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ABSTRACT

Reduced sea ice and projected food web shifts associated with warming of the Arctic have raised 

concerns about the future of Arctic species. Pacific walruses (Odobenus rosmarus divergens) use sea ice 

as a platform for molting, giving birth, and resting between foraging bouts. Exactly how sea ice loss will 

affect walruses is difficult to predict, due to a lack of information about regional ecosystems and their 

responses to climate change. The objectives of the research in this dissertation were to 1) examine how 

walrus diet changed in response to shifting sea ice conditions over the last 4,000 years, with the goal of 

generating predictions about how current and future ice loss may affect the walrus population; 2) make it 

easier to directly compare the results of retrospective and contemporary stable isotope studies of walruses; 

and 3) generate new tools to assist wildlife managers in monitoring the walrus population in an uncertain 

future. Stable carbon and nitrogen isotope ratios of walrus bone collagen indicated that diet was similar 

during previous intervals of high and low sea ice; however, diet variability among individual walruses 

was greater when sea ice cover was low, suggesting decreased abundance of preferred mollusk prey. 

Modern walrus diet was different from both previous high and low ice intervals, meaning that food webs 

in the Arctic are still in a state of flux, or that recent changes are novel within the last 4,000 years. Tissue

specific stable isotope discrimination factors were generated for walrus muscle, liver, skin, and bone 

collagen to improve comparisons between retrospective and contemporary studies of walrus diet. 

Additionally, lipid normalization models were parameterized for walrus skin and muscle, thereby making 

future walrus stable isotope research more feasible by reducing analytical costs and allowing the use of 

non-lethal sample collection. Finally, a novel technique for estimating the age at onset of reproductive 

maturity using concentrations of zinc and lead in the teeth of female walruses was established. This new 

approach has the potential to become a powerful tool for monitoring the walrus population and may be 

applicable to other species. Use of this technique on archived specimens may make it possible to examine 

changes in wildlife population dynamics across thousands of years.
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INTRODUCTION

Pacific walruses and climate change

The Pacific walrus (Odobenus rosmarus divergens) is an iconic Arctic species and a key part of 

regional ecosystems. Walruses are benthic foragers, using highly specialized facial musculature to suction 

prey (primarily bivalves) from the seafloor (Fay 1982). In the process of excavating prey, walruses cause 

bioturbation, thereby playing a major role in nutrient resuspension, sediment sorting, and structuring of 

benthic communities in the Arctic (Ray et al. 2006). Each winter, the Pacific walrus population gathers in 

the Bering Sea to breed (Fay 1984; Jay et al. 2011). After breeding, the population undertakes a sex- 

segregated migration, with females and juveniles following receding sea ice northward into the Chukchi 

Sea, and males moving to coastal areas around Bristol Bay, Alaska and the Gulf of Anadyr, Russia (Fay 

1982). Walruses exhibit relatively low reproductive rates, with females giving birth to a calf about every 

other year, providing maternal care for two years (Nowak 2004).

Sea ice plays a critical role in walrus life history, both directly and through indirect ecosystem

level effects. Walruses use sea ice as a platform for resting between foraging bouts, as well as for molting, 

calving, and migration (Fay 1982); however, the presence of sea ice also impacts walruses in a bottom-up 

cascade effect. The biomass of sea ice-associated algal communities can be large, boosting ecosystem 

productivity and greatly increasing energy flux to the benthic food web (Gradinger 2009). The loss of sea 

ice leads to benthic-pelagic decoupling, a severing of the link between the sea ice-associated and benthic 

communities that diminishes productivity in the benthos (Grebmeier et al. 2006). It is unknown how this 

process affects walruses; however, a decline in benthic productivity would likely lead to a subsequent 

decrease in availability of preferred prey. Though the diet of walruses is typically dominated by benthic 

bivalves, they consume a wide variety of prey items, including pelagic and higher trophic level species 

(Sheffield and Grebmeier 2009), suggesting a degree of flexibility and potential resilience to changing 

prey availability.
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Over the last several decades, there has been a rapid decline in the spatial extent and thickness of 

summer sea ice in the Arctic Ocean (Serreze and Meier 2018). When the sea ice edge retreats north of the 

continental shelf in the summer, as it has done several times in the last decade, it moves over water too 

deep to allow walruses to successfully forage (Fay and Burns 1988; Garlich-Miller et al. 2011). The sea 

ice thus loses its value as a platform for resting between foraging bouts, forcing walruses to use alternate 

haulout strategies. During the recent period of sea ice loss, walruses have indeed changed foraging and 

haulout locations (Fischbach et al. 2009; Grebmeier 2012; Jay et al. 2012). The frequency of large 

terrestrial haulouts in Alaska has increased (Jay et al. 2012), resulting in several large mortality events 

caused by disturbance and trampling (Fischbach et al. 2009; Jay et al. 2011). Terrestrial haulouts can also 

lead to local resource depletion, and may require walruses to make long, energetically expensive trips to 

productive offshore areas to forage (Garlich-Miller et al. 2011). While terrestrial haulouts, and even 

associated mortalities due to trampling, are not a new phenomenon (Fay and Kelly 1980), the recent 

increase in the frequency and size of these events in Alaska may represent a change to the walrus 

population. The combined effects of sea ice habitat loss and altered food-web structure will likely leave 

walrus populations vulnerable to additional disturbance (Garlich-Miller et al. 2011). In addition to their 

role in shaping Arctic ecosystems, walruses are an important food resource for Native Alaskan and 

Russian subsistence users. Maintaining a healthy walrus population is critical to regional food security 

(Hovelsrud et al. 2008), thus it is important to consider how the changing Arctic climate may affect not 

only the walrus population itself, but also the Native Alaskans and Russians who depend on walruses for 

food.

Past changes as predictors of the future

The Arctic has been historically understudied (Wassmann et al. 2011), and the current 

understanding of ecosystems in this region is based primarily on information gathered during the recent 

decades of ice loss, when these systems were in rapid flux. The structure and function of Arctic 
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ecosystems during low sea ice conditions is essentially unknown. Thus, gauging the impacts of sea ice 

loss is problematic, as there are little or no data representing a “before ice loss” state, against which recent 

changes can be compared. Many researchers have since begun to use archived and preserved specimens to 

gain information about past ecosystem states (e.g., Dyke and Savelle 2001; Newsome et al. 2007; Misarti 

et al. 2009; Alter et al. 2012; Wiley et al. 2013; Sherwood et al. 2014; Ostrom et al. 2017). This approach, 

often called historical ecology or paleoecology, typically relies on retrospective analysis of specimens 

from scientific collections and archaeological sites (Swetnam et al. 1999; Lotze and Worm 2009). Using 

these specimens, researchers are able to reconstruct past changes in animal populations and the 

environments in which they lived.

Historical ecology and paleoecology are particularly valuable tools for use in the Arctic. Humans 

have occupied this region for thousands of years (Stanford 1976), hunting both marine and terrestrial 

animals for subsistence. Furthermore, the year-round low temperatures in northern soils may preserve 

animal bones and teeth for thousands of years (Misarti et al. 2009). As a result, animal remains are 

abundant, both in archaeological sites and in museum collections. Walruses have long been an important 

subsistence species for Arctic peoples, thus walrus specimens are particularly numerous. This abundance 

of specimens, spanning thousands of years, represents an invaluable opportunity to examine past changes 

experienced by walruses.

The history of Pacific walrus exploitation by commercial hunters may provide insight into the 

ability of walruses to withstand disturbances and recover from population declines. In the mid-1800s, 

Yankee whaling ships began hunting walruses to supplement declining catches of Arctic whales 

(Bockstoce 1986; Bockstoce and Burns 1993). By the 1870s, walrus hunting was practiced by nearly all 

Arctic whaling ships, resulting in the take of more than 150,000 walruses by around 1978, with the total 

number killed likely being twice that (Bockstoce 1986; Bockstoce and Burns 1993). The population was 

severely depleted by the late-1800s, resulting in famine in Alaska Native communities reliant on walruses 

(Bockstoce and Burns 1993). Depletion of the walrus and bowhead whale (Balaena mysticetus) 

populations temporarily curbed commercial whaling operations, after which point the walrus population 
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recovered relatively quickly (Fay 1982). Commercial walrus hunting again intensified in the 1930s, 

driving the population to a second low in the 1950s (Fay et al. 1997). In response to this decline, harvest 

regulations were put in place limiting the take of females (Fay et al. 1989). The population recovered 

rapidly following the introduction of these new regulations, reaching or exceeding carrying capacity by 

the early 1980s (Fay et al. 1997; Garlich-Miller et al. 2006; Taylor and Udevitz 2014). The ability of the 

population to recover from severe depletion in the late-1800s and again in the 1930s suggests that these 

animals may be resilient to disturbance, at least in the case of short-lived or pulsed events.

Over longer time scales, the recent decades of warming and sea ice loss in the Arctic are not 

entirely unique phenomena. As a species, Pacific walruses have been exposed to similar environmental 

conditions in the past. Previous episodes of Arctic sea ice loss can potentially serve as analogs for recent 

warming and may provide insight into the impacts on Arctic ecosystems. Walruses have inhabited the 

Arctic for ~5 million years (though likely for < 1 million years in the Pacific Arctic; Repenning 1976). 

During this time, there have been substantial shifts in regional temperature, ice cover, and sea level 

(Cronin and Cronin 2015). As recently as ~11,000 years ago, the area occupied by the present-day Bering 

Sea (now primary habitat for Pacific walruses) was dry land, making up the Bering Land Bridge that 

connected North America and Asia (Walsh 2008). The ability of walruses to persist through previous 

intervals of sea level change, warming of the Arctic, and low sea ice provides evidence that they may be 

adaptable to environmental change.

Measuring changes in animal diet among different climate regimes can provide valuable 

information about the effects of changing environmental conditions on both the animals studied and on 

the ecosystems in which they live and feed (e.g., Misarti et al. 2009). Walruses provide a window into 

benthic systems in the Arctic. Through their broad geographic range and voracious consumption of 

benthic prey, walruses essentially sample the seafloor as they travel. Measuring shifts in walrus diet in 

response to past environmental changes, and particularly past changes in sea ice conditions, may thus give 

an indication of how these changes affect walruses and benthic ecosystems in the Arctic. Furthermore, 
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information from past periods of low sea ice may be useful for generating predictions about the impacts 

of current and future Arctic ice loss.

Bridging the gap between retrospective and contemporary studies

Despite the great potential for retrospective studies to inform contemporary research, a number of 

methodological challenges make integrating data from past and present ecosystems difficult. There is 

usually a greater degree of uncertainty surrounding archived and preserved animal specimens. Parameters, 

such as age class, sex, and even location of collection may be unavailable for many specimens. 

Additionally, environmental conditions experienced by animals that lived in past ecosystems may be 

estimated (e.g., de Vernal et al. 2013; Halfar et al. 2013; Misarti et al. 2017), but they can never be 

directly measured in the way they can for modern samples. Even the calendar age of archaeological 

samples is often subject to a great deal of uncertainty, as it typically is estimated using radiocarbon 

dating. Taken together, the uncertainties surrounding archived and preserved specimens can make it 

difficult to directly compare them with modern samples, for which much more detailed information is 

often available. As a result, drawing conclusions about the actual impacts of past environmental changes 

on animal populations and using this information to make quantitative connections with contemporary 

research is difficult. Improving our ability to discern these impacts to wildlife populations has been the 

focus of much recent research (e.g., Charapata et al. 2018), and will become more important as the fields 

of historical ecology and paleoecology continue to grow.

In some instances, the comparability of retrospective and contemporary research can be improved 

by filling in gaps in knowledge that act as obstacles to these types of comparisons. For example, in stable 

isotope research, one of the primary roadblocks preventing direct comparison of results stems from the 

fact that retrospective and contemporary studies typically focus on different tissues. Contemporary 

ecologists primarily measure stable isotope ratios in soft tissues (Boecklen et al. 2011), which are not 

often available for retrospective research. Instead, researchers usually analyze bones and teeth, which 
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preserve well in archeological assemblages (Hedges et al. 2006). Comparing stable isotope ratios of 

different tissue types is not always straightforward. Tissue-specific discrimination, differences in turnover 

rates, and metabolic routing of different dietary components (i.e., proteins, fats, carbohydrates) all impact 

tissue isotope ratios, and variation in these factors may result in substantial isotopic differences among 

tissues (DeNiro and Epstein 1978; Hobson et al. 1993; Wolf et al. 2015; Mohan et al. 2016). The factors 

driving inter-tissue differences in stable isotope ratios are species-specific (Caut et al. 2009), thus 

estimates of these parameters must be established individually for each species. Without this information, 

direct comparisons may not be made between retrospective and contemporary studies, or among results in 

the published literature.

Developing tools for the future

Conducting research on Arctic marine mammals is difficult. The harsh weather conditions and 

remoteness make their habitat inaccessible for much of the year. Even in temperate latitudes, it can be 

difficult to study animals that spend much of their lives underwater and many miles from shore. These 

challenges are compounded in the Arctic, where even summer fieldwork requires specialized vehicles, 

equipment, and training. Thus, given the uncertain future faced by Arctic ecosystems and the difficulty of 

obtaining information about the Pacific walrus population, developing new tools for studying walruses is 

becoming increasingly important. For example, developing methods that allow non-lethal sampling of 

free ranging animals makes it possible to use techniques such as mark-recapture and serial sampling of 

individuals (Palsb0ll et al. 1997). Additionally, developing research approaches that take advantage of 

newly available technologies, including novel sampling equipment, laboratory analyses, and statistical 

tools, may open up entirely new fields of research. These types of novel approaches have the potential to 

greatly improve the ability of wildlife managers to ensure the health and sustainability Arctic marine 

mammal populations in the future.
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Research objectives

The overarching objectives of this study were threefold. The first was to determine whether previous 

changes in the Arctic climate influenced the diet of Pacific walruses. To this end, Chapter 1 examines 

changes in walrus diet in relation to shifting sea ice conditions over the last 4,000 years. Stable carbon 

(δ13C) and nitrogen (δ15N) isotope ratios of bone collagen from archaeological, historic, and modern 

walrus specimens were used to explore how walrus diet differed among previous periods of high and low 

sea ice cover. The second objective of this research was to improve comparisons between studies of past 

and present walrus ecology. In Chapter 2, δ13C and δ15N of tissues (bone collagen, muscle, liver, and 

skin) from 30 individual walruses were measured to estimate tissue-specific stable isotopic discrimination 

factors. These values make it possible to directly compare the stable isotope ratios of different tissues, 

thus improving the ability of researchers to compare the results of multiple studies and helping to bridge 

the gap between retrospective and contemporary studies. The final objective

of this research was to develop new research tools that would assist researchers and wildlife 

managers to more effectively monitor the walrus population into the future. In Chapter 2, lipid 

normalization models were generated for walrus skin and muscle. These models make it unnecessary to 

conduct chemical lipid extractions on these tissues, thus cutting analytical costs and making it more 

feasible to conduct stable isotope research using non-lethal sampling methods, such as remote biopsy of 

walrus skin. In Chapter 3, a novel approach was developed that allowed zinc and lead concentrations in 

the teeth of female walruses to be used as a tool for estimating age at onset of reproductive maturity. This 

approach has the potential to be a powerful technique for monitoring the status of the walrus population 

and may be transferrable to other species. The implications of this research are discussed in the 

Conclusions, and recommendations are made for directions of future research.
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CHAPTER 1: PACIFIC WALRUS DIET ACROSS 4000 YEARS OF

CHANGING SEA ICE CONDITIONS1

ABSTRACT

Declining sea ice is expected to change the Arctic's physical and biological systems in ways that 

are difficult to predict. This study used stable isotope compositions (δ13C and δ15N values) of 

archaeological, historic, and modern Pacific walrus (Odobenus rosmarus divergens) bone collagen to 

investigate the impacts of changing sea ice conditions on walrus diet during the last ~4000 years. An 

index of past sea ice conditions was generated using dinocyst-based reconstructions from three locations 

in the northeastern Chukchi Sea. Archaeological walrus samples were assigned to intervals of high and 

low sea ice, and δ13C and δ15N values were compared across ice states. Mean δ13C and δ15N values were 

similar for archaeological walruses from intervals of high and low sea ice; however, variability among 

walruses was greater during low ice intervals, possibly indicating decreased availability of preferred prey. 

Overall, sea ice conditions were not a primary driver of changes in walrus diet. The diet of modern 

walruses was not consistent with archaeological low sea ice intervals. Rather, the low average trophic 

position of modern walruses (primarily driven by males), with little variability among individuals, 

suggests that trophic changes to this Arctic ecosystem are still underway or are unprecedented in the last 

~4000 years.

INTRODUCTION

Recent declines in the extent and thickness of summer sea ice in the Arctic have raised concerns 

about the future status of ice-dependent and ice-associated species. Predicting the impacts of ice loss on

1Clark, C.T., L. Horstmann, A. de Vernal, A. Jensen, and N. Misarti. 2019. Pacific walrus diet 
across 4000 years of changing sea ice conditions. Quaternary Research. 1-17.

doi:10.1017/qua.2018.140
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Arctic marine organisms is difficult. All Arctic research to date has been conducted while sea ice cover 

was relatively high or, in recent decades, during a period of rapid change (Walsh et al. 2017). Little is 

known about the structure and function of biological systems in the Arctic when sea ice cover is low. 

Historical ecology has emerged as an important tool for gaining information about past ecosystems 

(Swetnam et al. 1999; Lotze and Worm 2009). Rick and Lockwood (2013) define historical ecology as 

“the use of historic and prehistoric data (e.g., paleobiological, archaeological, historical) to understand 

ancient and modern ecosystems, often with the goal of providing context for contemporary conservation.” 

Studies of historical ecology rely on reconstruction of past conditions using archived or preserved 

specimens, and can therefore capture variability in biological systems across broad timespans (e.g., Dyke 

and Savelle 2001; Newsome et al. 2007; Misarti et al. 2009; Alter et al. 2012; Wiley et al. 2013;

Sherwood et al. 2014; Ostrom et al. 2017). This approach can provide otherwise unobtainable information 

about the responses of plants and animals to large-scale changes not observed within the era of modern 

scientific inquiry. The result is a more complete understanding of natural systems that allows 

contemporary data to be compared with a variety of historical ecosystem states.

Stable isotope analysis is commonly used in studies of historical ecology, as isotope ratios in 

preserved hard tissues typically remain unchanged after an animal's death and can be measured in a 

variety of tissue types (Fry 2006; Newsome et al. 2010). Stable carbon (δ13C) and nitrogen (δ15N) isotope 

compositions are versatile tools for studying animal diet, with δ15N values generally indicating trophic 

position of the consumer and δ13C values the sources of primary production at the base of the food web 

(Hobson and Welch 1992; Goericke and Fry 1994). Additionally, changes in δ13C and δ15N values may 

reflect shifts in baseline isotope ratios, and can provide important information about primary production 

including the type of producers at the base of the food web, rates of production, and nutrient utilization 

(Fogel and Cifuentes 1993). Bones are among the few biological structures that are commonly preserved 

in archaeological assemblages, thus bone collagen is often analyzed for these studies (Hedges et al. 2006). 

The slow metabolic turnover of bone tissue means that isotope ratios of bone collagen represent a long

term average of animal diet, often encompassing an animal's entire life (Manolagas 2000). Seasonal and 
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short-term variability are not typically represented, making bone collagen particularly valuable for 

investigating changes in stable isotope ratios over long time periods.

Arctic marine mammals are ideal candidates for studies of historical ecology, as they have been 

an important subsistence resource for native peoples in this region for thousands of years, and their 

discarded remains preserve well in frozen northern soils (Misarti et al. 2009). Pacific walrus (Odobenus 

rosmarus divergens) bones are commonly recovered from archaeological sites in Alaska, and many 

specimens are available in museum collections. Walruses rely on sea ice as a platform for giving birth, 

molting, and resting between foraging bouts (Fay 1982), likely making these animals vulnerable to 

reduced sea ice coverage associated with warming of the Arctic (Jay et al. 2011). With the loss of summer 

sea ice in the Chukchi Sea, the frequency of large, terrestrial walrus haulouts in Alaska has increased, 

leading to trampling events, increased juvenile mortality, and, presumably, local resource depletion 

(Garlich-Miller et al. 2011; Jay et al. 2011; MacCracken 2012). Sea ice also plays an important role in 

maintaining benthic-pelagic coupling in the Bering and Chukchi seas, resulting in the export of large 

amounts of organic carbon to the benthos and supporting rich benthic communities (Grebmeier et al. 

2015a; but see Arrigo et al. 2012; Arrigo and van Dijken 2015). Walruses primarily forage on benthic 

invertebrates (Fay 1982; Sheffield and Grebmeier 2009), therefore, the weakening of benthic-pelagic 

coupling associated with sea ice loss is expected to reduce availability of preferred walrus prey, possibly 

driving shifts in walrus diet (Jay et al. 2011; Grebmeier 2012). Changes in the accessibility of preferred 

prey could lead to longer, more energetically expensive foraging trips, which may have negative effects at 

the population level (Noren et al. 2012, 2016; Jay et al. 2012).

Despite concerns about the future of the Pacific walrus population, the effects of ice loss remain 

largely unknown, and there are some indications that impacts to the health of walruses have so far been 

minimal. For example, Alaska Native subsistence hunters report that, though sea ice conditions have 

changed and access to walruses has become more difficult, average walrus body condition has not 

changed in recent years (Huntington et al. 2016). In 2014 - 2016, hunters from the communities of 

Gambell and Savoonga, on St. Lawrence Island, AK, indicated on biomonitoring datasheets 
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accompanying harvested animals that walruses appeared healthy and were generally in good body 

condition. In 2017, the United States Fish & Wildlife Service (USFWS) came to the decision not to list 

the Pacific walrus as endangered or threatened under the Endangered Species Act. This decision was 

based on the conclusion that regional warming and increased use of the Arctic by humans did not pose a 

serious threat of extinction to the species (MacCracken et al. 2017). The purpose of this study was to 

investigate how sea ice loss affected Pacific walruses in the past, so that we might better understand how 

current and future climate change will impact this species. To accomplish this, we generated δ13C and 

δ15N values of walrus bone collagen sampled from archaeological assemblages, historical collections, and 

modern Alaska Native subsistence harvests to assess how changing sea ice conditions over the last ~4000 

years affected their diet.

METHODS

Sample collection and radiocarbon dating

Pacific walrus bones were identified from archaeological faunal assemblages, historic museum 

collections, and present-day Alaska Native subsistence harvests (Fig. 1.1). Bone samples from the 2014 - 

2016 (n = 76) subsistence harvests in the communities of Gambell and Savoonga on Saint Lawrence 

Island, Alaska, were obtained through agreements with Alaska Native subsistence hunters, the Eskimo 

Walrus Commission, the Alaska Department of Fish & Game (ADF&G), and the USFWS. Bone samples 

were transferred to the University of Alaska Fairbanks for sample analysis under a Letter of Authorization 

from the USFWS to Dr. L. Horstmann. The North Slope Borough Department of Wildlife Management in 

Utqiagvik (formerly Barrow), AK, provided additional modern samples collected in 2012, 2014, and 2015 

(n = 9; Permit #NSB-DWM USFWS MA134907-2). Historical specimens (n = 142) were sampled from 

collections at the University of Alaska Museum in Fairbanks, AK, and spanned the period from 1928 - 

2007. Additional historical specimens (n = 18) from the United States Museum of Natural History,
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Smithsonian Institution, Washington D.C., dated from 1880 - 1973 and were sampled to fill gaps in the 

chronology (Supplementary Table 1.1). Only adult and juvenile walruses were included in analyses. 

Calves and fetuses were removed due to expected differences in δ13C and δ15N values associated with 

gestation and nursing (Newsome et al. 2010)

Archaeological specimens (n = 212) were compiled from multiple collections housed at the 

University of Alaska Museum and UIC Science, Utqiagvik, AK. Samples originated from 12 

archeological sites along the Bering and Chukchi seas, and two sites in the North Pacific, on the southern 

side of the Alaska Peninsula. Timing, methodology, and written documentation of excavations varied 

widely among sites. Samples used for this study were those that could be identified as belonging to 

distinct individual walruses and could confidently be assigned date ranges based on radiocarbon dating 

and site stratigraphy. Distal limb bones (carpals, tarsals, phalanges) were excluded from analysis, because 

of the tendency of their stable isotope ratios to be unrepresentative of the rest of the skeleton (Clark et al. 

2017). Radiocarbon dating of marine samples is inherently problematic due to complications associated 

with the marine carbon reservoir (Stuiver et al. 1986). For this reason, the most likely date range of each 

sample was established using radiocarbon dating of directly associated terrestrial material, where 

available (mostly caribou [Rangifer tarandus] bone collagen, Supplementary Table 1.2). In instances 

where directly associated terrestrial dates were not available for a specimen, most likely date ranges for 

walrus samples were estimated using bracketing terrestrial dates from directly above and below a 

specimen, information about the provenience of each bone, limiting dates, and temporally diagnostic 

artifacts (Supplementary Table 1.3). The 2σ range was used for each radiocarbon date, except where it 

could be further constrained using additional information such as well-dated stratigraphy and known dates 

of site occupation. Dating of terrestrial samples was conducted at the University of Georgia Center for 

Applied Isotope Studies using accelerator mass spectrometry. Archaeological walrus samples used for 

this study originated from ~4100 - 0 calibrated years before present (cal yr BP).

Pacific walruses exist in a single, mixed population, with little evidence of stock structure (Fay 

1982; Cronin et al. 1994; Scribner et al. 1997; Lindqvist et al. 2009; Shitova et al. 2017, but see Jay et al.
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2008; Sonsthagen et al. 2012). Individual walruses move widely across the species' geographic range, 

foraging as they travel (Fay 1982; Jay et al. 2012; Beatty et al. 2016). For these reasons, the location at 

which an animal was harvested was not deemed an important factor for this study. Walruses sampled at 

any location within the species' geographic range were considered representative of the population as a 

whole. That said, the annual walrus migration is sex-segregated, with females and juveniles following the 

retreating ice northward into the Chukchi Sea in summer, and males moving to coastal areas of the Bering 

Sea and Gulf of Anadyr (Fay 1982). Thus, it is nearly impossible to disentangle sex-related differences in 

stable isotope ratios (i.e., diet) from geographic variations in baseline stable isotope values between the 

Bering and Chukchi seas. To account for the potential impacts of sex/region on the results of this study, 

the sex ratios and sex-related differences in δ13C and δ15N values of samples from the historic and modern 

periods were considered in relation to observed changes in mean isotope ratios between these periods. Sex 

data were not available for archaeological samples, so the role of sex-related and regional differences 

could not be quantified. Location of sample collection alone is not a good proxy for sex, as male and 

female walruses spend much of the year together in the Bering Sea and because the degree of sex

segregation during migration may have changed over time (Fay 1982; Garlich-Miller et al. 2011).

Bone collagen extraction and stable isotope analysis

Collagen extractions were conducted using the methods described in Misarti et al. (2009), as 

modified from Matheus (1995). Briefly, ~0.4 g of cortical bone was sampled from walrus bones using 

handheld cutting tools, submerged in ultrapure water, and placed in a sonic bath for cleaning. Lipids were 

extracted by soaking the bone in 2:1 chloroform:methanol for eight hours. The mineral component of the 

bone was subsequently removed using a mixture of 6N hydrochloric acid (HCl) and ultrapure water. 

Demineralization was conducted at ~2 °C, and the length of time required varied by sample (ranging from 

1 - 3 weeks). For archaeological specimens, the demineralized samples were then rinsed to neutral with 

ultrapure water, soaked in a solution of ultrapure water and 5 % potassium hydroxide (KOH) for 8 hours 

17



to remove any contamination from soils, then rinsed to neutral again with ultrapure water. For all 

samples, the organic component of the bone was gelatinized by placing it in 5 ml of ultrapure water, 

adding 0.05 ml of 3N HCl, then agitating it at 65 °C. The gelatinized product was filtered through a 0.45 

μm filter to remove any insoluble particles and non-collagen organic compounds, and freeze dried for 48 

hours to yield purified collagen. A subsample of this collagen (0.2 - 0.4 mg) was submitted for stable 

isotope analysis.

Stable carbon and nitrogen isotope ratios of bone collagen samples were analyzed in the Alaska 

Stable Isotope Facility at the University of Alaska Fairbanks, using a Costech ECS 4010 elemental 

analyzer and ThermoScientific Conflo IV, interfaced with a ThermoScientific DeltaV isotope ratio mass 

spectrometer. Stable isotopic compositions were calibrated relative to Vienna Pee Dee Belemnite (VPDB) 

and atmospheric nitrogen gas (air) scales using USGS40 and USGS41 as calibration standards. Results 

were reported in parts per thousand (‰) using δ notation. A commercially available peptone standard 

(No. P-7750 Bovine based protein, Sigma Chemical Company, lot #76f-0300; δ13C: -15.8 ‰, δ15N: 7.0 

‰) was analyzed as a check standard after every 10 samples to estimate uncertainty. Precision of these 

analyses was determined to be ± 0.2 ‰ for δ13C and ± 0.2 ‰ for δ15N, based on repeated measurements 

of this standard across all analytical runs (n = 144). Measurements were accurate to within less than ± 

0.01 ‰ for δ13C values and less than ± 0.02 ‰ for δ15N values, based on differences between observed 

and known values of the check standard. Collagen yield (percent of dry bone weight) and sample 

composition (weight percent carbon, weight percent nitrogen, and C/N ratio) were assessed to evaluate 

the quality of the collagen samples (Supplementary Table 1.4). Atomic C/N ratios, calculated as (% C / % 

N)*1.166, were used for this study. Only collagen samples with ~15 % nitrogen, ~45 % carbon, and a 

C/N ratio of ~3.2 were used for analyses (Tuross et al. 1988; Koch et al. 1994; Hedges et al. 2006; Szpak 

et al. 2017).

To account for the global decline in δ13C values of atmospheric CO2 associated with the 

combustion of fossil fuels since 1850, known as the Suess Effect, a mathematical correction was applied 

to the δ13C values of the historic and modern samples. This correction was adapted from Misarti et al.
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(2009) to provide values specific to the Bering Sea. A Bering Sea correction was used for this study, as 

walruses spend much of their time in this basin, and because large amounts of Bering seawater carrying 

nutrients and carbon are advected northward into the Chukchi Sea through the Bering Strait (Grebmeier et 

al. 2006). Atmospheric CO2 concentrations from the Mauna Loa Observatory (Keeling et al. 2005) and 

yearly Bering Sea surface temperature estimates (Huang et al. 2015) from 1854 - 2016 were incorporated 

into this correction. The mean sea surface temperature for the period from 1854 - 1874 was used to 

approximate values for the years between 1850 - 1853. Salinity was assumed to remain constant at 32 

practical salinity units (Woodgate et al. 2012). Laws et al. (1995, 2002) showed that changes in water 

temperature, salinity, and aqueous CO2 concentrations also affect δ13C discrimination by phytoplankton. 

Thus they developed an additional δ13C correction to account for these changes. The maximum correction 

factor for the period from 1850 - 2016 AD, including both the atmospheric Suess effect and the 

correction developed by Laws et al. (1995, 2002) for changes in phytoplankton δ13C values, was 1.4 ‰ 

(Supplementary Table 1.5).

Developing a Chukchi Sea ice index

Estimates of ice cover in the Chukchi Sea over the last ~4000 years were compiled using data 

from marine sediment cores. Dinocyst assemblages from three sites in the northeastern Chukchi Sea (Fig. 

1.1) were used for quantitative sea ice reconstructions (Supplementary Tables 1.6 and 1.7). Cores 

included in this analysis were HLY0501-05 (HLY05; de Vernal et al., 2013; McKay et al., 2008), 

HLY0205-GGC19 (GGC-19; Farmer et al., 2011), P1-92-AR-P1/B3 (combined piston/box cores, P1/B3; 

de Vernal et al., 2005). To improve inter-core comparability, age models for these cores were re-run with 

the Bacon approach (Blaauw and Christen 2011) using the rBacon R package, version 2.3.3. The Bacon 

software used the Marine13 calibration curve (Reimer et al. 2013) and we applied a regional marine 

reservoir correction (ΔR) of 447 ± 123 based on seven measurements from the Chukchi Sea (McNeely et 

al. 2006). To generate an index of regional sea ice conditions, data were interpolated along each of the 
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cores to provide yearly sea ice estimates. Cores GGC-19 and P1/B3 spanned the entire study period (4150 

- 0 cal yr BP), while HLY05 covered the period from 4150 to 672 cal yr BP. Yearly ice cover data were 

converted to ice cover anomaly by subtracting the mean ice estimate for each core from the yearly ice 

estimates along the core. The resulting ice cover anomaly estimates were then scaled by dividing the data 

from each core by the absolute value of the largest deviation from the average ice condition within that 

core, such that the maximum or minimum value for each core was 1 or -1. This normalization process 

removed differences in the magnitude of fluctuations in ice, and allowed each core to contribute equally 

to the ice index. A 101-year centered moving average was applied to the resulting index, providing an 

average sea ice anomaly in the Chukchi Sea for the interval extending from 4100 - 50 cal yr BP. Times 

when this average was greater than 0 were classified as high ice intervals, and times when it was less than 

0 were classified as low ice intervals. Transitions lasting fewer than 25 years were not considered to 

represent a switch between ice states (Supplementary Table 1.8).

A validation was conducted to test whether sea ice reconstructions from sediment cores in the 

northeastern Chukchi Sea could provide information about the climate of the broader region. To 

accomplish this, a sea ice index was generated for 1979 - 2016, the period of high-resolution satellite 

passive microwave coverage. Monthly ice cover was calculated for a 1° by 1° area above each core 

location, and the number of months/year with >50 % ice cover was determined for these locations. The 

methods outlined above were then used to generate the satellite-era ice index. The correlation between 

this index and the total annual ice cover in the Chukchi Sea from 1979 - 2016 was investigated using 

linear regression. Because the annual ice cover data for the Chukchi Sea represents a proportion (thus 

were bounded by 0 and 1), these data were logit transformed prior to analysis.

Testing for differences through time

Archaeological walrus samples were assigned to high and low ice states based on the proportional 

overlap of their radiocarbon date estimates with intervals of high and low ice cover (Supplementary Table
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1.3). Individual walruses were assigned to whichever ice state was more prevalent (>50 %) during their 

estimated radiocarbon date range. A resampling approach was used to examine the potential impacts of 

improper assignments. For this exercise, each individual was assigned to a high or low sea ice state based 

on the proportional overlap of that animal's estimated radiocarbon date and the ice index. Thus, a walrus 

with an estimated radiocarbon date range that overlapped with a high ice interval for 70 years and a low 

ice period for 30 years was given a 70 % probability of being assigned to the high ice group and a 30% 

chance of being assigned to the low ice group. After all animals had been assigned, mean δ13C and δ15N 

values were calculated for high and low ice animals. This process was repeated 10,000 times, and the 

resulting data were used to generate 95 % confidence intervals for mean δ13C and δ15N of walruses from 

high and low sea ice states. Time spans covered by the archaeological (4084 - 0 cal yr BP) and the 

historic samples (70 cal yr BP/AD 1880 - AD 2007) overlapped by ~70 years, and it is likely that there is 

some temporal overlap between the most recent archaeological specimens and the oldest historic museum 

collections; however, the potentially problematic period included only 20 archaeological animals, 

averaging 28 % overlap between their most likely date ranges and the historic period. Removing these 

animals did not impact the results, so they were included in analyses. Archaeological walruses were 

assigned to high and low sea ice states using the ice index, whereas historical samples with known 

collection dates were assigned to the historic period.

Analyses of Variance (ANOVAs) were used to test for differences in δ13C and δ15N among 

archaeological walruses from intervals of high and low sea ice, as well as walruses from the historic and 

modern periods. Shapiro-Wilk normality tests indicated both δ13C and δ15N data were non-normally 

distributed (δ13C: W = 0.923, p < 0.001; δ15N: W = 0.948, p < 0.001); however, ANOVAs were used for 

this analysis because visual examination of the data showed the deviations from normality to be relatively 

minor, and because ANOVAs are generally robust to non-normality (Blanca et al. 2017). The δ13C and 

δ15N data from these four time periods had unequal variances, so data were analyzed using White- 

adjusted one-way ANOVAs, which are robust to heteroscedasticity (White 1980; Long and Ervin 2000). 

Dunnett-Tukey-Kramer Pairwise Multiple Comparison (DTK) Tests adjusted for unequal variances and 
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unequal sample sizes were used for post hoc analyses, as this test does not assume equal variances 

(Dunnett 1980). Results of the ANOVAs were compared those of Kruskal-Wallis Tests to confirm their 

robustness (Supplementary File 1). Differences in variability in δ13C and δ15N between archaeological 

walruses from intervals of high and low sea ice cover were examined using Stable Isotope Bayesian 

Ellipses in R (SIBER, version 2.1.3; Jackson et al., 2011), which are robust to differences in sample size. 

Modern and historic walruses were not included in comparisons of δ13C and δ15N variability, as these 

animals were collected during much shorter timespans (5 and 127 years, respectively) and were therefore 

unlikely to incorporate the same sources of variability expected of the archaeological samples, which 

spanned thousands of years. Standard ellipse areas corrected for small sample sizes (SEAc) were 

compared to examine differences in stable isotope variability of archaeological walruses from high and 

low sea ice intervals. Decadal differences in the δ13C and δ15N of male and female walruses from the 

historic and modern periods were examined using two-way ANOVAs. Males and females had unequal 

variances in δ15N, so a White-adjusted ANOVA was used for this comparison. For δ13C, variances were 

equal across decades and between sexes, so the White adjustment was not applied to the ANOVA. An 

alpha level of 0.05 was used for all statistical tests.

Known collection dates of historic and modern walruses, and more refined sea ice estimates 

during the last 150 years allowed for more direct examination of the correlation between sea ice cover and 

walrus stable isotope ratios. For comparisons with historic and modern walrus samples, yearly September 

Chukchi Sea ice estimates, expressed as percent ice cover, were extracted from the Scenarios Network for 

Alaska and Arctic Planning (SNAP) Sea Ice Atlas (http://www.snap.uaf.edu). This dataset extends from 

AD 1850 (100 cal yr BP) to present, with its earliest ice estimates reconstructed from commercial whaling 

ship logbooks (Mahoney et al. 2011). Linear regressions were used to compare δ13C and δ15N with 

average September sea ice cover during the 16 years (average estimated age of walruses used in this study 

based on age estimates from annuli in cementum layers of walrus teeth conducted by Matson's 

Laboratory LLC, Manhattan, MT; Garlich-Miller et al., 1993) prior to the animal's year of death.
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September sea ice cover was chosen for these analyses as this month typically represents the annual sea 

ice minimum and is therefore a sensitive indicator of climate changes.

RESULTS

The sea ice index indicated the presence of eight high ice and seven low ice intervals between 

4100 and 50 cal yr BP (Fig. 1.2, Table 1.1). These high and low ice intervals closely matched Heusser et 

al.'s (1985) reconstruction of air temperature in Southcentral Alaska (Fig. 1.2). They also aligned well 

with known climate anomalies such as the Little Ice Age (ca. 500 - 100 yr; cf. Grove 1988), Medieval 

Warm (ca. 1150 - 750 yr; cf. Broecker, 2001), Roman Warm Period (ca. 2500 - 1600 yr; cf. Wang et al. 

2012), and Neoglacial Period (ca. 3300 - 2500 yr; e.g., Porter and Denton 1967; Matthews and Dresser 

2008; Wang et al. 2012). The satellite-era sea ice index generated using the three core locations had a 

strong, positive linear relationship with the annual percent ice cover in the Chukchi Sea from 1979 - 2016 

(R2 = 0.86, F1,37 = 233.2, p < 0.001; Supplementary Fig. 1.1).

Assignment of archaeological walruses to high and low sea ice intervals resulted in 124 

individuals from high ice intervals and 88 individuals from low ice intervals. The resampling approach 

used to investigate the possible impacts of incorrectly assigning walruses to high or low sea ice intervals 

demonstrated that improper assignments had little effect on the results of this study (Supplementary Fig. 

1.2). The 95% confidence intervals for the mean δ13C and δ15N values from high (δ13C: -13.0 - -12.9 ‰; 

δ15N: 13.5 - 13.7 ‰) and low (δ13C: -13.2 - -13.1 ‰; δ15N: 13.5 ‰ - 13.7 ‰) sea ice intervals were 

narrow, indicating that improper assignments were unlikely to cause mean δ13C and δ15N values to shift 

by more than ~0.1 ‰ and ~0.2 ‰, respectively, which is within the range of instrumental error.

The δ13C and δ15N values of walrus bone collagen in this study were consistent with published 

values for modern and archaeological walrus bone collagen in Alaska (Szpak et al. 2018). Results of the 

White-adjusted ANOVAs indicated significant differences in both δ13C (F3, 453 = 25.56, p < 0.001) and 

δ15N (F3,453 = 41.98, p < 0.001) in walruses from high and low sea ice intervals, as well as the historic and 
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modern periods. Post hoc tests revealed differences in δ13C among all periods except between modern 

individuals and archaeological walruses from low sea ice intervals, historic walruses and archaeological 

individuals from high sea ice intervals, and between archaeological walruses from intervals of high and 

low sea ice (Fig. 1.3, Table 1.2). For δ15N, post hoc tests showed significant differences among all groups 

except archaeological walruses from high and low sea ice intervals (Fig. 1.3, Table 1.2). Though the δ13C 

differences were significant, they were relatively small (maximum difference = 0.5 ‰, historic vs. 

modern walruses). The differences in δ15N were larger, with those between modern and archaeological 

walruses from both high and low sea ice intervals exceeding 1.0 ‰. SIBER ellipses demonstrated 

substantially larger niche width for archaeological walruses during intervals of low sea ice cover (SEAc = 

2.94) as compared with high sea ice intervals (SEAc = 1.39). Ellipses are generated through an iterative, 

Bayesian process (Jackson et al. 2011), and the proportion of these iterations in which the sizes of the 

ellipses differed can be used to evaluate the strength and consistency of these differences. In this study, 

low sea ice ellipses were larger than high sea ice ellipses 100 % of the time. Despite the difference in 

ellipse size, there was 98 % ellipse overlap, with the high ice ellipse existing almost completely within the 

boundaries of the low ice ellipse (Fig. 1.4).

The results of the two-way ANOVA testing the effects of sex and decade on δ13C indicated that 

δ13C differed significantly among decades (F7,208 = 11.56, p < 0.001), but not between sexes (F1, 208 = 2.63, 

p = 0.11). A Tukey's Honest Significant Difference (HSD) post hoc test revealed that these differences 

were primarily driven by the 1990s, which were different from all other decades except the 1930s and the 

2010s, and by the 2010s, which were different from all other decades except the 1930s and 1990s (Fig. 

1.5, Table 1.3). The results of the two-way ANOVA testing the effects of sex and decade on δ15N 

revealed that both the main effects (Sex: F1,201 = 29.71, p < 0.001; Decade: F7,201 = 23.99, p < 0.001) and 

the interaction term (Sex:Decade: F7,201 = 4.01, p < 0.001) were significant. Because the interaction was 

significant, the main effects were not examined directly. To examine the simple main effects, the data 

were divided by sex and one-way ANOVAs were run to test for differences among decades for males and 

females. Males had unequal variances among decades for δ15N, so a White-adjusted ANOVA and DTK 
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post hoc test was used. The ANOVA indicated differences in male δ15N among decades (F7,107 = 26.79, p 

< 0.001). The post hoc test showed that these differences were driven by the 1930s, which were 

significantly different from all other decades except the 1990s, and by the 2010s, which in turn were 

significantly different from all other decades except for the 1980s and 1990s. Female walruses had equal 

variances in δ15N among decades, so the White adjustment was not applied to the ANOVA. Results of the 

ANOVA were not significant F7,94 = 1.97, p = 0.07), indicating that female δ15N did not differ among 

decades (Fig. 1.5, Table 1.3).

