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a b s t r a c t

Body size is correlated with many critical behavioral and developmental patterns in carnivores, including
domestic dogs. The body masses and bite forces of archaeological dog remains from Siberia and the
Russian Far East were estimated to make inferences regarding their behaviors and capacitis. The dogs
date from ~10,000e100 cal. BP and derive from archaeological sites spanning from steppe environments
in the south to tundra regions of the northern Arctic. The dogs exhibit a four-fold difference in body
mass, ranging from 7.6 to 32.5 kg, but have a mean body mass of only 16.4 kg. Bite forces are around only
half those of modern wolves, indicating that the dogs had greatly reduced abilities to grasp and masticate
prey and food items. The dogs exhibit a slight decrease in body size through time, perhaps due to human
selection or greater survival rates for smaller individuals in human-dominated food environments. Dog
body size variance within individual archaeological sites was as high as in a sample of modern wolves
from throughout the study area, suggesting little strict human control over body size. No correlation was
found between body size and site latitude, suggesting that Bergmann’s rule does not hold for these
canids. Human shelters may provide a buffer against low temperatures that might favour larger body
sizes at high latitudes. About 90% of the analyzed dogs have estimated body masses less than 21.5 kg,
suggesting most were best adapted for procuring prey smaller than themselvesdthe dogs were not
capable of taking down larger prey without the assistance of humans. Estimated dog body masses cannot
eliminate the possibility that many of the animals were used for pulling sleds, and nearly all were
capable of packing modest loads on their backs. Livestock guarding dogs are not well-evidenced by the
body mass data, but herding dogs are a possibility in all of the pastoral or agricultural settings analyzed.
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1. Introduction

Modern dogs are the most phenotypically diverse land mammal
on earth, and their body sizes are no exception, with adults ranging
in mass from ~1.4 kg to well over 100 kg (Speakman et al., 2003).
Geneticists have been particularly fascinated by dog body size
variation, making many efforts to understand its genetic un-
derpinnings (Boyko et al., 2010; Chase et al., 2002; Rimbault et al.,
2013; Sutter et al., 2007; Vaysse et al., 2011). Decreases in body size
among early domestic dogs and other mammals are a continual
concern in archaeology, particularly regarding the selective forces
driving such trends (Clutton-Brock, 1999; Morey, 1992; Tchernov
and Horwitz, 1991; Wilkins et al., 2014; Zeder and Hesse, 2000).
Further, existing literature appears to show significant body size
variation early in the domestication history of dogsdit is not solely
a product of highly selective breeding for appearance practiced over
the last few centuries (e.g., Benecke, 1987; Haag, 1948; Janssens
et al., 2019; Welker and Byers, 2019; Welker and Dunham, 2019).
Rarely discussed, however, are the consequences of this size vari-
ation for the evolution and lives of dogs, and their roles in past
societies (but see Pitulko and Kasparov, 2017; Welker and Byers,
2019). Body size is correlated with many critical behavioral and
developmental patterns in carnivores. Paleontology, in particular,
has scrutinized size variation in canids, demonstrating that body
mass is useful for assessing many aspects of these animals’ be-
haviors (Carbone et al., 1999; Gittleman, 1985; Van Valkenburgh
et al., 2004). Archaeology has mostly ignored these lines of in-
quiry, focusing instead on the challenges caused by size variation
for taxonomically differentiating dogs from their closest relatives,
grey wolves (Canis lupus). This is a missed opportunity, as body
mass, a proxy for overall body size, can be readily estimated for dog
skeletal remains.

Body size constrains and enables the essential performances of
dogs and other mammals, particularly their locomotion (Fischer
and Lilje, 2014; Heglund and Taylor, 1988; Taylor et al., 1982; Voss
et al., 2010). Across a suite of mammals, long and gracile limbs
allow for more rapid and economical running than shorter and
heavier limbs (Hildebrand and Goslow, 2001). Canids are cursorial,
with wolves being prime examples of mammals highly adapted for
long-distance running (Ewer, 1973; Hildebrand, 1954). Large dogs
have limb proportions similar to those of wolves (Wayne, 1986).
The earliest domestic dogs probably had bodies functionally iden-
tical to wolves, meaning they were also very efficient long-distance
runners. By at least the Early Holocene, domestication generated
dogs considerably smaller thanwolves, which correspondingly had
shorter limbs, rendering them less rapid and efficient runners.
However, some positive tradeoffs in locomotion are found with
decreasing body size. Dogs with shorter and more robust limbs are
often more agile than longer limbed animals (e.g., Kemp et al.,
2005; Pasi and Carrier, 2003). Such differences in innate ability
shape how dogs function in domestic settings, including in tasks
such as hunting, sled pulling, pack carrying, or herding. For
example, dogs inefficient at running long distances would be
selected against if their primary role was to pull sleds, as seen
historically among some northern Siberian Indigenous groups
(Levin and Potapov, 1961). Large bodied dogs might not be favored
in some types of hunting, particularly for pursuing small mammals
that required high levels of agility and the ability to fit into small
spaces. For example, hunting in many parts of Siberia for fur-
bearers such as sable (Martes zibellina) often relies on working
with relatively small and agile dogs (Oehler, 2018).

Body size is correlated with feeding behaviors in dogs and other
carnivores (Carbone et al., 1999; Christiansen and Wroe, 2007;
Flower, 2016; Gittleman, 1985; Herrel and Gibb, 2006). Carbone
et al. (1999) found that among wild carnivores, those under
~21.5 kg tend to rely on prey less than half their bodyweights, while
those over this amount often take prey larger than themselves.
Grey wolves are an example of the latter, and even within this
species, size influences predation abilities. Larger wolves are
generally more effective than smaller individuals at holding and
killing larger prey such as elk (Cervus elaphus) (MacNulty et al.,
2009). However, very large wolves (>39 kg) show no improve-
ment in hunting success over somewhat smaller individuals
(MacNulty et al., 2009). Why performance levels-off with wolves
over 39 kg may relate to limitations placed on locomotion by larger
bodiesdvery large wolves might tire more quickly during pursuit
(MacNulty et al., 2009). Larger body size in carnivores also corre-
lates with larger foraging ranges (Eisenberg, 1990; Gittleman and
Harvey, 1982). In addition, small carnivores feed on prey within a
restricted size range because of the physical limits of their bod-
iesdthey are not fast enough nor strong enough to efficiently
capture and process larger animals (Gittleman, 1985). Larger car-
nivores face fewer such limits, as they can take both larger and
smaller prey, to some extent. This suggests that both the size and
diversity of prey typically taken bymost dogs in the past must differ
significantly from those of wolvesdthey likely became too small to
effectively take larger prey and forage over broad ranges on their
own.

Bite strength and gape size also are closely connected to body
size, and both affect feeding behaviors (Christiansen and Wroe,
2007; Damasceno et al., 2013; Therrien, 2005; Wroe et al., 2005).
In wolves, the canine is primarily used for grasping food items and
prey, while the post-carnassial molars are used for crushing bone
and other food (Ewer, 1973). Bite forces are consistently higher at
the molars than at the canines, as wolves typically use their canines
for grasping and superficially slashing prey, rather than killing
directly by biting with these teeth (Therrien, 2005). Ellis et al.
(2008) measured bite forces in 20 dogs ranging in body mass
from 7 to 40 kg. Again, bite forces were always greater at the molars
than at the canines, and forces exerted at both increased with in-
creases in bodymass. Comparatively, Christiansen andWroe (2007)
estimated bite forces among dogs and wolves (and other carni-
vores), finding that a 25 kg dog produces ~29% less force at both the
canine and carnassial than a 35.5 kg wolf. Finally, as body size
decreases, so does gape size, meaning that progressively smaller
food items can be accommodated in the mouth (Binder and Van
Valkenburgh, 2000). A smaller dog, for example, would have dif-
ficulty extracting nutrients from the long bones of large mammals
because these objects would not fit well in their mouths, and they
lack the strength to break them open.

Body size is related to bite force in several other ways. Both
wolves and dogs are sexually size dimorphic, with males typically
being larger than females. Dimorphism in grey wolves by body
mass appears to range from ~18 to 28% (Hillis and Mallory, 1996;
Moehlman and Hofer, 1997:112), a pattern thought to be due to
enhanced selection for aggression and prey capture in males
(Morris and Brandt, 2014). The wolf populations in Eurasia that
gave rise to dogs may have had similar levels of sexual dimorphism,
assuming they were of similar body size and under comparable
selective forces. Within dogs, sexual dimorphism decreases with
body size, following Rensch’s rule (Frynta et al., 2012). Regarding
ontogeny, wolves with deciduous dentition, or those with newly
erupted adult dentition, are less efficient at processing bone than
older adults (Therrien, 2005). Part of this is related to juveniles
being smaller and having weaker adductor muscles than adults, but
their mandibles also are not as robustly developeddthey are not
yet strong enough to accommodate high levels of force. A similar
pattern should also be present in dogs, which appear to skeletally
mature at much the same rate as wolves (Geiger et al., 2016).

Dog body size also is potentially linked to thermal regulation.



Fig. 1. Map of the study area, with archaeological sites indicated: 1) Tiutei-Sale I; 2) Ust’-Polui; 3) Katravozh I; 4) Ust’-Voikar; 5) Peregrebnoe I; 6) Endyrskoe I; 7) Berezovaia Luka;
8) Uspenovka II; 9) Zharkovo III; 10) Inia 1; 11) Ust’-Belaia; 12) Pad’ Kalashnikova; 13) Maiakovskogo 2; 14) Uliarba II; 15) Shamanka II; 16) Nizhniaia Berezovka; 17) Ivolgin; 18)
Bolshaia Kanga I; 19) Proezzhaia I; 20) Boisman II; 21) Pospelovo I; 22) Russki 1; 23) Cherniatino 2; 24) Zhokhov; 25) Aachim Mayak; 26) Ekven; 27) Kanisak; 28) Paipelghak.
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Bergmann’s rule states that within species of warm-blooded ani-
mals, those living in colder environments will be on average larger
than those living in warmer environments (Bergmann, 1847; Mayr,
1942). The original explanation for such patterns was related to
thermal regulation. An increase in body size involves a larger in-
crease in volume than in surface area, and this volume to surface
area ratio change allows for more heat to be generated and less to
be lost. Lower ambient temperatures are in turn a selective force in
body size clines. However, numerous other explanations for
increasing body size with increasing latitude have been put forth,
with no clear consensus emerging, and Bergmann’s rule has many
exceptions (Ashton et al., 2000; Blackburn et al., 1999; Meiri and
Dayan, 2003). For example, Geist (1987) found that modern North
American wolves exhibit a pattern of increasing body size, evi-
denced by longer crania, as latitude increases. However, this trend
reversed after ~65� N, which Geist attributes to a decline in food
availability, not decreasing ambient temperature. Other studies also
have shown that wolf body size correlates with latitude or changes
in climate, but only in select cases or regions (Meiri et al., 2004;
Meachen and Samuels, 2012; Rosenzweig, 1968). Dogs are a
particularly interesting case for exploring Bergmann’s rule because
they have inhabited a far wider range of latitudes than other
mammalian carnivores, but have done so over a relatively short
period.

Bigger dogs generally have higher basic caloric needs than
smaller dogs, assuming all else is equal (Bermingham et al., 2014).
This is pertinent when considering provisioning strategies with
working animals such as sled dogs, which have very high daily
caloric requirements (Hinchcliff et al., 1997; Loftus et al., 2014).
Provisioning sled dogs is onerous, and efforts to reduce this are not
trivial. For example, Chikachev (2004) reports that a team of ten
sled dogs in northern Siberia requires 3e4 tons of fish for food per
year. Such provisioning costs would have influenced breeding de-
cisions regarding body sizedlarger dogs might be preferred
because they are stronger and faster, but this would be balanced
against the costs of maintaining them. Archaeological studies
across a wide range of environments show that dogs were inten-
tionally provisioned with foods similar to those consumed by
people, or that dogs were regularly accessing human food waste
(Guiry, 2012; Losey et al., 2013). Dog and human diets are often so
similar that dog stable carbon and nitrogen isotope ratios (d13C and
d15N) are commonly used as proxies in assessments of human diets
(Guiry, 2012). Clearly, dogs developed some level of dietary
dependence on humans during their domestication.

