Dog-human dietary relationships in Yup’ik western Alaska: The stable isotope and zooarchaeological evidence from pre-contact Nunalleq
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Abstract
Historically and ethnographically dogs have been an important resource for Arctic and subarctic societies — providing protection, fur and meat, as well as aiding hunting and transportation. The close relationship between dogs and humans has also been used by archaeologists to draw inferences about human society (particularly in terms of diet and subsistence) from various analyses of their remains. Here, we apply the complementary approaches of stable isotope and zooarchaeological analysis to dog remains from the permafrost-preserved, precontact Yup'ik village site of Nunalleq (c. CE 1300–1750), in coastal western Alaska, specifically to investigate dog-human dietary relationships and the role that dogs played in this community. Zooarchaeological data indicate an abundance of dogs at the site, with butcherymarks suggesting that they were processed for meat. Stable isotope analysis of multiple tissues indicates dog diet was largely based on fish (particularly salmonids), with possible short-term increases in marine mammal consumption. Comparison with data from contemporaneous human hair from Nunalleq indicates a close similarity between human and dog diets, supporting the use of dogs as a proxy for human palaeodiet in societies at high-latitude societies consuming significant amounts of animal protein. 

1. Introduction
Dogs play a prominent role in the subsistence strategies and lifeways of Arctic peoples (Morey & Aaris-Sørensen, 2002), and have been described as an “integral part of adaptation to the Arctic” (Arnold 1979: 265). Functions of domestic dogs in the Arctic include being a means of transportation for goods and people; a hunting aid; a means of protection; a source of raw materials in the form of fur/pelts and in some cases even a food source. The importance of dogs in the success of human habitation in high-latitude environments means that an understanding of how dogs are used and how they fit into the subsistence practices of their human keepers can provide an insight into the human societies in which they lived. In addition, the excavation and analysis of human skeletal remains from prehistoric North American Arctic contexts is politically and ethically problematic (e.g. the enacting of NAGPRA, the Native American Graves Protection and Repatriation Act, in 1990) making indirect methods of studying human palaeodiet particularly valuable in these situations. Numerous stable isotope studies investigating the palaeodietary relationship between humans and contemporaneous dogs have pointed to the potential for the analysis of domestic dogs to function as a palaeodietary proxy for humans (Burleigh & Brothwell, 1978; Katzenberg, 1989; Cannon et al., 1999; Allitt et al., 2008; Tankersley & Koster, 2009; Rick et al., 2011; Guiry & Grimes, 2013). The discovery of dog remains at archaeological sites in the NorthAmerican Arctic therefore potentially offers an alternative, indirect means bywhich to study human palaeodiet. The skeletal remains of dogs, along with artefacts relating to dog traction, are frequently recovered from Arctic and subarctic archaeological sites. Recent excavations at the pre-contact (c. CE 1300–1750) site of Nunalleq on the Yukon-Kuskokwim Delta (Y-K Delta) in southwest Alaska have recovered large numbers of dog bones among the vertebrate assemblage, as well as bone sled-shoes and possible braided grass harnesses, suggestive of dog traction. The presence of discontinuous permafrost at the site has resulted in the preservation of bioarchaeological materials rarely found at archaeological sites, including fur, claws and human hair. Research carried out on human palaeodiet at Nunalleq, through the stable isotope analysis of human hair (Britton et al. 2013; Britton et al., this volume), enables the palaeodietary relationship between dogs and humans at the site (and therefore the validity of dogs as palaeodietary proxies at similar sites) to be investigated. The dietary relationship between humans and dogs is particularly interesting in subsistence hunter-fisher-gatherer societies, where domestic dogs represented the only non-human animal which had to be provisioned for and which were therefore likely to have been actively considered within the societies' subsistence strategies. Alongside stable isotope analysis, osteological analysis of the dog remains provides further information on the lives of the Nunalleq dogs and their role within the human community. This integrated stable isotope and zooarchaeological investigation of domestic dogs at Nunalleq therefore offers an insight into the relationship between humans and a vitally important domestic animal in pre-contact Western Alaska, and also provides the opportunity to test the utility and validity of dogs as proxies for human palaeodiet in prehistoric, high-latitude contexts.

1.1. Dogs and Thule-era hunter-gatherer-fisher societies
Domestic dogs can have a range of functions and roles within human societies, none of which are mutually exclusive. They can be kept for companionship; used as guides (Fishman, 2003); employed in the management or hunting of other animals (Green et al., 1984; Beringer et al., 1994); in racing or as traction animals (Andersen, 1992); for protection; to consume domestic refuse; and, in some parts of the world, as food (Wing, 1978). Ethnographic and historical accounts allow us to gain an understanding of how they may have been used in the prehistoric Yukon-Kuskokwim Delta. The use of dogs as traction and load carrying animals has been well documented in the literature and teams of dogs were commonly kept until the introduction of the snowmobile (Wolfe et al., 1984: 178) and even beyond for the purposes of trapping, traction and racing (Wolfe et al. 1984, p.337; Andersen 1992). Ethnographic evidence from the North American Arctic also exists for the use of dog fur and skin for clothing (Lantis, 1980; Issenman, 2011: 39), fishing lures (VanStone, 1989: 13) and as mask decoration (Issenman, 2011). Dogs in this region have served as pack animals, aided caribou hunting, located seal breathing-holes, and towed umiaks (large skin boats). As the only domestic animal in the North American Arctic at this time (before the introduction of semi-domestic reindeer in the 19th century (Bergerud, 1974)), dogs were the only non-human animals which required provisioning through the community's subsistence hunting and fishing. The food available to dogs throughout the Arctic would have varied geographically and seasonally, as it did for humans, making it difficult to generalise about the diet of dogs in the Arctic (Lantis, 1980). It is likely that the degree of seasonal variation in the dogs' diet may be similar to and dependent on the seasonal variation in the diet and subsistence activities of humans, and the ability of their human keepers to buffer against seasonal changes in prey availability and abundance. Historical and ethnographic sources provide an insight into the range of foods that dogs on the Yukon-Kuskokwim Delta may have eaten. Fish (fresh, dried, fermented or frozen) is the most frequently mentioned food fed to dogs in the North American Arctic.
In recent times, subsistence-caught fish (either fresh or dried, depending upon the time of year) has been a staple food for sled dogs in southwest Alaska (Ray, 1966: 44; Michael, 1967: 116; Andersen,
1992). Certain types of salmon, particularly chum and pink, are less favoured for consumption by people, and chum salmon is known throughout south Alaska and the Aleutians as ‘dog salmon’ or ‘dog food’ (Lynn Church, Quinhagak, pers. comm.). The parts of mammalian prey not eaten by humans (generally organs) are also reported as being used as dog food (Spencer, 1959; VanStone 1989:30), as are shrimp and certain birds (Nelson, 1969). Seasonal differences were noted by Nelson (1969) in northern Alaska, where dogs were fed seal meat in summer, blubber in winter, and walrus skin with attached blubber in periods of very harsh weather. Seasonal variation in diet was also noted at Scammon Bay, to the north of the Yukon-Kuskokwim Delta, where in the summer dogs were fed seal and salmon intestines and salmon roe, and in winter dried salmon heads and spines with flesh adhering (Jenness, 1970: 19, 60). If there was a surplus of stored food, dogs would also sometimes be given cooked beluga meat that had been stored in oil over winter. The amount, as well as the type, of food fed to dogs could vary over the year, with dogs near Bethel reportedly fed every day in winter and every other day in summer (Weinland 1884, cited by Lantis 1980: 18).This seasonal variation highlights the need to allow for changing energy demands at different times of the year and seasonal differences in the foods available, and is important to bear in mind in the interpretation of palaeodietary stable isotope data.

