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ABSTRACT. Theory predicts that trophic interactions can produce cyclic dynamics of microtine rodents, but that in addition, 
social interactions are necessary to create the cyclicity. We tested the induced defence hypothesis as a component driving multi-
annual cycles by analyzing data on Siberian lemming (Lemmus sibiricus Kerr) populations and the levels of trypsin inhibitors 
(TI) and free proteins (SPP) in their food plants. We collected data at 12 sites along the Palaearctic tundra coast in 1994 and 
correlated these measures with lemming density and cycle phase. A negative correlation between lemming density and TI/
SPP in Carex was found at the 12 sites. Cycle phase tended to correlate significantly with TI/SPP, and plants being grazed by 
lemmings respond with some delay. Mass of pancreas, the organ producing proteolytic enzymes, co-varied negatively with 
TI/SPP. These findings are in accord with predictions from the induced defence hypothesis. In contrast, reproductive effort 
did not conform to the predictions but co-varied strongly with density. Data are in accord with theory predicting that, in 
addition to trophic interactions, some self-regulation is necessary to create cyclic dynamics. Our data show that the plant 
defence hypothesis alone is not a sufficient explanation for the cyclicity. Several factors interact, including predation, food 
quality (including induced defence chemicals), and intra-specific competition.
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RÉSUMÉ. En théorie, les interactions trophiques peuvent produire une dynamique cyclique de rongeurs microtinés, mais en 
plus de cela, il faut des interactions sociales pour donner lieu à la cyclicité. Nous avons mis à l’épreuve l’hypothèse induite 
de défense en tant que composante intégrale des cycles multi-annuels en analysant les données relatives aux populations de 
lemming brun (Lemmus sibiricus Kerr) et les taux d’inhibiteurs de la trypsine (TI) et de protéines libres (SPP) se trouvant 
dans leur nourriture végétale. Nous avons recueilli des données à 12 emplacements le long de la côte paléarctique des toundras 
en 1994 et avons corrélé ces mesures à la densité des lemmings ainsi qu’à la phase du cycle. Une corrélation négative entre la 
densité des lemmings et TI/SPP dans Carex a été trouvée à 12 emplacements. La phase du cycle avait tendance à donner une 
corrélation significative avec TI/SPP, et les végétaux faisant l’objet d’un pâturage par les lemmings réagissaient avec un certain 
retard. Les masses de pancréas, soit l’organe producteur des enzymes protéolytiques, co-variait négativement avec TI/SPP. Ces 
constatations cadrent avec les prédictions émanant de l’hypothèse induite de défense. Par contre, les efforts de reproduction ne 
se conformaient pas aux prédictions mais co-variaient fortement en fonction de la densité. Les données sont en accord avec la 
théorie prédisant qu’en plus des interactions trophiques, il faut une certaine autorégulation pour créer une dynamique cyclique. 
Nos données montrent qu’à elle seule, l’hypothèse de défense des végétaux ne constitue pas une explication suffisante à la 
cyclicité. Plusieurs facteurs entrent en interaction, dont la prédation, la qualité de la nourriture (ce qui comprend les produits 
chimiques induits de la défense) et la compétition intraspécifique.

Mots clés : lemming, dynamique cyclique, interactions entre les lemmings et les végétaux alimentaires, effet de la densité, 
toundra de la Sibérie
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INTRODUCTION

Microtine rodents (voles and lemmings) in boreal and Arc-
tic areas generally show cyclic population dynamics with 
peak densities at 3 – 4 year intervals. Many hypotheses have 
been proposed to explain this multiannual cyclic pattern 
(e.g., Krebs and Myers, 1974; Stenseth and Ims, 1993; Bat-
zli, 1996; Hörnfeldt, 2004; Krebs, 2011), but no one theory 
has been universally accepted.

Stenseth et al. (1996) made an extensive review of cur-
rent ecological information on periodically fluctuating 
microtine populations. When modeling cyclic dynamics 
from available long-term studies, they predicted that, in 
addition to trophic interactions, some self-regulation is nec-
essary to create cyclic dynamics. 

Examining trophic interactions, Krebs et al. (2003) 
described the trophic dynamics of the Canadian Arctic 
from extensive field data and found the system to be largely 
top-down for small and mid-sized herbivores. The flow of 
energy from small herbivores to predators is so large that 
herbivores have relatively little impact on the plants.

