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Arctic herbivore diet can be inferred from stable
carbon and nitrogen isotopes in C; plants, faeces,
and wool

D.K. Kristensen, E. Kristensen, M.C. Forchhammer, A. Michelsen, and
N.M. Schmidt

Abstract: The use of stable isotopes in diet analysis usually relies on the different photosynthetic pathways of C; and Cy4
plants, and the resulting difference in carbon isotope signature. In the Arctic, however, plant species are exclusively Csz, and
carbon isotopes alone are therefore not suitable for studying arctic herbivore diets. In this study, we examined the potential
of both stable carbon and nitrogen isotopes to reconstruct the diet of an arctic herbivore, here the muskox (Ovibos moscha-
tus (Zimmermann, 1780)), in northeast Greenland. The isotope composition of plant communities and functional plant
groups was compared with those of muskox faeces and shed wool, as this is a noninvasive approach to obtain dietary infor-
mation on different temporal scales. Plants with different root mycorrhizal status were found to have different 8'5N values,
whereas differences in §!°C, as expected, were less distinct. As a result, our examination mainly relied on stable nitrogen
isotopes. The interpretation of stable isotopes from faeces was difficult because of the large uncertainty in diet—faeces frac-
tionation, whereas isotope signatures from wool suggested that the muskox summer diet consists of around 80% graminoids
and up to 20% willows. In conclusion, the diet composition of an arctic herbivore can indeed be inferred from stable iso-
topes in arctic areas, despite the lack of C4 plants.

Résumé : L’utilisation des isotopes stables dans 1’analyse des régimes alimentaires se base ordinairement sur les voies
photosynthétiques distinctes des plantes Cs et C4 et des différences qui en résultent dans la signature des isotopes de car-
bone. Cependant, dans I’arctique, les especes de plantes sont toutes de type Cs et les isotopes de carbone seuls ne suffisent
pas pour étudier le régime alimentaire des herbivores arctiques. Notre étude examine le potentiel des isotopes stables de car-
bone et d’azote pour reconstituer le régime d’un herbivore arctique, le beeuf musqué (Ovibos moschatus (Zimmermann,
1780)), dans le nord-est du Groenland. Nous avons comparé la composition isotopique de la communauté végétale et des
groupes fonctionnels de plantes a celle des feces et de la laine perdue durant la mue chez les beeufs musqués, car il s’agit
d’une méthode non invasive d’obtenir des informations sur la régime a différentes échelles temporelles. Les plantes qui pos-
sedent des arrangements différents de mycorhizes dans leurs racines ont des valeurs distinctes de 8'°N, alors que les diffé-
rences de 8'3C, comme prévu, sont moins marquées. C’est pourquoi, notre recherche s’est basée surtout sur les isotopes
stables d’azote. L’interprétation des isotopes stables dans les feces est difficile a cause de I’'incertitude élevée associée a la
fractionation régime-feces, alors que les signatures isotopiques de la laine indiquent que le régime alimentaire des boeufs
musqués en été consiste d’environ 80 % de graminoides et de jusqu’a 20 % de saules. En conclusion, la composition du ré-
gime alimentaire d’un herbivore arctique peut étre déduite des isotopes dans les régions arctiques, malgré 1’absence de plan-
tes Cy.

[Traduit par la Rédaction]

Introduction

The use of stable isotope analysis in mammal ecology is
widespread (Crawford et al. 2008), and a variety of questions
regarding diet have been addressed using this technique. In-
ference from stable isotopes has, for example, shed light on
dietary shifts (e.g., Darimont and Reimchen 2002; Cerling
and Viehl 2004; West et al. 2004) and diet composition of

both predators (e.g., Roth and Hobson 2000; Fox-Dobbs et
al. 2007) and herbivores (e.g., Jones et al. 1979; Cerling and
Harris 1999; Sponheimer et al. 2003a; Codron et al. 2007).
When studying the diet of terrestrial herbivores, the techni-
que usually relies on the different photosynthetic pathways
of C5 and C4 plants, which results in different carbon isotope
signatures (813C) (for review see Koch 2007). Almost all C4
species are native to warmer climates, whereas C; species
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dominate in colder regions (Osborne and Beerling 2006). In
the Arctic, plants are exclusively C; species (Opik and Rolfe
2005), and thus stable carbon isotopes alone are not suitable
for analysis of herbivore diets within these regions. Arctic
plant species, however, differ with respect to !N natural
abundance (Michelsen et al. 1998), and thus analyses of sta-
ble nitrogen isotopes may give important additional insights
into arctic herbivore diets (see Drucker et al. 2010). We ad-
dress this topic by investigating the composition of carbon
and nitrogen isotopes in the wool and faeces of muskox (Ovi-
bos moschatus (Zimmermann, 1780)) and its plant forage at
Zackenberg, northeast Greenland.

