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Abstract

Snow may prevent Arctic herbivores from accessing their forage in winter, forcing them to
aggregate in the few patches with limited snow. In High Arctic Greenland, Arctic hare and
rock ptarmigan often forage in muskox feeding craters. We therefore hypothesized that due to
limited availability of forage, the dietary niches of these resident herbivores overlap
considerably, and that the overlap increases as winter progresses. To test this, we analyzed
fecal samples collected in early and late winter. We used molecular analysis to identify the
plant taxa consumed, and stable isotope ratios of carbon and nitrogen to quantify the dietary
niche breadth and dietary overlap. The plant taxa found indicated only limited dietary
differentiation between the herbivores. As expected, the dietary niches exhibited a strong
contraction from early to late winter, especially for rock ptarmigan. This may indicate
increasing reliance on particular plant resources as winter progresses. In early winter, the diet
of rock ptarmigan overlapped moderately with that of muskox and Arctic hare. Contrary to
our expectations, no inter-specific dietary niche overlap was observed in late winter. This
overall pattern was specifically revealed by combined analysis of molecular data and stable
isotope contents. Hence, despite foraging in the same areas and generally feeding on the same
plant taxa, the quantitative dietary overlap between the three herbivores was limited. This
may be attributable to species-specific consumption rates of plant taxa. Yet, Arctic hare and
rock ptarmigan may benefit from muskox opening up the snow pack, thereby allowing them

to access the plants.
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Introduction

The resident herbivores on the Arctic tundra face harsh climatic conditions and limited forage
availability in winter, and severe snow conditions may strongly limit their availability to
forage and thus to gain sufficient energy to maintain their energy balance (Callaghan et al.
2011; Mosbacher et al. 2016b). How different herbivore species solve these challenges will
have a critical impact on how they survive the winter, and how current changes in winter
conditions (Bokhorst et al. 2016) may affect processes at the level of populations, behavior

and interspecific competition, as all dictated by resource limitations.

Arctic herbivores cope with the challenging winter situation in rather different manners.
Lemmings (Lemmus sp. and Dicrostonyx sp.), and other small mammals, live relatively
protected in the sub-nivean space, with relatively easy access to food under the snow (Klein
and Bay 1991). In fact, winter may be regarded as the prime time for lemmings (Schmidt et
al. 2008). In contrast to this, surface-active resident herbivores remain exposed to the winter
conditions, and consist of only a handful of species. Specifically, in High Arctic Greenland
the surface-active herbivore community in winter comprises muskox (Ovibos moschatus,
Zimmermann, 1780), Arctic hare (Lepus arcticus, Ross 1819) and rock ptarmigan (Lagopus
mutus, Montin 1781) (Berg et al. 2008). As other cold-climate ungulates during winter,
muskox rely heavily on fat reserves built up over summer and autumn (Adamczewski et al.
1998). During this time, forage is plentiful, particularly in the productive meadow areas
(Kristensen et al. 2011; Mosbacher et al. 2016a). In contrast, the Arctic hare and the rock
ptarmigan accumulate only small fat reserves during summer, and therefore need to forage
regularly during winter to maintain the energy balance (Thomas 1987). Both species may dig
small, temporary shelters in the snow, which offers some protection from the ambient

conditions (Thomas 1987; Gray 1993).



Muskoxen, Arctic hares and rock ptarmigan are generally not regarded as competitors for
food in winter due to expected differences in space use (Klein and Bay 1991, 1994; Schaefer
et al. 1996). However, in High Arctic Greenland the three species are frequently observed
foraging in the same areas during winter. There, the aggregation of foraging activities is
mainly initiated by muskox cratering behavior. By digging through the snow pack, the
muskox increases the access to the otherwise hidden vegetation for themselves, but ultimately
also for other herbivore species. A similar phenomenon has been observed in Svalbard, where
reindeer cratering opens up foraging areas for rock ptarmigan (Pedersen et al. 2006). The
overlap in foraging area is likely to be particularly pronounced in periods with extensive
snow cover (such as in late winter; Pedersen et al. 2016), when the availability of suitable
foraging areas, and thus access to food, is particularly limited. This use of shared foraging

sites could be hypothesized to result in a strong overlap in resource use.

