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A B S T R A C T

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 as-
sumption 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) within the skeletons of in-
dividual marine mammals to determine whether any systematic differences in δ13C and δ15N exist among
skeletal elements. We measured δ13C and δ15N 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 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.

1. 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 re-
constructed 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 an-
imal parts commonly recovered from archaeological and paleontolo-
gical 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 pa-
leoecology, relatively little work has been done to investigate the de-
gree to which stable isotope ratios vary within the skeletons of in-
dividual 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 DeNiro and Schoeninger (1983). De-
cisions about which skeletal elements to use for stable isotope analysis
are typically driven by the availability and preservation of elements
within an assemblage (Jørkov et al., 2009); however, if systematic
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differences in stable isotope ratios do exist within the skeletons of in-
dividual animals, these differences are important to consider when se-
lecting elements for analysis and reconstructions.

The purpose of this study was to quantify variability of stable iso-
tope 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 varia-
bility within the skeletons of individual animals, as well as the identi-
fication of systematic differences in stable carbon and nitrogen isotope
ratios among skeletal elements, will improve future studies by pro-
viding researchers with a better understanding of intra-skeletal stable
isotope variability. Furthermore, these data will allow for the exclusion
of skeletal elements that are not representative of the entire skeleton.

2. Materials and 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 ju-
venile 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 ac-
cording to the methods described by Misarti et al. (2009), as 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 com-
ponent 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 re-
move 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 in-
corporate some of the variability in stable isotope ratios of collagen
within each bone. Replicate subsamples were taken from locations di-
rectly 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 ex-
tracted 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 Delta V mass spectrometer. Stable
isotopic compositions were calibrated relative to Vienna Pee Dee
Belemnite and atmospheric nitrogen gas (air) scales using USGS40 and
USGS41. Results were reported in parts per thousand (‰) using δ no-
tation. 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 de-
termined to be± 0.2‰ for both δ13C and δ15N, 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, 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.

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 clus-
tering, an agglomerative method that generates clusters based on
smallest squared Euclidean distances between cluster centers. All sta-
tistical analyses were conducted using R version 3.2.3 (R Core Team,
2014) with RStudio version 1.0.136 (RStudio Team, 2015).

3. 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 (Fig. 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 and 0.4‰ for δ15N
(Table 1).

Variability in δ13C and δ15N was low across multiple skeletal ele-
ments 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 and 0.9 ± 0.4‰ for δ15N. Stable
carbon and nitrogen isotope ratios from all ringed seal elements ex-
hibited a maximum range of 1.2‰ for δ13C and 1.3‰ for δ15N within a
single replicate analysis. The range of all values across all three re-
plicate analyses was 1.6‰ for δ13C and 1.5‰ for δ15N, and the range of
the mean values of the three replicate analyses was 0.6‰ for δ13C and
1.1‰ for δ15N (Table 2). Hierarchical cluster analysis indicated the
presence of two groups within the ringed seal bones, with the meta-
tarsal, phalanx, and calcaneus grouping separately from the rest of the
bones in the skeleton (Fig. 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 and 0.8‰ for δ15N 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,
and the range of mean values across all three replicate analyses was
0.2‰ for δ13C and 0.5‰ for δ15N (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 and
1.3‰ for δ15N within a single analytical replicate analysis. The range of
all values across all three replicate analyses was 0.9‰ for δ13C and
1.4‰ for δ15N, and the range of the mean values across the three re-
plicate analyses was 0.6‰ for δ13C and 1.2‰ for δ15N (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 (Fig. 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 and
0.8‰ for δ15N within a single replicate analysis. The range of all values
across all three replicate analyses with these bones removed was 0.8‰
for δ13C and 0.9‰ for δ15N, and the range of mean values across all
three replicate analyses was 0.4‰ for δ13C and 0.7‰ for δ15N
(Table 3).
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The stable carbon and nitrogen isotope ratios of the sea otter ex-
hibited a maximum range of 1.9‰ for δ13C and 0.8‰ for δ15N within a
single replicate analysis. The range of all values across all three re-
plicate analyses was 1.9‰ for δ13C and 0.9‰ for δ15N, and the range of
mean values across all three replicate analyses was 1.0‰ for δ13C and
0.6‰ for δ15N (Table 4). Hierarchical cluster analysis again indicated
the presence of two groups within the sea otter bones; however, this
time the scapula and vertebra separated from the rest of the skeleton
(Fig. 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 and 0.4‰ for δ15N within a single replicate analysis. The
range of all values across all three replicate analyses with these bones
removed was 1.1‰ for δ13C and 0.5‰ for δ15N, and the range of the
mean values across all three replicate analyses was 0.3‰ for δ13C and
0.2‰ for δ15N (Table 4).

