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Research on the evolution of dog foraging and diet has largely focused on scavenging during their initial domes-
tication and genetic adaptations to starch-rich food environments following the advent of agriculture. The Siberian 
archaeological record evidences other critical shifts in dog foraging and diet that likely characterize Holocene dogs 
globally. By the Middle Holocene, body size reconstruction for Siberia dogs indicates that most were far smaller 
than Pleistocene wolves. This contributed to dogs’ tendencies to scavenge, feed on small prey, and reduce social 
foraging. Stable carbon and nitrogen isotope analysis of Siberian dogs reveals that their diets were more diverse 
than those of Pleistocene wolves. This included habitual consumption of marine and freshwater foods by the Middle 
Holocene and reliance on C4 foods by the Late Holocene. Feeding on such foods and anthropogenic waste increased 
dogs’ exposure to microbes, affected their gut microbiomes, and shaped long-term dog population history.

INTRODUCTION
Around 700 million dogs inhabit Earth, living virtually everywhere 
humans have settled (1). Dogs have a substantial ecological impact, 
and much of this is tied to their dietary needs. Globally, commercial 
pet food requires the use of 40.7 to 57.6 million hectares annually or 
roughly twice the area of the United Kingdom (2). Such dog foods 
are now quite diverse. Even the best-selling brands have highly variable 
protein, carbohydrate, and fat contents deriving from plant and an-
imal sources (2). Most of the world’s dogs are not fed commercial 
foods but not only live as free-ranging animals that feed on anthro-
pogenic waste but also hunt small wildlife, prey upon livestock, and 
scavenge (3, 4). Modern dog dietary patterns are wide ranging and 
have a long-term history tied to their domestication and daily lives 
in human-dominated environments.

The domestication of dogs began in Eurasia as early as ~40,000 
years ago, when they diverged from a now-extinct lineage(s) of gray 

wolves (5–7). Research on the history of dog diets and foraging has 
focused on two main issues. First, the most widely cited model of ini-
tial dog domestication proposes that stress tolerant or friendly wolves 
began feeding on human foragers’ meaty leftovers (8–10). That is, 
dogs’ early domestication history was characterized by a shift to scav-
enging in human-dominated places. Presently, however, we are un-
aware of any direct archaeological evidence in support of this model. 
Second, some dogs evolved the capacity to better digest starches fol-
lowing the emergence of agriculture (6, 9, 10). This adaptation is 
marked by increased copy numbers of the AMY2B gene, which codes 
for pancreatic amylase that aids in starch digestion. Dogs with high 
copy numbers of AMY2B first appear ~7000 years ago. However, low 
copy numbers persisted in some prehistoric agricultural and forager 
communities and in some modern dogs (6).

While these dietary transitions in dogs were notable, other criti-
cal adaptations also have occurred in these animals over the course 
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of their domestication. Here, we describe three little-discussed but 
important dietary and foraging challenges experienced by dogs, fo-
cusing on archaeological evidence from Siberia. First, by the Early to 
Middle Holocene, many dogs were significantly smaller than wolves. 
This likely contributed to dogs developing a greater reliance on small-​
bodied prey and scavenging and to a decrease in intraspecies social 
hunting. Both are behaviors widely seen in modern dogs. Second, 
even in the context of Siberia’s Holocene human foraging commu-
nities, dog diets underwent significant diversification as those com-
munities’ subsistence practices became more locally specialized. 
Third, throughout their domestication, dogs have eaten anthropo-
genic waste, increasing their exposure to new pathogens and para-
sites. This affected their gut microbiomes, overall health, and even 
behavior. Recognition of these patterns provides an increasingly 
complex picture of dogs’ long-term relationships with humans and 
the niches they have created.

RESULTS AND DISCUSSION
Body size, prey size, and social hunting
During the latter portion of the Pleistocene, gray wolves occupied 
much of Eurasia, but knowledge of their variation is incomplete and 
uneven (11–13). Most wolf skeletal remains from this period origi-
nate in Europe and Beringia (Yakutia, Chukotka, Alaska, and Yukon), 
while those from lower latitudes are scarce. Which specific Pleisto-
cene wolf population(s) gave rise to modern dogs is unclear, but ge-
nomic research suggests that they potentially inhabited Siberia (7).

Body mass estimates for gray wolves from the latter portion of 
the Pleistocene indicate that they were relatively large-bodied ani-
mals, with nearly all adults being more than 30 kg (Table 1). We are 
aware of only two individuals from this period with estimated body 
masses below this range, and both have been argued to be early do-
mestic dogs (14, 15). Pleistocene wolves from more southerly regions 
of Asia may have been smaller than the European and Beringian 

groups, but these were likely still relatively heavy animals. Body mass 
variation in modern Asian gray wolves provides some support for 
this. Modern adult wolves inhabiting the southern forest steppe, taiga, 
and arctic tundra of Siberia all average above 31 kg (16). In contrast, 
the lightest extant wolves in mainland Asia are found in India, which 
have a mean body mass of ~25 kg (17).