Smaller dogs live longer on average than larger dogs, at least
among the modern breeds tested (Egenvall et al., 2000; Li et al.,
1996; Miller, 1999). Further, breeds of smaller dogs appear to
reach near-complete adult body size a few months earlier in life
than larger breeds (Hawthorne et al., 2004; Helmsmüller et al.,
2013; von Pfeil and DeCamp, 2009). Greater longevity might be
advantageous if the reproductive period was extended, which
would allow individuals with desired traits to sire more offspring.
Longer lives could also be correlated with extended working lives,
as animals would have longer periods at full adult body size and
with adult skills. More quickly attaining adult body size might also
extend working lives by allowing individuals to begin these tasks
when somewhat younger. Finally, achieving adult body size earlier
would be preferredwhere people raised dogs primarily to eat them.

Studies of body size in canids and other carnivores are often
carried out through the proxy of body mass. Most often, skeletal
element dimensions of living animals with directly measured body
masses are used to develop regression equations that are applied to
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fossil or sub-fossil remains (Anyonge, 1993; Flower, 2016; Losey
et al., 2017; Meloro et al., 2007, 2015; Van Valkenburgh, 1990).
Fairly standard sets of skeletal dimensions are now taken on
archaeological dog remains (e.g., Von den Driesch, 1976). Such
measurements create the opportunity to evaluate body masses
consistently across multiple studies, periods, and settings. Here we
examine body size variation in archaeological dog remains from
Siberia and the Russian Far East to explore how some of the long-
term effects of domestication shaped these animals’ behaviors
and roles.

2. Methods and materials

2.1. Materials

Dog remains representing 199 individuals from 28 archaeolog-
ical sites were assessed, with site locations spanning from 50� to
76� N, and 66� to 171� E (Table S1; Fig. 1). The dogs derive from
archaeological sites in the steppe zone of the Altai region, the
shores of Lake Baikal and its tributaries, steppe and forest-steppe
areas of southern Trans-Baikal, coastal and interior areas of the
maritime Primorye region, coastal areas of eastern Chukotka, and
the boreal and tundra zones of Iamal. The specimens were identi-
fied as dogs using various techniques, including aDNA analyses
(Ameen et al., 2019; Bergstr€om et al., in review; Lee et al., 2015;
Losey et al., 2011, 2013; Ollivier et al., 2013), traditional morpho-
metrics (Losey et al., 2011, 2013; 2018c; Pitulko and Kasparov, 2017;
Vasyukov and Savinetsky, 2016), and geometric morphometrics
(Drake et al., 2015, 2017). Archaeological context information and
culture history period are given in Table S1. The dog remains
analyzed vary between intentionally buried whole skeletons to
isolated and fragmented elements. For comparative purposes,
metric data for 63 modern adult wild wolves from Siberia and the
Russian Far East are analyzed. These specimens came from loca-
tions spanning 45� to 70� N, and 60� to 177� E (Table S2).

Only skeletal element dimensions from dogs with fully adult
dentition were analyzed, and these were taken to the tenth of a
millimeter using sliding or spreading calipers. Dogs develop adult
dentition around six months of age, but their postcranial skeletons
are not fully fused until around one year of age, by which timemost
dogs are sexually mature (Geiger et al., 2016). Among modern
breeds, small and medium-sized dogs (Beagle-sized and smaller in
the study) reach 99% of their adult weight around 9e10 months of
age, while larger animals (Labrador Retriever and larger) reach this
point at 11e15 months (Hawthorne et al., 2004). As such, some
analyzed individuals potentially had not reached adulthood by the
time of death (they were 6e11 months of age). This issue is not
unique to this study. Most studies of fossil or sub-fossil canids do
not utilize additional ageing methods on crania or mandibles that
could demonstrate their status as fully-grown adults. Where whole
or nearly whole skeletons were available for analysis in this study,
individuals under one year of age (but with adult dentition) are
noted (Table S1).

2.2. Dating

AMS radiocarbon dates are available for 25 of the analyzed dogs
(Table S1). In most other cases, radiocarbon dates are available for
associated archaeological materials. All dates were calibrated in
Oxcal 4.2.4 using the IntCal-13 dataset and are presented at two
sigma (Bronk Ramsey, 2014; Reimer et al., 2013). When only asso-
ciated radiocarbon dates are available, the date ranges provided are
the overall maximum and minimum ages for the sets of calibrated
dates. When only typological age assessments exist, the broadest
time estimates for the sites are provided. None of our analyses and
interpretations require precise chronologies but instead focus on
broad trends through time. For graphical and analytical purposes,
the midpoint of such ranges is utilized. Overall, the analyzed dogs
date from ~10,500 to 100 cal. BP.

Radiocarbon dates on dog remains often carry old carbon off-
sets, particularly where their diets were heavily reliant on marine
or freshwater fauna. This requires that relatively broad age esti-
mates be used for many specimens analyzed, and that chronologies
constructed using associated archaeological materials be utilized.
For example, at the Arctic Ust’-Polui site on the lower Ob’ River
(case #s 54e105), the freshwater reservoir effect in the dated dogs
was at least 500 years (Losey et al., 2017). For this site, a modeled
age range based on associated dates on charcoal and reindeer bone
is utilized to avoid this age bias. A freshwater old carbon offset is
also evident or suspected with all of the Middle Holocene dog dates
from the Lake Baikal shore and nearby portions of the Angara and
Selenga rivers (case #s 1e11), where dog diets were dominated by
freshwater fauna (Losey et al., 2011, 2013, 2018c). The extent of the
old carbon offset with these dates is expected to be no more than
two or three centuries (Losey et al., 2013). Finally, most of the Pri-
morye and Chukotka dogs (case #s 32e35, 110e199) derive from
coastal sites dominated by remains of marine fauna, suggesting
that human and dog diets were rich in marine foods. Themaximum
marine reservoir effect in Primorye is suspected to be ~400 years
(Kunikita et al., 2017), while in Chukotka, the maximum is ~750
years (Dumond and Griffin, 2002; Khasanov and Savinetsky, 2006).
For these marine sites, the actual reservoir effect on dog radio-
carbon dates is likely to be far less than these maximum values.
Regardless, we utilize chronological information based on non-
marine sources wherever possible.

2.3. Body mass estimation

Body mass estimates were made using regression equations in
Losey et al. (2017), which were created using modern adult dogs
and modern North American grey wolves with known body
masses. Other body mass estimation methods (e.g., Van
Valkenburgh, 1990; Wing, 1978) were developed using far smaller
numbers of specimens, multiple carnivores where only species
average body masses were known, or using element dimensions
that correlate more poorly with body mass. In all but two cases,
length measurements of the cranium or mandible following Von
den Driesch (1976) were employed. In case #s 11 and 32, limb di-
mensions were utilized due to the fragmented nature of the asso-
ciated skull elements. All skeletal element dimensions were natural
log transformed. The log-transformed values were entered into
regression equations and the results transformed back into real
values, i.e., body mass estimates in kilograms (Table S1). Prediction
errors for body mass estimations are also provided.

2.4. Bite force estimation

Estimated body masses were used to calculate bite forces (BF)
for dogs and wolves using regression formulae developed by Ellis
et al. (2008), which were built upon in vivo bite force measure-
ments in dogs (Table S1). Ellis et al. (2008) found that lever models
of bite force commonly used in studies of living and extinct carni-
vores substantially underestimate actual bite forces in dogs. Most
importantly, they demonstrate that body mass correlates well with
measured bite forces, and provide equations to convert body mass
into an estimate of bite force (in Newtons) at both the canine and
second mandibular molar.

For the mandibular second molar (M2), equation 11 in Ellis et al.
(2008:775) was utilized to calculate bite force. Specifically:

BF ¼ body mass in kg(80.3) þ 258
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For bite force at the canine (C), equation 18 in Ellis et al.
(2008:775) was employed:

BF ¼ body mass in kg(18.7) þ 157
While it might be preferable to use skeletal element shapes and

dimensions (rather than body mass estimates derived from them)
tomake bite force estimations, the equations developed by Ellis and
colleagues do not utilize dimensions commonly taken in studies of
archaeological dog remains. Estimating bite forces using calculated
body masses allows for the maximum number of specimens to be
compared in a consistent manner. In addition, bite forces are
examined comparatively in this study, meaning that highly precise
estimates are not needed to illustrate our points.
Fig. 3. Scatter plot of estimated dog body mass by specimen age, outliers included.
Points indicate specimens, and the regression line is for illustrative purposes only.
2.5. Subsistence economy groups

To assess the relationship between dog body mass and human
subsistence economy, all specimens were assigned to categories
encompassing the food production and acquisition practices of
their archaeological context: 1) terrestrial hunter-gatherer (for-
agers who primarily rely on food from inland terrestrial environ-
ments); 2) aquatic (lake and river) and terrestrial hunter-gatherer;
3) marine coastal hunter-gatherer; and 4) pastoral-agricultural
(Table S1). These categories are coarse, with each characterized
by significant internal variability, but employing them here permits
classification of all specimens. Assignments were made based on
site location and faunal and floral remains recovered from associ-
ated archaeological deposits. For 16 of the specimens analyzed
here, these assignments were further confirmed through dietary
stable isotope (d13C and d15N) values for dog bone collagen (Fleming
et al., 2018; Losey et al., 2011, 2013, 2018a).

To control for age as a biasing factor in comparing the re-
lationships between subsistence economy and body size, we
included only those specimens with age midpoints less than
2500 cal. BP; body size outliers (n ¼ 4) were also excluded to be as
conservative as possible in these comparisons. For the total dog
sample, the coastal hunter-gatherer, aquatic-terrestrial hunter-
gatherer, and pastoral-agricultural groups each had over 50 speci-
mens. Only six specimens could be assigned the terrestrial hunter-
gatherer category, all dated to the Early or Middle Holocene. This
latter category was eliminated from consideration, leaving a total of
175 specimens in the analyses, or 87.9% of the total sample.
Importantly, the coastal group is almost entirely composed of
specimens from eastern Chukotka (49 of 52 specimens), while the
aquatic-terrestrial group is nearly entirely from a single site, Ust’-
Polui in Iamal (52 of 54 specimens).
Fig. 2. Box plot of estimated body masses for archaeological dogs and modern wolves.
The horizontal lines indicate the means, the box the interquartiles, and the whiskers
the extent of values within 1.5 times the interquartile range. The circles indicate
outliers in the two data sets.
3. Results

3.1. Dog and wolf body mass estimates

Estimated body masses for the archaeological dog remains
range from 7.6 to 32.5 kg, with the mean being 16.4 kg (SD ¼ 4.64)
(Fig. 2). Dogs greater than 27.6 kg (seven specimens) are identified
as outliers based on having body masses greater than 1.5 times the
interquartile range. Of the 199 dogs, 176 (88.4%) have estimated
body masses less than 21.5 kg, the proposed cutoff in carnivore
body size at which individuals tend to pursue prey less than half
their own body sizes (Carbone et al., 1999). For the modern Siberian
wolves, body mass estimates range from 25.8 to 42.8 kg, with a
mean of 35.0 kg (SD¼ 3.59), more than double the mean bodymass
of the dogs. The smallest wolf in the sample, however, is identified
as an outlier. All wolves fall above the 21.5 kg threshold demar-
cating individuals that tend to pursue prey larger than themselves.
Even including all outliers in both groups, the archaeological dogs
and modern wolfs have significantly different body mass averages
(t(260) ¼ �29.102, p ¼ <0.000).
3.2. Body mass and age

A Pearson’s test revealed a moderately positive correlation be-
tween estimated bodymass and specimen age, which is statistically
significant (r ¼ 0.276, n ¼ 199, p ¼ <0.000) (Fig. 3). This indicates a
slight downward trend in dog body mass through time. When the
body mass outliers are removed, however, this trend is not statis-
tically significant (r¼ 0.114, n¼ 192, p¼ 0.116). By ~8e6000 cal. BP,
body masses were already quite variable, from 11.7 to 29.9 kg,
including multiple individuals under 20 kg. Two of the smallest
individuals from this early period, case #3 fromUst’-Belaia and case
#5 from Pad’ Kalashnikova (both burials of whole skeletons), were
juveniles at the time of death. However, two additional small in-
dividuals of this same period (case #s 4 and 6, both burials) are
from adults, and have estimated body masses of 11.7 kg (SD ¼ 1.6)
and 16.0 kg (SD¼ 2.2). Finally, Fig. 3 indicates a significant temporal
gap in the analyzed dogs extending from ~6400 to 4300 cal. BP.
3.3. Intrasite body mass variation

Five of the 28 sites have over 15 body mass estimations each,



Table 1
Comparison of body mass estimates for all archaeological sites from the last 2500 years with more than 15 individuals. Site locations are shown on Fig. 1.

n Mean (kg) SD (kg) Minimum (kg) Maximum (kg) Range (kg)

