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Abstract
The hypothesis that predation is the cause of the regular small rodent population oscillations observed in boreal and Arctic 
regions has long been debated. Within this hypothesis, it is proposed that the most likely predators to cause these destabi-
lizing effects are sedentary specialists, with small mustelids being possible candidates. One such case would be the highly 
specialized least weasel (Mustela nivalis) driving the Norwegian lemming (Lemmus lemmus) cycle in Fennoscandia. These 
predators are often elusive and therefore distribution data can only be based on field signs, which is problematic when 
various mustelid species are sympatric, such as weasels and stoats (Mustela erminea). Here we present the results of using 
mustelid faeces in predated winter lemming nests to correctly identify the predator and thus discern which species exerts the 
strongest predation pressure on lemming winter populations. Samples were obtained during different phases in the lemming 
cycle, spanning 6 years, to account for different prey densities. Faecal mitochondrial DNA extraction and amplification of 
a 400-bp fragment was successful in 92/114 samples (81%); the sequencing of these samples proved that most predation 
occurrences (83%) could be attributed to the least weasel. These findings support the hypothesis that weasels in particular 
show high specificity in predation and could therefore be candidates to driving the lemming cycle in this area. We conclude 
that DNA analysis of faecal remains around predated nests can be a useful tool for further investigations concerning preda-
tor–prey interactions in the tundra.
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Introduction

The concept of predation as the causal factor in the observed 
regular oscillations of small mammal populations, especially 
in Arctic regions, has long been proposed in the research of 
the so-called “rodent cycle” (Elton 1924; Hanski et al. 1991, 
2001; Andersson and Erlinge 1977; Sittler 1995; Legagneux 
et al. 2012; Krebs 2013; Hoset et al. 2014). Furthermore, the 
separation of predators into three different types: resident 
specialists, nomadic specialists and generalists (Andersson 
and Erlinge 1977) and their subsequent implications, have 
been established within the predator hypothesis (Hanski 
et al. 2001). One such implication is the destabilizing effect 

caused by sedentary specialist predators on rodent popu-
lations (Andersson and Erlinge 1977; Hanski et al. 1991; 
Reid et al. 1997). However, this hypothesis has been highly 
controversial in the study of the rodent cycle (Graham and 
Lambin 2002), with many other authors proposing food 
availability (Krebs 2011), parasites (Forbes et al. 2014), 
stress (Boonstra and Boag 1992) or a combination of fac-
tors (Turchin et al. 2000; Fauteux et al. 2016) as being the 
causes of cyclicity (Andreassen et al. 2021).

Nevertheless, due to their specialist and sedentary nature, 
small mustelids have been suggested as possible drivers of 
the rodent cycle (Hanski et al. 2001; Gilg et al. 2003; Eker-
holm et al. 2004). In the case of the Fennoscandian tundra, 
two species of mustelid are sympatric; the stoat (Mustela 
erminea) and the least weasel (Mustela nivalis) (Elmeros 
2006). Both species are known to prey on the Norwe-
gian lemming (Lemmus lemmus) all year round (Ims and 
Fuglei 2005; King and Powell 2007) and have shown the 
time-lagging population growth necessary to cause regular 
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population oscillations in lemmings (Korpimäki et al. 1991; 
Gilg et al. 2006). Nevertheless, the particular species-spe-
cific predation patterns remain unknown. Lemmings are 
key-stone species in the tundra ecosystem showing cyclic 
population patterns of 3–5 years (Hanski et al. 2001; Le 
Vaillant et al. 2018) and thus, the correct identification of 
mustelids, potentially able to destabilize rodent populations, 
is essential in understanding these dynamics.