Understanding past canid body mass variation is useful because 
this biometric is an important predictor of prey preference and so-
cial hunting among extant carnivores. While there are exceptions, 
smaller carnivore species, namely, those below 21.5 kg, feed mostly 
on prey at least 45% lighter than themselves (18). Those with body 
masses above 21.5 kg typically prefer prey 45% or larger than their 
own body masses. Maintaining a larger body through habitual pre-
dation on markedly smaller fauna is difficult because of time and 
energy constraints. The energy returned per successful hunt is rela-
tively small compared to that provided by much larger prey (18). 
Body size alone, of course, does not dictate prey preference, and ob-
servations based on extant carnivore behavior should account not 
only for biases introduced by human activity but also for issues re-
lated to competition and diachronic dietary changes. Regardless, 
unlike felids, canids lack grasping forelimbs, and as a result, social 
hunting is often required to bring down prey larger than themselves 
(19). Predation on much smaller fauna can alleviate the need for this 
social predation in canids, as such prey can be effectively killed and 
transported by a single animal. However, reliance on smaller prey 
often requires higher intake rates and, for many extant carnivores, 
also correlates with a broader diet focusing on a combination of ver-
tebrate and invertebrate prey and, in some cases, omnivory (18).

Size reduction is characteristic of many animals under domesti-
cation, but the selective forces responsible for generating these changes 
are debated (20, 21). Human intentionality likely drives some of 
these size changes, but a suite of unintentional actions and non-
human factors is also surely at work. In Siberia, no Pleistocene canid 
remains are widely accepted as dogs, but dogs are well documented 

Table 1. Body mass estimates for Eurasian Pleistocene wolves and putative early dogs and Holocene dogs from Siberia and Western Europe. With the 
exception of the Western European Holocene dogs, the n values represent distinct individuals. The Holocene European dog dataset (27) is organized by element 
not by individual, meaning that single individuals are potentially represented multiple times in the table. 

Location Age range Group n Mean (kg) SD Source

Britain MIS 3, 5a, 7 Canis lupus 48 36.8 1.60 (71)

Grotta Mora Cavorso, Italy MIS 3 C. lupus 7 36.9 – (72)

Aven de l’Arquet, France End of MIS 3 C. lupus 9 31.8 – (73)

Jaurens Cave, France ~32,630 to 29,300 C. lupus 2 39.4 – (73)

Maldidier Cave, France Aurignacian and Gravettian C. lupus 2 36.7 – (73)

Igue du Gral, France ~42,400 to 10,440 C. lupus 7 36.2 – (73)

Various European Late Pleistocene C. lupus 14 41.6 4.35 (69)

Předmostí, Czech Republic Late Pleistocene C. lupus/early dogs? 25 36.6 6.05 (69)

Various European and Siberian Late Pleistocene C. lupus 10 37.9 4.67 (14)

Alaska, USA Late Pleistocene C. lupus 34 38.2 8.90 (68), this study

Ulakhan Sular, Yakutia, Russia Late Pleistocene C. lupus/early dog? 1 21.8 – (14)

Razboinchya Cave, Altai, Russia Late Pleistocene C. lupus/early dog? 1 26.0 – (14, 15)

Various Siberian Holocene Dogs 199 16.4 4.64 (26)

Various Western European Holocene Dogs 356 12.9 5.12 (27), this study
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in Siberian forager contexts by the early Holocene (~9000 years ago) 
and are widespread in southern Siberian pastoralist and agricultur-
alist societies by the Late Holocene (~3000 years ago) (6, 22–25). 
Examination of skeletal remains from 199 dogs from 28 Siberian 
archaeological sites shows a gradual decrease in body mass through 
the Holocene, with the overall mean being just 16.4 ± 4.64 kg 
(Table 1) (26). Only 23 of the 199 dogs (11.6%) had body mass esti-
mates greater than 21.5  kg. Dogs below the proposed body mass 
threshold of 21.5 kg appear in Siberia shortly after 8000 calibrated 
years before the present. Holocene size reduction in dogs is not lim-
ited to Siberia. For example, dog long bone measurements for Late 
Mesolithic through Early Bronze Age sites in northwestern and cen-
tral Europe (27), stemming from 29 sites, produced an average body 
mass estimate of 12.85 ± 5.12 kg (Table 1 and data S3). In this European 
sample, only 18 (11.5%) of the 356 skeletal element dimensions gen-
erated body mass estimates above the threshold of 21.5 kg. In por-
tions of western North America, dog body masses are larger than in 
the Siberian and European samples, but mean body mass estimates 
still tend to be below 21.5 kg (28). Briefly, most Holocene dog popu-
lations had to adapt to far smaller bodies than their Pleistocene pre-
decessors and those of Holocene wolves.

