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ABSTRACT
Stable isotope data from durable, sequentially grown tissues (e.g.
hair, claw, and baleen) is commonly used for modelling dietary
niche breadth. The use of tissues grown over multiple months to
years, however, has the potential to complicate isotopic niche
breadth modelling, as time-averaged stable isotope signals from
whole tissues may obscure information available from
chronologically resolved stable isotope signals in serially sectioned
tissues.

We determined if whole samples of brown bear guard hair
produced different isotopic niche breadth estimates than those
produced from subsampled, serially sectioned samples of the
same tissue from the same set of individuals. We sampled guard
hair from brown bears (Ursus arctos) in four regions of Alaska with
disparate biogeographies and dietary resource availability. Whole
hair and serially sectioned hair samples were used to produce
paired isotopic dietary niche breadth estimates for each region in
the SIBER Bayesian model framework in R.

Isotopic data from serially sectioned hair consistently produced
larger estimates of isotopic dietary niche breadth than isotope
data from whole hair samples. Serial sampling captures finer-scale
changes in diet and when cumulatively used to estimate isotopic
niche breadth, the serially sampled isotope data more fully
captures dietary variability and true isotopic niche breadth.
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1. Introduction

Stable isotope analysis (SIA) of animal tissues is a commonly used method to generate
data for studying dietary ecology. Stable isotope data can be used to infer diet from the
individual level up to the population level [1,2] and has been used to study diet across a
diverse spectrum of taxa [3–5]. Durable, sequentially grown tissues are particularly
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valuable for diet inference studies. Keratinous tissues (e.g. hair, claw, and baleen) are com-
monly used for this purpose [6–9] because they are inert and are not biologically modified
over time [10,11]. Keratinous tissues therefore preserve stable isotope information about
physiology and assimilated diet. Sequentially grown tissues can be serially sampled,
meaning that they can be divided into smaller pieces or sections and the individual sec-
tions can be analyzed to understand the consumer’s diet at a smaller time scale than the
growth period of the whole sample. Serial sampling of keratinous tissues has been used to
help understand diet in hard to sample wild animals that range over inaccessible terrain or
in the open ocean for hundreds to thousands of kilometers [9,12,13].

Stable isotope data are also frequently used to estimate dietary niche breadth [1,14,15].
Dietary niche breadth is a measure of an individual’s or population’s diversity of dietary
sources. Consumers with a narrow dietary niche may have a very specialized diet or
may utilize a single species or resource for their nutritional needs, while consumers with
a broad dietary niche may have a broad range of potential dietary items and display flexi-
bility in foraging ecology [16,17]. While this idea is easy to conceptualize, quantitative
measures of niche breadth can be difficult to generate [18].

Durable, sequentially grown tissues (i.e. hair, claw, baleen, whiskers) have great potential
for use in isotopic dietary niche breadth modelling. However, the long growth period of
durable tissue, such as hair, introduces potential bias into isotopic dietary niche breadth
models depending on whether the tissue is sampled serially or not. In the case that an
animal’s diet composition changes through time, a portion or section of the sequentially
grown sample representing the desired time frame of dietary incorporationmay be analyzed
to infer diet. For example, one centimetre ofwhisker represents ten days ofwhisker growth in
the early stages of whisker development in northern elephant seals (Mirounga angustirostris)
[11]. If, on the other hand, thewhole sample (i.e. a full hair) is analyzed and thedata is used in a
dietary niche breadth model, then information about changes in diet through time may be
lost or obscured. A simple theoretical example would be an individual that undergoes a sea-
sonal dietary switch halfway through the time of hair growth fromprimarily eating a diet item
with a δ15N value near 0‰ to eating a diet item with a δ15N value near 10‰. If a whole hair
sample from this individual were analyzed, it would yield a value of approximately 5 ‰ or
even lower due to the lag of isotope incorporation associated with hair growth [19]. When
scaled to a larger group of individuals, the estimate of niche breadth from whole hair
samples would be narrower than the niche from sectioned hair data.