Ivolgin 17 18.5 4.01 13.3 29.1 15.8
Ust’-Polui 52 14.6 3.38 9.6 22.8 13.2
Ust’-Voikar 23 16.4 4.11 8.7 24.5 15.8
Kanisak 19 16.6 3.04 10.2 20.8 10.6
Paipelghak 22 17.3 4.56 9.6 27.6 18.0
Modern wolves 63 34.9 3.59 25.8 42.8 17.0

Table 2
Bartlett’s tests of homogeneity of variance values for comparison of variance in in-
dividual archaeological sites from the last 2500 years with the variance in the
modern wolf sample.

n Variance X2 P

Ivolgin dogs 17 16.078 0.3233 0.570
Ivolgin-no outliers 16 9.182 0.3345 0.563
Ust’-Polui 52 11.458 0.1908 0.662
Ust’-Polui-no outliers 52 11.458 0.0060 0.938
Ust’-Voikar 23 16.865 0.6101 0.435
Ust’-Voikar-no outliers 23 16.865 1.1403 0.286
Kanisak 19 9.212 0.7315 0.392
Kanisak-no outliers 19 9.212 0.3784 0.538
Paipelghak 22 20.783 1.9173 0.166
Paipelghak-no outliers 21 16.329 0.8821 0.348
Wolves 63 12.883
Wolves-no outliers 62 11.699

Fig. 4. Box plot of estimated body masses for archaeological dogs by subsistence
economy group. The horizontal lines indicate the means, the box the interquartiles,
and the whiskers the extent of values within 1.5 times the interquartile range.
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and thesewere selected to explore body size variationwithin single
archaeological communities (Table 1). All of the sites date to the
Late Holocene, and include: 1) Ivolgin (case #s 12e28), a fortified
agricultural and pastoral town; 2) Ust’-Polui (case #s 54e105), an
inland Arctic hunter-gatherer ritual site with riverine fishing and
hunting; 3) Ust’-Voikar (case #s 113e135), an inland Arctic sitewith
hunting, riverine fishing, and domestic herd animals; 4) Kanisak
(case #s 159e177), an Arctic marine hunter-gatherer site; and 5)
Paipelghak (case #s 178e199), an Arctic marine hunter-gatherer
site. The modern wolf sample was utilized for comparative
purposes.

Estimated dog body masses in these sites ranged from 10.6 to
18.0 kg when including all specimens identified as outliers
(Table 1). The range in the wolves was 17.0 kg, with all outliers
included. Bartlett’s tests of homogeneity of variance show no sta-
tistically significant difference in the dog’s body mass variances
compared to those of the wolves (Table 2). This pattern held
whether or not body mass outliers were included in the compari-
sons. In other words, the range of body mass variability within each
site was not statistically different from that seen in the sample of
modern wolves, the latter deriving from across Siberia and the
Russian Far East.
3.4. Body mass and ambient temperature

Archaeological site latitude was used as a proxy for ambient
temperature in assessing the applicability of Bergmann’s rule. Dog
body mass in the sample population is not significantly correlated
Table 3
Comparison of body mass estimates by subsistence economy group from sites dating to

n Mean (kg)

Hunter-gatherer coastal 52 16.9
Hunter-gatherer aquatic-terrestrial 54 14.5
Pastoral-agricultural 69 15.9
with latitude when examined through a Pearson’s correlation
(r ¼ 0.107, n ¼ 199, p ¼ 0.133). Excluding the outliers further
weakens the correlation (r ¼ 0.103, n ¼ 192, p ¼ 0.155). This pro-
vides no support for Bergmann’s rule, which postulates that body
sizes should increase with decreases in ambient temperature.

3.5. Body mass and subsistence economy

A statistically significant difference was found between the
subsistence economy groups, as demonstrated by a one-way
ANOVA (F(2,172) ¼ 4.9, p ¼ 0.009) (Table 3; Fig. 4). A Tukey post
hoc test showed that the coastal hunter-gatherer group had larger
average body masses than the aquatic-terrestrial hunter-gatherer
group (p ¼ 0.006). No statistically significant difference was found
between the coastal hunter-gatherer and pastoral-agricultural
groups (p ¼ 0.329), nor between the aquatic-terrestrial hunter-
gatherer and the pastoral agricultural groups (p¼ 0.147). Recall that
the comparison between the aquatic-terrestrial and coastal hunter-
gatherer groups is largely one between a few coastal sites in Chu-
kotka and the riverine-oriented Ust’-Polui site in Iamal. Including
the four body mass outliers in these analyses produced no mean-
ingful differences in these comparisons.

3.6. Bite force estimates

For the total sample of dogs, themean estimated bite force at the
M2was 1572.9 N (st. dev.¼ 372.7), and when removing the outliers
in the earlier bodymass calculations, themean bite force reduces to
the last 2500 years.

SD (kg) Min (kg) Max (kg) Range (kg)

4.12 9.6 27.2 17.6
3.38 9.6 22.8 13.2
4.03 7.6 24.5 16.9



Table 4
Comparison of estimated bite forces at the canine and second molar of archaeological dogs and modern wolves, in Newtons (N).

n Mean (N) SD (N) Min (N) Max (N) Range (N)

Canine bite fore
Dogs 199 463.2 86.8 299.1 765.3 466.2
Dogs, no outliers 192 454.5 74.8 299.1 666.0 366.9
Modern wolves 69 810.6 67.2 638.8 956.9 318.1
Modern wolves, no outliers 62 813.3 64.0 704.3 956.9 252.6
Second molar bite force
Dogs 199 1572.9 372.7 868.1 2870.1 2002.0
Dogs, no outliers 192 1535.4 321.1 868.1 2443.8 1575.7
Modern wolves 69 3064.5 288.7 2327.1 3693.0 1365.9
Modern wolves, no outliers 62 3076.4 275.0 2608.1 3693.0 1084.9
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1535.4 N (SD¼ 321.1) (Tables S1 and S2; Table 4). For the canine, the
mean estimated bite force for the total sample was 463.2 N
(SD¼ 86.8), and removing the outliers reduces the mean to 454.5 N
(SD ¼ 74.8). For the total wolf sample, the mean M2 bite force is
3064.5 N (SD ¼ 288.7), and excluding the single individual identi-
fied as an outlier by body mass, the mean increases to 3076.4 N
(SD ¼ 275.0). For the wolf canine, the overall mean is 810.57 N
(SD¼ 67.2), and removing the outlier increases the mean to 813.3 N
(SD 64.0). Overall, the dogs have average bite forces that around
half those of modern wolves, and with or without outliers, the
mean bite forces of the two groups are significantly different, with
all T-tests returning significance values of <0.000. Estimated bite
forces overlap between the dogs andmodernwolves only when the
outliers are included in comparisons, and then only marginally.
3.7. Bite force and age

Given that our methods involved calculating bite force directly
from body mass estimates, trends in these estimations directly
mirrored those in the body mass and age correlations. When all
specimens are included, a Pearson’s test revealed a moderately
positive correlation between estimated second molar and canine
bite force with specimen age, both of which are statistically sig-
nificant (M2, r ¼ 0.275, n ¼ 199, p ¼ <0.000; C, r ¼ 0.275, n ¼ 199,
p ¼ <0.000). Removing the body mass outliers, however, makes
both correlations not statistically significant (M2 and C, r ¼ 0.113,
n ¼ 192, p ¼ 0.119).
3.8. Bite force and subsistence economy

As with the previous body mass and subsistence economy ex-
amination, we excluded the body mass estimate outliers, the six
terrestrial hunter-gatherer specimens, and all dogs with age mid-
points greater than 2500 cal. BP (Table 5). Using the remaining 175
specimens, a statistically significant difference was found between
the groups as demonstrated by a one-way ANOVA (F(2,172) ¼ 5.0,
p ¼ 0.008). A Tukey post hoc test indicates that the coastal hunter-
gatherer group had higher average M2 bite forces than the aquatic-
Table 5
Comparison of estimated bite forces at the canine and second molar of archaeological do

n Mean (N)

Canine bite force
Hunter-gatherer coastal 52 472.6
Hunter-gatherer aquatic-terrestrial 54 428.7
Pastoral-agricultural 69 454.4
Second molar bite force
Hunter-gatherer coastal 52 1613.2
Hunter-gatherer aquatic-terrestrial 54 1424.8
Pastoral-agricultural 69 1535.3
terrestrial hunter-gatherer group (p ¼ 0.006). No statistically sig-
nificant difference was found between the coastal hunter-gatherer
and pastoral-agricultural groups (p ¼ 0.357), nor between the
aquatic-terrestrial hunter-gatherer and the pastoral-agricultural
groups (p ¼ 0.123). The same statistical results were rendered
when the C bite force data was analyzed. Note that including the
four body mass outliers in these analyses produced no meaningful
differences in the comparisons of bite force by subsistence econ-
omy group.
4. Discussion

4.1. Body mass patterns, variation

Nearly 90% of the analyzed archaeological dog remains have
estimated body masses less than 21.5 kg. This suggests that the vast
majority of these animals were most suitable for procuring prey
less than half their body sizes and had much reduced caloric re-
quirements compared to wolves (Carbone et al., 1999). These pat-
terns are indicative of the dogs’ adaptations to dietary niches
dominated by humans, which likely involved intermittent human
provisioning as well as scavenging and hunting small fauna. Re-
ductions in body sizes had clearly produced domestic dogs with
quite different physical capabilities and characteristics than their
wild counterparts. Overall, most of the dogs had body masses less
than half of those of modern wolves, which should correspond to
them having reduced ability to grasp and masticate food items, less
efficient long-distance running, reduced sexual size dimorphism,
earlier age of sexual maturity and attainment of adult body size,
and even extended life span. Late Pleistocene wolves in Siberia
appear to have been somewhat larger than modern wolves from
this same region (c.f., Germonpr�e et al., 2017). The dogs of the study
area, even by the Early Holocene, were quite different from these
large carnivores.

The extent of dog body mass variation requires scrutiny. The
seven largest individuals were recognized as outliers when their
body masses were estimated. Possibly, these specimens were
misidentifieddthey are small wolves or wolf-dog hybrids.
gs by subsistence economy group, in Newtons (N).

SD (N) Min (N) Max (N) Range (N)

77.16 336.6 666.0 329.4
63.13 335.8 583.4 247.6
74.16 299.1 615.8 316.7

331.40 1029.4 2443.8 1414.4
271.11 1025.8 2089.0 1063.2
318.44 868.1 2228.1 1360.0
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Introgression between dogs and wolves in Eurasia occurred in the
past, but this seemingly mostly involved gene flow from dogs into
wolves (Bergstr€om et al., in review; Pilot et al., 2019). Four of the
seven largest individuals (case #s 1, 8, 107, and 109) have age
midpoints of 6500 cal. BP or older, with the remaining three dating
to the Late Holocene (case #s 152, 198, and 25, respectively). The
best documented of former is case #1 from Shamanka II on Lake
Baikal. The estimated body mass for this male (its os penis was
present) is 27.6 ± 3.8 kg (Table S1). This individual was buried in a
grave containing remains of several humans, had a diet rich in
aquatic foods (similar to that of the humans buried there), and
suffered from pre-mortem injuries to its spine, ribs, and dentition
(Losey et al., 2011). Three studies have identified this specimen as a
dog (Drake et al., 2015; Bergstr€om et al., in review; Losey et al.,
2011). Two of the other early specimens are from the Zhokhov
site in the Arctic, where mtDNA and traditional morphometrics
have identifiedmultiple individuals as dogs (Lee et al., 2015; Pitulko
and Kasparov, 2017). The largest Zhokhov specimens examined
here, both mandibles, produced body mass estimates of
29.0 ± 4.0 kg and 32.5 ± 3.6 kg (Table S1). These studies indicate
that at least some of the largest specimens in our dataset are dogs,
andmisidentification alone cannot account for the upper end of the
body mass variation.

Some body mass variation in our estimates is due to sexual
dimorphism and ontogenesis. Wolves are the most sexually size
dimorphic canids, with males outweighing females ~1.28:1.0
(Moehlman and Hofer, 1997). Some modern large dog breeds
exhibit similar levels of sexual size dimorphism (Frynta et al., 2012).
Sexual size dimorphism effects should be most pronounced where
average dog bodymasses are greatest, which here tends to be in the
Early and Middle Holocene. Given that dogs follow Rensch’s rule-
dthat size dimorphism differences decrease with decreases in
body size (Frynta et al., 2012)dsuch effects should be lower than
1.28:1.0 in nearly all of our dogs, as most are half the size of wolves.
Currently, no means of morphologically sexing isolated dog skeletal
remains are available, making it impossible to assess relationships
between sex and body mass directly.

