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ABSTRACT: Forage plants consumed by moose (A4ices alces) during winter are isotopically
divergent from the forage plants potentially eaten during summer. 1 examined the natural abundance
of ®N and "*C in moose from north-central Alaska, USA, to test the hypothesis that seasonal
variation (summer versus winter) in the isotopic composition of the diet can be used to make
inferences about food habits across seasons through a temporal record in hooves of moose. Moose
hooves collected from hunter-killed males during autumn exhibited temporal oscillations in stable
isotope signatures for both carbon and nitrogen. Data on hoof growth in cervids and additional
isotope data from immature moose strongly suggest that observed variation in mature animals
reflected diet, and comprised a time frame of slightly < 2 years. This isotopic technique has the
potential for reconstruction of diets in moose throughout the year without repeated sampling over
that time interval, and allows for comparisons of diets among regional populations without extensive

fieldwork.
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Northern ungulates undergo seasonal
physiological changes as a consequence of
the nature of their seasonal food supply and
climate (Klein 1970). Foraging ecology of
moose (Alces alces gigas) in Alaska, USA,
is characterized by intake of low-protein
food in winter, principally the dormant twigs
of deciduous shrubs and trees (Wolff 1976,
Risenhoover 1989, Kielland and Osborne
1998), and high-protein forage in summer
consisting of aquatic plants (such as
Potomogeton spp. and Caltha spp.) and
the leaves of deciduous shrubs and trees
(Renecker and Schwartz 1998). In addition
to large differences in nutritive value be-
tween winter and summer forage, there are
othersignificant chemical differences among
these species as well. Recent advances in
the ecology of taiga plants have revealed
substantial variation in the stable isotope
signature of nitrogen (8'N) across plant
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functional types in these ecosystems
(Schulze et al. 1994, Kielland et al. 1998,
Kielland 2001). Although the mechanism
for such chemical variation could be attrib-
utable to several edaphic and physiological
factors (Michelsen et al. 1996, Nadelhoffer
etal. 1996, Kielland et al. 1998), the pattern
of variation among plant functional types is
predictable: deciduous trees and shrubs that
constitute the winter diet of moose are
depleted in N (Kielland and Bryant 1998),
whereas forage species that compose diets
in summer are more enriched in '*N (Barnett
1994, Kielland 2001). Insofar as isotopic
composition of diets influence distribution
of isotopes in animals (DeNiro and Epstein
1981, Ben-David et al. 1997a), the marked
seasonal dichotomy in isotopic composition
in the forage of Alaskan moose might be
recorded in their tissues. Inspired by Klein
(1964), I attempt to decipher some foraging
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characteristics in moose using, instead of
skeletal ratios, isotopic ratios within the
hoof.

Previous studies of time-dependent vari-
ation in isotope signatures have relied mostly
on recapture for repeated measurements of
a particular tissue type such as blood. The
constraint that such a sampling schedule
may entail has prompted the inquiry of how
questions of dietary history may be eluci-
dated through sampling of alternative tis-
sues. One tissue type that lends itself to an
identifiable time line is the keratinaceous
tissue in hair, nails, or baleen (Schell et al.
1989). Herein I examine the isotopic com-
position (8'°N, §'*C) of known forage plants
of moose and moose hooves in an attempt
to: (1) examine the inter-specific variation
inisotopic signatures of forage species con-
stituting the major food plants for moose in
summer and winter; and (2) juxtapose this
forage chemistry with similar parameters in
hoof chemistry from a known time interval.
Under the assumption that the trophic en-
richment in '*N natural abundance is =2-
3% (Steele and Daniel 1978, Minagawa
and Wada 1984), the hoof signature was
hypothesized to be enriched by at least that
much relative to the most depleted item in
the diet. Moreover, the potential isotopic
variation among forage species available in
the summer versus winter should cause an
isotopic oscillation along the hoof, from the
hairline to the distal end, with a potential
amplitude of approximately 7°/.c between
summer and winter (Fig. 1).

METHODS

Forage samples from winter and sum-
mer were obtained by sampling vegetation
on permanent plots along the Tanana River
and upland forests at the Bonanza Creek
Long Term Experimental Research site, 20
km SW of Fairbanks, Alaska, USA (64°
51°N, 147° 43°’W, elevation 305 m). Addi-
tional samples of feltleaf (Salix alaxensis)
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Fig. 1. Hypothesized temporal variation in the
8'*N values of moose hooves in relation to
presumed composition of seasonal forage.

and diamondleaf willow (S. pulchra) were
obtained from the Koyukuk River drainage
in the vicinity of Wiseman (67° 25’ N, 150°
06> W, elevation 358 m), Denali National
Park (60°40° N, 149° 20’ W, elevation 600
m), and the Colville River near Umiat (69°
22’ N, 150° 8’ W, elevation 86 m). Vegeta-
tion samples were collected in early Sep-
tember 1995-1997 along 120-m transects in
each locale. Composite samples of 10
green leaves and twigs of current-annual-
growth were collected at 6-12 random points
along each transect, depending on location.
Samples were dried at 60° C, ground in a
Wiley mill (40 mesh) and analyzed by mass
spectrometry (Kielland et al. 1998).