If a consumer has a narrow dietary niche breadth and a consistent diet through the
entire period of tissue growth, then a sequentially grown tissue such as hair may give com-
parable estimates of isotopic niche breadth when analyzed whole or when analyzed in
segments. There seems to be no chance of overestimating isotopic niche breadth when
analyzing whole tissue samples. However, in many cases for consumers with large isotopic
dietary niches and temporally variable diet, niche breadth estimates generated from
whole tissues have the potential to underestimate niche breadth compared to estimates
made from the total pool of data generated from serially sectioned analysis of the same
tissue (i.e. all of the data from individual segments as separate samples used to create
an isotopic niche breadth estimate). Few if any studies to date have determined if using
sectioned analysis of inert, sequentially grown tissues improves dietary niche breadth
modelling resolution when compared to the results of whole samples.
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The brown bear (Ursus arctos) is an excellent test species for investigating potential bias
in isotopic niche breadth modelling based on sequentially grown tissues because it is
omnivorous, many of its diet items are isotopically distinct, and it has significant seasonal
changes in diet composition [20,21]. Our study examines differences in dietary niche
breadth estimates based on stable isotope ratios of carbon and nitrogen of whole
versus sectioned brown bear hair tissue. We determined paired diet niche breadth esti-
mates for Alaskan brown bears using both whole and sectioned hair analyses in order
to answer the following question: Does the use of serially sectioned hair isotope data
produce a different estimate of dietary niche breadth compared to whole hair isotope
data from the same bears? We hypothesized that sectioned analysis of brown bear
guard hair will produce larger niche breadth estimates than niche breadth estimates
from whole hairs and will better capture the true range of resource use in this species.

2. Methods

2.1. Study area and population descriptions

Adult brown bears were captured (n = 126) at Gates of the Arctic National Park and Pre-
serve (GAAR), Lake Clark National Park and Preserve (LACL), Katmai National Park and

Figure 1. National park and preserve & wildlife refuge study areas; Gates of the Arctic NPP (GAAR), Lake
Clark NPP (LACL), Katmai NPP (KATM) and Kodiak NWR (KOD). This figure is reproduced from the Hil-
derbrand et al. [22] study of the same populations.
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Preserve (KATM), and in the Kodiak National Wildlife Refuge (KOD) in Alaska from 2014 to
2016 (Figure 1). Bear samples used for this study were captured either in the early part of
the active season (April–May) when whole hair samples from the previous year’s growth
were still available or in the fall (October) when full hairs from the same year’s growth
were available. These sites represent a wide range of bioclimatic regions and prey resource
bases and have been previously described in [22]. Bears in GAAR within the central Brooks
Range experience an Arctic climate with long winters, short growing seasons, sub-freezing
annual mean temperatures, and inhabit primarily alpine tundra or barren ground land-
scapes with relatively low productivity [23,24]. Vegetation is a main diet item for GAAR
bears, and access to salmon or other fish resources are not as abundant as in the more
southern coastal areas of Alaska. LACL and KATM are situated in near proximity to each
other in coastal southcentral Alaska but have somewhat differing climatology, geography,
and resources. The LACL region is geographically divided north to south by the Chigmit
Mountains. The western region of LACL, where the samples for this study were taken,
has a more interior-like climate and geography, with deciduous and coniferous forests
and a variety of shrub and grass communities [25]. The study region in KATM is more con-
centrated and is primarily centered on the eastern coast. The climate in both LACL and
KATM is more moderate than in GAAR, with an annual temperature range from −11 °C
in January to +13 °C in July [26] and an annual mean temperature near 2–3 °C [27].
Bears in LACL have access to a variety of forage resources, including dense vegetation
such as sedges and fruit-bearing plants, large runs of multiple Pacific salmon species
(Oncorhynchus spp., hereafter salmon), primarily sockeye salmon (Oncorhynchus nerka)
from the Bristol Bay region throughout the summer and fall, and multiple ungulate
species in the interior [22]. The bears of the KATM coast have access to a similar range
of vegetation and salmon resources, with the additional possibility of shellfish and
other marine resources in the intertidal zones. Because of these ample resources, KATM
is home to one of the highest densities of brown bears in the world [28].