Dog age at death also results in some variability. The average
bodymass of the dogs in our sample is 16.4 kg (SD¼ 4.64), and dogs
of this size reach 99% of their adult body masses at 39e52 weeks of
age (~9e12 months) (Hawthorne et al., 2004). Given that this study
included all individuals with fully adult dentition, which is present
in dogs around six months of age (Geiger et al., 2016), some in-
dividuals could have been three to six months from reaching near-
adult body size at the time of death. Ontogenesis is expected to be a
significant contributor to the relatively low average body mass
observed at the Ust’-Polui site, wheremost of the dog remains were
found as disarticulated elements, likely from being sacrificed and
eaten (Losey et al., 2018b). Our body mass estimates for this site,
like nearly all other samples in the study, are based on measure-
ments onmandibles with adult dentition. Ageing based on fusion of
the limb elements at Ust’-Polui indicates that 44.6% of the assess-
able individuals (n ¼ 78) were less than 11e12 months of age at
death, meaning that some portion of the animals with adult
dentition at the site was not yet of full adult body sizedthey were
6e12 months of age at death. Further assessment of the effects of
ontogenesis on our results will require the application of additional
ageing methods (tooth wear, cementum annulation, or pulp cavity
closure studies).

Regardless of the effects of these biases, substantial body size
variation is present through the analyzed period. For example, the
adult dogs from the Lake Baikal area dating to ~6500e7350 cal. BP
(case #s 1e6, 8; all burials of articulated skeletons) have body
masses ranging from 11.7 to 28.9 kg (Table S1, Fig. 3). Here the
largest adult dogs are more than twice the size of the smallest
individuals. They are more variable in mass than the modern
Russian wolves analyzed, and more variable than would be ex-
pected based on sexual dimorphism alone. Further, our analyses
showed that variance in dog body mass within individual archae-
ological sites (all from the Late Holocene) is statistically indistin-
guishable from that of wild modernwolves collected across most of
the entire study area, even when all outliers were removed from
consideration. This suggests little strict control over dog body size
by humans, even at individual archaeological communities.
Perhaps control over breeding focused primarily on dog behavior
rather than size or overall appearance, with a diversity of roles
being available to dogs of varying abilities. To put this more directly,
they were not bred to perform only one set of tasks exclusively, or
dogs of various sizes could adequately accomplish those tasks,
points we return to in section 4.6.

Overall, estimated adult dog body masses from Siberia and the
Russian Far East range from 7.6 to 32.5 kg. This is just over a four-
fold difference in body mass. These early dogs were nonetheless
far less variable than modern dog breeds, where the largest types
can be over fifty times the mass of the smallest (Speakman et al.,
2003). Modern breeding practices have produced far more vari-
ability in dog size over the last few centuries than was present in
Siberian and the Russian Far East over the preceding ~9000 years.

4.2. Diachronic size reduction and temporal gaps

A slight downward trend through time is present in the dog
bodymass data, but this trendwas not statistically significant when
the outliers were removed. As argued in section 4.1, some of the
body mass outliers are dogs and thus should be considered in the
analysis of diachronic body mass change. Arguably then, these data
suggest at least some drift or selection for smaller dogs through
time. One possible cause of this trend is human preference for
smaller dogs. People might have favored smaller dogs for some
roles, particularly the hunting of small fauna, where agile in-
dividuals might be more successful. Smaller dogs might also be
preferred to reduce costsdall things being equal, they require less
food to sustain themselves, and less food to reach full adult body
mass. Adult body size could also be reached earlier in the lives of
smaller dogs, a benefit if they were kept primarily as food sources.
Within our dataset, no clear temporal trend toward increasing use
of dogs for food is evident, but most collections have not been
described with the level of detail necessary to make such evalua-
tions. Consumption of dogs is well evidenced at some Late Holo-
cene sites, including Ust’-Polui, described in section 4.1. Further,
this practice is strongly suspected to have been common at Cher-
niatino 2 in Primorye (case #s 36e45), a medieval agricultural
settlement where dog remains exhibited butchery marks and were
discarded like those of other domestic animals (Nikitin and Chzhun,
2008). Notably, butchery marks are also found on some of the
earliest dogs in our dataset, namely those from the Arctic Zhokhov
site (Pitulko and Kasparov, 2017). It is difficult to discern whether
any of this butchery evidence is indicative of dog consumption
limited to occasions of ritual or food scarcity, or rather breeding of
dogs primarily for use as food. Regardless, dogs seem to have been
eaten over much of the study period, so it is difficult to link these
practices to the gradual reduction in body size.

An additional set of factors that might account for some decline
in dog body size is greater survival rates for smaller dogs in human-
dominated food environments. Reduced food quantity and quality
could be selective forces, but the extent of such stresses across the
archaeological communities is mostly unknown. Some evidence for
recurrent human food stress has been found in at least one study
setting, namely the lands just west of Lake Baikal (Cis-Baikal). Many
Middle Holocene humans buried in this region, including at
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cemeteries where several of our buried dogs were found, show
relatively high incidences of enamel hypoplasia, probably the re-
sults of seasonal food stress (Lieverse et al., 2007). Further, across
the North, 20th century working dogs experienced far higher rates
of tooth fracture and premortem tooth loss than contemporary
wolves from these same regions (Losey et al., 2014). This may relate
to the dogs inhabiting food-poor environments where they had to
extract nutrients fromhard foods such as bone and frozen flesh. The
dogs were intentionally fed such foods, or resorted to scavenging
on them when higher quality and more easily handled foods were
not available. These studies provide reasons to expect that the
archaeological dogs occupied niches where food stresses occurred,
at least on an intermittent basis. This would seemingly favour an-
imals with lower caloric requirementsdthose with smaller body
sizes.

However, just the opposite has been proposed for some mam-
mals. Larger body sizes potentially afforded greater abilities to
withstand food shortages by providing increased fat stores (Boyce,
1979;Millar and Hickling,1990). Not just the quantity and quality of
food changed with domestication, however, but also how this food
was obtained. If dogs obtained most of their food by being provi-
sioned by people and through scavenging, perhaps they would no
longer require large and strong bodies to run down, kill, and pro-
cess large prey. Maintaining larger body sizes might be a costly
disadvantage. Conversely, intragroup competition for human food
scraps might be high, particularly in situations where food stress is
common, benefitting larger, stronger individuals who could
outcompete smaller individuals for these resources. Regardless, all
of these proposed selective forces would have been in play early in
the domestication process, long before the time of our earliest
specimens. Our data may show the continuing effects of such se-
lective forces through the Holocene, the body size outcomes of
which were moderate.

One additional note regarding temporal patterns is the dearth of
specimens dating from ~6400 to 4300 cal. BP (Fig. 3). The near-
absence of dogs in this general period was previously noted in
surveys of Cis- and Trans-Baikal dog remains (Losey et al., 2013,
2018c). While the current study is not a comprehensive review of
all dog remains in Siberia and the Russia Far East, it is the broadest
examination of dogs in these regions to date. Our data suggest a
decline in dog abundances across a far broader area than the
southern portions of Siberia flanking Lake Baikal, including the
Pacific Coast regions of Primorye to the east and portions of the
Arctic to the north. At present, it is unknown if this pattern can be
attributed to uneven archaeological sampling or broader cultural or
environmental factors. Human and dog population movements
could be related to this temporal gap (Bergstr€om et al., in review).
Migrations of new populations also could be complicating factors in
the body mass temporal trends (c.f., Welker and Dunham, 2019).

4.3. Dogs and Bergmann’s rule

Dog body mass showed no statistically significant relation to
latitude, used here as a proxy for ambient temperature. In many
ways, this is not surprising. First, not all mammals follow Berg-
mann’s rule (Ashton et al., 2000), and even grey wolves follow the
patterns predicted by rule in select cases only (Geist, 1987;
Meachen and Samuels, 2012; Meiri et al., 2004; Rosenzweig, 1968).
Second, thermal regulation, the original explanation for Berg-
mann’s rule (Bergmann, 1847; Mayr, 1942), can be achieved
through other biological and even cultural means. For example,
human homes might buffer the effects of low ambient tempera-
tures on dogs by providing them with shelter during severe con-
ditions. Biological adaptations beyond changes in body size can also
help in thermal regulation. With canids, the most obvious of these
would be increased pelage length or density in cold environments.
Increased fat stores would also assist in conservation of heat.
Neither of these adaptations would manifest in the skeleton,
meaning they are undetectable in archaeological settings.

4.4. Subsistence economy effects?

For the dogs from the last ~2500 years, the only significant
difference in body mass by subsistence economy occurred between
the coastal hunter-gatherer group and the aquatic-terrestrial
hunter-gatherer group, the former having a mean body mass
2.4 kg greater than the latter. Neither of these hunter-gatherer
groups differed significantly from the pastoral-agricultural dogs
in body mass. The same patternwas observed in the bite force data,
with significant differences only found between the coastal and
aquatic-terrestrial groups. We suspect the nature of these two
samples exacerbated both sets of differences. The dogs from Ust’-
Polui account for nearly all of the aquatic-terrestrial group, and
their average bodymass is likely reduced because of the presence of
many juvenile dogs at the site (see section 4.1). Juveniles appear to
constitute far smaller parts of the coastal assemblages, nearly all of
which are from Chukotka.

Beyond these biases, it is unclear why coastal subsistence
economies might afford larger dogs than aquatic-terrestrial set-
tings. Perhaps the former provided a more productive and reliable
food environment for dogs, including more calorie-rich food waste
(from sea mammals, for example) and opportunities for scav-
enging, including in intertidal areas. Stable isotope analysis of dogs
at Ust’-Polui, by contrast, reveals these individuals had diets pri-
marily composed of riverine fish, which are relatively lean (Losey
et al., 2018a). Other factors seem just as likely to account for the
observed body size differences, including genetic-based size dif-
ferences between the two groups, or even different dog roles be-
tween the two areas. The latter point is returned to in section 4.6
below. Overall, this general area of inquiry may be more fruitful in
the future when comparisons can be made with other dog pop-
ulations, particularly urban street dogs, which might mostly scav-
enge, or dogs living with hunters of large terrestrial mammals, who
might regularly feed on very dense bone.

4.5. Bite force comparison implications

The average archaeological dog bite force was around half of
those of the average modern wolves (Table 4), and dog bite forces
appear to have declined slightly over the Holocene. Overlap in
estimated bite forces occurs between only the very largest dogs and
the smallest wolves. This indicates that the size reduction associ-
ated with domestication had produced dogs with far lesser abilities
than most wolves to grasp prey and food items, and reduced abil-
ities to crush hard food items. As with the effects of overall body
size reduction, this would have affected dogs’ predatory capabil-
ities, namely by limiting them to pursuing prey smaller than
themselves. These reduced bite forces also placed restrictions on
what foods could have been effectively given to dogs, and likely also
shaped dog food preparation methods. Bones of larger mammals
might need to be fractured before being given to dogs, or even
cooked to reduce their resistance to fracture (Outram, 2002).
Because most dogs have far less jaw strength than wolves to
masticate hard foods, theywould have had to extend the time spent
gnawing on them to extract nutrients, increasing both tooth wear
and opportunities for fractures. This might help explain the rela-
tively high rates of tooth fracture and loss in historic northern dogs
relative towolves, mentioned in section 4.2. Regardless, foods other
than bone likely were far more economically used in feeding dogs,
particularly fish flesh and bone. Provisioning dogs with fish in
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Siberia and the Russian Far East is widely reported historically,
particularly in regions with productive freshwater or anadromous
fisheries (c.f., Losey et al., 2018a). These foods were not time or cost-
prohibitive to procure and process for dogs, particularly in the
North where they could be frozen for storage. Further, dogs could
effectively masticate them because of their far less dense skeletal
structures. Offal, blubber, and general human food waste are other
likely candidates. Extensive use of carbohydrate-rich foods as dog
food would require dogs to have the capacity to digest these foods,
which seems to have primarily emerged in Eurasia several thou-
sand years after dependence on starch-rich foods developed with
increasing reliance on agriculture (Bergstr€om et al., in review).

To estimated bite forces, we utilized regression formulae created
using data derived from directly measured bite forces in modern
dogs. The regression formulae require the estimated body masses
for the specimens, the latter obtained through regressions on
skeletal dimensions. This approach likely provides reliable indica-
tion of the scale of bite forces differences between the dogs and
wolves, but could be improved upon with additional study. One
improvement would be to calculate bite forces directly from skel-
etal element dimensions, avoiding the additional step of first esti-
mating body mass. A second improvement would be to take into
account differences in skull shape, not just element size, when
estimating bite forces. Even Late Holocene archaeological dogs
seem to differ in skull shape from most modern dogs (Drake et al.,
2017), and such differences likely affect bite forces (Brassard et al.,
2020).