Hoof samples of mature male moose
were obtained from animals killed in the
upper Koyukuk drainage near Wiseman
during autumn (1-25 September 1995-2000).
Hoofsamples from young (< 1 yearold) and
male yearlings were obtained from wolf
(Canis lupus) kills collected opportun-
istically during winter 1997-1998 near
Fairbanks, Alaska, USA. Hooves were
brushed and thoroughly washed with dis-
tilled water to remove possible contami-
nants from the surface, then stored at
-18° C until further processing.

I obtained samples from each hoof us-
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ing a high-speed Dremel™ rotary tool
(Dremel Corporation, Racine, Wisconsin)
with a 4 mm-diameter drill bit to carve fine
shavings in the hoofto adepth of 2 mm. For
each cut, the shavings were collected on a
clean sheet of weighing paper and then
transferred to glass vials prior to analysis.
Cuts were made every 1 cm from the hair-
line to the distal tip of the hoof, yielding 8-12
samples depending on length (Fig. 2). These
samples represent a retrospective, tempo-
ral record of nitrogen allocation to the hoof.
Therefore, the relative patterns of enrich-
ment and depletion from the hairline are
dependent on the date (season) samples
were obtained. Fecal samples were col-
lected from each adult male killed in au-
tumn, and rumen contents were inspected
visually as to the predominant forage item.

The stable isotope ratio of carbon (8'3C)
and nitrogen (8'N) was determined on a
Europa 20-20 mass spectrometer at the
Institute of Marine Science, University of
Alaska, Fairbanks, Alaska, USA. Results

Fig. 2. Front hoof of 6-year-old male moose from
which samples were collected for isotope analy-
sis, Alaska, USA, 1999. Cuts in the hoofare at
l-cmintervals.
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are expressed as ratios relative to PeeDee
limestone (*C) or atmospheric nitrogen
("*N) (Peterson and Fry 1987). Ages of
moose were determined from cementum
layers in the incisors (Gasaway etal. 1978),
performed at the Alaska Department of
Fish and Game in Fairbanks, Alaska, USA.

RESULTS

Plant Chemistry

Forage species potentially available to
moose included forbs and aquatic plants
during parts of summer, and twigs of de-
ciduous trees in winter, showed strong di-
vergence in 8'°N values. Current annual
growth in twigs of deciduous shrubs and
trees, such as willows (Salix alaxensis, S.
pulchra), birch (Betula papyrifera), and
aspen (Populus tremuloides) exhibit de-
pleted 3N signatures, whereas aquatic
plants were enriched in >N (Fig. 3). Leaves
of deciduous browse were not significantly
enriched compared with current annual
growth.
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Fig. 3. Stable isotope signatures (8'N) of moose
forage species available in the winter and
summer. The species are: Pt - Populus
tremuloides, Bp — Betula papyrifera, Sp —
Salix pulchra, Pp — Potentilla palustris, Cp
— Caltha palustris, Po — Potomogeton spp.
In woody browse species S and L refer to
current annual stems and leaves, respec-
tively. Samples were collected in the upper
Koyukuk River drainage, Alaska, USA, in
September 1995 —-2000. Mean+SE, n=8.
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Fecal Chemistry

Average isotopic enrichment of feces
relative to the diet of moose from the upper
Koyukuk was +1.4°0, somewhat lower
than in other regions of Alaska (Denali and
Colville River) (Table 1). The average
enrichment among those populations
(+2°%00), however, was similar to previously
published data from domesticated animals
(Table 1).