Furthermore, weasels and stoats are also known to be 
rare, cryptic and elusive, forcing identification efforts to be 
based on camera trapping methods (Soininen et al. 2015) or 
indirect traces of their activity, such as tracks, hair or faeces 
(Pilot et al. 2007). Finding traces or knowing where to place 
traps is nevertheless difficult in areas such as the Fennoscan-
dian tundra, due to its extent and lack of apparent hunting 
sites. To overcome this difficulty, this study focuses on the 
direct predator–prey interaction, using lemming winter nests 
predated by mustelids (MacLean et al. 1974; Duchesne et al. 
2011) as a beacon to facilitate mustelid faecal sample collec-
tion (Feige et al. 2012). Lemming nests are easily identifi-
able in the tundra and predated nests can be distinguished 
from these based on the presence of fur lining the inner 
layer of the nests, as well as remains, such as scats and prey 
bones, left around the site (Sittler 1995). Since it is difficult 
to identify mustelid scats to species level through morphol-
ogy alone (Hansen and Jacobsen 1999; Davison et al. 2002), 
in this study, species identification was achieved through 
DNA identification of faecal samples. This approach has 
been previously described in both methodological and field-
applied studies (Riddle et al. 2003; Colli et al. 2005; Pilot 
et al. 2007; Rozhnov et al. 2008; Harrington et al. 2010; 
Monterroso et al. 2019). Therefore, considering that both 
species of mustelid have different life cycles (i.e. delayed 
embryo implantation in stoats and direct egg development 
in weasels (King 1983; Sheffield and King 1994; Hellstedt 
and Henttonen 2006)), it is essential to discern any different 
predation patterns amongst them.

Additionally, trophic niche segregation between the dif-
ferent sexes has been noted in many species (Forero et al. 
2005; Mariano-Jelicich et  al. 2008; Tucker et  al. 2009; 
Guerao et al. 2011; Kernaléguen et al. 2015). Stoats and 
weasels, as many mustelids, are known to show evident 
sexual body size dimorphism (Moors 1980), which could 
lead to diverging trophic niches (Mcdonald et al. 2000; 
Purdey et al. 2004) or habitat use (Hellstedt and Henttonen 
2006). Resource partitioning has been debated in these 
species, with some studies suggesting differences between 
sexes (King 1983; Sheffield and King 1994) and others 
not (Elmeros 2006; Piontek et al. 2015). In some studies, 
these species have even been considered as four function-
ally distinct morphospecies (Dayan and Simberloff 1994). 
Therefore, given the vast implications this could have on 
mustelid-lemming interactions, a sex determination protocol 

was also included to facilitate the comprehension of these 
cyclic dynamics.

Extended insights into the mustelid predation patterns on 
the tundra will supplement our understanding regarding the 
drivers of lemming cycles and the players in the specialist 
predator hypothesis. The purpose of the present study is to 
further establish the usage of DNA species identification of 
faecal samples as a highly accurate, non-invasive method, 
with successful applications in the field and a focus on pred-
ator–prey dynamics which can help improve conservation 
and management efforts in the tundra. The use of mustelid-
predated lemming nests allows us to directly identify the 
predator to genus level (Mustela), facilitating sample col-
lection in this environment. Moreover, the correct identifica-
tion of predator species and sex will help unravel differences 
in their dynamics and thus facilitate the comprehension of 
mechanisms driving the regular oscillations of lemming 
populations in the Arctic. We expect the least weasel to 
cause the majority of predation events on lemming winter 
nests given their higher dependence on rodents and stronger 
numerical response (Sundell et al. 2013), while stoats have 
been known to more frequently prey on other species at low-
rodent abundance (Korpimäki et al. 1991). Furthermore, we 
do not expect any sex-bias in lemming predation frequency 
in either mustelid species. We hypothesise that variations in 
lemming litter sizes could potentially balance out any differ-
ences in energetic requirements between sexes (Millar 2001) 
and that low abundance of larger prey would restrict prey-
switching behaviour (Stoessel et al. 2019).