Yet, the resident herbivores of the High Arctic also differ in several respects. Not only do
they differ substantially in size and anatomy, conferring different modes of accessing and
shredding plant material. Being phylogenetically distant (a bird, an ungulate and a
lagomorph), they also rely on widely different modes of food digestion. The muskox is a
ruminant, the Arctic hare is a hind-gut fermenter, and the ptarmigan uses enlarged ceca as
fermentation chambers. This may cause them to focus on different nutritional resources, as
being differentially amenable to digestion by these different strategies (Smith et al. 2000).
Thus, the extent to which shared space use of these Arctic species also results in shared

resource use is yet to be established.

Herbivore diet can be mapped out by several techniques. Most analyses of Arctic herbivore
diet to date have relied on conventional techniques, scoring diet from plant remains in gut
contents or feces (e.g. Thing et al. 1987; Klein and Bay 1991, 1994). Such techniques risk

providing information of relatively low resolution, since a significant proportion of plant



material cannot be identified or can be assigned only to rough taxonomic groups (Norbury
1988). As an alternative, several studies have applied stable isotope ratios to infer diets
(Nielsen et al. 2017). Here, the stable isotope ratio of a consumer is assumed to reflect that of
its diet, with different primary producers often having distinct stable isotope ratios (Fogel and
Cifuentes 1993). During assimilation and metabolism the lighter stable isotope is
preferentially excreted, resulting in consumers being isotopically enriched relative to their
prey. This phenomenon is commonly represented as a trophic discrimination factor, and has
recently yielded a plethora of isotope-based studies quantifying animal resource use,
primarily using carbon and nitrogen stable isotopes (Boecklen et al. 2011). Such analyses
work well when putative dietary resources can be well established a priori, the isotope ratios
of different primary producers are clearly differentiated and the trophic discrimination factor
can be accounted for. However, they are less suited for offering species-level resolution (see
Traugott et al. 2013; Phillips et al. 2014; Roslin and Majaneva 2016). As another alternative,
recent molecular approaches rely on the locus-specific amplification of DNA fragments from
the diet, and matching the resulting amplicons with a reference library (Soininen et al. 2009;
Roslin and Majaneva 2016). The advantage of molecular approaches is their high taxonomic
resolution. The precision of identifications improve with well-populated reference libraries.
Here, the Arctic is in a good position, with extensive libraries of plants (data from Willerslev
et al. 2014; Soininen et al. 2015). For Northeast Greenland, a complete reference library of all
vascular plants was generated by Wirta et al. (2014, 2016). As disadvantages, molecular
approaches tend to give qualitative lists of taxa consumed by each animal rather than
estimates of quantities consumed — an aspect currently debated (Deagle et al. 2013; Clare
2014). Given the advantages and disadvantages of each individual technique, a powerful
approach to unravel detailed trophic interactions is then to combine and compare approaches

in the same study (Hardy et al. 2010).



To map out the winter-time diet compositions of the resident, surface-active herbivores of
High Arctic Greenland, we adopt this joint approach. We combine molecular and stable
isotope analyses of fecal samples to quantify differences in niche breadth and dietary overlap
between species and seasons. In doing so, we focus on two contrasting periods of winter:
early winter with fragmented, shallow snow-cover, and late winter with extensive, deep
snow-cover. We hypothesize that due to the anatomical differences, the three herbivore
species may consume different parts of the plants, but that due to the limited availability of
plants (both in terms of biomass and species) in the snow-free areas, their diets may overlap
considerably when foraging in the same areas. As winter progresses and access to resources
declines, we expect the dietary niche breadth to decline and the dietary overlap between

herbivore species to increase.