Angerbjörn et al. (1999) examined arctic fox (Alopex 
lagopus L.) predation on Siberian lemmings and suggested 
that the foxes, as resident specialist predators, could increase 
the amplitude and period length of the lemming cycle. 

Some experimental studies give support to the hypoth-
esis that predation, especially by small rodent specialists, 
drives the cyclic pattern (Korpimäki and Norrdahl, 1998; 
Klemola et al., 2000a; Korpimäki et al., 2002). A long-term 
field study on a cyclic population of collared lemming in 
Greenland suggested that a delayed numerical response of 
stoats (Mustela erminea L.) caused a cyclic pattern (Gilg et 
al., 2003). However, another experimental study manipulat-
ing weasel (Mustela nivalis L.) predation gave no conclu-
sive evidence either against or for the specialist predation 
hypothesis (Sundell, 2002), and Graham and Lambin (2002) 
found that removal of weasels had no decisive effect on the 
cyclic decline of an experimental vole population. 

Modeling of herbivore-plant interactions has suggested 
that food availability could account for the cyclic dynam-
ics, at least in some populations (Turchin and Batzli, 2001). 
Studies on the effect of supplemental feeding have shown 
that it increased growth, survival, and reproduction, but 
in no case did it prevent the population decline (reviewed 
by Stenseth and Ims, 1993). Food quality has received less 
attention, but studies have addressed phenols, N, P, Ca, 
and K, none of which seem to co-vary with rodent density 
(Jonasson et al., 1986; Lindroth and Batzli, 1986; Laine and 
Henttonen, 1987; Oksanen et al., 1987). Food plants can 
contain catechins. These are compounds of defensive plant 
secondary metabolites that belong to the tannin group (phe-
nols) and are thought to affect the foraging of lemmings 
(Berg, 2003). 

Proteinase inhibitors (PI), which are well known as 
defense agents in plant-insect interactions (Karban and 
Baldwin, 1997), correlated significantly with density of 
Norwegian lemmings (Lemmus norvegicus L.) (Seldal 

et al., 1994). PIs are produced in response to grazing and 
reduce the action of the herbivore’s proteolytic enzymes 
(Seldal, 1994). High PI levels, as caused by grazing, may 
lead to a lack of protein for the herbivore, which in turn has 
negative effects on its prospects of growth, reproduction, 
and survival (Seldal, 1994). Such induced plant defence 
therefore has the potential to determine microtine cycles 
(Seldahl et al., 1994). 

We report here on tests of five predictions from the 
hypothesis that trypsin inhibitors (TI), by inhibiting pro-
teinase activity, negatively affect the density, life history, 
and pancreas size of Siberian lemmings. Specifically, after 
considering TI in plants consumed by the lemmings, we 
used correlational studies of data collected from 12 lem-
ming populations on the Siberian tundra in 1994 to test 
these five predictions:

 1. If there are delayed density-dependent effects (Hörn-
feldt, 1994; Seldal, 1994), then the cyclic phases, 
arranged from low, via increasing, peak, and decreas-
ing densities to crashed populations, should be associ-
ated with increasing level of TI in food plants (Seldal, 
1994). Moreover, we expect no relationship or a negative 
relationship between TI and current lemming density 
(Seldahl, 1994).

 2. If increased exposure to TI causes pancreatic hyper- 
trophy (Seldal, 1994), then we predict a positive corre-
lation between pancreas mass as a proportion of body 
mass and TI levels. 

 3. If TI has a direct negative effect on reproduction, then 
we predict a negative correlation between TI levels in 
food plants and the proportion of pregnant females, as 
well as the number of embryos per female. 

 4. If there are competitive interactions and reduced repro-
ductive effort at high TI, then we expect a negative cor-
relation between the proportion of young lemmings and 
TI levels. 

Models based on the hypothesis that trophic interac-
tions cause cyclic dynamics tend to focus on energy flow 
in ecosystems: either top-down processes (from preda-
tors via herbivores to plants) or bottom-up processes 
(from plants via herbivores to predators). Such models do 
not consider demographic mechanisms that could influ-
ence these processes. In contrast, in models based on a 
self-regulation hypothesis, these mechanisms are basic 
elements. From such a hypothesis, we predict that an 
intrinsic factor should be included when modeling the 
cyclic dynamics of arctic lemmings.