4.6. Body mass and dogs’ roles

One of the dog’s most important roles in the past was surely
hunting (c.f., Guagnin et al., 2018; Lupo, 2017; Yeomans et al., 2019).
Body mass estimates for the Siberian and Russian Far East dogs
indicate that most of these individuals lacked the necessary body
sizes and strength to be hunters of prey larger than themselves, at
least without the assistance of humans. However, the dogs could
have been active in such hunts through locating, tracking, corner-
ing, or driving large-bodied prey. Hunting smaller animals such as
hares, sables, marmots, ground squirrels, and some birds was well
within their range of their own capabilities, and they could readily
join people in procuring these resources. While many of the dogs
analyzed came from subsistence economies where freshwater fish
or marine mammals were staples, most of these potential prey
were beyond their reach and were obtained for them by their hu-
man companions. Notably, dogs historically were involved in
hunting of some pinnipeds in the study area, primarily by sniffing
out locations of their breathing holes and dens in the ice
(Nomokonova et al., 2013).

A second major role for dogs is transport, including sled pulling
and pack carrying. The issue of dogs’ participation in transport has
been approached recently in archaeology using body mass esti-
mates. Pitulko and Kasparov (2017) argued that some of the dogs at
the Zhokhov site dogs pulled sleds based on their estimated
masses. They drew on the Coppingers’ (2001) arguments regarding
the ideal body size for modern racing sled dogs, which they assert is
20e25 kg. These arguments relate primarily to thermal regulation,
caloric costs, and strength. Dogs larger than the ideal mass tend to
over-heat when running and require more food to sustain, while
those below this threshold are not strong enough to rapidly propel
a sled over long distances. While this body mass range may be ideal
for racing, traditional Arctic sled dogs had far different lives than
today’s racing animals. Speed of travel would be lower than in most
race settings, rests more frequent, and loads pulled would often be
far greater. In other words, ideal racing bodies might differ signif-
icantly from working sled dog bodies.
Further, the limited quantitative information on early historic
period working sled dogs (from Chukotka, Ellesmere Island (Can-
ada), and Greenland; n ¼ 46) shows widely ranging body masses,
from 12 to 49 kg, with a mean of 25.8 kg (SD ¼ 8.80) (Losey et al.,
2018b). Within a single community on Ellesmere Island in 1966-7,
adult sled dogs ranged from23.1 to 49 kg, with themean bodymass
being 33.8 kg (SD ¼ 7.10), far above the so-called ideal. This mean
body size is greater than the maximum estimated body mass for
any dog in our sample. At the opposite end of the size spectrum, the
estimated body masses for 14 sled dogs from eastern Chukotka,
collected in 1901, range from only 12.1e20.2 kg, with a mean of
16.8 kg (SD ¼ 2.48).

Dog sledding is said to have been practicedwithin the study area
at Zhokhov by ~9000 cal. BP, at Ust’-Polui by ~2200 cal. BP, and in
eastern coastal Chukotka by at least 1300 cal. BP (Losey et al.,
2018b; Pitulko and Kasparov, 2017; Vasyukov and Savinetsky,
2016). The average body mass of the archaeological dogs in this
study (16.4 kg) is just under 4 kg lower than the smaller end of
Coppinger’s ideal range for racing sled dogs, but within the range of
historic working sled dogs, and nearly identical to that of the his-
toric sled dogs from Chukotka. In other words, our body mass es-
timations allow for all but the very smallest dogs in the study to
have been sled dogs, regardless of period.

Welker and Byers (2019), building on Henderson (1994) and US
War Department (1994), estimated body masses of archaeological
dogs from the Americanwest to explore these animals’ capacities in
transport. They summarize historical, experimental, and recrea-
tional data on load sizes transported by dogs. The study shows that
sled dogs, working as a team, can pull up to 300% of their body
masses in ideal conditions, but that loads of ~115% of body mass
were ideal where frequent rests could be taken. For rapid sled
transport, loads were further reduced to about 60% of a dog’s body
mass. Loads carried as packs on the backs of dogs were lower,
ranging from ~65 to 25% of body mass.

The Welker and Byers approach to utilizing dog body masses
allows for the capacities of the study dogs to be explored. At 16.4 kg,
our mean dog size, the pack loads carried by the dogs would range
from 4.1 to 10.7 kg. While these are seemingly small loads, if a
household or small community had access to even five dogs, they
could pack around 54 kg, equivalent to the total edible bodymass of
a large adult reindeer (Ashley, 2002). This is a significant contri-
bution, potentially extending the foraging radius of the group by
reducing the burden carried by humans, freeing up individuals to
transport other items or engage in other tasks. Assessing the size of
loads carried on sleds is more complex, as this would depend on
how many dogs were pulling each load. Using the proportion of
115% of bodymass, a team of just four of our average dogs could pull
~75 kg. Again, this is a significant mass of gear or food, but if the
sled were designed for hauling people, probably only a single adult
individual could be accommodated. Using the 300% pulling ca-
pacity, the load could be as high as 300 kg with just four dogs. At
this level, the sled would accommodate an adult human and much
gear, or even significant portions of some of the largest prey ani-
mals in the study area (except Cetacea) such as muskox, walrus, or
elk. Perhaps more likely, sleds were mostly for more modest loads
of gear and food, and just a few dogs pulled these loads with people
running or walking alongside. Regardless, such practices would
reduce the number of trips required in transporting loads.

The final dog role considered here is guarding and herding
livestock. We identified 69 dogs from settings where domestic herd
animals were present, and their mean body mass was 15.9 kg
(SD ¼ 4.03) (Table 5). Modern livestock guarding dogs tend to be
large-bodied animals, with body masses of 30e55 kg, while herd-
ing dogs are far lighter, from 10 to 20 kg (Coppinger and Coppinger,
2007). Guarding dogs need larger bodies to fend of predators such
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as wolves, while herding dogs require high levels of agility,
favouring a smaller body sizes. If these modern body size patterns
apply to earlier dogs, our body mass reconstructions indicate the
absence of guarding dogs in Siberia and the Russian Far East prior to
the modern period. Herding dogs, however, remain a strong
possibility.
5. Conclusion

This macro-scale analysis of archaeological dog body size
revealed several key characteristics of these Holocene animals.
Body size variation was significant, even within individual com-
munities, indicating limited human control over dog body size.
Breeding for ability and disposition seems farmore likely than strict
breeding for appearance, the latter more characteristic of modern
dog-keeping practices. Most dogs were relatively moderately sized,
meaning they were best suited to pursuing small prey, and they
likely depended on humans for much of their caloric intake. Bite
forces were around half those of modern wolves, indicating they
had reduced abilities to hold prey and masticate dense food item-
sdthey physically could not feed in the same way as their wild
counterparts. The dogs also declined slightly in body size over the
Holocene, potentially the result of factors such as human prefer-
ence for smaller dogs or environments that favored smaller in-
dividuals who could survive on lower quality and quantities of food.

Some information on dog roles can also be gleaned from the
body mass data. Most dogs were at the small end of the range
expected for sled dogs, but well within the modern range of vari-
ation for theseworking animals, even by the Early Holocene. Nearly
all could pack modest loads on their backs. Both of these forms of
transport were likely valuable for people, particularly where other
transport animals were not available. The body mass estimates
suggest that livestock guarding dogs were absent, while herding
dogs are possible. Participation in hunting is also highly likely,
althoughmost dogs lacked the physical abilities to take down larger
prey on their own. Overall, a diverse array of dog roles is allowed for
in the body mass data.

Future work on dog body mass variation will require improved
methodologies, including those for ageing and sexing. Bone func-
tional adaptation research to assess the habitual activities of dogs
also needs to be developed. Integration of genetic research with
studies of dog body size is also warranted, particularly for disen-
tangling causes of regional variation and temporal shifts in body
size. Expanding body size comparisons to adjacent regions should
also prove interesting for assessing the application of Bergmann’s
rule and the effects of subsistence economy variation on dog body
size.
Author statement

Writing, project design: Robert J. Losey, Tatiana Nomokonova;
Data collection: Robert J. Losey, Tatiana Nomokonova, Pavel A.
Kosintsev, Olga P. Bachura, Andrei V. Gusev, Dmitry D. Vasyukov;
Data contribution: Arkady B. Savinetsky, Alexey A. Tishkin, Sergei P.
Grushin, Vadim V. Gorbunov, Dmitri V. Papin, Mikhail V. Sablin,
Alexandr N. Popov, Boris Lazin, Iurii G. Nikitin, Vladimir I. Baza-
liiskii, Vladimir V. Pitulko, Aleksey K. Kasparov; Funding acquisi-
tion: Robert J. Losey, Tatiana Nomokonova, Alexandr N. Popov,
Alexey A. Tishkin.
Data availability

All data for this project is presented in Tables S1 and S2.
Funding statement

Funding for this project was provided by grants from the Social
Sciences and Humanities Research Council of Canada (#SSHRC IG
435-2019-0706), European Research Council (#295458), Russian
Foundation for Basic Research (#18-09-40101), Russian Govenment
projects (#0184-2019-002; 0184-2019-009), and Russian Science
Foundation (#16-18-10033; 16-18-10265P-2019P).

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This research was conducted with the participation of ZIN RAS
(state assignment #АААА-А19-119032590102-7). Some of the
collections analyzed here are property of the Palaeoecology Labo-
ratory, Institute of Plant and Animal Ecology, Ural Division of the
Russian Academy of Science.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.quascirev.2020.106430.

References

Ameen, C., Feuerborn, T.R., Brown, S.K., Linderholm, A., Hulme-Beaman, A.,
Lebrasseur, O., Sinding, M.-H.S., Lounsberry, Z.T., Lin, A.T., Appelt, M.,
Bachmann, L., Betts, M., Britton, K., Darwent, J., Dietz, R., Fredholm, M.,
Gopalakrishnan, S., Goriunova, O.I., Grønnow, B., Haile, J., Hallsson, J.H.,
Harrison, R., Heide-Jørgensen, M.P., Knecht, R., Losey, R.J., Masson-MacLean, E.,
McGovern, T.H., McManus-Fry, E., Meldgaard, M., Midtdal, Å., Moss, M.L.,
Nikitin, I.G., Nomokonova, T., P�alsd�ottir, A.H., Perri, A., Popov, A.N., Rankin, L.,
Reuther, J.D., Sablin, M., Schmidt, A.L., Shirar, S., Smiarowski, K., Sonne, C.,
Stiner, M.C., Vasyukov, M., West, C.F., Ween, G.B., Wennerberg, S.E., Wiig, Ø.,
Woollett, J., Dal�en, L., Hansen, A.J., Gilbert, P., M T, Sacks, B.N., Frantz, L.,
Larson, G., Dobney, K., Darwent, C.M., Evin, A., 2019. Specialized sledge dogs
accompanied Inuit dispersal across the North American Arctic. Proc. Roy. Soc. B
286, 20191929. https://doi.org/10.1098/rspb.2019.1929.

Anyonge, W., 1993. Body mass in large extant and extinct carnivores. J. Zool. 231,
339e350. https://doi.org/10.1111/j.1469-7998.1993.tb01922.x.

Ashley, B., 2002. Edible Weights of Wildlife Species Used for Country Food in the
Northwest Territories and Nunavut. Department of Resources, Wildlife and
Economic Development, Government of the Northwest Territories, Yellowknife.
Manuscript Report #138.

Ashton, K.G., Tracy, M.C., Queiroz, A. de, 2000. Is Bergmann’s rule valid for mam-
mals? Am. Nat. 156, 390e415. https://doi.org/10.1086/303400.

Benecke, N., 1987. Studies on early dog remains from Northern Europe. J. Archaeol.
Sci. 14, 31e49. https://doi.org/10.1016/S0305-4403(87)80004-3.

Bergmann, C., 1847. Ueber die verh€a ltnisse der w€arme€o konomie der thiere zu ihrer
gr€o sse. Gottinger Studien 3, 595e708.