Materials and methods

Study area

The study was conducted at Zackenberg in Northeast Greenland (74°30°N; 21°00°W). Here,
the climate is High Arctic with a mean annual temperature of -9°C, a mean summer (June
through August) temperature of about +5°C and a mean winter (December through February)
temperature of about -18°C. Annual precipitation is about 260 mm, mainly falling as snow
(Hansen et al. 2008; Pedersen et al. 2016). Winter thaw events are rare in the area (Pedersen
et al. 2015). The vegetation in the valley is dominated by various tundra heath types,

intertwined by smaller, wind-exposed and sparsely vegetated areas (Elberling et al. 2008).

Collection of fecal material



We collected fecal material from Arctic hare, muskox, and rock ptarmigan primarily within
muskox feeding craters but also on smaller, windblown ridges, where the sparse vegetation
was accessible for all three species. All samples were collected within approximately 6-7 km
from the Zackenberg research station. Co-feeding was verified at all collection sites by the
presence of fresh fecal droppings from all three species. Fecal samples were collected from
individual piles (muskox and rock ptarmigan) or within areas separated by minimum 25
meters (Arctic hare). Fecal material from the three species is easily distinguishable based on
shape, size and color. Only fresh feces were collected, based on coloration and position of
fecal material on the snow surface. Fecal samples were placed in separate paper bags and
oven-dried at 60°C until complete dryness. We collected 20 samples from each species in
each of the two seasons, early winter (October 2013) and late winter (April 2012). Snow
depth in the central valley was approximately 15 cm in October 2013 and approximately 100
cm in April 2012, respectively (Pedersen et al. 2016). Prior to analyses, fecal samples from

the three herbivores were ground-milled into a homogenous powder.

Genetic analysis

We used the same fecal material prepared for the analysis of stable isotopes (below) to
conduct molecular analyses, thus allowing us to detect the plant taxa consumed by the three

herbivores in the two seasons by both methods.

DNA extraction — For DNA extraction from fecal material, we subsampled 31.1 mg (x SD

3.8 mg) for DNA extraction. DNA was extracted using the NucleoSpin® Tissue Kit (product
nr 740952, Macherey-Nagel), according to the instructions for standard protocol (User
manual, version June 2014 / Rev. 14) with the following modifications: step 3) after
incubation, an extra centrifugation for 5 min at 11 000 g to clear supernatant; step 5)

centrifuge time was increased to 4 min to assure more complete flow-through; and step 7)



pure DNA was eluted into 200 puL Buffer BE. Four microliters of each extract were used for

each PCR.

PCR and library construction — DNA libraries were prepared using the protocol from

Vesterinen et al. (2016), with minor modifications. In short, we used two widely applied gene
regions in our study: Firstly, chloroplast trnL (UAA) intron and 2) internal transcribed spacer
2 (ITS2). Firstly, trin region was amplified using two forward primers (¢ A49325: 5’-
CGAAATCGGTAGACGCTACG-3’; and g A49425: 5°-GGGCAATCCTGAGCCAA-3")
and one reverse primer (h B49466 5’-CCATTGAGTCTCTGCACCTATC-3’) producing two
different products per sample (Taberlet et al. 2007). Secondly, ITS2 region was similarly
amplified using two forward (gITS7 5’-GTGARTCATCGARTCTTTG-3’; fITS7 5°-
GTGARTCATCGAATCTTTG-3’; Ihrmark et al. 2012) and one reverse primers (ITS4 5°-
TCCTCCGCTTATTGATATGC-3’; White et al. 1990). All these PCR products were then
subdued to another PCR round to attach Illumina-specific adapters and to introduce sample-
specific barcodes. We prepared two separate pools to account for PCR and sequencing
artefacts. Sequencing was performed on Illumina MiSeq platform (Illumina Inc., San Diego,
California, USA) in two separate runs by the Turku Centre for Biotechnology, Turku,

Finland. Further details of the laboratory work are available in Appendix S1(Text S1.1).