 5. If intrinsic regulation is at work, then we predict a nega-
tive correlation between female reproductive activity 
and lemming density.

MATERIALS AND METHODS

In the summer of 1994, during a ship-borne expedition 
along the Palaearctic tundra over a vast region from the 
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Kola Peninsula to Wrangel Island (Danell et al., 1999), we 
examined populations of Siberian lemmings. Their pop-
ulation dynamics had previously been found to be cyclic, 
with peak numbers every three or four years (Chernyavs-
kii and Tkachev, 1982). We obtained extensive data at 12 
places along the Siberian tundra and were fortunate to find 
these populations in different phases of the lemming cycle 
(Erlinge et al., 1999). The demographic analyses were based 
on information on current and previous lemming densities 
combined with the age profile of the populations.

Measuring Lemming Density

Lemming density was measured by means of snap-traps 
according to a standardized program based on the “small 
quadrat method” (Myllymäki et al., 1971). At each study 
site, 20 quadrats (15 × 15 m) were established, each with 
12 traps (three in each corner of the quadrat). The 20 quad-
rats were placed at about 60 m intervals along a transect of 
about 1300 m. Traps were put out in habitats representative 
of a much larger area, in which lemming predators were 
censused. The 240 traps were checked every 8 hours, and 
trapping was carried out for at least 24 hours at each site. 
The number of captured Siberian lemmings per 100 trap-
days was used as an index of population density. Alto-
gether, 607 lemmings were captured (from 3 to 112 per 
site). In addition to lemmings trapped in the standard 240 
traps at each site, the total also included lemmings captured 
by hand and in some extra traps set out at favourite places. 
The density index, which is based on our standardized trap-
ping program and thus more comparable between the sites, 
varied between 0 and 29. For dates and number of lem-
mings captured at each site, see Erlinge et al. (1999). 

Phase and Age Determination

At each of 12 field sites (Fig. 1), the phase of the lemming 
cycle was determined using demographic and dendrochron-
ological methods (Erlinge et al., 1999). At each site, we 
recorded the amount of fresh and old lemming feces along 
lemming runways. We judged previous abundance from the 
age structure of the present populations and from dendro-
chronological data (Danell et al., 1981, 1995, 1999). Individ-
ual lemmings were aged using eye lens mass (Erlinge et al., 
1999). We considered three age categories: juveniles born 
in the current summer (< 4 months old), young adults born 
the previous winter, and old adults born earlier than the pre-
vious winter. 

A population in the increase phase is expected to have a 
medium current density and indications of low past density. 
The age profile is dominated by younger cohorts (Boon-
stra, 1994). A peak-phase population is expected to have a 
high density and a relatively high frequency of older indi-
viduals (Boonstra, 1994). A population in the decline phase 
should have a moderate density, a high past density, and an 
age profile dominated by older cohorts (Mallory et al., 1981; 
Boonstra, 1994). The low phase is characterized by a very 

low density and indications of a higher previous density. A 
crashed population has a very low density and clear signs of 
a recent very high density. Our phase determination gener-
ally agreed with results from Russian studies carried out at 
some of the same sites in the same year and in preceding 
and subsequent years (Tomkovich, 1998). 

Plant Sampling and Chemical Analysis

Sedges (Carex ensifolia, C. stans, C. lugens) are impor-
tant food plants for Siberian lemmings (Batzli, 1993). Two 
of these species, C. ensifolia and C. lugens, belong to the C. 
bigelowii complex. Carex ensifolia is distributed from the 
Kola Peninsula to the river Indigirka, and C. lugens, from 
Indigirka eastward into northern Canada (Jónsdóttir et al., 
1995). Carex stans was studied at one site (Indigirka) where 
it occurred together with C. bigelowii-types. Samples of the 
two Carex species were not split. The inhibitors were based 
upon extracts from both species. 