KOD is on Kodiak Island in the Gulf of Alaska. The area has a mixed coastal temperate
and sub-arctic maritime climatic regime of moderate annual mean temperatures, variable
weather due to topographic gradients, and high annual precipitation [29]. Kodiak supports
a high diversity of plant resources including shrub–grass–forb complexes, moist tundra,
alpine and nearshore marine vegetation [30]. Sitka black-tailed deer (Odocoileus hemionus
sitkensis) are the most abundant terrestrial meat source. Kodiak has runs of five species of
Pacific salmon throughout the summer and fall that support bear growth to masses rarely
seen elsewhere [31,32].

2.2. Bear capture & sampling

During bear captures, an immobilizing drug was used (Telazol®[tiletamine hydrochloride
and zolazepam hydrochloride], Fort Dodge Animal Health, Overland Park, Kansas) and
delivered via a dart system fired from a helicopter [33]. Samples were collected using pro-
tocols approved by the U.S. Geological Survey (USGS), Alaska Science Center, Institutional
Animal Care and Use Committee (Assurance # 298739-2) as described in [22]. Guard hair
samples (complete with root) were collected between the shoulder blades with pliers and
were stored in a −20 °C freezer until analysis. Samples were collected from the same
location on each bear to minimize variability in hair length between individuals, due to
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the fact that guard hair length, and potentially hair growth rate, varies depending on
location on the body [34]. Exact growth rates of brown bear hair have not been well quan-
tified but have been estimated in the range of 1–2 cm per month for well-nourished bears
(G. Hilderbrand pers. comm.)

Hair samples were processed using methods employed in previous stable isotope
studies of mammalian and bear hair [35–38]. Hair samples were washed overnight in a
2:1 chloroform–methanol solution to remove any surficial contaminants, rinsed in
purified and deionized water, and oven-dried at 50 °C for 24 hours. Whole hair samples
were packed into 3.5 × 5 mm tin sample cups (Costech, Valencia, CA). For the sectioned
hair analysis, individual hair shafts were divided into 2-cm sections using a surgical
grade steel razor blade starting from the proximal section (i.e. root) of the hair. On
average, guard hairs were approximately 8–10 cm long, which yielded 4–5 segments for
most bears. Only hairs with an intact follicle were used to be certain that the base of
the hair was represented. Segments were pooled from approximately 6–8 hairs for each
2-cm section within an individual bear. All segments from the same distance from the
root were packed into a tin sample cup to obtain sufficient material for analysis
(∼1 mg). All samples were weighed on a Sartorius ME5 microbalance (Sartorius AG, Goet-
tingen, Germany).

2.3. Stable isotope analysis

Hair samples were analyzed for relative abundance of stable isotopes of carbon and nitro-
gen (expressed as δ13C and δ15N, respectively) using a Costech ECS 4010 elemental ana-
lyzer (Costech, Valencia CA) in line with a ThermoFinnigan DeltaPlus XP continuous-flow
isotope ratio mass spectrometer (CF-IRMS; Thermo Scientific, Bremen, Germany).
Measured δ13C and δ15N values obtained from hair sample analysis were scale-calibrated
on the basis of contemporaneously analysed isotope reference materials of accepted δ