Methods

Sampling and extraction

Samples were exclusively obtained from the northern Swed-
ish tundra, in the Vindelfjällen Nature Reserve, Västerbotten 
county (67° 00′ N, 17° 00′ E). Two sampling strategies were 
used in this study. 500-m lines were used in the years 2008, 
2012 and 2015, along 68, 72 and 93 transects, respectively 
(Menci 2015). Sampling in 2018, 2019 and 2020, was car-
ried out along 12 wildlife triangular transects (Lindén 1996), 
with 4-km sides (12 km in total). Moreover, the same tri-
angular transects used in this study have already been used 
to survey wildlife populations in the past (Stoessel et al. 
2019), further motivating our choice of placement. In either 
case, transects were distributed to cover the largest possi-
ble area of treeless tundra within the reserve and sampling 
was carried out in the month of July. Winter phases were 
classified as: low (winter between 2 years with decreased 
rodent density in summer), decrease (winter before a rodent 
density increase in summer) and increase (winter after a 
summer with increasing rodent density) following Stoessel 
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et al. (2019). Summer lemming abundances were obtained 
from the National Environmental Monitoring Programme of 
Small Rodents (Ecke and Hörnfeldt 2019). The years 2008, 
2012, 2015 and 2020 were all classified as decrease, while 
2018 and 2019 were increase winters.

Faecal samples were obtained from mustelid-predated 
lemming nests (Sittler 1995), built in winter as a refuge 
from extreme temperatures and allowing them to breed 
(MacLean et al. 1974), which can be surveyed after snow-
melt. Only nests created during the preceding winter were 
used. Lemming nests are known to persist for more than 
1 year (Duchesne et al. 2011), however, old nests are easily 
distinguishable due to their bleached and partially decom-
posed appearance (MacLean et al. 1974). Predated nests 
were identified and recorded in the field, based on the pres-
ence of lemming fur lining the inner layers of the nests (Sit-
tler 1995). Stoats and weasels are known to use lemming 
nests as wintering sites, leaving remains around the site, 
such as scats and prey bones (Sittler 1995). Encountered 
faeces were collected, placed in plastic bags and dried with 
silica pellets in the field. They were subsequently frozen 
and stored at − 20 °C to minimize DNA decomposition and 
brought to the laboratory for further identification. Further-
more, opportunistic sample collection (i.e. outside transects) 
during the study years were also considered. The position of 
all samples found was recorded using a global positioning 
system receiver (Garmin eTrex).

Faecal samples collected in the field were processed in 
the laboratory through DNA extraction procedures, using the 
Qiagen QIAamp® Fast DNA Stool Mini Kit. The protocol 
as specified by the manufacturer was followed for all sam-
ples, including negative controls to monitor for crossover 
contamination. All extractions were done in a specialized 
low-quality-DNA pre-PCR laboratory to avoid contact with 
post-PCR products. Control tissue samples from stoat and 
weasel were extracted from skin using the Qiagen QIAamp® 
DNeasy Blood and Tissue Kit according to the manufac-
turer’s instructions.

PCR conditions

The PCR reaction mix for amplification of the Cytochrome b 
genes (producing a 400-bp fragment) contained about 50 ng 
of DNA template, 13 pmol of each primer, 10 × PCR buffer 
(Qiagen HotStarTaq®), 2.5 mM MgCl2, 0.8 mM dNTPs, 
1.6 mg mL−1 of bovine serum albumin (BSA) and 1.5 units 
of Taq polymerase in a total volume of 25 μL. BSA and 
dNTPs were acquired from Thermo Scientific™, all other 
reagents used for this procedure were obtained from the Qia-
gen HotStarTaq® DNA Polymerase kit. The primers used for 
this procedure were; forward primer LRCB1 (Davison et al. 
2002; Statham et al. 2005) and reverse primer H169498M 
(Statham et al. 2005). Reaction conditions differed slightly 

from those published by Statham et al. (2005), by running 45 
cycles instead of 40. DNA fragments were visualized using 
a 1.5% agarose gel electrophoresis and UV light to ensure 
suitable amplification.