Bergstr€om, A., Frantz, L., Schmidt, R., Ersmark, E., Lebrasseur, O., Girdland-Flink, L.,
Lin, A.T., Storå, J., Sj€ogren, K-G., Anthony, D., Antipina, E., Amiri, S., Bar-Oz, G.,
Bazaliiskii, V.I., Bulatovi�c, J., Brown, D., Carmagnini, A., Davy, T., Fedorov, S.,
Fiore, I., Fulton, D., Germonpr�e, M., Haile, J., Horwitz, L, Irving-Pease, E.K.,
Janssens, L., Kirillova, I., Kuzmanovic-Cvetkovic, J., Kuzmin, Y., Losey, R.J.,
Mashkour, M., Onar, V., Orton, D., Radivojevi�c, M., Roberts, B., Sablin, M., Shi-
dlovskiy, F., Stojanovi�c, I., Tagliacozzo, A., Trantalidou, K., Ull�en, I., Villaluenga,
A., Wapnish, P., Dobney, K., G€otherstro€om, A., Linderholm, A., Dal�en, L, Pinhasi,
R., Larson, G., Skoglund, P., in review. Ancient genomes link dog and human
population histories. Science.

Bermingham, E.N., Thomas, D.G., Cave, N.J., Morris, P.J., Butterwick, R.F.,
German, A.J., 2014. Energy requirements of adult dogs: a meta-analysis. PloS
One 9, e109681. https://doi.org/10.1371/journal.pone.0109681.

Binder, W.J., Van Valkenburgh, B.V., 2000. Development of bite strength and feeding
behaviour in juvenile spotted hyenas (Crocuta crocuta). J. Zool. 252, 273e283.
https://doi.org/10.1111/j.1469-7998.2000.tb00622.x.

Blackburn, T.M., Gaston, K.J., Loder, N., 1999. Geographic gradients in body size: a
clarification of Bergmann’s rule. Divers. Distrib. 5, 165e174. https://doi.org/
10.1046/j.1472-4642.1999.00046.x.

Boyce, M.S., 1979. Seasonality and patterns of natural selection for life histories. Am.

https://doi.org/10.1016/j.quascirev.2020.106430
https://doi.org/10.1098/rspb.2019.1929
https://doi.org/10.1111/j.1469-7998.1993.tb01922.x
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref3
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref3
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref3
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref3
https://doi.org/10.1086/303400
https://doi.org/10.1016/S0305-4403(87)80004-3
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref6
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref6
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref6
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref6
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref6
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref6
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref6
https://doi.org/10.1371/journal.pone.0109681
https://doi.org/10.1111/j.1469-7998.2000.tb00622.x
https://doi.org/10.1046/j.1472-4642.1999.00046.x
https://doi.org/10.1046/j.1472-4642.1999.00046.x


R.J. Losey et al. / Quaternary Science Reviews 241 (2020) 10643012
Nat. 114, 569e583. https://doi.org/10.1086/283503.
Boyko, A.R., Quignon, P., Li, L., Schoenebeck, J.J., Degenhardt, J.D., Lohmueller, K.E.,

Zhao, K., Brisbin, A., Parker, H.G., vonHoldt, B.M., Cargill, M., Auton, A.,
Reynolds, A., Elkahloun, A.G., Castelhano, M., Mosher, D.S., Sutter, N.B.,
Johnson, G.S., Novembre, J., Hubisz, M.J., Siepel, A., Wayne, R.K.,
Bustamante, C.D., Ostrander, E.A., 2010. A simple genetic architecture underlies
morphological variation in dogs. PLoS Biol. 8, e1000451 https://doi.org/10.1371/
journal.pbio.1000451.

Brassard, C., Merlin, M., Monchâtre-Leroy, E., Guintard, C., Barrat, J., Callou, C.,
Cornette, R., Herrel, A., 2020. How does masticatory muscle architecture covary
with mandibular shape in domestic dogs? Evol. Biol. https://doi.org/10.1007/
s11692-020-09499-6.

Bronk Ramsey, C., 2014. OxCal 4.2.4. https://c14.arch.ox.ac.uk.
Carbone, C., Mace, G.M., Roberts, S.C., Macdonald, D.W., 1999. Energetic constraints

on the diet of terrestrial carnivores. Nature 402, 286e288. https://doi.org/
10.1038/46266.

Chase, K., Carrier, D.R., Adler, F.R., Jarvik, T., Ostrander, E.A., Lorentzen, T.D.,
Lark, K.G., 2002. Genetic basis for systems of skeletal quantitative traits: prin-
cipal component analysis of the canid skeleton. Proc. Natl. Acad. Sci. U.S.A. 99,
9930e9935. https://doi.org/10.1073/pnas.152333099.

Chikachev, A.G., 2004. Ezdovoe Sobakovodstvo Iakutii. Iakutsk: IaF GU ‘Izdatel’stvo
SO RAN.

Christiansen, P., Wroe, S., 2007. Bite forces and evolutionary adaptations to feeding
ecology in carnivores. Ecology 88, 347e358. https://doi.org/10.1890/0012-9658.

Clutton-Brock, J., 1999. A Natural History of Domesticated Mammals. Cambridge
University Press, Cambridge.

Coppinger, R., Coppinger, L., 2001. Dogs: A New Understanding of Canine Origin,
Behavior, and Evolution. Scribner, New York.

Coppinger, L., Coppinger, R., 2007. Dogs for herding and guarding livestock. In:
Grandin, T. (Ed.), Livestock Handling and Transport. CABI, Oxfordshire,
pp. 199e213.

Damasceno, E.M., Hingst-Zaher, E., Astúa, D., 2013. Bite force and encephalization in
the Canidae (Mammalia: Carnivora). J. Zool. 290, 246e254. https://doi.org/
10.1111/jzo.12030.

Drake, A.G., Coquerelle, M., Colombeau, G., 2015. 3D morphometric analysis of fossil
canid skulls contradicts the suggested domestication of dogs during the late
Paleolithic. Sci. Rep. 5, 8299. https://doi.org/10.1038/srep08299.

Drake, A.G., Coquerelle, M., Kosintsev, P.A., Bachura, O.P., Sablin, M., Gusev, A.V.,
Fleming, L.S., Losey, R.J., 2017. Three-dimensional geometric morphometric
analysis of fossil canid mandibles and skulls. Sci. Rep. 7, 9508. https://doi.org/
10.1038/s41598-017-10232-1.

Dumond, D.E., Griffin, D.G., 2002. Measurements of the marine reservoir effect on
radiocarbon ages in the Eastern Bering Sea. Arctic 55, 77e86.

Egenvall, A., Bonnett, B.N., Shoukri, M., Olson, P., Hedhammar, A., Dohoo, I., 2000.
Age pattern of mortality in eight breeds of insured dogs in Sweden. Prev. Vet.
Med. 46, 1e14. https://doi.org/10.1016/s0167-5877(00)00135-5.

Eisenberg, J.F., 1990. The behavioural/ecological significance of body size in the
Mammalia. In: Damuth, J., MacFadden, B.J. (Eds.), Body Size in Mammalian
Paleobiology: Estimation and Biological Implications. Cambridge University
Press, Cambridge, pp. 25e37.

Ellis, J.L., Thomason, J.J., Kebreab, E., France, J., 2008. Calibration of estimated biting
forces in domestic canids: comparison of post-mortem and in vivo measure-
ments. J. Anat. 212, 769e780. https://doi.org/10.1111/j.1469-7580.2008.00911.x.

Ewer, R.F., 1973. The Carnivores. Weidenfeld and Nicolson, London.
Fischer, M.S., Lilje, K.E., 2014. Dogs in Motion. VDH Service GmbH, Jena.
Fleming, L.S., Losey, R.J., Nomokonova, T., Garvie-Lok, S., Kharinskii, A.A.,

Kovychev, E.V., 2018. Medieval animal management practices at Proezzhaia I:
insights from dietary stable isotope analysis. J. Arch. Sci. Rep. 22, 45e57. https://
doi.org/10.1016/j.jasrep.2018.09.001.

Flower, L.O.H., 2016. New body mass estimates of British Pleistocene wolves:
palaeoenvironmental implications and competitive interactions. Quat. Sci. Rev.
149, 230e247. https://doi.org/10.1016/j.quascirev.2016.07.023.

Frynta, D., Baudy�sov�a, J., Hradcov�a, P., Faltusov�a, K., Kratochvíl, L., 2012. Allometry of
sexual size dimorphism in domestic dog. PloS One 7, e46125. https://doi.org/
10.1371/journal.pone.0046125.

Geiger, M., Gendron, K., Willmitzer, F., S�anchez-Villagra, M.R., 2016. Unaltered
sequence of dental, skeletal, and sexual maturity in domestic dogs compared to
the wolf. Zool. Lett. 2 https://doi.org/10.1186/s40851-016-0055-2.

Geist, V., 1987. Bergmann’s rule is invalid. Can. J. Zool. 65, 1035e1038. https://
doi.org/10.1139/z87-164.

Germonpr�e, M., Fedorov, S., Danilov, P., Galeta, P., Jimenez, E.-L., Sablin, M.,
Losey, R.J., 2017. Palaeolithic and prehistoric dogs and Pleistocene wolves from
Yakutia: identification of isolated skulls. J. Archaeol. Sci. 78, 1e19. https://
doi.org/10.1016/j.jas.2016.11.008.

Gittleman, J.L., 1985. Carnivore body size: ecological and taxonomic correlates.
Oecologia 67, 540e554. https://doi.org/10.1007/BF00790026.

Gittleman, J.L., Harvey, P.H., 1982. Carnivore home-range size, metabolic needs and
ecology. Behav. Ecol. Sociobiol. 10, 57e63. https://doi.org/10.1007/BF00296396.

Guagnin, M., Perri, A.R., Petraglia, M.D., 2018. Pre-Neolithic evidence for dog-
assisted hunting strategies in Arabia. J. Anthropol. Archaeol. 49, 225e236.
https://doi.org/10.1016/j.jaa.2017.10.003.

Guiry, E.J., 2012. Dogs as analogs in stable isotope-based human paleodietary re-
constructions: a review and considerations for future use. J. Archaeol. Method
Theor 19, 351e376. https://doi.org/10.1007/s10816-011-9118-z.

Haag, W.G., 1948. An Osteometric Analysis of Some Aboriginal Dogs. Department of
Anthropology, University of Kentucky, Lexington. Reports in Anthropology Vol.
7(3).

Hawthorne, A.J., Booles, D., Nugent, P.A., Gettinby, G., Wilkinson, J., 2004. Body-
weight changes during growth in puppies of different breeds. J. Nutr. 134,
2027Se2030S. https://doi.org/10.1093/jn/134.8.2027S.

Heglund, N.C., Taylor, C.R., 1988. Speed, stride frequency and energy cost per stride:
how do they change with body size and gait? J. Exp. Biol. 138, 301e318.

Helmsmüller, D., Wefstaedt, P., Nolte, I., Schilling, N., 2013. Ontogenetic allometry of
the Beagle. BMC Vet. Res. 9, 203. https://doi.org/10.1186/1746-6148-9-203.

Henderson, N., 1994. Replicating dog travois transport on the Northern Plains.
Plains Anthropol. 39, 145e159.

Herrel, A., Gibb, A.C., 2006. Ontogeny of performance in vertebrates. Physiol. Bio-
chem. Zool. 79, 1e6. https://doi.org/10.1086/498196.

Hildebrand, M., 1954. Comparative Morphology of the Body Skeleton in Recent
Canidae. University of California Press, Berkeley.

Hildebrand, M., Goslow, G., 2001. Analysis of Vertebrate Structure. John Wiley &
Sons, New York.

Hillis, T.L., Mallory, F.F., 1996. Sexual dimorphism in wolves (Canis lupus) of the
Keewatin District, Northwest Territories, Canada. Can. J. Zool. 74, 721e725.
https://doi.org/10.1139/z96-081.

Hinchcliff, K.W., Reinhart, G.A., Burr, J.R., Schreier, C.J., Swenson, R.A., 1997.
Metabolizable energy intake and sustained energy expenditure of Alaskan sled
dogs during heavy exertion in the cold. Am. J. Vet. Res. 58, 1457e1462.

Janssens, L., Perri, A., Cromb�e, P., Van Dongen, S., Lawler, D., 2019. An evaluation of
classical morphologic and morphometric parameters reported to distinguish
wolves and dogs. J. Archaeol. Sci. Rep. 23, 501e533. https://doi.org/10.1016/
j.jasrep.2018.10.012.

Kemp, T.J., Bachus, K.N., Nairn, J.A., Carrier, D.R., 2005. Functional trade-offs in the
limb bones of dogs selected for running versus fighting. J. Exp. Biol. 208,
3475e3482. https://doi.org/10.1242/jeb.01814.

Khasanov, B.F., Savinetsky, A.B., 2006. On the marine reservoir effect in the
Northern Bering Sea. In: Dumond, D.E., Bland, R.L. (Eds.), Archaeology in
Northeast Asia, on the Pathway to Bering Strait. University of Oregon Anthro-
pological Papers. No 65, Eugene, pp. 193e202.