Correlated with their reduced sizes, Holocene dogs likely had 
smaller gape sizes and less bite strength than wolves, making han-
dling and processing larger prey and larger food items more diffi-
cult (26). Body size is also positively correlated with foraging range 
size in extant carnivores (but does not necessarily determine it), and 
this could be used to infer that most Holocene dogs, particularly 
those living as free-ranging animals, would have had reduced range 
sizes compared to those of wolves (26). Such changes surely neces-
sitated shifts in how dogs fed—their capabilities, on average, were 
quite different from their Pleistocene kin. This likely contributing 
to dogs’ greater dietary reliance on humans and human-dominated 
places through time. Dogs in most locations, Australia likely being 
an important exception, likely could not easily shift to a full-time 
focus on small prey in response to this rapid decline in body size. Long-​
standing competition for such prey existed from various other small 
carnivores, including other canids such as foxes, coyotes, jackals, 
and dholes. For dogs, maintaining the foraging patterns of their 
Pleistocene wolf ancestors also seems unlikely. In much of Eurasia 
and North America, Holocene wolves continued to offer competi-
tion for larger-bodied prey, and most had size and strength advantages 
over their smaller-bodied dog kin. However, dogs had an emerging 
adaptation, the social ability to successfully cohabitate with humans, 
which allowed them to exploit human-dominated places. Over the 
long term, these same niches proved to be largely hostile to most 
other carnivores, an exception being the domestic cat, which devel-
oped similar social abilities to live among humans. That is, the pres-
ence of other carnivores in human-dominated niches was limited. 
The main competitors for domestic dogs in most locations were 
other dogs, perhaps contributing to cooperation in foraging becom-
ing less common as their domestication unfolded.

This complex process likely began during the Pleistocene, when 
the initial selective forces of domestication began to permit the in-
creased persistence of smaller body sizes (21). At that time, human 
subsistence was based on foraging, and mobility was relatively high. 
In the Holocene, human-dominated dietary niches increased in 
abundance, scale, and type, even among foraging societies, provid-
ing greater quantities and types of accessible food items to dogs, either 
as intentionally provided food or as leftovers from human meals. 

This process was further expanded and accelerated with the advent 
of food production. Holocene dogs potentially became entangled in 
a feedback loop not only where domestication contributed to an 
overall decrease in average dog body size but also where dietary 
niches that favored such body sizes were expanding and diversify-
ing. Dogs would have progressively relied less on intraspecies forag-
ing as the food items they were increasingly accessing were scraps 
and handouts. Individual dogs could successfully obtain these food 
items, with other dogs merely being competition for them. Most of 
the world’s dogs today are free-ranging animals, and they fit this 
pattern well, predominantly subsisting on anthropogenic waste and 
through predation on small fauna, with low reliance on intraspecies 
social hunting (1). This foraging pattern was enhanced by global 
urbanization, but its roots can likely be traced back through the Ho-
locene to early foraging and food-producing societies.

Emergence of dietary diversification
Human subsistence economies in Siberia diversified during the Ho-
locene and elsewhere, contributing to new dietary adaptations in 
dogs. For example, riverine and lakeshore that adapted foraging 
groups are well evidenced around Lake Baikal by at least 8000 years ago 
(29). Marine-based subsistence economies appear just over 6000 years 
ago in southern Primorye (30). Pastoralism emerges in southwest 
Siberia ~4000 years ago, with clear signs of millet consumption by 
3400 years ago (31). Cultivated millet was present in Primorye on the 
Pacific Coast by ~5500 years ago, and horses, cattle, and sheep were 
present in Primorye on the Pacific Coast by ~3000 years ago (32). 
Reindeer keeping was emerging at least in Northwest Siberia by 
~2200 years ago (33).

Stable carbon (13C) and nitrogen (15N) isotope compositions 
of bone collagen are widely used as a proxy for examining dietary 
patterns among past humans and animals. In general, 13C reflects 
the relative contribution of carbon to the diet from terrestrial and/or 
aquatic sources. For example, marine carbon sources have higher 
13C values than those of temperate terrestrial sources (34), and C4 
crops such as maize and millet have higher values than C3 crops 
such as wheat and rice (35). Nitrogen isotope compositions (15N) 
provide an indicator of the trophic level and the source of dietary 
protein (36). The longer food webs of freshwater and marine envi-
ronments, for instance, result in higher 15N values than in terrestrial 
environments (37). Interpretation of these dietary patterns requires 
consideration of potential aquatic and terrestrial isotopic baseline 
variations arising from natural and human impacts on carbon and 
nitrogen cycles at local and regional scales (38, 39). Turnover rates 
in bone collagen vary not only by skeletal element but also by fac-
tors such as biological age and level of activity (40). In general, canid 
bone collagen stable carbon and nitrogen isotope compositions rep-
resent diet over an average of multiple years before death. Dog stable 
isotope compositions often track those of the human communities 
they inhabit, albeit not perfectly (41).