Twenty samples of green annual shoots of the clonal 
sedges were collected at each study site, within 50 m from 
the trap line. Samples were kept on ice in plastic containers,  
transferred to -20˚C within 24 hours, and stored until analy-
sis. Samples were analyzed for proteinase inhibitor activity 
and protein content as described by Seldal et al. (1994). In 
short, finely chopped plant material was extracted (1 g per 
10 ml of 40 mM Tris-HCl buffer, pH 8.1, containing 0.2% 
(W/v) Triton x-100) by homogenization at top speed for 
2 min. Soluble plant proteins (SPP) were measured by the 
protein-dye binding method (Bradford, 1976). The extracts 
were assayed for trypsin inhibitors (TI) in a standard assay 
on crystalline trypsin (125 units/assay) using N-p-toluene-
sulfonyl-L-arginine methyl ester as substrate (Bergmeyer 

FIG. 1. Relative density of Siberian lemmings (number of captured individuals 
per 100 traps during 24 h) at 12 sites along the Siberian tundra from the Kola 
Peninsula in the west to Wrangel Island in the east. Black bars denote densities 
measured when moving eastward in June and July, while striped bars show 
corresponding data collected on the return trip in July-August. On the New 
Siberian Islands (site 13), we worked at two different sites, Faddeyevskiy 
(black bar) on the way eastward and on Kotel´nyy, (striped bar) on the way 
back. Arrows above bars indicate the phases of the lemming cycle: whether 
the population at each site is increasing (⇗), at peak (⇑), declining (⇘), or at its 
low phase (⇓). At site 11, where the lemming population had recently crashed, 
we found an enormous amount of fresh lemming feces, but no lemmings were 
captured in the standardized trapping process. At site 2, where the population 
was also in low phase, no lemmings were captured either, but here almost no 
fresh feces were found.
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and Gawehn, 1974). Hydrolysis of the ester was studied 
spectrophotometrically at 247 mm for 3 min. Trypsin inhi-
bition per minute was expressed as a percentage related to 
the standard assay activity containing equivalent amounts 
of extraction buffer. Differences in trypsin inhibitory activ-
ity between plant samples were calculated from the regres-
sion at 80 μg protein/assay.

Statistical Analyses

We first adjusted the ratio of trypsin inhibitors to solu-
ble plant proteins and the lemming density values for date 
effects by regressing TI/SPP and lemming density on date, 
and we then used the residuals from these regressions (here-
after called “index of TI/SPP” or “index of trypsin inhibi-
tors/soluble plant protein” and “index of lemming density”) 
for further analyses. Also, proportions were transformed 
(arcsin square root) before being analyzed using Pearson’s 
product-moment correlation. For the eight main tests of the 
five specific predictions (see Introduction) that were based 
on population means from the 12 study sites, we used Pear-
son’s correlations and one-tailed tests. For the auxiliary 
tests (pancreas mass and number of embryos per pregnant 
female) in which we could use individual lemmings as the 
dependent variable, we used backward stepwise multiple 
regressions, with the initial model including the independ-
ent factors index of density, locality, and index of TI/SPP. 
We then dropped nonsignificant factors until we reached a 
final model in which p was less than 0.10 for all included 
independent factors.

RESULTS

Lemming–Food Plant Interactions

There was a significant negative correlation between the 
index of lemming density and the index of TI/SPP (Fig. 2).

Arranging the phases as in prediction 1 in the Introduc-
tion, we found a tendency toward a positive correlation 
between cycle phase and the index of TI/SPP (Fig. 3), but 
there was some deviation, especially for peak and decreas-
ing populations. 

Mean proportional size of pancreases obtained from 
freshly killed animals in six localities showed a weak ten-
dency to correlate positively with the index of TI/SPP 
(Fig. 4). As we had data from only six localities, we also 
ran a stepwise multivariate analysis of all individual lem-
ming samples from the six sites, with locality, index of den-
sity, and index of TI/SPP as possible independent variables. 
After dropping the nonsignificant variables locality (p = 
0.80) and index of density (p = 0.86), we saw a highly sig-
nificant positive relationship between pancreas size and the 
index of TI/SPP (n = 37, r = 0.46, p = 0.004). 

Reproduction, measured as the proportion of females 
that were reproductively active (with embryos, lactating, or 
both), showed insignificant relationships with the index of 
TI/SPP for both young + subadult females (n = 11, r = 0.44, 
p = 0.11) and adult females (n = 11, r = 0.27, p = 0.22). Con-
trary to our prediction, the number of embryos per pregnant 
female in the different populations had a high positive cor-
relation with the index of TI/SPP (Fig. 5). 

There was a tendency for a negative relationship between 
the index of TI/SPP and the proportion of juvenile (age cat-
egory 1) lemmings in the various populations (n = 11, r = 
-0.48, p = 0.07), but when we excluded locality 11, where no 
juvenile lemmings and three adults were live-trapped, the 
correlation was nonsignificant (n = 10, r = -0.34, p = 0.17). 

