clustering results for different values of k. Results are shown for k = 2-10. Each colour represents a modelled ancestry 
component. White lines delimit sample groups in the same way as in Fig. 3a.



Extended Data Fig. 5 | Contrasting the genetic affinities of pairs of early dogs. 
Scatter plots of outgroup f3 statistics, using a present-day wolf from Xinjiang, 
China, as the outgroup. Error bars for ancient genomes denote ±2 standard 

errors. a) Neolithic Anatolia against Mesolithic Sweden. b) Neolithic Anatolia 
against Siberia 9.5 ka. c) Neolithic Levant against Neolithic Anatolia. d) Upper 
Palaeolithic Kesslerloch, Switzerland against Neolithic Anatolia.



Article

Extended Data Fig. 6 | Robustness of Mesolithic-Neolithic admixture 
estimates. Estimates of the Neolithic Southwest Asian ancestry contributions 
in European dog targets, from the same qpAdm analyses presented in Fig. 4b 
but varying the choice of Neolithic and Mesolithic sources, and using either all 

sites or only transversions. Single-source Neolithic models were excluded, as 
high amounts of genotype missingness for some targets sometimes leads to 
insufficient power to reject such models (especially when using the source 
THRZ02, which has a sequencing coverage of only 0.1x).



Extended Data Table 1 | Authentication metrics for identified microbial taxa

Filtered reads: Number of unique (deduplicated) reads passing mapping quality ≥30 and sequence identity ≥80% filters. Damage 5pCtoT (%): C-to-T substitution frequency at the 5′ terminus of 
reads. Genome coverage (%): Percentage of the reference genome covered by at least one read. Expected genome coverage (%): genome coverage expected under a Poisson distribution.
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description We sequenced DNA from ancient canid remains, to learn about the evolutionary history of dogs, with a particular focus on Europe 
and the Upper Paleolithic and Mesolithic periods. We combined this with previously published ancient genomic data from dogs and 
wolves, as well data from present-day individuals.

Research sample The research sample was 215 canid remains, in some cases of known or suspected wolf or dog ancestry, in other cases of unknown 
ancestry. The aim for this to as much as possible provide data that would be representative of the dogs that lived in Europe prior to 
the advent of agriculture. The level of DNA preservation can not be known prior to sampling, so in some cases we did not retrieve 
enough DNA to be able to say anything about the ancestry of a specimen. However, we report all remains sampled for the study, 
regardless of whether we obtained any usable data or not.

Sampling strategy We aimed to sample canid remains broadly from Europe and from the Upper Paleolithic, Mesolithic, and to some extent also 
Neolithic periods. We contacted museum curators, zooarchaeologists and others with access to such remains. Due to the stochastic 
and uneven nature of the archaeological record, sampling for ancient DNA studies like this is necessarily never as comprehensive 
across space and time as one would ideally like, rather we are restricted by what remains have been excavated and are available for 
study.

Data collection Data was generated in the laboratories of the Francis Crick Institute, London and the Max Planck Institute for Evolutionary 
Anthropology, Leipzig. Metadata on the sampled remains was obtained from the contributing museum curators or 
zooarchaeologists, and recorded in internal databases.

Timing and spatial scale Data generation for this project started in 2020, and finished in 2024. Samples were processed continuously as they were obtained 
from contributors. The spatial scale of data generated primarily covers western and northern Europe, but there are also a few 
samples from the Caucasus and the Americas.

Data exclusions Data from all remains sampled is reported in this paper, regardless of the amount of quality of that data. Even samples that produced 
no apparent endogenous, ancient DNA are still reported.

Reproducibility This study was retrospective, aiming to understand an evolutionary history that occurred only once. The concept of reproducibility 
does thus not apply to the high-level conclusions of this study.

Randomization This study was retrospective, aiming to understand an evolutionary history that occurred only once. Randomization is not a tool that 
can be applied to study such a history.

Blinding No blinding was applied, as meaningful conclusions about a genome sequence can only be drawn when connected to its spatial and 
temporal metadata.
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Specimen provenance The metadata for the canid remains from which genome sequencing data is reported is described in the Supplementary Data 1 table. 
For each specimen, this table lists the name and geographical coordinates of the site of excavation, the steward institution that 
provided access to and is responsible for the long-term storage of the specimen, the excavation or museum collection identifier, and 
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necessary. Sampling for DNA extraction was performed with the permission of the specimen stewards, all of which are listed in 
Supplementary Data 1, and most of which are authors on the paper.

Specimen deposition The metadata table in Supplementary Data 1 lists, for each of the canid remains from which novel genome sequencing data is 
reported, the steward institution that provided access to and is responsible for the long-term storage of the specimen, and the 
excavation or museum  identifier if applicable. Requests for access to the specimens should be directed to these host institutions.

Dating methods New radiocarbon dates were obtained from commerical radiocarbon dating laboratories, and calibrated using the IntCal20 
calibration curve in the OxCal v4.4 software. The details of the obtained data is provided in the table in Supplementary Data 2. We 
refer to the dating laboratories for details on their experimental protocols.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight No ethical oversight was required as this study comprises only zooarchaeological material, previously collected and curated by 
individual institutions and researchers following local regulations. Sampling for DNA was performed aiming to minimize the 
destructive impact on the zooarchaeological material.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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