1.2. Bioarchaeological approaches to dogs and dog-human relationships
Bioarchaeological analyses of domestic dogs have generally focused on and exploited the relationship between humans and the dogs they kept. Palaeodietary similarities between humans and dogs have been used to support the use of dogs as a palaeodietary proxy for humans in situations where the destructive analysis of archaeological human material is problematic or impossible (Noe-Nygaard, 1988; Clutton-Brock & Noe-Nygaard, 1990; White et al., 2001; Hogue, 2003; Fischer et al., 2007; Allitt et al., 2008; Tankersley & Koster, 2009; Allitt, 2011; Guiry & Grimes, 2013). Comparisons between humans and dogs have also been used inmodern ecological studies to investigate the potential impact of the consumption of toxic pollutants, such as mercury, particularly upon human communities practicing subsistence hunting and fishing (Hansen & Danscher, 1995; Dunlap et al., 2007). The use of dogs as a dietary analogue relies on two basic assumptions: that dogs consume similar foods to humans (e.g. scavanged food waste) and that the metabolic systems of humans and dogs are sufficiently similar to reflect dietary intake in a comparable way (Guiry, 2012). Other factors, including cultural, biological and environmental variables also have the potential to affect the comparability of human and dog palaeodietary data. The presence of permafrost-preserved human hair at Nunalleq (Britton et al. 2013; Britton et al., this volume) enables human and dog palaeodiet at the site to be compared, and allows a consideration of the validity of this approach.

Stable isotope analysis uses themeasurement of isotope ratios of elements such as carbon and nitrogen – ingested through food and drink and incorporated into body tissues during processes including growth and cell repair – to investigate the sources of those isotopes (DeNiro & Epstein, 1978; DeNiro & Epstein, 1981; Schoeninger & DeNiro 1984). As isotope ratios vary naturally throughout the biosphere, it is possible to differentiate between the consumption of (for example) terrestrial and marine foods (e.g. Richards et al., 2001), and between plants utilising different photosynthetic pathways (e.g. Tafuri et al., 2009). Another important use of stable isotope analysis is to determine the trophic level at which organisms are feeding and so investigate the relative position of individuals and species with a food chain. This is possible due to the enrichment which is observed between the δ15N of a consumer's tissue, and that of their diet — the trophic effect. Different ranges and values of this enrichment have been reported but the range generally used in the literature is 3–5‰ (DeNiro & Epstein, 1981: 343; Peterson & Fry, 1987:304, Post, 2002: 709; Hedges & Reynard, 2007: 1246). Stable isotope analysis and zooarchaeology have been previously integrated through the use of gnawing data and stable isotope data as complementary indications of dog dietary intake (Noe-Nygaard, 1988; Clutton-Brock&Noe-Nygaard, 1990). Archaeological data on the contexts in which dog remains are found has also been used to suggest whether the dogs from a particular site are likely to have served primarily ceremonial or utilitarian roles and to consider how this may affect the interpretation of stable isotope data (White et al. 2001). The integration of stable isotope analysis alongside such zooarchaeological data is particularly useful as it allows for the combination of multiple dietary proxies. Stable isotope analysis also has the potential to measure the isotope ratios in different tissues and can, therefore, study different components of the diet at different timescales (Ambrose & Norr, 1993; Fernandes et al., 2012; O'Connell et al., 2001). For tissues such as hair, nail, and tooth enamel which grow sequentially and are metabolically inactive after formation, there is the added potential to analyse serial samples fromthe same specimen and so investigate temporal variation in dietary intake (e.g. Britton et al., this volume; Roy et al., 2005). Differences in amino acid composition and differential routing of dietary components between different body tissues (Ambrose & Norr, 1993; Froehle et al., 2010) means that tissues such as bone collagen, fur and claws are not directly comparable. However, researchers have attempted to establish predictable relationships between individuals' tissues (e.g. O'Connell et al., 2001) and so enable the correction and comparison of different tissues. The discovery of dog remains comprising fur, bone and claws at Nunalleq offers an opportunity to contribute to the data on inter-tissue differences, as well as allowing the investigation of dog diet at different temporal scales.

2. Materials
The archaeological site of Nunalleq is located near the modern Yup'ik village of Quinhagak on the Yukon-Kuskokwim Delta, southwest Alaska (Fig. 1). Since 2009 it has been the focus of excavations by the University of Aberdeen, in collaboration with the local native corporation Qanirtuuq Inc. Excavations at Nunalleq have revealed a semi-subterranean, multi-room complex that radiocarbon dating has indicated was occupied from c. CE 1300–1750 — with at least two phases of occupation at the site, and an earlier house discovered beneath the main one. The majority of the material excavated from Nunalleq derives from house floors and exterior activity areas. Nunalleq experiences discontinuous permafrost which, in combination with the moist, organic rich soils, has resulted in excellent preservation of organic remains. A large vertebrate faunal assemblage has been excavated, including tissues rarely preserved in archaeological contexts such as fur, claw, baleen and feathers. The remains analysed in this study come from the westerly edge of the site, which was the first part of the site to be investigated during the rescue excavation phase of the project in 2009 and 2010. This part of the site (opened as a 60 m2 excavation area) has subsequently been destroyed by coastal erosion, so the 2009/10 assemblage and the information derived from it represent an important archive of this lost section of the Nunalleq site. Radiocarbon dates on plant remains and caribou bone collagen from this area of the site indicate a main phase of occupation in the 15th–17th centuries CE (Britton et al., this volume).
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[bookmark: _Toc434336317]Figure 1 Map of south-western Alaska showing the location of Nunalleq.