values relative to the appropriate reference scale acting as scale anchors. The isotope refer-
ence materials used were supplied by the International Atomic Energy Agency (IAEA-N-1,
δ15N = 0.4 ± 0.2 ‰; IAEA-CH-7, δ13C =−32.151 ± 0.050 ‰; IAEA-CH-3, δ13C =−24.724 ±
0.041 ‰) and the United States Geological Survey (USGS25, δ13C =−34.58 ± 0.06 ‰,
δ15N =−0.94 ± 0.16 ‰; USGS40, δ13C =−26.389 ± 0.042 ‰, δ15N =−4.5 ± 0.1 ‰;
USGS41, δ13C = +37.626 ± 0.049 ‰, δ15N = 47.6 ± 0.2 ‰;). Internal laboratory standards
were included with all samples as quality controls; all error data are SD (purified methion-
ine, Alfa Aesar, δ13C =−34.58 ± 0.06 ‰, δ15N =−0.94 ± 0.16 ‰; homogenized Chinook
salmon muscle, UAA Stable Isotope Lab, δ13C =−19.27 ± 0.05 ‰, δ15N = 15.56 ± 0.13
‰). Long-term records of internal standards yield an analytical precision (standard devi-
ation) of 0.11 and 0.12‰ for δ13C and for δ15N, respectively. Relative stable isotope abun-
dance values are reported in δ notation and are given as per mil values (‰.)

2.4. Isotopic niche breadth modelling

Isotopic niche breadth was modelled using a Bayesian framework employing an ellipse-
based approach in the Stable Isotope Bayesian Ellipses in R (SIBER) package [15] in R
[39]. Metrics of isotopic niche breadth were generated for all bears from both segmented
and whole hair data. The same metrics were then generated for each site to determine
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site-specific comparisons of niche breadth for whole and sectioned hair data. For each
analysis, SIBER generated the Bayesian Standard Ellipse Area (SEAb), an estimate of isotopic
niche generated by running 100,000 Markov-chain Monte Carlo iterations and generating
a 95% credible interval (CI) for SEAb. The isotopic niche generated by whole and segmen-
ted hair samples for the entire population or individual sites were determined to be sig-
nificantly different when the 95% CIs did not overlap (α = 0.05).

The experimental design of this study does not necessarily have to meet some of the
same criteria required of isotopic diet studies in wild populations. Primary among these is
the need to establish an isotope baseline in the system. This study does not necessitate the
determination of an isotope baseline across or within populations. The primary purpose of
this work is the comparison of niche breadth estimates from the same sample analyzed in
two different ways, sectioned versus whole, at the population level and at the regional
level. The isotope baseline is the same for sectioned versus whole samples for each of
the pairwise comparisons of niche breadth estimates, since the hair samples come from
the same bears in the same location at the same time. Another factor that affects SIA
studies in wild populations but does not apply to this study is growth rate of the sequen-
tially grown tissue. Understanding growth rate is vital to knowing the timeframe over
which a tissue is constructed and therefore understanding the timeframe of dietary incor-
poration into a tissue. However, we are comparing pairs of samples that were grown at the
same rate, since each pair is from the same bear at the same time, and our pairwise com-
parisons of niche breadth are valid regardless of growth rate.

3. Results

3.1. Bear capture and stable isotope analysis

We captured and obtained hair samples from 131 individual bears for isotope analysis.
Whole hair specimen isotope values spanned approximately 10‰ in δ15N (3.6–13.7 ‰)
and 5‰ in δ13C (−18.1 to −23.0‰). The sectioned hair isotope values varied substantially
more, spanning 15.3‰ in δ15N (0.6–15.9‰) and 9.3‰ in δ13C (−14.9 to −24.2‰; Table
1). Sectioned hair samples also showed a large degree of heterogeneity in the pattern of
isotope values along the shaft for both individual bears and at the population level. Mean
δ15N values for each section at each site and three individual bears’ sectioned hair results
are shown as examples in Figure 2. Some individuals had consistent isotope values along
the entire hair shaft, both at the high and low end of observed isotope values. Other

Table 1. Isotope variability within hair sections across sites. The given N is for the number of discrete
hair sections sampled at each site, not the number of individual bears. The degree of variability within
hair samples is a metric of the degree of diet variability within individuals and across sites. Site
abbreviations are as follows: Gates of the Arctic NP – GAAR; Katmai NP – KATM; Lake Clark NP –
LACL; Kodiak NWR – KOD.