Lemming Reproductive Activity and Density

The proportion of adult females that were reproductively 
active tended to correlate negatively with the index of lem-
ming density (n = 10, r = -0.53, p = 0.06), and for young 
+ subadult females, this correlation was highly significant 
(n = 10, r = -0.76, p = 0.005) (Fig. 6).
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FIG. 2. Density of Siberian lemmings (number captured per 100 traps in 24 
hours) in relation to trypsin inhibitor/soluble plant protein ratio (TI/SPP) in 
lemming food plants (Carex spp.) (n = 12, r = - 0.62 , p = 0.03). Density and TI/
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FIG. 3. Cycle phase in relation to the index of trypsin inhibitor/soluble plant 
protein (Spearman rank correlation: rs = 0.46, p = 0.07, n = 12). 1 = low phase, 
2 = Increase, 3 = Peak, 4 = Decreasing, 5 = Crashed.
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Furthermore, the number of embryos per pregnant female 
also correlated negatively with the index of lemming den-
sity (Fig. 7). To analyze this correlation further on an indi-
vidual basis and also investigate for effects of TI content, we 
performed multivariate analysis on all individual pregnant 
females (data from 10 sites), with number of embryos as the 
dependent variable and index of density, locality, and index 
of TI/SPP as possible independent variables. After dropping 
the nonsignificant variable index of TI/SPP (p = 0.22), we 
found a significant negative relationship between the num-
ber of embryos and density (n = 75, p = 0.002) when locality 
(p = 0.028) was also included in the model.

DISCUSSION

Data for cyclic phase and pancreas mass were largely 
in accordance with our predictions from the plant-defence 
hypothesis, thus supporting predictions 1 and 2. However, 
other analyses did not support this hypothesis. In particu-
lar, data on reproductive effort conflict with the predictions 
of the plant-defence hypothesis (prediction 3), but agree 
with the self-regulating hypothesis (prediction 5). How 
can these findings be reconciled? One possible scenario is 
that TI/SPP primarily affects recruitment of juveniles, and 
thereby lemming density, which in turn determines repro-
ductive output. At high densities, only the most competi-
tive (oldest) females reproduce (Erlinge et al., 2000), and 
their reproduction seems to be less affected by TI/SPP than 
that of younger females, possibly because they can settle in 
the best parts of the habitat, containing the highest-quality 
pasture and the best shelter from predators. This pattern 
suggests a scenario in which predation interacts with food 
quality, explaining the observed correlations. Clearly, the 
risk of being caught by predators shapes the foraging hab-
its of lemmings, as is seen from their concentrated graz-
ing close to runways and shelters (Fig. 8). Berg (2003), who 

studied collared lemming foraging behavior in Greenland, 
made similar observations.

The index of TI/SPP tended to correlate positively with 
cycle phase (Fig. 3), suggesting a delayed effect of TI/SPP. 
There was some uncertainty about classification of the cycle 
phase for four localities, but any alternative combination of 
classifications in Figure 3 changed the correlation only mar-
ginally (r between 0.47 and 0.53). The classification given 
in Figure 3 is the most conservative. The response of the 
different Carex forms did not show any consistent differ-
ence, but all of them seem to follow the variation in small-
rodent density. The fairly weak correlation between TI/SPP 
in food plants and the phase of the lemming cycle was con-
nected with a large variation in inhibition at the peak phase 
sites. It might be that peak phase populations were in dif-
ferent stages, i.e., in the early or the late stage of the peak 
phase, or grazing pressure on the sedges could have varied 
with the strength of the stimulus for induction of defence 
compounds. This variation could have an influence on the 
proteinase inhibitor contents of the food plants.

We found a significant negative correlation between 
the index of TI/SPP and lemming density at the 12 study 
sites (prediction 1 in the Introduction). The low level of the 
index of TI/SPP in the plants of the populations showing 
peak lemming density suggests that grazing has a delayed 
effect on the induction of trypsin inhibitors in the food 
plants, which is in line with predictions from the induced 
plant defence hypothesis. Hence, the negative correlation 
in Figure 2 can be interpreted as compatible with the plant 
defence hypothesis, if the high level of trypsin in the food 
measured at medium- and low-density lemming sites was 
the cause for the population decline. However, we must 
keep in mind that the causal relationship cannot be deter-
mined from this correlation.