The muskox is the only large herbivore in northeast Green-
land and therefore central to the reciprocal plant-herbivore in-
teractions there. However, although the population dynamics
of muskox have been examined in several studies (e.g., For-
chhammer et al. 2005; Berg et al. 2008), only limited infor-
mation exist on their foraging ecology within this area, and
thus of the potential feedbacks between the two trophic levels.
Across high-arctic populations, muskox diets consist primarily
of graminoids and willow (genus Salix L.) (e.g., Thing et al.
1987; Ihl and Klein 2001; Larter and Nagy 2004). Grami-
noids make up the dominant food source throughout most
seasons, whereas willow is the main forage early in the plant
growing season (Thing et al. 1987; Klein and Bay 1994; Lar-
ter and Nagy 2004). Other shrubs and forbs are quantitatively
unimportant for muskox but may be qualitatively important,
especially during early summer when young shoots and flow-
ers are high in nutrients (Thing et al. 1987).

The purpose of this study was to examine the stable car-
bon and nitrogen isotope signatures in arctic plants and their
potential to reconstruct the diet of an herbivore, here the
muskox. We compared isotope compositions of plant com-
munities and different functional plant groups at Zackenberg
with those of muskox faeces and shed wool, as this is an
easy noninvasive approach to obtain dietary information on
different temporal scales. To estimate the source partitioning
of the diet, we used the Bayesian stable isotope mixing
model (SIAR) (Jackson et al. 2009; Parnell et al. 2010).

Materials and methods

Study area

The study was carried out in the Zackenberg Valley, north-
east Greenland (74°28'N, 21°33’'W). The valley has a high-
arctic climate with an annual mean air temperature around
—9 °C and total precipitation of about 260 mm (Hansen et al.
2008). As part of the on-going ecosystem monitoring at
Zackenberg (Meltofte et al. 2008), the muskox population is
monitored in a 45 km? designated area, embracing the valley
lowland to approximately 600 m above sea level. The census
area consists of a mosaic of different vegetation types (Bay
1998; Fig. 1). During summer, the muskox mainly forage in
grasslands, fens, and Salix snowbeds (Thing et al. 1987; D.K.
Kristensen, personal observations), covering 36%, 6%, and
17% of the area, respectively. Grasslands are widely distrib-
uted and are found on mesic—wet areas that dry out during
the growing season. Besides a dense layer of moss, the vege-
tation is dominated by a variety of graminoids (Cyperaceae,
Juncaceae, and Poaceae), especially wideleaf polargrass (Arc-
tagrostis latifolia (R. Br.) Griseb.), tall cottongrass (Eriopho-
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rum angustifolium ssp. triste (Th. Fr.) Hultén), and alpine
foxtail (Alopecurus magellanicus Lam.). Fens are located in
the wet lowland where soils are water-saturated throughout
the growing season. The grass Dupontia fisheri ssp. psilosan-
tha (Rupr.) Hultén and the white cottensedge (Eriophorum
scheuchzeri Hoppe) dominate this vegetation type together
with a complete layer of moss. Different forbs and the
dwarf-shrub arctic willow (Salix arctica Pallas) are scattered
throughout both grasslands and fens. Salix snowbeds are
mainly situated on sloping sites with a prolonged snow cover.
The dominant species is S. arctica, but different forbs and
graminoids are present as well. The remaining part of the
study area is dominated by dwarf-shrub heaths, abrasion pla-
teaus, and fell fields (see Elberling et al. 2008).

Plant samples

To obtain the isotope composition of the muskox forage,
we collected vegetation samples from three vegetation types:
grasslands, fens, and Salix snowbeds. As the visual distinc-
tion between grasslands and fens is not clearcut, these
were treated as one vegetation type and termed graminoid-
dominated areas. Harvesting was performed by imitating the
foraging technique of muskox, which differs markedly be-
tween graminoid-dominated areas and Salix snowbeds (For-
chhammer and Boomsma 1995). When muskox feed on
graminoids, they press the lower incisors against the pad and
pull by the head. When feeding on willow shrubs, muskox
use a sharp upward head movement to peel leaves and cat-
kins free of the stems (Forchhammer and Boomsma 1995;
D.K. Kristensen, personal observations). Muskox are known
to be efficient bulk feeders (Klein 1992), and therefore more
or less consume biomass proportional to its availability. To
mimic such foraging behaviour, we sampled the vegetation
at the community level, thereby producing two specific types
of mixed plant samples. In the graminoid-dominated areas
(GRAM), plants were cut with scissors about 3—5 cm above
ground, causing samples to be almost exclusively composed
of graminoids, as shrubs and forb species often are lower
than the grazing depth. In Salix snowbeds (SAL), leaves and
catkins were peeled off willow stems by hand, while forbs
and graminoids were cut at the lower stalk. Sampling was
performed from a minimum of 30 randomly distributed plots
(~0.5 m?) within each of the two vegetation types. In addition
to the mixed samples, we also harvested plant specimens be-
longing to the dominant functional groups: graminoids, forbs,
and S. arctica. Ten replicate samples were collected for each
plant group in GRAM and SAL, respectively.

All plant materials were sampled in the period 19-23 August
2008. Upon collection, the plant material was oven-dried at
70 °C for 24 h and ground-milled into a homogenous powder.