Comparisons of wolf and dog stable isotope values reveal signif-
icant dietary diversification and localization in Holocene dogs. Stable 
carbon and nitrogen isotope compositions were compiled for 138 
Pleistocene canids (Figs. 1 and 2A and data S1). Five putative early dogs 
are included in the group. For this dataset, 13C values range from 
−21.1 to −17.8 per mil (‰), with a mean of −19.4 ± 0.6‰, and the 15N 
values range from +4.7 to +13.3‰, with a mean of +8.5 ± 1.8‰ (Fig. 2A). 
Interpretations of these data suggest that Pleistocene wolves and 
putative early dogs had dietary foci on various combinations of 
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megaherbivores and ungulates, with some temporal and geographic 
variability—they were generalists (42–47). We are aware of only one 
Pleistocene canid suggested to have a significant aquatic component 
in their diet, a wolf from southwest France that consumed some 
marine resources (48). Much similar to modern wolves (49), Pleis-
tocene wolves preferentially fed on large-bodied terrestrial prey, as 
expected given their larger body sizes.

Stable isotope compositions are available for 143 dogs and 8 wolves 
from 35 Holocene Siberian archaeological sites, most from the same 
sites where dogs were analyzed for body size (Figs. 1 and 2B and 
data S2). These canids date from ~9000 to 500 years ago. The hu-
man communities these dogs participated in included terrestrial 
foragers, aquatic (lake and river) and terrestrial foragers, marine 
coastal foragers, and pastoral agriculturalists. The eight wolves had 
13C values ranging from −20.2 to −18.0‰, with a mean of −19.3 ± 
0.8‰, and 15N values ranging from +6.8 to +11.6‰, with a mean 
of +9.6 ± 1.4‰ (Fig. 2B). The mean values for the Holocene wolves 
are similar to those from the Pleistocene but with a slightly higher 
average 15N value. These dog isotopic compositions are far more 
variable than those of either set of wolves, with 13C values ranging 
from −27.1 to −9.7‰, with a mean of −18.3 ± 5.1‰, and the 15N 
values ranging from +7.2 to +19.7‰, with a mean of +12.3 ± 2.7‰.

Dogs from coastal forager settings tend to have high 13C and 
15N values, consistent with dietary reliance on marine foods (Fig. 2B). 
These include four individuals from the Boisman II site in Primorye 
dating to ~6000 years ago (30). Dogs from aquatic and terrestrial 
forager settings cluster in two groups, one falling between the ma-
rine forager dogs and the wolves. These individuals likely had sig-
nificant freshwater protein in their diets and include multiple 
specimens dating to 7400 to 6300 years ago, all from the Lake Baikal 
area (22). The second cluster has high 15N and low 13C values and 
consists of dogs from a ~2200-year-old site on the lower Ob’ River 
where diets also have been assessed as rich in freshwater foods, most 
likely fish (23, 50). Dogs from terrestrial forager settings, which are 
few in number, have isotopic compositions somewhat overlapping 

those of the Holocene wolves, indicating diets predominantly con-
sisting of terrestrial protein. Last, isotopic compositions of dogs from 
agricultural and pastoralist settings are wide ranging, likely reflect-
ing human dietary diversity in these communities. Within this sub-
sistence economy group is a cluster of dogs with high 13C values 
(above −14‰), all from the Cherepakha 13 and Cherniatino II sites 
in Primorye, both interpreted as having a C4 component in the di-
ets, most likely millet; the earliest dates to ~3360 years ago (51, 52).

Comparing the Pleistocene wolf and Holocene Siberian dog sta-
ble isotope values by necessity involves comparing different regions 
and ecologies. This is unavoidable given that Pleistocene wolf re-
mains are few in number (n = 4) in Siberia outside of Beringia, and 
widely accepted Pleistocene dogs are rare everywhere. The isotopic 

Fig. 1. Map of archaeological sites in Siberia (n = 36) with bone collagen stable 
carbon (13C) and nitrogen (15N) isotope composition data for Holocene 
dogs and wolves. The colored symbols indicate the human subsistence economy 
types evidenced at the sites. The numbers provided for each site represent the 
calibrated age for the canid remains in thousands of years before present.