Linear regressions showed positive correlations between δ13C and September Chukchi Sea ice 

cover in the 16 years prior to each animal's year of death for both male and female walruses. In contrast, 

δ15N was only correlated with September Chukchi sea ice cover in male walruses (Fig. 1.6). The 

regression parameters between δ13C and sea ice were nearly identical for male (y = 0.01x - 13.50, R2 = 

0.16, F1,116 = 21.86, p < 0.001) and female (y = 0.01x - 13.66, R2 = 0.15, F1,100 = 17.68, p < 0.001) 

walruses. Female δ15N values were not correlated with September Chukchi Sea ice cover (F1,100 = 1.79, p 

= 0.18), whereas male δ15N had a positive correlation with sea ice (y = 0.02x + 11.82, R2 = 0.22, F1,116 = 

32.75, p < 0.001).

DISCUSSION

The Chukchi Sea ice index

The validity of the ice index generated using dinocyst data from three Chukchi Sea sediment 

cores is supported by an inverse relationship with Heusser et al.'s (1985) palynological reconstruction of 

air temperature in Southcentral Alaska (Fig. 1.2). Heusser et al. (1985) indicated that the variability in 

their air temperature reconstruction likely resulted primarily from changes in the Aleutian Low Pressure 

System, a dominant driver of weather patterns in the North Pacific. The strength and longitudinal position 

of the Aleutian Low strongly influence Bering Sea ice conditions (Rodionov et al. 2007) and the flow of 
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water through the Bering Strait (Danielson et al. 2014), thus are directly linked to sea ice extent in the 

Chukchi Sea. Furthermore, the strong, positive correlation between satellite-era ice index and the annual 

percent ice cover in the Chukchi Sea support the use of these sediment cores as proxies for the broader 

regional climate (Supplemental Fig. 1.1). Given the strong links between Chukchi Sea ice cover, the 

Aleutian Low Pressure System, and the Bering Sea climate, it is likely that the ice index is also correlated 

with environmental conditions (though not necessarily sea ice cover) in the Bering Sea. This supports the 

assertion that the ice index is an indicator of climatic conditions across Pacific walruses' geographic 

range and, thus, an appropriate tool for examining the effects of past environmental change on the 

species.

The sea ice index aligns closely with established global climate anomalies during the last ~4000 

years. For example, the Little Ice Age, a cold period extending from ~500 - 100 yr (Grove 1988), is 

represented in the ice index as an interval of relatively high sea ice cover between 430 - 270 cal yr BP. 

Another relatively recent global climate anomaly, the Medieval Warm Period (~1150 - 750 yr; Broecker, 

2001), overlapped substantially with an interval of sustained low sea ice cover in the ice index extending 

from 1311 - 828 cal yr BP. The expressions of the Little Ice Age and the Medieval Warm Period in the 

ice index also closely match the timing of these two climate anomalies in North America (Ljungqvist 

2010). The Roman Warm Period extended from ~2300 - 1550 cal yr BP in North America (Viau et al. 

2006), corresponding with generally lower than average ice conditions in the index from 2452 - 1385 cal 

yr BP, though this period was interrupted by a high-ice interval from 1978 - 1732 cal yr BP. Finally, 

sustained high sea ice conditions from 3346 - 2453 cal yr BP matched the timing of glacial advances 

associated with the Neoglacial Period in North America (Kaufman et al. 2016).

These consistencies with global and hemispheric climate anomalies captured by the ice index are 

not surprising, as regional variability in the Bering and Chukchi seas is inherently linked to the processes 

driving global climate patterns. The atmospheric dynamics of the North Pacific and North Atlantic are 

directly connected by those of the Arctic. The Arctic Oscillation, an index describing variations in sea 

level pressure across the Arctic region (Thompson and Wallace 1998), is strongly correlated with both the
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North Atlantic Oscillation (Dickson et al. 2000) and Pacific Decadal Oscillation (PDO; Sun and Wang 

2006). The PDO is, in part, determined by the strength and position of the Aleutian Low, which is 

correlated with major North Atlantic circulation features (Kutzbach 1970). The changes in Chukchi Sea 

ice cover during the last ~4000 years recorded in the ice index are thus a product of these global and 

hemispheric climate drivers, as modulated by regional and local conditions.

Walrus dietary shifts across broad timescales

Mean δ13C and δ15N of walruses that lived during intervals of high and low Chukchi Sea ice cover 

over the last ~4000 years were remarkably similar, with differences in isotopic compositions falling 

within instrumental error (~0.2 ‰, Table 2). Despite the similarity in the mean isotope values between 

high and low ice conditions, however, the variability in δ13C and δ15N values was greater for walruses that 

lived in low sea ice conditions. Though the minimum and maximum values of δ13C and δ15N (δ13C: -15.8 

- -11.9 ‰; δ15N: 11.1 - 16.3 ‰) were similar during low and high ice intervals, the standard deviations 

were greater when sea ice cover was low. This resulted in differences in the shapes of the δ13C and δ15N 

distributions, with most individuals tightly clustered around the mean values during high ice intervals, in 

contrast to the broader spread of data during low ice intervals. Taken together, this information indicates 

that the walrus population generally occupied the same trophic space (overall range of δ13C and δ15N 

values) during intervals of high and low sea ice; however, diet was more variable among individuals 

when sea ice cover was low. This can be seen in Figures 1.2 and 1.3, which show a tighter distribution in 

δ13C and δ15N values during high ice intervals.

There are a variety of possible reasons for the observed differences in walrus δ13C and δ15N 

variability among high and low sea ice intervals. Perhaps the most likely explanation is a shift in prey 

abundance that increased intra-specific competition for preferred prey species during low sea ice 

intervals. Optimal Foraging Theory (OFT) predicts that when preferred food resources are scarce or 

absent, individuals will broaden their diet to include resources that were previously unused and/or 
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consume higher proportions of lower-ranked resources (Stephens and Krebs 1986). Increased diet breadth 

alone, however, would not necessarily result in differences among the stable isotope ratios of individuals. 

For variability in δ13C and δ15N values among individuals to increase, walruses would need to exhibit 

some degree of dietary specialization, such that different individuals consumed isotopically distinct diets. 

This between-individual variation can be driven by numerous factors, including phenotypic differences 

that allow individuals to better exploit certain types of resources (Svanback and Bolnick, 2007), different 

dietary preferences and optimization criteria (Schoener 1971), and factors such as social hierarchies that 

differentially impact the abilities of individuals to access resources (Sol et al. 2005). Though it is often 

considered to be a sign of resource scarcity (Bolnick et al. 2003; Tinker et al. 2008), OFT suggests that 

increased dietary specialization can result from a decrease in the availability of preferred prey, even when 

lower-ranked prey items are plentiful (Stephens and Krebs 1986). For walruses, decreased availability of 

their preferred benthic bivalve prey due to environmental shifts or increased walrus abundance during 

previous low sea ice intervals might have led to increased dietary specialization among individuals at 

these times. Sea ice allows walruses to easily access offshore benthic hotspots, typically rich in benthic 

bivalves (Grebmeier et al. 2015a); thus, reduced availability of preferred walrus prey during low sea ice 

intervals may have resulted from a change in the ability of walruses to access these prey resources, rather 

than a shift in the abundance of benthic invertebrates.

While it is possible that the observed increase in diet variability among individual walruses in this 

study resulted from resource stress, this seems unlikely for two reasons. First, though walruses consume a 

wide variety of prey items even when food resources are plentiful (Fay 1982; Sheffield and Grebmeier 

2009), if food became severely limiting, it would be expected that walrus diet would broaden further and 

that the observed ranges of δ13C and δ15N values would increase. However, archaeological walruses from 

high and low sea ice intervals had similar ranges of δ13C and δ15N values (Fig. 1.4). Second, in a situation 

where food resources were limiting and animals were in a state of chronic nutritional stress, we would 

expect to see an increase in δ15N values (Hobson et al. 1993), at least for animals experiencing starvation. 

The δ15N values of walruses from high and low sea ice intervals were similar and had a slightly lower 
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maximum during low ice intervals, so chronic nutritional stress is unlikely. It is important to remember 

when interpreting these results, that δ13C and δ15N values from bone collagen represent a lifetime average 

of walrus diet (Manolagas 2000), thus, for a distinct isotopic signal to be preserved in the collagen, 

changes in diet would need to last for many years. Marine mammals are highly adapted to extended 

fasting and can survive on lipid reserves for long periods without having to catabolize muscle proteins 

(Castellini and Rea 1992). Given this, it is possible that walruses experienced some degree of resource 

scarcity and nutritional stress during low ice intervals; however, it is unlikely that this would leave a 

detectable signal in bone collagen δ13C and δ15N values.

Mean δ13C and δ15N of walruses from the historic and modern periods differed markedly, in 

contrast to the stable isotope values of archaeological walruses. Most notably, δ15N values were lower in 

the historic samples than in past intervals of high and low sea ice cover, and decreased further in the 

modern samples, which were significantly distinct from all other periods. These results indicate that the 

Pacific walrus population is currently occupying a lower average trophic position than at any point in the 

last ~135 years, and possibly even in the last ~4000 years. Though the mean δ15N values of modern 

specimens were lower than those of archaeological walruses from either high or low sea ice conditions, 

the range of modern values fell within the ranges of both ice states (Fig. 1.3). This indicates that walruses 

may have occupied a similarly low trophic position at other times in the past. Regardless of whether the 

diet of modern walruses is unprecedented in the last ~4000 years, it is clear that walruses harvested in the 

2010s had eaten proportionally more lower trophic level prey than animals at most other times in the past. 

These low δ15N values likely mean that these walruses foraged primarily on benthic bivalves, which are 

typically primary consumers and have low δ15N values as compared with other benthic invertebrates 

(Dehn et al. 2007; Tu et al. 2015). It has been suggested that the proportion of higher trophic level prey 

(e.g., ice seals and seabirds) in walrus diet has increased as a result of Arctic sea ice loss (Seymour et al. 

2014b). The results presented here indicate no difference in the average trophic position of the Pacific 

walrus population between past intervals of high and low sea ice conditions. Instead, they suggest that 

most modern walruses have decreased their lifetime consumption of higher trophic level prey.
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Regional and sex-related differences in δ15N values cannot be ruled out as sources of variation in 

this study. Because male and female walruses spend their summers foraging in different regions (Fay 

1982), the effect of location and sex on walrus stable isotope ratios are difficult to disentangle. The sex 

ratio of walruses from the modern period (27 females:48 males) was weighted more towards males than 

that of the historic period (74 females:67 males), whereas the sex ratio of the archaeological samples 

remains unknown. Sex related differences in δ13C values observed in this study were small (<0.2 ‰); 

however, it is likely that some of the observed differences in δ15N values among time periods in this study 

resulted from sex-related differences and unequal sex ratios. From the historic to the modern period, the 

mean δ15N value declined by 0.6 ‰. During this same period, the magnitude of the sex-related difference 

in δ15N values changed as well. In the historic samples, male and female δ15N values were identical, 

whereas in the modern period, the mean male δ15N value was 0.7‰ lower than that of females. This 

change, coupled with the difference in the sex ratios between the historic and modern periods, likely 

accounted for ~0.5 ‰ of the observed 0.6 ‰ decline in δ15N values in the modern samples. Presumably, 

similar changes in the δ15N offset between males and females and a difference in the sex ratio of the 

archaeological samples could be responsible for at least some of the observed differences between the 

archaeological and historic/modern samples. However, the importance of those factors as sources of 

variation in δ15N are unknown. Sex information was not available for the archaeological specimens, thus 

differences in sample sex ratios and changes in the magnitude of sex-related isotopic differences through 

time could not be estimated. It is important to note that these results do not mean that a change in δ15N did 

not occur between these periods. Instead, they indicate that the observed change in δ15N from the historic 

to the modern period was driven almost entirely by males. This also means that males were primarily 

responsible for the apparent shift to a lower average trophic position in the modern period, and that the 

diet of females remains essentially unchanged.

Dietary shifts may not have been the only factors driving the changes in δ15N values observed in 

this study. Baseline δ15N values are determined primarily by the sources of nitrogen available to primary 

producers, which may vary through time and space (Fogel and Cifuentes 1993). Establishing isotopic 
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baselines can be difficult, particularly for historic and archaeological timeframes, where directly sampling 

primary producers is not possible (Casey and Post 2011). Efforts have been made to infer historic changes 

in isotopic baselines using preserved animal specimens (e.g., Newsome et al. 2007; Wiley et al. 2013; 

Szpak et al. 2018). Misarti et al. (2009) examined modern and archeological stable isotope ratios of bone 

collagen from Sanak Island in the northwest Gulf of Alaska (one of the sites from which walrus bones 

were used in this study). These authors found that δ15N values of sea otter (Enhydra lutris) bone collagen 

were significantly lower in modern samples compared to archaeological bone; however, no significant 

declines in δ15N values were observed for Steller sea lions (Eumatopias jubatus), harbor seals (Phoca 

vitulina), northern fur seals (Callorhinus ursinus), Pacific cod (Gadus macrocephalus), or Sockeye 

salmon (Oncorhynchus nerka). Unfortunately, such studies have primarily been conducted on higher 

trophic level organisms, and separating dietary changes from baseline shifts remains difficult. Recently, 

compound specific stable isotope analysis of amino acids (CSIA-AA) has emerged as a potential solution 

to this problem. The δ15N values of some amino acids (the so-called “source amino acids”) do not 

experience trophic enrichment. Instead, they reflect the δ15N values at the base of the food chain 

(Chikaraishi et al. 2009; McClelland and Montoya 2017). Thus, by measuring the δ15N values of these 

source amino acids in preserved specimens, a long-term baseline can be reconstructed. Misarti et al. 

(2017) investigated the feasibility of using CSIA-AA on archeological shell to reconstruct isotopic 

baselines. Their samples from Sanak Island did not provide evidence for directional baseline shifts in δ15N 

values in the last ~1500 years. Recent CSIA-AA conducted on polar bear (Ursus maritimus) bone 

collagen from Alaska showed no significant changes in δ15N values of source amino acids between 

archaeological, historic, and modern samples (Horstmann et al. 2017). Though it remains possible that 

baseline changes in δ15N values were responsible for the patterns observed in this study, the results of 

these studies do not support this hypothesis.

The δ13C values of walruses from the historic and modern periods provided support for the ice 

state assignments of the archaeological samples. Modern walruses, which lived during an interval of 

rapidly declining sea ice cover, had δ13C values that were similar to those of walruses from previous low 
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sea ice intervals and different from both the historic walruses and archaeological walruses from intervals 

of high sea ice. Conversely, δ13C values of walruses from the historic period, an interval of relatively high 

sea ice cover, were similar to those of animals from previous high sea ice intervals and different from 

those of modern walruses and animals from previous intervals of low sea ice. Taken together, these 

results indicate that walrus bone collagen δ13C values are changing with sea ice conditions. The exact 

mechanisms responsible for the observed shifts in δ13C values remain unknown. These changes may have 

resulted from differences in walrus diet during high and low sea ice cover; however, it is perhaps more 

likely that the correlation between δ13C values and sea ice conditions resulted from shifts in baseline δ13C 

values associated with changing oceanographic conditions and sources of primary production.

Decadal shifts in δ13C and δ15N values

Because more information was available for historic and modern samples, including collection 

year, sex, and estimated age for many animals, we were able to conduct finer-scale investigations of 

changes in δ13C and δ15N values. Additionally, more accurate ice estimates allowed for direct inspection 

of the correlation between walrus bone collagen stable isotope ratios and Chukchi Sea ice conditions. As 

with the broader time periods, δ15N values exhibited the most substantial differences in the historic and 

modern samples (Fig. 1.5). These differences were apparently restricted to male walruses, as female δ15N 

did not change among decades, whereas males had lower δ15N values in the 1930s and 2010s. 

Interestingly, there was a shift in the 1920s from a sustained state of high (~75 %) September Chukchi 

Sea ice cover, to a state of sustained lower (~60%) September ice cover (Walsh et al. 2017). Given that 

walrus bone collagen δ13Cand δ15N values represent a lifetime average (~16 years in this study, based on 

age estimates from tooth annuli) of diet and conditions experienced by an animal, it is possible that the 

changes observed in the 1930s were a response to the shift from a higher to a lower ice state in the 1920s. 

The samples from the 2010s showed a similar pattern to those from the 1930s; however, it is difficult to 

say whether these similarities are driven by changing ice conditions or by other factors, such as changing 
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prey availability in male summer habitat, regionally variable baseline shifts, or changes to migratory 

behavior of male walruses.

Direct examination of the relationship between walrus δ15N values and September Chukchi Sea 

ice cover supported the results of the decadal comparisons. Female δ15N values were not correlated with 

September Chukchi Sea ice cover, whereas male δ15N values were positively related to ice cover. Though 

the nature of the relationship between sea ice and δ15N values of male walruses remains unclear, it is 

likely that September Chukchi Sea ice cover did not directly influence the stable isotope ratios of males 

and, instead, simply acted as a proxy for other changes that have occurred in the male summer habitat. 

Male walruses typically spend summers in Bristol Bay, AK, and along the Russian coastline (Fay 1982). 

Chukchi Sea ice cover has declined steadily since the 1980s (Walsh et al. 2017), thus it can be expected 

that this measure will be strongly correlated with many other variables associated with changes to 

regional climate, including warming of the Arctic and factors associated with the major regime shift that 

occurred in the North Pacific and Bering Sea in the late 1970s (Ebbesmeyer et al. 1991). This regime shift 

has been linked to changes in Bering Sea ice cover (Niebauer 1998), as well as alterations in species 

compositions and abundances in fish communities, changes to benthic invertebrate community structure 

on the Bering Sea shelf (Coyle et al. 2007), and a nearly linear increase in the biomass of non-crab 

benthic invertebrates in Bristol Bay bottom trawls since the early 1980s (Conners et al. 2002). It is these 

last two factors that are most likely to have led to the decline in δ15N values of male walruses in recent 

decades, as shifts in the structure of benthic communities and increased abundance of benthic 

invertebrates likely led male walruses to consume a greater proportion of bivalve prey, thus lowering their 

average trophic position. The changes in community composition and food web structure attributed to this 

regime shift may also have been tied to the trend of regional warming that took place at the same time 

(Grebmeier 2012). Benthic communities in the Chukchi Sea, though undergoing changes, were 

comparably stable across the same period (Grebmeier et al. 2015b), perhaps explaining why female δ15N 

values did not change as sea ice declined. Finally, it has been suggested that the proportion of male 

walruses accompanying the females and calves on their northward journey has increased as the Arctic 
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climate has warmed (Garlich-Miller et al. 2011). A change in summer migratory destination could lead to 

a decline in δ15N values for male walruses; however, if this were the case, male δ15N values would be 

expected to become more similar to female δ15N values as sea ice declined. Instead, the opposite is true, 

and average male δ15N values have diverged from that of females.

Mean decadal δ13C values did not differ between sexes and remained relatively constant through 

time, in contrast to δ15N. The exceptions to this general stability in δ13C values were the 1990s and 2010s, 

which had lower values than other decades (Fig. 1.5). It is unclear why the first decade of the 2000s had 

significantly less negative δ13C values than the 1990s and 2010s. Perhaps the most interesting feature of 

the historic δ13C data was not a shift in mean values, but a change in δ13C variability among decades. Fay 

et al. (1989) reported that the Pacific walrus population reached and possibly exceeded carrying capacity 

in the late 1970s and early 1980s. At this time, food resources were apparently limiting, and Alaska 

Native subsistence hunters reported that animals were generally leaner and age at first reproduction 

increased. In the present study, the δ13C values of both male and female walruses from the 1970s 

exhibited greater variability and a broader distribution than during other decades. This could be 

interpreted as an indication of increased variation in diet among individuals resulting from increased 

competition for food resources, as predicted by OFT (Stephens and Krebs 1986). This, in turn, would 

support the hypothesis that the greater variability in δ13C values among individuals from intervals of low 

sea ice was driven by limited access to preferred prey items. However, the apparent variability in the diet 

of walruses in the 1970s could also have resulted from the regime shift that caused major changes to 

regional ecosystems and food webs around 1976/1977 (Ebbesmeyer et al. 1991). In either case, these 

changes appear in the walrus bone collagen stable isotope ratios earlier than would be expected given the 

timing of these events, as δ13C and δ15N values of walruses that lived during the 1970s would be expected 

to represent an average of diet extending back into the 1960s and, for some individuals, the 1950s. It is 

worth noting that the walruses from the 2010s had a narrower distribution of δ13C values, evidence that 

walrus access to preferred prey items has not been limiting in recent years.
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The effects of declining ice algal production on δ13C values

The mean δ13C value of modern walruses in this study was significantly lower than that of 

walruses from the historic period, and from that of archaeological walruses from intervals of high and low 

sea ice. A decrease in δ13C values in modern samples was not unexpected. Sea ice algae tend to have 

higher δ13C values than pelagic phytoplankton (e.g., Oxtoby et al., 2016) and, as sea ice declines, the 

contribution of sea ice algae to total primary production in the region will decrease. As a result, δ13C 

values are expected to shift towards more negative (pelagic) values as sea ice in the region continues to 

decline. This idea was more directly examined by investigating the correlation between September 

Chukchi sea ice extent and walrus bone collagen δ13C values. Though δ13C values of both male and 

female walruses was positively correlated with ice extent, these relationships were weak (Fig. 1.6). The 

slope of the regression lines for both sexes was 0.01, meaning that a shift from 100 % to 0 % ice cover 

would result in only 1 ‰ change in δ13C values. Additionally, the correlation between sea ice cover and 

δ13C explained only a small portion of the variability in δ13C values, indicating that other factors are more 

important in determining the δ13C values of walrus bone collagen. This is not surprising as many other 

factors impact δ13C values, including diet, foraging location, and animal physiology (Newsome et al. 

2010).

Climate-driven food web shifts

Finally, it has been suggested that sea ice loss in the Arctic will lead to food webs with a greater 

number of trophic levels, as warming waters and increased atmospheric CO2 concentrations cause shifts 

towards a system dominated by smaller, pelagic phytoplankton species (Li et al. 2009; Kędra et al. 2015). 

This proportional decline in the larger nanoplankton (average cell diameter = 2 - 20 μm) and increase in 

picoplankton (average cell diameter < 2 μm) is expected to lead to decreased benthic production, as 

slower sinking speeds and increased grazing cause a greater proportion of primary production in the 
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region to be consumed or degraded before reaching the seafloor (Wassmann and Reigstad 2011). The 

results of this study challenge these hypotheses. A system with longer food webs would be expected to 

cause walrus δ15N to increase, as the number of trophic steps between walrus prey and the system's 

primary producers increased. Similarly, diminished benthic-pelagic coupling is expected to lead to 

depauperate benthic systems, which would lead to decreased availability of benthic bivalves, walruses' 

preferred prey (Sheffield and Grebmeier 2009), and would likely lead to an increased proportion of higher 

trophic level prey in walrus diet or increased diet variation among individuals, as suggested by Seymour 

et al. (2014a; b). In this study, we found no difference in mean δ15N value of archaeological walruses 

from intervals of high and low sea ice cover in the Chukchi Sea, though increased variability in δ13C and 

δ15N values during low sea ice intervals may have resulted from changes in prey availability. The only 

substantial change in δ15N observed in this study was a decline of ~1.0‰ in modern animals. These 

results suggest that the number of trophic levels in the food webs leading to walruses in the Bering and 

Chukchi seas is not increasing. Instead, the low δ15N values in modern walruses and the relatively low 

degree of δ15N variability among individuals in this time period suggest that walruses are foraging on 

plentiful, lower trophic level prey, a conclusion that is supported by studies of walrus space and resource 

use in recent years (Jay et al. 2014; Beatty et al. 2016).

CONCLUSIONS

The ~4000 year index of Chukchi Sea ice conditions presented herein matches well with known 

climate anomalies and demonstrates that data from multiple sediment cores can be directly combined to 

provide a more representative estimate of regional climate. Archaeological walrus specimens assigned to 

high and low sea ice intervals defined by this index indicated that the trophic space occupied by walruses 

was similar among ice states; however, diet variability among individuals increased during low ice 

intervals, possibly resulting from reduced access to preferred prey at those times. Analysis of the historic 

and modern samples supported the hypothesis that δ13C values in the Bering and Chukchi seas have 
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declined as the proportional input sea ice algae into food webs has decreased; however, results from our 

walrus data indicate these changes have so far been small. Sea ice conditions were more strongly 

correlated with δ15N values of male walruses, though Chukchi Sea ice was likely not the factor driving 

these changes and was instead serving as a proxy for concurrent changes in male walrus summer habitats. 

Overall, variable sea ice did not appear to be a major driver of change in walrus diet during the last ~4000 

years. Perhaps most interestingly, the modern walruses examined for this study were isotopically distinct 

from archaeological walruses that lived in high and low sea ice intervals, as well as during the last ~135 

years, suggesting that changes currently underway in this region are unlike any others that occurred 

during the study period.

Though the results presented here imply little change in walrus diet with past sea ice loss, the 

environmental changes currently taking place in the Arctic are occurring at an unprecedented rate. This 

might mean that previous low sea ice intervals, at least within the last 4000 years, are not appropriate 

analogs for the current warming of the Arctic. Additionally, the ongoing changes to the Arctic climate 

are accompanied by other large-scale perturbations not present during previous intervals of warming (e.g., 

anthropogenic CO2 input, increased intensity of human use of the Arctic, introduction of chemical 

contaminants into marine ecosystems). It is likely that high atmospheric and aqueous CO2 concentrations 

will eventually drive shifts in the physiology of Arctic plants and animals (Kędra et al. 2015). Coupled 

with the associated ocean acidification, these changes are likely to impact primary producers and benthic 

invertebrate populations (Fabry et al. 2009). Large-scale removal of great whales and walruses from the 

Bering and Chukchi seas in the 19th and 20th centuries, paired with increasing extent and intensity of 

fisheries in the North Pacific and Bering Sea have substantially altered ecosystems in these regions in 

ways that are not well understood (e.g., Springer et al., 2003).

It is important to note that the largest changes in δ13C and δ15N values observed during the ~4000 

year reconstruction of walrus diet presented in this paper occurred in the last two decades. Though this is 

likely due, in part, to the relatively short window of time represented by these samples, as compared with 

the broad archaeological time periods, which average a variety of environmental conditions, these 
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isotopic changes may represent a previously unobserved shift in walrus diet. Given the substantial lag 

between dietary shifts and their impacts on stable isotope ratios in bone collagen, it is likely that the 

actual changes in walrus diet are more substantial than those captured in the specimens used for this 

study. Continued examinations of walrus diet and population health should be employed to track the 

changes that are currently underway. Future studies using compound-specific stable isotope analysis 

would be especially valuable for gaining further insight into the more complex aspects of walrus dietary 

changes and potential baseline shifts through time.
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FIGURES

Fig. 1.1) Map of the study area indicating sampling locations of marine sediment cores (P1/B3, GGC-19, 
and HLY05; orange circles) and walrus specimens (green diamonds).
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Fig. 1.2) The Chukchi Sea ice index (thin blue line), overlaid by a 101-year centered moving average 
(thick blue line), across the study period (4150 - 0 cal yr BP). For reference, the dashed orange line 
represents the Southcentral Alaska air temperature anomaly adapted from Heusser et al. (1985). Positive 
values of the ice index indicate higher than average ice conditions. Negative values indicate lower than 
average ice conditions.
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Fig. 1.3) Walrus bone collagen δ13C (left, blue) and δ15N (right, orange) values from low ice (4100 - 0 
BP), high ice (4100 - 0 BP), historic (1880 - 2007 AD), and modern periods (2012 - 2016 AD). Dashed 
lines represent means and shaded areas show the relative frequency and distribution of the data.
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Fig. 1.4) Scatterplot of δ13C and δ15N values of archaeological walrus bone collagen from intervals of 
high (blue circles) and low (red triangles) sea ice, as defined by the Chukchi Sea ice index. SIBER 
ellipses indicate the niche width of each group, as quantified by the standard ellipse area corrected for 
small sample sizes (SEAc).
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Fig. 1.5) Walrus bone collagen δ13C (left, blue) and δ15N (right, orange) values from the 1930s, 1950s, 
1960s, 1970s, 1980s, 1990s, 2000s, and 2010s. Darker colors represent females and lighter colors 
represent males. The shaded areas show the relative frequency and distribution of the data for each 
decade.
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Fig. 1.6) Linear regressions of male (light colored circles) and female (dark colored triangles) walrus 
bone collagen δ13C (left, blue) and δ15N (right, orange) values and September Chukchi Sea ice extent. 
Regression equations and R2-values are given in the graphs for significant (p < 0.05) linear relationships.
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TABLES

Table 1.1) Date ranges (cal yr BP) of low and high sea ice intervals as defined by the Chukchi Sea ice 
index.

Low Ice Intervals High Ice Intervals

4100 - 4003 cal yr BP

4002 - 3836 cal yr BP 3835 - 3521 cal yr BP

3520 - 3347 cal yr BP 3346 - 2453 cal yr BP

2452 - 1979 cal yr BP 1978 - 1732 cal yr BP

1731 - 1385 cal yr BP 1384 - 1312 cal yr BP

1311 - 828 cal yr BP 827 - 781 cal yr BP

780 - 431 cal yr BP 430 - 270 cal yr BP

269 - 116 cal yr BP 115 - 50 cal yr BP
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Table 1.2) Mean differences in δ13C and δ15N values in walrus bone collagen among intervals of high sea 
ice (4100 - 0 cal yr BP), intervals of low sea ice (4100 - 0 cal yr BP), historic (1880 - 2007 AD), and 
modern periods (2012 - 2016 AD). Bold values indicate significant differences (p < 0.05).

δ13C Low Ice (Archaeo) High Ice (Archaeo) Historic Modern
Low Ice (Archaeo) - 0.2 ‰ 0.3 ‰ 0.2 ‰
High Ice (Archaeo) - 0.1 ‰ 0.4 ‰
Historic - 0.5 ‰
δ15N Low Ice (Archaeo) High Ice (Archaeo) Historic Modern
Low Ice (Archaeo) - 0.0 ‰ 0.6 ‰ 1.2 ‰
High Ice (Archaeo) - 0.6 ‰ 1.2 ‰
Historic - 0.6 ‰
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Table 1.3) Decadal differences in mean bone collagen δ13C values for pooled samples of male and female 
walruses and δ15N values split by sex. Bold values indicate significant differences (p < 0.05).

Pooled Male and
Female δ13C 1930s 1950s 1960s 1970s 1980s 1990s 2000s 2010s

193 0s - 0.2 ‰ 0.2 ‰ 0.1 ‰ 0.0 ‰ 0.5 ‰ 0.5 ‰ 0.4 ‰
1950s - 0.0 ‰ 0.1 ‰ 0.2 ‰ 0.7 ‰ 0.2 ‰ 0.6 ‰
1960s - 0.1 ‰ 0.2 ‰ 0.7 ‰ 0.2 ‰ 0.6 ‰
1970s - 0.1 ‰ 0.6 ‰ 0.4 ‰ 0.5 ‰
1980s - 0.5 ‰ 0.4 ‰ 0.4 ‰
1990s - 1.0 ‰ 0.1 ‰
2000s - 0.8 ‰
2010s -

Split Male and
Female δ15N 1930s 1950s 1960s 1970s 1980s 1990s 2000s 2010s

Females
1930s - 0.1 ‰ 0.1 ‰ 0.8 ‰ 0.2 ‰ 0.3 ‰ 0.5 ‰ 0.1 ‰
1950s 1.5 ‰ - 0.2 ‰ 0.7 ‰ 0.1 ‰ 0.2 ‰ 0.4 ‰ 0.1 ‰
1960s 1.6 ‰ 0.1 ‰ - 0.9 ‰ 0.3 ‰ 0.4 ‰ 0.6 ‰ 0.1 ‰
1970s 1.6 ‰ 0.1 ‰ 0.1 ‰ - 0.6 ‰ 0.5 ‰ 0.3 ‰d 0.8 ‰
1980s 1.6 ‰ 0.1 ‰ 0.1 ‰ 0.0 ‰ - 0.1 ‰ 0.3 ‰ 0.2 ‰
1990s 1.9 ‰ 0.4 ‰ 0.3 ‰ 0.3 ‰ 0.3 ‰ - 0.2 ‰ 0.3 ‰
2000s 1.8 ‰ 0.4 ‰ 0.3 ‰ 0.3 ‰ 0.2 ‰ 0.0 ‰ - 0.5 ‰
2010s 0.7 ‰ 0.8 ‰ 0.9 ‰ 0.9 ‰ 1.0 ‰ 1.2 ‰ 1.2 ‰ -

Males
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54



Appendix A1) Linear regression of the logit-transformed annual Chukchi Sea ice cover (%) versus the 
satellite-era (1979 - 2016) Chukchi Sea ice index. This index was created using data from the three core 
locations used to generate the ~4000 year dinocyst-based Chukchi Sea ice index.

55



Appendix A2) Results of the resampling test of the sensitivity of walrus bone collagen δ13C and δ15N 
value comparisons to incorrect ice state assignments. Left panel shows means calculated from original 
high (right, blue circle) and low (left, red diamond) assignments overlaid on means calculated from the 
resampling output. Error bars indicate ± 1 standard deviation. Right panel shows a closer view, without 
the error bars, to show the distribution of the means calculated from the resampling output.
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Lζ

Appendix A3) Information for historic (1880 - 2007 AD) and modern (2012 - 2016 AD) walrus samples, including project ID, University of 
Alaska Museum (UAM) ID (United States National Museum specimen IDs denoted by USNM prefix), collection year (AD), period, location, 
region, sex, tooth age, age class, δ15N value (‰), and δ13C value (‰).

Project
ID 

(WAL-)
UAM

ID
Year
(AD)

Element Period Location Region Sex Tooth
Age

Age
Class

δ15N
(‰)

δ13C
(‰)

229.2 USNM
16437 1880 Cranium Historic Plover Bay Bering Sea M - Adult 18.9 -12.4

228.2 USNM
16447 1880 Cranium Historic Big Diomede Island Bering Sea - - Adult 11.6 -12.8

231.2 USNM
16448 1880 Cranium Historic Big Diomede Island Bering Sea - - Adult 11.1 -12.0

217.2 USNM
16756 1883 Cranium Historic Utqiagvik Chukchi Sea - - Adult 13.2 -12.8

218.2 USNM
16757 1883 Cranium Historic Utqiagvik Chukchi Sea - - Adult 14.4 -13.0

215.2 USNM
38981 1890 Mandible Historic St. Paul Island Bering Sea M - Adult 12.2 -12.8

216 USNM
63302

1895 Cranium Historic St. Paul Island Bering Sea M - Adult 12.5 -12.1

232.2 USNM
108344 1900 Cranium Historic Cape Dezhnev Chukchi Sea - - Adult 12.2 -12.7

219.2 USNM
220151 1917 Cranium Historic Round Island Bristol Bay M - Adult 12.7 -12.7

222.2 USNM
248161 1927 Cranium Historic St. Paul Island Bering Sea M - Adult 12.6 -12.5

113 5010 1928 Scapula Historic St. Lawrence Island Bering Sea - - Adult 12.1 -12.7

223 USNM
256001 1930 Cranium Historic St. Lawrence Island Bering Sea - - Adult 10.5 -12.6

224.2 USNM
256002 1930 Cranium Historic St. Lawrence Island Bering Sea - - Juvenile 12.9 -13.3

050.2 3382 1931 Mandible Historic St. Lawrence Island Bering Sea M - Juvenile 11.4 -12.5
064.1 16591 1932 Mandible Historic St. Lawrence Island Bering Sea F - Adult 13.3 -12.8
042.2 16592 1932 Mandible Historic St. Lawrence Island Bering Sea F - Adult 12.7 -12.9
045.2 16593 1932 Mandible Historic St. Lawrence Island Bering Sea F - Adult 13.3 -13.5
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Project
ID 

(WAL-)
UAM

ID
Year
(AD)

Element Period Location Region Sex Tooth
Age

Age
Class

δ15N
(‰)

δ13C
(‰)

069.1 16586 1933 Mandible Historic St. Lawrence Island Bering Sea F Adult 12.4 -12.8
123.2 16587 1933 Mandible Historic St. Lawrence Island Bering Sea F Adult 12.6 -13.0
023.2 16588 1933 Mandible Historic St. Lawrence Island Bering Sea F Adult 11.7 -13.8
122.2 16589 1933 Mandible Historic St. Lawrence Island Bering Sea F Adult 13.3 -13.2
121.1 16590 1933 Mandible Historic St. Lawrence Island Bering Sea F Adult 12.7 -13.3
061 2085 1934 Cranium Historic St. Lawrence Island Bering Sea M Adult 11.2 -12.4
118 5220 1934 Mandible Historic St. Lawrence Island Bering Sea M Adult 11.6 -12.8
817 130627 1952 Baculum Historic St. Lawrence Island Bering Sea M Adult 12.4 -13.2
818 130628 1952 Baculum Historic St. Lawrence Island Bering Sea M Adult 12.4 -12.3
819 130629 1953 Baculum Historic St. Lawrence Island Bering Sea M Adult 11.7 -12.6

036.1 5012 1954 Cranium Historic Kotzebue Chukchi Sea F Adult 11.9 -12.7
027 11690 1956 Mandible Historic St. Lawrence Island Bering Sea M Juvenile 13.0 -13.2

085.2 11694 1956 Mandible Historic St. Lawrence Island Bering Sea M Adult 12.1 -13.4
057.2 11696 1956 Mandible Historic St. Lawrence Island Bering Sea F Adult 12.1 -12.3
031.2 11700 1956 Mandible Historic St. Lawrence Island Bering Sea F Adult 12.4 -12.8
048.1 11702 1956 Cranium Historic St. Lawrence Island Bering Sea F Adult 13.0 -12.4
060.1 11703 1956 Cranium Historic St. Lawrence Island Bering Sea M Adult 12.5 -12.5
068.1 11688 1957 Mandible Historic St. Lawrence Island Bering Sea M Juvenile 12.9 -13.2
065.1 11691 1957 Cranium Historic St. Lawrence Island Bering Sea F Juvenile 13.9 -12.9
094 11695 1957 Mandible Historic St. Lawrence Island Bering Sea M Juvenile 13.8 -13.4
041 3377 1957 Cranium Historic St. Lawrence Island Bering Sea M Adult 12.9 -11.9

081.2 11689 1958 Mandible Historic St. Lawrence Island Bering Sea F Juvenile 12.8 -13.7
062.1 11704 1958 Cranium Historic St. Lawrence Island Bering Sea F Adult 13.8 -12.9
091 11705 1958 Mandible Historic St. Lawrence Island Bering Sea F Adult 13.4 -12.7
096 11706 1958 Mandible Historic St. Lawrence Island Bering Sea M Juvenile 13.8 -13.0
119 11707 1958 Mandible Historic St. Lawrence Island Bering Sea F Adult 12.6 -12.8
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086 11710 1958 Mandible Historic St. Lawrence Island Bering Sea F - Adult 13.1 -13.6

220.2 USNM
287992 1958 Cranium Historic - Bristol Bay M - Adult 13.6 -12.0

221.2 USNM
287993 1958 Cranium Historic - Bristol Bay M - Adult 13.2 -11.8

225.2 USNM
287994 1958 Cranium Historic - Bristol Bay M - Adult 12.8 -12.5

056.1 11698 1959 Cranium Historic St. Lawrence Island Bering Sea F Adult 12.8 -12.7
117 5218 1960 Mandible Historic Chariot Chukchi Sea - Adult 13.2 -12.8

022.1 11701 1961 Cranium Historic St. Lawrence Island Bering Sea M Adult 12.7 -12.9
051.1 4861 1961 Cranium Historic Utqiagvik Chukchi Sea M Adult 13.1 -12.9
097 5042 1961 Humerus Historic Point Hope Chukchi Sea F Adult 13.3 -12.8
108 5047 1961 Humerus Historic Point Hope Chukchi Sea M Adult 19.1 -12.2
109 5049 1961 Humerus Historic Point Hope Chukchi Sea F Adult 12.4 -12.8
106 5052 1961 Radius Historic Point Hope Chukchi Sea M Adult 11.6 -11.7

032.3 11517 1962 Mandible Historic St. Lawrence Island Bering Sea M Juvenile 13.6 -13.8
075.1 11686 1962 Cranium Historic St. Lawrence Island Bering Sea F Adult 12.9 -13.2

226.2 USNM
324983 1962 Cranium Historic St. Lawrence Island Bering Sea M - Adult 11.9 -13.0

021.1 11711 1963 Mandible Historic St. Matthew Island Bering Sea M Adult 13.4 -13.0
039.2 7277 1964 Mandible Historic St. Lawrence Island Bering Sea M Adult 13.2 -12.6
642 - 1965 Cranium Historic Wainwright Chukchi Sea - - 12.5 -12.5

047.2 11512 1965 Mandible Historic St. Lawrence Island Bering Sea M Juvenile 14.3 -12.2
077.2 11683 1965 Mandible Historic St. Lawrence Island Bering Sea M Adult 12.7 -12.4
816.1 130626 1965 Cranium Historic St. Lawrence Island Bering Sea M 3 Juvenile 13.0 -12.5
063.1 11693 1966 Mandible Historic St. Lawrence Island Bering Sea F - Juvenile 12.4 -12.5
815 130625 1966 Mandible Historic St. Lawrence Island Bering Sea F 11 Adult 12.5 -13.1

072.2 11699 1969 Mandible Historic St. Lawrence Island Bering Sea M - Adult 13.0 -12.9
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120.1 11708 1970 Mandible Historic St. Lawrence Island Bering Sea F - Adult 13.1 -13.0
025.1 11709 1970 Cranium Historic St. Lawrence Island Bering Sea F - Adult 15.0 -14.1
055.2 11684 1972 Mandible Historic St. Lawrence Island Bering Sea F - Adult 12.7 -12.5
033.1 10538 1973 Mandible Historic Kotzebue Chukchi Sea F - Adult 13.7 -12.3

230.2 USNM
500253 1973 Cranium Historic - Bering Sea M - Adult 12.5 -12.8

227.2 USNM
500254 1973 Cranium Historic St. Lawrence Island Bering Sea M - Adult 13.1 -15.0

089 12069 1977 Cranium Historic Round Island Bristol Bay M Adult 13.9 -14.0
093 12070 1977 Cranium Historic Round Island Bristol Bay M Adult 13.7 -12.7

078.1 12071 1977 Mandible Historic Round Island Bristol Bay M Adult 13.4 -12.5
070.1 12072 1978 Cranium Historic Round Island Bristol Bay M Adult 12.6 -13.2
074.1 12073 1978 Mandible Historic Round Island Bristol Bay M Adult 12.6 -12.4
037.1 12074 1978 Mandible Historic Round Island Bering Sea M Adult 13.4 -11.8
076.1 12075 1978 Mandible Historic Round Island Bristol Bay M Adult 12.7 -12.7
058.1 12076 1978 Cranium Historic Round Island Bristol Bay M Adult 12.8 -12.0
080 12077 1978 Mandible Historic Round Island Bristol Bay M Adult 12.3 -13.4