Hoof Chemistry

Adult male moose exhibited distinct
oscillations between enrichment and deple-
tion of both 8'°N and §'*C between samples
taken from the hairline to the distal end of
the hoof (Fig. 4). That oscillation com-
prised approximately 2 (apparent) cycles.
All moose exhibited the same general pat-
tern of temporal isotopic composition. Sam-
ples showed increased enrichment relative
to the hairline for the first few centimeters,
corresponding to apparent summer condi-
tions (because they were killed in autumn),
and did not reach a minimum of the first
oscillation until about 6-8 cm (Fig. 4). Nev-
ertheless, some older moose (6-8 years),
purported to spend the entire year in the
timbered slopes of the Brooks Range and
largely eating diamond-leaf willow through-
out the year (J. Reakoff, personal commu-
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Fig. 4. Temporal variation of 8'*N and '*C in
hoof of an 8-year-old male moose killed in the
upper Koyukuk River drainage, Alaska, USA,
in September 2000. The time frame is relative
to distance from hairline from present (0 cm)
back approximately 2 years (10 cm).

nication), exhibited less variation in isotope
signatures (Fig.5; stippled line — 8-year-old
male). Those oscillations had approximately
the same period, indicating they represented
cycles over the same time interval. Even
though these male moose were all mature
individuals (3-8 years old) from the same
geographic location, there was consider-
able variation among individuals. The larg-
est isotopic amplitude was approximately
2.75%00, whereas the lowest was only
0.7% o0.

Rumen contents of all males, by way of

Table 1. Stable isotope values in moose feces relative to the forage species consumed in different
regions in Alaska compared to domesticated cattle. Data on moose diets were based on visual
observation and literature' (DP), rumen analyses (KR), and browse inventories (CR). (Mean*SE

of 6-12 composite samples).

Species or locale Forage 8N (°/00) Feces 8N (%/o0) Enrichment (*/o0)
Angus steers? +0.6(0.00) +2.6(0.07) +2.0(0.26)
Moose
DenaliPark  -3.0(0.30) -0.5(0.01) +2.5(0.31)
Koyukuk River -2.0(0.10) -0.6(0.10) +1.4(0.14)
ColvilleRiver  -5.7(0.40) -3.4(0.01) +2.3(0.37)

'Van Ballenberghe et al. (1989).
Steele and Daniel (1978).
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Fig. 5. Hoof values of '°N and 8'*C in adult male
moose from the Koyukuk River, Alaska,
USA, high-lighting the most (solid line) and
least (dashed line) variation among animals.

visual estimation, largely consisted of the
leaves and stems of diamondleaf willow
(Salix pulchra), with a minor contribution
of feltleaf willow (S. alaxensis), birch
(Betula papyrifera, B. nana), aspen
(Populus tremuloides), cottonwood
(Populus balsamifera), and aquatic plants
(Pedicularis palustris and Potomogeton
spp.). This observation is consistent with
the 8!°N signatures adjacent to the hairline,
which were all enriched 2-3°/c0 relative to
diamondleafwillow.

In contrast to mature moose (> 2 years
old), isotopic signatures in young and year-
lings (killed by wolves during winter) did not
exhibit the cyclic pattern observed in adults
(Fig. 6) and there was no close correspond-
ence between 6'°N and 8"C (data not
shown). Rather, young showed a gradual
enrichment with time in the hoof, but with no
distinct period of enrichment or depletion.
Yearlings exhibited a single period of en-
richment-depletion, corresponding to their
single life experience of a full summer and
winter (Fig. 6). Although the sample sizes
for these data are small and somewhat
circumstantial, the pattern of isotopic fluc-
tuations among age groups is consistent
with the hypothesis that isotopic oscilla-
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Fig. 6. Nitrogen isotope values in hooves of
yearling (solid lines) and young (stippled
lines) moose from the Bonanza Creek Experi-
mental Forest, near Fairbanks, Alaska, USA,
during winter 1997-1998.

tions, or lack thereof in animals < 2 years
old, represent temporal variations related to
diet.

DISCUSSION

Even though all mature moose I exam-
ined exhibited temporal variation in stable
isotope signatures of hooves, the absolute
observed variation (range 2-3%00) was sub-
stantially less than the predicted maximum
variation (range ~7°oo; Fig. 1). This result
is likely a consequence of both biochemical
and behavioral attributes of moose-forage
relations. First, maximum enrichment in
hoof isotope values were depleted relative
to that of aquatic plants and forbs, suggest-
ing that these forage classes constitute a
minor portion of the diet in summer. Sec-
ond, moose are apt to mix their diet
(Weixelman et al. 1998), so the potential
amplitude in hoof signatures may not be
realized in a manner that the extremes in
diet isotope composition would otherwise
predict (e.g., -8.7%0 for Salix alaxensis
during winter [Kielland and Bryant 1998]
and +5%o0 for forbs during summer [Barnett
1994]). Lastly, adultmoose in this region of
the upper Koyukuk may rely heavily on
willows throughout the year, as has been
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observed for othermontane populations (Van
Ballenberghe etal. 1989). Thus, the useful-
ness of this technique is sensitive to the
biological attributes of the systems to which
it is applied, suggesting that the technique
must be used with caution and preferably
augmented by site-specific information re-
garding vegetation chemistry and habitat
use by moose.