Fig. 2. Stable carbon (13C) and nitrogen (15N) isotope compositions for 
Eurasian Pleistocene wolves and Siberian Holocene wolves and dogs. Stable 
isotope data, site name and age, and site coordinates are provided in data S1 and 
S2. (A) Pleistocene wolf stable isotope composition data by region. The Beringian 
and Siberian dataset (n = 66) includes two putative early dogs. The European data-
set (n = 72) contains three putative early dogs. (B) Holocene Siberian dog and wolf 
stable isotope composition data. The sample includes isotope values for 144 dogs 
and 8 wolves. The colored symbols indicate the human subsistence economy 
types evidenced at the sites.
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data presented here indicate that Siberian dogs adapted to new di-
etary niches, including in forager communities, as early as 7400 years 
ago with the emergence of freshwater resource diets. Evidence for 
marine-based diets appears ~1400 years later. Such aquatic resource 
diets are uncharacteristic of Pleistocene wolves in Eurasia, and even 
modern wolves that seasonally forage on marine and freshwater re-
sources remain reliant on ungulates (53). Further, our Holocene wolf 
stable isotope data, which derives from various regions of Siberia, not 
just Beringia, also provide no indication of long-term consumption of 
aquatic foods by wolves. This is expected given that freshwater and 
marine water bodies in Siberia are frozen much of the year. Dogs and 
wolves would have been unable to access most aquatic food resources 
during such cold seasons. Isotopic data showing habitual consumption 
of aquatic foods in Siberia suggest that humans fed these foods to dogs 
or at least that dogs habitually scavenged on the remains of aquatic 
foods eaten by people. That is, there was some level of dietary depen-
dence on humans by at least 7400 years ago, and this occurred in several 
areas of Siberia long before the arrival of food production.

Adaptation to such aquatic foods had long-term consequences, 
with food environments playing a major role in shaping dog popu-
lation sizes and dogs’ roles in society. For example, outside of pasto-
ral and agricultural settings in southern Siberia, dogs historically 
were most abundant where freshwater fish and marine foods were 
readily obtainable (54). In such settings, dogs were often also the dom-
inant animals involved in sled pulling. These aquatic resources 
often could be efficiently procured and used as dog food, especially 
compared to the intermittent success achieved in ungulate hunting. 
In areas of Siberia where such foods were limited, dog populations 
were lower, and domestic reindeer often were the dominant animal 
in transport not dogs (54). If such patterns held throughout the Ho-
locene, then it seems that dog sledding most likely became common 
and sustainable in settings where human subsistence was already 
aquatically focused, not among societies where terrestrial mammals 
were the primary prey. Food production, beyond just making car-
bohydrates accessible to dogs, likely had an even greater long-term 
effect. More calories were more consistently available, likely in the 
form of human food waste, meaning that a greater number of dogs 
could be economically accommodated. Dogs from food-producing 
societies likely became abundant enough that they eventually sup-
planted those in most foraging societies, although some introgression 
also clearly occurred (6). This could have occurred through human-​
dog colonization of regions occupied by foragers, long-term uncon-
trolled dog dispersals to such regions, or even sustained trade in dogs 
between societies. A recent genomic study clearly identifies increasing 
European or Near East ancestry in Siberian dogs over the past 2000 years, 
including even in some arctic dogs in Northwest Siberia (25).

Consuming anthropogenic waste and human feces
Feeding in human-dominated places also presented dogs with signifi-
cant dietary challenges. In past small-scale societies, facilities to restrain 
the movements of dogs were probably limited, suggesting that most 
dogs may have been free ranging, as are ~75% of the world’s dogs today 
(1). Free-ranging dogs mostly obtain sustenance by consuming an-
thropogenic waste, often as spoiled and discarded human food and 
unused portions of slaughtered livestock (3,  55,  56). In addition, 
many past communities likely lacked latrines. In modern settings 
lacking latrines, human feces is commonly eaten by free-ranging 
dogs (3, 55). Most modern dogs are probably more accurately clas-
sified as scavengers rather than predators.

Dietary reliance on anthropogenic waste had important out-
comes for dogs. First, such waste is often small in size and immobile 
(3, 56). As argued earlier, feeding on such items did not require so-
cial foraging, and the small body sizes of many Holocene dogs were 
well suited to the utilization of small food packages. Second, such 
resources became more abundant and concentrated on the broader 
Holocene landscape, providing environments where reliance on 
nonsocial foraging was increasingly feasible. Holocene foraging so-
cieties were often more sedentary than their Pleistocene predeces-
sors, particularly where they focused on spatially and temporally 
restricted resources such as runs of fish and concentrations of sea 
mammals. As mentioned, recurrent use of such resources in Siberia 
occurs early in the Middle Holocene, by which time dogs are well 
evidenced in the Arctic, coastal Primorye, and near Lake Baikal 
(22, 24, 57). Later pastoral and agricultural societies were larger in 
scale in Siberia and elsewhere, potentially producing yet more waste.