Pancreatic hypertrophy is a consequence of reduction 
of proteolytic enzymes in response to exposure to TI. Pan-
creatic mass is considered hypertrophic when it exceeds 
0.3% of the body mass (Gallaher and Schneeman, 1986). 
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We found a significant correlation between mean pancreas 
size and the index of TI/SPP based on individual level data. 
There was considerable variation between individuals; they 
might have reacted differently to TI, or experienced vary-
ing degrees of exposure.

The demographic variables show a complicated picture, 
at times contradicting the predictions of the plant-defence 
hypothesis. The proportion of juveniles (range 0 – 20%) 
showed only a tendency to correlate with the index of TI/
SPP, and the overall age profile (based on eye-lens mass) 
was not correlated with TI/SPP in the predicted direction. 
Neither the proportion of juveniles nor the age profile was 
correlated with lemming density. Although not conclusive, 
these data might indicate that TI/SPP can have a direct neg-
ative effect on recruitment of juveniles, possibly via a low-
ered survival rate.

Considering reproductive effort, the proportion of young 
and subadult females showed positive but nonsignifi-
cant correlations with the index of TI/SPP. The number of 
embryos per pregnant female, however, showed a signifi-
cant positive correlation with the index of TI/SPP. These 
findings are opposite to predictions of the plant-defence 
hypothesis if high TI levels have a direct negative influence 
on female reproduction. Klemola et al. (2000b) did not find 
any detrimental effects of previous grazing on reproduc-
tion in cyclic voles in Finland. An alternative interpretation 
of these results could be that the microtines can detect that 
they are exposed to food of poor quality and therefore invest 
more in breeding as a means of terminal investment. Labo-
ratory studies showed that parasitic infection increased 
reproductive output in deer mice (Schwanz, 2008).

We found that density had a significant negative influ-
ence on the reproductive activity of young female 

lemmings, but only a tendency toward such a relationship 
in adult females. For all pregnant females, the number of 
embryos was negatively affected by lemming density. With 
respect to reproductive effort, several factors might inter-
act; however, our data suggest that lemming density may 
overshadow the effects of food quality. The number of 
embryos per pregnant female had not only a negative cor-
relation with density, but also a surprisingly positive corre-
lation with TI/SPP. Presumably, intra-specific competition 
is an important element of such a density effect, having its 
greatest negative impact on younger females (age categories 
1 and 2) (see also Erlinge et al., 2000). Social constraints 
have been implicated in other populations, for example, as 
a factor affecting maturation in bank voles, Clethrionomys 
glareolus (Prevot-Julliard et al., 1999).

We do not know if density has a delayed effect on the 
lemmings’ reproductive activity and so could act as a driv-
ing force for cyclic dynamics. Females in increasing pop-
ulations start to reproduce at an early age (Erlinge et al., 
2000), which could be a delayed effect due to favourable 
conditions for young females when growing up. The early 
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FIG. 7. Mean number of embryos per pregnant female ± SE in relation to the 
index of lemming density (n = 11, r = - 0.66. p < 0.013).

FIG. 8. Lemmings at Kotel’nyy, New Siberian Islands, forage close to runways 
and shelters, primarily tunnels in grasslands and heap of stones, to reduce the 
risk of predation. Lemming density was high (22 captured lemmings) at this 
site, and the population was considered to be in peak phase, probably close to 
decrease. Photo taken on 30 July 1994.



 LEMMINGS ON THE SIBERIAN TUNDRA • 427

start in increasing populations, however, could be due to 
low risk of predation and low content of chemical defence 
at that time.

In conclusion, our data suggest that the cyclic dynam-
ics of Siberian lemmings are caused by a combination of 
delayed trophic interactions and density-dependent repro-
ductive efforts. This idea supports the suggestion from 
modeling that, in addition to trophic interaction generating 
cyclic dynamics, some self-regulation must occur to struc-
ture the available time series (Stenseth et al., 1996). Also, 
our data agree with the suggestion of Krebs (2009) that for 
small herbivorous mammals with altricial young, popula-
tion control is determined by a combination of top-down, 
bottom-up, and intrinsic mechanisms. Hence, our study 
implies that single-factor hypotheses are often inadequate 
to explain cyclic dynamics in small rodents. Instead, multi-
factor models are more likely to explain these patterns.
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