Sequencing output analysis and OTU identification — The sequencing runs produced

altogether 8 572 802 and 13 755 492 forward and reverse raw reads. The reads were then
uploaded to CSC servers (IT Center for Science, www.csc.fi) for trimming and further
analysis. Trimming and quality control of the sequences were carried out according to
Vesterinen et al. (2016) with minor modifications for Illumina platform. We used USEARCH
algorithms for trimming and clustering and python package cutadapt for primer cutting
(Edgar 2010; Martin 2011). All commands and a more detailed description of the

bioinformatics applied is offered in Appendix S1 (Text S1.2).



Altogether, 2 997 047 reads were retrieved for subsequent analysis for the current study. We
tested the reliability and repeatability of the sequence data by applying t-test for read numbers
for each data type (technical replicate A vs. B per each species; early winter vs. late winter
per species). Then, OTUs were identified to biological taxa using BLAST (Altschul et al.
1990) at the CSC servers. We used several databases: a) local database ‘chgh’ consisting of
chloroplast trnL sequences (data from Willerslev et al. 2014; Soininen et al. 2015) local
database ‘ZACK’ consisting of plant ITS2 sequences (Wirta et al. 2014, 2016) and c) current
(August 2016) GenBank ‘nt” database. Most of the OTUs (308/511) were identified with a
100% match to a single species. Overall, 99 % of trimmed and merged reads offered a match
of at least 98% to species (or some times higher taxa) — hereafter referred to as plant taxa —
and were retained. For subsequent analysis we combined the complementary information
from different primers and data sets, that is, we considered a dietary plant taxon to be present
in a sample, if it was found by any data set. Sequence data including OTU reads are available

in the Dryad Digital Repository: http://datadryad.org/resource/doi: XXXXXXXXX

Stable isotope analysis

For the stable isotope analyses, subsamples were weighed (~3.5 mg fecal material) and
packed into tin capsules. Subsamples were then analyzed for elemental concentrations and
13C/12C and '*N/*N ratios. All analyses were conducted using an Isoprime isotope ratio mass
spectrometer (Isoprime Ltd, Cheadle Hulme, Stockport, UK) coupled to a CN elemental
analyser (Eurovector, Milan, Italy) with continuous flow. Natural abundances of isotopes are
expressed in the 6 notation relative to international standards (Vienna Pee Dee Belemnite for
C and atmospheric N2 for N): dXsample (%o) = 1000 x [(Rsample/Rstandard) — 1], where R is
the molar ratio of heavy X / light X. All samples were analysed with reference gas calibrated
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 deviation of isotope


http://datadryad.org/resource/doi:XXXXXXXXX

measurements of the standards was £0.2%o for 3'°N and £0.1%o for 8*3C (Clemmensen et al.

2006).

Dietary niche breadth and dietary overlap

From the molecular analyses, we first obtained a list of plant taxa found (presence/absence)
in each of the fecal samples from the three herbivores in the two seasons. Based on the
presence/absence of plant taxa we calculated the frequency of occurrence for each plant taxa
for each herbivore species in each season. We then calculated the dietary niche breadth using

Levin’s measure (B) (Krebs 1998):

where Pj is the overall proportion (based on presence/absence in individual scats) of plant
taxa j in the fecal samples of one of the three herbivore species in one of the two seasons.
Levin’s measure ranges from 1 (only one plant species consumed) to the maximum plant taxa

consumed (i.e. all plant taxa consumed in equal amounts).

We did not include any analysis of the number of reads, as these may not reflect the
importance of the various plant taxa in the herbivore diets (Pompanon et al. 2012). Moreover,
the large anatomical differences between the three herbivore species may further exacerbate
differences. Different plant groups may also amplify differently, introducing further bias in

the absolute read counts.