Compared with other biological sam-
ples (e.g., blood, muscle, or feces) from
which stable isotope signatures have been
obtained, hooves represent a sink for car-
bon and nitrogen. Thus, variation in isotope
values, because of recycling, sink strength,
and other metabolic processes, is minimized
for this particular tissue. In view of this
condition and the values for vegetation data,
I suggest that the 2 cycles each represent
annual variation in isotope values of hooves.
Consequently, the apparent annual cycle
represents the hoof length between the first
2 minima, which was at 6-8 cm. This
interpretation is consistent with observa-
tions of annual growth rates in other cervids
(7.8 cm in caribou; Barnett 1994). Never-
theless, in the absence of direct measure-
ments, this interpretation remains hypotheti-
cal.

Implications for Management
Application of stable isotope techniques
offers a potentially powerful tool to deci-
pher biological information that is seminal to
the management of wildlife (Hilderbrand et
al. 1999). For example, the isotopic varia-
tionamong potentially available forages can
be used to calculate proportions of each
item in the diet (Ben-David et al. 1997b).
With this approach, the manager can esti-
mate, for example, the use of forbs and
aquatic plants versus willows in a particular
area. Conversely, incompatibility between
animal isotope values and that of the local
forages could yield information regarding
animal movements. Use of isotopic signa-
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tures in hooves has several advantages over
other tissues such as muscle or hair. Hooves
do not break down in response to tempera-
ture and moisture the way muscle tissue
does, and thus storage is easier. Further,
the long temporal record of the hoof obvi-
ates frequent re-sampling; it is simple to
obtain enough material for analyses, and
samples can be provided to the researcher
by the general public. Although the present
study relied on samples collected from ani-
malskilled by hunters or predators, samples
can be obtained from live animals as well, as
has been done with bears (Kielland, unpub-
lished data).

Biological information obtained through
analyses of stable isotopes, however, is
limited by some critical, and largely un-
tested, assumptions regarding the biochem-
istry of stable isotopes in animals and plants
(Gannes et al. 1997). Moreover, temporal
and spatial variation in isotope signatures,
which is at the heart of herbivore diet analy-
ses, can complicate higher-up trophic inter-
pretations if not part of the initial investiga-
tion. For example, apparent seasonal vari-
ation in isotope values of moose hooves, and
presumably in other tissues, indicate that
isotopic signatures in predators such as
wolves could vary independently of their
prey base. Also, significant enrichment in
8'*N over the growing season in moose and
caribou, both within individuals and across
latitudinal gradients among populations
(Kielland and Finstad 2000), offers a cau-
tionary note regarding inferences of prey
selection based on “generic” values for
those species. Moreover, average isotopic
values might vary among sex or age groups.
In my study, young and yearling moose
exhibited more enriched isotopic signatures
compared with mature males, indicating
that predation on different age classes could
explain isotopic variation among predators
that could confound inferences regarding
prey species (e.g., caribou versus moose).
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Furthermore, intensity by which ani-
mals use a particular habitat for feeding or
social purposes can yield feedback to the
characteristics of the habitat itself (Molvar
et al. 1993, Frank and Evans 1997, Ben-
David et al. 1998, Kielland and Bryant
1998). These animal-induced modifications
of the habitat (e.g., changes in soil fertility
or isotopic composition of the vegetation)
can cascade through the trophic web and
confer different isotopic distributions among
animals than would occur in the absence of
such habitat-animal feedback.

I conclude that analyses of the stable
isotope composition of mature male moose
and their food supply were consistent with
the hypothesis that variation in hoof !*N is
a function of variation in the 8'°N signature
of forage. The oscillating pattern of hoof
isotopic composition appears to represent
annual cycles, and indicates that the tempo-
ral record in the hoof comprises approxi-
mately 2 years (equal to the turnover time of
the hoof). This interpretation is corrobo-
rated by isotopic analysis of hooves in young
and yearlings, as well as by independent
estimates of hoof growth rates in other
cervids. The application of stable isotope
analysis in animal ecology, however elegant
and technologically simple, is nevertheless
fraught with several heuristic difficulties,
primarily stemming from uncertain varia-
tion in isotopic discrimination based on many
physiological processes. Until these uncer-
tainties are removed, the application of sta-
ble isotope analysis should be done with
caution and preferably in conjunction with
additional methods of analysis.
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