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Abstract In the Arctic, food limitation is one of the driving factors behind small mammal population fluctuations. Active throughout the year, voles and lemmings (arvicoline rodents) are central prey in arctic food webs. Snow cover, however, makes the estimation of their winter diet challenging. We analyzed the isotopic composition of ever-growing incisors from species of voles and lemmings in northern Finland trapped in the spring and autumn. We found that resources appear to be reasonably partitioned and largely congruent with phylogeny. Our results reveal that winter resource use can be inferred from the tooth isotopic composition of rodents sampled in the spring, when trapping can be conducted, and that resources appear to be partitioned via competition under the snow.
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Introduction Winter plays a key role in the population dynamics of small herbivorous mammals in the Arctic (Reid and Krebs 1996; Hansen et al. 1999a; Kausrud et al. 2008), but remains a poorly understood period of their annual cycle (Duchesne et al. 2011). Better knowledge of the resource allocations and foraging strategies used by these small mammals during winter is therefore important to improve our understanding of the ecology of these species in arctic food webs (Chappell 1980; Ims et al. 2013; Soininen et al. 2015). Arvicoline rodents (voles and lemmings) are key components of arctic ecosystems, as they constitute the sole prey of secondary consumers during winter (e.g., Ims et al. 2013). Aerial vegetative parts of plants seem to be the main constituents of the vole diet, while lemmings are known to be moss specialists



(Stenseth and Ims 1993). It seems that each group of arvicoline shows specific feeding preferences; arvicoline diets would thus expected to be structured according to phylogeny, as has been shown for European rodents (Butet and Delettre 2011). Flexibility and seasonality in the diets of small arctic mammals have been described to some extent (Hansson 1971a; Hansson and Larsson 1978; Batzli and Henttonen 1990; Eskelinen 2002; Saetnan et al. 2009; Soininen et al. 2009, 2013a). In winter, as small arctic mammals forage in the subnivium (the interface between soil and snow; Pauli et al. 2013; Petty et al. 2015), this task has proven difficult because direct feeding observations and trapping are impossible (but see Bilodeau et al. 2013). Most dietary studies have therefore relied on gut or feces contents of animals trapped between June and September (but see Tast 1974; Soininen et al. 2015), which represent only
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snapshots of an individual’s summer and autumn diets. So any method that can reconstruct the winter diet from animals trapped when the snow cover is gone would yield valuable information about the ecology of small arctic mammals. The isotopic composition of an animal’s tissue reflects the isotopic composition of the food ingested, shifted through fractionation by a given amount (i.e., discrimination factor), dependent on the animal’s metabolism (reviewed by Kohn and Cerling 2002; Cerling et al. 2010; Clementz 2012). In rodents, most studies in isotope ecology have relied on soft tissues or feces (e.g., Sare et al. 2005; Soininen et al. 2014), while stable isotope analyses on teeth have been restricted to reconstructing dietary ecologies in fossil taxa (e.g., Grimes et al. 2004; Hopley et al. 2006; Gehler et al. 2012; Gaz siorowski et al. 2014). Unlike soft tissues, teeth do not decay and, in the case of rodent teeth, are generally conserved unaltered in owl pellets and can thus be used to reconstruct communities over time scales from days to years. Teeth grow progressively and retain the isotopic signal once formed, an interesting property for the study of short-term variations, such as seasonal differences (Dalerum and Angerbj€ orn 2005). The isotopic composition of tooth tissues corresponds to the diet during the maturation period (Kohn and Cerling 2002). In the case of arvicolines, the ever-growing incisors are completely renewed in 6– 8 weeks (Klevezal et al. 1990). Thus, the whole incisor should record the average diet of an individual over a period of 6–8 weeks before death, while the older half of the tooth should represent a signal 6–8 weeks old, but which does not include the last 3–4 weeks. By analyzing this specific part, it should be possible to quantify the April diet (corresponding to the late winter diet, as the snow cover is still present) of rodents trapped in June (when the snow has gone). While this assumption seems logical, there is much uncertainty about metabolic routing and how this affects the isotopic composition of a given tissue (Dalerum and Angerbj€ orn 2005). So, in order to test the feasibility and robustness of this approach, we selected a sample of voles from Finland with well-studied seasonal ecologies. In this study, stable carbon and nitrogen isotope analyses were carried out on the lower incisors of specimens from seven species of Finnish arvicolines, belonging to three different tribes, trapped at two separate seasons, in order to test the following hypotheses: (1) the diet of a given species will be closer to that of another species from the same tribe than to that of a species from a different tribe, and (2) it will be possible to infer the winter diet by analyzing the teeth of individuals trapped in spring. Answering these questions will further our understanding of seasonal ecologies in small arctic animals.