3. Methods
3.1. Zooarchaeology
Zooarchaeological analysis of the vertebrate assemblage was conducted in the Department of Archaeology at the University of Aberdeen. The assemblage comprised mammal, bird and fish remains, although an in-depth zooarchaeological analysis of the bird and fish remains was beyond the scope of this project. As such, the mammalian remains were the main focus of the zooarchaeological analysis, with bird and fish remains subjected only to basic quantification and preliminary taxonomic identification for the purposes of inclusion in the stable isotope analysis. Data were collected on taxonomic identification, epiphyseal fusion and the presence and location of butchery marks, burning, carnivore gnawing and pathology. Bones were examined macroscopically for the presence of cut marks, and the number of bone fragments bearing cut marks was recorded for each species. In addition, the location of individual cutmarks was recorded diagrammatically. The age-at-death of canid bones was assessed using epiphyseal fusion and dental eruption (Sumner-Smith 1966; Newton & Nunamaker 1985, Table C-1; Hillson 2005, p. 215–217) and classified as either adult or sub-adult. For a small number of specimens, for which assessment of epiphyseal fusion was not possible due to damage, age classification was assigned on the basis of size. Although this is potentially problematic considering the variability in size observed in dogs from around the region (Haag, 1948; Crockford, 1997;West and Jarvis, 2012) geometric morphometric analysis of dogs from Nunalleq has indicated little variability in the size of adult dogs at the site (Ameen, 2014).

3.2. Stable isotope analysis
Samples were mostly selected from the vertebrate assemblage excavated in 2010. In addition to the dog specimens, they included a range of marine and terrestrial species from Nunalleq in order to provide a dietary baseline and to place the domestic dogs within the context of the wider ecosystem and food web. In instances where additional material was needed to answer specific research questions (e.g. multiple tissues from the same individual), samples were also taken from more recently excavated material. As far as possible the same, sided element was sampled for all specimens of a species. Skeletally mature elements (i.e. with fused epiphyses) were preferentially selected, although the high proportion of juveniles among the marine mammal assemblage necessitated the inclusion of sub-adult samples for these species. The two salmonid samples are representative of the assemblage of fish remains from the 2009/10 excavations at Nunalleq, the vast majority of which were salmonid vertebrae which could not be identified to species. At the time of analysis, the zooarchaeological investigation of fish remains at Nunalleq was at a very early stage and non-salmonid remains had not yet been identified. Areas bearing butchery, gnawing marks or pathological lesions were avoided during sampling. Dog fur and claw was identified either through its direct association with skeletal elements or through aDNA analysis (Anna Linderholm, University of Oxford, unpublished data).

Samples were prepared at the Department of Archaeology, University of Aberdeen and isotope ratios were analysed at the Department of Human Evolution, Max Planck Institute for Evolutionary Anthropology, Leipzig. Collagen extraction was carried out using standard protocols (Brown et al., 1988; Collins & Galley, 1998; Longin, 1971). Samples were cleaned by abrasion using a dental burr and demineralised in 0.5 M hydrochloric acid (HCl) at 4 °C with acid changed at regular intervals. When demineralization was complete samples were rinsed in deionised water and gelatinised in a weakly acidic solution (pH 3) for 48 h at 70 °C. The residues were purified using an E-zee-filter™ (Elkay, UK), followed by ultrafiltration to isolate the N30 kDa fraction. The filtrate was then frozen and lyophilized. Samples were weighed into tin capsules for carbon and nitrogen isotope analysis. Analysis was performed at the Department of Human Evolution, Max Planck Institute for Evolutionary Anthropology, Leipzig, Germany, in a Flash EA 2112 elemental analyzer interfaced with a Delta XP mass spectrometer (Thermo-Finnigan®, Bremen, Germany). Machine standard error in this laboratory is ±0.2‰ (1σ) or better. δ13C and δ15N were measured relative to the standards Vienna Pee Dee Belemnite (V-PDB) and Ambient Inhalable Reservoir (AIR), respectively. Data from extracted collagen samples were compared to published reference data on C:N ratio and carbon and nitrogen content of modern collagen, conventionally used to assess the quality of archaeological proteins for isotope analysis (Ambrose, 1990; O'Connell & Hedges, 1999; van Klinken, 1999; O'Connell et al., 2001). Fur and claw sample preparation was carried out as detailed in Britton et al. (2013: 451). This involved cleaning samples using a sequence of rinses with methanol:chloroform solutions and deionised water to remove lipids and contaminants (O'Connell & Hedges, 1999; O'Connell et al., 2001), before freeze-drying and weighing.

4. Results and discussion
Stable isotope data from all species analysed are plotted in Fig. 2 and a summary table of species means is displayed as Table 1 (full data values are presented as Supplementary information). Carbon and nitrogen stable isotope data for domestic dog bone collagen and keratin samples are presented in Table 2 and plotted in Fig. 3. Fig. 4 demonstrates the intra-individual variation in the isotope ratios of bone, fur and claw. A comparison of mixing model results for dog and human diet is shown in Fig. 5.

4.1. Zooarchaeology
A wide range of terrestrial and marine mammalian species were identified in the Nunalleq vertebrate assemblage (McManus-Fry, 2015), which is reflected in the range of species sampled for stable isotope analysis. Skeletal remains were generally well-preserved, as a result of permafrost conditions at the site. Age-at-death of dog elements was assessed by epiphyseal fusion (Sumner-Smith, 1966) and indicated that proportions of sub-adults (<1 year) and adults (>6 months) were roughly similar, when assessed through basic fragment counts (NISP). Evidence of skeletal pathologies among the dogs at Nunalleq was rare. One well healed fibula fracture was observed; one cranium exhibited fractures to the facial region whilst another showed a peri-mortem penetrating injury. The most notable observation was the high frequency of cut marks present on the dog bones. Very few of the dog bones have been smashed and the vast majority of butchery marks take the form of cut marks. Cutmarks were widespread across the skeleton, all elements of which were present in the vertebrate assemblage. The atlas, humerus and pelvis displayed the greatest number of cut marks, with 7 out of 9 atlas bones (78%), 9 out of 21 humeri (43%) and 5 out of 18 (28%) innominates bearing cut marks. The high proportion of butchered atlas bones is echoed by an accordingly high number of crania or cranial fragments displaying cut marks to the basi-occipital region, particularly around the occipital condyles.