δ15N (‰) δ13C (‰)

Site N Mean Max Min Mean Max Min

GAAR 382 5.56 14.73 1.08 −21.98 −17.36 −23.92
KATM 168 7.69 15.94 0.61 −20.49 −14.94 −24.22
LACL 227 8.72 15.55 1.10 −20.57 −17.11 −24.15
KOD 95 12.03 15.31 2.00 −18.77 −16.69 −23.55
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Figure 2. Examples of sectioned hair results across sites and from individual bears. Hair near the root is
the most recently grown and represents late fall foraging, while hair farthest from the root represents
spring to early summer foraging. Bears across all sites showed a general trend of relative 15N enrich-
ment near the root but at differing magnitudes; KOD bear hair remained more enriched throughout the
active season of hair growth. All individual bears were sampled at LACL in 2014, demonstrating
different patterns of resource use within a site and year. Individual 1 has consistently high δ15N in
hair, likely indicating reliance on salmon. Individual 2 has a varied δ15N indicating a changing seasonal
pattern of resource use. Individual 3 has consistently low δ15N indicating a likely reliance on vegetation.
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individuals had variable patterns of relative isotope enrichment and depletion along the
hair shaft. Multiple individuals had a range of values (2.6–14.5 ‰ δ15N) along the hair
shaft that were nearly as large as the range among all bears analyzed.

3.2. Isotopic dietary niche breadth estimates

For all bears pooled together across sites the dietary niche breadth estimates produced by
sectioned hair samples was significantly larger than that produced from whole hair
samples (Table 2). For each site, the mean dietary niche breadth estimate derived from sec-
tioned hair data was larger than the estimate derived from whole hair data (Table 2), but
the difference was only significant at GAAR and KATM. An example of the SEAc ellipses
generated for KATM bears are shown in Figure 3. The dietary niche breadth of bears
from KATM and LACL derived from sectioned hair samples was nearly as large as the
dietary niche breadth for the entire set of bears. Niche breadth areas determined for
GAAR and KOD were significantly smaller (α = 0.05, p < 0.01).

4. Discussion

The use of stable isotope data from serially sectioned bear hair generated significantly
larger estimates of isotopic niche breadth than whole hair data and gave a more accurate
estimation of true isotopic niche breadth. This was true for the total sampled population
and for half of the site-level analyses (Table 2). The overall population of bears sampled in
this study occupy a wide range of habitats and have a correspondingly large range of
potential diet items that span multiple trophic levels, from a variety of vegetation types
such as sedges and berries, to intertidal invertebrates, multiple species of salmon, and ter-
restrial ungulates [24,31]. Furthermore, many of these diet items have varying seasonal
abundance and availability. Our results show that the dietary variability which is captured
by sectional analysis of hair is not replicated by analyzing whole hairs.

In all regions, the sectioned hair isotope data yielded larger mean estimates of isotopic
niche breadth than the whole hair isotope data, and at two of the sites (GAAR and KATM)
the difference was statistically significant. Two of the sites (GAAR and KOD) had relatively
smaller isotopic niche breadth estimates compared to the others (LACL and KATM).
Despite the bears at these two sites having a smaller breadth of resource use, the sec-
tioned hair analysis still managed to capture more of the intra-site dietary variability.

Table 2. Results of dietary niche breadth modelling. Values represent the area encompassed by the
isotopic niche breadth Bayesian ellipse generated in SIBER using whole and sectioned hair data.
Starred populations indicate significant differences between sectioned and whole hair estimate of
SEAb (α = 0.05, p < 0.01).

Isotopic dietary niche breadth (‰)

All Bears* GAAR* KATM* LACL KOD

Sectioned hair 95% CI Upper 8.56 5.90 10.03 9.52 4.09
Mean 8.02 5.35 8.60 8.32 3.30
95% CI Lower 7.49 4.83 7.38 7.33 2.73