DNA sequencing

Correctly amplified samples were purified and sequenced 
commercially at Macrogen Inc. © Europe (Amsterdam, 
Netherlands). This procedure was performed using the for-
ward primer only (LRCB1). Chromatographs obtained from 
this procedure were visually controlled to discard low-qual-
ity sequences and then sequences were compared to those 
available at GenBank using the NCBI BLAST® tool.

Sex determination

Control samples of known sex were obtained from the Swed-
ish Museum of Natural History in Stockholm to ensure cor-
rect identification of the study samples. The accession num-
bers were the following: 20005001, 20045270, 20095339 
and 20175125. For this procedure, the SRY gene in the Y 
chromosome was amplified, producing a 70-bp fragment for 
males, using Lut-SRY F and Lut-SRY R primers (Lynch and 
Brown 2006). The PCR mix for this amplification contained 
about 50 ng of DNA template, 14 pmol of each primer, 10× 
reaction buffer (Qiagen HotStarTaq®), 2.5 mM MgCl2, 
0.8 mM dNTPs, 1.12 mg mL−1 of BSA and 4 units of Taq 
polymerase in a total volume of 25 μL. Reaction conditions 
were 95 °C for 10 min, 40 cycles of 94 °C for 30 s, 60 °C 
for 30 s, 72 °C for 30 s and a final elongation of 72 °C for 
10 min. The DNA fragments were then observed through a 
2% agarose gel electrophoresis and UV light to determine 
sex. This procedure was repeated twice to ensure correct 
sex determination of the samples. To discern between failed 
PCR products and female samples, the primers Lut-914F and 
Lut-914R (Dallas et al. 2000) were used alongside the previ-
ous ones to visualize a 150-bp fragment on the female sam-
ples. The mix used in the PCR was: 50 ng of DNA template, 
14 pmol of each primer, 10× reaction buffer (Qiagen Hot-
StarTaq®), 2.5 mM MgCl2, 0.8 mM dNTPs, 1.12 mg mL−1 
of BSA and 2.5 units of Taq polymerase in a total volume 
of 25 μL. The PCR and electrophoresis conditions remained 
the same as above.

Statistical analysis

Due to limited sample sizes, binomial tests were conducted 
to show any significant differences between species (i.e. 
stoats and weasels) and sex (i.e. weasel males vs. females) 
in the total material. Statistical analyses were performed 
using R CRAN project (R Development Core Team 2020).
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Successfully identified mustelid scats were classified 
according to year of sample collection and related to winter 
phase of the lemming cycle.

Results

Species determination

DNA was successfully amplified for 92 of 114 faecal sam-
ples (80.7% success rate) (Table 1). Of the successfully iden-
tified samples, 76 were identified as least weasels (82.6%), 
nine as stoats (9.8%) and the remaining seven samples were 
surprisingly identified as Arctic fox (7.6%). To exclude DNA 
contamination as a possible cause for fox presence, the sam-
ples were later morphologically inspected and identified as 
fox scats. Their presence in our study could be attributed 
to errors by surveyors mistakenly collecting fox scat sam-
ples (Harrington et al. 2010) where no mustelid predation 
had taken place. Weasel scats were found to be more abun-
dant regardless of lemming population densities, both dur-
ing decrease and increase phases (Table 1), except in years 
with low successful sample size (2018 and 2020). A bino-
mial test proved that there was a clear significant difference 
between samples identified as weasels compared to stoats 
(p < 0.0001).

Sex determination

All species-identified mustelid samples underwent sex deter-
mination, with a success rate of 95.3% (Table 1); three sam-
ples belonging to stoats were females and four were males, 
whilst 39 weasel samples belonged to males (frequency: 

0.53; 95% CI 0.41–0.64) and 35 to females (frequency: 
0.47; 95% CI 0.36–0.59). Scats identified as weasels were 
analysed using a binomial test which showed no differences 
in sex frequencies (p = 0.73). Sex ratios in least weasel scats 
across all sampled years (0.90), showed no clear sex-bias 
when predating on lemmings. Nevertheless, given the low 
sample size of stoats, no clear conclusions regarding any 
differences between sexes can be drawn for this particular 
species.