4.2. Stable isotope analysis
All collagen and keratin samples met with quality control criteria (DeNiro, 1985; O'Connell & Hedges, 1999; van Klinken, 1999). Table 1 shows the mean isotope results of the range of species analysed from Nunalleq and the individual data points are plotted in Fig. 2. The herbivores (caribou, hare and beaver) have the lowest δ15N values, ranging from 1.0‰ to 3.7‰ (McManus-Fry 2015). The δ13C values of the herbivores are more varied, with a distinction between the higher values of the caribou (−18.0 ± 0.4‰, 1σ) and the lower values for beaver and hare (−21.8±0.9‰). The wide range of terrestrial and freshwater omnivorous species in the dataset is reflected by the wide range of isotope values among these animals. The highest δ15N (15.2‰) belongs to the wolverine, with the lowest being the fox (6.9 ± 0.3‰). The bear has the highest δ13C (−16.6‰) and the lowest is from a mink (−23.7‰). The marine mammals (cetaceans and pinnipeds) have the highest δ13C and δ15N of the dataset, ranging from −15.8‰ to −11.1‰, and from 14.3‰ to 20.9‰, respectively. Some age-related variation was observed among the pinnipeds, which may relate to variations in habitat and diet throughout the animals' life-cycle (McManus-Fry, 2015). The two salmon samples had δ13C values of −16.7‰ and −15.3‰ and δ15N values of 12.3‰ and 14.9‰.

Table 2 shows the δ13C and δ15N values from all dog bone, fur and claw samples. The mean δ13C and δ15N for all dog bone collagen samples was −15.1 ± 0.6‰ (1σ) and 15.4 ± 0.8‰ (1σ), respectively. δ13C ranged from −16.4‰ to −14.1‰ and the range for δ15N was from 13.7‰ to 17.6‰. The highest stable nitrogen isotope values (17.6‰ and 17.3‰) come from two juvenile mandibles (B-248-425 and B-248-426), which probably indicate that their bone retained a signal from the period of nursing. Removing these two samples from the dataset does not significantly change the mean values (δ13C remains the same and δ15N decreases slightly to 15.1 ± 0.6‰ (1σ)), so it is not deemed necessary to treat them separately from the wider dataset. The mean δ13C and δ15N of the nine dog fur samples analysed were very similar to the results from bone, at −15.1 ± 0.7‰ and 15.5 ± 2.3‰ (1σ) (Fig. 3). Among the fur samples there are two outliers (defined here as being over 1.5 times the IQR from the median value) in both δ15N and δ13C. GDN-248-126 and GDN-248-480 have carbon and nitrogen isotope ratios which are significantly higher than the rest of the data. Whilst there is a large difference in the δ15N of the two outlier samples (approximately a trophic level) the distinction from the other fur samples and the similarity of their δ13C values could suggest that two dietary groups are present among the data. This could relate to seasonal variations in diet as represented in winter and summer pelage, although the small sample sizes makes this conclusion somewhat speculative. The analysis of serial sections along individual hairs would provide more information upon this point, but this was not possible within the limits of this project. Two samples of dog claws were analysed, which both had very similar δ13C and δ15N values and were depleted in 13C compared to both fur and bone, producing a mean δ13C of −16.4 ± 0.0‰ and δ15N of 14.5 ± 0.4‰ (1σ). Data on the growth rate of fur and claws in dogs is relatively limited. The rate of growth in dog claws has been reported to vary depending on factors including environmental conditions and age of the animal, with growth rate decreasing over the life of a dog (Orentreich et al., 1979). In beagles the growth rate was determined to be 1–2 mm per week (Orentreich et al., 1979). The claw samples from Nunalleq comprised a slice cut down the length of the centre of the claws, which measured ~2 cm long and according to this growth rate would represent a time period of between 10 and 20 weeks, depending upon the age of the individual. A study on Labrador retrievers found that it took between 13.6 and 15.4 weeks for clipped fur to regrow to its original length (Diaz et al., 2004), although as the original length of the hair is not stated in the  study the rate of growth is not possible to calculate. Improved data on the growth rate of keratinous tissues in dogs would be very beneficial for understanding the comparability of these tissues and the significance of differences in their isotopic compositions.
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Fig. 2. Bone collagen δ13C and δ15N data from Nunalleq fauna, showing mean ± 1 s.d. (except dogs shown as individual points).



Table 1. Species averages of bone collagen data from Nunalleq.
	Common name
	Scientific name
	n
	δ13C (‰)
	δ15N (‰)

	Bear
	Ursus sp.
	1
	-16.6
	9.9

	Bearded seal
	Erignathus barbatus
	7
	-12.8±1.0
	17.4±1.0

	Beaver
	Castor canadensis
	7
	-22.1±0.2
	3.2±0.2

	Beluga
	Delphinapterus leucas
	3
	-12.9±0.2
	19.5±1.3

	Caribou
	Rangifer tarandus
	18
	-18.0±1.8
	1.8±0.5

	Dog
	Canis familiaris
	25
	-15.1±0.6
	15.4±0.8

	Duck
	Anatidae sp.
	2
	-21.5±2.9
	8.3±0.5

	Fox
	Vulpes vulpes
	2
	-19.5±0.0
	6.9±0.3

	Harbour/spotted seal
	Phoca vitulina/largha
	4
	-12.8±0.6
	19.6±1.0

	Hare
	Lepus othus
	4
	-21.3±1.4
	2.9±0.9

	Mink
	Neovison vison
	4
	-22.7±0.9
	10.4±0.5

	Porpoise
	Phocoena phocoena
	1
	-12.3±0.0
	15.5±0.0

	Ringed seal
	Pusa hispida
	8
	-13.4±1.0
	18.3±0.9

	River otter
	Lontra canadensis
	1
	-22.4±0.0
	12.5±0.0

	Salmon
	Oncorhynchus sp.
	2
	-16.0±1.0
	13.6±1.9

	Sea lion
	Eumetopias jubatus
	1
	-11.1±0.0
	20.3±0.0

	Swan
	Cygnus columbianus
	1
	-18.3±0.0
	5.7±0.0

	Walrus
	Odobenus rosmarus
	3
	-12.5±0.4
	14.5±0.2

	Whale
	Mysticeti sp.
	4
	-13.5±0.7
	18.5±0.7

	Wolverine
	Gulo gulo
	1
	-20.1±0.0
	14.8±0.0
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	Sample code
	Tissue
	δ13C
	δ15N
	Amount % C
	Amount % N
	C:N