Muskox samples

Faeces were collected to describe the short-term dietary in-
take of muskox. Faeces are assumed to integrate the diet over
a weekly time scale, based on faecal turnover time in other
similar-sized ruminants (Jones et al. 1979; Sponheimer et al.
2003b). We collected at least 30 separate faecal samples from
each of the three vegetation categories: graminoid-dominated
areas, Salix snowbeds, and other vegetation types, where the
latter was defined as all remaining vegetation types within
the census area. All samples were representative subsamples
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Fig. 1. Map showing the central part of the Zackenberg Valley, northeast Greenland, in which the sampling for this study was focused. The
distribution of grasslands, fens, and Salix snowbeds is marked. For a full list of vegetation types refer to Elberling et al. (2008).
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of recently deposited faeces, e.g., within a few days. Faeces
were collected in late August 2008, parallel with the collec-
tion of plant materials.

Shed muskox wool was collected from the entire valley in
late August 2008. To minimize the risk of sampling wool
from the same individual more than once, all samples were
collected from spatially separated hair stacks. In contrast to
faeces, wool integrates the diet over a longer temporal scale,
as the stable isotope composition of wool represent the entire
period of hair growth, i.e., approximately April to November
(Flood et al. 1989). Seasonal growth rates of wool are un-
known, but we expect the main growth to take place during
summer, when food is abundant.

Faeces and wool were immediately oven-dried at 70 °C to
complete dryness (2-5 days). The outer layer of the dried
faeces was peeled off to avoid contamination from soil par-
ticles. The wool was cleaned by removing all visible contam-
inants with tweezers, washed several times in 96% ethanol,
and re-dried at 60 °C for 24 h. Subsequently, faeces were
ground-milled into a homogenous powder, whereas wool
was cut into fine bits with scissors.

Elemental and stable isotope analysis
Subsamples of the ground material were weighed (~5 mg
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plant, ~4 mg faeces, ~0.7 mg wool) and packed into tin cap-
sules. Analyses for elemental concentrations and 3C/!2C and

I5N/14N ratios were performed at the Department of Biology,
University of Copenhagen, with an Isoprime isotope ratio
mass spectrometer (Micromass-GV Instruments, Manchester,
UK) coupled to a Eurovector CN elemental analyser (Euro-
vector, Milan, Italy) using continuous flow. Natural abundan-
ces of isotopes are expressed in the d notation relative to
international standards (Vienna Pee Dee Belemnite for
C and atmospheric N, for N): 3Xgmpe (%0) = 1000 X
[(Reampie/Rstandara) — 11, where R is the molar ratio of heavy
X/light X. Samples were analysed with reference gas cali-
brated against international standards IAEA C5, CH6, CH7,
N1, N2 and USGS 25, 26, 32, and drift corrected using
peach leaves (NIST) as internal standard. The standard devia-
tion of isotope measurements of the standards was +0.2%o
for 315N and +0.1%o for §!3C (Clemmensen et al. 2006).

Mixing models

The diet compositing of muskox was examined using the
Bayesian multisource SIAR (Parnell et al. 2008, 2010). SIAR
offers a great advantage over earlier mixing models (e.g., Iso-
Source; Phillips and Gregg 2003) in that it can incorporate
the variability of input parameters, i.e., consumer values, sour-
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Table 1. C and N elemental concentrations of plants species and functional groups collected from graminoid-
dominated areas (GRAM) and Salix snowbeds (SAL) in the Zackenberg Valley during summer 2008.

Concentration (%)

C N
Vegetation Sample Mean SD Mean SD
GRAM Graminoids 43.1 0.9 1.7 0.4
GRAM Mix 429 0.9 1.6 0.4
SAL Graminoids 42.1 0.5 1.6 0.3
SAL Arctic willow (Salix arctica) 44.7 0.8 2.1 0.3
SAL Forbs 42.3 0.6 2.1 0.3
SAL Mix 44.8 0.8 2.2 0.3

Note: Mix samples represent the forage intake of muskox (Ovibos moschatus).

Fig. 2. Mean 3'3C and 8"°N isotopic signatures of plants (species and
functional groups) and wool and faeces of muskox (Ovibos moscha-
tus) collected from graminoid-dominated areas (GRAM), Salix snow-
beds (SAL), and other vegetation types (OT) in the Zackenberg
Valley during summer 2008. Mix samples represent the muskox for-
age intake. Wool and faeces have been corrected for trophic enrich-
ment before plotting (see text for details). Bars indicate the standard
error of the mean and the number of samples is given in parentheses.
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ces, and trophic enrichment factors (TEF), as well as elemen-
tal concentration dependence. Moreover, the model outputs
represent true probability density functions, from which prob-
ability intervals and other statistics can be derived (for further
details on the SIAR method see Parnell et al. 2010).