071.2 12078 1978 Mandible Historic Nushagak Bay Bristol Bay M Adult 12.4 -12.9
079.2 12079 1978 Mandible Historic Round Island Bristol Bay M Adult 12.5 -12.8
084.2 12080 1978 Mandible Historic Nushagak Bay Bristol Bay M 30 Adult 13.4 -13.7
082.2 12081 1978 Mandible Historic Nushagak Bay Bristol Bay M - Adult 12.3 -12.7
049.2 12082 1978 Mandible Historic Nushagak Bay Bristol Bay M 30 Adult 13.5 -12.0
073.1 12083 1978 Mandible Historic Round Island Bristol Bay M Adult 13.1 -13.4
020.2 12084 1978 Mandible Historic Round Island Bristol Bay M Adult 13.5 -12.2
087.2 12085 1978 Mandible Historic Nushagak Bay Bristol Bay M Adult 12.7 -12.8
038.2 12086 1979 Mandible Historic Round Island Bering Sea M Adult 13.2 -12.6
643 - 1981 Humerus Historic Cape Pierce Bristol Bay - - 13.5 -12.0
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645 - 1981 Baculum Historic Cape Pierce Bristol Bay M - - 13.7 -12.6
644 - 1981 Scapula Historic Cape Pierce Bristol Bay - - - 14.0 -11.6

046.1 14793 1981 Mandible Historic Port Moller Bering Sea M 28 Adult 12.4 -12.4
083.2 24069 1981 Mandible Historic Bristol Bay M 20 Adult 12.2 -13.1
751 129342 1983 Mandible Historic Chukchi Sea F 12 Adult 13.0 -13.0
752 129343 1983 Mandible Historic Chukchi Sea M 7 Adult 12.9 -13.4
753 129344 1983 Mandible Historic Chukchi Sea F 13 Adult 13.0 -13.3
754 129345 1983 Mandible Historic Chukchi Sea F 23 Adult 12.9 -12.8
755 129346 1983 Mandible Historic Chukchi Sea F 26 Adult 12.2 -12.7
756 129347 1983 Mandible Historic Chukchi Sea F 16 Adult 12.7 -13.0
757 129348 1983 Mandible Historic Chukchi Sea F 15 Adult 12.6 -13.1
758 129349 1983 Mandible Historic Chukchi Sea F 19 Adult 12.9 -12.6
759 129350 1983 Mandible Historic Chukchi Sea F 10 Adult 12.7 -12.9
760 129351 1983 Mandible Historic Chukchi Sea F 24 Adult 13.0 -13.3
761 129353 1983 Mandible Historic Chukchi Sea F 22 Adult 12.7 -13.4
762 129354 1983 Mandible Historic Chukchi Sea F 28 Adult 12.5 -13.1
763 129355 1983 Mandible Historic Chukchi Sea F 30 Adult 13.4 -13.0
764 129356 1983 Mandible Historic Chukchi Sea F 14 Adult 13.1 -12.9
765 129357 1983 Mandible Historic Chukchi Sea F 16 Adult 13.3 -12.9
766 129358 1983 Mandible Historic Chukchi Sea F 14 Adult 13.1 -12.5
767 129359 1983 Mandible Historic Chukchi Sea F 21 Adult 13.3 -13.1
768 129360 1983 Mandible Historic Chukchi Sea F 19 Adult 12.7 -12.4
769 129361 1983 Mandible Historic Chukchi Sea F 26 Adult 13.8 -13.4
770 129362 1983 Mandible Historic Chukchi Sea F 8 Adult 12.2 -12.8
771 129363 1983 Mandible Historic Chukchi Sea F 24 Adult 12.2 -12.7
772 129364 1983 Mandible Historic Chukchi Sea F 15 Adult 13.0 -12.6
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773 129365 1983 Mandible Historic Chukchi Sea M 6 Adult 14.0 -14.2
774 129366 1983 Mandible Historic Chukchi Sea F 16 Adult 12.5 -12.9
776 129368 1983 Mandible Historic Chukchi Sea F 15 Adult 12.9 -13.1
777 129369 1983 Mandible Historic Chukchi Sea F 20 Adult 12.6 -12.4
778 129370 1983 Mandible Historic Chukchi Sea F 29 Adult 13.6 -13.2

809.1 130619 1987 Mandible Historic Chukchi Sea F 24 Adult 13.0 -13.4
810.1 130620 1987 Mandible Historic Chukchi Sea F 33 Adult 12.5 -12.7
811.1 130621 1987 Mandible Historic Chukchi Sea F 19 Adult 14.2 -13.3
812.1 130622 1987 Mandible Historic Chukchi Sea F 21 Adult 13.0 -13.0
813.1 130623 1987 Mandible Historic Chukchi Sea F 26 Adult 13.9 -12.4
814.1 130624 1987 Mandible Historic Chukchi Sea F 21 Adult 13.2 -13.4
834.1 108247 1994 Mandible Historic St. Lawrence Island Bering Sea F 15 Adult 13.4 -13.7
835.1 108270 1994 Mandible Historic St. Lawrence Island Bering Sea F 15 Adult 12.7 -13.5
841.1 108297 1994 Mandible Historic St. Lawrence Island Bering Sea F 14 Adult 13.9 -13.9
413 - 1995 Vertebra Historic Pt. Franklin Chukchi Sea - - - 15.5 -14.5

831.1 108227 1995 Mandible Historic St. Lawrence Island Bering Sea M 17 Adult 14.7 -13.2
832.1 108228 1995 Mandible Historic St. Lawrence Island Bering Sea M 19 Adult 11.4 -13.4
833.1 108242 1995 Mandible Historic St. Lawrence Island Bering Sea F 8 Adult 12.7 -14.0
836.1 108279 1995 Mandible Historic St. Lawrence Island Bering Sea M 19 Adult 13.0 -13.6
837.1 108281 1995 Mandible Historic St. Lawrence Island Bering Sea M 10 Adult 14.1 -13.3
839.1 108290 1995 Mandible Historic St. Lawrence Island Bering Sea F 8 Adult 12.9 -14.5
840.1 108291 1995 Mandible Historic St. Lawrence Island Bering Sea F 16 Adult 12.5 -13.0
838.1 108289 1996 Mandible Historic St. Lawrence Island Bering Sea F 19 Adult 13.0 -13.0
842.1 108302 1996 Mandible Historic St. Lawrence Island Bering Sea F 13 Adult 13.1 -13.1
827.1 107077 1999 Mandible Historic St. Lawrence Island Bering Sea F 11 Adult 13.4 -13.4
825.1 106724 2000 Mandible Historic St. Lawrence Island Bering Sea F - Adult 13.8 -13.4
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826.1 106810 2000 Mandible Historic St. Lawrence Island Bering Sea F Adult 12.5 -12.9
629.1 99596 2004 Mandible Historic Slug Mountain Bristol Bay M Adult 13.5 -12.3
627 99578 2005 Mandible Historic Togiak Bristol Bay M Adult 13.3 -12.2
628 99584 2005 Mandible Historic Hook Lagoon Bristol Bay M Adult 13.7 -12.4

630.1 99597 2005 Mandible Historic Slug Mountain Bristol Bay F Adult 13.5 -13.0
828.1 108058 2006 Mandible Historic St. Lawrence Island Bering Sea F 15 Adult 14.0 -13.2
829.1 108108 2006 Mandible Historic St. Lawrence Island Bering Sea F 19 Adult 12.5 -11.8
830.1 108120 2006 Mandible Historic St. Lawrence Island Bering Sea M 12 Adult 13.4 -13.7
632.1 125514 2006 Mandible Historic Nushagak Bay Bristol Bay - Adult 13.5 -12.9
631 15513 2006 Mandible Historic Hagemeister Island Bristol Bay M Adult 12.2 -12.3

624.1 87001 2006 Mandible Historic High Island Bristol Bay M Adult 13.4 -12.0
452.2 87003 2006 Mandible Historic Hagemeister Island Bristol Bay M Adult 13.3 -12.2
451.2 87004 2006 Mandible Historic Hagemeister Island Bristol Bay M Adult 13.5 -12.1
625.1 87006 2006 Mandible Historic Nushagak Bay Bristol Bay M Adult 13.1 -12.4
453.2 87009 2006 Mandible Historic Nushagak Bay Bristol Bay M Adult 13.1 -12.2
626.1 87329 2006 Mandible Historic Nushagak Bay Bristol Bay M Adult 12.8 -12.3
633.1 125515 2007 Mandible Historic Nushagak Bay Bristol Bay - Adult 12.5 -12.4
635 - 2012 Radius Modern Utqiagvik Chukchi Sea - Juvenile 13.4 -14.7
634 - 2012 Femur Modern Utqiagvik Chukchi Sea - Adult 12.7 -13.3

843.1 128075 2012 Mandible Modern St. Lawrence Island Bering Sea F 9 Adult 13.2 -13.5
844.1 128078 2012 Mandible Modern St. Lawrence Island Bering Sea F 13 Adult 13.1 -13.6
845.1 128086 2012 Mandible Modern St. Lawrence Island Bering Sea F 12 Adult 13.5 -13.2
820.1 - 2014 Unknown Historic St. Lawrence Island Bering Sea M 16 Adult 12.5 -13.5
636 - 2014 Femur Modern Utqiagvik Chukchi Sea - - Juvenile 13.7 -12.9
637 - 2014 Sternebra Modern Utqiagvik Chukchi Sea - - Juvenile 14.4 -12.7
621 - 2014 Mandible Modern Utqiagvik Chukchi Sea M - Adult 12.8 -13.7
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622 - 2014 Mandible Modern Utqiagvik Chukchi Sea F - Adult 13.4 -13.1
623 - 2014 Mandible Modern Utqiagvik Chukchi Sea F - Adult 12.6 -13.5

151.1 125287 2014 Unknown Modern St. Lawrence Island Bering Sea F 14 Adult 11.9 -12.7
152.1 125288 2014 Unknown Modern St. Lawrence Island Bering Sea M - Adult 12.8 -13.3
153.1 125289 2014 Unknown Modern St. Lawrence Island Bering Sea F 15 Adult 12.2 -13.8
154.1 125290 2014 Unknown Modern St. Lawrence Island Bering Sea M 14 Adult 12.5 -13.5
155.1 125291 2014 Unknown Modern St. Lawrence Island Bering Sea F 9 Adult 12.4 -13.7
156.1 125292 2014 Unknown Modern St. Lawrence Island Bering Sea F - Adult 13.1 -14.1
157.1 125293 2014 Unknown Modern St. Lawrence Island Bering Sea F 16 Adult 12.5 -14.0
125.1 125300 2014 Unknown Modern St. Lawrence Island Bering Sea M 16 Adult 12.5 -13.2
126 - 2014 Unknown Modern St. Lawrence Island Bering Sea M - Adult 11.7 -13.0
189 - 2014 Unknown Modern St. Lawrence Island Bering Sea M - Adult 11.5 -13.5

128.1 125302 2014 Unknown Modern St. Lawrence Island Bering Sea M 24 Adult 13.7 -14.0
129.1 125303 2014 Unknown Modern St. Lawrence Island Bering Sea M 18 Adult 13.1 -13.5
130.1 125304 2014 Unknown Modern St. Lawrence Island Bering Sea M 15 Adult 11.6 -13.1
131.1 125305 2014 Unknown Modern St. Lawrence Island Bering Sea M - Adult 11.2 -14.2
132.1 125306 2014 Unknown Modern St. Lawrence Island Bering Sea F - - 12.5 -12.8
133.1 125307 2014 Unknown Modern St. Lawrence Island Bering Sea M - - 11.0 -13.6
134.1 125309 2014 Unknown Modern St. Lawrence Island Bering Sea M 10 Adult 12.3 -13.4
135.1 125310 2014 Unknown Modern St. Lawrence Island Bering Sea M 9 Adult 11.9 -13.1
136.1 129129 2014 Unknown Modern St. Lawrence Island Bering Sea M 10 Adult 12.3 -13.4
137.1 129130 2014 Unknown Modern St. Lawrence Island Bering Sea M 26 Adult 11.9 -13.4
138.1 125313 2014 Unknown Modern St. Lawrence Island Bering Sea M 15 Adult 11.3 -13.4
139.1 129146 2014 Unknown Modern St. Lawrence Island Bering Sea M 28 Adult 11.7 -13.9
140.1 125315 2014 Unknown Modern St. Lawrence Island Bering Sea F 18 Adult 12.4 -13.8
141.1 125316 2014 Unknown Modern St. Lawrence Island Bering Sea M 19 Adult 12.6 -13.4
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142.1 125317 2014 Unknown Modern St. Lawrence Island Bering Sea M 15 Adult 11.8 -13.3
143.1 125318 2014 Unknown Modern St. Lawrence Island Bering Sea M 14 Adult 12.5 -13.8
144.1 125319 2014 Unknown Modern St. Lawrence Island Bering Sea M 12 Adult 11.7 -13.4
145.1 129167 2014 Unknown Modern St. Lawrence Island Bering Sea M 18 Adult 12.0 -13.3
146.1 129168 2014 Unknown Modern St. Lawrence Island Bering Sea M 17 Adult 10.8 -13.3
147.1 129169 2014 Unknown Modern St. Lawrence Island Bering Sea M 20 Adult 11.7 -13.8
148.1 129186 2014 Unknown Modern St. Lawrence Island Bering Sea M 23 Adult 11.9 -13.1
149.1 125328 2014 Unknown Modern St. Lawrence Island Bering Sea F 16 Adult 12.9 -13.3
150.1 129188 2014 Unknown Modern St. Lawrence Island Bering Sea M 22 Adult 12.7 -13.2
640.1 - 2015 Mandible Modern Cape Lisburne Chukchi Sea - - - 15.6 -13.8
641.1 - 2015 Mandible Modern Cape Lisburne Chukchi Sea - - - 13.5 -15.0
638.1 - 2015 Unknown Modern Cape Lisburne Chukchi Sea - - - 13.1 -13.2
639.1 - 2015 Unknown Modern Cape Lisburne Chukchi Sea - - - 14.2 -12.3
282.1 129414 2015 Unknown Modern St. Lawrence Island Bering Sea F 15 Adult 12.5 -13.3
284.1 129416 2015 Unknown Modern St. Lawrence Island Bering Sea M 28 Adult 13.1 -13
283.1 129418 2015 Unknown Modern St. Lawrence Island Bering Sea M 20 Adult 12.5 -12.5
239.1 129421 2015 Unknown Modern St. Lawrence Island Bering Sea M 20 Adult 11.6 -13.2
235.1 129422 2015 Unknown Modern St. Lawrence Island Bering Sea M 15 Adult 12.1 -13.0
240 129424 2015 Unknown Modern St. Lawrence Island Bering Sea M 19 Adult 12.6 -13.9
233 - 2015 Unknown Modern St. Lawrence Island Bering Sea M - - 11.4 -13.1

238.1 - 2015 Unknown Modern St. Lawrence Island Bering Sea M 15 Adult 11.4 -13.3
237 129429 2015 Unknown Modern St. Lawrence Island Bering Sea M 23 Adult 12.2 -12.5

241.1 129430 2015 Unknown Modern St. Lawrence Island Bering Sea M 16 Adult 12.9 -13.3
234.1 129431 2015 Unknown Modern St. Lawrence Island Bering Sea M 12 Adult 11.6 -13.4
779 - 2016 Unknown Modern St. Lawrence Island Bering Sea F 11 Adult 13.5 -14.2

780.1 131823 2016 Unknown Modern St. Lawrence Island Bering Sea F 17 Adult 12.9 -13.6
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781.1 131819 2016 Unknown Modern St. Lawrence Island Bering Sea F 18 Adult 13.3 -13.4
782 131814 2016 Unknown Modern St. Lawrence Island Bering Sea F 18 Adult 12.9 -13.5

783.1 131817 2016 Unknown Modern St. Lawrence Island Bering Sea F 13 Adult 12.9 -14.0
785 131829 2016 Unknown Modern St. Lawrence Island Bering Sea F - Adult 12.7 -13.3

786.1 131816 2016 Unknown Modern St. Lawrence Island Bering Sea F 12 Adult 13.1 -13.4
788.1 131818 2016 Unknown Modern St. Lawrence Island Bering Sea F 14 Adult 11.5 -12.8
789.1 131822 2016 Unknown Modern St. Lawrence Island Bering Sea F 8 Adult 13.1 -14.6
790.1 131815 2016 Unknown Modern St. Lawrence Island Bering Sea F - Adult 12.3 -13.1
791.1 131799 2016 Unknown Modern St. Lawrence Island Bering Sea M 18 Adult 12.8 -12.9
792 131813 2016 Unknown Modern St. Lawrence Island Bering Sea F 9 Adult 12.5 -13.5
793 131807 2016 Unknown Modern St. Lawrence Island Bering Sea M - Adult 11.0 -12.9
794 131796 2016 Unknown Modern St. Lawrence Island Bering Sea M 19 Adult 11.9 -13.6
795 131803 2016 Unknown Modern St. Lawrence Island Bering Sea M - Adult 11.8 -13.4
796 131808 2016 Unknown Modern St. Lawrence Island Bering Sea M 14 Adult 13.8 -13

797.1 131806 2016 Unknown Modern St. Lawrence Island Bering Sea M Adult 12.1 -13.9
798.1 131800 2016 Unknown Modern St. Lawrence Island Bering Sea M 9 Adult 11.9 -13.8
799 131802 2016 Unknown Modern St. Lawrence Island Bering Sea M 16 Adult 12.1 -13.3

800.1 131809 2016 Unknown Modern St. Lawrence Island Bering Sea M 15 Adult 11.2 -13.1
801 - 2016 Unknown Modern St. Lawrence Island Bering Sea - - - 11.7 -12.8

802.1 131801 2016 Unknown Modern St. Lawrence Island Bering Sea M 7 Adult 11.9 -13.6
803.1 131798 2016 Unknown Modern St. Lawrence Island Bering Sea F 27 Adult 12.7 -13.7
804 131805 2016 Unknown Modern St. Lawrence Island Bering Sea M 16 Adult 12.3 -13.1
805 131811 2016 Unknown Modern St. Lawrence Island Bering Sea M - Adult 12.3 -13.3

806.1 131797 2016 Unknown Modern St. Lawrence Island Bering Sea M 20 Adult 11.8 -13.2
807 131804 2016 Unknown Modern St. Lawrence Island Bering Sea M - Adult 12.2 -13.0
808 131810 2016 Unknown Modern St. Lawrence Island Bering Sea M 16 Adult 12.5 -13.2
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Appendix A4) Samples used to determine most likely date ranges of archaeological walruses, including site, material, laboratory #, radiocarbon 
date (14C yr BP), 2σ calibrated date (cal yr BP), and data source.

Site Material Laboratory # Date (14C yr BP) 2σ Cal Date (cal yr BP) Source
Adamagan Charcoal CAMS-41427 2110±50 2150 - 2000 Jordan and Maschner 2000
Birnirk Caribou Bone Collagen UGAMS-24352 1014 ± 23 968 - 835 This Study
Birnirk Caribou Bone Collagen UGAMS-25359 932 ± 23 920 - 790 This Study
Birnirk Caribou Bone Collagen UGAMS-25364 940 ± 23 920 - 790 This Study
Birnirk Caribou Bone Collagen UGAMS-25367 1047 ± 23 1050 - 820 This Study
Birnirk Caribou Bone Collagen UGAMS-25368 913 ± 22 920 - 780 This Study
Deering Caribou Bone Collagen UGAMS-29368 813 ± 23 770 - 680 This Study
Hot Springs Charcoal CAMS-170164 1215 ± 30 1260 -1060 NSF Award #1358682
Hot Springs Charcoal CAMS-170167 1885 ± 30 1890 - 1730 NSF Award #1358682
Hot Springs Charcoal CAMS-170168 1835 ± 40 1880 - 1630 NSF Award #1358682
Hot Springs Charcoal CAMS-174824 2650 ± 30 2850 - 2740 NSF Award #1358682
Hot Springs Charcoal CAMS-174826 2500 ± 35 2750 - 2460 NSF Award #1358682
Hot Springs Charcoal CAMS-174827 2910 ± 30 3160 - 2960 NSF Award #1358682
Hot Springs Charcoal CAMS-174829 2825 ± 30 3030 - 2850 NSF Award #1358682
Hot Springs Charcoal CAMS-174830 3120 ± 40 3450 - 3220 NSF Award #1358682
Hot Springs Charcoal CAMS-174831 2865 ± 35 3140 - 2870 NSF Award #1358682
Hot Springs Charcoal CAMS-174833 3125 ± 30 3450 - 3240 NSF Award #1358682
Hot Springs Charcoal CAMS-174834 2850 ± 30 3070 - 2870 NSF Award #1358682
Ipiutak Caribou Bone Collagen K-2745 1490 ± 70 1620 - 1260 Mason 2006
Ipiutak Caribou Bone Collagen K-2743 1320 ± 70 1520 - 1260 Mason 2006
Ipiutak Caribou Bone Collagen K-2744 1290 ± 55 1310 - 1079 Mason 2006
Ipiutak Wood K-2742 1300 ± 70 1342 - 1057 Mason 2006
Ipiutak Wood K-2746 1390 ± 70 1410 - 1180 Mason 2006
Ipiutak Wood Beta-66262 1370 ± 50 1352 - 1175 Mason 2006
Ipiutak Wood Beta-66263 1520 ± 50 1526 - 1306 Mason 2006
Izembek Lagoon Charcoal BETA 29382 330 ± 100 510 - 290 Jordan and Maschner 2000
Kiyalighaq Caribou Bone Collagen UGAMS-24341 107 ± 22 270 - 80 This Study
Kiyalighaq Caribou Bone Collagen UGAMS-24342 87 ± 22 270 - 90 This Study
Kiyalighaq Wood UGAMS-22738 128 ± 22 280 - 80 This Study
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Site Material Laboratory # Date (14C yr BP) 2σ Cal Date (cal yr BP) Source
Nukleet Caribou Bone Collagen UGAMS-25358 412 ± 23 520 - 330 This Study
Nukleet Caribou Bone Collagen UGAMS-24351 483 ± 22 540 - 500 This Study
Nukleet Grass UGAMS-22736 368 ± 22 500 - 310 This Study
Nuvuk Caribou Bone Collagen UGAMS-25369 858 ± 24 900 - 700 This Study
Nuvuk Caribou Bone Collagen UGAMS-25360 156 ± 23 290 - 0 This Study
Nuvuk Caribou Bone Collagen UGAMS-25361 158 ± 23 280 -0 This Study
Nuvuk Caribou Bone Collagen UGAMS-25363 168 ± 22 290 - 0 This Study
Nuvuk Caribou Bone Collagen UGAMS-25365 198 ± 23 290 - 0 This Study
Nuvuk Caribou Bone Collagen UGAMS-25362 119 ± 22 270 - 10 This Study
Nuvuk Caribou Bone Collagen UGAMS-25366 88 ± 22 260 - 30 This Study
Nuvuk Caribou Bone Collagen UGAMS-24343 985 ± 22 960 - 790 This Study
Old Tigara Caribou Bone Collagen UGAMS-22703 257 ± 22 430 - 150 This Study
Old Tigara Caribou Bone Collagen UGAMS-22704 114 ± 21 270 - 10 This Study
Old Tigara Caribou Bone Collagen UGAMS-22705 199 ± 21 300 - 0 This Study
Old Tigara Caribou Bone Collagen UGAMS-22706 124 ± 21 270 - 10 This Study
Old Tigara Caribou Bone Collagen UGAMS-22707 193 ± 22 290 - 0 This Study
Old Tigara Caribou Bone Collagen UGAMS-22708 141 ± 21 300 - 0 This Study
Old Tigara Caribou Bone Collagen UGAMS-22709 120 ± 23 270 - 10 This Study
Old Tigara Caribou Bone Collagen UGAMS-22710 291 ± 23 440 - 290 This Study
Old Tigara Caribou Bone Collagen UGAMS-22711 92 ± 22 260 - 20 This Study
Old Tigara Caribou Bone Collagen UGAMS-22712 107 ± 23 270 - 20 This Study
Old Tigara Caribou Bone Collagen UGAMS-22713 483 ± 23 540 - 500 This Study
Old Tigara Caribou Bone Collagen UGAMS-22714 329 ± 23 470 - 300 This Study
Old Tigara Caribou Bone Collagen UGAMS-28272 337 ± 25 480 - 310 This Study
Old Tigara Caribou Bone Collagen UGAMS-22715 131 ± 22 280 - 10 This Study
Old Tigara Caribou Bone Collagen UGAMS-22716 167 ± 22 290 - 0 This Study
Old Tigara Caribou Bone Collagen UGAMS-22717 219 ± 22 310 - 0 This Study
Old Tigara Caribou Bone Collagen UGAMS-28273 111 ± 24 270 - 10 This Study
Old Tigara Caribou Bone Collagen UGAMS-22702 372 ± 21 500 - 330 This Study
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Site Material Laboratory # Date (14C yr BP) 2σ Cal Date (cal yr BP) Source
Pingusugruk Caribou Bone Collagen UGAMS-23967 310 ± 23 460 - 300 This Study
Pingusugruk Caribou Bone Collagen UGAMS-23968 294 ± 22 440 - 290 This Study
Pingusugruk Caribou Bone Collagen UGAMS-23969 296 ± 22 440 - 290 This Study
Pingusugruk Caribou Bone Collagen UGAMS-23970 329 ± 23 470 - 300 This Study
Pingusugruk Caribou Bone Collagen UGAMS-23971 278 ± 23 430 - 280 This Study
Pingusugruk Caribou Bone Collagen UGAMS-23972 335 ± 22 470 - 310 This Study
Pingusugruk Caribou Bone Collagen UGAMS-23973 345 ± 22 490 - 310 This Study
Pingusugruk Caribou Bone Collagen UGAMS-23974 307 ± 23 460 - 300 This Study
Pingusugruk Caribou Bone Collagen UGAMS-23975 352 ± 23 500 - 310 This Study
Pingusugruk Caribou Bone Collagen UGAMS-23976 321 ± 22 470 - 300 This Study
Pingusugruk Caribou Bone Collagen UGAMS-24353r 286 ± 23 440 - 280 This Study
Pingusugruk Wood UGAMS-22738 128 ± 22 280 - 80 This Study
Sanak Charcoal CAMS-127653 3635 ± 45 4084 - 3843 Maschner et al. 2009
Sanak Charcoal CAMS-110660 2070 ± 35 2133 - 1947 Misarti et al. 2011
Sanak Charcoal CAMS-136166 2070 ± 35 2133 - 1947 Maschner et al. 2009

Pingusugruk 12 unpublished dates Contact author for more information
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Appendix A5) Information for archaeological (4100 - 0 cal yr BP) walrus samples, including sample ID, element, site name, site ID, region, most 
likely date range, ice state (high or low) to which each sample was assigned, δ15N value (‰), and δ13C value (‰). Date ranges from radiocarbon 
dates represent 2σ estimates, unless they could be further constrained by other dated materials, stratigraphy, temporally diagnostic artifacts, or 
information about site occupation.

Project
ID

(WAL-)
Element

Site
Name

Site
ID Region

Most Likely
Date Range

Ice
State

δ15N
(‰)

δ13C
(‰)

008 Humerus Adamagan XCB-105 N. Pacific 2150 - 2000 cal yr BP Low 14.2 -15.8
002 Ulna Adamagan XCB-105 N. Pacific 2150 - 2000 cal yr BP Low 14.1 -12.1
007 Vertebra Adamagan XCB-105 N. Pacific 2150 - 2000 cal yr BP Low 13.3 -13.2
009 Sternebra Adamagan XCB-105 N. Pacific 2150 - 2000 cal yr BP Low 13.3 -12.7
006 Tibia Adamagan XCB-105 N. Pacific 2150 - 2000 cal yr BP Low 13.2 -13.3
004 Humerus Adamagan XCB-105 N. Pacific 2150 - 2000 cal yr BP Low 13.5 -11.9
594 Scapula Birnirk BAR-00001 Chukchi 1350 - 1050 cal yr BP Low 13.6 -12.9
646 Scapula Birnirk BAR-00001 Chukchi 920 - 790 cal yr BP Low 14.3 -13.2
655 Baculum Birnirk BAR-00001 Chukchi 1350 - 850 cal yr BP Low 12.0 -12.7
660 Mandible Birnirk BAR-00001 Chukchi 670 - 550 cal yr BP Low 16.1 -15.0
667 Baculum Birnirk BAR-00001 Chukchi 1250 - 850 cal yr BP Low 14.0 -13.1
677 Scapula Birnirk BAR-00001 Chukchi 1250 - 850 cal yr BP Low 14.0 -13.9
678 Scapula Birnirk BAR-00001 Chukchi 1250 - 850 cal yr BP Low 15.0 -14.0

680.1 Mandible Birnirk BAR-00001 Chukchi 920 - 790 cal yr BP Low 15.4 -12.8
681 Scapula Birnirk BAR-00001 Chukchi 920 - 790 cal yr BP Low 13.8 -13.9

684.1 Mandible Birnirk BAR-00001 Chukchi 1250 - 850 cal yr BP Low 15.6 -14.1
685.1 Cranium Birnirk BAR-00001 Chukchi 1350 - 850 cal yr BP Low 16.0 -14.0
689 Unknown Birnirk BAR-00001 Chukchi 1250 - 850 cal yr BP Low 16.3 -15.8
691 Cranium Birnirk BAR-00001 Chukchi 1250 - 850 cal yr BP Low 15.3 -15.7

695.1 Cranium Birnirk BAR-00001 Chukchi 1250 - 850 cal yr BP Low 14.4 -13.2
822 Vertebra Deering KTZ-00169 Chukchi 770 - 680 cal yr BP Low 15.6 -12.4
823 Vertebra Deering KTZ-00169 Chukchi 770 - 680 cal yr BP Low 15.0 -14.9
600 Vertebra Hot Springs XPM-00005 Bering 833 - 723 cal yr BP Low 13.9 -12.0
602 Radius Hot Springs XPM-00003 Bering 833 - 723 cal yr BP Low 14.2 -12.4
603 Humerus Hot Springs XPM-00002 Bering 833 - 723 cal yr BP Low 13.1 -12.3
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605 Radius Hot Springs XPM-00000 Bering 833 - 723 cal yr BP Low 16.2 -13.0
606 Vertebra Hot Springs XPM-00001 Bering 1890 - 1700 cal yr BP High 13.6 -12.5
614 Innominate Hot Springs XPM-00001 Bering 3160 - 2960 cal yr BP High 13.6 -12.8
615 Humerus Hot Springs XPM-00001 Bering 3450 - 3240 cal yr BP High 14.5 -11.7
616 Innominate Hot Springs XPM-00001 Bering 3160 - 2960 cal yr BP High 14.7 -11.6
617 Innominate Hot Springs XPM-00001 Bering 3450 - 3030 cal yr BP High 14.1 -12.0
619 Innominate Hot Springs XPM-00001 Bering 3450 - 3030 cal yr BP High 13.2 -12.3
012 Scapula Izembek Lagoon XCB-023 Bering 510 - 290 cal yr BP High 14.5 -12.3
932 Fibula Izembek Lagoon XCB-023 Bering 510 - 290 cal yr BP High 14.8 -12.7
596 Scapula Ipiutak XPH-00011 Chukchi 1550 - 1000 cal yr BP Low 13.9 -12.5
558 Mandible Kiyalighaq XSL-00008 Bering 270 - 210 cal yr BP High 11.8 -13.0
559 Baculum Kiyalighaq XSL-00008 Bering 270 - 210 cal yr BP High 12.6 -12.6
560 Baculum Kiyalighaq XSL-00008 Bering 250 - 20 cal yr BP High 12.5 -12.6
561 Baculum Kiyalighaq XSL-00008 Bering 700 - 550 cal yr BP Low 11.7 -13.0
562 Baculum Kiyalighaq XSL-00008 Bering 700 - 550 cal yr BP Low 11.5 -12.5
582 Baculum Nukleet NOB-00001 Bering 520 - 430 cal yr BP Low 11.1 -12.7
583 Cranium Nukleet NOB-00001 Bering 420 - 0 cal yr BP High 10.6 -12.8
584 Scapula Nukleet NOB-00001 Bering 540 - 500 cal yr BP Low 11.2 -13.2
566 Scapula Nuwuk BAR-00011 Chukchi 960 - 790 cal yr BP Low 12.8 -13.9
567 Femur Nuwuk BAR-00011 Chukchi 960 - 790 cal yr BP Low 11.6 -12.6
650 Cranium Nuwuk BAR-00011 Chukchi 100 - 0 cal yr BP High 13.8 -12.8
651 Rib Nuwuk BAR-00011 Chukchi 230 - 130 cal yr BP High 13.3 -13.8
653 Mandible Nuwuk BAR-00011 Chukchi 230 - 130 cal yr BP Low 12.6 -13.4
656 Mandible Nuwuk BAR-00011 Chukchi 140 - 30 cal yr BP High 14.8 -13.4
661 Rib Nuwuk BAR-00011 Chukchi 100 - 0 cal yr BP High 12.5 -12.9
669 Cranium Nuwuk BAR-00011 Chukchi 220 - 140 cal yr BP Low 14.6 -13.3
696 Cranium Nuwuk BAR-00011 Chukchi 800 - 700 cal yr BP Low 15.4 -13.4
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242 Humerus Old Tigara XPH-00001 Chukchi 540 - 500 cal yr BP Low 13.5 -13.4
244 Ulna Old Tigara XPH-00001 Chukchi 270 - 20 cal yr BP High 11.7 -12.6
245 Humerus Old Tigara XPH-00001 Chukchi 280 - 0 cal yr BP High 13.9 -13.5
247 Cranium Old Tigara XPH-00001 Chukchi 300 - 140 cal yr BP High 12.6 -13.2
248 Maxilla Old Tigara XPH-00001 Chukchi 270 - 20 cal yr BP High 14.3 -12.9
249 Cranium Old Tigara XPH-00001 Chukchi 500 - 420 cal yr BP Low 13.0 -12.4
250 Humerus Old Tigara XPH-00001 Chukchi 300 - 0 cal yr BP High 13.0 -13.6
251 Cranium Old Tigara XPH-00001 Chukchi 300 - 0 cal yr BP High 13.3 -13.1
252 Tibia Old Tigara XPH-00001 Chukchi 270 - 10 cal yr BP High 15.7 -13.4
253 Ulna Old Tigara XPH-00001 Chukchi 280 - 10 cal yr BP High 12.4 -12.9
254 Fibula Old Tigara XPH-00001 Chukchi 300 - 0 cal yr BP High 11.1 -12.3
255 Rib Old Tigara XPH-00001 Chukchi 460 - 350 cal yr BP High 11.3 -13.0
256 Tibia/Fibula Old Tigara XPH-00001 Chukchi 190 - 0 cal yr BP Low 15.7 -12.9
257 Cranium Old Tigara XPH-00001 Chukchi 270 - 10 cal yr BP High 11.7 -13
258 Humerus Old Tigara XPH-00001 Chukchi 280 - 10 cal yr BP High 13.5 -13.1
260 Cranium Old Tigara XPH-00001 Chukchi 250 - 100 cal yr BP High 11.8 -12.4
261 Cranium Old Tigara XPH-00001 Chukchi 300 - 140 cal yr BP High 12.2 -12.9
263 Cranium Old Tigara XPH-00001 Chukchi 320 - 280 cal yr BP High 11.8 -13.2
264 Innominate Old Tigara XPH-00001 Chukchi 300 - 0 cal yr BP High 15.0 -15.5
265 Cranium Old Tigara XPH-00001 Chukchi 500 - 420 cal yr BP Low 12.2 -12.9
266 Rib Old Tigara XPH-00001 Chukchi 280 - 0 cal yr BP High 14.0 -13.4
268 Femur Old Tigara XPH-00001 Chukchi 300 - 140 cal yr BP High 12.9 -12.9
269 Cranium Old Tigara XPH-00001 Chukchi 500 - 100 cal yr BP High 13.6 -12.6
270 Rib Old Tigara XPH-00001 Chukchi 280 - 10 cal yr BP High 14.1 -13.0
271 Ulna Old Tigara XPH-00001 Chukchi 280 - 0 cal yr BP High 13.5 -12.6
272 Rib Old Tigara XPH-00001 Chukchi 150 - 10 cal yr BP High 17.4 -13.3
273 Ulna Old Tigara XPH-00001 Chukchi 270 - 210 cal yr BP High 13.9 -13.0



Appendix A5 continued

73

Project
ID

(WAL-)
Element

Site
Name

Site
ID Region

Most Likely
Date Range

Ice
State

δ15N
(‰)

δ13C
(‰)

274 Cranium Old Tigara XPH-00001 Chukchi 280 - 0 cal yr BP High 15.8 -12.8
275 Maxilla Old Tigara XPH-00001 Chukchi 460 - 350 cal yr BP High 13.7 -13.1
276 Cranium Old Tigara XPH-00001 Chukchi 150 - 60 cal yr BP High 12.2 -12.9
278 Ulna Old Tigara XPH-00001 Chukchi 270 - 20 cal yr BP High 12.8 -12.9
279 Talus Old Tigara XPH-00001 Chukchi 150 - 10 cal yr BP High 12.8 -12.8
281 Tibia Old Tigara XPH-00001 Chukchi 290 - 0 cal yr BP High 15.6 -13.2
165 Tibia Pingusugruk WAI-00096 Chukchi 462 - 348 cal yr BP High 11.6 -12.7
166 Radius Pingusugruk WAI-00096 Chukchi 400 - 260 cal yr BP High 13.3 -13.2
167 Rib Pingusugruk WAI-00096 Chukchi 462 - 348 cal yr BP High 12.3 -13.4
168 Cranium Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 13.7 -12.6
169 Mandible Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 13.7 -13.0
170 Rib Pingusugruk WAI-00096 Chukchi 440 - 290 cal yr BP High 13.8 -13.3
171 Vertebra Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 14.2 -13.4
289 Ulna Pingusugruk WAI-00096 Chukchi 400 - 260 cal yr BP High 13.3 -12.8
290 Vertebra Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 13.6 -13.1
292 Vertebra Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 12.5 -13.1
293 Mandible Pingusugruk WAI-00096 Chukchi 460 - 310 cal yr BP High 14.2 -12.4
294 Mandible Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 14.0 -12.7
295 Mandible Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 13.5 -12.9
296 Mandible Pingusugruk WAI-00096 Chukchi 460 - 355 cal yr BP High 14.4 -12.8
297 Mandible Pingusugruk WAI-00096 Chukchi 470 - 300 cal yr BP High 14.4 -12.9
298 Mandible Pingusugruk WAI-00096 Chukchi 470 - 300 cal yr BP High 14.8 -13.5
299 Mandible Pingusugruk WAI-00096 Chukchi 500 - 310 cal yr BP High 13.5 -13
300 Mandible Pingusugruk WAI-00096 Chukchi 460 - 340 cal yr BP High 13.7 -13.4
301 Mandible Pingusugruk WAI-00096 Chukchi 560 - 500 cal yr BP Low 13.2 -12.9
302 Mandible Pingusugruk WAI-00096 Chukchi 500 - 310 cal yr BP High 11.8 -12.2
303 Mandible Pingusugruk WAI-00096 Chukchi 510 - 290 cal yr BP High 16.3 -15.8
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304 Cranium Pingusugruk WAI-00096 Chukchi 470 - 300 cal yr BP High 13.2 -12.8
305 Cranium Pingusugruk WAI-00096 Chukchi 600 - 500 cal yr BP Low 14.0 -12.9
306 Cranium Pingusugruk WAI-00096 Chukchi 470 - 300 cal yr BP High 14.4 -12.9
307 Cranium Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 13.9 -13.5
308 Cranium Pingusugruk WAI-00096 Chukchi 500 - 300 cal yr BP High 14.2 -13.4
309 Cranium Pingusugruk WAI-00096 Chukchi 490 - 121 cal yr BP High 13.4 -12.9
310 Cranium Pingusugruk WAI-00096 Chukchi 460 - 355 cal yr BP High 13.2 -13.0
312 Cranium Pingusugruk WAI-00096 Chukchi 470 - 300 cal yr BP High 13.7 -13.1
313 Cranium Pingusugruk WAI-00096 Chukchi 490 - 121 cal yr BP High 13.0 -12.9
314 Cranium Pingusugruk WAI-00096 Chukchi 470 - 300 cal yr BP High 13.5 -12.6
315 Cranium Pingusugruk WAI-00096 Chukchi 510 - 290 cal yr BP High 14.4 -13.0
316 Cranium Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 14.1 -13.0
317 Mandible Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 14.1 -12.7
318 Cranium Pingusugruk WAI-00096 Chukchi 490 - 121 cal yr BP High 12.9 -12.8
319 Cranium Pingusugruk WAI-00096 Chukchi 470 - 300 cal yr BP High 13.7 -13.2
320 Cranium Pingusugruk WAI-00096 Chukchi 820 - 600 cal yr BP Low 13.6 -12.8
321 Cranium Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 14.8 -13.0
322 Cranium Pingusugruk WAI-00096 Chukchi 460 - 360 cal yr BP High 15.5 -13.2
324 Cranium Pingusugruk WAI-00096 Chukchi 490 - 121 cal yr BP High 13.2 -13.2
325 Cranium Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 15.0 -13.4
327 Cranium Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 14.3 -13.4
328 Cranium Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 14.4 -13.3
329 Tibia Pingusugruk WAI-00096 Chukchi 500 - 310 cal yr BP High 14.1 -12.6
330 Radius Pingusugruk WAI-00096 Chukchi 500 - 310 cal yr BP High 12.3 -12.7
331 Tibia Pingusugruk WAI-00096 Chukchi 500 - 310 cal yr BP High 12.7 -13.0
332 Humerus Pingusugruk WAI-00096 Chukchi 500 - 310 cal yr BP High 13.7 -12.6
333 Humerus Pingusugruk WAI-00096 Chukchi 500 - 310 cal yr BP High 14.4 -12.6
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334 Radius Pingusugruk WAI-00096 Chukchi 500 - 300 cal yr BP High 13.6 -12.9
335 Tibia Pingusugruk WAI-00096 Chukchi 550 - 300 cal yr BP High 14.1 -13.0
336 Ulna Pingusugruk WAI-00096 Chukchi 550 - 300 cal yr BP High 11.2 -12.3
337 Humerus Pingusugruk WAI-00096 Chukchi 510 - 420 cal yr BP Low 14.4 -12.4
338 Humerus Pingusugruk WAI-00096 Chukchi 510 - 290 cal yr BP High 14.1 -13.0
339 Femur Pingusugruk WAI-00096 Chukchi 470 - 300 cal yr BP High 13.3 -13.0
340 Humerus Pingusugruk WAI-00096 Chukchi 510 - 290 cal yr BP High 14.1 -13.1
341 Tibia Pingusugruk WAI-00096 Chukchi 470 - 300 cal yr BP High 17.2 -12.8
342 Ulna Pingusugruk WAI-00096 Chukchi 470 - 300 cal yr BP High 12.5 -13.1
343 Femur Pingusugruk WAI-00096 Chukchi 470 - 300 cal yr BP High 13.5 -12.8
344 Radius Pingusugruk WAI-00096 Chukchi 470 - 300 cal yr BP High 13.9 -13.0
345 Ulna Pingusugruk WAI-00096 Chukchi 470 - 300 cal yr BP High 14.0 -12.6
346 Radius Pingusugruk WAI-00096 Chukchi 575 - 450 cal yr BP Low 13.9 -13.4
347 Radius Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 13.4 -12.9
348 Radius Pingusugruk WAI-00096 Chukchi 650 - 550 cal yr BP Low 13.3 -13.1
349 Femur Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 13.2 -13.1
350 Femur Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 14.1 -12.6
351 Tibia Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 14.5 -12.8
352 Tibia Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 13.8 -12.9
353 Humerus Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 13.8 -12.4
354 Humerus Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 13.8 -12.6
355 Humerus Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 14.2 -12.6
356 Humerus Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 14.4 -13.1
357 Humerus Pingusugruk WAI-00096 Chukchi 470 - 300 cal yr BP High 13.9 -13.0
358 Humerus Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 13.6 -13.0
359 Humerus Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 13.3 -12.9
360 Femur Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 14.5 -12.5
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361 Ulna Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 13.8 -12.5
362 Radius Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 13.7 -12.7
363 Ulna Pingusugruk WAI-00096 Chukchi 230 - 10 cal yr BP High 13.2 -13.1
364 Humerus Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 13.7 -12.6
365 Femur Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 13.7 -12.7
366 Femur Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 13.4 -12.9
367 Femur Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 13.3 -12.7
368 Femur Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 13.6 -13.1
369 Femur Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 13.2 -12.9
370 Femur Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 13.3 -12.9
371 Radius Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 12.5 -13.1
372 Femur Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 13.0 -12.8
373 Radius Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 13.8 -13.1
374 Humerus Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 14.0 -12.9
375 Femur Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 13.6 -12.6
376 Radius Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 11.9 -12.9
377 Ulna Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 12.9 -13.9
378 Ulna Pingusugruk WAI-00096 Chukchi 460 - 350 cal yr BP High 13.7 -13.3
379 Ulna Pingusugruk WAI-00096 Chukchi 460 - 360 cal yr BP High 11.4 -12.3
380 Ulna Pingusugruk WAI-00096 Chukchi 430 - 350 cal yr BP High 13.6 -12.9
381 Ulna Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 13.8 -13.2
382 Ulna Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 13.4 -13.2
383 Radius Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 12.3 -13.0
384 Ulna Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 12.8 -13.0
385 Femur Pingusugruk WAI-00096 Chukchi 490 - 121 cal yr BP High 11.5 -12.4
386 Radius Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 13.3 -12.6
387 Humerus Pingusugruk WAI-00096 Chukchi 525 - 260 cal yr BP High 13.6 -12.9
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388 Ulna Pingusugruk WAI-00096 Chukchi 490 - 121 cal yr BP High 13.4 -12.7
389 Humerus Pingusugruk WAI-00096 Chukchi 490 - 121 cal yr BP High 13.4 -13.2
390 Scapula Pingusugruk WAI-00096 Chukchi 500 - 300 cal yr BP High 13.8 -12.7
391 Scapula Pingusugruk WAI-00096 Chukchi 500 - 300 cal yr BP High 13.4 -12.8
392 Scapula Pingusugruk WAI-00096 Chukchi 510 - 420 cal yr BP Low 13.7 -13.3
393 Scapula Pingusugruk WAI-00096 Chukchi 500 - 310 cal yr BP High 13.4 -13.4
394 Scapula Pingusugruk WAI-00096 Chukchi 460 - 360 cal yr BP High 13.6 -12.8
395 Scapula Pingusugruk WAI-00096 Chukchi 500 - 310 cal yr BP High 13.6 -12.9
397 Scapula Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 13.3 -12.9
398 Scapula Pingusugruk WAI-00096 Chukchi 500 - 310 cal yr BP High 14.2 -12.9
399 Tibia Pingusugruk WAI-00096 Chukchi 560 - 500 cal yr BP Low 13.3 -13.1
401 Scapula Pingusugruk WAI-00096 Chukchi 550 - 350 cal yr BP Low 13.2 -12.3
403 Scapula Pingusugruk WAI-00096 Chukchi 460 - 360 cal yr BP High 13.5 -13.1
404 Scapula Pingusugruk WAI-00096 Chukchi 430 - 290 cal yr BP High 14.1 -13.0
405 Scapula Pingusugruk WAI-00096 Chukchi 460 - 360 cal yr BP High 13.3 -12.8
406 Scapula Pingusugruk WAI-00096 Chukchi 490 - 121 cal yr BP High 14.6 -13.0
407 Scapula Pingusugruk WAI-00096 Chukchi 370 - 200 cal yr BP High 13.6 -13.1
408 Scapula Pingusugruk WAI-00096 Chukchi 370 - 200 cal yr BP High 14.0 -13.1
409 Scapula Pingusugruk WAI-00096 Chukchi 560 - 500 cal yr BP Low 12.6 -13.3
410 Scapula Pingusugruk WAI-00096 Chukchi 460 - 345 cal yr BP High 13.6 -12.9
929 Unknown Sanak #54 XFP-054 N. Pacific 4084 - 3483 cal yr BP Low 13.0 -14.7
930 Unknown Sanak #54 XFP-054 N. Pacific 4084 - 3483 cal yr BP Low 13.7 -13.4
931 Unknown Sanak #58 XFP-058 N. Pacific 2133 - 1947 cal yr BP Low 15.4 -12.0
933 Rib Sanak #58 XFP-058 N. Pacific 2133 - 1947 cal yr BP Low 13.2 -13.9



Appendix A6) Walrus bone collagen quality control information, including sample ID, percent collagen, 
percent nitrogen, percent carbon, and atomic carbon nitrogen ratio.