	B-248-169
	Bone collagen
	-16.4
	15.1
	41.7
	14.3
	3.4

	B-248-418
	Bone collagen
	-16.0
	14.4
	40.9
	13.8
	3.5

	B-248-419
	Bone collagen
	-14.5
	14.0
	47.0
	17.2
	3.2

	B-248-420
	Bone collagen
	-15.3
	14.9
	42.9
	15.2
	3.3

	B-248-421
	Bone collagen
	-15.0
	15.5
	45.6
	16.2
	3.3

	B-248-422
	Bone collagen
	-14.7
	15.7
	43.0
	15.3
	3.3

	B-248-423
	Bone collagen
	-15.9
	15.4
	46.3
	15.4
	3.5

	B-248-424
	Bone collagen
	-14.5
	15.8
	46.6
	16.6
	3.3

	B-248-425
	Bone collagen
	-15.7
	17.3
	45.3
	15.9
	3.3

	B-248-426
	Bone collagen
	-15.6
	17.6
	43.9
	15.8
	3.2

	B-248-427
	Bone collagen
	-15.3
	15.5
	41.6
	14.9
	3.3

	B-248-428
	Bone collagen
	-14.9
	14.6
	43.9
	16.0
	3.2

	B-248-429
	Bone collagen
	-15.1
	15.4
	44.2
	15.7
	3.3

	B-248-430
	Bone collagen
	-15.1
	14.6
	44.6
	16.1
	3.2

	B-248-431
	Bone collagen
	-14.6
	15.4
	43.7
	16.1
	3.2

	B-248-434
	Bone collagen
	-14.3
	15.7
	45.6
	17.0
	3.1

	B-248-436
	Bone collagen
	-15.3
	13.7
	45.7
	16.1
	3.3

	B-248-437
	Bone collagen
	-14.9
	15.0
	45.3
	16.0
	3.3

	B-248-438
	Bone collagen
	-14.8
	15.6
	45.4
	16.2
	3.3

	B-248-439
	Bone collagen
	-14.7
	15.6
	45.2
	16.3
	3.2

	B-248-440
	Bone collagen
	-15.2
	15.7
	45.6
	16.0
	3.3

	B-248-4811
	Bone collagen
	-15.8
	15.8
	44.6
	15.8
	3.3

	B-248-3432
	Bone collagen
	-14.4
	15.7
	42.8
	16.1
	3.1

	B-248-1093
	Bone collagen
	-14.1
	16.0
	42.8
	16.0
	3.1

	B-248-3424
	Bone collagen
	-14.4
	15.7
	44.3
	15.9
	3.3

	B-248-159
	Fur
	-15.3
	13.3
	42.8
	14.6
	3.4

	B-248-126
	Fur
	-14.0
	20.5
	43.6
	14.8
	3.4

	B-248-131
	Fur
	-15.5
	13.8
	43.1
	14.8
	3.4

	B-248-158
	Fur
	-15.4
	16.7
	42.2
	14.1
	3.5

	B-248-4801
	Fur
	-14.0
	17.4
	46.0
	15.5
	3.5

	B-248-4842
	Fur
	-15.7
	14.8
	43.7
	15.2
	3.4

	B-248-4853
	Fur
	-15.4
	14.6
	47.6
	16.3
	3.4

	B-248-486
	Fur
	-15.3
	13.9
	43.8
	14.7
	3.5

	B-248-4874
	Fur
	-15.1
	14.8
	49.4
	17.0
	3.4

	B-248-4821
	Claw
	-16.4
	14.7
	47.1
	16.0
	3.4

	B-248-4832
	Claw
	-16.5
	14.2
	46.1
	15.5
	3.5
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Fig. 3. Carbon and nitrogen isotope data from all dog samples.
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Fig. 4. Intra-individual tissue groups. Open symbols = bone collagen; black symbols = fur; grey symbols = claw. Fur and claw values converted to estimated bone collagen values (O'Connell et al., 2001).

4.3. The palaeodiet of dogs at Nunalleq
The results from the carbon and nitrogen isotope analysis of bone collagen from the domestic dogs at Nunalleq can be compared to the data from other vertebrate taxa that were also sampled (Fig. 2). Dogs exhibit the highest δ13C and δ15N of the terrestrial mammal dataset and are exceeded in these values only by marine mammals. The data indicate that, although the δ13C and δ15N values for the dogs are high relative to the rest of this dataset, they are not so high as to suggest that sea mammal protein was the most abundant protein source in the diet. Fish appear to be the major component of dog diet at the site, with smaller amounts of sea mammal and terrestrial protein probably also being consumed. The zooarchaeological data from the faunal assemblage points to a degree of opportunism in the dogs' diet, with carnivore gnawing marks on 16% of bones in the assemblage indicative of dogs having access to carcass processing waste (McManus-Fry, 2015). However, the extent to which any scavenging contributed to dietary intake is difficult to assess, as it depends upon the amount of flesh remaining on the bone when it was discarded. In comparison with domestic dogs analysed at other maritime-based hunter-gatherer sites in North America (Cannon et al., 1999; Byers et al., 2011; Rick et al., 2011; Guiry & Grimes, 2013) the Nunalleq dogs are generally depleted in δ13C and δ15N, reflecting the consumption of a lower proportion of marine mammal protein. The environment of the coastal region will also affect the isotope ratios of marine foods obtained from Kuskokwim Bay, as the significant input of freshwater from the Kuskokwim and other rivers flowing into the Bering Sea acts as a diluting influence on the seawater and results in lower δ13C and δ15N values than would be found further from the coast or in other coastal regions with a lesser freshwater input.