From the data on stable isotope ratios, we calculated the dietary niche breadth for each
species in early and late winter using the SIBER package by quantifying the area of the

standard ellipses, which include the central 40% of the observations (Jackson et al. 2011) and

10



thus represents the dietary core. While the convex hull encapsulates all data points, and thus
highly influenced by outliers (Layman et al. 2007), the area of standard ellipses yields more
robust measures of diet niche (Syvéranta et al. 2013). Hence, we use this area to describe the
dietary niche of the three herbivores examined. As stable isotope ratios may altered while
passing through the digestive tract (Sponheimer et al. 2003), we corrected the stable isotope
ratios in feces for trophic enrichment prior to the statistical analyses (Table 1). We used
published data on trophic discrimination factors from goats for the muskox (8*3C: -1.00+1.00;
51°N: 1.70+1.00 (Codron et al. 2012)) and from rabbits for the Arctic hare (§*3C: -0.30+0.10
(Sponheimer et al. 2003); *°N: 2.00+0.50 (Boag et al. 1997)). For rock ptarmigan we used
the general avian trophic discrimination factor (3*3C: 1.15+0.18; 6'°N: 2.91+0.16) published
by Caut et al. (2009). However, as these trophic discrimination factors are not specific to the
species or tissues examined here, they may not adequately describe the trophic enrichment.
We therefore also estimate the dietary overlap using uncorrected stable isotope ratios and
compare the estimated overlaps with and without trophic discrimination factors applied. We
used linear regression to compare the two measures of dietary width (i.e. area of the standard

ellipse and Levin’s B).

To quantify the dietary overlap between the herbivore species using the molecular data, we

calculated Schoener’s overlap index (Hurlbert 1978), P:

Py = 100

n
Z(minimum Pij, Py.)

i=1

where Pijand Pik are the proportions (here based on presence/absence) of plant taxa i in the
fecal samples of herbivore species j and k, respectively. For each season, we also calculated

dietary separation as the degree of nestedness, and thus deviation from random associations,

11



in the diets of the herbivore community using the normalized checkerboard score (C) (Stone
and Roberts 1990). Should the diet of herbivores with a narrower diet form a subset of the
diet of species feeding on a wider set of plant taxa, then this will be reflected in high
nestedness. Hence, low nestedness will suggest that different herbivores feed on distinct sets
of plants. For the stable isotope ratio data, the dietary overlap was calculated as the overlap in
the area standard ellipses both within and between species using the R package nicheROVER
(Swanson et al. 2015) with default model parameters. For comparison with Schoener’s
overlap index, we calculated the overall median overlap for pairwise ellipse overlaps, and

compared the two measures of dietary overlap using linear regression.

Forage quality

To establish whether the progressing winter was associated with a decline in nitrogen
concentration and thus with a decline in forage quality, we examined data on the nitrogen
concentration in the fecal samples obtained in the analyses of stable isotopes (Putman 1984;
Leslie Jr et al. 2008). To test whether inter-specific variation in nitrogen concentrations

within seasons exceeded intra-specific variation, we used analyses of variance (ANOVA).

Results

All three herbivore species, and in particular Arctic hare and rock ptarmigan, consumed a
variety of plant taxa both in early and late winter. Of the trimmed DNA sequence reads, we

were able to assign over 99% to plant species, finding no statistical difference in the read

12



numbers between the replicates or seasons (t-test: t(hare-replicates)=0.02, df=88, P=0.98;
t(ptarmigan-replicates)=0.70, df=83, P=0.49; t(muskox-replicates)=0.14, df=71, P=0.89;
t(hare-seasons)=0.09, df= 88,P=0.93; t(ptarmigan-seasons)=0.19, df=83 P=0.87; t(muskox-
seasons)=-1.00, df=71, P=0.32). Altogether, we identified 46 different plant species or

species groups from 22 different families in the sequence data (Appendix S2: Table S2.1)

(Fig. 1).