Discussion

The role of mustelids as specialist predators driving the 
lemming cycle has been discussed since the onset of the 
research on the rodent cycle (Elton 1924). In this study, least 
weasels rather than stoats, seemed to be responsible for the 
majority of mustelid-related predation on wintering lem-
ming nests (Table 1). This is in accordance with previous 
observations, where it has been proposed that weasels show 
more rodent-specialist behaviours in predation (Mcdonald 
et al. 2000; Hellstedt et al. 2006; Feige et al. 2012). On the 
other hand, stoats seem to switch prey at low primary prey 
densities (Korpimäki et al. 1991; Elmeros 2006) and have 
been shown to not find this species of lemming particularly 
palatable (Storbråten 1998). Stoats have also been shown to 
prefer lush, richer habitats (Oksanen et al. 1992), displac-
ing weasels to poorer habitats with lower prey abundance 
(Erlinge and Sandell 1988), such as the more barren tun-
dra. Further, samples analysed in this study cover 6 years 
of data including different winter phases in the lemming 
cycle (Table 1), so that different prey population densi-
ties were accounted for. Nevertheless, decrease years were 

Table 1   Results obtained from successfully identified samples to species and sex level according to year (phase) and transect type

Note that sexual determination was only performed in mustelid-identified samples (i.e. not in V. lagopus) and was not successful for all samples

Year (phase) Transect type Sample size Successful 
samples (%)

Identified species (%) Males Females Female ratio

2008 (decrease) 500 m line 22 17 (77.3%) M. nivalis (100%) 9 8 0.47
2012 (decrease) 500 m line 24 18 (75.0%) M. nivalis (83.3%) 10 5 0.33

M. erminea (5.6%) 0 1 1.00
V. lagopus (11.1%) – – –

2015 (decrease) 500 m line 51 46 (90.2%) M. nivalis (82.6%) 18 20 0.53
M. erminea (8.7%) 2 2 0.50
V. lagopus (8.7%) – – –

2018 (increase) 12 km triangle 3 2 (66.7%) M. erminea (50.0%) 1 0 0.00
V. lagopus (50.0%) – – –

2019 (increase) 12 km triangle 10 7 (70.0%) M. erminea (14.3%) – – –
M. nivalis (85.7%) 2 2 0.50

2020 (decrease) 12 km triangle 4 2 (50.0%) M. erminea (100%) 1 0 0.00
Total samples 114 92 (80.7%)
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more abundant (2008, 2012, 2015 and 2020), which should 
result in higher frequencies of stoat counts, considering their 
stronger time-lag due to delayed embryo implantation (Shef-
field and King 1994). This, however, was not the case in the 
majority of years, indicating that the weasel is responsible 
for the majority of mustelid predation occurrences on winter 
nests in this area.

Low sample sizes due to decreased nest counts in 2018, 
2019 and 2020 might bias any conclusions drawn from spe-
cific phases, therefore an overall analysis is more suitable 
in this study. Nevertheless, stoat frequency seems to have 
increased during those years, while weasel predation occur-
rences have decreased (Table 1). Lemming population oscil-
lations in the area also seem to have dampened during these 
years (Ecke and Hörnfeldt 2019). Therefore, and consider-
ing the aforementioned predator hypothesis, these findings 
suggest that weasel presence in the Swedish tundra could 
be a destabilizing factor causing cyclic populations in lem-
mings. Nonetheless, it is important to note that interspecific 
differences in marking behaviour (i.e. whether deposition 
of scats is in close proximity to predated nests) may cause a 
bias in faecal sample collection, as could be the case in otters 
(Hutchings and White 2000; Kruuk 2006). From our find-
ings, it was clear that both species show these behaviours, 
however the frequency of occurrence remains unknown. To 
further investigate the specificity of mustelid predation, it 
would therefore be necessary to complement this approach 
by analysing stomach contents of caught weasels and stoats, 
which, given its invasive approach, would entail many logis-
tical and ethical implications. It is nevertheless clear that 
correct DNA identification of predation remains in this area 
is critical in understanding predator–prey dynamics, since 
two morphologically similar species were found to predate 
on lemmings.