Five Myodes glareolus females (“IBH” specimens in Table S1), raised in laboratory conditions, were used to estimate the discrimination factors in isotopic composition between food sources and tooth tissues. From weaning onwards (about 3 weeks after birth), the voles were fed exclusively with breeding diet pellets for rats/mice (number 1314 Fortified; Altromin Spezialfutter GmbH & Co. KG, Lippe, Germany). When sacrificed, all five females were healthy, and between four and 5 months old. The preweaning diet must have been completely overwritten by the postweaning pellet diet at the time of sacrifice, as incisors are completely renewed in 6–8 weeks (Klevezal et al. 1990). Sixty-two wild arvicolines (“UB” specimens in Table S1) were trapped at two sites in Finnish Lapland. Half of the individuals were trapped in spring (June, n = 30), and half in autumn (September, n = 32), most of them between 2010 and 2011. The first site, Pallasj€arvi, is a boreal taiga zone. The second site, Kilpisj€arvi, in the north-westernmost part of Finland, is characterized at higher altitudes by alpine tundra, with subarctic mountain birch forests at lower altitudes, around the biological station. At the Kilpisj€arvi site, only the lemmings were trapped in the tundra, while the voles could only be trapped in the forest habitat, which resembles the taiga of Pallasj€arvi. Therefore, for subsequent analyses, arvicolines were not separated by trapping locality, but by species, tribe, and season. The specimens analyzed belong to seven arvicoline species (Microtus agrestis and M. oeconomus; Myodes glareolus, M. rufocanus, and M. rutilus; Lemmus lemmus [see Cover image]; and Myopus schisticolor) within three tribes (Arvicolini, Clethrionomyini, and Lemmini, respectively). The diets of these species are seasonally variable, species-specific and well known in the Arctic (Table 1). Samples of plants probably consumed by Finnish arvicolines were collected from Lapland (mostly from Kilpisj€arvi; Table S2), in July 2012. The food pellets fed to the laboratory animals were also included in the analyses. We also included reviews by Ben-David et al. (2001) and Drucker et al. (2010, 2012) and reviewed the literature on mosses (see Fig. 1A). The shift from one trophic level to the next is classically thought to be approximately +3& in d15N (e.g., Ben-David and Flaherty 2012). The heads of the wild specimens and of the laboratory voles were prepared following the protocol in Appendix S1. As teeth sometimes contain inorganic carbonate, acidification tests were performed. We found that the inorganic carbonate content of the teeth was low enough to have no effect on the carbon and nitrogen isotopic compositions (Appendix S1, Fig. S1). Both lower incisors were extracted from the mandibles. The enamel and dentine of
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Table 1. Dietary data from the literature, for the arvicolines studied. Tribe



Species



Spring/summer diet



Autumn/winter diet



References



Arvicolini



Microtus agrestis



Grass/sedge (ca. 50%, up to 80%), forbs (ca. 40%), shrubs (ca. 10%); complemented by invertebrates, bark, berries, fungi Grass shoots (ca. 50%, up to 80%), forbs (ca. 20%, up to 65%), horsetail (up to 20%), shrubs (5–10%) Forbs (40–50%), invertebrates (30–40%), grass/sedge (ca. 15%, up to 30%), berries (ca. 10%, up to 35%)



Grass/sedge (ca. 70%, up to 90%), forbs (ca. 15%, up to 65%); complemented by bark, invertebrates, berries, fungi



Hansson (1971a,b), Stenseth et al. (1977), Hansson and Larsson (1978), Saetnan et al. (2009), Butet and Delettre (2011) Tast (1974), Batzli and Henttonen (1990), Soininen et al. (2009, 2013a)



Microtus oeconomus



Clethrionomyini



Myodes glareolus



Myodes rufocanus



Myodes rutilus



Lemmini



Lemmus lemmus



Myopus schisticolor



Complemented by fungi Shrubs (ca. 50%, especially Vaccinium shoots), forbs (ca. 25%), grass/sedge (ca. 5%), horsetail (ca. 5%) Fungi (30–65%), fruits/seeds (10–15%), invertebrates (5–20%), lichen (ca. 10%); complemented by Vaccinium shoots Moss (ca. 60%, up to 90%), grass/sedge (ca. 20%, up to 80%), dicots (ca. 10%, up to 50%) Moss (ca. 90%); complemented by leaves



Underground rhizomes and shoots of grass/sedge (up to 95%); complemented by forbs and shrubs Forbs (ca. 20%, up to 45%), grass/sedge (ca. 20%), lichen (ca. 20%, up to 35%), fungi (ca. 10%, up to 55%), shrubs (ca. 10%, up to 45%), berries (ca. 10%, up to 25%) Complemented by invertebrates Shrubs (ca. 60%, especially Vaccinium), grass (ca. 15%), forbs (ca. 10%); complemented by Betula bark, seeds/berries Fungi (ca. 60%), lichen (ca. 25%), fruits/seeds (ca. 10%); complemented by Vaccinium shoots



Hansson (1969, 1971a), Hansson and Larsson (1978), Sulkava (1978, in Viro and Niethammer 1982), Butet and Delettre (2011)



Hansson and Larsson (1978), Henttonen and Viitala (1982), Henttonen et al. (1992), Soininen et al. (2009, 2013a) Grodzinski (1971, in Hansson 1985), Henttonen and Peiponen (1982), Bangs (1984)



Moss (ca. 80%, up to 100%), grass/sedge (ca. 10%)



Koshkina (1961, in Batzli 1993), Tast (1991), Saetnan et al. (2009), Soininen et al. (2013b)



Moss (ca. 90%, up to 100%); complemented by leaves



Bondrup-Nielsen (1993), Eskelinen (2002)



the oldest halves of the incisors (which had formed at least 3–4 weeks before trapping; Klevezal et al. 1990) were manually ground into a fine homogeneous powder, with a mortar and pestle. The resulting powder was then dried overnight at 60°C. All plant samples were frozen ( 75°C) for at least 24 h, then lyophilized ( 
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