To estimate the proportion of GRAM and SAL in the
muskox diet, the model was run on the mixed plant signa-
tures with either wool or faeces (see below) as proxies for
the consumer tissue. Since no TEFs (noted with A) currently
exist for muskox, we used published data on domestic cattle
because of similarities in body mass and digestive system
(Hofmann 1989, 2000). However, we are aware of the risk
of error associated with the use of nonspecific TEFs (e.g.,
Caut et al. 2009). The values of AN (mean + SD) for hair
and faeces were set at 2.5%0 + 1.7%o0 (low-protein diet;
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Sponheimer et al. 2003¢) and 1.9%0 + 0.3%0 (Steele and
Daniel 1978), respectively. Similarly, A3C values for hair
and faeces were 2.7%o0 + 0.4%o (low-protein diet; Spon-
heimer et al. 2003b) and —0.9%0 + 0.2%¢ (Sponheimer et al.
2003b), respectively. Elemental concentrations were corrected
for by incorporating the observed C and N concentrations of
the plant sources into the mixing models (see Table 1). No
priors were included in the STAR models.

Moreover, SIAR was run on the isotope signatures of indi-
vidual plant groups to investigate if the muskox diet could be
reconstructed at the plant functional level as well. The models
were simplified by including only four potential food sources,
based on knowledge of the foraging behaviour of muskox
(Forchhammer and Boomsma 1995; Oakes et al. 1992; D.K.
Kristensen, personal observations). The four sources were
S. arctica, forbs, and graminoids from the Salix snowbeds, as
well as graminoids from the graminoid-dominated areas.

Results

Stable isotope signatures

Mean 3!3C in plants were quite consistent and only ranged
about 2.5%o. Salix arctica from the graminoid-dominated
areas (—28.9%o) was the most '3C-depleted group, whereas
graminoids from Salix snowbeds (-26.5%¢) was the most en-
riched (Fig. 2). Within functional groups, the 3!3C values
were in general around 1%o higher in the Salix snowbeds
than in the graminoid-dominated areas. In comparison,
mean 35N values were much more variable and ranged al-
most 7%o. The lowest 8N value was found in S. arctica
from the graminoid-dominated area (—5.1%o), whereas the
highest was found in graminoids (1.6%o for both vegetation
types). Mean 35N of the S. arctica differed with 2.3%0 be-
tween the two vegetation types, with the highest value in the
graminoid-dominated areas. A similar but less pronounced
tendency was seen for forbs, with the 815N values of grami-
noids from the two vegetation types being very similar
(Fig. 2). The mixed samples from the Salix snowbeds (mix
SAL) and the graminoid-dominated areas (mix GRAM) had
comparable 313C mean values (-27.9%0 and -27.3%o, re-
spectively), unlike their 81N values that varied considerably
between the two vegetation types (—4.7%o and 1.5%o, respec-
tively) (Fig. 2).

Variations in 8!3C and 85N of faeces were very small and
no significant differences among samples from the three vege-
tation types were found (one-way ANOVA; C: P = 0.760; N:
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Fig. 3. Proportions of food sources in the muskox (Ovibos moschatus) diet derived from the graminoid-dominated areas (GRAM) and the
Salix snowbeds (SAL). Predictions are from stable isotope analysis in R (SIAR) with (a) wool or (b) faeces as proxies for consumer tissue.

Boxes indicate 50%, 75%, and 95% Bayesian probability intervals.
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Fig. 4. Proportions of functional plant groups (graminoids, forbs, and arctic willow (Salix arctica)) in the muskox (Ovibos moschatus) diet
from the graminoid-dominated areas (GRAM) and the Salix snowbeds (SAL). Predictions are from stable isotope analysis in R (SIAR) with
(a) wool or (b) faeces as proxies for consumer tissue. Boxes indicate 50%, 75%, and 95% Bayesian probability intervals.
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P = 0.544) (Fig. 2). Hence, in the following diet analyses,
faeces from the three vegetation types were pooled. Compared
with faeces, wool was enriched in both 13C and >N, having
mean values of —24.8%o¢ and 2.8%o, respectively (Fig. 2).

Dietary composition

The mixing models on mixed plant samples clearly showed
that the main proportion of the muskox diet was derived from
the graminoid-dominated areas, whether inferred from wool
(95% probability interval; 71%—85%) or faeces (62%—67%)
(Figs. 3a, 3b). The diet composition predicted from the mod-
els on functional groups were, on the other hand, less clear
because the probability intervals of most groups were very
large, especially for wool as consumer tissue (Figs. 4a, 4b).
However, although the predictions from the two models dif-
fered to a large extent, they both indicated that graminoids
from the graminoid-dominated areas were the most important
food source, accounting for around 45%—60% of the muskox
diet (Figs. 4a, 4D).

Discussion

Isotope signatures in plants, faeces, and wool
As expected, the observed range in stable isotope signa-
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tures of the examined arctic plants was indeed larger for ni-
trogen than for carbon (Fig. 2). Although nitrogen isotope
signatures generally were consistent with those reported by
Michelsen et al. (1998) from the Zackenberg Valley, this
study revealed that 35N not only vary among functional
plant groups but also spatially within some groups. The effect
was most pronounced for S. arctica where individuals from
the graminoid-dominated areas, on average, were more than
2%o enriched in PN compared with individuals from Salix
snowbeds. Michelsen et al. (1998) demonstrated that plant