In this regard, mustelid identification was successfully 
achieved for a large proportion of samples (Table 1), fur-
ther solidifying the use of non-invasive faecal DNA analysis 
already established in other studies (Gómez-Moliner et al. 
2004; Statham et al. 2005; Rozhnov et al. 2008; Harrington 
et al. 2010). This high success rate can be attributed in part 
to low DNA degradation due to the climatic conditions 
encountered in the field, with mean summer and winter 
temperatures ranging from 9 to − 5 °C, respectively, over 
the decade (https://​www.​smhi.​se/​data/​meteo​rologi/​tempe​
ratur). This would allow for suitable preservation of fae-
cal DNA until late June and early July, when samples were 
collected. DNA is known to rapidly degrade when subject 
to adverse weather conditions, such as prolonged exposure 
to UV radiation or rainfall (Davison et al. 2002; Harrington 
et al. 2010) and low-quality DNA is strongly correlated to 
scat freshness (Nsubuga et al. 2004; Hájková et al. 2006; 
Sittenthaler et al. 2020). We therefore attribute the non-suc-
cessful amplification to these factors. Furthermore, the use 

of predator-specific primers in the amplification procedure 
excluded any potential prey DNA from interfering with the 
desired PCR product (Murakami 2002).

Genetic identification can also allow for further insights 
about predation patterns, such as the relative importance of 
males and females as lemming predators. The applicabil-
ity of the sex determination protocol also gave satisfactory 
results, with 95.3% of samples being successfully sexed 
(Table 1). Given that all samples used for sexual identifica-
tion had already undergone species identification, and were 
therefore known to have amplifiable DNA, these results are 
not surprising. Sex determination through the analysis of 
faecal remains has been used in mammal populations in 
previous studies (Ralls et al. 2010; Pelizzon et al. 2017; 
Arandjelovic and Vigilant 2018) and a similar protocol has 
been shown to be an accurate method of sex identification 
in mustelids (Dallas et al. 2000; Lynch and Brown 2006; 
Statham et al. 2007; Horecka 2018). Our results therefore 
suggest that there is no apparent trophic segregation by sex 
in the least weasel, in regards to lemming winter nest pre-
dation, which is in accordance with previous investigations 
(Elmeros 2006; Piontek et al. 2015). Different energetic 
requirements between sexes, due to body size dimorphism 
in weasels could be satisfied by varying lemming litter size 
(Millar 2001). Furthermore, the low abundance of larger 
alternative prey, such as lagomorphs or larger voles (Stoes-
sel et al. 2019), especially in winter (Sheffield and King 
1994), restrict trophic segregation options. Sample size was 
not large enough to reach any conclusion concerning sex dif-
ferences in stoats. Moreover, the genetic markers used in this 
paper do not provide individual resolution, therefore, future 
efforts should design a sampling and analytic protocol with 
individual resolution to assess predation patterns in relation 
to the actual abundance of weasels and stoats, as well as 
individual variation in predation patterns.

In conclusion, our results show that the least weasel 
seems to be responsible for the majority of predated nests in 
the tundra, which, together with its known specificity could 
have large implications in the predator hypothesis for lem-
ming cycles. There were also no apparent sex differences 
in lemming predation for this species. We have shown that 
DNA analysis of faeces could be a useful tool in the clari-
fication of the mechanisms driving the lemming cycle. We 
would like to stress the importance of secondary supplemen-
tal methods including camera traps and hair identification 
(Teerink 2003), used in parallel to DNA identification, to 
reliably monitor populations of such elusive predatory spe-
cies and further elucidate on such controversial dynamics.
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