Project ID 
(WAL-) % Collagen % N % C C/N

002 16.7 48.9 3.4
004 17.2 49.1 3.3
006 16.5 48.5 3.4
007 17.2 49.1 3.3
008 12.4 45.0 4.2
009 17.2 50.0 3.4
012 17.0 49.1 3.4

020.2 22.8 15.5 43.2 3.2
021.1 22.9 15.3 43.3 3.3
022.1 - 14.8 41.9 3.3
023.2 32.7 16.2 46.1 3.3
025.1 19.9 16.2 47.7 3.4
027 20.4 16.3 43.8 3.1
028 24.8 16.7 47.4 3.3
029 26.3 14.1 40.3 3.3

031.2 17.6 15.0 41.7 3.3
032.3 27.0 16.9 46.9 3.2
033.2 21.9 14.6 41.7 3.3
036.1 22.8 15.4 43.5 3.3
037.1 21.9 14.9 41.2 3.2
038.2 23.0 16.7 46.5 3.2
039.2 21.8 16.9 45.8 3.2
041 25.5 14.6 40.6 3.2

042.2 - 15.3 42.6 3.2
045.2 21.3 16.6 45.6 3.2
046.1 23.8 17.1 48.2 3.3
047.2 24.4 16.2 45.0 3.3
048.1 21.0 16.4 45.8 3.2
049.2 23.5 16.7 46.2 3.2
050.2 25.6 16.9 47.1 3.3
051.1 24.3 15.3 43.9 3.3
055.2 25.8 16.1 44.0 3.2
056.1 28.9 16.0 45.5 3.3
057.2 23.7 16.5 45.5 3.2
058.2 24.4 16.3 44.6 3.2
060.1 25.3 14.4 39.9 3.2
061 23.5 15.8 42.8 3.2

062.1 18.8 16.3 44.9 3.2
063.1 26.1 16.1 44.9 3.2
064.1 21.6 16.6 45.5 3.2

78
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065.1 26.9 15.9 44.2 3.2
068.1 15.1 16.6 46.0 3.2
069.1 23.8 17.0 46.3 3.2
070.1 25.2 10.9 29.9 3.2
071.2 24.5 16.4 45.3 3.2
072.2 - 15.5 42.6 3.2
073.1 22.3 16.3 44.4 3.2
074.1 20.5 13.9 38.5 3.2
075.1 21.7 16.7 46.0 3.2
076.1 16.7 16.1 44.3 3.2
077.2 25.7 16.3 45.1 3.2
079.2 22.8 14.5 43.1 3.5
080 24.2 16.7 45.8 3.2

082.2 23.0 15.4 42.0 3.2
083.2 23.9 15.7 44.1 3.3
084.2 25.7 16.5 46.4 3.3
085.2 28.8 17.6 47.6 3.1
086 - 14.7 40.5 3.2

087.2 25.5 17.0 45.8 3.2
089 23.3 15.9 48.7 3.6
091 21.5 14.9 41.7 3.3
093 22.5 17.2 46.8 3.2
094 23.7 16.7 46.3 3.2
096 23.4 16.3 45.6 3.3
097 20.2 15.8 46.2 3.4
106 11.0 14.8 43.9 3.5
108 14.8 15.6 47.7 3.6
109 21.1 15.5 47.1 3.5
113 16.8 14.3 42.7 3.5
117 20.1 17.0 46.9 3.2
118 24.6 13.8 38.0 3.2
119 22.7 15.7 43.5 3.2

120.1 20.2 16.9 47.3 3.3
121.1 21.4 17.0 46.8 3.2
122.2 20.2 16.9 46.5 3.2
123.2 21.3 16.7 46.5 3.2
125.1 23.1 16.3 45.5 3.3
126 22.0 16.7 46.2 3.2

128.1 24.5 15.4 43.9 3.3
129.1 23.4 16.9 47.8 3.3
130.1 25.1 16.5 47.1 3.3

79



Appendix A6 continued

Project ID 
(WAL-) % Collagen % N % C C/N

131.1 22.3 16.5 49.0 3.5
132.1 24.2 15.4 45.4 3.4
133.1 25.1 15.8 44.8 3.3
134.1 23.2 16.5 46.0 3.3
135.1 25.9 17.1 47.2 3.2
136.1 22.5 16.8 48.1 3.3
137.1 20.3 17.1 48.1 3.3
138.1 25.5 17.4 47.9 3.2
139.1 25.9 13.7 39.8 3.4
140.1 25.8 17.0 48.5 3.3
141.1 22.6 16.9 46.9 3.2
142.1 23.6 17.1 47.7 3.3
143.1 25.7 17.5 48.3 3.2
144.1 25.8 16.2 45.7 3.3
145.1 25.5 12.7 35.5 3.3
146.1 24.3 10.4 29.3 3.3
147.1 25.3 16.8 47.1 3.3
148.1 26.3 14.1 39.6 3.3
149.1 23.8 17.0 46.9 3.2
150.1 20.9 17.5 48.1 3.2
151.1 23.7 17.0 47.2 3.2
152.1 25.1 17.3 47.7 3.2
153.1 23.7 16.3 47.9 3.4
154.1 26.1 17.2 47.7 3.2
155.1 25.5 17.1 47.9 3.3
156.1 23.5 17.2 48.1 3.3
157.1 23.9 16.5 47.4 3.4
165 25.9 14.8 40.6 3.2
166 25.8 15.6 43.2 3.2
167 29.8 15.4 41.6 3.2
168 23.3 16.3 45.5 3.3
169 24.0 16.6 46.1 3.2
170 25.2 16.7 46.3 3.2
171 22.1 17.3 47.4 3.2
189 24.6 15.9 46.1 3.4

215.2 15.7 13.0 35.9 3.2
216 22.5 16.1 43.4 3.1

217.2 23.4 16.3 45.4 3.2
218.2 22.8 17.7 48.7 3.2
219.2 22.4 16.8 47.6 3.3
220.2 23.4 17.5 48.3 3.2
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Appendix A6 continued

Project ID 
(WAL-) % Collagen % N % C C/N

221.2 33.0 9.4 26.8 3.3
222.2 23.2 17.0 46.7 3.2
223 27.4 13.0 36.2 3.3

224.2 25.0 16.9 47.7 3.3
225.2 24.4 12.0 34.5 3.4
226.2 27.1 13.7 38.5 3.3
227.2 25.8 15.7 52.5 3.9
228.2 28.7 11.7 33.5 3.3
229.2 24.2 17.2 47.9 3.2
230.2 24.4 17.2 48.3 3.3
231.2 22.1 17.2 48.7 3.3
232.2 23.4 7.4 20.4 3.2
233 27.3 14.8 40.9 3.2

234.1 22.3 16.4 44.8 3.2
235.1 28.1 15.0 42.3 3.3
237 21.2 12.7 35.2 3.2

238.1 27.8 14.0 39.3 3.3
239.1 25.5 13.4 37.2 3.2
240 27.9 13.5 38.4 3.3

241.1 24.7 12.2 35.9 3.4
242 19.6 8.3 22.7 3.2
244 25.4 16.9 47.1 3.3
245 22.1 17.0 47.1 3.2
247 21.4 12.8 35.5 3.2
248 25.2 17.1 47.3 3.2
249 20.8 14.8 41.0 3.2
250 28.9 15.2 41.7 3.2
251 23.9 16.4 45.4 3.2
252 26.0 12.5 33.9 3.2
253 21.6 13.6 37.3 3.2
254 21.7 17.0 46.6 3.2
255 27.8 22.1 61.0 3.2
256 25.0 9.8 26.9 3.2
257 25.4 16.0 44.6 3.2
258 24.7 15.3 42.1 3.2
260 18.1 16.2 44.6 3.2
261 21.6 15.8 43.4 3.2
263 19.8 12.0 33.1 3.2
264 27.7 16.5 45.5 3.2
265 22.7 16.7 46.4 3.2
266 29.9 15.7 43.6 3.2
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Appendix A6 continued

Project ID 
(WAL-) % Collagen % N % C C/N

268 25.2 17.2 47.8 3.2
269 17.8 15.0 41.3 3.2
270 29.2 13.8 38.0 3.2
271 24.6 16.2 44.3 3.2
272 21.8 14.4 39.5 3.2
273 27.0 16.9 46.3 3.2
274 26.3 16.6 46.3 3.2
275 21.9 17.1 47.7 3.2
276 21.0 17.3 48.3 3.3
278 22.6 15.6 42.3 3.2
279 15.6 13.7 38.3 3.3
281 24.7 15.2 42.2 3.2

282.1 21.6 13.3 37.9 3.3
283.1 15.1 14.2 40.7 3.3
284.1 22.6 12.7 35.3 3.2
289 26.7 17.1 47.3 3.2
290 23.9 16.5 45.0 3.2
292 26.2 16.7 46.5 3.3
293 22.3 17.09 46.66 3.2
294 23.6 16.2 43.8 3.1
295 23.2 25.1 68.7 3.2
296 23.5 17.4 48.3 3.2
297 23.9 16.66 45.49 3.2
298 30.5 17.4 48.0 3.2
299 22.5 16.97 46.96 3.2
300 26.6 16.8 46.1 3.2
301 21.1 16.20 44.25 3.2
302 24.3 16.35 45.56 3.3
303 24.7 16.83 46.76 3.2
304 22.3 17.0 47.3 3.2
305 24.8 17.27 47.32 3.2
306 25.0 17.18 47.27 3.2
307 24.1 17.29 47.26 3.2
308 26.4 16.03 43.50 3.2
309 26.9 17.46 47.60 3.2
310 24.5 16.88 46.09 3.2
312 21.6 16.81 45.52 3.2
313 23.3 17.3 48.5 3.3
314 23.6 17.14 47.13 3.2
315 28.5 15.24 42.52 3.3
316 23.5 14.8 40.8 3.2
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Appendix A6 continued

Project ID
(WAL-)

% Collagen % N % C C/N

317 22.4 16.19 44.58 3.2
318 26.6 17.0 47.0 3.2
319 16.5 15.2 42.5 3.3
320 25.0 17.19 47.23 3.2
321 21.1 16.9 47.1 3.3
322 27.5 11.03 30.46 3.2
324 24.1 16.64 45.57 3.2
325 24.9 17.60 47.64 3.2
327 25.4 16.7 46.9 3.3
328 25.0 16.5 45.6 3.2
329 27.0 15.8 43.2 3.2
330 21.8 17.43 47.08 3.2
331 29.1 15.2 42.0 3.2
332 23.1 17.10 47.01 3.2
333 33.2 10.4 28.9 3.2
334 26.8 15.7 43.8 3.3
335 24.6 17.12 45.76 3.1
336 27.5 14.1 39.6 3.3
337 25.6 17.1 47.0 3.2
338 23.8 17.58 47.74 3.2
339 24.7 17.1 47.4 3.2
340 25.7 16.9 47.3 3.3
341 24.5 17.0 47.6 3.3
342 24.9 16.5 46.0 3.3
343 26.7 16.7 46.4 3.2
344 25.0 16.3 45.4 3.3
345 26.5 17.3 48.1 3.2
346 26.3 15.70 44.43 3.3
347 29.0 10.67 29.31 3.2
348 24.6 16.53 45.41 3.2
349 25.7 11.37 31.49 3.2
350 28.9 17.0 47.7 3.3
351 26.7 17.23 46.58 3.2
352 24.9 16.86 45.87 3.2
353 24.0 17.27 47.42 3.2
354 27.6 16.31 45.69 3.3
355 25.5 17.16 46.58 3.2
356 25.2 17.03 46.85 3.2
357 21.8 17.28 47.21 3.2
358 22.4 17.00 46.63 3.2
359 23.6 13.56 37.35 3.2
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Appendix A6 continued

Project ID 
(WAL-) % Collagen % N % C C/N

360 30.0 16.99 46.29 3.2
361 28.0 16.23 44.49 3.2
362 24.2 15.8 43.5 3.2
363 24.3 8.71 24.43 3.3
364 26.1 17.59 48.23 3.2
365 27.8 16.95 46.23 3.2
366 27.7 16.5 46.3 3.3
367 3.1 15.7 43.5 3.2
368 27.4 16.9 47.0 3.2
369 26.2 17.1 47.7 3.2
370 26.3 16.3 45.4 3.2
371 24.3 17.3 47.9 3.2
372 67.6 17.3 48.8 3.3
373 25.3 16.56 45.32 3.2
374 23.3 17.00 46.38 3.2
375 28.4 13.33 37.11 3.2
376 26.2 16.98 47.68 3.3
377 26.8 15.8 48.3 3.6
378 26.2 16.9 46.9 3.2
379 28.1 17.0 47.6 3.3
380 28.9 16.6 46.4 3.3
381 25.8 16.04 44.77 3.3
382 24.9 16.61 45.77 3.2
383 23.9 16.94 45.76 3.2
384 - 16.40 45.29 3.2
385 25.4 16.63 45.52 3.2
386 27.0 17.05 46.49 3.2
387 24.1 16.99 46.69 3.2
388 25.4 16.8 46.4 3.2
389 27.4 17.0 47.5 3.3
390 29.1 13.50 37.58 3.2
391 27.3 12.40 35.14 3.3
392 28.4 15.79 47.68 3.5
393 28.1 17.04 46.38 3.2
394 30.1 16.78 46.34 3.2
395 28.3 16.7 46.7 3.3
397 30.0 16.07 45.55 3.3
398 27.1 16.93 46.67 3.2
399 27.0 17.2 47.6 3.2
401 26.7 13.37 36.69 3.2
403 30.6 16.63 46.07 3.2
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Appendix A6 continued

Project ID
(WAL-)

% Collagen % N % C C/N

404 28.5 17.13 47.35 3.2
405 29.9 13.33 37.66 3.3
406 26.7 17.35 47.05 3.2
407 26.1 16.53 45.38 3.2
408 22.6 16.40 46.59 3.3
409 20.7 14.16 40.57 3.3
410 26.8 17.33 47.60 3.2
413 23.8 15.82 43.06 3.2

451.2 20.9 15.0 41.4 3.2
452.2 25.3 15.4 42.2 3.2
453.2 23.7 16.8 46.6 3.2
558 23.5 17.1 47.0 3.2
559 24.1 15.8 43.6 3.2
560 22.8 16.7 46.3 3.2
561 24.3 16.7 46.1 3.2
562 25.5 16.4 45.2 3.2
566 26.4 15.2 43.6 3.4
567 22.9 16.1 44.2 3.2
582 28.0 17.1 46.8 3.2
583 25.4 17.3 45.5 3.1
584 22.9 16.7 44.1 3.1
594 24.7 15.7 43.1 3.2
596 28.0 2.4 6.9 3.3
600 7.3 14.4 39.5 3.2
601 7.3 15.2 42.5 3.3
602 7.1 15.0 41.4 3.2
603 3.5 14.6 40.4 3.2
604 5.7 14.4 39.3 3.2
605 8.1 15.0 41.0 3.2
606 18.8 14.9 41.0 3.2
614 21.7 16.5 45.7 3.2
615 8.7 15.7 43.5 3.2
616 17.2 16.8 46.1 3.2
617 20.1 16.9 46.1 3.2
619 22.3 16.9 46.3 3.2
621 23.1 15.1 44.0 3.4
622 16.6 15.5 42.7 3.2
623 22.1 16.6 43.4 3.1

624.1 24.9 16.5 44.8 3.2
625.1 26.4 16.4 44.6 3.2
626.1 25.1 17.0 46.5 3.2
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Appendix A6 continued

Project ID
(WAL-)

% Collagen % N % C C/N

627 27.2 15.7 42.7 3.2
628 22.0 5.8 16.1 3.2

629.1 24.1 14.8 40.5 3.2
630.1 25.4 16.7 45.7 3.2
631 25.9 4.5 12.5 3.2

632.1 27.8 15.6 42.4 3.2
633.1 25.5 16.3 44.8 3.2
634 26.0 15.9 44.4 3.3
635 27.0 13.7 46.4 4.0
636 28.8 11.0 30.4 3.2
637 24.8 15.9 43.2 3.2

638.1 28.5 6.5 17.7 3.2
639.1 28.8 5.0 13.5 3.2
640.1 31.2 15.7 42.9 3.2
641.1 31.6 14.3 42.5 3.5
642 26.6 15.7 43.2 3.2
643 13.5 15.0 41.6 3.2
644 27.3 15.9 43.5 3.2
645 24.1 15.0 40.0 3.1
646 28.9 15.4 43.7 3.3
650 29.6 16.2 44.7 3.2
651 27.9 16.1 44.7 3.2
653 23.3 16.8 47.0 3.3
655 24.7 16.4 45.7 3.2
656 23.1 17.0 47.3 3.2
660 29.0 16.6 46.3 3.3
661 25.2 17.0 47.1 3.2
667 25.8 16.8 46.9 3.3
669 22.9 16.6 46.0 3.2
677 27.3 16.9 48.5 3.3
678 26.5 17.2 47.4 3.2

680.1 26.5 16.6 46.1 3.2
681 30.9 16.1 46.9 3.4

684.1 26.5 16.2 47.9 3.4
685.1 17.1 15.9 44.8 3.3
689 27.2 17.1 47.5 3.2
691 26.2 14.4 51.2 4.1

695.1 23.1 16.8 46.9 3.2
696 24.9 16.5 47.3 3.3
744 23.3 16.1 44.3 3.2
751 22.2 15.7 42.5 3.2
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Appendix A6 continued

Project ID 
(WAL-) % Collagen % N % C C/N

752 24.8 16.0 43.1 3.1
753 22.1 16.0 42.5 3.1
755 23.9 15.8 42.7 3.1
756 25.6 16.8 44.5 3.1
757 26.5 14.9 40.2 3.2
758 23.9 17.0 46.9 3.2
759 27.1 15.7 46.4 3.4
760 23.8 16.4 48.5 3.4
761 23.6 16.3 43.9 3.1
762 22.9 16.6 42.3 3.0
763 22.8 16.3 40.9 2.9
764 26.5 16.4 40.1 2.9
765 20.9 16.1 39.6 2.9
766 24.7 16.8 42.0 2.9
767 24.1 16.6 46.3 3.3
768 22.2 16.4 45.7 3.2
769 25.5 15.7 44.4 3.3
770 21.5 16.0 45.3 3.3
771 21.7 14.9 42.2 3.3
772 26.4 16.3 46.8 3.4
773 26.5 16.3 46.8 3.4
774 23.7 15.4 43.4 3.3
776 28.0 16.1 43.3 3.1
777 26.1 16.0 42.8 3.1
778 25.2 16.1 45.7 3.3
779 23.0 15.7 45.4 3.4

780.1 24.2 15.1 42.9 3.3
0781 23.1 16.8 45.8 3.2
781.1 26.7 16.9 46.4 3.2
782 32.9 12.9 35.2 3.2

783.1 24.4 15.7 43.9 3.3
785 26.2 16.3 47.9 3.4

786.1 25.4 16.1 47.8 3.5
788.1 27.2 15.4 45.1 3.4
789.1 22.4 15.1 44.4 3.4
790.1 25.8 15.3 42.7 3.3
791.1 40.7 12.5 34.6 3.2
792 24.6 15.1 44.9 3.5
793 23.0 15.8 45.5 3.4
794 26.6 16.3 46.5 3.3
795 25.3 14.7 42.7 3.4
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Appendix A6 continued

Project ID
(WAL-)

% Collagen % N % C C/N

796 26.2 16.7 46.9 3.3
797.1 25.3 15.9 46.5 3.4
798.1 23.5 15.8 48.0 3.5
799 24.4 14.4 43.5 3.5

800.1 26.0 14.3 42.1 3.4
801 25.4 15.1 44.9 3.5

802.1 24.5 15.0 46.1 3.6
803.1 24.8 14.7 43.3 3.4
804 22.6 15.8 45.4 3.4
805 22.8 12.9 37.5 3.4

806.1 24.7 16.8 49.1 3.4
807 26.7 16.0 47.6 3.5
808 25.7 15.5 45.3 3.4

809.1 23.1 16.4 47.4 3.4
810.1 22.8 16.4 48.3 3.4
811.1 22.4 15.4 47.0 3.5
812.1 24.0 15.4 47.0 3.6
813.1 22.8 16.3 48.8 3.5
814 23.3 11.0 32.1 3.4

814.1 20.5 16.2 48.1 3.5
816.1 20.6 16.6 51.0 3.6
817 26.7 15.8 49.0 3.6
818 26.1 15.7 48.6 3.6
819 27.1 15.6 48.5 3.6

820.1 24.4 16.1 49.7 3.6
822 24.0 17.0 46.7 3.2
823 26.0 17.0 46.5 3.2

825.1 27.2 16.1 44.2 3.2
826.1 27.6 16.8 45.8 3.2
827.1 26.7 16.0 44.0 3.2
828.1 26.7 16.2 44.6 3.2
829.1 28.2 16.1 44.4 3.2
830.1 28.0 15.9 44.1 3.2
831.1 25.6 15.6 44.2 3.3
832.1 26.2 15.6 43.8 3.3
833.1 27.0 14.7 43.6 3.5
834.1 25.8 15.4 43.1 3.3
835.1 29.6 15.2 43.3 3.3
836.1 26.4 15.1 42.8 3.3
837.1 27.0 15.0 42.5 3.3
838.1 26.8 14.7 42.4 3.4

88



Appendix A6 continued

Project ID 
(WAL-) % Collagen % N % C C/N

839.1 27.4 13.9 43.1 3.6
840.1 27.3 14.6 41.6 3.3
841.1 25.5 14.4 46.6 3.8
842.1 27.0 14.8 47.7 3.8
843.1 26.5 14.1 39.7 3.3
844.1 28.3 14.2 41.1 3.4
845.1 28.9 14.1 40.9 3.4
929 15.2 44.1 3.4
930 14.3 40.3 3.3
931 15.8 44.2 3.3
932 17.5 49.3 3.3
933 16.2 45.4 3.3
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Appendix A7) Bering Sea Suess and Laws corrections for the years from 1850 - 2016, including year 
(AD), temperature (°C), salinity (psu), Suess correction (‰), Laws correction (‰), and net correction 
(‰).

Year (AD) Temperature 
(°C)

Salinity
(psu)

Suess 
correction

(‰)

Laws 
correction

(‰)

Net 
Corrections (%)

1850 1.37 32 0.01 0.00 0.01
1851 1.37 32 0.01 0.00 0.01
1852 1.37 32 0.01 0.00 0.02
1853 1.37 32 0.02 0.00 0.02
1854 1.61 32 0.02 -0.01 0.00
1855 1.61 32 0.02 -0.01 0.00
1856 1.54 32 0.02 -0.01 0.01
1857 1.31 32 0.02 0.01 0.02
1858 1.34 32 0.02 0.00 0.02
1859 1.26 32 0.02 0.01 0.03
1860 1.34 32 0.02 0.00 0.02
1861 1.29 32 0.02 0.01 0.03
1862 1.30 32 0.02 0.01 0.03
1863 1.27 32 0.02 0.01 0.03
1864 1.20 32 0.02 0.01 0.03
1865 1.18 32 0.02 0.01 0.03
1866 1.15 32 0.02 0.02 0.04
1867 1.13 32 0.02 0.02 0.04
1868 1.18 32 0.02 0.01 0.04
1869 1.25 32 0.02 0.01 0.03
1870 1.28 32 0.02 0.01 0.03
1871 1.28 32 0.02 0.01 0.03
1872 1.26 32 0.03 0.01 0.04
1873 1.01 32 0.03 0.02 0.05
1874 0.94 32 0.03 0.03 0.05
1875 0.98 32 0.03 0.03 0.05
1876 1.16 32 0.03 0.02 0.05
1877 1.31 32 0.03 0.01 0.04
1878 1.35 32 0.03 0.01 0.04
1879 1.17 32 0.03 0.02 0.05
1880 2.41 32 0.03 -0.05 -0.02
1881 1.07 32 0.03 0.02 0.06
1882 1.11 32 0.03 0.02 0.06
1883 1.00 32 0.03 0.03 0.06
1884 1.80 32 0.04 -0.02 0.02
1885 1.31 32 0.04 0.01 0.05
1886 1.83 32 0.04 -0.02 0.02
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1887 0.51 32 0.04 0.06 0.10
Appendix A7 continued

Year (AD) Temperature 
(°C)

Salinity
(psu)

Suess 
correction

(‰)

Laws 
correction

(‰)

Net 
Corrections (%)

1888 1.68 32 0.04 -0.01 0.03
1889 1.93 32 0.04 -0.02 0.02
1890 1.72 32 0.04 -0.01 0.03
1891 1.52 32 0.04 0.00 0.05
1892 1.75 32 0.04 -0.01 0.04
1893 1.63 32 0.04 0.00 0.04
1894 1.44 32 0.05 0.01 0.06
1895 1.93 32 0.05 -0.02 0.03
1896 0.72 32 0.05 0.05 0.10
1897 1.60 32 0.05 0.00 0.05
1898 2.63 32 0.05 -0.05 0.00
1899 2.37 32 0.05 -0.04 0.01
1900 1.88 32 0.05 -0.01 0.04
1901 1.71 32 0.06 0.00 0.05
1902 1.21 32 0.06 0.02 0.08
1903 3.63 32 0.06 -0.11 -0.05
1904 3.08 32 0.06 -0.08 -0.02
1905 -0.67 32 0.06 0.13 0.19
1906 3.23 32 0.06 -0.08 -0.02
1907 1.69 32 0.07 0.00 0.07
1908 1.81 32 0.07 0.00 0.07
1909 2.65 32 0.07 -0.05 0.02
1910 1.51 32 0.07 0.02 0.09
1911 -0.15 32 0.07 0.11 0.18
1912 -0.19 32 0.07 0.11 0.19
1913 -0.34 32 0.08 0.12 0.20
1914 1.65 32 0.08 0.01 0.09
1915 0.89 32 0.08 0.05 0.13
1916 -0.92 32 0.08 0.15 0.23
1917 -0.36 32 0.09 0.12 0.21
1918 1.69 32 0.09 0.01 0.10
1919 1.40 32 0.09 0.03 0.12
1920 1.91 32 0.09 0.00 0.09
1921 0.94 32 0.10 0.05 0.15
1922 1.62 32 0.10 0.02 0.11
1923 1.35 32 0.10 0.03 0.13
1924 0.04 32 0.10 0.11 0.21
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1925 0.61 32 0.11 0.08 0.18
1926 2.17 32 0.11 -0.01 0.10

Appendix A7 continued

Year (AD) Temperature
(°C)

Salinity
(psu)

Suess 
correction

(‰)

Laws 
correction

(‰)

Net 
Corrections (%)

1927 1.41 32 0.11 0.03 0.15
1928 1.48 32 0.12 0.03 0.15
1929 1.13 32 0.12 0.05 0.17
1930 1.78 32 0.12 0.01 0.14
1931 0.10 32 0.12 0.11 0.23
1932 0.82 32 0.13 0.07 0.20
1933 0.93 32 0.13 0.06 0.19
1934 0.34 32 0.14 0.09 0.23
1935 2.32 32 0.14 -0.01 0.13
1936 1.69 32 0.14 0.02 0.16
1937 0.09 32 0.15 0.11 0.26
1938 -0.22 32 0.15 0.13 0.28
1939 0.34 32 0.15 0.10 0.25
1940 2.03 32 0.16 0.00 0.16
1941 1.77 32 0.16 0.02 0.18
1942 2.42 32 0.17 -0.02 0.15
1943 1.53 32 0.17 0.03 0.20
1944 1.50 32 0.18 0.04 0.21
1945 0.30 32 0.18 0.10 0.28
1946 1.48 32 0.19 0.04 0.22
1947 0.82 32 0.19 0.08 0.27
1948 0.97 32 0.20 0.07 0.27
1949 -0.70 32 0.20 0.16 0.36
1950 -0.85 32 0.21 0.17 0.38
1951 0.31 32 0.21 0.11 0.32
1952 0.69 32 0.22 0.09 0.31
1953 0.72 32 0.23 0.09 0.31
1954 0.52 32 0.23 0.10 0.33
1955 -0.12 32 0.24 0.13 0.37
1956 -0.17 32 0.24 0.14 0.38
1957 1.34 32 0.25 0.06 0.31
1958 0.61 32 0.26 0.10 0.36
1959 0.68 32 0.27 0.09 0.36
1960 0.39 32 0.27 0.11 0.38
1961 0.69 32 0.28 0.10 0.38
1962 0.79 32 0.29 0.09 0.38
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1963 0.68 32 0.30 0.10 0.40
1964 0.29 32 0.30 0.12 0.43
1965 1.08 32 0.31 0.08 0.39

Appendix A7 continued

Year (AD) Temperature 
(°C)

Salinity
(psu)

Suess 
correction

(‰)

Laws 
correction

(‰)

Net
Corrections

1966 0.95 32 0.32 0.09 0.41
1967 1.06 32 0.33 0.09 0.42
1968 0.68 32 0.34 0.11 0.45
1969 0.67 32 0.35 0.11 0.46
1970 1.24 32 0.36 0.08 0.44
1971 0.63 32 0.37 0.12 0.48
1972 0.76 32 0.38 0.11 0.49
1973 1.14 32 0.39 0.10 0.48
1974 0.87 32 0.40 0.11 0.51
1975 0.68 32 0.41 0.12 0.53
1976 0.93 32 0.42 0.11 0.53
1977 0.98 32 0.43 0.11 0.54
1978 1.72 32 0.44 0.08 0.52
1979 1.78 32 0.46 0.07 0.53
1980 0.99 32 0.47 0.12 0.59
1981 1.35 32 0.48 0.10 0.58
1982 1.56 32 0.49 0.09 0.59
1983 2.23 32 0.51 0.06 0.57
1984 1.87 32 0.52 0.08 0.61
1985 1.94 32 0.54 0.08 0.62
1986 2.05 32 0.55 0.08 0.63
1987 1.74 32 0.57 0.10 0.66
1988 1.03 32 0.58 0.14 0.72
1989 1.34 32 0.60 0.13 0.72
1990 1.60 32 0.61 0.11 0.73
1991 1.85 32 0.63 0.10 0.73
1992 0.96 32 0.65 0.15 0.80
1993 1.51 32 0.67 0.13 0.79
1994 1.23 32 0.68 0.14 0.83
1995 1.43 32 0.70 0.14 0.84
1996 1.84 32 0.72 0.12 0.84
1997 1.74 32 0.74 0.12 0.87
1998 1.27 32 0.76 0.15 0.91
1999 0.73 32 0.78 0.18 0.97
2000 2.42 32 0.80 0.10 0.90
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Appendix A7 continued

2001 1.65 32 0.83 0.14 0.97
2002 2.61 32 0.85 0.10 0.94
2003 2.54 32 0.87 0.10 0.97
2004 1.34 32 0.90 0.17 1.06

Year (AD) Temperature
(°C)

Salinity
(psu)

Suess 
correction

(‰)

Laws 
correction

(‰)

Net 
Corrections (%)

2005 1.06 32 0.92 0.19 1.11
2006 1.70 32 0.94 0.16 1.10
2007 1.67 32 0.97 0.16 1.13
2008 1.24 32 1.00 0.19 1.18
2009 1.41 32 1.02 0.18 1.21
2010 1.64 32 1.05 0.17 1.23
2011 1.18 32 1.08 0.20 1.28
2012 1.01 32 1.11 0.21 1.32
2013 1.73 32 1.14 0.18 1.32
2014 2.46 32 1.17 0.15 1.32
2015 2.30 32 1.20 0.16 1.36
2016 2.80 32 1.24 0.14 1.38
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Appendix A8) Information for marine sediment cores HLY0205-GGC19 (Farmer et al., 2011, Keigwin et 
al., 2006), P1-92-AR-P1/B3 (combined piston/box cores; de Vernal et al., 2005), HLY0501-05 (de Vernal 
et al., 2013; McKay et al., 2008), including latitude and longitude (decimal degrees), water depth (m), 
sediment depth (cm), Bacon age estimate (cal yr BP), and estimated ice cover (months/year >50% ice 
cover).

HLY0205-GGC19 (Latitude: 72.16° N, Longitude: 155.51° W, Water depth = 369m)
Depth (cm) Bacon Age (cal yr BP) Sea Ice Cover > 50% (months/yr)

4 1.381 4.28
14 199 4.34
24 402.58 4.83
34 607.72 4.11
44 811.18 5.72
54 1012.2 3.08
64 1186.5 2.95
74 1350.7 5.35
84 1519.6 3.47
94 1687.1 3.3

104 1855.1 8.31
114 2024.3 4.85
124 2194.5 4.58
134 2363 4.33
144 2531.1 6.17
154 2696.7 9.19
164 2860.7 7.94
174 3009.8 5.67
184 3149.8 8.93
194 3289.1 5.11
204 3429.8 1.07

212.5 3547 5.2
224 3703 4.26
234 3825.6 5.19
244 3948.5 4.48
254 4070.4 6.61
264 4192.8 7.7
274 4315.3 7.87
284 4437.6 4.2
294 4559.1 7.04
304 4681 9.07
314 4803.4 8.45
324 4924.3 8.93
334 5053 6.25
344 5187 9.09
354 5314.2 7.53
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Appendix A8 continued

Depth (cm) Bacon Age (cal yr BP) Sea Ice Cover > 50% (months/yr)
364 5437.9 4.91
374 5554.2 9
384 5669.4 7.17
394 5783.1 6.63
404 5898.6 6.35
414 6022.1 7.11
424 6145.8 4.78
434 6269.5 8.92
444 6393.2 7.35
454 6516.9 4.91

P1-92-AR-P1 (Latitude: 73.71° N, Longitude: 162.74° W, Water depth = 203m)
Depth (cm) Bacon Age (Years BP) Sea Ice Cover > 50% (months/yr)

31 1611.5 7.92
36 1897 7.64
41 2185.3 4.93
46 2472.4 7.26
56 3278.9 8.34
61 3919.5 7.53
66 4536.7 7.5
71 4863.9 7.46
76 5105.5 7.82
81 5352.9 6.95
86 5601.2 8.45
91 5849.5 6.35
96 6091.6 8.35
101 6326.7 7.53
106 6548.5 4.89
111 6726.7 7.71
121 7005.7 4.96
126 7148.6 7.77
131 7290.6 6.69
136 7431.9 7.15

P1-92-AR-B3 (Latitude: 73.69° N, Longitude: 162.66° W, Water depth = 203m)
Depth (cm) Bacon Age (Years BP) Sea Ice Cover > 50% (months/yr)

0 -60.8 11.16
1 -35.537 8.77
2 -7.0933 8.55
3 22.093 7.15
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Appendix A8 continued

Depth (cm) Bacon Age (Years BP) Sea Ice Cover > 50% (months/yr)
4 51.111 8.76
5 80.409 8.48
6 110.36 7.81
7 139.71 8.33
8 169.52 7.43
9 199.74 8.99
10 229 6.51
11 258.42 8.72
12 288.2 8.27
13 317.48 8.17
14 343.61 8.52
15 369.6 8.35
16 395.51 8.38
17 421.61 8.02
18 448.25 7.97
19 474.4 6.74
20 500.51 6.3
21 526.8 8.7
22 553.17 8.64
23 578.53 5.74
24 604.5 8.99
25 631.1 8.59
26 657.6 6.33
27 683.99 6.67
28 710.03 7.49
30 762.72 6.88
32 815.61 8.6
34 868.4 9
36 920.9 6.61
39 1000.1 8.38
41 1052.8 7.66

HLY0501-05 (Latitude = 72.69° N, Longitude = 157.52° W, Water depth = 385m)
Depth Bacon Age (Years BP) Sea Ice Cover > 50% (months/yr)

87 671.75 7.03
95 740.59 6.9
103 809.45 7.05
111 874.09 2.02
119 935.6 6.89
127 988.65 2.37
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Appendix A8 continued

Depth (cm) Bacon Age (Years BP) Sea Ice Cover > 50% (months/yr)
135 1041.4 7.44
143 1094 5.03
151 1147.2 7.42
159 1200.8 6.73
167 1255.5 7.5
175 1309.6 7.44

184.5 1373.5 7.47
192.5 1427.9 6.56
200.5 1481.8 7.46
208.5 1535.4 7.64
216.5 1589.9 7.61
224.5 1644.7 7.98
232.5 1700.2 6.87
240.5 1755.4 8.19
248.5 1810.4 7.75
256.5 1864.8 7.75
264.5 1919.3 8.4
272.5 1974 7.91
280.5 2028.6 7.72
288.5 2083.1 8.25
296.5 2138.6 7.5
304.5 2194.1 7.34
312.5 2249.6 7.43
320.5 2304.8 7.9
328.5 2359.9 5.68
337 2417.9 8.09
345 2472.1 8.25
353 2526 8.84
369 2634.6 7.47
377 2689.7 8.81
409 2909.7 6.62
441 3128.5 7.85
473 3346.8 8.26
502 3545.6 7.65
534 3764.5 8.37
550 3871.3 6.9
566 3976.1 7.27
598 4172.1 6.15
622 4318.3 5.05

643.5 4449.2 7.34
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Appendix A8 continued

Depth (cm) Bacon Age (Years BP) Sea Ice Cover > 50% (months/yr)
691.5 4727.6 5.75
715.5 4865.6 6.64
739.5 5004.6 8.73
763.5 5145.4 8.79
786 5283.9 8.08
810 5434.2 8.72
834 5586 8.58
890 5941.8 7.46
914 6101.5 8.54

938.5 6265.9 7.53
962.5 6427.2 6.37
986.5 6588 7.63
1010.5 6748.8 8.25
1034.5 6909.6 4.14
1058.5 7070.5 7.65
1107 7395.5 6.8
1131 7556.3 8.61
1155 7717.1 6.56
1203 8038.8 6.42
1227 8199.6 7.83

1249.5 8350.4 9.06
1263.5 8444.2 8.59
1297.5 8672 6.71
1321.5 8832.9 7.66
1345.5 8993.7 8.07
1364.5 9121 5.86
1388.5 9281.8 5.63
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Appendix A9) Radiocarbon dating information for marine sediment cores HLY0205-GGC19 (Farmer et
al., 2011, Keigwin et al. 2006), P1-92-AR-P1/B3 (combined piston/box cores; de Vernal et al., 2005), and
HLY0501-05 (de Vernal et al., 2013; McKay et al., 2008).

HLY0205-GGC19 (Latitude: 72.16° N, Longitude: 155.51° W, Water depth = 369m)

Depth (cm) Dated Material C14 Age Source
56 Mixed benthic foraminifers 2040 ± 35 Keigwin et al. (2006)
166 Mollusc fragments 3650 ± 40 Farmer et al (2011)

220.5 Mixed benthic foraminifers 4270 ± 40 Keigwin et al. (2006)
326 Bivalve, Portlandia arctica 5040 ± 35 Farmer et al (2011)
336 Mollusc fragments 5320 ± 35 Farmer et al (2011)
339 Foraminifer, Nonionella labradorica 5290 ± 50 Keigwin et al. (2006)
361 Bivalve, Portlandia arctica 5570 ± 50 Farmer et al (2011)
400 Mixed benthic foraminifers 5840 ± 80 Keigwin et al. (2006)
411 Gastropod, Neptunea sp. 6260 ± 40 Farmer et al (2011)

P1-92-AR-P1 (Latitude: 73.69° N, Longitude: 162.66° W, Water depth = 203m)

Depth (cm) Dated Material C14 Age Source
24-26 Mollusc fragments 2170±90 Darby et al. (2001)
49-51 Mollusc fragments 3340 ± 50 Darby et al. (2001)
64-66 Mixed benthic foraminifers 5120 ± 110 Darby et al. (2001)
99-100 Mixed benthic foraminifers 6240 ± 70 Darby et al. (2001)

105 Bivalve, Bathyarca sp. 6590 ± 70 Darby et al. (2001)
134-136 Mixed benthic foraminifers 7030± 110 Darby et al. (2001)

P1-92-AR-B3 (Latitude: 73.71° N, Longitude:162.74° W, Water depth = 203m)

Depth (cm) Dated Material C14 Age Source
12-13 Mollusc fragments 1230±30 Darby et al. (2001)
25-26 Mollusc fragments 1530 ± 30 Darby et al. (2001)
41-42 Mollusc fragments 1980±30 Darby et al. (2001)
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Appendix A9 continued

HYL0501-05 (Latitude: 72.69° N, Longitude: 157.52° W, Water depth = 415m)

Depth (cm) Dated Material C14 Age Source
112 Bivalve, Thyasira 1930±45 McKay et al. (2008)

559 Bivalve, Yoldia 4465 ± 40 McKay et al. (2008)

644.5 Bivalve, Thyasira 4820 ± 70 McKay et al. (2008)

764.5 Bivalve, Yoldia 5220 ± 40 McKay et al. (2008)

875 Bivalve, Portlandia 5885 ± 40 McKay et al. (2008)

955.5 Bivalve, Portlandia and Thyasira 6395 ± 45 McKay et al. (2008)
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Appendix A10) Letters from non-committee co-authors A. de Vernal and A. Jensen authorizing use of 
published manuscript as chapter in C. Clark's dissertation.