The analysis of fur and claw keratin (tissues which form more rapidly than bone collagen and are not subsequently remodelled) provides a shorter term record of diet. As discussed above, the analysis of bulk fur samples from Nunalleq has suggested possible variability in diet, which is not visible in the data from bone collagen. In four occasions, canid remains were uncovered which comprised two or more tissues and the opportunity was therefore presented to analyse multiple tissues from these individuals (Fig. 4). Due to differences in the amino acid composition of hair and nail keratin and bone collagen, these three tissues are not directly comparable. The application of a correction of −0.65‰ in δ15N between hair and nail keratin, and a subsequent correction of +0.86‰for δ15N and+1.4 for δ13C between hair keratin and bone collagen (as suggested by O'Connell et al., 2001), allows for estimated bone collagen values to be calculated from the measured hair/claw keratin values. For three of the individual dogs the bone collagen and converted fur isotope values are quite similar. Both of the claw keratin samples are lower in both δ13C and δ15N. The significance of this is unclear; whilst it may reflect dietary variability not visible in bone collagen or fur keratin data, it could also be a function of the metabolic differences between these tissues, which are not accounted for by the correction equation of O'Connell et al. (2001). One individual, Dog 1, has the greatest difference between the isotope values of the three tissues, which may reflect a shift in diet between higher trophic marine foods and lower trophic foods such as salmon. Alternatively, some of the variability may be related to inter- and intra-individual differences in amino acid composition of various tissues (O'Connell et al., 2001). It should also be noted that there are degrees of error and uncertainty involved in the application of such correction factors to measured data. This dataset is small but the analysis of multiple tissues from individuals has the potential to provide important information on the relationship between the different tissues, and it is hoped that the data presented here will contribute to future investigations of this issue.
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4.4. Dog-human dietary comparison
Another unique aspect of the Nunalleq site is the preservation of hundreds of pieces of cut human hair, discarded on house floors. This enables the comparison of human palaeodiet and dog palaeodiet, in addition to allowing for the investigation of short-term human dietary change through sequential analysis of hair strands (Britton et al. 2013; Britton et al., this volume). The assumed similarity between dog and human diet has been used in numerous studieswhich have analysed archaeological dog remains as a dietary analogue for the contemporary human population (Allitt et al., 2008; Rick et al., 2011). The results of bulk analysis of 57 strands of human hair analysed from Nunalleq (Britton et al., this volume) can be converted to an estimated bone collagen value (O'Connell et al., 2001), which can then be compared to the dog data. The mean estimated human bone δ13C and δ15N values (calculated from the measured human hair means) are elevated compared with the mean dog bone collagen values by 0.9‰ and 1.9‰, with values of−14.2‰(1σ) and 17.3‰(1σ), respectively. Although such a conversion from measured isotope ratio in hair to predicted isotope ratio in bone collagen potentially introduces additional degrees of error, it does provide a useful tool for comparing the dietary patterns within the two groups. The difference in carbon isotope values is relatively small, and the size of the 15N enrichment of human bone over dog bone is within the range observed in numerous comparisons of humans and contemporaneous dogs (Guiry, 2012). Various factors have been suggested as influencing the degree of difference between human and dog isotope values (Guiry 2012). One suggestion for lower δ15N and δ13C values in dogs compared to humans is the occasional consumption of dog meat (Richards et al., 2009). The evidence for butchery of dog carcasses (see below) gives support to this interpretation of the Nunalleq data, although other factors such as differential provisioning could also have an influence (Ames et al., 2015). By using a mixing model it is possible to compare the mean contributions of different prey sources to the dog and human diets (Fig. 5). Four dietary sources were used: caribou, marine mammals (pinnipeds and cetaceans), salmonids and marine fish. The mixing model FRUITS was used (Fernandes et al., 2014), with diet-tissue offsets of +1‰ for δ13C (Byers et al. 2011: 192) and+3‰ for δ15N (Coltrain, 2009: 770). The results of the mixing model in FRUITS (Fig. 5) indicated that salmon was the dominant food in both diets, with mean contributions of 40% in the human diet (consistent with previously obtained mixing model results from Isosource (Britton et al., 2013; Britton et al., this volume) and 42% in the dog diet. Of the four food sources used, marine fish had the most minor contribution to both diets, followed by caribou. The biggest difference between the modelled human and dog diets was in the consumption of marine mammals, which was significantly higher in humans (predicted mean contribution of 33%) than in dogs (predicted mean contribution of 24%). The results of the mixing model, therefore, primarily serve to support the conclusions made based on the initial interpretation of the stable isotope data. However, in this instance the additional evidence for the importance of fish in human subsistence and canid provisioning is particularly valuable. Small fish bones are less likely to be recovered during excavation than larger mammalian bones, and are also less likely to display physical evidence of canid consumption. Overall, the comparison suggests that dogs at Nunalleq were consuming a similar diet to their human keepers. In both human and dog diets, fish was the dominant food source and terrestrial foods formed a relatively minor dietary component. The greater consumption of marine mammal protein by humans is the main difference in provisioning between humans and dogs. The use of mixing models to estimate the composition of an individual's or species' diet is not without its problems and limitations, particularly in archaeological contexts (Bond and Diamond, 2011; Britton et al., 2013; Phillips et al. 2014). However, in this instance, the agreement of the two mixing models, in the results for both dogs and humans, and their similarity to the initial graphical interpretation of the data gives support to the conclusions of the mixing models. The zooarchaeological data offer further insight into the relationship between humans and dogs. The presence of cut marks on some bones indicates that dog carcasses were being butchered, with the location of cuts at major joints suggesting disarticulation during butchery for meat. The greatest proportion of cut marks is found on the atlas (Fig. 6) and around the occipital condyles of the cranium (Fig. 7), indicating that the head was removed from the carcass. Cut marks are also found across the masseteric fossa of the mandible (Fig. 8), probably resulting from the removal of the jaw. Similar cut marks have been observed on the crania and mandibles of archaeological dogs from Kodiak Island, Alaska (West & Jarvis, 2012). This may have been a practical measure to aid the processing of the postcranial carcass or could have been related to the use of parts of the skull such as the tongue and brain. The presence of these cut marks indicates that domestic dogs were processed, probably for meat. Recent stable isotope analysis of human hair from Nunalleq (Britton et al., this volume) suggests that any consumption of dog meat was minor and/or infrequent, as human isotope values are not sufficiently enriched in 15N over dog values to indicate that dog meat formed a significant part of the human diet.
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Fig. 6 Composite diagrams of all butchered dog atlases (n=7, NISP = 9)
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Fig. 7 Occipital region of dog cranium showing location of cut marks
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Fig. 8 Dog mandible showing location of cut marks