I5N is strongly related to the presence and type of symbiotic
fungi in roots (mycorrhiza) and suggested that different 815N
values partly arise from variable nitrogen sources; i.e., high
uptake of organic N such as amino acids (with low §815N;
Yano et al. 2010) in mycorrhizal plants versus solely inor-
ganic N uptake (high 8!5N) in nonmycorrhizal plants. Unlike
graminoids, both S. arctica and the dominant forb, alpine bis-
tort (Bistorta vivipara (L.) Delarbre), are colonized by ecto-
mycorrhizal fungi at Zackenberg (Michelsen et al. 1998). As
ammonium is more available in the nutrient-rich fens and
grasslands than in the drier Salix snowbeds (Elberling et al.
2008), the N enrichment observed for S. arctica and forbs
in the graminoid-dominated vegetation types may be attrib-
uted to a proportionally larger uptake of inorganic N. This
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also explains why graminoids, relying solely on inorganic N,
had similar 85N values in all vegetation types (Fig. 2).

The 813C values of the examined plants were within the
range of that previously reported for C; plants (—22%o¢ to
—35%o; Koch 2007). Despite the lack of different photosyn-
thetic pathways, a small differentiation in 13C abundance was
observed within and between plant groups (Fig. 2). Plants
from the Salix snowbeds were in general 1%o0 more enriched
in 13C than their counterparts from the graminoid-dominated
areas (Fig. 2). This tendency may be caused by relatively
higher water-use efficiency in plants from the drier Salix
snowbeds, as drought-tolerant plants in general have high
water-use efficiencies and thus higher 8'3C values (reviewed
by Marshall et al. 2007).

The signatures of the mixed plant sampled were generally
very close to those of the dominant plant groups in the two
vegetation types. Bay (1998) estimated that graminoids and
S. arctica make up more than 80% of the aboveground bio-
mass in the graminoid-dominated areas and Salix snowbeds,
respectively. Our mixed samples thus reflect the biomass
composition in the two vegetation types directly, and there-
fore most likely also reflect the muskox forage intake of the
nonselective bulk-feeders (Klein 1992).

Carbon and nitrogen isotope signatures of muskox faeces
(mean (+SD) of all vegetation types; 3'3C: -28.9%0 +
0.5%0; 3N: 0.9%0 + 0.8%o¢) are comparable with values of
muskox faeces sampled in northeastern Alaska (313C:
—27.8%0 + 0.7%0; 315N: 1.3%0 + 1.1%o0; Barboza and Rey-
nolds 2005). We are not aware of any data on stable isotopes
in muskox wool; however, Barboza and Reynolds (2005) an-
alysed guard hair from wild muskox (3!3C: -24.0 + 0.3%o;
815N: 2.4 + 0.5%0) and found signatures similar to our wool
estimates (313C: —24.8 + 0.2%o0; 3!15N: 2.8 + 0.7%o).

Diet composition of muskox inferred from stable isotopes

Differences in nitrogen signatures between mycorrhizal
and nonmycorrhizal plants found at Zackenberg were suffi-
ciently large to infer muskox diet at the plant community
level. SIAR produced narrow probability densities, clearly
separating the diet from the two vegetation types (Figs. 3a,
3b). The mean contribution from Salix snowbeds was esti-
mated to be 22% and 35%, based on wool and faeces, respec-
tively. As faeces represent the muskox diet in August and
wool the entire summer season, our results are in conflict
with previous microhistological studies indicating that
muskox primarily consume Salix sp. during early summer,
i.e., June (Thing et al. 1987; Klein and Bay 1994; Larter and
Nagy 2004). Although this might be a consequence of un-
equal digestibility of willow and graminoids (Thing et al.
1987), Sponheimer et al. (2003b) argued that differential di-
gestibility is unlikely to significantly bias faecal isotope sig-
natures of wild ruminants. Hence, we do not consider the
faeces composition to be strongly biased compared with the
actual diet. Instead, the main factor responsible for the ob-
served discrepancy between diet inferred from wool and fae-
ces stable isotopes is probably due to the use of inappropriate
TEFs. In general, animal faeces are enriched in SN compared
with diet owing to the presence of endogeneous tissue and
gut fauna (Sponheimer et al. 2003d). However, the enrich-
ment varies greatly among and within species and is strongly
affected by the study approach. Among ruminants alone,
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diet-faeces A3ON values range from 0.4%o0 to 3.0%0 (Steele
and Daniel 1978; Sutoh et al. 1987, 1993; Sponheimer et al.
2003d). In contrast, the enrichment between diet and hair
seems less variable, as the majority of studies on mammals
have reported consistent A3'3C values of 2%c—3%o (Spon-
heimer et al. 2003¢; Nardoto et al. 2006; Caut et al. 2009).
Thus, we consider the food partitioning inferred particularly
from wool to be a realistic approximation of the muskox
summer diet at Zackenberg. Such partitioning is indeed sup-
ported by other studies carried out in high-arctic regions
(e.g., Thing et al. 1987; Klein and Bay 1994; Larter and
Nagy 2004).

The attempt to run SIAR at the level of plant functional
groups failed to give an unambiguous picture of the muskox
diet. Even though the mean signatures of both carbon and ni-
trogen do vary among the different plant groups, the differen-
ces are too small for the model to differentiate between
several plant groups, causing a very high sensitivity towards
the TEFs. Nevertheless, the model outputs on both wool and
faeces indicate that graminoids from graminoid-dominated
areas is the most important food source in the muskox diet
(Figs. 4a, 4Db).