Casey Clark
Permission to use paper as dissertation chapter

To: Jensen, Anne

September 24, 2018 at 3:42 PM

Hello Anne,

Because you are an author on the paper from the first portion of my graduate work (which just today finally received the updated status of 
“Decision in Process”, so that’s encouraging), the UAF graduate school requires that I get your written permission to use the manuscript as a 
chapter dissertation. So, I am writing to confirm that I have your approval to use the manuscript “Pacific walrus foraging across 4000 years of 
changing sea ice conditions”, submitted to Quaternary Research, as a dissertation chapter. Please let me know if you have any questions or 
concerns.

Best,
Casey

Jensen, Anne
Re: Permission to use paper as dissertation chapter

To: Casey Clark

Siri found updated contact info in this email: Anne Jensen anne.jensen@uicscience.com

September 24, 2018 at 6:09 PM

update... ®

Hi Casey,

No problem. Please go ahead and include it. I’d appreciate a PDF of the dissertation when it is done. 

Glad to hear QR is moving on the article.

Anne M. Jensen, PhD, RPA
SENIOR SCIENTIST/CULTURAL RESOURCE MANAGER I UIC SCIENCE LLC
PO Box 936
Barrow, Alaska 99723
direct: 907-852-0924 I mobile: 907-230-8228 I Nuvuk lab: 907-852-0931
fax: 907-852-5763lwww.uicalaska.com
A Member of the Ukpeagvik Iñupiat Corporation Family of Companies
Please consider the environment before printing this e-mail

Replies to: anne.iensen@uicscience.com
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Appendix A10 continued

Casey Clark
Permission to use paper as dissertation chapter

To: de Vernal, Anne

Hello Anne,

Because you are an author on the paper from the first portion of my graduate work (which just today finally received the updated status of 
“Decision in Process”, so that's encouraging), the UAF graduate school requires that I get your written permission to use the manuscript as a 
chapter dissertation. So, I am writing to confirm that I have your approval to use the manuscript “Pacific walrus foraging across 4000 years of 
changing sea ice conditions", submitted to Quaternary Research, as a dissertation chapter. Please let me know if you have any questions or 
concerns.

Hope you are doing well!

Best,
Casey

de Vernal, Anne
RE: Permission to use paper as dissertation chapter

To: Casey Clark

□ear Casey,
Congratulation for the submission of your thesis !
Of course, you have my permission to use the manuscript as chapter of your thesis. 
Should I write a more formal letter ?
With my best wishes,
Anne
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CHAPTER 2: LIPID NORMALIZATION AND STABLE ISOTOPE DISCRIMINATION IN

PACIFIC WALRUS TISSUES2

ABSTRACT

Analysis of stable carbon and nitrogen isotope compositions (δ 13C and δ15N values) of animal 

tissues can provide important information about diet, physiology, and movements. Interpretation of δ13C 

and δ15N values, however, is influenced by factors such as sample lipid content, tissue-specific isotope 

discrimination, and tissue turnover rates, which are typically species- and tissue-specific. In this study, we 

generated lipid normalization models for δ13C values and investigated the effects of chemical lipid 

extractions on δ13C and δ15N in Pacific walrus (Odobenus rosmarus divergens) muscle, liver, and skin. 

We also evaluated tissue-specific isotope discrimination in walrus muscle, liver, skin, and bone collagen. 

Mean δ13Clipid-free values of skin and bone collagen were similar, as were mean δ15N values of muscle and 

liver. All other tissues differed significantly for both isotopes. Differences in δ13C and δ15N values among 

tissues agreed with published estimates of marine mammal tissue-specific isotope discrimination factors, 

with the exception of skin. The results of this work will allow researchers to gain a clearer understanding 

of walrus diet and the structure of food webs in the Arctic, while also making it possible to directly 

compare the results of contemporary walrus isotope research with those of historic and paleoecological 

studies.

INTRODUCTION

Stable isotope analysis is widely-used as a tool to study animal movements, diet, and food web 

structure1-4. Carbon and nitrogen stable isotope ratios (δ13C and δ15N values) are particularly useful when 

evaluating animal diet and trophic position3. Consumer δ13C values are driven mainly by the type of

2Clark, C.T., L. Horstmann, and N. Misarti. Lipid normalization and stable isotope 
discrimination in Pacific walrus tissues. In press. Scientific Reports. 
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primary production at the base of the food web, as uptake of CO2 or dissolved inorganic carbon for use in 

photosynthesis involves fractionation of carbon isotopes5. Trophic fractionation of δ13C values is typically 

small (~1 ‰ per trophic level), but accounts for some variation in stable carbon isotope ratios1,3. In 

contrast, variability in δ15N is influenced by trophic fractionation, which results in an increase of ~3.0 ‰ 

per trophic level2,3,6, in addition to the isotopic composition of nitrogen supplied to ecosystems3. By 

interpreting δ13C and δ15N values from animal tissues in the context of these sources of fractionation, 

information can be inferred about diet, trophic position, and the flow of energy through biological 

systems.

Additional processes that result in fractionation of 13C and 15N can complicate reconstructions of 

animal diet and trophic position. For example, 13C undergoes fractionation during lipid synthesis, leading 

to differences of ~ 6 - 8‰ between lipids and proteins7,8. Lipid content therefore affects tissue δ13C 

values and may lead to observed variability in δ13C values among animals resulting from differences in 

lipid storage, rather than diet. Because lipids are not always homogenously distributed within a tissue9, 

lipid content can be an important source of isotopic variability even among multiple samples of a single 

tissue from one individual10. Furthermore, δ13C values vary among fatty acids11,12, thus the δ13C values of 

lipids depends on their fatty acid makeup and uneven distribution of different types of lipids within a 

tissue may lead to heterogeneity in δ13C values.

Chemical lipid extraction is one way to account for differences in sample lipid content. In this 

process, lipids are typically removed using polar organic solvents (often a mixture of chloroform and 

methanol13,14) and stable isotope ratios of the lipid-free sample are measured. This process allows for 

direct instrumental measurement of the lipid-free sample (δ13Clipid-free), but requires more time and effort. 

Additionally, in some (but not all15,16) cases, chemical lipid extraction can slightly (typically by 0.3 - 0.5 

‰) alter sample δ15N by removing amino acids17. Thus, to ensure comparable measurements of both δ13C 

and δ15N values across tissues, it is recommended that two aliquots of each sample be analyzed: one non

lipid extracted and the other with lipids removed17. The δ15N value of the non-lipid extracted aliquot
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(δ15Nbulk) and the δ13Clipid-free can then be interpreted together; however, this approach increases the time

and effort required for sample preparation and doubles the analytical cost.

Lipid normalization is an alternative to chemical lipid extraction that allows δ13Clipid-free values to 

be approximated mathematically. This approach, sometimes called arithmetic or mathematical lipid 

correction, involves modeling the expected δ13Clipid-free values based on the lipid content of the bulk 

sample. These models have been widely used for multiple tissues from a variety of taxa and can be quite 

accurate in their estimation of δ13Clipid-free values (Appendix B1). Typically, these models rely on the 

relationship between the carbon:nitrogen ratio of the non-lipid extracted sample (C:Nbulk; a proxy for the 

lipid content of the sample8,18), and the difference between δ13C values of the lipid-free and non-lipid 

extracted aliquots of each sample (δ13Clipid-free - δ13Cbulk = Δδ13C). This relationship tends to be species

and tissue-specific, thus, one limitation of lipid normalization models is that they must be parameterized 

for each species and tissue by performing chemical lipid extractions and comparing δ13Cbulk values to 

δ13Clipid-free values. Consequently, there are many species and tissues for which lipid normalization models 

are not available in the literature.

Tissue-specific isotope discrimination is another source of variability in stable isotope ratios that 

can impact diet reconstructions and the interpretation of δ13C and δ15N values. Stable isotope ratios in the 

tissues of an individual animal may vary substantially due to metabolic fractionation and differences in 

tissue composition2,19. Additionally, the degree of isotopic fractionation between an animal's diet and its 

tissues may be impacted by diet quality (i.e., protein and lipid content20). Finally, metabolic routing of 

different diet components (i.e., the pathways taken by dietary macromolecules such as proteins, fats, and 

carbohydrates during tissue synthesis and metabolism) impacts diet-tissue fractionation and may mean 

that some tissues primarily reflect individual diet components (e.g., dietary protein), while others may be 

representative of whole diet21. Diet-tissue fractionation has been studied in a variety of animals and varies 

widely among species22. Thus, as with lipid normalization models, species- and tissue-specific 

discrimination factors are not currently available for many species.
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Understanding diet-tissue fractionation, as well as the relationships between δ13C and δ15N values 

of different tissues of individual animals, is critical for adequate interpretation of stable isotope studies. 

Furthermore, quantifying the degree of tissue-specific isotope discrimination allows researchers to more 

directly compare the results of studies analyzing δ13C and δ15N values in different tissues. This is 

particularly valuable for comparing modern studies, which typically sample soft tissues, to studies of 

historic and paleoecology, for which bone collagen is the primary tissue available for analysis23. It is also 

important because analyses of various soft tissues provide different advantages. For many vertebrates, 

skin can be obtained using a biopsy, which is typically non-lethal and relatively non-invasive24,25. Muscle 

is often analyzed because this tissue has relatively slow metabolic turnover, can provide diet information 

over a period of weeks or months, and is the most commonly used vertebrate tissue in the published stable 

isotope literature26,27. Tissues with more rapid metabolic turnover rates can provide shorter-term 

information about diet, and are particularly informative when analyzed in tandem with tissues that turn 

over more slowly. Blood has a rapid turnover rate26, but obtaining it can be logistically difficult for some 

animals (e.g., free-ranging and subsistence harvested marine mammals). Liver also exhibits high 

metabolic turnover26, and can provide short-term diet information. Collection of liver samples can be 

logistically challenging, but may be feasible in instances where proper sampling and storage of blood are 

not.

Arctic marine mammals are ideal candidates for stable isotopic research. Biological systems in 

the Arctic have been historically understudied, and are currently undergoing rapid changes associated 

with warming of the regional climate28,29. Stable isotopes may provide a useful tool for understanding 

these changes. Examining δ13C and δ15N values in marine mammal tissues can not only provide insight 

into the diet and movements of the animals themselves, but can also give important information about the 

food webs in which these animals feed8. Arctic marine mammals, including Pacific walruses (Odobenus 

rosmarus divergens), are important subsistence resources for Alaska Native communities, and monitoring 

the responses of these animals to climate change is critical to food security in the region. The overarching 

goal of this study was to address some of the factors that might confound the interpretation of stable 
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isotope ratios in the tissues of Pacific walruses, with the goal of improving the ability of future research to 

draw conclusions about these animals and the food webs in which they feed. To accomplish this, δ13C and 

δ15N values in walrus muscle, liver, skin, and bone collagen were analyzed to 1) assess the importance of 

lipid removal when comparing δ13C values of various walrus tissues, 2) parameterize lipid normalization 

models for estimating Δδ13C values based on C:Nbulk, and 3) estimate tissue-specific discrimination 

factors for Pacific walruses.

METHODS

Skin, muscle, liver, and bone samples were collected from 30 adult walruses (20 males, 10 

females) taken as part of the Alaska Native subsistence harvests on St. Lawrence Island, Alaska, from 

2014 - 2016. Additional muscle (n = 95), liver (n = 5), and skin (n = 5) samples from the 2012 - 2016 

subsistence harvests were collected to generate mathematical lipid-corrections and test the effects of 

chemical lipid extraction on δ13C and δ15N values. All tissues used in this study were obtained under a 

letter of authorization to L. Horstmann from the United States Fish and Wildlife Service. Soft tissues 

were stored frozen at -80 °C. Bone samples were selected by subsistence hunters at the time of harvest. 

Samples consisted mostly of cranium and mandible fragments; however, the skeletal element from which 

a sample was taken was not always identifiable. Samples that appeared to come from distal limb bones 

(i.e., carpals, tarsals, phalanges) were not used for this study, as the stable isotope ratios of these bones 

may not be representative of the skeleton as a whole30. Bones were cleaned of adherent tissue with a wire 

brush, dried, and stored at room temperature.

In preparation for stable isotope analysis, ~10 g of each soft tissue was subsampled, freeze-dried 

for 48 hours, and homogenized using a Wig-L-Bug® grinding mill. Homogenized samples were divided 

into two equal parts. A 0.2 - 0.4 mg subsample was taken from one half and submitted for stable isotope 

analysis. The other half was lipid-extracted using methods modified from Folch et al.14 and Bligh and 

Dyer13. Briefly, samples were immersed in 2:1 chloroform:methanol and mixed thoroughly using a vortex 
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mixer. Samples were then allowed to sit for 15 minutes before they were centrifuged and the 

chloroform:methanol was removed by pipet. This process was repeated until the supernatant remained 

clear, at which point samples were allowed to air dry overnight. A 0.2 - 0.4 mg subsample of the lipid- 

extracted sample was then submitted for stable isotope analysis.

Collagen was extracted from bone samples using the methods described by Misarti et al.31, as 

modified from Matheus32. A ~0.4 g subsample was taken from each bone, cleaned in a sonic bath, and 

allowed to air dry for 1 - 2 days. Lipids were removed by soaking the bone in 2:1 chloroform:methanol 

for 8 hours and discarding the solvent. The mineral component of the bone was then removed using a 

mixture of 6N hydrochloric acid and ultrapure water. After demineralization, the sample was gelatinized 

at 65 °C, filtered through a 0.45 μm filter to remove any insoluble particles and non-collagen organic 

compounds, and freeze-dried. A 0.2 - 0.4 mg subsample of the resulting purified collagen was submitted 

for stable isotope analysis.

Stable carbon and nitrogen isotope ratios of tissue samples were analyzed in the Alaska Stable 

Isotope Facility at the University of Alaska Fairbanks, using a Costech ECS 4010 elemental analyzer and 

ThermoScientific Conflo IV, interfaced with a ThermoScientific DeltaV isotope ratio mass spectrometer. 

Stable isotopic compositions were calibrated relative to Vienna Pee Dee Belemnite (VPDB) and 

atmospheric nitrogen gas (air) using USGS40 and USGS41 as calibration standards. Results were 

reported in parts per thousand (‰) using δ notation. A commercially available peptone standard (No. P

7750 bovine based protein, Sigma Chemical Company, lot #76f-0300; δ13C: -15.8 ‰, δ15N: 7.0 ‰) was 

analyzed as a check standard after every 10 samples to estimate uncertainty. Precision of these analyses 

was ± 0.1 ‰ for both δ13C and δ15N values, based on repeated measurements of this standard across all 

analytical runs (n = 81). Measurements were accurate to within ± 0.03 ‰ for δ13C values and ± 0.05 ‰ 

for δ15N values, based on differences between observed and known values of the peptone standard.

Paired t-tests were used to determine whether changes in δ13C and δ15N values associated with 

lipid-extraction (Δδ13C) were significant for walrus muscle (n = 125), liver (n = 35), and skin samples (n 

= 35). To generate an arithmetic lipid-corrections, Δδ13C values were regressed against the

109



carbon:nitrogen ratios of the non-lipid extracted samples (C:Nbulk). Lipid-correction models from the

literature were fitted to the relationship, using the nlstools package in R33 to estimate parameters. The first

model fitted was Equation 1a from Logan et al.34, which was derived from McConnaughey and McRoy's8

Equation 1:

In this model, the x-intercept (-b/a) represents the estimated C:Nlipid-free, whereas the maximum Δδ13C 

value is represented by a. The second model tested was Equation 2 from Logan et al.34, as derived from 

Fry35:

The model-estimated C:Nlipid-free in this equation is represented by f, while p represent protein-lipid 13C

discrimination. The third model tested was Equation 3 from Logan et al.34:

-β
In this model, the estimated C:NLipid-free is represented by  . Finally, a linear model was fitted to the 

data for comparison with the above equations.

Predictive error was assessed using leave-one-out cross validation36. For each model, this technique was 

used to calculate mean squared error (MSE), mean absolute error (MAE), and the proportion of the 

samples for which the arithmetically estimated δ13C value was within 0.5 ‰ of the lipid-extracted δ13C 

value. These metrics were compared to assess model fit.

Comparisons among walrus tissues were made using lipid-extracted δ13C values. Because 

chemical lipid-extraction may impact stable nitrogen isotope ratios34, δ15N values from non-lipid extracted 

samples were used for these analyses. Linear mixed effects models were used to test whether δ13C and 

δ15N values differed among muscle, liver, skin, and bone collagen of 30 individual walruses. For each 

model, tissue was entered as a fixed effect. Individual was included as a by-subject random intercept to
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account for differences among walruses. Models were fitted using the R package lme437, and p-values 

were obtained by likelihood ratio tests of the full model with the effect of tissue against the null model, 

which did not include tissue as an effect. Significance was assessed using an alpha of 0.05, and residuals 

were visually inspected for deviations from normality and homoscedasticity. Tukey's Honest Significant 

Difference post hoc tests with a Holm-Bonferroni correction38 were conducted in the multcomp R 

package39 to examine differences among tissues. All statistical analyses were conducted using R version 

3.4.140 with RStudio version 1.0.15341.

RESULTS

Chemical lipid extraction changed the C:N ratios, δ13C, and/or δ15N values of walrus tissues 

(Table 2.1). Paired t-tests indicated that chemical lipid extraction significantly increased the δ13C values 

of walrus liver (mean change ± 1 SD = 0.9 ± 0.3 ‰, t34 = 17.42, p < 0.001) and skin (mean change ± 1 SD 

= 1.9 ± 1.8 ‰, t34 = 6.18, p < 0.001), but walrus muscle δ13C values were unchanged (mean change ± 1 

SD = 0.0 ± 0.5 ‰, t124 = 1.07, p = 0.287). Lipid extraction significantly increased the δ15N values of 

muscle (mean change ± 1 SD = 0.1 ± 0.3 ‰, t124 = 3.05, p = 0.002) and liver (mean change ± 1 SD = 0.2 

± 0.2 ‰, t34 = 6.50, p < 0.001), whereas changes to skin δ15N (Δδ15N) values were not statistically 

significant (mean change ± 1 SD = 0.1 ± 0.3 ‰, t34 = 1.46, p = 0.155). Regardless of whether the mean 

δ15N value was impacted by lipid extraction, the difference between δ15Nbulk and δ15Nlipid-free values of a 

sample from an individual animal was frequently well beyond the range of analytical precision (muscle 

Δδ15N range = -0.7 - 1.0 ‰; liver Δδ15N range = -0.1 - 0.5 ‰; skin Δδ15N range = -0.6 - 0.8 ‰).

Lipid-normalization models were parameterized for walrus muscle, liver, and skin, but not for 

bone collagen, which is a purified protein. Of the three tissues examined in this portion of the study, only 

muscle and skin showed correlations between Δδ13C values and C:Nbulk (Table 2.2, Fig. 2.1). Because 

liver Δδ13C values were not correlated with C:Nbulk values, a mathematical lipid correction could not be 

generated. For muscle, evaluation of model fit indicated that Equations 1, 2, and 3 performed almost 
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identically in their predictions of Δδ13C (Table 2.2, Fig. 2.1). Because lipid normalization models are 

primarily useful for predicting Δδ13C values of samples with high C:Nbulk values, model fit was 

reevaluated using only samples with C:Nbulk values > 3.75 (n = 10). When only these samples were used, 

Equation 2 best predicted Δδ13C (MSE = 0.167, MAE = 0.307, P0.5 = 0.80), followed by Equations 3 

(MSE = 0.192, MAE = 0.318, P0.5 = 0.70) and 1 (MSE = 0.198, MAE = 0.338, P0.5 = 0.70). The 

parameters p and f were estimated for Equation 2 using walrus muscle δ13C values from this study, 

resulting in the following equation:

The mean and median differences between the observed Δδ13C values and those predicted by this model 

were both 0.2 ‰. The maximum difference between the observed and predicted Δδ13C values for a given 

individual was 1.2 ‰.

For walrus skin, the relationship between Δδ13C and C:Nbulk values was best explained by 

Equation 2, which predicted Δδ13C to within 0.5 ‰ for >85 % of samples (Table 2.3, Fig. 2.1). Walrus 

skin δ13C values from this study were used to estimate the parameters p and f which generated the 

following equation:

For this model, the mean and median differences between the observed and predicted Δδ13C values were 

0.3 ‰ and 0.2 ‰, respectively. The maximum difference between the observed and predicted Δδ13C 

values for a given individual was 1.1 ‰.
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Linear mixed effects models indicated that δ13C and δ15N values differed significantly among 

walrus tissues (χ23 = 282.87, p < 0.001, Table 2.1, Fig. 2.2). Post hoc tests showed that the δ13Clipid-free of 

all tissues differed significantly (pmuscle -liver < 0.001, pmuscle-skin < 0.001, pmuscle-bone < 0.001, pliver-skin < 0.001, 

pliver-bone < 0.001), except for skin and bone collagen (pskin -bone = 1. 000). Liver had the lowest δ13C values 

(Table 2.1, Fig. 2.2). Muscle δ13C was, on average, 0.5 ‰ higher than liver. Skin and bone collagen were 

enriched in 13C, producing an additional 2.0 ‰ change compared with muscle. For δ15N, all tissues were 

significantly different, except for muscle and liver. Bone collagen had the lowest δ15N values. Liver and 

muscle were enriched in 15N producing a change in δ15N values of 0.4 ‰ in relation to bone collagen. 

Skin δ15N values were an average of 2.1 ‰ higher than those of liver and muscle (Table 2.1, Fig. 2.2).

DISCUSSION

Accounting for sample lipid content (either by mathematical lipid correction or lipid extraction) 

and understanding tissue-specific fractionation are important for properly interpreting the results of stable 

isotope analyses of animal tissues. This is particularly true when δ13C and δ15N values are used to make 

quantitative diet reconstructions42,43, as well as when making decisions about which tissue to analyze or 

comparing stable isotope ratios among different tissues44. The results of this study provide quantitative 

estimates of the effects of chemical lipid extraction on δ13C and δ15N values in walrus muscle, liver and 

skin, lipid normalization models for walrus muscle and skin, and tissue-specific stable isotope 

fractionation factors for walrus muscle, liver, skin, and bone collagen.

Effects of Lipids on δ13C Values

Many studies have demonstrated the negative correlation between δ13C values and lipid content in 

animal tissues1,17,34,42. In this study, chemical lipid extractions significantly increased the δ13C values of 

walrus liver and skin, indicating that lipids affected δ13C values in these tissues. Muscle δ13C values 
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remained unchanged, likely because marine mammal muscle is typically comprised of lean protein with 

little lipid content45-47. Lipids are stored primarily in the blubber layer in these animals, rather than 

interspersed among the muscles. Depending on the degree of precision desired, future studies measuring 

δ13C values in walrus muscle may choose to forego lipid extraction and/or lipid normalization altogether. 

Because an arithmetic lipid correction could not be generated for walrus liver, lipids should be chemically 

extracted from this tissue if liver δ13C values are to be used for future studies.

Mathematical lipid correction requires that the change in δ13C values associated with lipid 

removal (Δδ13C) be correlated with the carbon:nitrogen ratio of the bulk sample. For walrus skin, Δδ13C 

values had a strong, positive relationship with C:Nbulk, such that samples with higher C:N ratios prior to 

lipid extraction experienced greater changes to their δ13C values as a result of extraction. Though 

chemical lipid extraction did not affect the mean δ13C values of walrus muscle, samples with higher 

C:Nbulk experienced the greatest changes in δ13C values. C:Nbulk is indicative of the lipid content 8,18, thus, 

as expected, samples with a greater lipid content experienced a larger change in δ13C values after the 

lipids were removed. Walrus muscle analyzed in this study appears to have consisted mostly of lean 

protein; however, some samples contained a higher proportion of lipids, possibly as a result of the 

location from which the sample was taken (e.g., close to the blubber layer, where lipids may have leached 

into the muscle). The top-performing model for walrus muscle (Equation 5a) was parameterized from 

Equation 2 in Logan et al.34, using experimental data. In this equation, the C:Nlipid-free can be estimated by 

the term @, which resulted in a value of 3.4. This model was effective at predicting Δδ13C values for 

walrus muscle samples and estimates were within 0.5‰ for more than 91 % of samples. In this study, 

41.6 % of walrus muscle samples had a C:Nbulk that indicated they were composed primarily of lean 

protein (≤ 3.4). This means that many walrus muscle samples do not require lipid extraction or correction, 

and that this equation is primarily useful for estimating Δδ13C values of muscle with a greater-than

average lipid content (C:Nbulk > 3.4).

The lipid content of walrus skin ranged widely (C:Nbulk range = 2.7 - 10.5), and Δδ13C was values 

were strongly related to C:Nbulk, making this tissue particularly well-suited for mathematical lipid 
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correction. The top-performing lipid normalization model (Equation 6a) was adapted from the Logan et 

al.34 derivation of the Fry35 mass balance equation (Equation 2), which uses the C:Nbulk, C:Nlipid-free, and a 

term describing protein-lipid 13C discrimination to estimate Δδ13C values. The latter two parameters were 

estimated from the experimental data, providing valuable information about the characteristics of walrus 

skin. The C:Nlipid-free parameter from the fitted model had a value of 2.801, indicating that a skin sample 

with a C:N ratio of ~2.8 is already composed of lean protein and need not be lipid-extracted or corrected. 

The lipid-protein fractionation parameter was estimated to be 8.447, which was greater than published 

estimates for various fishes and invertebrates34, but similar to estimates for baleen whale skin and 

blubber48. The best-fitting model was effective at predicting Δδ13C values for walrus skin samples based 

on a wide range of C:Nbulk values. These predicted values were within 0.5 ‰ for greater than 85 % of 

samples. This level of precision is likely acceptable for many ecological studies; however, in situations 

where researchers seek to address questions requiring greater precision, chemical lipid extraction may be 

necessary.

Removal of lipids from walrus tissues sometimes resulted in unexpected changes in δ13C values. 

For some samples, δ13Clipid-free values were lower than δ13Cbulk values, resulting in a negative Δδ13C value. 

Chemical lipid extraction should not reduce δ13C values, therefore these negative Δδ13C values likely 

resulted due to analytical error, spatial variability in δ13C values within individual tissues samples, and/or 

incomplete homogenization of tissue samples before stable isotope analysis. Most of these differences 

were small (~ -0.1 ‰); however, some muscle samples had δ13Clipid-free values that were much lower (~ 

-0.6 ‰) than their δ13Cbulk values. Ensuring samples are completely homogenized before subsampling for 

isotope analysis may help reduce this type of error in future studies. Todd et al.49 found little variability in 

pinnipeds skin and muscle sampled at different sites on the body; however, Wild et al.50 described 

differences in both δ13C and δ15N values among cetacean skin layers, indicating that this tissue represents 

a dietary time series, and stable isotope ratios may not be homogenous at different depths within a 

sample. Further investigations into how δ13C and δ15N values vary within individual tissues are warranted.
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In particular, it would be valuable to examine variations among different muscle groups, as well as 

differences between glycolytic and oxidative muscles.

Effects of Chemical Lipid Extraction on δ15N Values

A substantial drawback to chemical lipid extractions is that they may alter δ15N values, thus, a 

lipid extracted and non-lipid extracted aliquot of each sample must be run to ensure comparability across 

tissues and studies of both δ13C and δ15N values. Sotiropoulos et al.17 hypothesized that δ15N values 

increase as the organic solvent removes amino acids contained within structural lipids; however, as Ryan 

et al.48 also noted for cetacean skin and blubber samples, changes in δ15N values observed in our study 

were not unidirectional. The δ15N values of some walrus skin samples decreased by as much as 0.6 ‰, 

while others increased by as much as 0.8 ‰, indicating that the removal of 15N was not uniform across 

samples. The same pattern was observed for walrus muscle and liver, though the observed changes in 

δ15N values were smaller. This may have resulted from the removal of amino acids from the sample 

during chemical lipid extraction17, but may also have been related to incomplete homogenization and 

variation in sample lipid content. The effects of lipid extractions on δ15N values suggest that, for studies 

using chemical lipid extraction on walrus tissues, isotope ratios of samples must be analyzed both before 

and after extraction. This makes chemical lipid extraction at least twice as expensive as mathematical 

lipid correction. Though lipid extraction with chloroform:methanol did not significantly alter the mean 

δ15N values of walrus skin samples used in this study, the δ15N values of the lipid-free samples was often 

different enough from the bulk sample (up to 0.8 ‰) to alter interpretation of the results. Such changes to 

δ15N values would be particularly problematic for studies using mixing models to estimate animal 

diet51,52. In the future, researchers should assess the level of precision required to investigate their 

hypotheses, as well as the number of samples they are able to run, if laboratory costs are a limiting factor, 

before deciding whether to use chemical lipid extractions or the arithmetic lipid-correction for walrus 

tissues.
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Tissue-specific δ13C and δ15N Values

Differences in δ13C and δ15N values among animal tissues arise from multiple factors that impact 

stable isotope ratios, including tissue-specific isotope discrimination2,44,53, inter-tissue variability in 

turnover rates20,27,44, and differences in metabolic routing of dietary macromolecules, such as proteins, 

fats, and carbohydrates20,21,54. Disentangling the effects of these different processes is difficult, and many 

controlled feeding experiments investigated the role that each of these processes plays in determining the 

stable isotope ratios of individual tissues within an organism27,44,53,55. For studies of free-ranging animals, 

these processes must be considered together and the likely importance of each weighed when interpreting 

stable isotope data. Though the specific factors driving inter-tissue variability in δ13C and δ15N values 

may remain unknown, general patterns in the differences among tissues can be observed and compared 

with those reported in the literature. For example, the -0.5 ‰ offset in δ13C values between walrus 

muscle and liver in the present study appears to be standard among marine mammals, for which reported 

values range from -0.8 to -0.1 ‰ (Appendix B2 and references therein). Similarly, the +2.0 ‰ difference 

between muscle and bone collagen δ13C values is typical of marine mammals (range: 1.3 - 2.8 ‰;

Appendix B2 and references therein). In contrast, walrus skin exhibits unusually high enrichment in 13C 

and 15N (+2.0 ‰ and +2.1 ‰, respectively) as compared with muscle values (published ranges: δ13C = 

-0.8 - 1.5 ‰; δ15N = -0.1 - 1.2 ‰; Appendix B2 and references therein). Yurkowski et al. (2015) 

measured δ13C and δ15N values in skin (n = 20) and liver (n = 19) of Atlantic walruses (Odobenus 

rosmarus rosmarus)56. Liver δ13Clipid-free values averaged 0.4 ‰ lower than muscle δ13Clipid-free values, 

closely matching the average difference of -0.5 ‰ observed in this study. In contrast, Atlantic walrus 

liver δ15N values were 0.4 ‰ greater than muscle δ15N values, as compared to a difference of 0.0 ‰ in 

our study. The contrasting results for δ15N values may have arisen due to a variety of factors, including 

sample size, timing of sample collection, and differences in the physiology, ecology, diet, and seasonal 

movements of Pacific and Atlantic walruses.
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Examining the differences between paired samples from individual walruses on a tissue-by-tissue 

basis can provide insight into the factors driving inter-tissue variability in δ13C and δ15N values (Fig. 2.3). 

In our study, individual walruses with higher δ13C and δ15N values in one tissue generally had high δ13C 

and δ15N values in their other tissues. When lines are drawn between the paired tissue samples (Fig. 2.3), 

the lines are mostly parallel and generally of the same length. This suggests that the differences between 

these tissues are likely driven primarily by tissue-specific discrimination or metabolic routing, which 

would be expected to produce a consistent offset between the stable isotope ratios of individual tissues. 

Comparisons involving liver are the exception to this general pattern, with more variability in the 

differences between tissues from individual animals (Fig. 2.3); this is most apparent in the comparison 

between liver and muscle. Liver exhibits a small, but generally consistent offset from muscle towards 

more negative δ13C values; however, the differences between liver and muscle are highly variable in their 

magnitude and direction. The same is true, to a lesser extent, for the liver-skin and liver-bone collagen 

comparisons. This variability in the offset between paired tissue samples likely reflects differences in 

turnover rate among tissues. Comparisons between tissues with rapid turnover rates and those with longer 

turnover rates are more likely to result in isotopic variability among tissues due to the contrast between 

the short-term diet signal represented by the tissue with rapid turnover, and the integrated, longer-term 

signal reflected in the tissue with slow turnover. When the difference in turnover rates is large, and the 

relative importance of tissue-specific discrimination and metabolic routing are smaller, turnover rate will 

likely play a greater role in determining the magnitude and direction of differences between tissue 

samples from individual animals.

Variation in turnover rate alone will not drive differences in the δ13C and δ15N values of animal 

tissues. In the absence of tissue-specific isotope fractionation, animals consuming a monotonous diet 

would have consistent stable isotope values throughout their bodies, regardless of turnover rate. An 

animal's diet must change for tissue turnover rates to drive differences in δ13C and δ15N values among 

tissues. For walruses in this study, differences in δ13C and δ15N values of liver and muscle likely resulted 

from changes in diet (or prey isotope values) associated with the annual migration. Pacific walrus 
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migration is sex-segregated57. The entire population winters together in the Bering Sea. In the summer, 

females and juveniles move northward into the Chukchi Sea, whereas most males move in the coastal 

waters of the Bering Sea, including Bristol Bay and the Russian coastline. Female walruses had liver δ13C 

and δ15N values that were 0.4 ‰ lower and 0.5 ‰ higher, respectively, than those of muscle. In contrast, 

male liver δ13C and δ15N values were 0.6 ‰ and 0.3‰ lower than muscle, respectively. The diets of male 

and female walruses are essentially identical when they are in the same location58, thus these sex-related 

differences likely result from changes in diet δ13C and δ15N values during the summers, when males and 

females are separated. These differences likely result from shifts in diet composition and geographic 

variability in baseline δ13C and δ15N values. These results provide further support for the hypothesis that 

δ13C and δ15N values differences between liver and muscle were driven primarily by differences in 

turnover rate.

The relative turnover rates of animal tissues have been the subject of many studies59. Though 

direct estimates are not available for walruses, the turnover rates of muscle, liver, skin, and bone collagen 

have been established for many other species and typically follow the order liver < muscle/skin < bone 

collagen27,44. Turnover rate is fastest in liver, with a typical reported half-life of < 10 days26,27,44,60, 

whereas bone collagen turns over more slowly and can represent an average of years of foraging26,27,61,62. 

The turnover rate of muscle is intermediate, with a half-life that is on the order of weeks to months26,27,60. 

When considering values from the published literature, it is critical to note that the rate of tissue turnover 

is directly related to the animal's mass-specific metabolic rate63, and is proportional to body size59. Most 

of the studies cited above measured tissue turnover in small animals (e.g., rodents, small birds) that are 

readily studied in the lab. These animals have high mass-specific metabolic rates, and their tissues almost 

certainly turn over much faster than those of larger animals. For example, the stable carbon isotope half

lives of liver (37.3 days) and muscle (178.7 days) in alpacas (Lama pacos) are approximately six times 

those reported (6.4 days and 27.6 days, respectively) for gerbils44,63. Domestic cattle (Bos taurus) have 

similarly slow δ13C and δ15N turnover in their skeletal muscle (~ 134 - 157 days64). Tissue turnover rates
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in walruses are likely to be much closer to those of larger mammals than the values estimated for small

animals, and may be even slower given their large body size.

In contrast to liver, muscle, and bone collagen, the metabolic turnover of skin is not well studied. 

Most estimates in the literature come from studies of marine mammals, for which skin biopsy is a 

commonly used sampling method65. Estimates for cetacean skin turnover range from roughly one to six 

months66-69. Recent research by Wild et al.50 showed that cetacean skin, which grows continuously at its 

innermost margin and is sloughed off upon reaching the surface, contains a time series of stable isotope 

values that may reflect diet over a longer period of time. They suggested that the inner layer of the skin 

alone might represent diet from an entire summer feeding period (~ 4 months). It is important to note that 

the structure and function of cetacean skin is different from that of pinnipeds57,70-72, and these estimates 

might not be appropriate for walruses.

Tissue-specific stable isotope discrimination typically results from differences in the chemical 

composition of tissues. Proteins that differ in the relative abundance of their constituent amino acids may 

experience varying degrees of isotopic fractionation due to the various biochemical synthetic pathways 

for amino acids73. These different pathways result in some amino acids experiencing greater isotopic 

fractionation than others. The difference between the δ13C values of walrus skin and bone collagen 

compared with those of liver and muscle likely results from variation in the amino acid composition of 

these tissues. Walrus skin contains an unusually high proportion of collagen fibrils70, making it especially 

tough. Skin and bone collagen share similar chemical compositions and both contain a large amount of 

glycine74. This amino acid tends to be enriched in 13C by ~8.0 ‰ compared with other amino acids and, as 

a result, collagen typically has higher δ13C values than other tissues75. For δ15N, some amino acids 

experience strong 15N-enrichment with each trophic transfer (‘trophic amino acids'), whereas others do 

not (‘source amino acids' 76). Walrus skin δ15N values were ~2.0 ‰ greater than those of bone collagen, 

indicating important differences with regards to fractionation of nitrogen isotopes. In humans, skin 

collagen has greater proportions of the trophic amino acids alanine, asparagine, and glutamine than bone
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collagen74. This difference may be responsible for the high δ15N values of walrus skin in this study, 

though this could also be due in part to dietary changes and differences in tissue turnover rates.

Quantifying diet-tissue fractionation is important for reconstructing animal diet and 

understanding food web structure. The results of this study provide information about the relative degree 

of isotope fractionation among tissues, but their relationship to walrus diet remains unknown. Estimates 

from other marine mammals indicate an average diet-muscle fractionation of +1.2 ‰ for δ13C (Appendix 

B2), with little variation among species (range: +1.0 - 1.3 ‰). For δ15N, marine mammals average an 

estimated fractionation of +2.8 ‰ between diet and muscle; however the range of these estimates is much 

greater (range: +1.7 - 4.3 ‰). A rough estimate of diet-muscle fractionation can be made for walruses 

using published prey stable isotope values. Average reported δ13C and δ15N values of bivalve species 

common in walrus diet (Serripes groenlandicus and Macoma calcarea) are ~ -18.8 ‰ and ~ 9.2 ‰, 

respectively46,47,77,78. Using these values to estimate diet-muscle fractionation estimates for walruses in 

this study results in a value of + 1.8 ‰ for δ13C values and + 3.3 ‰ for δ15N values. Though bivalves 

comprise a large portion of their diet, walruses consume a wide variety of prey items, including higher 

trophic level prey such as predatory snails, seabirds, and seals47,58,79. The estimate for δ Nmuscle-diet may 

thus be high, as inclusion of these higher trophic level prey items would increase the estimated average 

δ15N values of walrus prey. These estimates are generated from a limited number of prey items, collected 

in different years than this study's specimens, so these values are approximations and should be 

interpreted with caution. Further research is warranted to more precisely estimate diet-tissue fractionation 

for walruses.

CONCLUSIONS

Stable isotopic analysis of walrus tissues indicates considerable differences among the δ13C and 

δ15N values of muscle, liver, skin, and bone collagen. The differences in δ13C and δ15N values among 

tissues observed in this study generally agree with published values for mammals, with the exception of 
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skin, which differed more substantially from muscle for both δ13C and δ15N values. Lipid normalization 

models were parameterized for walrus muscle and skin. Walrus liver Δδ13C values were not correlated 

with C:Nbulk, so a mathematical lipid correction could not be generated. Both lipid normalization models 

performed well, and can be used in future studies as an alternative to chemical lipid extractions. Many 

walrus muscle samples analyzed in this study had a C:Nbulk that indicated they were composed primarily 

of lean protein (≤ 3.4) and did not require chemical lipid extraction or mathematical lipid extraction.

The results of the present research will allow for better comparison of δ13C and δ15N values in 

walrus tissues, giving researchers more flexibility in stable isotope studies of subsistence harvested 

walruses. Our results will also make studies of δ13C and δ15N values using non-lethal sample collection 

(i.e., remote skin biopsy) a more viable approach, by decreasing the costs of analysis and providing 

context for interpreting the results. Finally, the results of this study will be particularly useful for 

comparing contemporary studies, which typically analyze soft tissues, with historic and paleoecological 

studies, which generally measure δ13C and δ15N values in bone collagen23. The δ13C values of walrus skin 

and bone collagen were indistinguishable, indicating that these tissues likely both primarily represent 

dietary protein and are suitably comparable. Skin δ15N values were ~2.5 ‰ greater than those of bone 

collagen on average, suggesting differences in nitrogen isotope fractionation between these tissues. The 

results of this study will also help refine stable isotope mixing models and provide better estimates of 

walrus diet. Future research measuring the degree of trophic fractionation between the δ13C and δ15N 

values of walrus prey and tissues will be important for further improving these reconstructions, as well as 

for a better understanding of the structure of and energy flow in food webs in the Arctic.
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FIGURES

Fig. 2.1) Non-lipid extracted carbon:nitrogen ratios (C:Nbulk) of walrus muscle (top, yellow triangles, n = 
125), liver (middle, green circles, n = 35), and skin (bottom, orange diamonds, n = 35) plotted against the 
change in δ13C values due to chemical lipid extraction (Δδ13C). Equations reflect the best fitting lipid- 
normalization models for muscle and skin, and solid black lines are predicted values for these models. 
Vertical dashed lines represent the carbon:nitrogen ratio of the lipid-free tissue (C:Nlipid-free) as predicted
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by the best-fitting lipid normalization model. It is important to note that the axes of each plot are scaled 
differently.

Fig. 2.2) Scatterplot of δ13C and δ15N values for muscle (yellow triangles), liver (green circles), skin 
(orange diamonds), and bone collagen (blue squares) from 30 individual walruses. Each walrus is 
represented by a complete set of tissues (muscle, liver, skin, and bone collagen). Mean values are 
represented by larger, darker symbols. Error bars represent 1 standard deviation from the mean.
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Fig. 2.3) Comparisons of δ13C and δ15N values for muscle (yellow triangles), liver (green circles), skin 
(orange diamonds), and bone collagen (blue squares) from 30 individual walruses. Each walrus is 
represented by a complete set of tissues (muscle, liver, skin, and bone collagen). Paired data points from 
individual walruses are connected by dashed lines. It is important to note that the axes of each plot on 
identical scales.
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TABLES

132

Table 2.1) Mean (± 1 standard deviation) δ13C and δ15N values, as well as C:N ratios, for non-lipid extracted and lipid extracted walrus muscle, 
liver, and skin (n = 30). Bone collagen is a purified protein matrix, so this tissue was not lipid extracted.