Whole hair 95% CI Upper 6.81 4.73 7.14 9.35 3.65
Mean 5.81 3.71 4.53 7.02 2.12
95% CI Lower 5.02 2.95 3.03 5.29 1.34
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Some bears appear to be switching seasonally from a predominantly plant-based diet
(approximately −2 to 0 ‰ δ15N) to a predominantly salmon-based diet (approximately
10–12 ‰ δ15N). Salmon are a temporally limited resource in many systems but are one
of the most important factors in determining brown bear size and productivity [22].
However, some bears will preferentially choose fruits over salmon when both are available,
which may help the bear meet broader optimal macronutrient or micronutrient needs
[32,40–42]. Thus, the complex life history and foraging behaviour of brown bears requires
a sampling method which can capture the temporal variability inherent in many bear
populations’ diets. The whole hair niche breadth analysis results in a loss of information
about the seasonality of diet and shorter time-scale deviations in foraging ecology.
Items consumed for a short time may still be vitally important for an animal’s overall nutri-
tional ecology, such as the diet of brown bears upon den emergence.

Researchers must determine the time scale of diet inference that is desired in a study,
combined with the time scale of inference possible due to growth and equilibration within
the tissue, and plan the experimental sampling design accordingly. Potential consider-
ations for sampling design are the timing of seasonally available diet items and likelihood
of consumption, as well as the growth rate and architecture of the tissue. A final consider-
ation is the isotope equilibration time of the tissue. If diet switches occur more rapidly than
the tissue can incorporate those changes, the resultant isotope signature in the tissue
would not fully capture the diet variability and could complicate the analysis. By the
same token, studies based on slow turnover tissues (e.g. muscle) may also be underesti-
mating niche breadth. Species-specific isotope equilibration rates would be necessary
to help determine the time frame of dietary integration into tissue and could help
improve estimates of isotopic niche breadth.

Use of sectional analysis of sequentially grown tissues may not always be necessary to
fully capture an animal’s isotopic foraging niche. We can envision a scenario in which an

Figure 3. Example of isotopic niche ellipses for KATM bear sectioned (black) versus whole (red) hair
data.
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animal has a consistent dietary source throughout the duration of tissue (e.g. hair) growth.
Sectional analysis of an isotopically consistent hair will not yield a broader estimation of
isotopic niche than analysis of the whole hair, as in bears from KOD. Analysis of whole
hair is less time-consuming from a sample preparation perspective and is correspondingly
more economical in cases where it is warranted.

The results of this study may be useful to researchers hoping to inform management
of brown bears and consumers more generally. Brown bear hair is generally known to
grow during a portion of the active season, approximately from May to October in
healthy bears with adequate nutrition [43]. Tracking brown bear dietary niche breadth
across spatial and temporal scales can allow managers to monitor the breadth of
resource use within a population and identify when or where bears or other consumers
may have lost access to a resource. Determining if a subpopulation of animals has a
narrow dietary niche would allow wildlife managers to better conserve those dietary
resources in a targeted manner during certain seasons, ensuring that consumers have
access to prey without competing with human consumption of the same prey base
[44,45] or prioritizing conservation of habitat which is essential to brown bear or other
consumer forage species [46].

Sequentially grown tissues such as hair allow for the monitoring of diet with
minimal sampling. A hair sample can be taken using passive means such as hair
snares. If comparisons of niche breadth will be made across individuals, sampling
should ideally occur within the same season and within as close a temporal window
as is possible. The stable isotope information gained from the hair sample can be
used to infer diet over the previous five to six months of hair growth, which would
otherwise be nearly impossible without direct observation or more frequent sampling
events. The results of this study can also be applied to any species that produces
sequentially grown and metabolically inert tissues and has a diverse or seasonally
changing diet.

5. Conclusions

Both SIA and Bayesian dietary niche breadth estimation methods have grown in popu-
larity in recent years [1,47]. As this trend continues, it is necessary that users understand
the limitations and best practices standards of these methods. Sectional analysis of
durable, inert tissues can provide finer time scale estimates of diet and reveal seasonal
variation that is not evident from whole tissue data [47–49]. The results of this study
show that the use of serially sampled sequentially grown tissues can better infer a
true estimate of consumer dietary niche breadth compared to whole samples of the
same tissue.
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