5. Conclusions
Overall, the results of this study indicate the strong relationship between human diet and subsistence and the diet of domestic dogs in precontact Alaska. Fish (particularly salmonids) were dominant in both diets, suggesting that provisioning for the canid and human inhabitants of Nunalleq depended on similar variables. The evidence of opportunistic scavenging by dogs (through gnawing marks across the vertebrate assemblage) and the potential seasonality reflected by inter-tissue comparisons suggests that dogs were obtaining some of their food from human food waste. The dominance of salmonids in the dog diet indicates that fish formed a major part of their diet. These fish may have been intentionally caught for and provided to them, or may have been species considered less desirable for consumption by humans and, therefore, reserved as dog food. The comparison of human and dog isotope data at Nunalleq supports the use of dogs as palaeodietary proxies for human populations from the same site, at least in similar high latitude regions where the vast majority of the human diet comprises animal protein, and where carbohydrates and vegetal foods are limited. The ability to dry and store fish was probably important in providing a source of food for dogs during the less productive winter months. The stable isotope evidence from the different tissues sampled suggests, however, that there was a degree of short-term variability in the diet of dogs at Nunalleq that could reflect seasonal variations in diet or occasional (short-term) changes to higher trophic level foods. This may have been related to unusual harvests, such as seasons of particular abundance or scarcity in certain foods. It could also be a result of dogs consuming leftovers from the different animals being hunted at different points in the year. Seasonality in dog diet, and differences between the diets of individual dogs, is consistent with evidence of human dietary variability (both seasonal/inter-annual and/or inter-personal; see Britton et al., this volume).

Evidence from the cut marks found on dog elements provides an alternative insight into the position of dogs in human subsistence practices. The frequency and placement of cut marks suggests that dog carcasses were being processed for meat and/or fur on at least an occasional basis. The fate of dogs was probably a delicate balance between their usefulness for transportation and hunting and the nutritional demands they put on the community. When the contribution they made to the gathering of food decreased, either as a result of age, injury, lack of discipline or through external factors such as changes to prey abundance, they may have been exploited for other resources (their meat and fur). This would have involved a careful management of the numbers of dogs kept at the village and implies a complementary understanding of wild and domesticated resources. To this extent, the relationship between humans and their dogs would have been a critical aspect of the exploitation of faunal resources at Nunalleq. As the only domestic animals kept by the Yup'ik in this period, dogs occupied a liminal position between the domestic and the wild. Their nutritional requirements and the similarity between human and dog diet implies that the provisioning of dogs was an important consideration in human subsistence activity and that dogs were an integral part of domestic activities. The combination of isotope and zooarchaeological analysis applied here has emphasized the unique and complex position of dogs within pre-contact Alaskan society.

Acknowledgements
This work was funded by a PhD studentship to EM from the Natural Environment Research Council (2210 GG005 RGA1521) and an Arts and Humanities Research Council (AH/K006029/1) grant to RK, KB and Charlotta Hillerdal (Aberdeen). Material was excavated from Nunalleq by staff and students from the University of Aberdeen, volunteer excavators and residents of Quinhagak. Logistical and planning support for the excavation was provided by Qanirtuuq Incorporated, Quinhagak, and the residents of Quinhagak.

Appendix A. Supplementary data
Supplementary data to this article can be found online at: http://dx.doi.org/10.1016/j.jasrep.2016.04.007




Appendix A: Supplementary Information

	Sample no.
	S-Eva #
	Species
	Tissue
	δ13C (‰)
	δ15N (‰)
	%C
	%N
	C:N

	B-248-172
	18986
	Salmonid
	Bone
	-16.7
	12.3
	39.4
	12.8
	3.6

	B-248-173
	18987
	Salmonid
	Bone
	-15.3
	14.9
	37.8
	12.7
	3.5

	B-248-432
	27216
	Fox
	Bone
	-19.5
	7.1
	44.3
	15.8
	3.3

	B-248-433
	27217
	Fox
	Bone
	-19.6
	6.7
	43.8
	15.3
	3.3

	B-248-441
	27224
	Duck
	Bone
	-19.5
	8.6
	45.0
	16.5
	3.2

	B-248-442
	27225
	Swan
	Bone
	-18.3
	5.7
	44.3
	16.6
	3.1

	B-248-443
	27226
	Duck
	Bone
	-23.5
	8.0
	43.6
	16.1
	3.2

	B-248-444
	27227
	Beaver
	Bone
	-22.3
	3.3
	43.4
	16.0
	3.2

	B-248-445
	27228
	Beaver
	Bone
	-21.8
	3.2
	43.6
	16.3
	3.1

	B-248-446
	27229
	Bear
	Bone
	-16.6
	9.9
	44.1
	16.2
	3.2

	B-248-447
	27230
	Porpoise
	Bone
	-12.3
	15.5
	44.8
	15.9
	3.3

	B-248-448
	27231
	Hare
	Bone
	-22.0
	3.7
	44.2
	16.0
	3.2

	B-248-449
	27232
	Hare
	Bone
	-21.3
	2.1
	44.0
	16.6
	3.1

	B-248-450
	29095
	Caribou
	Bone
	-17.6
	1.9
	46.0
	16.3
	3.3

	B-248-451
	29096
	Caribou
	Bone
	-17.9
	2.4
	45.8
	15.9
	3.4

	B-248-452
	29097
	Caribou
	Bone
	-18.4
	1.6
	45.1
	16.2
	3.3

	B-248-453
	29098
	Caribou
	Bone
	-17.7
	1.6
	44.9
	16.5
	3.2

	B-248-454
	29099
	Caribou
	Bone
	-17.9
	2.4
	44.4
	15.7
	3.3

	B-248-455
	29100
	Caribou
	Bone
	-17.4
	1.0
	45.0
	16.1
	3.3

	B-248-456
	29101
	Sea lion
	Bone
	-11.1
	20.3
	44.8
	16.5
	3.2

	B-248-457
	30145
	Beaver
	Bone
	-21.9
	3.1
	44.3
	15.8
	3.3

	B-248-458
	30146
	Beaver
	Bone
	-22.1
	2.8
	45.3
	16.3
	3.2

	B-248-459
	30147
	Beaver
	Bone
	-22.2
	3.2
	44.7
	16.2
	3.2

	B-248-460
	30148
	Beaver
	Bone
	-21.9
	3.1
	44.6
	16.3
	3.2

	B-248-461
	29102
	Beluga
	Bone
	-13.1
	18.3
	43.9
	16.4
	3.1

	B-248-462
	29103
	Beluga
	Bone
	-12.8
	20.9
	45.0
	16.5
	3.2

	B-248-463
	29104
	Beluga
	Bone
	-12.8
	19.3
	44.9
	16.5
	3.2

	B-248-464
	30149
	Whale
	Bone
	-13.9
	18.8
	44.4
	16.2
	3.2

	
	