Third, feeding on anthropogenic waste permitted ready trans-
mission of microbes from humans and their food items to dogs, 
subjecting them to increasing health problems and microbiome al-
terations. Study of modern rural and urban coyotes illustrates such 
challenges (58). Urban coyotes consume more carbohydrate-rich 
food waste, have lower body fat reserves, exhibit greater immune sys-
tem stress, and more often carry the zoonotic parasite Echinococcus 
multilocularis (58). Further, their gut microbiomes are more diverse 
and have increased abundances of lactic acid bacteria, the latter being 
an adaptation to increased carbohydrate consumption. Such changes 
in the gut microbiomes of dogs are linked to aggression and health 
issues (59, 60). These are not just modern phenomena. Similar dog 
microbiome adaptations were recently documented in a Bronze Age 
agricultural settlement in Italy (61). These dogs lacked increased copy 
numbers of the AMY2B gene, but their gut microbiome metage-
nomes exhibit adaptation to a carbohydrate-rich diet. Such adaptations 
also likely characterized some ancient Siberian dogs, particularly 
with the Late Holocene emergence of agriculture, which provided 
more access to carbohydrates than foraging. The best candidates in 
our dataset for such adaptations are the Primorye dogs with high 
13C values consistent with millet intake. However, given that dogs’ 
diets were diversifying among early foraging societies in Siberia and 
involved some level of dependence on humans, gut microbiome ad-
aptations were likely occurring throughout the Holocene wherever 
dogs were present and perhaps even into the Pleistocene as part of 
their early domestication history.

Further, evidence for parasitic infections in dogs through their 
interactions with humans is evident in the deep past, including in 
Siberia. For example, many Late Holocene humans in Northwest 
Siberia became infected with Opisthorchis felineus (cat liver fluke) 
and Diphyllobothrium sp. (tapeworm) by eating uncooked fish (62). 
Dog coprolites containing large numbers of O. felineus eggs were 
found at Iarte VI, a ~900-year-old forager site in this same region 
(63). Just to the south, 17th and 18th century Russian sites produced 
dog coprolites with O. felineus and Diphyobothrium sp. (63). The 
earliest such parasitic infections in Eurasian dogs appear ~9000 to 
7000 years ago at the Zamostie II site near Moscow (64). All of these 
dogs likely became infected by being fed fish or by scavenging on 
their discarded remains. In southwest Siberia, dog coprolites at the 
~2400-year-old pastoral Marai I site contained Opisthorchis sp. eggs 
and larva from Strongyloides papillosus and Strongyloides westeri, 
both of which are species of threadworm (65). These parasites likely 
infected dogs via consumption of hide and viscera of ungulates, 
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probably cattle and horses (65,  66). Wolves can be infected with 
many of these same parasites (66), but dogs’ far better access to fish 
and livestock increased their parasitic exposure millennia ago.

While the ability to feed on anthropogenic foods benefitted dogs 
in the long run, allowing these animals to become the most abun-
dant carnivorous mammal on Earth, this niche also posed some 
hazards. The increased exposure to some microbes from inhabiting 
this niche likely initially increased dog mortality rates, providing 
some limitations on population growth. The extent of this impact is 
largely unknown, in part due to the dearth of research on ancient 
microbes and trends in dog population sizes. Over time, some dog 
populations surely developed a level of resistance to these microbes. 
As these populations dispersed to new regions, newly encountered 
dog populations would have been adversely affected. The European 
colonization of the Americas may be the best example of this, but 
this remains to be tested in any way. Dogs over time, of course, also 
became vectors for microbes to humans and wildlife, affecting their 
evolution. Feeding in the human niche posed other threats to dogs, 
with human violence being perhaps the most obvious. Further, in-
creasing reliance on humans and their niches rendered dogs sus-
ceptible to marked declines in human population resulting from the 
interrelated effects of pandemics, colonization, and warfare. Their 
long-term fates were increasingly tied to those of humans, for better 
or worse.

To conclude, our results and review of the Siberian archaeologi-
cal literature indicate that dogs in this region experienced several 
previously little-discussed foraging and dietary transitions since 
their divergence from wolves, and these transitions likely character-
ize Holocene dogs across much of the globe. These transitions in-
clude decreased social hunting and greater reliance on smaller food 
packages, dietary diversification to include aquatic resources and 
anthropogenic waste, and increased exposure to select microbes in-
troduced through feeding in human-dominated places. Some of 
these transitions and adaptations helped dog populations increase 
and develop into the hunting, herding, and sled pulling roles that 
they are historically known for in Siberia and elsewhere. Others 
were detrimental to long-term population health and size. Recogni-
tion of such transitions provides new directions for research into 
early dog gut microbiome adaptation, particularly in foraging soci-
eties, as well as the spread and impacts of zoonotic disease on hu-
man and canid health. Further, these transitions also affected dog 
life histories, and some should be evident in dog skeletal remains if 
greater attention is given to features such as dental wear and patho-
logical and traumatic lesions. Diachronic trends in dog body size 
are poorly documented in most areas of the globe, and future studies 
could readily assess whether the trends documented across the vast 
expanse of Siberia are present elsewhere. Further, this study demon-
strates the necessity of further analyzing dog stable isotope values 
for better understanding the life histories and evolution of dogs. 
Overall, dogs have and continue to evolve within rapidly changing 
human niches, and our research highlights several important ways 
their lives and long-term histories have been shaped by cohabiting 
with humans.