δ13Cbulk (‰) δ15Nbulk (‰) C:Nbulk δ13CLE (‰) δ15NLE (‰) C:NLE

Muscle Mean (± 1 SD) -17.0 ± 0.4 12.6 ± 0.5 3.5 ± 0.2 -16.8 ± 0.2 12.6 ± 0.5 3.3 ± 0.2

Median -16.9 12.6 3.4 -16.8 12.5 3.3

Range -17.9 - 16.4 11.6 - 13.6 3.2 - 4.0 -17.5 - -16.2 11.6 - 13.6 3.1 - 3.8

Liver Mean (± 1 SD) -18.3 ± 0.5 12.6 ± 0.8 4.7 ± 0.5 -17.3 ± 0.4 12.8 ± 0.8 4.0 ± 0.4

Median -18.1 12.4 4.6 -17.3 12.7 3.9

Range -19.4 - -17.7 11.6 - 14.1 3.9 - 6.0 -18.3 - -16.6 11.8 - 14.1 3.4 - 4.6

Skin Mean (± 1 SD) -16.7 ± 2.1 14.7 ± 0.6 4.1 ± 1.9 -14.8 ± 0.5 14.8 ± 0.6 3.1 ± 0.2

Median -16.2 14.7 3.3 -14.7 14.8 3.1

Range -21.3 13.6 - 15.7 2.7 - 10.5 -15.8 - -13.9 13.6 - 16.0 2.8 - 3.4

Bone Mean (± 1 SD) -14.8 ± 0.3 12.2 ± 0.7 2.9 ± 0.1 - - -

Collagen Median -14.7 12.2 2.9 - - -

Range -15.6 - -14.2 10.7 - 13.8 2.7 - 3.1 - - -



Table 2.2) Lipid normalization models, equations, and parameters derived from walrus muscle samples (n = 125), as well as estimated C:Nlipid-free 

for each model. Mean squared error (MSE), mean absolute error (MAE), and the percentage of samples predicted to fall within 0.5 ‰ of lipid 
extracted values (Pred0.5) were calculated from leave-one-out cross validation and used to assess model fit. Models are ordered from best (top) to 
worst (bottom) fit (best fit = lowest MSE, lowest MAE, highest Pred0.5).
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Model Equation Parameters (95 % CI) Estimated
C:Nlipid-free

MSE MAE Pred0.5

(%)

Logan et al. (2008)
Eqn 2 ,: ./012

' = 5.721 (4.959; 6.483)

+ = 3.445 (3.412; 3.477)

+ = 3.4 0.093 0.242 91.2

Logan et al. (2008)
Eqn 3 67 = -6.117 (-6.952; -5.282)

6# = 4.939 (4.271; 5.607)

>?@ 0.095 0.243 92.0

Logan et al. (2008)
Eqn 1a C = 6.337 (1.713; 10.962)

D = -21.839 (-37.834; -5.845)

E = 0.483 (-3.107; 4.073)

-D

C 0.096 0.245 91.2

Linear ∆δ1^C = c+ b*(C:Nbulk) C = 1.186 (1.020; 1.354)
D = -4.195 (-4.781; -3.610)

FGHI. = 3.5 0.102 0.250 92.0
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Table 2.3) Lipid normalization models, equations, and parameters derived from walrus skin samples (n = 35), as well as estimated C:Nlipid-free for 
each model. Mean squared error (MSE), mean absolute error (MAE), and the percentage of samples predicted to fall within 0.5 ‰ of lipid 
extracted values (Pred0.5) were calculated from leave-one-out cross validation and used to assess model fit. Models are ordered from best (top) to 
worst (bottom) fit (best fit = lowest MSE, lowest MAE, highest Pred0.5).

Model Equation Parameters (95 % CI) Estimated
C:Nlipid-free

MSE MAE Pred0.5

(%)
Logan et al. (2008)

Eqn 2 ,: ./012
' _ 8.447 (7.916; 8.978)

+ _ 2.801 (2.736; 2.866)

+ _ 2.8 0.157 0.295 85.7

Logan et al. (2008)
Eqn 1a

C _ 9.333 (7.627; 11.039)

D _ -25.809 (-30.165; -21.453)
E _ 0.727 (-0.634; 2.088)

-D— _ 2.8
C

0.161 0.298 80.0

Logan et al. (2008)
Eqn 3 67 _ -4.939 (-5.588; -4.290)

6# _ 5.133 (4.657; 5.609)

>?@ 0.249 0.376 68.6

Linear C _ 0.930 (0.781; 1.059)

D  -1.871 (-2.460; -1.254)

FGHI. _ 2.0 0.679 0.62 45.7



APPENDICES

Appendix B1) Examples of studies using lipid normalization models to estimate δ13Clipid-free values in the 
tissues of invertebrates, fishes, amphibians, reptiles, birds, and mammals.

Taxon Example References

Invertebrates
Kiljunen et al. (2006); Bodin et al. (2007); Logan et al. (2008); de Lecea and de
Charmoy (2015); Choy et al. (2016)

Sweeting et al. (2006); Kiljunen et al. (2006); Logan et al. (2008); Hoffman and

Fishes
Sutton (2010); Fagan et al. (2011); Reum (2011); Abrantes et al. (2012); de 
Lecea and de Charmoy (2015); Hoffman et al. (2015); Sardenne et al. (2015);
Skinner et al. (2016); Gimenez et al. (2017)

Amphibians Trakimas et al. (2011); Caut et al. (2013); Arribas et al. (2015)

Reptiles Rosenblatt and Heithaus (2013); Medeiros et al. (2015)

Birds
Kojadinovic et al. (2008); Doucette et al. (2010); Ehrich et al. (2011); Elliott et 
al. (2014); Elliott and Elliott (2016)

Mammals
Ehrich et al. (2011); Ryan et al. (2012); Yurkowski et al. (2015); Choy et al. 
(2016); Gimenez et al. (2017)
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Appendix B2) Estimates of mammalian tissue-specific isotopic discrimination factors from this study and from the published literature. Diet
muscle fractionation of δ13C and δ15N value is included where available, and values for all other tissues (liver, skin, bone collagen, hair/feather, 
whole blood, red blood cells) are expressed as the difference (‰) in δ13C and δ15N values between each tissue and muscle (tissue - muscle).

Source Species

Muscle
- Diet

Liver
- Muscle

Skin
- Muscle

Bone Collagen
- Muscle

Hair/Feather
- Muscle

Δ 
δ13C
(‰)

Δ 
δ 15N
(%%)

Δ 
δ13C
(‰)

Δ 
δ15N
(‰)

Δ 
δ13C
(‰)

Δ 
δ15N
(‰)

Δ 
δ13C

(‰)

Δ 
δ15N

(‰)

Δ 
δ13C

(‰)

Δ 
δ15N
(‰)

This study Pacific Walrus
Odobenus rosmarus divergens - - -0.5 0.0 2.0 2.1 2.0 -0.4 - -

Pinzone et al. (2017) Hooded seal
Cystophora cristata 1.1 4.3 - - - - - - 0.8 -0.7

Sinisalo et al. (2008) Ringed seal
Pusa hispida - - 0.0 0.4 - - - - - -

Hobson et al. (1996) Harp, harbor, ringed seals
Pagophilus groenlandicus, 
Phoca vitulina, Pusa hispida

1.3 2.4 -0.7 0.7 1.5 -0.1 - - 1.5 0.6

Todd et al. (2010) Steller sea lion
Eumetopias jubatus - - - - 0.6 0.2 - - - -

Todd et al. (2010) California sea lion
Zalophus californianus - - - - 0.9 0.5 - - - -

Kurle and Worthy (2002) Northern fur seal
Callorhinus ursinus - - -0.2 0.8 - - - - 0.4 0.4

Jansen et al. (2012) Harbor porpoise
Phocoena phocoena - - - - - - 2.4 0.0 - -

Toperoff (2002) Harbor porpoise
Phocoena phocoena 1.0 1.7 - - 0.0 0.8 2.8 0.5 - -

Borrell et al. (2012) Fin whale
Balaenoptera physalus 1.3 2.7 0.4 1.2 0.0 0.1 1.8 -0.7 - -

Horstmann-Dehn et al. (2012) Bowhead whale
Balaena mysticetus - - - - -0.2 0.3 - - - -

Horstmann-Dehn et al. (2012) Gray whale
Eschrichtius robustus - - - - 0.6 1.2 - - - -
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Appendix B2 continued

Source Species

Muscle
- Diet

Liver
- Muscle

Skin
- Muscle

Bone Collagen
- Muscle

Hair/Feather
- Muscle

Δ 
δ13C
(‰)

Δ 
δ15N
(%%)

Δ 
δ13C
(‰)

Δ 
δ15N
(‰)

Δ 
δ13C
(‰)

Δ 
δ13C
(‰)

Δ 
δ15N
(‰)

Δ 
δ13C
(‰)

Δ 
δ15N
(‰)

Δ 
δ13C
(‰)

Horstmann-Dehn et al. (2012) Beluga
Delphinapterus leucas

- - - - -0.4 0.1 - - - -

Abend and Smith (1997) Long-finned pilot whale
Globicephala melas 1.1 - - - -0.8 0.5 - - - -

Abend and Smith (1995) Long-finned pilot whale
Globicephala melas - - - - - 0.6 - - - -

Todd et al. (1997) Humpback whale
Megaptera novaeangliae - - - - -0.5 - - - - -

Kurle et al. (2014) Norway rat
Rattus norvegicus 1.8 2.6 -0.4 0.5 - - - - 0.4 0.4

Webb et al. (2016) Domestic pig
Sus domesticus - 2.4 - 0.8 - - - 0.1 - -

Warinner and Tuross (2010) Domestic pig
Sus domesticus 2.0 2.1 - - - - 1.3 -0.3 1.7 0.3

Nardoto et al. (2006) Wild boar
Sus scrofa -1.6 2.8 -0.8 -0.6 - - - - 1.8 -0.1

Miller et al. (2008) Deer mouse
Peromyscus maniculatus -0.7 2.5 -0.1 0.9 - - - - 1.0 0.8

Arneson and MacAvoy (2005) House mouse
Mus musculus 0.2 2.7 -0.3 1.5 - - - - - -

MacAvoy et al. (2005) House mouse
Mus musculus 2.5 3.3 -0.7 2.0 - - - - - -

Roth and Hobson (2000) Red fox
Vulpes vulpes 1.1 3.5 -0.7 0.0 - - - - 1.5 -0.2



Appendix B2 continued

Muscle Liver Skin Bone Collagen Hair/Feather
Diet - Muscle - Muscle - Muscle - Muscle

Source Species Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ
δ13C δ15N δ13C δ15N δ13C δ15N δ13C δ13C δ15N δ13C
(‰) (‰) (‰) (‰) (‰) (‰) (‰) (‰) (‰) (‰)

Tieszen et al. (1983) Gerbil
-0.2 -0.5 1.3Meriones unguiculatus

Marine Mammal Mean 1. 2 2. 8 -0.2 0. 6 0. 3 0. 6 2. 3 -0.2 0. 9 0. 1
1 Standard Deviation 0.1 1.1 0.4 0.4 0.9 0.6 0.4 0.5 0.6 0.7

All Mammal Mean 0. 8 2. 8 -0.4 0. 7 0. 3 0. 6 2. 1 -0.1 1. 2 0. 2
1 Standard Deviation 1.1 0.7 0.4 0.7 0.9 0.6 0.6 0.4 0.5 0.5
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Appendix B3) Raw stable isotope data for walrus bone collagen samples including animal ID, sex, δ 15N
value (‰), δ13C value (‰), and carbon:nitrogen ratio. Asterisks next to IDs indicate individuals with all
tissues (muscle, liver, skin, and bone collagen) used to evaluate tissue-specific isotope discrimination.
Lipid-free values are not provided because collagen is a purified protein and does not require lipid
extraction.

BONE COLLAGEN
ID Sex δ15N (‰) δ13C (‰) C:N
WAL137* M 11.9 -14.7 2.8
WAL146* M 10.8 -14.6 2.8
WAL234* M 11.6 -14.8 2.7
WAL235* M 12.1 -14.4 2.8
WAL238* M 11.3 -14.7 2.8
WAL239* M 10.7 -14.5 2.8
WAL240* M 12.6 -15.3 2.8
WAL779* F 13.5 -15.6 2.9
WAL780* F 12.9 -15 2.8
WAL781* F 13.3 -14.8 2.7
WAL783* F 12.9 -15.4 2.8
WAL785* F 12.7 -14.7 2.9
WAL786* F 13.1 -14.8 3
WAL788* F 11.5 -14.2 2.9
WAL790* F 12.3 -14.5 2.8
WAL791* M 12.8 -14.3 2.8
WAL792* F 12.5 -14.9 3
WAL794* M 11.9 -15 2.9
WAL795* M 11.8 -14.8 2.9
WAL796* M 13.8 -14.4 2.8
WAL797* M 12.1 -15.3 2.9
WAL798* M 11.9 -15.2 3
WAL799* M 12.1 -14.7 3
WAL800* M 11.2 -14.5 2.9
WAL802* M 11.9 -15 3.1
WAL803* F 12.7 -15.1 3
WAL805* M 12.3 -14.7 2.9
WAL806* M 11.8 -14.6 2.9
WAL807* M 12.2 -14.4 3
WAL808* M 12.5 -14.6 2.9
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Appendix B4) Raw stable isotope data for walrus muscle samples including animal ID, sex, δ15N value
(‰), δ13C value (‰), C:N, δ15Nlipid-free value (‰), δ13Clipid-free value (‰), C:Nlipid-free. Asterisks next to IDs
indicate individuals with all tissues (muscle, liver, skin, and bone collagen) used to evaluate tissue
specific isotope discrimination.

MUSCLE

ID Sex
δ15N δ13C

C:N
δ Nlipid-free δ Clipid-free

C:Nlipid
(%o) (%o) (‰) (%o)

WAL125 M 13.6 -16.5 3.3 13.5 -17.2 3.1
WAL128 M 12.3 -16.3 3.4 12.3 -16.2 3.3
WAL129 M 13.2 -17.0 3.3 13.8 -16.8 3.2
WAL132 F 12.8 -16.0 3.8 13.8 -15.2 3.2
WAL133 M 11.8 -17.2 3.4 12.5 -16.0 3.1
WAL134 M 12.5 -17.5 3.7 13.4 -16.3 3.2
WAL135 M 12.2 -17.6 3.7 12.7 -17.0 3.3
WAL137* M 13.0 -16.4 3.2 13.5 -16.4 3.1
WAL138 M 11.4 -16.9 3.3 11.6 -17.3 3.2
WAL139 M 12.5 -16.9 3.2 12.4 -17.4 3.2
WAL140 F 12.2 -17.1 3.4 12.5 -16.9 3.2
WAL141 M 12.3 -16.4 3.3 12.1 -16.9 3.3
WAL143 M 12.4 -16.3 3.2 12.2 -16.6 3.2
WAL144 M 12.5 -16.7 3.4 12.2 -16.9 3.3
WAL145 M 12.9 -16.8 3.3 12.6 -17.2 3.2
WAL146* M 12.1 -16.5 3.3 11.9 -17.0 3.2
WAL147 M 12.3 -17.9 3.7 12.1 -17.6 3.3
WAL148 M 12.6 -16.3 3.3 12.4 -16.7 3.2
WAL149 F 13.1 -17.3 3.4 12.9 -17.4 3.3
WAL151 F 12.1 -15.7 3.3 12.5 -15.4 3.2
WAL152 M 12.0 -16.9 3.3 12.1 -17.3 3.2
WAL153 F 12.0 -17.2 3.5 11.5 -17.2 3.3
WAL154 M 12.3 -16.6 3.4 12.2 -17.0 3.2
WAL157 F 12.5 -17.3 3.4 13.0 -17.0 3.2
WAL234* M 12.3 -17.0 3.5 12.2 -16.7 3.1
WAL235* M 12.3 -16.6 3.4 12.5 -16.2 3.1
WAL237 M 12.9 -18.0 4.2 13.2 -16.2 3.1
WAL238* M 12.5 -16.6 3.8 12.7 -16.3 3.6
WAL239* M 12.3 -16.8 3.5 12.2 -16.6 3.1
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Appendix B4 continued

ID Sex
δ15N
(‰)

δ13C
(‰)

C:N
δ Nlipid-free 

(%)
δ Clipid-free 

(‰)
C:Nlipid

WAL240* M 12.6 -17.5 3.6 12.6 -17.3 3.2
WAL283 M 12.9 -16.9 3.7 12.9 -16.6 3.5
WAL434 M 11.8 -16.0 3.3 11.9 -16.0 3.3
WAL435 M 13.7 -17.1 3.4 14.1 -17.5 3.3
WAL436 F 12.2 -17.2 3.4 12.4 -17.5 3.3
WAL438 M 12.1 -16.6 3.3 12.2 -17.1 3.3
WAL439 F 12.2 -19.2 4.8 12.9 -17.6 3.4
WAL443 F 12.3 -17.4 3.5 12.7 -17.5 3.3
WAL779* F 13.3 -17.7 3.4 13.4 -17.5 3.4
WAL780* F 13.6 -16.8 3.4 13.6 -16.8 3.4
WAL781* F 13.3 -17.3 3.4 13.4 -17.1 3.4
WAL782 F 13.4 -19.0 5.4 13.4 -16.7 3.5
WAL783* F 13.1 -17.5 3.6 13.1 -17.2 3.5
WAL784 F 12.9 -16.9 3.4 12.7 -16.8 3.4
WAL785* F 13.3 -17.1 3.5 13.3 -16.7 3.4
WAL786* F 13.5 -17.8 3.5 13.1 -17.0 3.5
WAL787 F 13.0 -17.3 3.6 12.6 -17.5 3.5
WAL788* F 12.6 -17.9 3.7 12.5 -17.2 3.5
WAL789 F 12.5 -17.7 3.6 13.5 -17.5 3.5
WAL790* F 12.4 -17.1 4.0 12.5 -17.0 3.7
WAL791* M 12.6 -16.7 3.3 12.3 -16.5 3.1
WAL792* F 12.9 -17.0 3.4 12.9 -16.8 3.2
WAL793 M 12.5 -16.7 3.4 12.3 -16.5 3.2
WAL794* M 12.6 -16.9 3.4 12.6 -16.7 3.3
WAL795* M 12.4 -16.9 3.3 12.3 -16.9 3.2
WAL796* M 12.4 -16.8 3.4 12.4 -16.7 3.3
WAL797* M 12.8 -16.6 3.4 12.7 -16.5 3.3
WAL798* M 12.6 -16.8 3.4 12.6 -16.8 3.3
WAL799* M 12.6 -16.6 3.4 12.5 -16.6 3.3
WAL800* M 11.6 -16.7 3.4 11.6 -16.7 3.3
WAL802* M 12.3 -16.6 3.4 12.4 -16.6 3.3
WAL803* F 12.4 -17.1 3.5 12.5 -16.8 3.4
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Appendix B4 continued

ID Sex
δ15N
(‰)

δ13C
(‰)

C:N
δ Nlipid-free 

(%)
δ Clipid-free 

(‰)
C:Nlipid-free

WAL805* M 12.0 -16.9 3.6 12.1 -16.7 3.4
WAL806* M 12.6 -17.2 3.6 12.6 -16.9 3.4
WAL807* M 12.0 -16.6 3.4 12.1 -16.4 3.3
WAL808* M 13.1 -16.4 3.5 13.1 -16.2 3.4
WAL949 M 11.7 -17.1 3.5 12.0 -17.3 3.3
WAL950 M 12.4 -16.9 3.5 12.5 -17.2 3.4
WAL951 M 12.0 -17.0 3.4 12.0 -17.4 3.3
WAL952 M 11.8 -16.5 3.3 12.0 -16.9 3.3
WAL953 M 12.1 -17.0 3.4 12.2 -17.4 3.3
WAL954 M 11.9 -17.1 3.4 12.2 -17.4 3.3
WAL955 M 11.6 -16.6 3.3 12.1 -17.1 3.2
WAL956 M 12.3 -16.8 3.3 12.9 -17.3 3.2
WAL957 M 12.1 -16.6 3.4 12.5 -16.7 3.3
WAL958 F 11.7 -17.6 3.6 12.1 -17.5 3.4
WAL959 M 11.4 -17.5 3.5 11.7 -17.8 3.3
WAL960 U 13.5 -17.3 3.6 13.9 -17.3 3.3
WAL961 M 12.2 -16.7 3.3 12.5 -16.5 3.2
WAL962 M 12.2 -16.6 3.3 12.5 -16.5 3.2
WAL963 M 12.1 -16.3 3.4 12.4 -16.6 3.2
WAL964 M 14.1 -16.4 3.2 14.2 -16.1 3.1
WAL965 M 12.9 -16.7 3.5 12.5 -17.2 3.3
WAL966 F 14.0 -17.6 3.4 13.9 -17.6 3.4
WAL967 F 13.6 -17.6 3.6 14.0 -17.6 3.3
WAL968 F 12.2 -17.2 3.4 12.2 -17.6 3.3
WAL969 F 12.5 -19.5 5.7 13.1 -17.5 3.3
WAL970 F 13.0 -17.5 3.3 13.2 -17.9 3.2
WAL971 F 12.4 -16.8 3.3 12.5 -17.2 3.3
WAL972 F 13.4 -17.4 3.5 13.5 -17.7 3.3
WAL973 F 13.1 -17.9 3.6 12.9 -18.0 3.3
WAL974 F 12.1 -17.2 3.4 12.4 -17.3 3.3
WAL975 F 12.0 -17.1 3.4 12.1 -17.3 3.4
WAL976 F 13.1 -17.3 3.4 13.6 -17.5 3.4
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Appendix B4 continued

ID Sex δ15N
(‰)

δ13C
(‰)

C:N δ Nlipid-free 

(%)
δ Clipid-free 

(‰)
C:Nlipid-free

WAL977 F 11.8 -16.9 3.3 11.9 -17.4 3.3
WAL978 F 11.6 -16.7 3.4 12.0 -16.8 3.6
WAL979 F 11.5 -18.4 4.0 11.9 -17.7 3.4
WAL980 F 12.6 -17.6 3.6 13.0 -17.5 3.5
WAL981 F 13.0 -17.7 3.6 13.9 -17.7 3.3
WAL982 F 12.2 -17.8 3.5 12.7 -17.8 3.3
WAL983 F 12.5 -17.9 3.6 12.8 -17.8 3.3
WAL984 F 12.5 -17.3 3.5 12.7 -16.7 3.2
WAL985 M 12.0 -17.4 3.7 12.1 -16.9 3.3
WAL986 M 12.2 -17.3 3.8 12.1 -16.8 3.3
WAL987 M 12.6 -16.7 3.4 12.5 -16.9 3.3
WAL988 M 12.5 -17.2 3.6 12.5 -17.3 3.4
WAL989 M 12.5 -16.6 3.4 12.2 -17.1 3.3
WAL990 M 12.5 -17.1 3.4 12.1 -17.2 3.2
WAL991 M 12.1 -16.5 3.4 12.1 -16.6 3.3
WAL992 F 13.1 -17.8 3.7 12.4 -17.4 3.3
WAL993 M 12.5 -17.3 3.5 12.3 -17.5 3.3
WAL994 F 12.6 -18.0 3.8 12.3 -17.3 3.2
WAL995 M 12.5 -16.6 3.6 12.3 -16.8 3.4
WAL996 F 13.3 -17.1 3.4 13.4 -17.0 3.2

WAL997 M 12.2 -16.4 3.3 12.0 -16.9 3.2
WAL998 M 13.0 -17.3 3.5 13.1 -17.7 3.3
WAL999 F 12.6 -17.6 3.5 12.6 -17.6 3.3
WAL1000 M 12.0 -16.4 3.4 12.9 -16.1 3.1
WAL1001 M 12.3 -16.6 3.3 12.2 -17.1 3.3
WAL1002 M 12.1 -16.8 3.4 12.0 -17.1 3.3
WAL1003 M 11.8 -16.4 3.3 12.0 -16.4 3.2
WAL1004 M 12.2 -16.4 3.3 12.0 -17.0 3.2
WAL1005 M 12.5 -16.5 3.3 12.3 -16.9 3.3
WAL1006 M 11.3 -17.4 3.5 10.8 -17.4 3.3
WAL1007 M 12.0 -16.2 3.2 11.4 -16.9 3.2
WAL1008 M 12.7 -16.8 3.3 12.0 -17.3 3.3
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Appendix B5) Raw stable isotope data for walrus liver samples including animal ID, sex, δ15N value (‰),
δ13C value (‰), C:N, δ15Nlipid-free value (‰), δ13Clipid -free value (‰), C:Nlipid-free. Asterisks next to IDs

indicate individuals with all tissues (muscle, liver, skin, and bone collagen) used to evaluate tissue
specific isotope discrimination.

LIVER

ID Sex δ15N
(‰)

δ13C
(‰)

C:N
δ Nlipid-free 

(‰)
δ Clipid-free 

(‰)
C:Nlipid-free

WAL137* M 12.8 -18.1 4.2 12.9 -17.8 4.1
WAL146* M 11.9 -17.8 4.8 12.1 -17.1 4.2
WAL234* M 11.9 -18.1 3.9 12.1 -17.3 3.4
WAL235* M 11.8 -18.4 5.0 12.7 -17.5 4.5
WAL238* M 12.6 -17.9 5.1 12.8 -17.1 4.6
WAL239* M 11.6 -18.2 4.5 12.4 -17.3 4.0
WAL240* M 12.0 -18.3 4.2 12.2 -17.4 3.7
WAL779* F 13.8 -19.4 5.2 14.0 -18.3 4.2
WAL780* F 14.0 -17.9 4.5 14.1 -16.7 3.6
WAL781* F 14.1 -18.5 4.4 14.1 -17.6 3.7
WAL782 F 13.1 -17.8 4.1 13.1 -17.0 3.5
WAL783* F 13.6 -19.3 5.1 13.7 -17.6 3.7
WAL784 F 13.7 -18.0 4.6 13.8 -17.0 3.7
WAL785* F 14.1 -17.8 4.3 14.1 -16.7 3.4
WAL786* F 13.6 -19.4 6.0 13.9 -18.1 4.6
WAL787 F 13.5 -19.5 5.4 13.6 -17.9 4.0
WAL788* F 13.3 -18.8 4.6 13.4 -17.8 3.8
WAL790* F 12.9 -18.2 4.3 13.0 -16.7 3.4
WAL791* M 11.9 -18.1 4.1 12.1 -17.3 3.6
WAL792* F 13.0 -18.5 4.5 13.3 -17.2 3.6
WAL793 M 11.7 -18.5 4.9 12.4 -17.6 4.4
WAL794* M 11.8 -18.4 4.9 12.6 -17.7 4.3
WAL795* M 12.5 -18.3 4.1 12.6 -17.8 3.7
WAL796* M 11.7 -18.5 5.0 12.5 -17.7 4.5
WAL797* M 12.4 -18.1 5.3 13.3 -17.5 4.7
WAL798* M 11.6 -17.7 4.4 12.0 -16.6 3.7
WAL799* M 11.9 -17.8 5.1 12.0 -17.1 4.4
WAL800* M 11.6 -18.0 4.0 11.9 -17.4 3.5
WAL802* M 12.3 -18.1 4.4 12.8 -17.1 4.5
WAL803* F 13.1 -18.7 4.8 13.6 -17.7 3.9
WAL804 M 12.3 -18.3 4.5 12.6 -17.1 3.6
WAL805* M 12.9 -18.2 5.4 13.3 -17.3 4.4
WAL806* M 11.7 -17.7 4.7 11.9 -17.2 4.1
WAL807* M 12.1 -18.0 4.6 12.0 -17.0 3.6
WAL808* M 13.4 -17.7 5.4 13.5 -17.2 4.6
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Appendix B6) Raw stable isotope data for walrus skin samples including animal ID, sex, δ15N value (‰),
δ13C value (‰), C:N, δ15Nlipid-free value (‰), δ13Clipid -free value (‰), C:Nlipid-free. Asterisks next to IDs

indicate individuals with all tissues (muscle, liver, skin, and bone collagen) used to evaluate tissue
specific isotope discrimination.

SKIN

ID Sex δ15N
(‰)

δ13C
(‰)

C:N δ Nlipid-free 

(‰)
δ Clipid-free 

(‰)
C:Nlipid-free

WAL137 M 14.4 -15.5 3.4 14.4 -14.7 2.8
WAL143 M 14.0 -16.2 3.4 14.2 -14.8 2.9
WAL146 M 14.2 -14.4 3.2 14.3 -14.1 2.9
WAL234 M 13.9 -17.3 3.7 14.3 -14.9 3.1
WAL235 M 14.3 -15.2 3.3 14.4 -14.1 2.9
WAL238 M 14.2 -14.6 2.9 13.6 -14.2 3.0
WAL239 M 13.6 -15.6 3.8 14.4 -13.9 3.0
WAL240 M 15.0 -17.9 4.0 15.4 -15.4 3.1
WAL779 F 15.7 -19.5 5.1 15.8 -15.4 3.2
WAL780 F 15.5 -15.6 3.2 15.2 -14.1 3.2
WAL781 F 15.2 -20.6 7.1 15.1 -14.7 3.2
WAL782 F 14.3 -18.8 5.1 15.0 -14.9 3.0
WAL783 F 15.7 -18.6 4.1 16.0 -15.7 3.3
WAL785 F 15.4 -15.9 3.1 15.3 -15.1 3.2
WAL786 F 15.7 -16.4 3.3 15.7 -15.3 3.3
WAL788 F 14.8 -16.7 3.7 14.8 -14.0 3.2
WAL789 F 15.0 -16.4 3.3 15.0 -15.6 3.0
WAL790 F 14.7 -18.8 5.2 15.3 -15.0 3.3
WAL791 M 14.8 -14.7 2.8 14.7 -14.5 2.9
WAL792 F 14.6 -16.3 3.2 14.9 -15.0 3.0
WAL794 M 14.0 -14.8 2.8 13.8 -14.7 3.0
WAL795 M 14.2 -20.1 6.6 14.3 -15.1 3.1
WAL796 M 14.3 -14.5 2.7 14.0 -14.4 3.0
WAL797 M 15.0 -14.9 2.8 15.1 -14.7 3.0
WAL798 M 14.6 -16.0 3.1 14.6 -15.2 3.1
WAL799 M 14.8 -14.7 2.8 14.8 -14.6 3.1
WAL800 M 14.5 -21.3 10.5 15.0 -15.1 3.3
WAL802 M 13.8 -17.6 4.3 13.7 -15.8 3.3
WAL803 F 14.8 -16.4 3.5 14.7 -15.1 3.0
WAL805 M 14.2 -16.3 3.4 14.2 -14.7 3.1
WAL806 M 14.6 -14.5 2.9 14.8 -14.4 3.1
WAL807 M 15.0 -20.9 8.8 15.3 -15.4 3.3
WAL808 M 15.3 -14.4 2.9 15.2 -14.2 3.1
WAL1002 M 13.7 -15.7 3.2 13.6 -14.6 2.8
WAL1004 M 14.0 -15.6 3.3 13.9 -14.5 3.0
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CHAPTER 3: ZINC CONCENTRATIONS IN TEETH OF FEMALE WALRUSES REFLECT

THE ONSET OF REPRODUCTIVE MATURITY3

ABSTRACT

Organic structures containing incremental growth layers act as biological archives, recording 

information throughout an organism's life. Zinc (Zn) concentrations in these structures can potentially be 

used to reconstruct animal life history, physiology, and reproductive events. This study measured lifetime 

changes in Zn concentrations in teeth (n = 93) of female Pacific walruses (Odobenus rosmarus divergens) 

collected between 1932 and 2016. Zinc concentrations exhibited a characteristic pattern of accumulation, 

with an inflection point marking the beginning of a linear increase in tooth Zn. Due to Zn's critical role in 

growth and reproduction, we hypothesized that this inflection point marks the onset of reproductive 

maturity. Cementum growth layers were counted to estimate the age at which the Zn inflection occurred 

(ageinf). These estimates closely matched literature values of timing of first ovulation in female walruses. 

A validation was conducted using 16 paired walrus tooth and ovary specimens. Total number of 

ovulations (estimated from ovary corpora counts) was strongly correlated with reproductive lifespan (total 

lifespan - ageinf ; R2 = 0.75). Decadal averages of ageinf estimates tracked changes in Pacific walrus 

population size, with ageinf decreasing when the population was depleted by commercial hunting and 

increasing when it reached carrying capacity. This novel approach will aid in walrus management and, if 

applicable to other species, has the potential to become a powerful tool for research, management, and 

conservation of wild animal populations.

3Clark, C.T., L. Horstmann, and N. Misarti. Zinc concentrations in the teeth of female walruses 
reflect the onset of reproductive maturity. In Review. Proceedings of the National Academy of 

Sciences of the United States of America.
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SIGNIFICANCE STATEMENT

Understanding key life history traits, such as number of offspring, lifespan, and age at sexual 

maturity, is critical for effective wildlife management; however, measuring these parameters can be 

difficult in wild animal populations. Here, we present a novel and accessible way to estimate age at 

reproductive maturity in female walruses. Our estimates of this parameter tracked known changes in 

walrus population size over the last ~100 years, demonstrating the value of this new approach as a tool for 

monitoring population status. In addition to improving research and management of walruses, this method 

may be applicable to other mammal species; thus, it has the potential to become an invaluable tool for the 

management of marine and terrestrial wildlife populations.

INTRODUCTION

Biological structures that grow incrementally act as archives of conditions experienced by an 

organism throughout its life (1). These are typically calcified tissues, such as coral skeletons, fish otoliths, 

and mammalian teeth, but may also include woody structures such as tree rings and keratinous tissues like 

scales, baleen, and claws (1). Trace element concentrations in these tissues can provide a range of 

information including environmental conditions (2), animal population structure and movements (3, 4), 

and physiological information related to diet, growth, and reproduction (5, 6). Seasonal or annual changes 

in these parameters can be investigated by measuring elemental concentrations across incremental growth 

structures, and examining multiple specimens can provide information about population-level changes 

across broader timescales (2). Mammalian teeth are particularly valuable for reconstructing long term 

changes in trace element concentrations. Tooth cementum grows incrementally, with many mammals 

adding one wide, heavily calcified layer and one narrow, hypo-calcified layer each year (7, 8). This 

results in a banded structure similar to that of tree rings, which can be used to estimate the age of the 

animal (7). Trace elements are incorporated into the tooth cementum as it is grown, and, once there,

151



remain unchanged for the remainder of the animal's life (1). Thus, analysis of these growth layers can be

used to reconstruct a lifetime record of trace element concentrations experienced by an animal.

The potential for trace element concentrations in mammalian teeth to provide information about 

life history traits, in particular reproductive parameters, could have major implications for research and 

management of wildlife populations. Traits such as age at maturity, age at first reproduction, and 

reproductive interval are critical factors determining an animal's fitness (9, 10). At the population level, 

variation in these parameters play a major role in determining abundance and population growth (11). For 

large, long-lived mammals, age at reproductive maturity, and pregnancy rates may be among the most 

important factors regulating populations (12). Furthermore, these life history traits may exhibit responses 

to both density-dependent factors, such as availability of food resources, predation, and disease (12, 13), 

and to density-independent factors, including extreme weather events and habitat alteration (14). Both the 

average age at maturity and average age at first reproduction tend to increase when competition for 

resources is elevated, for example, when a population approaches or exceeds carrying capacity (15). 

Conversely, these parameters typically decline in a population substantially depleted by predation or 

human hunting pressure (16, 17). These life history traits can thus provide information about population 

status. They are key components of most population models, and accurate estimation of these parameters 

is critical to the wildlife conservation and management (18, 19).

Analysis of zinc (Zn) concentrations in mammalian teeth may reveal important information about 

life history traits and reproductive physiology. Zinc is critical for processes related to metabolism, 

growth, and reproduction (20). This essential trace element plays many important roles in the body, 

including protein synthesis, DNA and RNA replication, and enzyme function (20, 21). The body's Zn 

requirements are elevated during periods of rapid growth including infancy, sexual maturation, and 

pregnancy (22). In females, Zn deficiency may disrupt the synthesis and secretion of follicle stimulating 

hormone and luteinizing hormone, halt ovulation, and cause abnormal ovarian development (23-25). 

Measuring changes in Zn concentrations across an animal's life may thus reveal information about the 

timing of life history events, including processes related to growth and reproduction.
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Given their large size, broad cementum layer, and abundance in museum collections, Pacific 

walrus (Odobenus rosmarus divergens) teeth are ideal candidates for reconstruction of lifetime trace 

element concentrations. Pilot research measuring element concentrations in walrus teeth revealed 

divergent patterns of accumulation of zinc (66Zn) and lead (208Pb) in the cementum of male and female 

walruses (Fig. 3.1). All animals had similar elemental concentrations early in life; however, males 

typically exhibited little accumulation of either element until the later portion of their lives, when Zn and 

Pb increased slightly. In contrast, female walruses tended to have higher concentrations of both Zn and Pb 

throughout their lives, with accumulation increasing rapidly midway through life, creating an inflection 

point in the concentration data (Fig. 3.2). Inflection points were characterized by low concentrations of Zn 

and Pb, with little variability, and were followed by an increase in both elemental concentrations and 

variability that continued until the animal's death (Appendix C2).

In contrast to Zn, Pb is a non-essential element with widely demonstrated toxic effects (26). Lead 

and Zn exhibit many shared chemical properties, including competitive binding to metallothioneins, 

proteins responsible for much of the body's uptake, transport, and storage of metals (27). Because both 

metals bind to the same sites on these proteins (27), it is reasonable to assume that the similarities in their 

accumulation result primarily from changes in uptake (i.e., metallothionein concentrations), rather than in 

dietary intake. The processes surrounding the uptake of trace elements from diet and their relationship to 

reproduction are not well understood. During periods of high demand, such as pregnancy, Zn uptake and 

storage appears to be elevated via increased production of metallothionein (28), which would also be 

expected to increase Pb uptake (27). Calcium is another important element for ovarian function, and 

absorption from the gut increases during ovulation (29, 30). High demand for calcium can also cause an 

increase in metallothionein production, resulting in increased uptake of metals including Pb (31), and 

likely Zn. Due to Zn's physiological importance and its role in reproduction, we focused on this element 

when developing our hypotheses and data interpretation.

Given the high Zn requirements associated with sexual maturation, as well as the importance of 

this element to the development of female reproductive organs, we hypothesized that the inflection point 
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in Zn concentrations reflected the processes leading up to the onset of reproductive maturity. In this study, 

we explore the validity of this hypothesis by 1) comparing estimated ages at which the inflection points 

occurred (ageinf) in 93 female walruses with published values related to the timing of first ovulation in this 

species; 2) investigating the relationship between the total number of lifetime ovulations (estimated 

corpora counts in ovaries) and reproductive lifespan (total age - ageinf) for a subset of walruses (n = 16); 

and 3) examining changes in the average ageinf over the past ~100 years in relation to known changes in 

the size of the walrus population.

RESULTS

The estimated age at death (total lifespan) of walruses used in this study ranged from 3 to 29 

years, with a median age of 15 years (Table S1). Zinc and Pb did not exhibit inflections in three animals 

(ages 3, 4, and 6), likely because these animals had not yet reached reproductive maturity. Of the 

remaining 90 walruses, inflection points could be assigned with high or moderate confidence ~92% of the 

time. In ~8% of walruses analyzed, an inflection point could not be located despite the animal being old 

enough for one to be expected (13 - 20 years), or multiple possible inflections were noted. The average 

(mean & median) ageinf for walruses with identifiable inflection points was 6 years. The earliest inflection 

occurred at 4 years, and the latest occurred at 12 years. These values match with estimates from the 

published literature for the timing of first ovulation in Pacific walruses. The oldest reported age at first 

ovulation in Pacific walruses is 12 years (32). Fay (1982) examined the timing of first ovulation in 205 

female walruses, and reported that the earliest ovulation occurred at the age of 4 years and the latest 

occurred at 10 years (8). Of these animals, none ovulated at age 3, ~11% had ovulated by age 4, ~44% by 

age 5, and ~68% by age 6. In the present study, no inflection points occurred by age 3, ~27% of animals 

exhibited an inflection by age 4, ~51% by age 5, and ~69% had an inflection by age 6 (8).

In marine mammals, ovaries record the lifetime reproductive output of females in the form of 

corpora, scars that form subsequent to each ovulation (33). In this study, the total number of corpora in 
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paired ovaries of individual walruses ranged from 2 - 13 (Table S2). Most of these were corpora 

albicantia; however, the ovaries of seven individuals had corpora lutea, indicating these animals were 

pregnant (or had recently given birth) at the time of death. Regressing the number of total corpora against 

the reproductive lifespan of each individual (total lifespan - ageinf) revealed a strong positive, linear 

relationship (F1,14 = 42.08, R2 = 0.75, P < 0.001; Fig. 3.3). This relationship explained more variability in 

the total number of corpora than did the regression of number of corpora against total lifespan (F1,14 = 

12.41, R2 = 0.47, P < 0.01). This indicates that ageinf is an important predictor of the total number of 

ovulations over the lifetime of a female walrus, and that the number of corpora is not simply a function of 

age. Two individuals in this regression had inflection points that could only be assigned with low 

certainty, but were included in these regressions due to the scarcity of ovaries with associated tooth data. 

Additionally, one walrus was much older than the others (29 years), with many corpora in its ovaries, and 

was likely acting as a leverage point. To test the robustness of our results, the analyses were repeated with 

these three animals removed. This time, the number of corpora still had a significant, positive linear 

relationship with reproductive lifespan (F1,11 = 11.88, R2 = 0.52, P < 0.01), but the regression between 

number of corpora and total lifespan was not significant (F1,11 = 0.52, R2 = 0.04, P = 0.49).

DISCUSSION

Timing of first ovulation in walruses

The occurrence of first ovulation, or menarche, is an important stage in sexual maturation. The 

strong correlation between the timing of first ovulation reported by Fay (1982) and the ageinf of walruses 

in this study is compelling evidence that the inflections in Zn and Pb are related to the onset of 

reproductive maturity (8). Zinc is critical to normal ovarian development, follicular growth, and estrous 

(34, 35). The inflection points themselves are characterized by low elemental concentrations, with a 

“pinching down” of the variability, and occur in the light layer of the tooth cementum (Appendix C2).
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This layer is grown between approximately mid-April and mid-December, a period that corresponds to 

blastocyst implantation, early stages of fetal growth, and parturition (Appendix C3). Ovulation and 

fertilization occur during the period when the dark cementum is developing (approximately mid

December to mid-April); therefore, any changes in Zn associated with these events would be recorded in 

the dark cementum layers. The location of the inflection in the light layer of the cementum immediately 

preceding the increase in Zn concentrations thus suggests that the inflections are likely representative of 

the period of reproductive development preceding an animal's first ovulation, rather than the first 

ovulation itself.

The actual mechanisms driving the sustained, linear increase in Zn concentrations in the teeth of 

female walruses after the inflection point remains unclear. The importance of Zn in reproductive 

physiology is well established (34, 35); however, the numerous and complex roles this element plays in 

the body, ranging from cognition and olfaction to blood clotting and dark vision adaptation (21), make it 

difficult to isolate the most important ways in which Zn participates in reproductive physiology. The 

majority of the body's Zn exists in metal-protein complexes, primarily metalloenzymes and 

metalloproteins, which use Zn as a structural element or an enzyme catalyst (36). Zinc metallothionein is 

one such metalloprotein (27). Kidney metallothionein concentrations increase with age in rats (Rattus 

norvegicus), with females exhibiting higher metallothionein concentrations than males (37). 