The muskox consumed the lowest number of plant taxa, particularly in late winter (Fig. 1).
The diets of all three herbivores in both seasons proved to consist mainly of various shrubs,
forbs and graminoids (Fig. 1). The frequencies of occurrence of the various plant taxa in the
diets only differed slightly between the two seasons, though generally more plant taxa were
consumed in early winter compared to late winter (Fig. 1). Overall, based on the molecular
data, the most frequently consumed plant taxa were essentially the same for all three
herbivores. Yet, the dietary overlap seemed most pronounced between Arctic hare and rock
ptarmigan (Fig. 1). Schoener’s index also indicated large overlap between the three
herbivores in both seasons (Table 2). For stable isotope ratios, the separation between species
was more distinct (Table 2; Fig. 2), although particularly the dietary niche of rock ptarmigan
still overlapped considerably with those of Arctic hare and muskox (Table 2). The overlap in
dietary niches of Arctic hare and muskox was low in early winter and non-existent in late

winter (Table 2; Fig. 2).

Data from the of stable isotope ratios suggested that the Arctic hare and muskox had dietary
niches of approximately similar size, while the rock ptarmigan had a much broader dietary
niche, particularly in early winter (Table 1; Fig. 2). Within species, the dietary overlap in the
two seasons was most pronounced for Arctic hare, intermediate for ptarmigan, and lowest for
muskox diets (Table 2). Bootstrapping of overlaps among standard ellipses revealed generally

rather narrow confidence intervals for the median overlap, particularly for the inter-specific
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comparisons (Appendix S3: Figure S3.1). Schoener’s index generally showed the same
pattern, but with less variation between seasons (Table 2). Comparing the dietary overlaps
obtained from stable isotope ratios corrected versus uncorrected for trophic discrimination
factors, revealed qualitatively similar dietary overlaps and confidence limits (Appendix S3:
Figure S3.2). The checkerboard scores also indicated increased dietary separation between

the three herbivores from early to late winter (early winter: C=0.742; late winter: C=0.154).

Both Levin’s index (based on the molecular data) and the area of the standard ellipses (based
on the isotope data) generally showed a consistent pattern of reduced niche breadth as the
winter progressed for all three herbivores (Error! Reference source not found. 1; Fig. 2).
However, Levin’s index for rock ptarmigan showed the opposite trend (Error! Reference
source not found. 1). Despite generally exhibiting the same pattern, the two measures of
dietary niche breadth were not significantly correlated with Levin’s index (R?=0.01,
F1,7=0.54,P=0.8268), mainly because the relative dietary niche breadth indicated by the two
measures were not comparable (Error! Reference source not found. 1). Along with general
niche contraction, the stable isotope data suggested that the dietary overlap generally declined
over winter (Table 2; Fig. 2). This pattern was, however, less evident in Schoener’s index,
where the overlap was rather consistent in the two seasons (Table 2). Nonetheless, the dietary
overlap based on the SEA and the Schoener’s index were highly correlated (R?=0.74,

F17=20.26, P=0.003).

In terms of forage quality, the nitrogen concentration in the fecal samples was significantly
affected by species (F2,114=55.45, P<0.001), season (F1,114=95.60, P<0.001) and their
interaction (F2,114=36.72, P<0.001) (full model R?=0.71, Fs,114=55.99, p<0.001; Fig. 3).
Tukey post hoc tests revealed that across species, the nitrogen concentrations were
significantly lower in early winter compared to late winter (p<0.001). The nitrogen

concentrations in muskox and rock ptarmigan feces were significantly lower in late winter
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compared to early winter (P<0.001), whereas the nitrogen concentration in the diet of Arctic
hares was the same in the two seasons (P=0.999) (Error! Reference source not found.). In
early winter, all three species had fecal nitrogen concentrations significantly different from
each other (P<0.001) (highest in rock ptarmigan, intermediate in Arctic hare, and lowest in
muskox). In late winter the nitrogen concentrations of rock ptarmigan and muskox feces were
not significantly different from each other (p=0.109), while those of Arctic hare differed

significantly from the rest (p<0.001) (Error! Reference source not found.).