MATERIALS AND METHODS
Body masses were estimated for Pleistocene and Holocene canids in 
several ways. For the Siberian dogs (Table 1 and data S2) (26), body 
masses were calculated using skeletal element dimensions that were 

entered into regression formulas (67, 68). These regression formu-
las were built using modern dogs (n = 36 for the cranium and man-
dible and 47 for postcranial elements) of known body mass at death; 
those for estimating wolf body sizes were built using North Ameri-
can gray wolves (n = 108 for the cranium and mandible; n = 40 for 
postcranial elements). In addition, the dog and wolf cranium and 
mandible data were combined to create a third set of Canis regres-
sion equations for calculating body mass in large canids of uncer-
tain taxonomic status (67). To apply such equations, the length of a 
dog cranium, for example, is taken in millimeters using a spreading 
or sliding caliper, in our example from akrokranium to prosthion. 
For this specific dimension of the dog cranium, the value is entered 
in the following formula (67): log(y) = a +  log(x). Here,  is the 
regression coefficient, which, for cranial length in dogs, is 3.140, 
and a is the constant, which, for this formula, is −5.883. For each 
individual analyzed, the regression equation with the lowest percent 
prediction error was chosen, meaning that only one body mass esti-
mation was calculated per individual. These same procedures and 
formulas were applied to the Alaskan Pleistocene wolf data (68) in 
this study (Table 1 and data S1). The Pleistocene wolf body mass 
estimates in Table 1 from (14, 69) also were calculated in this man-
ner. Note that the data presented in Table 1 from (69) for putative 
early dogs used the generalized Canis regression equations (66). For 
these formulae, percent prediction errors range from ~9 to 15%.

Estimation of the body masses of the European Middle Holo-
cene dogs required a slightly different approach (Table 1 and data 
S2). The database for these specimens (70) includes dimensions for 
postcranial elements only and is organized by element not by indi-
vidual. That is, it is impossible to determine whether elements from a 
given site in the database come from discrete individuals or whether 
several derive from a single individual. In this case, we chose a sin-
gle dimension for each skeletal element and estimated the body 
mass for that specimen using the regression formulae from (67). 
This not only creates the possibility of individuals’ body masses be-
ing estimated multiple times but also ensures that all individuals are 
represented in the analysis.

For the British, Italian, and French Pleistocene wolves, body mass 
estimates were taken from the source literature (71–73), as some 
publications do not provide raw measurements, and others appear 
not to have taken skeletal element dimensions in the same manner 
as (73, 74). For the British Pleistocene wolves (71), carnassial length 
measurements were used in regression formulas constructed with 
multiple extant carnivorous mammals. For the Italian wolves (72), 
lengths of the mandible, radius, and tibia were used, along with the 
length and width of the mandibular carnassial, also with regression 
formula built using multiple extant carnivorous mammals (74). 
Last, for the French wolves (73), body mass estimates were made us-
ing the dimensions of multiple skeletal elements and using regres-
sion formulas constructed using 12 modern wolves from Portugal.

Methods used for canid stable isotope analyses conducted through 
this, and other projects are based on protocols initially developed by 
Longin (75). Methods used in other studies can be found in the lit-
erature cited in data S1 and S2. Stable isotope data obtained during 
the current project were primarily generated at the University of 
Alberta (Edmonton, Canada) and Leiden University (Leiden, The 
Netherlands), with methods described below. Additional canid sta-
ble isotope data were generated by this project through radiocarbon 
dating conducted at the Ångström Laboratory at Uppsala Univer-
sity (Uppsala, Sweden) and Beta Analytic Inc. (Miami, USA).



Losey et al., Sci. Adv. 8, eabo6493 (2022)     22 July 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 10

Canid samples prepared for collagen stable isotope analyses at 
the University of Alberta Department of Anthropology’s archaeo-
logical laboratory used a modified version of the Oxford sample 
preparation method (76). Samples weighing ~1 g were sawn from larger 
specimens with a Dremel multitool. All samples were surface-cleaned 
with a soft brush and distilled water (dH2O), and ~1 mm of outer 
bone surfaces was burred off with a Dremel sandpaper cone attach-
ment. Samples were then sonicated for 10 min in three changes of 
double-distilled water at room temperature and allowed to air dry 
for at least 48 hours. Following cleaning, samples were ground to pow-
der in a Spex Certiprep liquid nitrogen mill. Approximately 500 mg 
from each sample was placed in a polyethylene or polyphenylene 
vial with 12 ml of 1% hydrochloric acid (HCl), shaken, and allowed 
to demineralize. The 1% HCl solution was changed every 2 to 3 days 
during the demineralization process.