In conclusion, the diet composition of an arctic herbivore,
here the muskox, can indeed be inferred from stable isotopes
despite the fact that arctic plants are exclusively Cj species.
However, the resolution can only be obtained at the plant
community level, as the differences in isotope signatures
among functional plant groups generally are too small to sup-
port a more detailed examination of the muskox forage. The
use of wool and faeces constitutes an easy and noninvasive
approach to examine herbivore diet in protected areas such
as Zackenberg, but species-specific TEFs especially for
muskox faeces are needed. Stable isotopes may thus be very
useful in examinations of arctic herbivore diets.

Acknowledgements

We thank the Department of Bioscience, Aarhus Univer-
sity, for providing access to the facilities at the Zackenberg
research station during the fieldwork. We are indebted to
Christian Bay for consultation on the high-arctic flora and
for classification of vegetation type at Zackenberg in 2008.

References

»Barboza, P.S., and Reynolds, P.E. 2005. Monitoring nutrition of a
large grazer: muskoxen on the Arctic Refuge. Int. Congr. Ser.
1275: 327-333. doi:10.1016/j.ics.2004.09.040.

Bay, C. 1998. Vegetation mapping of Zackenberg Valley, northeast
Greenland. Danish Polar Center and Botanical Museum, Uni-
versity of Copenhagen, Copenhagen.

»Berg, T.B., Schmidt, N.M., Hgye, T.T., Aastrup, P.J., Hendrichsen,
D.K., Forchhammer, M.C., and Klein, D.R. 2008. High-arctic
plant-herbivore interactions under climate influence. Adv. Ecol.
Res. 40: 275-298. doi:10.1016/S0065-2504(07)00012-8.

»Caut, S., Angulo, E., and Courchamp, F. 2009. Variation in
discrimination factors (AN and A!3C): the effect of diet isotopic
values and applications for diet reconstruction. J. Appl. Ecol.
46(2): 443-453. doi:10.1111/j.1365-2664.2009.01620.x.

» Cerling, T.E., and Harris, J.M. 1999. Carbon isotope fractionation
between diet and bioapatite in ungulate mammals and implications
for ecological and paleoecological studies. Oecologia (Berl.),
120(3): 347-363. doi:10.1007/s004420050868.

Published by NRC Research Press



-

press.com by Syddansk Universitetshibliotek on 09/26/11
For personal use on

Can. J. Zool. Downloaded from www.nrcresearch

898

» Cerling, T.E., and Viehl, K. 2004. Seasonal diet changes of the forest
hog (Hylochoerus meinertzhageni Thomas) based on the carbon
isotopic composition of hair. Afr. J. Ecol. 42(2): 88-92. doi:10.
1111/5.1365-2028.2004.00500.x.

» Clemmensen, K.E., Michelsen, A., Jonasson, S., and Shaver, G.R.
2006. Increased ectomycorrhizal fungal abundance after long-term
fertilization and warming of two arctic tundra ecosystems. New
Phytol. 171(2): 391-404. doi:10.1111/j.1469-8137.2006.01778.x.
PMID:16866945.

»Codron, D., Codron, J., Lee-Thorp, J.A., Sponheimer, M., de Ruiter,
D., Sealy, J., Grant, R., and Fourie, N. 2007. Diets of savanna
ungulates from stable carbon isotope composition of faeces. J. Zool.
(Lond.), 273(1): 21-29. doi:10.1111/j.1469-7998.2007.00292 x.

» Crawford, K., Mcdonald, R.A., and Bearhop, S. 2008. Applications
of stable isotope techniques to the ecology of mammals. Mammal
Rev. 38(1): 87-107. doi:10.1111/j.1365-2907.2008.00120.x.

» Darimont, C.T., and Reimchen, T.E. 2002. Intra-hair stable isotope
analysis implies seasonal shift to salmon in gray wolf diet. Can. J.
Zool. 80(9): 1638-1642. doi:10.1139/z02-149.

» Drucker, D.G., Hobson, K.A., Ouellet, J.P., and Courtois, R. 2010.
Influence of forage preferences and habitat use on '*C and N
abundance in wild caribou (Rangifer tarandus caribou) and moose
(Alces alces) from Canada. Isotopes Environ. Health Stud. 46(1):
107-121. doi:10.1080/10256010903388410. PMID:20229388.

»Elberling, B., Tamstorf, M.P., Michelsen, A., Arndal, M.F,,
Sigsgaard, C., Illeris, L., Bay, C., Hansen, B.U., Christensen,
T.R., Hansen, E.S., Jakobsen, B.H., and Beyens, L. 2008. Soil and
plant community characteristics and dynamics at Zackenberg. Adv.
Ecol. Res. 40: 223-248. doi:10.1016/S0065-2504(07)00010-4.

»Flood, P.F., Stalker, M.J., and Rowell, J.E. 1989. The hair follicle
density and seasonal shedding cycle of the muskox (Ovibos
moschatus). Can. J. Zool. 67(5): 1143—1147. doi:10.1139/z89-164.