Discussion

Snow challenges the surface-active resident Arctic herbivores by reducing their access to the
already sparse food sources in winter, and severe winter conditions may negatively affect the
population dynamics of these species (Mech 2000; Hansen et al. 2013; Schmidt et al. 2015).
As the growing season comes to an end, the variety and amounts of available forage is
markedly reduced compared to summer (Henry et al. 1990; Arndal et al. 2009; Mosbacher et
al. 2016a), and the herbivores only have a limited selection of low-nutritious plant forage to
choose from during winter. We therefore expected large overlaps in the diets of the three
resident herbivores of the Greenlandic High Arctic, particularly in late winter. At this time,
the surface-active, resident herbivores are forced to aggregate in increasingly smaller patches
of potential foraging areas, where the three herbivore species often forage successively. Due
to its larger body size, the muskox is more capable of cratering through more snow to access
the plants underneath than both Arctic hare and rock ptarmigan, and may thus facilitate the
access to food for these smaller herbivores. Indeed, many of the droppings that we sampled
for dietary analyses we found in musk ox craters. Facilitation by musk ox is probably most
important in periods with extensive snow cover and deep snow, such as the late winter

situation in the present study, where muskox aggregate in less productive areas with less
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snow accumulation (Gustine et al. 2011; Schmidt et al. 2016). Indeed, Pedersen et al. (2006)
suggested that co-feeding may have evolved to cope with such periods of particularly limited

access to food.

Consistent with co-feeding on similar patches of vegetation, the plant taxa found most often
in the diets of all three herbivores at Zackenberg were indeed qualitatively similar in both
seasons, and each herbivore’s diet was comprised of various shrubs, forbs and graminoids.
This is consistent with the findings of other dietary studies from the High Arctic, as relying
primarily on conventional, morphology based diet analysis (e.g. Thing et al. 1987; Klein and
Bay 1991, 1994). Suggesting more differentiation, the area of the standard ellipses of
particular rock ptarmigan and the two mammalian herbivores only overlapped slightly (8-
10%) in the early winter, while the latter two had even more distinct dietary niches. Hence,
although foraging in the very same areas, and despite the limited availability of forage, these
three herbivores were seemingly utilizing partly different forage. Contrary to our a priori
expectations, the overlap declined as winter progressed, and almost no overlap in the ellipse
area of any of the three herbivores was observed in late winter. Contrasting with this, the
molecular data suggested a high degree of similarity in the diets of the three herbivores in

both seasons, though diet was generally less similar in late winter.

Patterns in the overlap of ellipse area are strongly linked to patterns in ellipse width. The
ellipse of rock ptarmigan was broadest in early winter, while Arctic hares and muskoxen had
smaller and similar-sized dietary niches. In late winter, the dietary niches based on the area of
the standard ellipses of all three herbivores were smaller. The shrinkage in dietary niche as
winter progressed was also generally supported by Levin’s index as calculated for molecular
data. However, the relative niche breadth indicated by the two measures showed an

inconsistent pattern, and the two measures were not significantly correlated.
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Overall, the apparent discrepancies between metrics derived by molecular and isotope data
likely reflect the differential information conveyed by each metric. The information derived
from stable isotopes is informative regarding quantities consumed (e.g. Kristensen et al.
2011), while the information gleaned from molecular analyses is reduced to presence/absence
of plant taxa at the level of individual droppings. Thus, a plant resource consumed frequently
but in low quantities by all herbivores will translate into similar resource use, whereas a plant
consumed less evenly by individual herbivores but in large quantities whenever encountered
will translate into lower overlap. The limited to negligible dietary overlap indicated by the
stable isotope data therefore most likely arises from a species- and season-specific
consumption, both in terms of species and amounts consumed, but potentially also species-
specific intake of specific plant tissues with distinct stable isotope signatures (e.g. Korner et

al. 2016).

The nitrogen content in the fecal samples also indicates a difference in plant material used:
the rock ptarmigan seem to consume the most nutritious plant material, whereas muskoxen
consume the least nutritious plant material. Arctic hare consumed plant material of
intermediate nutritional value. For rock ptarmigan and muskox, dietary quality declined from
early to late winter, as also previously observed for muskox (Schaefer and Messier 1995).
These differences in forage quality are likely rooted in the anatomical differences between
the three species, with an increasing ability to digest low-nutrient food from the relative
simple digestive tract of the ptarmigan, over the hindgut-fermenting Arctic hare, to the true

ruminant, the muskox (Blix 2005).