Concentrations of both metallothionein and Zn increase with age in the liver and kidney of humans (38) 

and harbor seals (Phoca vitulina; 39). Correlations between serum Zn and hormone concentrations have 

been reported for humans (35, 40-42). Zinc plays an important role in skeletal development, and is 

involved in the mineralization of bones and teeth (43, 44). The skeletal and reproductive systems are 

functionally linked, with bone morphogenic proteins playing a critical role in ovulation (45), thus it seems 

likely that the Zn inflection observed in this study results from an interaction or, more likely, multiple 

interactions among the processes outlined above. The growth and reproductive development that occurs at 

the onset of sexual maturity likely results in an increased demand for Zn and a subsequent increase in 

metallothionein production. It is possible that, as observed in humans and harbor seals, walrus 

156



metallothionein concentrations continue to increase over the lifetime of an animal. Future work is needed 

to determine whether increased metallothionein and Zn concentrations affect bone and tooth 

mineralization and the amount of Zn that is incorporated into mineralized tissues.

Corpora counts and reproductive lifespan

The ovary validation demonstrated that a walrus's reproductive lifespan, estimated as the number 

of years between the Zn inflection point and the animal's death, is closely related to the total number of 

ovulations occurring over the animal's lifetime. This is the most direct evidence that the Zn inflection is 

related to the onset of reproductive maturity, and specifically to menarche. The slope of the linear 

relationship between reproductive lifespan and number of corpora provides further support for the validity 

of ageinf as a predictor of reproductive maturity. Given the long duration of walrus pregnancy (> 1 year, 

Appendix C3), the interval between ovulations is typically around two years (8). In the event of 

unsuccessful fertilization or failed pregnancy, animals might exhibit a one-year interval between 

ovulations, but such instances are likely balanced out by an increase in the ovulation interval later in life 

(8). The ~0.5 slope of the regression line (Fig. 3.3) predicts that one new corpora is created for every two 

years of reproductive lifespan, matching almost exactly with the expected two year ovulation interval. 

Many individual measurements were required to produce data for this regression (Zn and Pb elemental 

concentrations, tooth age estimates, inflection point estimates, ovary corpora counts), each incorporating 

some degree uncertainty and variation. Given these numerous sources of uncertainty, the variability in the 

total number of corpora explained by the reproductive lifespan (R2 = 0.75) is remarkable, and is perhaps 

the best support for our hypothesis that ageinf is an indicator of the onset of reproductive maturity.

When interpreting the results of this study, it is important to consider that the majority of the 

samples come from animals that were taken as part of the Alaska Native subsistence harvest (Table S1). 

Because walrus hunters prefer older females with large tusks (46), the age structure of the harvested 

animals is unlikely to be representative of the population. Ages of walruses included herein reflect this 
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hunter preference, with only 7 of the 93 sampled animals (~7.5 %) being younger than 10 years old 

(Table S1). Young adult walruses are thus almost certainly underrepresented in our sample (47). One 

limitation of the approach presented here is that detection of the Zn inflection point relies on a 

comparison of the data before and after the inflection point. Therefore, an inflection point is typically not 

detectable until at least two years after it occurs. It was for this reason, in addition to unavailability of 

samples, that younger animals with only one or two corpora could not be included in our comparisons 

between ovary corpora counts and reproductive lifespan. This limitation does, however, mean that the 

small number of young animals in our sample likely had little effect on the results of this study. It is 

difficult to know whether the number of older females in our sample was representative of the wild 

population, as the age of adult females is difficult to determine in the field. Most of the published 

literature is based on data from subsistence harvests, or pools animals older than 5 or 6 years (8, 48). A 

lack of older females in our sample could have affected the comparison between ovary corpora counts and 

reproductive lifespan. Though modeled here using a linear regression, the expected relationship between 

reproductive lifespan and number of corpora is non-linear. This is because the interval between ovulations 

increases as a walrus ages (8), thus the probability of a new corpus being created in the ovaries in a given 

year decreases with age. So, while a linear regression effectively approximates the slope of the 

relationship for the relatively small number of walruses with paired ovary/tooth samples (n = 16), with a 

more representative age structure, this relationship would likely take on a sigmoidal shape.

Changes in ageinf through time

A central tenet of population biology holds that the average age of sexual maturation in a wildlife 

population will vary in response to population density. When the density of animal populations is high, 

age at sexual maturity typically increases, fertility and juvenile survival decrease, and the average age of 

reproductive females in the population increases (15, 17). The converse is true when populations are at 

low densities. Average age at maturity can thus be used as an indicator of population status (49), 
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particularly with respect to population density relative to available habitat and food resources. Historic 

commercial hunting of Pacific walruses provides a unique opportunity to test this hypothesis using ageinf 

data. Commercial walrus hunting in the 1930s - 1940s drove the walrus population to an extremely low 

abundance by the 1950s, when hunting ceased (50). The population recovered rapidly, reaching or 

exceeding carrying capacity in the early 1980s, before declining into the late 1990s (50, 51). During this 

same period, calf:cow ratios changed substantially, exhibiting the greatest values when the population 

was in the early stages of recovery (~1960s), decreasing to a minimum in the 1980s, and subsequently 

increasing into the 2000s (52). It can be expected that the average age at reproductive maturity would 

track these changes in population size and reproductive output, decreasing when the population was 

depleted and increasing when walruses were abundant. Examining changes across the last ~100 years 

reveals that the average walrus ageinf follows this expected pattern (Fig. 3.4). Ageinf was high in animals 

that reached maturity prior to the 1930s, then declined in walruses reaching maturity from 1940 - 1969. 

After 1970, average ageinf increased, reaching a peak in the 1980s, then decreased to a low in the late- 

1990s and early 2000s. The results of the ANOVA used to test for differences among these time periods 

(F8,74 = 2.738, P = 0.011) supported the conclusion that the observed changes in average ageinf among 

these time periods represent a meaningful signal. The correspondence between the walrus population size 

and ageinf is compelling. Taken together, our results suggest that this parameter might be a valuable tool 

for monitoring population status. Intense hunting pressure may reduce the age at reproductive maturity in 

wildlife populations by removing late-maturing animals from the population before they are able to 

reproduce (16). Such a reduction in average age at sexual maturity was observed in a population of harp 

seals (Pagophilus groenlandicus) after the intensification of hunting pressure (17). Thus, it is possible 

that the changes in ageinf presented in this study were driven at least in part by variations in hunting 

pressure; however, the impacts of hunting on age at maturity are difficult or impossible to disentangle 

from concurrent changes in population density and resource availability.

The average ageinf of walruses from the most recent time period (2005 - 2009) was one of the 

highest in the study period at 7 years, matched only by 4 animals from the earliest time period (1910 - 
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1929). This is a possible indication that the walrus population was again approaching carrying capacity at 

the end of the first decade of the 2000s, which could have been caused by a variety of drivers including 

increased walrus abundance, environmental changes, and other factors. The logistical challenges 

associated with estimating Pacific walrus abundance typically result in a great degree of uncertainty 

around abundance estimates and demographic parameters, making it difficult for managers to detect 

changes in size of the population (18, 53). Models of walrus demography during the period from 1974 - 

2015 suggest an increase in reproductive rates beginning around 1990, rising to a maximum and leveling 

off around 2015 (48, 51). However, it remains unclear how these demographic factors were ultimately 

translated into changes in abundance (48). During this same period, climate change was altering the 

physical and biological features of walrus habitat in ways expected to reduce the availability and 

accessibility of walrus prey, thereby reducing the capacity of the environment to support large numbers of 

walruses (54). An elevated stress response associated with increased use of land-based haulouts and 

energetic costs associated with long transits to offshore foraging hotspots (54-57) may also have led to 

delayed maturity of walruses during the first decade of the 2000s. Determining the role of these and other 

factors impacting the status of the walrus population is challenging. However, the tendency for the 

average age at maturity to respond to both density-dependent factors such as population size, and density

independent factors such as stressors associate with sea ice loss, highlight the value of the method 

presented herein as a tool for assessing the status of the Pacific walrus population. Continued estimates of 

ageinf from animals harvested in recent years may provide critical information about the continued 

impacts of climate change and sea ice loss on the walrus population.

Applicability to other species

It remains unclear whether the patterns of Zn and Pb accumulation examined in this study are 

unique to walruses. Zinc concentrations in human and fin whale (Balaenoptera physalus) bone exhibit 

linear increases with age (58, 59). However, these results cannot be interpreted with respect to the Zn 
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inflection, as each individual is represented by only a single data point. Few studies have examined trace 

element concentrations across incremental growth structures at the resolution required to detect the Zn 

inflection. Ando-Mizobata et al. (1996) measured the trace element concentrations in the tooth cementum 

of Steller sea lions (Eumetopias jubatus; 60). Unfortunately, these authors were only able to examine 

element concentrations at a relatively small number (11 - 21) of locations in the cementum, thus were not 

able to achieve sufficiently high spatial resolution to capture any Zn inflections in the teeth. Edmonds et 

al. (1997) measured Zn concentrations in the tusk of a female dugong (Dugong dugon; 61). Only one 

measurement was taken in each year of the animal's life; however, the patterns of zinc accumulation 

appeared similar to those observed in walrus teeth in this study. That said, the apparent inflection point in 

dugong Zn data occurs at around age 25. It thus seems reasonable to conclude that either the change in Zn 

accumulation is not associated with sexual maturation in dugong tusks, or that the method used to age the 

tusk overestimated the age of the animal. Another study quantified Zn concentrations in desert tortoise 

(Gopherus agassizii) scutes, keratinous structures that grow incrementally over many years (62). Two of 

four tortoises studied (one male and one female) exhibited increases in Zn concentrations across the 

scutes (62) that were superficially similar to those we observed in walruses. The timescales represented 

by the laser transects in the tortoise study are, however, unclear, so it is difficult to say whether the 

patterns in Zn accumulation are associated with reproduction or maturity in tortoises. Finally, substantial 

and rapid Zn accumulation at sexual maturity in female squirrelfish (family Holocentridae) supports the 

idea that the pattern of increased Zn accumulation in association with sexual maturation might not be 

restricted to walruses or even to mammals (6).

CONCLUSIONS

If the patterns observed in walruses exist in other species, the method for estimating age at 

reproductive maturity presented here has the potential to become a powerful tool for monitoring the status 

of wildlife populations. The ability to estimate age at reproductive maturity from mammalian teeth could 
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greatly improve the management and conservation of wild populations. This potential is especially great 

for harvested or hunted populations, from which teeth are often recovered for aging purposes, and for 

free-ranging populations that are difficult to monitor in the wild. Additionally, this approach also makes it 

possible to conduct retrospective studies of changes in age at reproductive maturity using archived 

specimens, allowing researchers to gain a better understanding of past changes in wildlife populations. 

Examining archived historical, archaeological, and paleontological specimens would allow for entirely 

new avenues of research. For example, this technique could potentially be used to estimate age at maturity 

in fossil specimens and extinct species or populations, or to track changes in the average age at 

reproductive maturity in animal populations across thousands of years.
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FIGURES

Fig. 3.1) Top plots display Loess smoothed lifetime trends in zinc concentrations (ppm) for female (left, 
dark blue) and male (right, light blue) walruses. X-axes indicate distance along the laser ablation transect 
(in mm), with zero (left side of graph) representing the inner edge of the cementum (birth) and the 
maximum values (right side of graph) representing the outer edge of the tooth (death). Female walruses 
tend to accumulate greater concentrations of zinc over their lifetimes and exhibit an increase in zinc 
accumulation part way through life. Bottom graphs show typical patterns of zinc (left, light blue) and lead 
(right, dark blue) concentrations (ppm) in female walruses along the cementum transect. Inflection points 
in element accumulation are noted on the plots.

167



Fig. 3.2) (A) Image of a cross-sectioned walrus tooth. (B) Image of the site of laser ablation, with 
annotations marking the dentin, cementum, and ablation scar. (C & D) Image of the site of laser of laser 
ablation, with the dark cementum layers highlighted in blue, with the animal's age in years denoted on 
each growth layer group. Zinc (C) and lead (D) concentrations (ppm) are overlaid on the images to show 
how the data align with the growth layers. (E & F) Zinc (E) and lead (F) concentrations plotted against 
distance along transect (mm). Inflection points are marked on the plots. Solid vertical lines on the left and 
right ends of each transect reflect birth and death, respectively. Positions of dark cementum layers are 
indicated by dashed vertical lines.
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Fig. 3.3) Regressions of number of corpora in walrus ovaries (total lifetime ovulations) against 
reproductive (A, C) and total lifespan (B, D). Top plots include all 16 available individuals with paired 
ovary and tooth data. Bottom plots show the same regressions with three individuals removed (two with 
inflections with certainty code “C” and one older animal with many corpora potential acting as a leverage 
point). The greater R2 values of the regressions involving reproductive lifespan, as compared with those 
involving total lifespan, highlight the importance of ageinf in predicting the total number of ovulations a 
female walrus will have in her lifetime.
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Fig. 3.4) Annotated box plot of changes in ageinf of female Pacific walruses over the last ~100 years. 
Greater sample sizes in more recent years allowed for finer-scale division of the data in later decades. 
Historical changes in the size of the walrus population are noted on the plot and are based on published 
literature (50, 51). Note that average ageinf was lower during periods when the walrus population was 
depleted and higher when walruses were more abundant. Horizontal lines represent group medians, lower 
and upper bounds of boxes represent the 1st and 3rd quartiles of the data, respectively, and the whiskers 
represent the full range of the data. Data points more than 1.5 times the interquartile range above or below 
the median are considered outliers and are represented by individual data points. Sample sizes for each 
time period are denoted by numbers at the top right of each box.
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APPENDICES

Appendix C1) Methods for Chapter 3

METHODS

Trace element analysis and data processing

Teeth of 93 female Pacific walruses were on loan from collections at the University of Alaska 

Museum in Fairbanks, Alaska, and the National Museum of Natural History, in Washington DC. The year 

of collection for these specimens ranged from 1932 to 2016, with consistent sample coverage (≥ 10 

individuals/decade) beginning in the 1960s and continuing through the present decade. Specimens from 

earlier time periods were collected during scientific expeditions in the Bering and Chukchi seas 

throughout the Pacific walrus range, whereas the majority of more recent samples were taken as part of 

the Alaska Native subsistence harvests in the communities of Gambell and Savoonga on St. Lawrence 

Island, Alaska. Each tooth was cut longitudinally with a low speed, water-cooled saw using a diamond 

blade to create a 1.5 mm-thick cross section of the center of the tooth. This cross section was then affixed 

to a microscope slide and polished using a 3000 grit diamond smoothing disc on a rotary polishing wheel. 

Samples were rinsed thoroughly with ultra-pure water after polishing and allowed to air dry. The rinse/dry 

process was repeated immediately prior to analysis.

Trace element analyses were conducted in the Advanced Instrumentation Lab at the University of 

Alaska Fairbanks, Fairbanks, Alaska. Concentrations of 66Zn and 208Pb were measured using an Agilent 

7500ce Inductively Coupled Plasma Mass Spectrometer (ICP-MS; fitted with a cs lens stack to improve 

sensitivity) coupled with a New Wave UP213 laser. Instrumental precision for the ICP-MS is reported at 

± 5 %. 43Ca was used as an internal standard for these analyses, and all results are reported in parts per 
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million (ppm). Measured element concentrations were compared with a United States Geological Survey 

microanalytical phosphate standard (MAPS-4), as well as a National Institute of Standards and 

Technology Standard Reference Material (NIST610). Accuracy and precision were estimated by 

comparing element concentrations measured during ablation of the reference materials (n = 348) with 

reported concentrations. Zinc and Pb measurements were both accurate to within 1 % of reported values, 

with a precision (± 1 standard deviation) of ± 4 % and ± 5 %, respectively. Laser transects were ablated at 

a beam width of 25 μm, at 55 % power, with a pulse frequency of 10 Hz, and a transect speed of 5 μm∕s. 

Dwell times were 0.02 seconds for 43Ca, 0.01 seconds for 66Zn, and 0.15 seconds for 208Pb. Ablation was 

conducted at locations that maximized distance from the root, where cementum growth layer groups 

converge and become distorted, while avoiding areas of tooth wear near the crown, where not all 

cementum layers are present for sampling. Each transect was ablated from the cementum-dentin interface 

(first year of life) to the outer edge of the tooth (final year of life), thereby measuring lifetime changes in 

element concentrations for each animal.

Trace element data were extracted and processed in Igor Pro version 6.37 using the Iolite 

software package version 3.0. All statistical analyses were conducted using R version 3.4.1 (1) with 

RStudio version 1.0.153 (2). Limits of detection were calculated separately for each analytical run, using 

the standard method applied by Iolite (3). Typical limits of detection were 0.515 ppm for zinc and 0.047 

ppm for lead. Measured element concentrations falling below the limit of detection were replaced with a 

value of one half the limit of detection (4). Data points that were more than 4 standard deviations above or 

below the mean were considered outliers and removed from analysis (5).

All specimens used in this study were obtained from museum collections and/or Alaska Native 

subsistence harvests, thus this work is Institutional Animal Care and Use Committee (IACUC) exempt. 

Specimens from subsistence harvests were transferred to the University of Alaska Fairbanks for analysis 

under a Letter of Authorization from the USFWS to Dr. L. Horstmann.
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Tooth aging and inflection point assignment

After analysis on the ICP-MS, teeth were photographed under an optical microscope (Leica M165 

C coupled with a Leica DFC295 camera) using reflected light. Growth layer groups in the tooth 

cementum were counted and used to estimate the age of each animal (6, 7). Growth layer groups consist 

of paired cementum bands that typically accrete onto the tooth annually (6). Terminology surrounding 

growth layer groups has not been standardized and differences in the appearance of growth layers under 

reflected and transmitted light are a common cause for confusion. For the purposes of this study, the term 

“light layer” refers to the opaque, hypercalcified layer that is built during periods of rapid growth and 

represents the period from approximately mid-April to mid-December (Appendix C3). This layer appears 

white under reflected light, but is dark under transmitted light. The term “dark layer” refers to the 

translucent, hypocalcified layer that accretes during slow growth periods and represents the period from 

around mid-December to mid-April (Appendix C3). This layer appears dark under reflected light, but 

allows light to pass through, so appears white when using transmitted light. Growth timing of dark and 

light cementum layers was based on estimates from the published literature (6) and confirmed by 

observations made on teeth used for this study. The manner in which animal ages are reported is another 

potential source for misunderstanding. The convention for reporting age in humans differs from that 

commonly used for tooth aging of wildlife populations. Tooth ages are commonly reported as age classes, 

where an animal in the process of accreting its first growth layer group (light/dark 1) is considered to be 

age 1, an animal growing the second growth layer group (light/dark 2) is age 2, and so forth (6).

Each tooth was aged collaboratively by three observers on at least three separate days, and the 

median age estimate was used for analyses (Appendix C5). Photographs were centered on laser ablation 

scars and trace element data were overlaid directly on the image. In this way, inflection points in Zn and 

Pb concentration data could be associated with an individual year in the life of a walrus. Inflection points 

were examined collaboratively by the same three observers who aged the teeth. The criteria for defining 

inflection points are outlined in the introduction (Appendix C2). Each inflection was assigned to an “A”, 
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“B”, or “C” category depending on the certainty with which it could be assigned to an individual year 

(Appendix C6). “A” indicated agreement among the observers and little to no uncertainty about the 

location of the inflection point. “B” also indicated agreement among the observers, but meant that a 

greater degree of uncertainty existed about the exact location of the inflection point (usually within one or 

two years). “C” indicated that there was disagreement among the observers, an inflection point could not 

be detected, or there were multiple possible inflection points that were more than one or two years apart. 

Inflection points assigned a “C” were not used for subsequent analyses.

Corpora counts and reproductive lifespans

To confirm the relationship between the inflection points and reproduction, we examined ovary 

pairs of 16 walruses for which tooth trace element concentrations were also available. Immediately 

following ovulation, the follicle that releases the ovum transforms into a structure called a corpus luteum 

(Appendix C4). If the egg is not fertilized, the corpus luteum quickly degenerates, forming a small mass 

of scar tissue called a corpus albicans (Appendix C4). If fertilization is successful, the corpus luteum is 

maintained, secreting progesterone throughout pregnancy. After pregnancy, the corpus luteum 

degenerates into a corpus albicans. In this way, evidence of each ovulation is preserved in the ovaries as 

corpora (6). Thus, the total number of corpora in ovary pairs provides an estimate of the number of 

ovulations over an animal's life.

In this study, corpora in walrus ovaries were counted by an experienced observer. The number of 

corpora lutea and corpora albicantia for each walrus were summed to provide an estimate of the total 

lifetime ovulations for each animal. Linear regressions (two-sided) were used to compare these values to 

each individual's total lifespan and reproductive lifespan. We defined reproductive lifespan as the number 

of years between an animal's Zn/Pb inflection point and its death (total lifespan - ageinf). The total 

number of corpora (i.e., ovulations) in a walrus's life was expected to have a positive, linear relationship 

with the animal's total age. Similarly, a walrus's reproductive lifespan was expected to be positively 
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correlated with total lifespan. Thus, for this analysis to provide support for the hypothesis that the 

inflection points are related to the sexual maturation, the regression using reproductive lifespan would 

have to substantially outperform the model using total lifespan to predict an animal's number of corpora. 

All data used for linear regressions were normally distributed.

Changes in Ageinf Through Time

Walrus teeth analyzed in this study are from animals that died between 1932 and 2016, thus 

presenting an opportunity to examine changes in ageinf during the last century. The year in which each 

animal was predicted to have attained reproductive maturity was estimated using tooth age and ageinf. 

These estimates range from 1919 - 2006 (Appendix C5). Walruses were then grouped into time periods 

based on published changes in the size of the walrus population (6, 8-10). Sample size considerations 

meant that earlier time periods were broader than more recent periods. This process resulted in nine 

separate time periods: 1910 - 1929, 1940 - 1959, 1960 - 1969, 1970 - 1979, 1980 - 1989, 1990 - 1994, 

1995 - 1999, 2000 - 2004, and 2005 - 2009. A univariate Analysis of Variance (ANOVA) was used to 

test for differences among these time periods.
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Appendix C2) Characteristics of the inflection points in zinc and lead concentrations within the cementum 
of female walrus teeth. Inflections were marked by low elemental concentrations and a “pinching down” 
of the variability, followed immediately by a change in slope and increasing variability in the data.
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Appendix C3) Approximate timing of the annual cycle of female Pacific walruses. Outermost ring 
indicates month of year. Second ring (gray and white) represents expected timing of development of dark 
and light cementum layers. Third ring (dark and light blue) represents timing of annual migrations. Fourth 
ring represents relative blubber thickness. Innermost lines indicate timing of reproductive events 
(ovulation & fertilization, implantation, fetal growth, and parturition). Timings are based on estimates 
from the literature and, in the case of cementum growth, from observations made on the specimens used 
in this study.
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Appendix C4) Macroscopic cross-section of a walrus ovary, photographed (left) and as a diagram (right), 
with two corpora albicantia (small, light colored structures on top left of ovary) and one corpus luteum 
(large, yellowish structure on right side of ovary). Total corpora in walrus ovaries were counted to 
estimate number of lifetime ovulations for female walruses. Dark purple semicircle is the fingertip of the 
person holding the ovary.
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Appendix C5) Information for 93 female walruses examined in this study including project ID, University 
of Alaska Museum ID, median age (years), ageinf (years), certainty code for the inflection (A, B, or C), 
collection year (year-at-death), approximate birth year, and approximate year when inflection occurred. 
Brackets around ageinf for specimens WAL936 and WAL948 indicate that these were low confidence 
(certainty code C) inflections and were used only for the comparisons between number of corpora in 
ovaries and reproductive/total lifespan (due to low paired ovary-tooth sample size).

Project
ID

UAM
ID

Median
Age Ageinf

Inflection 
Certainty 
(A, B, C)

Collection
Year

Approximate 
Birth Year

Approximate
Inflection Year

WAL023 16588 16 7 A 1933 1918 1924
WAL025 11709 23 6 A 1970 1948 1953
WAL033 10538 16 6 A 1973 1958 1963
WAL036 5012 14 4 A 1954 1941 1944
WAL045 16593 14 6 A 1932 1919 1924
WAL048 11702 9 4 A 1956 1948 1951
WAL055 11684 11 4 A 1972 1962 1965
WAL056 11698 11 7 A 1959 1949 1955
WAL059 11685 10 5 A 1972 1963 1967
WAL062 11704 14 4 A 1958 1945 1948
WAL063 11693 3 No Inflection - 1966 1964 -
WAL064 16591 19.5 7 A 1932 1913.5 1919.5
WAL065 11691 11 5 B 1957 1947 1951
WAL069 16586 20 8 A 1933 1914 1921
WAL075 11686 8.5 4 B 1962 1954.5 1957.5
WAL081 11689 4 No Inflection - 1958 1955 -
WAL121 16590 6 No Inflection - 1933 1928 -
WAL140 125315 23 8.5 B 2014 1992 1999.5
WAL149 125328 17 9 A 2014 1998 2006
WAL151 125287 16 - C 2014 1999 -
WAL153 125289 18 9.5 B 2014 1997 2005.5
WAL155 125291 13 4.5 B 2014 2002 2005.5
WAL282 129414 16 7 A 2015 2000 2006
WAL630 99597 11 4 A 2005 1995 1998
WAL780 131823 18 5 A 2016 1999 2003
WAL781 131819 19 4 A 2016 1998 2001
WAL783 131817 17 6 A 2016 2000 2005
WAL784 181824 16 6 A 2016 2001 2006
WAL787 131821 21 5 A 2016 1996 2000
WAL809 130619 13 5 A 1987 1975 1979
WAL810 130620 16.5 6 B 1987 1971.5 1976.5
WAL811 130621 13 7 A 1987 1975 1981
WAL812 130622 14.5 8 A 1987 1973.5 1980.5
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Appendix C5 continued

Project
ID

UAM
ID

Median
Age Ageinf

Inflection 
Certainty 
(A, B, C)

Collection
Year

Approximate
Birth Year

Approximate
Inflection Year

WAL813 130623 16.5 4 A 1987 1971.5 1974.5
WAL814 130624 21 7.5 B 1987 1967 1973.5
WAL828 108058 16 7 B 2006 1991 1997
WAL843 128075 14.5 4 A 2012 1998.5 2001.5
WAL844 128078 14.5 - C 2012 1998.5 -
WAL845 128086 13 - C 2012 2000 -
WAL846 130202 16 5 B 1981 1966 1970
WAL848 108024 14.5 5 A 2006 1992.5 1996.5
WAL852 90729 20 - C 1979 1960 -
WAL854 108129 16 6 B 1994 1979 1984
WAL855 121084 18 6 A 1952 1935 1940
WAL856 106394 14 4 B 1999 1986 1989
WAL858 127992 12 10 A 2008 1997 2006
WAL860 121109 15 5 B 1960 1946 1950
WAL862 130694 14.5 6 A 1980 1966.5 1971.5
WAL863 44164 13 5 A 1975 1963 1967
WAL864 129607 15 5 B 1987 1973 1977
WAL865 107472 13 6 A 2001 1989 1994
WAL870 108259 23 8 B 1992 1970 1977
WAL871 43591 15.5 9 B 1975 1960.5 1968.5
WAL872 107986 19 8 B 2005 1987 1994
WAL876 107053 17 6 A 1999 1983 1988
WAL877 106958 15.5 7 B 2000 1985.5 1991.5
WAL899 121047 15 5 A 1960 1946 1950
WAL900 121060 9 5 A 1960 1952 1956
WAL901 121145 15 - C 1960 1946 -
WAL902 121192 13 7 A 1960 1948 1954
WAL903 121196 13 4 B 1960 1948 1951
WAL904 121197 11 4 B 1960 1950 1953
WAL905 130497 14 8 A 1981 1968 1975
WAL907 43554 12 7 A 1975 1964 1970
WAL908 43588 13.5 4 A 1975 1962.5 1965.5
WAL909 43907 22 6 B 1975 1954 1959
WAL910 44168 11 4 A 1975 1965 1968
WAL913 129526 13 9 B 1987 1975 1983
WAL915 129985 21 6 B 1987 1967 1972
WAL917 106514 12 7 B 1999 1988 1994
WAL918 106758 13 5 B 1996 1984 1988
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Appendix C5 continued

Project
ID

UAM
ID

Median
Age Ageinf

Inflection 
Certainty 
(A, B, C)

Collection
Year

Approximate
Birth Year

Approximate
Inflection Year

WAL919 107955 13 4 A 1993 1981 1984
WAL920 108127 29 4 B 1995 1967 1970
WAL922 108225 11 6 B 1996 1986 1991
WAL923 108227 5.5 4 B 2000 1995.5 1998.5
WAL924 107995 16 5 A 2007 1992 1996
WAL925 107996 11 5 A 2007 1997 2001
WAL926 127965 8 4 A 2008 2001 2004
WAL927 127975 11 4 A 2008 1998 2001
WAL934 107117 17 6 A 2002 1986 1991
WAL935 108785 21 7 B 2000 1980 1986
WAL936 108964 19.5 (8) C 2002 1983.5 -
WAL937 108984 22 8 B 2002 1981 1988
WAL938 109020 16 5 A 2002 1987 1991
WAL939 109028 16 5 A 2002 1982 1986
WAL940 109059 18 4 B 2002 1985 1988
WAL941 109077 14 5 A 2002 1989 1993
WAL943 109152 19 12 A 2002 1984 1989
WAL944 109212 15 5 B 2002 1988 1992
WAL945 109221 18 9 A 2002 1985 1993
WAL946 110003 20 8 A 2002 1983 1990
WAL947 110177 14 4 B 2002 1989 1992
WAL948 110238 11 (9) C 2002 1993 -
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Appendix C6) Information for walruses used in examinations of regressions of number of corpora and
reproductive/total lifespan, including project ID, University of Alaska Museum ID, median age (years),
total number of corpora, ageinf (years), certainty code for the inflections (A, B, or C), and reproductive
lifespan (years).

Project

ID

UAM

ID
Median Age # of Corpora Ageinf

Inflection 

Certainty 

(A, B, C)

Reproductive

Lifespan

WAL918 106758 13 6 5 B 8

WAL920 108127 29 13 4 B 25

WAL934 107117 17 8 6 A 11

WAL935 108785 21 10 7 B 14

WAL936 108964 19.5 10 8 C 11.5

WAL937 108984 22 7 8 B 14

WAL938 109020 16 5 5 A 11

WAL939 109028 16 6 5 A 11

WAL940 109059 18 9 4 B 14

WAL941 109077 14 4 5 A 9

WAL943 109152 19 4 12 A 7

WAL944 109212 15 8 5 B 10

WAL945 109221 18 4 9 A 9

WAL946 110003 20 5 8 A 12

WAL947 110177 14 7 4 B 10

WAL948 110238 11 2 9 C 2
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CONCLUSIONS

Climate change has already begun to alter the physical and biological systems of the Arctic in 

fundamental ways, and shifts expected to continue for the foreseeable future (Hinzman et al. 2005; Post et 

al. 2009; Kortsch et al. 2015). Current projections suggest that the Arctic Ocean is likely to have ice-free 

summers before 2050 (Sigmond et al. 2018). Warming and sea ice loss in the Arctic will undoubtedly 

affect marine ecosystems in the Arctic; however, the specific nature of these impacts remains unclear. 

Some predictions suggest that the currently rich benthic systems of the Arctic will become depauperate, 

as benthic-pelagic coupling weakens and a greater proportion of primary production remains in pelagic 

ecosystems (Kędra et al. 2015). Other studies suggest that total production in the region may substantially 

increase (Arrigo et al. 2012; Arrigo and van Dijken 2015), perhaps offsetting the weakening of the 

benthic-pelagic coupling.

Despite concerns about future sustainability of the Pacific walrus (Odobenus rosmarus divergens) 

population, the long-term impacts of warming of the Arctic and sea ice loss are unknown. A primary goal 

of this research was to investigate how walrus diet changed during past periods of Arctic sea ice loss. 

Stable carbon and nitrogen isotope ratios of walrus bone collagen indicated that during the last 4000 

years, walrus diet was broader in low ice intervals, with more inter-individual variability compared to 

high ice intervals, likely indicating decreased availability of preferred prey items during low sea ice 

intervals. Bivalves are the preferred prey of walruses, and dominate walrus diet when they are available 

(Fay 1982); however, the flexibility of walrus foraging strategies, and the variety of prey items consumed 

by walruses even when bivalves are abundant, suggests dietary flexibility that may help walruses adapt 

during periods of environmental change (Sheffield and Grebmeier 2009). Another goal of this research 

was to use past intervals of low sea ice as analogs for the current era of warming and sea ice loss in the 

Arctic, thereby generating predictions about how walrus diet might change in coming years. Stable 

isotope ratios of walruses collected since 2010 were substantially different from those living in either high 

or low sea ice intervals in the past. This suggests that the changes currently taking place in food webs in 
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the Arctic are unlike those that occurred during periods of ice loss in the last 4000 years. It remains 

possible that modern walrus diet is in a transitory state and will eventually approximate that of walruses 

from previous low ice intervals, as ecosystems continue to change; however, the apparent unprecedented 

shifts currently taking place in food webs in the Arctic highlight the importance of closely monitoring 

these systems as climate change continues to impact the region in unpredictable ways.

The research in this dissertation was intended to aid scientists and wildlife managers in 

monitoring the walrus population in an uncertain future. The tissue-specific discrimination factors 

presented herein will make it possible to compare the results of existing studies that measured stable 

isotope ratios in different walrus tissues, and will allow more flexibility in future research. Perhaps most 

importantly, these results will make it easier to bridge the gap between studies of retrospective and 

contemporary ecology. These types of comparisons are likely to become more commonplace, as the 

potential for studies of historical ecology and paleoecology to provide otherwise unobtainable information 

about the responses of ecosystems to long-term environmental change is recognized. Further work will be 

required, however, to directly compare the results of retrospective and contemporary studies, including 

research focused on generating quantitative diet-tissue trophic fractionation factors for walruses, 

improved estimates of bone collagen turnover rates, and efforts to reduce the degree of uncertainty 

surrounding radiocarbon dating of archaeological specimens. Additionally, the lipid normalization models 

for walrus skin and muscle will make future isotope research on walruses easier and more cost effective. 

More importantly, it makes it feasible to conduct studies analyzing stable isotope ratios in skin samples of 

free-ranging walruses collected using non-lethal, remote biopsy methods (e.g., Gemmell and Majluf 

1997). Continued monitoring of walrus stable isotopes is imperative, as changes in diet may be indicative 

of changing ecosystems, and because walruses provide an important window into food webs in the Arctic.

The final goal of this research was to generate new tools for monitoring the status of the Pacific 

walrus population. The novel method for estimating age at onset of reproductive maturity from tooth Zn 

and Pb concentrations presented here has the potential to become a powerful technique for tracking the 

status of the walrus population. Abundance estimates are important for measuring the overall size of the 

185



walrus population; however, they do not provide information about how close the population is to 

carrying capacity (K), as wildlife populations tend to exist at unstable densities (Fowler and Smith 1973). 

Estimating abundance and population density (in relation to K) together is important, because carrying 

capacity is not necessarily stable through time, and a population remaining at a constant abundance can 

exceed carrying capacity, if K is reduced by environmental change. Other parameters, such as calf 

production rate, average age of reproductively mature females, and age at reproductive maturity are 

helpful to understand the status of the population in relation to K (Frank 1957; Boonstra 1994). 

Estimating age at reproductive maturity from tooth Zn is an attractive option, because teeth are collected 

by the U.S. Fish and Wildlife Service from each harvested walrus harvested and are used to generate age 

estimates. A program to monitor age at reproductive maturity using this technique could thus be 

undertaken without further effort in the field. Additionally, a large number of walrus teeth are archived in 

museums from past harvests, making it feasible to generate a fine-scale reconstruction of this parameter 

through time. Finally, this new method of estimating age at onset of reproductive maturity may be 

applicable to other animal species, which would open up an entirely new area of research in retrospective 

and contemporary ecological research.

Continued study of Pacific walruses will be critical to maintaining a healthy population and 

sustainable subsistence harvests in the future. Based on the results of this study, recommended areas of 

focus for future research include tracking changes in walrus diet as a tool for monitoring changes to 

benthic ecosystems, use of non-lethal sampling methods, such as remote biopsy collection of walrus skin 

samples for stable isotope analysis, and implementation of a program to monitor the average age at onset 

of reproductive maturity in female walruses using Zn concentrations in teeth. Additionally, newly 

developing methodologies may soon make it possible to estimate age at weaning using tooth trace 

elements, which would have important implications for studies of natality rates and population trends. 

Taken together, these approaches will provide key information about the health of Arctic ecosystems and 

the status of the walrus population in relation to the carrying capacity of the environment. Additionally,
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research focusing on quantifying walrus physiological parameters, such as measures of body condition

and stress, will help link environmental changes to actual impacts on animal health.
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APPENDICES

Appendix D1) Quantifying variability in stable carbon and nitrogen isotope ratios within the skeletons of 
marine mammals of the suborder Caniformia

QUANTIFYING VARIABILITY IN STABLE CARBON AND NITROGEN ISOTOPE

RATIOS WITHIN THE SKELETONS OF MARINE MAMMALS

OF THE SUBORDER CANIFORMIA4

ABSTRACT

Stable isotope ratios of bone collagen are commonly used to investigate foraging and movement 

of human and animal populations. This technique is especially valuable for archaeological and 

paleoecological applications, as bones are among the few tissues that are commonly preserved in 

archaeological and assemblages. Selection of skeletal elements for stable isotope analysis is typically 

driven by sample sizes and convenience, with the assumption that each bone is equally likely to be 

representative of the entire skeleton. This study investigated the degree of variability in stable carbon and 

nitrogen isotope ratios (δ13C and δ15N values) within the skeletons of individual marine mammals to 

determine whether any systematic differences in δ13C and δ15N values exist among skeletal elements. We 

measured δ13C and δ15N values in paired crania and mandibles from 11 Pacific walruses (Odobenus 

rosmarus divergens), as well as representative elements from the skeletons of three marine mammals: an 

adult ringed seal (Pusa hispida, n = 10), a juvenile seal of the genus Phoca (Phoca sp., n = 9), and an 

adult sea otter (Enhydra lutris, n = 8). Differences among the walrus cranium/mandible pairs were not 

significant, mostly falling within analytical error. Variability across the skeletons of the seals and sea otter 

was greater, exceeding 1.0 ‰ in some cases. Hierarchical cluster analysis indicated systematic differences 

within all three skeletons, with the distal appendicular bones (metatarsal, phalanx, calcaneus) separating 

from the rest of the skeleton in the two seals, and the scapula and vertebra distinct from all other bones in 

Clark, C.T., L. Horstmann, and N. Misarti. 2017. Quantifying variability in stable carbon and 
nitrogen isotope ratios within the skeletons of marine mammals of the suborder Caniformia.
Journal of Archaeological Science: Reports. 15: 393 - 400.
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the sea otter. Removing these bones from analysis greatly reduced overall variability in all three animals.

Further study is required to determine whether the patterns observed in this study are consistent across

individuals and taxa as sample sizes increase.

INTRODUCTION

Stable isotope analysis is a powerful tool for investigating animal diet, movement, and 

physiology (Hobson 1999; Kelly 2000). This technique is particularly useful for paleoecological and 

archaeological studies, where feeding habits and movements of animal and human populations cannot be 

directly observed and must instead be reconstructed from preserved or fossil remains (Schoeninger and 

Moore 1992). Stable carbon and nitrogen isotope ratios of bone collagen are widely used for such 

reconstructions, as bones are among the few animal parts commonly recovered from archaeological and 

paleontological sites. Applications of stable isotope analysis of zooarchaeological assemblages include 

reconstructions of human and animal diet (e.g., Hilderbrand et al. 1996; Katzenberg and Weber 1999; 

Richards and Hedges 1999; Szpak et al. 2012), food web structure (e.g., Misarti et al. 2009; Bocherens et 

al. 2015), and environmental change (e.g., Ambrose and DeNiro 1989; Zangrando et al. 2014; 

Commendador and Finney 2016), as well as investigations of human and animal distribution, movement, 

and dispersal patterns (e.g., Sealy et al. 1995; Barberena et al. 2009; Lamb et al. 2014). Analysis of bone 

collagen can thus provide information about vertebrate diet and movements across thousands of years.

Though bone collagen is commonly used in archaeology and paleoecology, relatively little work 

has been done to investigate the degree to which stable isotope ratios vary within the skeletons of 

individual animals. Bone turnover rates vary with age and type of bone (cortical vs. trabecular), thus 

stable isotope ratios might be expected to vary accordingly among skeletal elements (Snyder et al. 1975; 

Klepinger 1984; Libby et al. 1995; Sealy et al. 1995; Lamb et al. 2014). For the sake of convenience, 

however, it is commonly assumed that the stable isotope ratios of collagen extracted from any single bone 

will be representative of the entire skeleton, an assumption that is loosely supported by the work of
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DeNiro and Schoeninger (1983). Decisions about which skeletal elements to use for stable isotope 

analysis are typically driven by the availability and preservation of elements within an assemblage 

(J0rkov et al. 2009); however, if systematic differences in stable isotope ratios do exist within the 

skeletons of individual animals, these differences are important to consider when selecting elements for 

analysis and reconstructions.

The purpose of this study was to quantify variability of stable isotope ratios among the bones of 

individual, free-ranging marine Caniformia. To accomplish this, we analyzed the stable carbon and 

nitrogen isotope ratios of bone collagen extracted from the crania and mandibles of Pacific walruses 

(Odobenus rosmarus divergens), as well as from a variety of bones selected to represent the skeletons of 

two phocid seals and a sea otter (Enhydra lutris). The resulting estimates of variability within the 

skeletons of individual animals, as well as the identification of systematic differences in stable carbon and 

nitrogen isotope ratios among skeletal elements, will improve future studies by providing researchers with 

a better understanding of intra-individual stable isotope variability. Furthermore, these data will allow for 

the exclusion of skeletal elements that are not representative of the entire skeleton.

METHODS

Eleven Pacific walrus cranium/mandible pairs and representative elements from three marine 

mammal skeletons (n = 8-10) were on loan from the University of Alaska Museum, Fairbanks, AK. 

Skeletons used for this study were from an adult ringed seal (Pusa hispida), a juvenile seal of the genus 

Phoca, and an adult sea otter. Representative bones were selected from all parts of the skeleton including 

the skull (cranium/mandible), axial skeleton (vertebra, rib), and appendicular skeleton (scapula, 

innominate, humerus, femur, metatarsal, calcaneus and/or phalanx). All samples were from animals that 

died after 1930, thus were historical or modern and not of archaeological origin.

Bones were sampled using handheld cutting tools, and ~0.4 g of bone was used for collagen 

extractions, which were carried out according to the methods described by Misarti et al. (2009), as 
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modified from Matheus (1995). Briefly, bones were cleaned in a sonic bath, then lipids were extracted by 

soaking bone in 2:1 choloroform:methanol for eight hours. Hydrochloric acid was used to remove the 

mineral component of the bone. The organic component was then gelatinized in a mildly acidic solution 

at 65 °C, filtered through a 0.45 μm filter to remove any insoluble particles and non-collagen organic 

compounds, and freeze dried to produce purified collagen. A subsample of 0.2 - 0.4 mg of collagen was 

then submitted for stable isotope analysis. Collagen was extracted from walrus crania and mandibles 

once. Three replicate subsamples were cut from the bones of the seals and sea otter to incorporate some of 

the variability in stable isotope ratios of collagen within each bone. Replicate subsamples were taken from 

locations directly adjacent to one another and collagen was extracted from each subsample separately. 

The phalanx of the ringed seal and the metatarsal and rib of the Phoca sp. could only be subsampled and 

collagen extracted twice due to limitations in the amount of available material.