Kunikita, D., Popov, A.N., Lazin, B.V., Morisaki, K., Matsuzaki, H., 2017. Dating and
stable isotope analysis of charred residues from Neolithic sites in the Primorye,
Russian Far East. Radiocarbon 59, 565e573. https://doi.org/10.1017/
RDC.2016.122.

Lee, E.J., Merriwether, D.A., Kasparov, A.K., Nikolskiy, P.A., Sotnikova, M.V.,
Pavlova, E.Y., Pitulko, V.V., 2015. Ancient DNA analysis of the oldest canid
species from the Siberian Arctic and genetic contribution to the domestic dog.
PloS One 10, e0125759. https://doi.org/10.1371/journal.pone.0125759.

Levin, M.G., Potapov, L.P. (Eds.), 1961. Istoriko-Etnograficheskii Atlas Sibiri. Akade-
miia Nauk SSSR, Moskva-Leningrad.

Li, Y., Deeb, B., Pendergrass, W., Wolf, N., 1996. Cellular proliferative capacity and life
span in small and large dogs. J. Gerontol. A Biol. Sci. Med. Sci. 51, B403eB408.
https://doi.org/10.1093/gerona/51a.6.b403.

Lieverse, A.R., Link, D.W., Bazaliiskiy, V.I., Goriunova, O.I., Weber, A.W., 2007. Dental
health indicators of hunteregatherer adaptation and cultural change in Sibe-
ria’s Cis-Baikal. Am. J. Phys. Anthropol. 134, 323e339. https://doi.org/10.1002/
ajpa.20672.

Loftus, J.P., Yazwinski, M., Milizio, J.G., Wakshlag, J.J., 2014. Energy requirements for
racing endurance sled dogs. J. Nutr. Sci. 3, e34. https://doi.org/10.1017/
jns.2014.31.

Losey, R.J., Bazaliiskii, V.I., Garvie-Lok, S., Germonpr�e, M., Leonard, J.A., Allen, A.L.,
Anne Katzenberg, M., Sablin, M.V., 2011. Canids as persons: early neolithic dog
and wolf burials, Cis-Baikal, Siberia. J. Anthropol. Archaeol. 30, 174e189. https://
doi.org/10.1016/j.jaa.2011.01.001.

Losey, R.J., Garvie-Lok, S., Leonard, J.A., Katzenberg, M.A., Germonpr�e, M.,
Nomokonova, T., Sablin, M.V., Goriunova, O.I., Berdnikova, N.E., Savel’ev, N.A.,
2013. Burying dogs in ancient Cis-Baikal, Siberia: temporal trends and re-
lationships with human diet and subsistence practices. PloS One 8, e63740.
https://doi.org/10.1371/journal.pone.0063740.

Losey, R.J., Jessup, E., Nomokonova, T., Sablin, M., 2014. Craniomandibular trauma
and tooth loss in northern dogs and wolves: implications for the archaeological
study of dog husbandry and domestication. PloS One 9, e99746. https://doi.org/
10.1371/journal.pone.0099746.

Losey, R.J., McLachlin, K., Nomokonova, T., Latham, K., Harrington, L., 2017. Body
mass estimates in dogs and North American gray wolves using limb element
dimensions. Int. J. Osteoarchaeol. 27, 180e191. https://doi.org/10.1002/oa.2528.

Losey, R.J., Fleming, L.S., Nomokonova, T., Gusev, A.V., Fedorova, N.V., Garvie-Lok, S.,
Bachura, O.P., Kosintsev, P.A., Sablin, M.V., 2018a. Human and dog consumption
of fish on the lower Ob river of Siberia: evidence for a major freshwater
reservoir effect at the Ust’-Polui site. Radiocarbon 60, 239e260. https://doi.org/
10.1017/RDC.2017.77.

Losey, R.J., Nomokonova, T., Gusev, A.V., Bachura, O.P., Fedorova, N.V., Kosintsev, P.A.,
Sablin, M.V., 2018b. Dogs were domesticated in the Arctic: Culling practices and
dog sledding at Ust’-Polui. J. Anthropol. Archaeol. 51, 113e126. https://doi.org/
10.1016/j.jaa.2018.06.004.

Losey, R.J., Nomokonova, T., Fleming, L.S., Kharinskii, A.V., Kovychev, E.V.,
Konstantinov, M.V., Diatchina, N.G., Sablin, M.V., Iaroslavtseva, L.G., 2018c.
Buried, eaten, sacrificed: archaeological dog remains from Trans-Baikal, Siberia.
Arch. Res. Asia 16, 58e65. https://doi.org/10.1016/j.ara.2018.02.005.

Lupo, K.D., 2017. When and where do dogs improve hunting productivity? The
empirical record and some implications for early Upper Paleolithic prey

https://doi.org/10.1086/283503
https://doi.org/10.1371/journal.pbio.1000451
https://doi.org/10.1371/journal.pbio.1000451
https://doi.org/10.1007/s11692-020-09499-6
https://doi.org/10.1007/s11692-020-09499-6
https://c14.arch.ox.ac.uk
https://doi.org/10.1038/46266
https://doi.org/10.1038/46266
https://doi.org/10.1073/pnas.152333099
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref17
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref17
https://doi.org/10.1890/0012-9658
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref19
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref19
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref20
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref20
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref21
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref21
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref21
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref21
https://doi.org/10.1111/jzo.12030
https://doi.org/10.1111/jzo.12030
https://doi.org/10.1038/srep08299
https://doi.org/10.1038/s41598-017-10232-1
https://doi.org/10.1038/s41598-017-10232-1
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref25
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref25
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref25
https://doi.org/10.1016/s0167-5877(00)00135-5
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref27
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref27
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref27
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref27
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref27
https://doi.org/10.1111/j.1469-7580.2008.00911.x
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref29
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref30
https://doi.org/10.1016/j.jasrep.2018.09.001
https://doi.org/10.1016/j.jasrep.2018.09.001
https://doi.org/10.1016/j.quascirev.2016.07.023
https://doi.org/10.1371/journal.pone.0046125
https://doi.org/10.1371/journal.pone.0046125
https://doi.org/10.1186/s40851-016-0055-2
https://doi.org/10.1139/z87-164
https://doi.org/10.1139/z87-164
https://doi.org/10.1016/j.jas.2016.11.008
https://doi.org/10.1016/j.jas.2016.11.008
https://doi.org/10.1007/BF00790026
https://doi.org/10.1007/BF00296396
https://doi.org/10.1016/j.jaa.2017.10.003
https://doi.org/10.1007/s10816-011-9118-z
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref41
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref41
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref41
https://doi.org/10.1093/jn/134.8.2027S
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref43
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref43
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref43
https://doi.org/10.1186/1746-6148-9-203
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref45
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref45
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref45
https://doi.org/10.1086/498196
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref47
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref47
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref48
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref48
https://doi.org/10.1139/z96-081
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref50
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref50
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref50
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref50
https://doi.org/10.1016/j.jasrep.2018.10.012
https://doi.org/10.1016/j.jasrep.2018.10.012
https://doi.org/10.1242/jeb.01814
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref53
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref53
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref53
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref53
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref53
https://doi.org/10.1017/RDC.2016.122
https://doi.org/10.1017/RDC.2016.122
https://doi.org/10.1371/journal.pone.0125759
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref56
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref56
https://doi.org/10.1093/gerona/51a.6.b403
https://doi.org/10.1002/ajpa.20672
https://doi.org/10.1002/ajpa.20672
https://doi.org/10.1017/jns.2014.31
https://doi.org/10.1017/jns.2014.31
https://doi.org/10.1016/j.jaa.2011.01.001
https://doi.org/10.1016/j.jaa.2011.01.001
https://doi.org/10.1371/journal.pone.0063740
https://doi.org/10.1371/journal.pone.0099746
https://doi.org/10.1371/journal.pone.0099746
https://doi.org/10.1002/oa.2528
https://doi.org/10.1017/RDC.2017.77
https://doi.org/10.1017/RDC.2017.77
https://doi.org/10.1016/j.jaa.2018.06.004
https://doi.org/10.1016/j.jaa.2018.06.004
https://doi.org/10.1016/j.ara.2018.02.005


R.J. Losey et al. / Quaternary Science Reviews 241 (2020) 106430 13
acquisition. J. Anthropol. Archaeol. 47, 139e151. https://doi.org/10.1016/
j.jaa.2017.05.003.

MacNulty, D.R., Smith, D.W., Mech, L.D., Eberly, L.E., 2009. Body size and predatory
performance in wolves: is bigger better? J. Anim. Ecol. 78, 532e539. https://
doi.org/10.1111/j.1365-2656.2008.01517.x.

Mayr, E., 1942. Systematics and the Origin of Species. Columbia University Press,
New York.

Meachen, J.A., Samuels, J.X., 2012. Evolution in coyotes (Canis latrans) in response to
the megafaunal extinctions. Proc. Natl. Acad. Sci. U.S.A. 109, 4191e4196. https://
doi.org/10.1073/pnas.1113788109.

Meiri, S., Dayan, T., 2003. On the validity of Bergmann’s rule. J. Biogeogr. 30,
331e351. https://doi.org/10.1046/j.1365-2699.2003.00837.x.

Meiri, S., Dayan, T., Simberloff, D., 2004. Carnivores, biases and Bergmann’s rule.
Biol. J. Linn. Soc. 81, 579e588. https://doi.org/10.1111/j.1095-8312.2004.00310.x.

Meloro, C., Raia, P., Barbera, C., 2007. Effect of predation on prey abundance and
survival in plio-pleistocene mammalian communities. Evol. Ecol. Res. 9,
505e525.

Meloro, C., Hudson, A., Rook, L., 2015. Feeding habits of extant and fossil canids as
determined by their skull geometry. J. Zool. 295, 178e188. https://doi.org/
10.1111/jzo.12196.

Millar, J.S., Hickling, G.J., 1990. Fasting endurance and the evolution of mammalian
body size. Funct. Ecol. 4, 5e12. https://doi.org/10.2307/2389646.

Miller, R.A., 1999. Kleemeier award lecture: are there genes for aging? J. Gerontol. A
Biol. Sci. Med. Sci. 54, B297eB307. https://doi.org/10.1093/gerona/54.7.b297.

Moehlman, P., Hofer, H., 1997. Cooperative breeding, reproductive suppression, and
body mass in canids. In: Solomon, N., French, J. (Eds.), Cooperative Breeding in
Mammals. Cambridge University Press, Cambridge, pp. 76e128. https://doi.org/
10.1017/CBO9780511574634.005.

Morey, D.F., 1992. Size, shape and development in the evolution of the domestic
dog. J. Archaeol. Sci. 19, 181e204. https://doi.org/10.1016/0305-4403(92)90049-
9.

Morris, J.S., Brandt, E.K., 2014. Specialization for aggression in sexually dimorphic
skeletal morphology in grey wolves (Canis lupus). J. Anat. 225, 1e11. https://
doi.org/10.1111/joa.12191.

Nikitin, Iu.G., Chzhun, S., 2008. Arkheologicheskie Issledovaniia na Poselenii Cher-
niatino 2 v Primor’e v 2007 gody. IIAiE DVO RAN, Vladivostok. Chunnam Vue-
kyn, DVGTU.

Nomokonova, T., Losey, R.J., Iakunaeva, V.N., Emel’ianova, I.A., Baginova, E.A.,
Pastukhov, M.V., 2013. People and seals at Siberia’s Lake Baikal. Ethnobiol 33,
259e280. https://doi.org/10.2993/0278-0771-33.2.259.

Oehler, A.C., 2018. Hunters in their Own Right. Perspectival sharing in Soiot hunters
and their dogs. In: Losey, R.J., Wishart, R.P., Loovers, J.P.L. (Eds.), Dogs in the
North: Stories of Cooperation and Co-domestication. Routledge, London,
pp. 28e44.

Ollivier, M., Tresset, A., Hitte, C., Petit, C., Hughes, S., Gillet, B., Duffraisse, M.,
Pionnier-Capitan, M., Lagoutte, L., Arbogast, R.-M., Balasescu, A., Boroneant, A.,
Mashkour, M., Vigne, J.-D., H€anni, C., 2013. Evidence of coat color variation
sheds new light on ancient canids. PloS One 8, e75110. https://doi.org/10.1371/
journal.pone.0075110.

Outram, A.K., 2002. Bone fracture and within-bone nutrients: an experimentally
based method for investigating levels of marrow extraction. In: Miracle, P.T.,
Milner, N. (Eds.), Consuming Passions and Patterns of Consumption. McDonald
Institute for Archaeological Research, Cambridge, pp. 51e64.