What the apparent discrepancy between the two methods may thus convey is a consistent
imprint of more pre-emptive resource use towards the harsher late winter. With the increasing
snow pack, the muskox opening up the crater may consume more of the preferred plants, with

the smaller species confined to picking up the scraps of this species, but relying primarily on
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other plant species or tissues — each by a mode best suiting its own anatomy and size. In
evidence of this, both Arctic hare and rock ptarmigan fed on a much wider range of plant
species, even when feeding in the same area as muskox and when operating from the craters
opened up by this larger species. Indeed, the plants most frequently consumed by the muskox
(Salix and Dryas in particular; Fig. 1) are dominant species in the vegetation of Zackenberg,

and likely the first consumed by a muskox reaching the soil surface through the snow pack.

It thus appears that in the nutrient poor tundra ecosystem, the resident herbivores show some
level of differential resource use. These differences are even accentuated in late winter, when
snow-cover is almost complete and the snow pack the deepest (Pedersen et al. 2016). Hence,
whilst molecular analyses is valuable for detecting the various plant taxa consumed, a
combined approach of molecular analyses and stable isotope analyses might be necessary to
unravel trophic interactions in more detail (Hardy et al. 2010). We note, however, that dietary
overlap between (but not within) species estimated using analyses of stable isotope ratios is
still prone to uncertainties due to the trophic discrimination factors applied. As no species-
specific factor exist for the three herbivores examined here, we used trophic discrimination
factors for closely related taxa as the second-best option, and the dietary overlap presented
here is only indicative of true dietary overlap. However, variation in trophic discrimination
factors between closely related taxa is small (Caut et al. 2009) and we also found no
qualitative changes when contrasting the dietary overlaps estimated from stable isotope ratios

corrected vs uncorrected for trophic discrimination factors.

Overall, we therefore conclude that the three resident, snow surface-active herbivore species
found in High Arctic Greenland in winter show only limited dietary overlap. A decrease in
overlap during the harshest months of the year suggest an increasing specialization on sparse
resources. As a likely driver of this specialization, we regard natural selection towards

reduced competition. However, the anatomical differences between the three herbivore
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species are likely also contributing to the observed pattern. These findings offer cause for
concern given ongoing changes in winter conditions and snow regimes in the Arctic
(Bokhorst et al. 2016). With changes in snow conditions, and particularly reduced summer
soil moisture, winter thaw events and rain-on-snow events (Callaghan et al. 2011; Bokhorst et
al. 2016), resource competition may further increase. These patterns were specifically
revealed by a combined analysis of molecular data and stable isotope contents. Neither
method would have given us the full insight (cf. Hardy et al. 2010), and we strongly

encourage the use of the two methods in combination when studying animal diets.
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Fig. 1. Heat map showing the frequencies of occurrence in scat samples from the three
herbivore species in early and late winter at Zackenberg, Northeast Greenland. The darker the

color, the higher the frequency of occurrence.
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Fig. 2. Dietary niche breadth and dietary overlap amongst three resident herbivores in early

and late winter at Zackenberg in Northeast Greenland (Arctic hare (blue), muskox (black) and

ptarmigan (green)) as depicted by the standard ellipses based on stable isotope ratios of

carbon and nitrogen in fecal samples, as corrected for corrected for trophic discrimination

factors. The left panel shows early winter, the right panel show late winter. The convex hull

is shown here only to illustrate the isotopic dietary niche space of each species.
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Fig. 3. The mean nitrogen concentration (%) in fecal samples from three resident herbivores
species in early and late winter at Zackenberg in Northeast Greenland. Bars indicate standard

errors of the mean. Shared letters above bars denote non-significant differences (P>0.05).
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