Stable carbon and nitrogen isotope ratios of collagen samples were analyzed by the Alaska Stable 

Isotope Facility at the Water and Environmental Research Center, University of Alaska Fairbanks, using a 

Costech ECS 4010 elemental analyzer and ThermoScientific Conflo IV, interfaced with a 

ThermoScientific DeltaV isotope ratio mass spectrometer. Stable isotopic compositions were calibrated 

relative to Vienna Pee Dee Belemnite (VPDB) and atmospheric nitrogen gas (air) scales using USGS40 

and USGS41. Results were reported in parts per thousand (‰) using δ notation. A commercially available 

peptone standard (No. P-7750 Bovine based protein. Sigma Chemical Company, lot #76f-0300; δ13C: - 

15.8 ‰, δ15N: 7.0 ‰) was analyzed as a check standard after every 10 samples to measure uncertainty. 

Precision of these analyses was determined to be ± 0.2 ‰ for both δ13C and δ15N values, based on 

repeated measurements of this check standard across all analytical runs (n = 48). Measurements were 

accurate to within less than ± 0.01 ‰ for both δ13C and δ15N values, based on differences between 

observed and known values of the check standard. Collagen yield (percent of dry bone weight) and 

sample composition (weight percent carbon, weight percent nitrogen, and C/N ratio) were assessed to 

evaluate the quality of the collagen samples.
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Differences among crania and mandibles were examined using linear regression analyses. The 

structure of the data did not allow for parametric comparisons of variability within the skeletons of the 

seals and sea otter, thus this information was summarized using primarily descriptive statistics. Pooled 

standard deviations were calculated for measures that averaged variability across all three skeletons to 

account for differences in the number of skeletal elements analyzed for each individual. Systematic 

differences in stable isotope ratios within the skeleton were investigated using Ward's method of 

hierarchical clustering, an agglomerative method that generates clusters based on smallest squared 

Euclidean distances between cluster centers. All statistical analyses were conducted using R version 3.2.3 

(R Core Team 2014) with RStudio version 1.0.136 (RStudio Team 2015).

RESULTS

Stable carbon and nitrogen isotope ratios of walrus crania exhibited linear correlations with those 

of mandibles from the same individuals (δ15N: F1,9 = 153.8, P = <0.001; δ13C: F1,9 = 86.6, P < 0.001). 

These correlations had slopes close to one, y-intercepts close to zero, and explained the majority of the 

variability in the data (δ13C: R2 = 0.90; δ15N: R2 = 0.94), indicating that δ13C and δ15N values of the one 

skeletal element (cranium/mandible) from an individual walrus can be used to accurately predict values of 

the other element and that these values are essentially identical (Appendix D1 Figure 1). The mean 

differences (± 1 SD) between the two bones were 0.0 ± 0.2 ‰ for δ13C and 0.0 ± 0.3 ‰ for δ15N. The 

maximum differences between the cranium and mandible of an individual walrus were 0.2 ‰ for δ13C 

values and 0.4 ‰ for δ15N values (Appendix D1 Table 1).

Variability in δ13C and δ15N values was low across multiple skeletal elements from each 

individual marine mammal. The mean range (± 1 pooled SD) of stable carbon and nitrogen isotope ratios 

for the three animals was 0.9 ± 0.6 ‰ for δ13C values and 0.9 ± 0.4 ‰ for δ15N values. Stable carbon and 

nitrogen isotope ratios from all ringed seal elements exhibited a maximum range of 1.2 ‰ for δ13C values 

and 1.3 ‰ for δ15N values within a single replicate analysis. The range of all values across all three 
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replicate analyses was 1.6 ‰ for δ13C values and 1.5 ‰ for δ15N values, and the range of the mean values 

of the three replicate analyses was 0.6 ‰ for δ13C values and 1.1 ‰ for δ15N values (Appendix D1 Table 

2). Hierarchical cluster analysis indicated the presence of two groups within the ringed seal bones, with 

the metatarsal, phalanx, and calcaneus grouping separately from the rest of the bones in the skeleton 

(Appendix D1 Figure 2). With these bones removed from analysis, stable carbon and nitrogen isotope 

ratios from the ringed seal exhibited a maximum range of 0.9 ‰ for δ13C values and 0.8 ‰ for δ15N 

values within a single replicate analysis. The range of all values across all three replicate analyses with 

these bones removed was 1.2 ‰ for both δ13C and δ15N values, and the range of mean values across all 

three replicate analyses was 0.2 ‰ for δ13C values and 0.5 ‰ for δ15N values (Appendix D1 Table 2).

The stable carbon and nitrogen isotope ratios of the juvenile seal of the genus Phoca exhibited a 

maximum range of 0.7 ‰ for δ13C values and 1.3 ‰ for δ15N values within a single analytical replicate 

analysis. The range of all values across all three replicate analyses was 0.9 ‰ for δ 13C and 1.4 ‰ for 

δ15N, and the range of the mean values across the three replicate analyses was 0.6 ‰ for δ13C values and 

1.2 ‰ for δ15N values (Appendix D1 Table 3). Hierarchical cluster analysis also indicated the presence of 

two groups in the bones of the juvenile seal, with the metatarsal and phalanx grouping separately from the 

rest of the skeleton (Appendix D1 Figure 2). With these bones removed from analysis, stable carbon and 

nitrogen isotope ratios from this animal exhibited a maximum range of 0.6 ‰ for δ13C values and 0.8 ‰ 

for δ15N values within a single replicate analysis. The range of all values across all three replicate 

analyses with these bones removed was 0.8 ‰ for δ13C values and 0.9 ‰ for δ15N values, and the range 

of mean values across all three replicate analyses was 0.4 ‰ for δ13C values and 0.7 ‰ for δ15N values 

(Appendix D1 Table 3).

The stable carbon and nitrogen isotope ratios of the sea otter exhibited a maximum range of 1.9 

‰ for δ13C values and 0.8 ‰ for δ15N values within a single replicate analysis. The range of all values 

across all three replicate analyses was 1.9 ‰ for δ13C values and 0.9 ‰ for δ15N values, and the range of 

mean values across all three replicate analyses was 1.0 ‰ for δ13C values and 0.6 ‰ for δ15N values 

(Appendix D1 Table 4). Hierarchical cluster analysis again indicated the presence of two groups within 
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the sea otter bones; however, this time the scapula and vertebra separated from the rest of the skeleton 

(Appendix D1 Figure 2). With these bones removed from analysis, stable carbon and nitrogen isotope 

ratios from this animal exhibited a maximum range of 0.7 ‰ for δ13C values and 0.4 ‰ for δ15N values 

within a single replicate analysis. The range of all values across all three replicate analyses with these 

bones removed was 1.1 ‰ for δ13C values and 0.5 ‰ for δ15N values, and the range of the mean values 

across all three replicate analyses was 0.3 ‰ for δ13C values and 0.2 ‰ for δ15N values (Appendix D1 

Table 4).

The degree of variability in both δ13C and δ15N values across repeated analyses for some of the 

individual skeletal elements was unexpectedly large. For most elements, this variability was close to 

instrumental error (± 0.2 ‰); however, at least one bone in each of the three skeletons had a standard 

deviation of δ13C or δ15N values of 0.4 ‰ or greater. In the seals, δ15N values tended to be more variable 

across the three replicate analyses (P. hispida: 1 pooled SD = 0.4 ‰; Phoca sp.: pooled SD = 0.4 ‰) than 

δ13C values (P. hispida: 1 pooled SD = 0.2 ‰; Phoca sp.: 1 pooled SD = 0.3 ‰). The opposite was true 

for the sea otter (δ15N: 1 pooled SD = 0.2 ‰; δ13C: 1 pooled SD = 0.4 ‰). There were no obvious 

patterns in which skeletal elements exhibited the most or least variability in δ13C and δ15N values.

Assessment of collagen yield and sample composition indicated good recovery of collagen from 

all bone samples, ranging from 13.9 to 32.1% of dry bone weight (Tables S1-S4). Collagen yield could 

not be accurately calculated for three samples, including two instances where the original vial broke and 

an accurate weight could not be obtained (walrus cranium UAM 3382 and walrus mandible UAM 11699), 

and one instance where some sample was lost during filtering resulting in an artificially low collagen 

yield of 4.7 % (Phoca spp. vertebra - extraction 1). Analysis of sample composition indicated high 

quality collagen was recovered, with weight % C typically ~15 %, weight % N typically ~45 %, and C/N 

ratios ranging from 2.9-3.7 (Tables S1-S4).
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DISCUSSION

Understanding how δ13C and δ15N values vary within the skeletons of individual animals is 

important for appropriate design and interpretation of studies that measure these ratios in bone collagen. 

The results presented here indicate little variability in the stable carbon and nitrogen isotope ratios of bone 

collagen extracted from different elements within the skeletons of individual, free-ranging marine 

mammals. This was especially true of the walrus cranium/mandible pairs, for which the differences in 

δ13C and δ15N values generally fell within the range of EA-IRMS instrument error (± 0.2 ‰). Variability 

among the representative elements of the complete skeletons was somewhat larger, with mean ranges 

exceeding instrument error (though typically remaining <1.0 ‰) and maximum ranges reaching nearly 

2.0 ‰; however, these maximum ranges likely represent the upper end of the variation that can be 

expected within the cortical bone of an individual animal, as they incorporate variability associated with 

collagen extraction and isotope analysis of three separate samples from multiple bones within the 

skeleton.

Intra-skeletal variability in carbon and nitrogen stable isotope ratios in the present study was 

similar to that observed in other studies measuring δ13C and δ15N values of multiple bones from the same 

individual mammals (Table 5). The mean ranges for both δ13C and δ15N values were ≤ 1.2 ‰ in all 

studies, and were most often ≤ 0.6 ‰ (J0rkov et al. 2009; Riofrío-Lazo and Aurioles-Gamboa 2013; 

Olsen et al. 2014; Webb et al. 2016; Cheung et al. 2017, and for data on variability within fish skeletons 

see Guiry et al. 2016). The maximum ranges were much larger, with northern elephant seals (Mirounga 

angustirostris) exhibiting a maximum range of more than 2.5 ‰ between the δ13C values of the mandible 

and maxilla (Riofrío-Lazo and Aurioles-Gamboa 2013), and human (Homo sapiens) femur/rib pairs 

showing a maximum range of δ15N values of more than 2.2 ‰ (J0rkov et al., 2009). This intra-skeletal 

variability in stable isotope ratios likely results from differences in turnover rate of bone tissue within the 

skeleton (Sealy et al. 1995). Bone turnover rate varies with age and bone type (Snyder et al. 1975; 

Klepinger 1984; Libby et al. 1995; Hedges et al. 2007), and is also impacted by the mechanical forces 
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acting on the bone (Marotti 1963). Compact cortical bone turns over much more slowly (humans: 4 % per 

year) than spongy trabecular bone (humans: 28 % per year; Manolagas SC, 2000), thus cortical bone 

isotope ratios represent average diet from up to 25 years, whereas isotope ratios in trabecular bone 

represent diet averaged across the most recent ~3-4 years. It is therefore important to consider which type 

of bone is being sampled for isotopic studies.

Differences in bone turnover rate among skeletal elements may help to explain the systematic 

differences observed within the skeletons of the seals and sea otter used for this study. In rapidly-growing 

mammals, some bones may be characterized by negative allometry, i.e., they grow at a slower rate than 

the skeleton as a whole (Klevezal 1996), thus these bones would be expected to exhibit slower turnover 

than other bones in the skeleton. In both seals, hierarchical cluster analysis grouped the distal limb bones 

(calcaneus, phalanx, metatarsal) separately from the rest of the skeleton (Appendix D1 Figure 2). These 

bones are small and dense relative to much of the skeleton, consisting primarily of cortical bone; 

however, they are also subject to a great deal of mechanical stress as they are used, to some extent, for 

bearing weight on land and as the primary source of propulsion in the water. The impacts of mechanical 

stress on bone turnover rate might help explain why the isotope ratios of these bones differed from those 

of the rest of the skeleton (Marotti 1963). In the sea otter, the scapula and vertebra grouped separately 

from the other bones, with the vertebra showing a large degree of variability in δ13C values among the 

three replicate analyses (Appendix D1 Figure 2). Snyder and colleagues (1975) reported that the vertebra 

exhibits the fastest turnover of any bone in the human skeleton. Vertebrae consist of a large proportion of 

trabecular bone and it can be difficult to sample only cortical bone for collagen extraction. It is possible 

that the three vertebra samples collected from the sea otter contained some trabecular bone (likely in 

different proportions in each sample). This might explain the great degree of variability among the three 

replicate analyses for this element. Similarity in turnover rates for the scapula and the vertebra might 

explain why these elements grouped together; however, this remains uncertain.

It is important to note that for long-lived animals, differences in stable isotope ratios will only 

exist within the skeleton if the animal's diet or location change substantially. Animals eating a 
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monotonous diet will have similar isotope ratios across their skeletons, regardless of bone turnover rate 

(DeNiro and Schoeninger 1983). Differences in stable isotope ratios of collagen from bones with faster or 

slower turnover rates would only be expected to occur if the isotope ratios of the food consumed by the 

animal changed during its life, resulting either from dietary change, geographic movement, or shifting 

isotopic baselines (Newsome et al. 2010). Physiological changes may also impact stable isotope ratios, 

but conditions such as severe nutritional stress, illness, etc., are less likely to last for long enough (years) 

to substantially change bone collagen stable isotope ratios. Stable isotope ratios of bones with different 

turnover rates can thus be used to gain information about changes that occurred within the life of an 

animal. For example, Cox and Sealy (1997) reported substantial differences in δ13C values (up to ~12.0 

‰) and δ15N values (up to ~3.0 ‰) of skeletal elements with slow turnover rates and those with fast 

turnover rates from shipwreck survivors that switched from a primarily terrestrial diet, to one 

incorporating many marine food sources. Lamb et al. (2014) used a similar analysis to reconstruct the diet 

and geographic movements of King Richard III of England. In this study, it is possible that some of the 

variability in δ13C and δ15N values among the bones of the marine mammal skeletons resulted from 

dietary changes or geographic movements. This seems particularly likely for the sea otter, which 

exhibited substantial differences between the stable isotope ratios of the vertebra (rapid turnover rate), 

and bones such as the humerus and femur (slower turn over) (Snyder et al. 1975; Hedges et al. 2007).

Assessment of parameters such as collagen yield and collagen composition is important to 

assuring the quality of stable isotopic data. In this study, collagen yield, weight % C, weight % N, and 

C/N ratios all indicated high quality collagen and variability in these values were not related to observed 

differences in δ13C and δ15N values among replicate analyses or among skeletal elements (Appendix D1 

Tables S1-S4). Measurement of these parameters is particularly important for analyses of specimens from 

zooarchaeological assemblages, as poor preservation and diagenesis may degrade collagen and impact 

stable isotope ratios (Ambrose 1990; van Klinken 1999). Additionally, C/N ratios provide information 

about whether lipids were effectively removed from the sample during collagen extraction. Failure to
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remove lipids from bone will result in more negative δ13C values and may result in underestimation of the

dietary contributions of C4 plants or marine foods (Ambrose 1990).

Whatever the reason for the systematic differences in δ13C and δ15N values observed within the 

skeletons of the seals and sea otter sampled for this study, understanding these differences is important as 

this information might allow researchers to exclude from analysis any bones that are unlikely to be 

representative of the skeleton as a whole. Removal of bones that grouped separately from the rest of the 

skeleton reduced the mean and maximum ranges of δ13C and δ15N values of all three skeletons to ≤ 1.1 ‰ 

(and generally close to ~0.5 ‰).

Investigations of marine mammal skeletal characteristics require special consideration of how 

these animals have adapted to life in aquatic environments, and how these adaptations may affect bone 

structure and growth. For example, the skeleton plays an important role in buoyancy control for marine 

mammals, acting as ballast to offset the positive buoyancy of lipids in the blubber layer, as well as that of 

respiratory air and air trapped in fur (Stein 1989; Fish and Stein 1991; Taylor 1994; Coughlin and Fish 

2009). Walrus skulls and mandibles are composed of very thick, dense bone, which helps them remain in 

a head-down position while foraging in benthic sediments (Fay 1982). Bowhead whales (Balaena 

mysticetus) exhibit extreme pachyostosis during the first year of life (George et al. 2016). This serves both 

to offset the flotation provided by the extremely thick blubber layer present at weaning and to act as 

storage for the materials needed to increase the size of the feeding apparatus by expanding the head and 

baleen rack. As these animals reach maturity, bone density is greatly diminished and continues to decline 

throughout life. Such extreme changes in bone physiology and structure would undoubtedly impact bone 

turnover rate and the length of time represented by stable isotope ratios of bone collagen. Finally, vitamin 

D levels vary greatly among species, and may be very low in marine mammals, such as walruses, that 

forage primarily on benthic invertebrates (Kenny et al. 2004). Vitamin D is important for bone health, and 

deficiency can lead to metabolic bone diseases such as osteoporosis (Holick 2004). For marine mammals 

with low vitamin D levels, the process of bone turnover may be faster than for those animals with higher 

levels such as ringed seals (Kong et al. 2013), which have blubber vitamin D concentrations more than
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100 times greater than those of walruses (Kenny et al. 2004).

CONCLUSIONS

The intra-skeletal variability in δ13C and δ15N values presented here is generally low, falling 

outside analytical error for the skeletons of the seals and sea otter, but typically remaining below 1.0 ‰. 

Variability within the seal skeletons was substantially decreased when distal appendicular elements were 

removed from analysis. We suggest that, when possible, these bones be excluded from stable isotope 

analyses. Similarly, removing the scapula and vertebra resulted in much lower variability within the 

skeleton of the sea otter. These skeletal elements consist of a relatively large proportion of trabecular 

bone, therefore may exhibit higher turnover rates than other skeletal elements. Efforts should be made 

when sampling these bones to collect only cortical bone for collagen extraction. Further study will be 

required to determine if the patterns observed in this study remain consistent across a larger number of 

individuals and among taxonomic groups.
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FIGURES

Appendix D1 Figure 1. Linear regressions of the cranium and mandible δ13C (left) and δ15N (right) values 
of 11 Pacific walruses. High R2 values (≥ 0.90) indicate that δ13C and δ15N values of the one skeletal 
element (cranium/mandible) from an individual walrus can be used to accurately predict the δ13C or δ15N 
values of the other element. Slopes close to one indicate this correlation is approximately 1:1 (dashed 
line) for δ13C and δ15N values.
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Appendix D1 Figure 2. Mean (± 1 SD) δ13C and δ15N (left) values and dendrograms produced from 
hierarchical cluster analysis (right) of representative elements from the skeletons of an adult ringed seal 
(top, n = 10), a juvenile seal of the genus Phoca (middle, n = 9), and an adult sea otter (bottom, n = 8). 
Means and standard deviations were calculated across all extractions and analyses of bone collagen. 
Dashed boxes and colored text on dendrograms indicate separation of groups according to Ward's method 
of hierarchical clustering.

204



TABLES

Appendix D1 Table 1. Stable carbon and nitrogen isotope ratios of crania and mandibles from 11 
walruses. Specimens included both males and females with age classes ranging from neonate to adult 
(Neo = neonate, Juv = juvenile, Adu = adult).

Specimen ID
UA
M

3382

UA 
M 

7277

UAM
1151

2

UAM
1151

3

UAM
1151

7

UAM
1151

9

UAM
1168

4

UAM
1168

9

UAM
1169

9

UAM
1207

9

UAM
1659

3
Age
Class Juv Adu Juv Neo Juv Neo Adu Juv Adu Adu Adu

Cranium 
δ13C (‰) -12.6 -12.9 -12.6 -13.0 -14.0 -12.6 -12.8 -14.2 -13.3 -13.3 -13.7
δ15N (‰) 
Mandibl 
e
δ13C (‰)

11.2 13.0 14.5 14.3 14.0 14.3 12.8 12.4 12.7 12.6 13.4

-12.7 -13.0 -12.6 -12.8 -14.2 -12.1 -13.0 -14.1 -13.4 -13.3 -13.7

δ15N (‰) 11.4 13.2 14.3 14.3 13.6 13.9 12.7 12.8 13.0 12.4 13.2
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Appendix D1 Table 2. Stable carbon and nitrogen isotope ratios for each replicate analysis (Extraction 1, Extraction 2, Extraction 3) of each 
skeletal element (femur, humerus, scapula, innominate, metatarsal, rib, vertebra, mandible, phalanx, calcaneus) of the ringed seal (Pusa hispida). 
Means (± 1 SD) and ranges of δ13C and δ15N values across the three replicate analyses of each bone are presented in the last four columns. Within- 
analysis means (± 1 SD) and ranges of δ13C and δ15N values, both with and without the metatarsal, phalanx, and calcaneus (T, P, C), are presented 
in the last four rows. Overall mean (± 1 pooled SD of all replicate analyses of each element) δ13C and δ15N values for the ringed seal, both with 
and without the metatarsal, phalanx, and calcaneus (T, P, C), are presented in the lower right corner.

Pusa hispida

UAM 16603
Extraction 1 Extraction 2 Extraction 3

Element δ15N δ13C δ15N δ13C δ15N δ13C Mean δ15N Mean d13C δ15N δ13C

(‰) (‰) (‰) (‰) (‰) (‰) (± 1 SD) (± 1 SD) Range Range
Femur 18.4 -15.2 18.0 -15.3 18.3 -15.4 18.2 ± 0.2 -15.3 ± 0.1 0.4 0.2
Humerus 18.1 -15.1 17.6 -15.4 17.9 -15.3 17.9 ± 0.3 -15.3 ± 0.2 0.5 0.3
Scapula 18.2 -15.0 17.7 -15.3 17.8 -16.0 17.9 ± 0.3 -15.4 ± 0.5 0.5 1.0
Innominate 18.4 -15.1 18.0 -15.3 18.3 -15.1 18.2 ± 0.2 -15.2 ± 0.1 0.4 0.2
Metatarsal 19.0 -15.0 18.8 -15.4 19.1 -15.4 19.0 ± 0.2 -15.3 ± 0.2 0.3 0.4
Rib 18.6 -15.6 18.1 -15.3 18.5 -15.3 18.4 ± 0.3 -15.4 ± 0.2 0.5 0.3
Vertebra 18.3 -15.3 18.2 -15.3 18.3 -15.5 18.3 ± 0.1 -15.4 ± 0.1 0.1 0.2
Mandible 18.8 -14.8 18.0 -15.8 18.5 -15.2 18.4 ± 0.4 -15.3 ± 0.5 0.8 1.0
Phalanx 18.9 -14.4 18.3 -15.2 - - 18.6 ± 0.4 -14.8 ± 0.6 0.6 0.8
Calcaneus 18.8 -15.1 18.9 -15.6 18.7 -15.5 18.8 ± 0.1 -15.4 ± 0.3 0.2 0.5
Cranium

Mean (± 1 SD)

Range

18.6 ±
0.3
0.9

-15.1 ± 0.3

1.2

18.2 ±
0.4
1.3

-15.4 ± 0.2

0.6

18.4 ± 0.4

1.3

-15.4 ± 0.3

0.9

Mean δ15N
(± 1 Pooled SD) (

18.4 ± 0.4

Mean δ13C
± 1 Pooled SD)

-15.3 ± 0.3

Mean (± 1 SD) 
w/o T,P,C 
Range w/o
T,P,C

18.4 ±
0.2

0.7

-15.2 ± 0.2

0.8

17.9 ±
0.2

0.6

-15.4 ± 0.2

0.5

18.2 ± 0.3

0.7

-15.4 ± 0.3

0.9

Mean δ15N
(± 1 Pooled SD) (

18.2 ± 0.2

Mean δ13C
± 1 Pooled SD)

-15.3 ± 0.2
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Appendix D1 Table 3. Stable carbon and nitrogen isotope ratios for each replicate analysis (Extraction 1, Extraction 2, Extraction 3) of each 
skeletal element (femur, humerus, scapula, innominate, metatarsal, rib, vertebra, phalanx, cranium) of the juvenile seal (Phoca sp.). Means (± 1 
SD) and ranges of δ13C and δ15N values across the three replicate analyses of each bone are presented in the last four columns. Within-analysis 
means (± 1 SD) and ranges of δ13C and δ15N values, both with and without the metatarsal and phalanx (T, P), are presented in the last four rows. 
Overall mean (± 1 pooled SD of all replicate analyses of each element) δ13C and δ15N values for the ringed seal, both with and without the 
metatarsal and phalanx (T, P), are presented in the lower right corner.

Phoca sp.

UAM 87926
Extraction 1 Extraction 2 Extraction 3

Element
δ15N
(‰)

δ13C

(‰)

δ15N

(‰)

δ13C

(‰)

δ15N

(‰)

δ13C

(‰)
Mean δ15N

(± 1 SD)
Mean d13C
(± 1 SD)

δ15N
Range

δ13C
Range

Femur 17.7 -15.7 17.3 -16.0 17.4 -15.8 17.5 ± 0.2 -15.8 ± 0.2 0.4 0.3
Humerus 17.8 -15.5 17.4 -16.2 17.6 -16.0 17.6 ± 0.2 -15.9 ± 0.4 0.4 0.7
Scapula 17.6 -15.4 17.3 -15.6 17.4 -15.5 17.4 ± 0.2 -15.5 ± 0.1 0.3 0.2
Innominate 17.6 -15.7 17.5 -16.0 17.3 -15.6 17.5 ± 0.2 -15.8 ± 0.2 0.3 0.4
Metatarsal - - 18.0 -16.3 18.4 -16.0 18.2 ± 0.3 -16.2 ± 0.2 0.4 0.3
Rib - - 17.0 -15.9 17.1 -15.9 17.1 ± 0.1 -15.9 ± 0.0 0.1 0.0
Vertebra 17.4 -15.4 17.3 -15.7 17.2 -15.8 17.3 ± 0.1 -15.6 ± 0.2 0.2 0.4
Mandible - - - - - - - - - -
Phalanx 18.3 -15.8 17.9 -16.0 18.4 -15.7 18.2 ± 0.3 -15.8 ± 0.2 0.5 0.3
Calcaneus - - - - - - - - - -
Cranium 17.8 -15.6 17.6 -15.8 17.9 -15.8 17.8 ± 0.1 -15.7 ± 0.1 0.3 0.2

Mean (± 1 SD) 17.7 ±
0.3 -15.6 ± 0.2 17.5 ±

0.3 -15.9 ± 0.2 17.6 ± 0.5 -15.8 ± 0.2 Mean δ15N
(± 1 Pooled SD) (±

17.6 ± 0.4

Mean δ13C
1 Pooled SD)
-15.8 ± 0.2Range 0.9 0.4 1.0 0.7 1.3 0.5

Mean (± 1 SD) 
w/o T,P

17.7 ±
0.2 -15.6 ± 0.1 17.3 ±

0.2 -15.9 ± 0.2 17.4 ± 0.3 -15.8 ± 0.2
Mean δ15N

(± 1 Pooled SD) (±

17.5 ± 0.2

Mean δ13C
1 Pooled SD)

-15.7 ± 0.2Range w/o
T,P 0.4 0.3 0.6 0.6 0.8 0.5
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Appendix D1 Table 4. Stable carbon and nitrogen isotope ratios for each replicate analysis (Extraction 1, Extraction 2, Extraction 3) of each 
skeletal element (femur, humerus, scapula, innominate, metatarsal, rib, vertebra, mandible) of the sea otter (Enhydra lutris). Means (± 1 SD) and 
ranges of δ13C and δ15N values across the three replicate analyses of each bone are presented in the last four columns. Within-analysis means (± 1 
SD) and ranges of δ13C and δ15N values, both with and without the scapula and vertebra (S, V), are presented in the last four rows. Overall mean (± 
1 pooled SD of all replicate analyses of each element) δ13C and δ 15N values for the ringed seal, both with and without the scapula and vertebra (S, 
V), are presented in the lower right corner.

Enhydra lutris

UAM7346
Extraction 1 Extraction 2 Extraction 3

Element
δ15N
(‰)

δ13C
(‰)

δ15N
(‰)

δ13C
(‰)

δ15N
(‰)

δ13C
(‰)

Mean δ15N
(± 1 SD)

Mean d13C
(± 1 SD)

δ15N
Range

δ13C
Range

Femur 11.9 -11.4 12.0 -11.5 11.7 -11.3 11.9 ± 0.2 -11.4 ± 0.1 0.3 0.2
Humerus 12.2 -10.7 12.0 -11.1 12.0 -11.4 12.0 ± 0.1 -11.1 ± 0.4 0.2 0.7
Scapula 12.6 -10.4 12.2 -10.6 12.3 -10.9 12.4 ± 0.2 -10.6 ± 0.3 0.4 0.5
Innominate 12.0 -11.2 12.0 -11.1 12.1 -11.2 12.0 ± 0.1 -11.2 ± 0.1 0.1 0.1
Metatarsal 12.1 -11.1 11.9 -11.8 12.1 -11.5 12.0 ± 0.1 -11.5 ± 0.4 0.2 0.7
Rib 12.0 -10.7 12.0 -11.4 12.1 -11.4 12.0 ± 0.1 -11.2 ± 0.4 0.1 0.7
Vertebra 12.2 -10.3 12.5 -9.9 11.9 -11.2 12.2 ± 0.3 -10.5 ± 0.7 0.6 1.3
Mandible 11.9 -11.0 11.7 -11.5 11.8 -11.6 11.8 ± 0.1 -11.4 ± 0.3 0.2 0.6
Phalanx - - - - - - - - - -
Calcaneus - - - - - - - - - -
Cranium - - - - - - - - - -

Mean (± 1 SD)

Range

12.1 ±
0.2
0.7

-10.9 ±
0.4
1.1

12.0 ±
0.2
0.8

-11.1 ± 0.6

1.9

12.0 ± 0.2

0.6

-11.3 ± 0.2

0.7

Mean δ15N
(± 1 Pooled SD) (±

12.1 ± 0.2

Mean δ13C
1 Pooled SD)
-11.1 ± 0.4

Mean (± 1 SD) 
w/o S,V 
Range w/o 
S,V

12.0 ±
0.1

0.3

-11.0 ±
0.3

0.7

11.9 ±
0.1

0.3

-11.4 ± 0.3

0.7

12.0 ± 0.2

0.4

-11.4 ± 0.1

0.4

Mean δ15N
(± 1 Pooled SD) (±

12.0 ± 0.2

Mean δ13C
1 Pooled SD)

-11.3 ± 0.4



Appendix D1 Table 5. Summary of information from studies that examined δ13C and/or δ15N values in 
multiple skeletal elements from individual animals. Information includes name of reference, species 
studied (human - Homo sapiens, Northern elephant seal - Mirounga angustirostris, domestic pig - Sus 
domesticus, Pacific walrus - Odobenus rosmarus divergens, ringed seal - Pusa hispida, seal species of 
the genus Phoca, and sea otter - Enhydra lutris), skeletal elements used, sample size (n = # of 
individuals), mean range (± 1 standard deviation) of δ13C and δ15N values across all individuals studied, 
and max range of δ13C and δ15N values across all individuals studied.

Mean
(± 1

Range
SD)

Max Range

Reference Species Elements Used n
δ13C

(‰)
δ15N
(‰)

δ13C
(‰)

δ15N
(‰)

J0rkov et al.,
2009 Human Femur, rib 57 0.1 ±

0.1
0.4 ±
0.4

0.5 2.2

Riofrío-Lazo
and Aurioles-
Gamboa, 2013

Northern 
elephant seal Mandible, maxilla 14 1.0 ±

0.6
0.5 ±
0.4

2.7 1.6

Olsen et al.,
2014 Human Fibula, metacarpal, rib 6 0.2 ±

0.1
0.6 ±
0.2 0.3 0.9

Webb et al.,
2016 Pig Femur, rib 48 -

0.3 ±
0.4 - 1.7

Cheung et al.,
2017 Human Femur, fibula 11 1.0 ±

0.8
0.6 ±
0.6 2.3 1.7

Cheung et al.,
2017 Human Femur, radius 6 1.2 ±

0.3
0.5 ±
0.6 1.7 1.6

This study Pacific
walrus Cranium, mandible 11 0.1 ±

0.1
0.2 ±
0.1

0.5 0.4

This study
Ringed seal,
Phoca sp., 
sea otter

Calcaneus, cranium or 
mandible, femur, humerus, 
innominate, phalanx, rib, 

scapula, metatarsal, vertebra

3 0.7 ±
0.3

0.9 ±
0.3 1.0 1.2
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Appendix D1 Table S1. Quality control data for Pacific walrus cranium/mandible pairs, including
collagen yield (percent of original sample mass), sample composition (percent nitrogen and carbon),
carbon/nitrogen ratio, δ15N and δ13C values.

UAM ID Element
Collagen

Yield
(%)

% N % C C/N δ15N (‰) δ13C (‰)

3382 Cranium -- 15.2 43.8 3.4 11.2 -12.6
Mandible 25.6 14.2 40.0 3.3 11.3 -12.1

7277 Cranium 20.0 17.2 47.8 3.2 13.0 -12.9
Mandible 21.8 16.9 45.8 3.2 13.2 -13.0

11512 Cranium 25.6 16.0 44.7 3.3 14.5 -12.6
Mandible 24.4 16.2 45.0 3.3 14.3 -12.6

11517 Cranium 32.1 14.1 38.5 3.2 14.0 -14.0
Mandible 27.0 16.9 46.9 3.2 13.6 -14.2

11519 Cranium 23.3 14.3 39.8 3.2 14.3 -12.6
Mandible 23.6 16.3 46.5 3.3 13.9 -12.1

11684 Cranium 25.6 14.3 39.2 3.2 12.8 -12.8
Mandible 25.8 16.1 44.0 3.2 12.7 -13.0

11689 Cranium 25.9 15.6 44.0 3.3 12.4 -14.2
Mandible 16.6 15.1 41.5 3.2 12.8 -14.1

11699 Cranium 26.9 15.2 44.8 3.4 12.7 -13.3
Mandible -- 15.5 42.6 3.2 13.0 -13.4

12079 Cranium 22.7 13.1 35.9 3.2 12.6 -13.3
Mandible 22.8 12.1 33.4 3.2 12.5 -13.3

16593 Cranium 22.8 16.6 46.5 3.3 13.4 -13.7
Mandible 21.3 16.6 45.6 3.2 13.2 -13.7
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Appendix D1 Table S2. Quality control data for the first collagen extraction and analysis of the
representative elements of seal/sea otter skeletons, including collagen yield (percent of original sample
mass), sample composition (percent nitrogen and carbon), carbon/nitrogen ratio, δ15N and δ13C values.
*Low collagen yield in the vertebra of the Phoca spp. resulted from sample loss during filtering.

Extraction 1

P. hispida Collagen
Yield (%)

%N %C C/N δ15N (‰) δ13C (‰)

Femur 16.7 14.7 42.0 3.3 18.4 -15.2
Humerus 20.6 15.5 44.7 3.4 18.1 -15.1
Scapula 17.4 15.5 44.4 3.3 18.2 -15.0
Innominate 21.5 14.1 39.1 3.2 18.4 -15.1
Metatarsal 21.8 17.1 49.1 3.4 19.0 -15.0
Rib 19.8 11.0 29.9 3.2 18.6 -15.6
Vertebra 20.3 13.8 39.2 3.3 18.3 -15.3
Mandible 17.7 15.8 46.6 3.4 18.8 -14.8
Phalanx 24.7 16.1 45.9 3.3 18.9 -14.4
Calcaneus 21.5 16.1 48.2 3.5 18.8 -15.1

Phoca spp. % Collagen %N %C C/N δ15N (‰) δ13C (‰)
Femur 18.1 15.4 43.5 3.3 17.7 -15.7
Humerus 17.2 15.3 43.0 3.3 17.8 -15.5
Scapula 24.5 12.6 35.4 3.3 17.6 -15.4
Innominate 19.4 16.2 46.5 3.4 17.6 -15.7
Metatarsal -- -- -- -- -- --
Rib -- -- -- -- -- --
Vertebra 4.7* 15.8 45.5 3.4 17.4 -15.4
Mandible 25.0 15.9 46.6 3.4 18.3 -15.8
Phalanx 30.6 9.6 26.6 3.2 17.8 -15.6

E. lutris Collagen
Yield (%) %N %C C/N δ15N (‰) δ13C (‰)

Femur 36.8 6.8 18.8 3.2 11.9 -11.4
Humerus 13.9 16.5 47.3 3.3 12.2 -10.7
Scapula 21.8 16.0 45.2 3.3 12.6 -10.4
Innominate 22.8 15.3 43.1 3.3 12.0 -11.2
Metatarsal 23.5 15.0 43.4 3.4 12.1 -11.1
Rib 26.8 14.8 41.7 3.3 12.0 -10.7
Vertebra 24.3 16.2 46.0 3.3 12.2 -10.3
Mandible 15.9 16.3 47.0 3.4 11.9 -11.0
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Appendix D1 Table S3. Quality control data for the second collagen extraction and analysis of the
representative elements of seal/sea otter skeletons, including collagen yield (percent of original sample
mass), sample composition (percent nitrogen and carbon), carbon:nitrogen ratio, δ15N and δ13C values.

Extraction 2

P. hispida Collagen
Yield (%)

%N %C C/N δ15N (‰) δ13C (‰)

Femur 18.4 10.8 30.2 3.3 18.0 -15.3
Humerus 17.7 14.4 40.2 3.3 17.6 -15.4
Scapula 20.4 11.8 32.2 3.2 17.7 -15.3
Innominate 23.4 15.3 41.5 3.2 18.0 -15.3
Metatarsal 29.7 13.7 37.2 3.2 18.8 -15.4
Rib 27.6 12.0 32.4 3.1 18.1 -15.3
Vertebra 17.2 13.4 37.1 3.2 18.2 -15.3
Mandible 24.2 17.0 47.5 3.3 18.0 -15.8
Phalanx 27.1 9.7 25.7 3.1 18.3 -15.2
Calcaneus 24.8 13.0 37.4 3.4 18.9 -15.6

Phoca spp. Collagen
Yield (%)

%N %C C/N δ15N (‰) δ13C (‰)

Femur 16.4 15.3 42.1 3.2 17.3 -16.0
Humerus 21.1 15.3 43.6 3.3 17.4 -16.2
Scapula 23.8 16.2 44.8 3.2 17.3 -15.6
Innominate 22.6 15.4 42.4 3.2 17.5 -16.0
Metatarsal 26.4 14.1 40.3 3.3 17.9 -16.3
Rib 26.0 16.9 46.2 3.2 17.0 -15.9
Vertebra 20.5 16.6 45.6 3.2 17.3 -15.7
Mandible 28.0 15.4 42.9 3.2 17.9 -16.0
Phalanx 24.8 15.7 43.3 3.2 17.6 -15.8

E. lutris Collagen
Yield (%)

%N %C C/N δ15N (‰) δ13C (‰)

Femur 17.0 15.3 42.2 3.2 12.0 -11.5
Humerus 15.6 16.5 45.3 3.2 12.0 -11.1
Scapula 27.1 16.4 44.8 3.2 12.2 -10.6
Innominate 24.9 13.3 36.6 3.2 12.0 -11.1
Metatarsal 26.1 16.1 45.4 3.3 11.9 -11.8
Rib 24.2 16.5 45.3 3.2 12.0 -11.4
Vertebra 23.1 16.2 44.7 3.2 12.5 -9.9
Mandible 28.3 11.2 31.5 3.3 11.7 -11.5
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Appendix D1 Table S4. Quality control data for the third collagen extraction and analysis of the
representative elements of seal/sea otter skeletons, including collagen yield (percent of original sample
mass), sample composition (percent nitrogen and carbon), carbon:nitrogen ratio, δ15N and δ13C values.

Extraction 3

P. hispida Collagen
Yield (%)

%N %C C/N δ15N (‰) δ13C (‰)

Femur 18.5 13.5 35.3 3.1 18.3 -15.4
Humerus 18.1 15.7 40.5 3.0 17.9 -15.3
Scapula 20.6 15.5 40.1 3.0 17.8 -16.0
Innominate 23.8 16.3 42.4 3.0 18.3 -15.1
Metatarsal 26.3 13.2 37.2 3.3 19.1 -15.4
Rib 24.0 14.1 39.9 3.3 18.5 -15.3
Vertebra 18.1 15.2 44.4 3.4 18.3 -15.5
Mandible 22.0 12.7 37.8 3.5 18.5 -15.2
Phalanx -- -- -- -- -- --
Calcaneus 21.6 15.2 43.7 3.3 18.7 -15.5

Phoca spp. Collagen
Yield (%)

%N %C C/N δ15N (‰) δ13C (‰)

Femur 19.4 16.4 40.9 2.9 17.4 -15.8
Humerus 23.5 14.7 36.5 2.9 17.6 -16.0
Scapula 16.9 17.2 42.5 2.9 17.4 -15.5
Innominate 23.5 17.3 43.7 2.9 17.3 -15.6
Metatarsal 26.2 14.8 37.5 3.0 18.4 -16.0
Rib 19.8 15.5 43.8 3.3 17.1 -15.9
Vertebra 19.5 16.5 46.1 3.3 17.2 -15.8
Mandible 28.2 15.3 47.0 3.6 18.4 -15.7
Phalanx 21.2 15.7 43.3 3.2 17.9 -15.8

E. lutris Collagen
Yield (%)

%N %C C/N δ15N (‰) δ13C (‰)

Femur 21.4 16.9 45.0 3.1 11.7 -11.3
Humerus 22.4 17.1 45.1 3.1 12.0 -11.4
Scapula 26.2 17.0 46.3 3.2 12.3 -10.9
Innominate 26.0 15.3 41.3 3.1 12.1 -11.2
Metatarsal 26.0 15.2 44.8 3.4 12.1 -11.6
Rib 26.6 16.4 48.4 3.4 12.1 -11.4
Vertebra 18.4 16.0 50.4 3.7 11.9 -11.2
Mandible 19.8 14.9 43.6 3.4 11.8 -11.6

213



Appendix E1) Letter of authorization from the USFWS

United States Department of the Interior
FISH AND WILDLIFE SERVICE

1011 E. Tudor Road
Anchorage, Alaska 99503-6199AFES/MMM

Ms. Lara IkHMtrriann-Dchn, Ph.D.Assistant Professor of Marine BiologySchool Of Fisheries and Ocean Sciences JUL 30 2013University of Alaska FairbanksPO Box 757220Fairbanks, Alaska 99775-7220Dear Dr. Horstmann-Dehn:Thank you for your request of July 18, 2013, seeking authorization to collect, receive, or transport biological samples from Pacific walruses (Odobenus rosmarus divergens) which have been legally harvested by Alaska Native subsistence hunters. We are pleased to support your five year research project titled “Walrus Adaptability and Long-term Responses: Using Multi- proxy Data to Project Sustainability.”By this letter, and in accordance with Federal regulations at 50 CFR 18.23(b)(2), we hereby extend to you and your team, in your capacity with the State of Alaska's University of Alaska, Fairbanks, authorization for calendar years 2013 - 2017 to collecι, receive, or transport the following biological specimens (bone, teeth, whiskers, liver, blubber, skin, and muscle) from Pacific walrus on behalf ot the U.S. Fish and Wildlife Service (Service), with the following terms and conditions:1. Biological samples may only be transferred to the Service, or to Institutions/researchers authorized by the Service. Please consult with the Service prior to transferring any biological samples.2. You may not provide compensation, monetary or otherwise, to subsistence hunters in the course of sample collection activities.3. Please consult with the Eskimo Walrus Commission prior to initiating sample collection activities for subsistence harvested walruses.4. To ensure coordination wiιh existing biological sampling programs, as well as other ongoing investigations, please contact Mr. Jonathan Snyder ((907) 786-3819) of the Service, Marine Mammals Management Office (MMM) staff prior to initiating your sampling effort.5. Prior to January 31, of years 2014 - 2018, you must submit to the Service, MMM a report that provides: the number of sampled animals; a description of each sampled animal, including location, sex, age, and cause of death; and a description of the number and tyρe of samples collected and their disposition.
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