Pasi, B.M., Carrier, D.R., 2003. Functional trade-offs in the limb muscles of dogs
selected for running vs. fighting. J. Evol. Biol. 16, 324e332. https://doi.org/
10.1046/j.1420-9101.2003.00512.x.

Pilot, M., Moura, A.E., Okhlopkov, I.M., Mamaev, N.V., Alagaili, A.N.,
Mohammed, O.B., Yavruyan, E.G., Manaseryan, N.H., Hayrapetyan, V.,
Kopaliani, N., Tsingarska, E., Krofel, M., Skoglund, P., Bogdanowicz, W., 2019.
Global phylogeographic and admixture patterns in grey wolves and genetic
legacy of an ancient Siberian lineage. Sci. Rep. 9, 1e13. https://doi.org/10.1038/
s41598-019-53492-9.

Pitulko, V.V., Kasparov, A.K., 2017. Archaeological dogs from the early Holocene
Zhokhov site in the eastern Siberian Arctic. J. Arch. Sci. Rep. 13, 491e515.
https://doi.org/10.1016/j.jasrep.2017.04.003.

Reimer, P.J., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., Ramsey, C.B., Buck, C.E.,
Cheng, H., Edwards, R.L., Friedrich, M., Grootes, P.M., Guilderson, T.P.,
Haflidason, H., Hajdas, I., Hatt�e, C., Heaton, T.J., Hoffmann, D.L., Hogg, A.G.,
Hughen, K.A., Kaiser, K.F., Kromer, B., Manning, S.W., Niu, M., Reimer, R.W.,
Richards, D.A., Scott, E.M., Southon, J.R., Staff, R.A., Turney, C.S.M., van der
Plicht, J., 2013. IntCal13 and Marine13 radiocarbon age calibration curves
0e50,000 years cal BP. Radiocarbon 55, 1869e1887. https://doi.org/10.2458/
azu_js_rc.55.16947.

Rimbault, M., Beale, H.C., Schoenebeck, J.J., Hoopes, B.C., Allen, J.J., Kilroy-Glynn, P.,
Wayne, R.K., Sutter, N.B., Ostrander, E.A., 2013. Derived variants at six genes
explain nearly half of size reduction in dog breeds. Genome Res. 23, 1985e1995.
https://doi.org/10.1101/gr.157339.113.

Rosenzweig, M.L., 1968. The strategy of body size in mammalian carnivores. Am.
Midl. Nat. 80, 299e315. https://doi.org/10.2307/2423529.

Speakman, J.R., van Acker, A., Harper, E.J., 2003. Age-related changes in the meta-
bolism and body composition of three dog breeds and their relationship to life
expectancy. Aging Cell 2, 265e275. https://doi.org/10.1046/j.1474-
9728.2003.00061.x.

Sutter, N.B., Bustamante, C.D., Chase, K., Gray, M.M., Zhao, K., Zhu, L.,
Padhukasahasram, B., Karlins, E., Davis, S., Jones, P.G., Quignon, P., Johnson, G.S.,
Parker, H.G., Fretwell, N., Mosher, D.S., Lawler, D.F., Satyaraj, E., Nordborg, M.,
Lark, K.G., Wayne, R.K., Ostrander, E.A., 2007. A single IGF1 allele is a major
determinant of small size in dogs. Science 316, 112e115. https://doi.org/10.1126/
science.1137045.

Taylor, C.R., Heglund, N.C., Maloiy, G.M., 1982. Energetics and mechanics of terres-
trial locomotion. I. Metabolic energy consumption as a function of speed and
body size in birds and mammals. J. Exp. Biol. 97, 1e21.

Tchernov, E., Horwitz, L.K., 1991. Body size diminution under domestication: un-
conscious selection in primeval domesticates. J. Anthropol. Archaeol. 10, 54e75.
https://doi.org/10.1016/0278-4165(91)90021-O.

Therrien, F., 2005. Mandibular force profiles of extant carnivorans and implications
for the feeding behaviour of extinct predators. J. Zool. 267, 249e270. https://
doi.org/10.1017/S0952836905007430.

US War Department, 1994. Dog Transportation, FM25-6 War Department Field
Manual. US. Government Printing Office, Washington, DC.

Valkenburgh, B.V., Wang, X., Damuth, J., 2004. Cope’s rule, hypercarnivory, and
extinction in North American canids. Science 306, 101e104. https://doi.org/
10.1126/science.1102417.

Van Valkenburgh, B., 1990. Skeletal and dental predictors of body mass in carni-
vores. In: Damuth, J., MacFadden, B.J. (Eds.), Body Size in Mammalian Paleobi-
ology. Cambridge University Press, Cambridge, pp. 181e205.

Vasyukov, D., Savinetsky, A., 2016. On the history of aboriginal dogs of Chukotka. In:
Krupnik, I.I. (Ed.), Facing the Sea. Ekotsentr Zapovedniki, Moscow, pp. 447e473.

Vaysse, A., Ratnakumar, A., Derrien, T., Axelsson, E., Rosengren Pielberg, G.,
Sigurdsson, S., Fall, T., Sepp€al€a, E.H., Hansen, M.S.T., Lawley, C.T., Karlsson, E.K.,
Consortium, L.U.P.A., Bannasch, D., Vil�a, C., Lohi, H., Galibert, F., Fredholm, M.,
H€aggstr€om, J., Hedhammar, A., Andr�e, C., Lindblad-Toh, K., Hitte, C.,
Webster, M.T., 2011. Identification of genomic regions associated with pheno-
typic variation between dog breeds using selection mapping. PLoS Genet. 7,
e1002316 https://doi.org/10.1371/journal.pgen.1002316.

Von den Driesch, A., 1976. A Guide to the Measurement of Animal Bones from
Archaeological Sites. Peabody Museum Press, Cambridge.

von Pfeil, D.J.F., DeCamp, C.E., 2009. The epiphyseal plate: physiology, anatomy, and
trauma. Compend. Contin. Educ. Vet. 31. E1e11; quiz E12.

Voss, K., Galeandro, L., Wiestner, T., Haessig, M., Montavon, P.M., 2010. Relationships
of body weight, body size, subject velocity, and vertical ground reaction forces
in trotting dogs. Vet. Surg. 39, 863e869. https://doi.org/10.1111/j.1532-
950X.2010.00729.x.

Wayne, R.K., 1986. Limb morphology of domestic and wild canids: the influence of
development on morphologic change. J. Morphol. 187, 301e319. https://doi.org/
10.1002/jmor.1051870304.

Welker, M.H., Byers, D.A., 2019. The Birch Creek canids and dogs as transport labor
in the Intermountain West. Amer. Antiquity 84, 88e106. https://doi.org/
10.1017/aaq.2018.81.

Welker, M.H., Dunham, R., 2019. Exploring the introduction of European dogs to
North America through shoulder height. Int. J. Osteoarchaeol. 29, 325e334.
https://doi.org/10.1002/oa.2744.

Wilkins, A.S., Wrangham, R.W., Fitch, W.T., 2014. The “domestication syndrome” in
mammals: a unified explanation based on neural crest cell behavior and ge-
netics. Genetics 197, 795e808. https://doi.org/10.1534/genetics.114.165423.

Wing, E.S., 1978. Use of dogs for food: an adaptation to the coastal environment. In:
Stark, B.L., Voorhies, B. (Eds.), Prehistoric Coastal Adaptations. Academic Press,
New York, pp. 29e35.

Wroe, S., McHenry, C., Thomason, J., 2005. Bite club: comparative bite force in big
biting mammals and the prediction of predatory behaviour in fossil taxa. Proc.
Roy. Soc. B 272, 619e625. https://doi.org/10.1098/rspb.2004.2986.

Yeomans, L., Martin, L., Richter, T., 2019. Close companions: early evidence for dogs
in northeast Jordan and the potential impact of new hunting methods.
J. Anthropol. Archaeol. 53, 161e173. https://doi.org/10.1016/j.jaa.2018.12.005.

Zeder, M.A., Hesse, B., 2000. The initial domestication of goats (Capra hircus) in the
Zagros Mountains 10,000 years ago. Science 287, 2254e2257. https://doi.org/
10.1126/science.287.5461.2254.

https://doi.org/10.1016/j.jaa.2017.05.003
https://doi.org/10.1016/j.jaa.2017.05.003
https://doi.org/10.1111/j.1365-2656.2008.01517.x
https://doi.org/10.1111/j.1365-2656.2008.01517.x
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref69
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref69
https://doi.org/10.1073/pnas.1113788109
https://doi.org/10.1073/pnas.1113788109
https://doi.org/10.1046/j.1365-2699.2003.00837.x
https://doi.org/10.1111/j.1095-8312.2004.00310.x
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref73
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref73
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref73
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref73
https://doi.org/10.1111/jzo.12196
https://doi.org/10.1111/jzo.12196
https://doi.org/10.2307/2389646
https://doi.org/10.1093/gerona/54.7.b297
https://doi.org/10.1017/CBO9780511574634.005
https://doi.org/10.1017/CBO9780511574634.005
https://doi.org/10.1016/0305-4403(92)90049-9
https://doi.org/10.1016/0305-4403(92)90049-9
https://doi.org/10.1111/joa.12191
https://doi.org/10.1111/joa.12191
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref80
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref80
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref80
https://doi.org/10.2993/0278-0771-33.2.259
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref82
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref82
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref82
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref82
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref82
https://doi.org/10.1371/journal.pone.0075110
https://doi.org/10.1371/journal.pone.0075110
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref84
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref84
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref84
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref84
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref84
https://doi.org/10.1046/j.1420-9101.2003.00512.x
https://doi.org/10.1046/j.1420-9101.2003.00512.x
https://doi.org/10.1038/s41598-019-53492-9
https://doi.org/10.1038/s41598-019-53492-9
https://doi.org/10.1016/j.jasrep.2017.04.003
https://doi.org/10.2458/azu_js_rc.55.16947
https://doi.org/10.2458/azu_js_rc.55.16947
https://doi.org/10.1101/gr.157339.113
https://doi.org/10.2307/2423529
https://doi.org/10.1046/j.1474-9728.2003.00061.x
https://doi.org/10.1046/j.1474-9728.2003.00061.x
https://doi.org/10.1126/science.1137045
https://doi.org/10.1126/science.1137045
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref93
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref93
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref93
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref93
https://doi.org/10.1016/0278-4165(91)90021-O
https://doi.org/10.1017/S0952836905007430
https://doi.org/10.1017/S0952836905007430
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref96
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref96
https://doi.org/10.1126/science.1102417
https://doi.org/10.1126/science.1102417
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref98
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref98
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref98
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref98
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref99
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref99
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref99
https://doi.org/10.1371/journal.pgen.1002316
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref101
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref101
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref102
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref102
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref102
https://doi.org/10.1111/j.1532-950X.2010.00729.x
https://doi.org/10.1111/j.1532-950X.2010.00729.x
https://doi.org/10.1002/jmor.1051870304
https://doi.org/10.1002/jmor.1051870304
https://doi.org/10.1017/aaq.2018.81
https://doi.org/10.1017/aaq.2018.81
https://doi.org/10.1002/oa.2744
https://doi.org/10.1534/genetics.114.165423
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref108
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref108
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref108
http://refhub.elsevier.com/S0277-3791(20)30392-9/sref108
https://doi.org/10.1098/rspb.2004.2986
https://doi.org/10.1016/j.jaa.2018.12.005
https://doi.org/10.1126/science.287.5461.2254
https://doi.org/10.1126/science.287.5461.2254

	Dog body size in Siberia and the Russian Far East and its implications
	1. Introduction
	2. Methods and materials
	2.1. Materials
	2.2. Dating
	2.3. Body mass estimation
	2.4. Bite force estimation
	2.5. Subsistence economy groups

	3. Results
	3.1. Dog and wolf body mass estimates
	3.2. Body mass and age
	3.3. Intrasite body mass variation
	3.4. Body mass and ambient temperature
	3.5. Body mass and subsistence economy
	3.6. Bite force estimates
	3.7. Bite force and age
	3.8. Bite force and subsistence economy

	4. Discussion
	4.1. Body mass patterns, variation
	4.2. Diachronic size reduction and temporal gaps
	4.3. Dogs and Bergmann’s rule
	4.4. Subsistence economy effects?
	4.5. Bite force comparison implications
	4.6. Body mass and dogs’ roles

	5. Conclusion
	Author statement
	Data availability
	Funding statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