	
	
	
	
	
	
	

	B-248-466
	30151
	Whale
	Bone
	-13.9
	17.4
	46.1
	16.2
	3.3

	B-248-467
	30152
	Whale
	Bone
	-12.5
	19.0
	46.1
	16.7
	3.2

	B-248-468
	30153
	Whale
	Bone
	-13.7
	18.9
	45.1
	16.1
	3.3

	B-248-469
	30154
	Walrus
	Bone
	-12.5
	14.7
	45.4
	16.4
	3.2

	B-248-470
	30155
	Walrus
	Bone
	-12.2
	14.3
	44.9
	16.7
	3.1

	B-248-471
	30156
	Walrus
	Bone
	-13.0
	14.6
	44.1
	15.6
	3.3

	B-248-472
	30157
	Hare
	Bone
	-22.4
	2.2
	44.8
	16.3
	3.2

	B-248-473
	30158
	Wolverine
	Bone
	-20.1
	14.8
	44.7
	16.1
	3.2

	B-248-474
	30159
	Hare
	Bone
	-19.4
	3.7
	44.0
	15.7
	3.3

	B-248-475
	30160
	Beaver
	Bone
	-22.4
	3.4
	43.6
	15.3
	3.3

	B-248-476
	30161
	Mink
	Bone
	-23.2
	10.7
	42.3
	14.4
	3.4

	B-248-477
	30162
	Mink
	Bone
	-23.7
	9.6
	43.9
	15.4
	3.3

	B-248-478
	30163
	Mink
	Bone
	-22.1
	10.8
	44.2
	16.1
	3.2

	B-248-479
	30164
	Mink
	Bone
	-21.9
	10.7
	43.4
	15.9
	3.2

	B-248-488
	29081
	Bearded seal
	Bone
	-12.7
	17.9
	43.9
	16.0
	3.2

	B-248-489
	29082
	Bearded seal
	Bone
	-12.5
	16.3
	44.1
	15.7
	3.3

	B-248-490
	29083
	Bearded seal
	Bone
	-15.0
	17.4
	43.5
	15.8
	3.2

	B-248-491
	29070
	Bearded seal
	Bone
	-12.3
	17.8
	42.8
	15.8
	3.2

	B-248-492
	29071
	Bearded seal
	Bone
	-12.0
	17.8
	40.7
	15.2
	3.1

	B-248-493
	29072
	Caribou
	Bone
	-17.9
	1.6
	41.8
	15.7
	3.1

	B-248-494
	29073
	Harbour/spotted seal
	Bone
	-12.0
	20.5
	42.1
	15.2
	3.2

	B-248-495
	29084
	Harbour/spotted seal
	Bone
	-13.0
	19.2
	44.1
	15.8
	3.3

	B-248-496
	29085
	Harbour/spotted seal
	Bone
	-13.4
	18.3
	43.4
	15.2
	3.3

	B-248-497
	29086
	River otter
	Bone
	-22.4
	12.5
	43.4
	15.8
	3.2

	B-248-498
	29087
	Harbour/spotted seal
	Bone
	-13.1
	20.3
	43.0
	14.7
	3.4

	B-248-499
	29074
	Ringed seal
	Bone
	-12.9
	17.2
	40.5
	14.8
	3.2

	B-248-500
	29088
	Ringed seal
	Bone
	-13.1
	17.4
	43.3
	15.5
	3.3

	B-248-501
	29089
	Ringed seal
	Bone
	-13.4
	19.0
	43.8
	15.2
	3.4

	B-248-502
	29090
	Ringed seal
	Bone
	-12.9
	18.1
	43.8
	15.7
	3.3

	B-248-503
	29091
	Ringed seal
	Bone
	-15.8
	19.4
	44.5
	15.6
	3.3

	B-248-504
	29092
	Ringed seal
	Bone
	-13.2
	19.2
	44.4
	15.9
	3.3

	B-248-505
	29075
	Ringed seal
	Bone
	-12.6
	18.7
	40.8
	15.3
	3.1

	B-248-506
	29076
	Ringed seal
	Bone
	-13.6
	17.5
	42.3
	15.0
	3.3

	B-248-507
	29093
	Phocid seal
	Bone
	-12.3
	19.9
	43.6
	15.2
	3.4

	B-248-508
	29077
	Phocid seal
	Bone
	-14.3
	16.2
	40.5
	14.9
	3.2

	B-248-509
	29078
	Bearded seal
	Bone
	-12.4
	18.8
	43.2
	15.8
	3.2

	B-248-510
	29094
	Bearded seal
	Bone
	-12.9
	15.9
	44.4
	15.4
	3.4

	B-248-5181
	--
	Caribou
	Bone
	-18.9
	1.6
	--
	--
	3.3

	B-248-5191
	--
	Caribou
	Bone
	-18.2
	2.3
	--
	--
	3.2

	B-248-5201
	--
	Caribou
	Bone
	-17.7
	1.6
	--
	--
	3.3

	B-248-5211
	--
	Caribou
	Bone
	-18.0
	1.4
	--
	--
	3.3

	B-248-5221
	--
	Caribou
	Bone
	-17.7
	1.5
	--
	--
	3.3

	B-248-5231
	--
	Caribou
	Bone
	-17.6
	1.4
	--
	--
	3.2

	B-248-5241
	--
	Caribou
	Bone
	-17.8
	1.3
	--
	--
	3.3

	
	
	
	
	
	
	
	
	
	


1 Sample analysed during radiocarbon dating at SUERC
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