» Forchhammer, M.C., and Boomsma, J.J. 1995. Foraging strategies
and seasonal diet optimization of muskoxen in West Greenland.
Oecologia (Berl.), 104(2): 169—180. doi:10.1007/BF00328582.

» Forchhammer, M.C., Post, E., Berg, T.B.G., Hgye, T.T., and Schmidt,
N.M. 2005. Local-scale and short-term herbivore—plant spatial
dynamics reflect influences of large-scale climate. Ecology,
86(10): 2644-2651. doi:10.1890/04-1281.

»Fox-Dobbs, K., Bump, J.K., Peterson, R.O., Fox, D.L., and Koch,
P.L. 2007. Carnivore-specific stable isotope variables and variation
in the foraging ecology of modern and ancient wolf populations:
case studies from Isle Royale, Minnesota, and La Brea. Can. J.
Zool. 85(4): 458-471. doi:10.1139/Z07-018.

»Hansen, B.U., Sigsgaard, C., Rasmussen, L., Cappelen, J., Hinkler, J.,
Mernild, S.H., Petersen, D., Tamstorf, M.P., Rasch, M., and
Hasholt, B. 2008. Present-day climate at Zackenberg. Adv. Ecol.
Res. 40: 111-149. doi:10.1016/S0065-2504(07)00006-2.

»Hofmann, R.R. 1989. Evolutionary steps of ecophysiological
adaptation and diversification of ruminants: a comparative view
of their digestive system. Oecologia (Berl.), 78(4): 443-457.
doi:10.1007/BF00378733.

Hofmann, R.R. 2000. Functional and comparative digestive system
anatomy of arctic ungulates. Rangifer, 20: 71-81.

»1hl, C., and Klein, D.R. 2001. Habitat and diet selection by muskoxen
and reindeer in western Alaska. J. Wildl. Manage. 65(4): 964-972.
doi:10.2307/3803045.

»Jackson, A.L., Inger, R., Bearhop, S., and Parnell, A. 20009.
Erroneous behaviour of MixSIR, a recently published Bayesian
isotope mixing model: a discussion of Moore & Semmens (2008).
Ecol. Lett. 12(3): E1-ES. doi:10.1111/j.1461-0248.2008.01233.x.
PMID:18691222.

»Jones, R.J., Ludlow, M.M., Troughton, J.H., and Blunt, C.G. 1979.
Estimation of the proportion of C3 and C4 plant species in the diet of

RIGHTSE LI MN iy

Can. J. Zool. Vol. 89, 2011

animals from the ratio of natural '?C and '3C isotopes in the feces. J.
Agric. Sci. 92(01): 91-100. doi:10.1017/S0021859600060536.

Klein, D.R. 1992. Comparative ecological and behavioural adaptations
of Ovibos moschatus and Rangifer tarandus. Rangifer, 12: 47-55.

»Klein, D.R., and Bay, C. 1994. Resource partitioning by mammalian
herbivores in the High Arctic. Oecologia (Berl.), 97(4): 439—-450.
doi:10.1007/BF00325880.

Koch, P.L. 2007. Isotopic study of the biology of modern and fossil
vertebrates. In Stable isotopes in ecology and environmental
science. 2nd ed. Blackwell Publishing, Malden, Mass. pp. 99-154.

»Larter, N.C., and Nagy, J.A. 2004. Seasonal changes in the
composition of the diets of Peary caribou and muskoxen on
Banks Island. Polar Res. 23(2): 131-140. doi:10.1111/j.1751-
8369.2004.tb00003..x.

Marshall, J.D., Brooks, J.R., and Lajtha, K. 2007. Sources of
variation in the stable isotopic composition of plants. In Stable
isotopes in ecology and environmental science. 2nd ed. Blackwell
Publishing, Malden, Mass. pp. 22-60.

»Meltofte, H., Christensen, T.R., Elberling, B., Forchhammer, M.C.,
and Rasch, M. 2008. Ten years of monitoring and research at
Zackenberg Research Station, Northeast Greenland: introduction.
Adv. Ecol. Res. 40: 1-12. doi:10.1016/S0065-2504(07)00001-3.

»Michelsen, A., Quarmby, C., Sleep, D., and Jonasson, S. 1998.
Vascular plant '°N natural abundance in heath and forest tundra
ecosystems is closely correlated with presence and type of
mycorrhizal fungi in roots. Oecologia (Berl.), 115(3): 406-418.
doi:10.1007/s004420050535.

Nardoto, G.B., de Barros Ferraz, E.S., Ometto, J.P.H.B., and
Martinelli, L.A. 2006. Stable carbon and nitrogen isotopic
fractionation between diet and swine tissues. Sci. Agric. 63(6):
579-582. doi:10.1590/S0103-90162006000600012.

»Oakes, E.J., Harmsen, R., and Eberl, C. 1992. Sex, age, and seasonal
differences in the diets and activity budgets of muskoxen (Ovibos
moschatus). Can. J. Zool. 70(3): 605-616. doi:10.1139/292-089.