The degree of variability in both δ13C and δ15N 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 of 0.4‰ or greater. In the
seals, δ15N tended to be more variable across the three replicate ana-
lyses (P. hispida: 1 pooled SD = 0.4‰; Phoca sp.: pooled SD = 0.4‰)
than δ13C (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 varia-
bility in δ13C and δ15N.

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).

4. Discussion

Understanding how δ13C and δ15N vary within the skeletons of in-
dividual animals is important for appropriate design and interpretation
of studies that measure these ratios in bone collagen. The results pre-
sented 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 generally fell within the range of EA-IRMS
instrument error (± 0.2‰). Variability among the representative

Fig. 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 of the other element. Slopes close to one indicate this correlation is
approximately 1:1 (dashed line) for δ13C and δ15N.

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).

Age class

Specimen ID

UAM 3382 UAM 7277 UAM 11512 UAM 11513 UAM 11517 UAM 11519 UAM 11684 UAM 11689 UAM 11699 UAM 12079 UAM 16593

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 (‰) 11.2 13.0 14.5 14.3 14.0 14.3 12.8 12.4 12.7 12.6 13.4

Mandible
δ13C (‰) −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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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 of multiple bones from the same individual
mammals (Table 5). The mean ranges for both δ13C and δ15N were
≤1.2‰ in all studies, and were most often ≤0.6‰ (Jørkov 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) ex-
hibiting a maximum range of> 2.5‰ between the δ13C of the mand-
ible and maxilla (Riofrío-Lazo and Aurioles-Gamboa, 2013), and human
(Homo sapiens) femur/rib pairs showing a maximum range of δ15N
of> 2.2‰ (Jørkov 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 me-
chanical forces 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, 2000), thus cor-
tical 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) sepa-
rately from the rest of the skeleton (Fig. 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 among the three replicate analyses (Fig. 2). Snyder
et al. (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 ele-
ment. Similarity in turnover rates for the scapula and the vertebra
might explain why these elements grouped together; however, this re-
mains 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 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 turnoverTa
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Fig. 2. Mean (± 1 SD) δ13C and δ15N (left) 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.
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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 (up to
~12.0‰) and δ15N (up to ~3.0‰) of skeletal elements with slow
turnover rates and those with fast turnover rates from shipwreck sur-
vivors that switched from a primarily terrestrial diet, to one in-
corporating many marine food sources. Lamb et al. (2014) used a si-
milar analysis to reconstruct the diet and geographic movements of
King Richard III of England. In the present study, it is possible that some
of the variability in δ13C and δ15N among the bones of the marine
mammal skeletons resulted from dietary changes or geographic move-
ments. 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 among replicate ana-
lyses or among skeletal elements (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 col-
lagen extraction. Failure to 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
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 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 re-
spiratory 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 pre-
sent at weaning and to act as storage for the materials needed to in-
crease 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 turn-
over may be faster than for those animals with higher levels such as
ringed seals (Kong et al., 2013), which have blubber vitamin D con-
centrations> 100 times greater than those of walruses (Kenny et al.,
2004).

5. Conclusions

The intra-skeletal variability in δ13C and δ15N 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 ap-
pendicular 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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