After demineralization, samples were centrifuged and rinsed in 
double-distilled water until they reached neutrality as determined 
by EMD Millipore colorpHast pH testing strips. Upon reaching 
neutrality, the samples were drained of water. After the demineral-
ization process, 12 ml of 0.1 M sodium hydroxide (NaOH) solution 
was added to each sample to remove humates. The vials were shaken 
and allowed to react at room temperature for 20  hours. Samples 
were then centrifuged and rinsed in changes of double-distilled wa-
ter until they reached neutrality and were drained of water. Imme-
diately following this step, another 12 ml of 1% HCl was added to 
sample vials. Vials were shaken and left to react for 2 hours at room 
temperature. After this time had elapsed, samples were centrifuged 
and rinsed with double-distilled water until neutrality and then 
drained.

Six milliliters of acidulated water with a pH of 3 was added to 
each vial and shaken. The samples were then placed in a 75°C water 
bath and left undisturbed to allow the collagen to gelatinize into 
solution. After 20 hours, the samples were removed from the bath. 
The supernatant from each sample was filtered through a Fisher-
Brand glass fiber filter paper using a Nalgene 40-mm Büchner filter 
and a 125-ml sidearm/filtering flask. Approximately 6 ml of filtrate 
from each sample was poured into a dual-chambered Vivaspin 30-l 
ultrafiltration vial (prerinsed) and centrifuged until 1 ml remained 
in the upper chamber. This amount was pipetted into a preweighed 
centrifuge vial, frozen, lyophilized, and then analyzed at the Univer-
sity of Alberta’s Biogeochemical Analytical Services Laboratory.

Samples were analyzed for 13C and 15N ratios using a EuroVector 
EuroEA3028-HT elemental analyzer coupled to a GV Instruments 
IsoPrime continuous-flow isotope ratio mass spectrometer. Na-
tional Institute of Standards and Technology (NIST) 8415 whole 
egg powder standard reference material was run as an in-house 
15N (+6.89 ± 0.2‰) and 13C (−23.99 ± 0.01‰) quality assurance/
quality control (QC) check every 20 samples throughout analyses. 
Analytical precision based on the repeated NIST 8415 measure-
ments was ±0.2‰ for 15N and  ±0.01‰ for 13C. Measurement 
calibration for 15N was done using a three-point calibration curve 
with certified reference materials USGS34 (potassium nitrate, 15N = 
−1.8‰), IAEA-NO-3 (potassium nitrate, 15N  =  +4.7‰), and 
IAEA-N-2 (ammonium sulfate, 15N = +20.3‰) relative to atmo-
spheric nitrogen. Measurement calibration for 13C was done using 
a three-point calibration curve with certified reference materials 
IAEA-CH-7 (polyethylene foil, 13C = −31.8‰), IAEA-CH-3 (cel-
lulose, 13C = −24.5‰), and IAEA-CH-6 (sucrose, 13C = −10.4‰) 
relative to Vienna Pee Dee Belemite.

For canid remains processed at the Faculty of Archaeology, Leiden 
University, all bone samples were cleaned manually and then placed 
in dH2O and repeatedly washed ultrasonically until all sediment 
was removed. Dry bone samples were demineralized in a dilute 1% 
HCl solution, changed every 24 to 48 hours until complete. Colla-
gen pseudomorphs were then rinsed in dH2O until neutrality was 
reached and then transferred into a 0.1 M solution of NaOH for 
20 hours to remove humic acids. Last, samples were again rinsed in 
dH2O to neutrality and then freeze-dried. After freeze drying, colla-
gen yields were calculated with the total dry bone weight expressed 
as a percentage of the starting weight.

Measurement of 13C and 15N occurred on a continuous flow 
Delta V plus isotope ratio mass spectrometer, paired with a Thermo 
Fisher Scientific Flash 2000 organic elemental analyzer at Depart-
ment of Earth Sciences, Cluster Geology and Geochemistry, Vrije 
Universiteit, Amsterdam. Measurement calibration was performed 
using USGS40 (mean for all analytical sessions: 13C, −26.4 ± 0.05‰; 
15N, −4.5 ± 0.1‰) and USGS41 (mean for all analytical sessions: 
13C, 37.6 ± −0.1‰; 15N, 47.6 ± 0.1‰). The precision of the mass 
spectrometer based on repeat measurements of glycine (USGS64) 
is 0.1‰ for 13C and 0.2‰ for 15N. The average 2 SDs (~95% range) 
of percentages C and N in all standards (USGS40, USGS41, and 
USGS64), measured via the elemental analyzer, are 1.6 and 1.1%, 
respectively.

Where possible, we applied the same QC criteria to data present-
ed in this study and data collected from the literature. This included 
atomic C/N ratio (77) (liberal criteria used), collagen yield, which 
should minimally be higher than 1.0%, and elemental concentra-
tions, which are expected to be >13.0 and >4.8% for carbon and ni-
trogen, respectively (78, 79).

SUPPELEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/ 
sciadv.abo6493
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