Opik, H., and Rolfe, S. 2005. Flow of energy and carbon through the
plant: photosynthesis and respiration. /n The physiology of
flowering plants. 4th ed. Cambridge University Press, Cambridge.
pp. 9-59.

»Osborne, C.P., and Beerling, D.J. 2006. Nature’s green revolution: the
remarkable evolutionary rise of C4 plants. Philos. Trans. R. Soc. B
Biol. Sci. 361(1465): 173-194. doi:10.1098/rstb.2005.1737.
PMID:16553316.

Parnell, A., Inger, R., Bearhop, S., and Jackson, A.L. 2008. SIAR:
Stable isotope analysis in R. Available from http://cran.r-project.
org/web/packages/siar/index.html [accessed 1 August 2010].

» Parnell, A.C., Inger, R., Bearhop, S., and Jackson, A.L. 2010. Source
partitioning using stable isotopes: coping with too much variation.
PLoS ONE, 5(3): e9672. doi:10.1371/journal.pone.0009672.
PMID:20300637.

» Phillips, D.L., and Gregg, J.W. 2003. Source partitioning using stable
isotopes: coping with too many sources. Oecologia (Berl.), 136(2):
261-269. doi:10.1007/s00442-003-1218-3. PMID:12759813.

Roth, J.D., and Hobson, K.A. 2000. Stable carbon and nitrogen
isotopic fractionation between diet and tissue of captive red fox:
implications for dietary reconstruction. Can. J. Z0ol.78(5): 848—
852. doi:10.1139/cjz-78-5-848.

» Sponheimer, M., Lee-Thorp, J.A., DeRuiter, D.J., Smith, J.M., Van der
Merwe, N.J., Reed, K., Grant, C.C., Ayliffe, L.K., Robinson, T.F.,
Heidelberger, C., and Marcus, W. 2003a. Diets of southern African
Bovidae: stable isotope evidence. J. Mammal. 84(2): 471-479.
doi:10.1644/1545-1542(2003)084<0471:DOSABS>2.0.CO:;2.

» Sponheimer, M., Robinson, T., Ayliffe, L., Passey, B., Roeder, B.,
Shipley, L., Lopez, E., Cerling, T., Dearing, D., and Ehleringer, J.
2003b. An experimental study of carbon-isotope fractionation

Published by NRC Research Press



-

press.com by Syddansk Universitetshibliotek on 09/26/11
For personal use on

Can. J. Zool. Downloaded from www.nrcresearch

Kristensen et al.

between diet, hair, and feces of mammalian herbivores. Can. J.
Zool. 81(5): 871-876. doi:10.1139/203-066.

» Sponheimer, M., Robinson, T., Ayliffe, L., Roeder, B., Hammer, J.,
Passey, B., West, A., Cerling, T., Dearing, D., and Ehleringer,
J. 2003¢. Nitrogen isotopes in mammalian herbivores: hair
315N values from a controlled feeding study. Int. J. Osteoarch-
aeol. 13(1-2): 80-87. doi:10.1002/0a.655.

» Sponheimer, M., Robinson, T.F., Roeder, B.L., Passey, B.H., Ayliffe,
L.K,, Cerling, T.E., Dearing, M.D., and Ehleringer, J.R. 2003d. An
experimental study of nitrogen flux in llamas: is '*N preferentially
excreted? J. Archaeol. Sci. 30(12): 1649-1655. doi:10.1016/
S0305-4403(03)00066-9.

»Stecle, K.W., and Daniel, R.M. 1978. Fractionation of nitrogen
isotopes by animals: a further complication to use of variations in
natural abundance of PN for tracer studies. J. Agric. Sci. 90(1): 7—
9. doi:10.1017/S002185960004853X.

» Sutoh, M., Koyama, T., and Yoneyama, T. 1987. Variations of natural

RIGHTSE LI MN iy

899

5N abundances in the tissues and digesta of domestic animals.
Radioisotopes, 36(2): 74-77. PMID:3575790.

» Sutoh, M., Obara, Y., and Yoneyama, T. 1993. The effects of feeding
regimen and dietary sucrose supplementation on natural abun-
dance of N in some components of ruminal fluid and plasma of
sheep. J. Anim. Sci. 71(1): 226-231. PMID:8454545.

Thing, H., Klein, D.R., Jingfors, K., and Holt, S. 1987. Ecology of
muskoxen in Jameson Land, Northeast Greenland. Holarct. Ecol.
10: 95-103.

»West, A.G., Ayliffe, L.K., Cerling, T.E., Robinson, T.F., Karren, B.,
Dearing, M.D., and Ehleringer, J.R. 2004. Short-term diet changes
revealed using stable carbon isotopes in horse tail-hair. Funct.
Ecol. 18(4): 616-624. doi:10.1111/j.0269-8463.2004.00862.x.

»Yano, Y., Shaver, G.R., Giblin, A.E., and Rastetter, E.B. 2010.
Depleted N in hydrolysable-N of arctic soils and its
implication for mycorrhizal fungi—plant interaction. Biogeo-
chemistry, 97(2-3): 183-194. doi:10.1007/s10533-009-9365-1.

Published by NRC Research Press




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


