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Abstract Lemmings play a key role in the tundra food
web and their widely reported cyclic oscillations in abun-
dance may have a strong effect on other components of the
ecosystem. We documented seasonal and annual variations
in population density, reproductive activity, survival, and
body mass of two sympatric species, the brown (Lemmus
trimucronatus) and collared lemmings (Dicrostonyx
groenlandicus), over a 2-year period on Bylot Island,
Nunavut, Canada. We live trapped and marked lemmings
on two grids throughout the summer and we estimated
demographic parameters using three different capture—
recapture methods. All three methods are based on robust
estimators and they yielded similar population density
estimates. The density of brown lemmings declined
markedly between the 2 years whereas that of collared
lemmings was relatively constant. For brown lemmings,
2004 was a peak year in their cycle and 2005 a decline
phase. Density of brown lemmings also decreased during
the summer, but not that of collared lemmings. The
recruitment of juvenile brown lemmings in the population
increased during the summer and was higher in the peak
year than in the year after, but no change was detected in
collared lemmings. Survival rates of both species tended to
be lower during the peak year than in the following year
and body mass of brown lemmings was higher in the peak
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year than in the following year. We conclude that both
changes in adult survival and juvenile recruitment occur
during the population decline of brown lemmings.
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Introduction

Cyclic fluctuations of large amplitude have been reported for
a long time in small mammal populations (Elton 1924;
Krebs et al. 1973; Stenseth and Ims 1993a). These fluctua-
tions are characterised by a remarkable periodicity (typically
3-5 years) but can be of highly variable amplitude
(Framstad et al. 1993b; Stenseth 1999; Angerbjorn et al.
2001). Although cyclic fluctuations are most prevalent in
northern species such as lemmings, they can vary in space or
time within a given species (Stenseth 1999; Angerbjorn et al.
2001; Ims et al. 2008). Lemmings (genus Lemmus and Di-
crostonyx) are widespread throughout the arctic tundra and,
because they are at the base of the animal tundra food web,
their population fluctuations have considerable impact on
the whole ecosystem (Krebs et al. 2003; Gauthier et al. 2004;
Ims and Fuglei 2005). The cause(s) of cyclic fluctuations in
lemmings and other small mammals is a lasting enigma and
a source of controversy (e.g. Korpimaki et al. 2004; Lambin
et al. 2006; Sundell 2006; Gauthier et al. 2009). Although
there is a growing consensus that cycles may result from
specialised trophic interactions, some argue that they are
driven by lack of food (i.e. bottom-up forces, Turchin et al.
2000; Turchin and Batzli 2001; Oksanen et al. 2008)
whereas others advocate that predation by specialised

@ Springer



726

Polar Biol (2010) 33:725-736

predators drives the cycles (top-down forces, Reid et al.
1995; Hanski et al. 2001; Gilg et al. 2003; Krebs et al. 2003).

Progress in our understanding of the causes of popula-
tion cycles in small mammals has been hindered by the fact
that many studies have focused only on the dynamic pat-
terns (e.g. occurrence or not of multiannual cycles and their
shape; the density paradigm) rather than on the underlying
demographic mechanisms (Gilg 2002; Krebs 2002; Gau-
thier et al. 2009). Population fluctuations are the results of
basic demographic processes, such as survival, birth, emi-
gration, and immigration, but we know relatively little
about how demographic parameters vary during a cyclic
phase (i.e. seasonally) or between phases (i.e. between
years) of most lemming populations.

Lemmings mature early, have large litters, breed fre-
quently, and have a short life span (Millar 2001). Early
born young mature and reproduce during their first summer
and, in some species, reproduction starts during late winter,
when snow cover reduces predation risk (Korpimaki et al.
2004). Predation is the main source of lemming mortality
(Reid et al. 1995; Wilson et al. 1999; Gilg 2002; Korpimaki
et al. 2003, 2004), and can be sufficient to prevent summer
population growth and to limit populations. In small
mammals, life-history traits such as survival, reproduction
and body mass are typically higher during the increase and
peak years than during the decline phase, but this may
result both from intraspecific density-dependent effects and
predation (Wilson et al. 1999; Gilg 2002; Klemola et al.
2002; Norrdahl and Korpimaki 2002; Korpimaki et al.
2004).

Detailed demographic studies of lemming populations
in North America are mostly limited to coastal areas of
the Western Arctic (e.g. Krebs et al. 1995; Reid et al.
1995; Wilson et al. 1999), with relatively few studies
conducted in the Canadian Arctic islands (Fuller et al.
1975; Negus and Berger 1998). Since 1993, we have been
monitoring their annual abundance on Bylot Island,
Nunavut, in the eastern Canadian High Arctic, and we
have found that lemmings exhibited regular 3-4 year
cycles of abundance at this site (Gruyer et al. 2008). In
this study, we analysed the seasonal demography of the
brown (Lemmus trimucronatus) and collared lemmings
(Dicrostonyx groenlandicus) during a year of peak
abundance and a year of population decline. Though
sympatric, these two species are ecologically separated at
the local level (Rodgers and Lewis 1986b; Pitelka and
Batzli 1993).

Accurate estimation of densities and demographic
parameters of secretive species like lemmings requires
methods based on the recapture of marked animals
(Williams et al. 2002). Abundance is traditionally esti-
mated using closed population estimators, which can then
be converted into density estimates using appropriate
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information on movements of animals (Williams et al.
2002; Parmenter et al. 2003). However, Efford (2004)
recently proposed a new method to estimate density
directly from capture-recapture data using spatial detection
function (Efford 2004; Efford et al. 2005). Demographic
parameters such as survival can be estimated with capture—
recapture methods for open populations although the robust
design, which combines both open and closed populations
methods, may allow for a better estimation of such
parameters (Kendall et al. 1997; Williams et al. 2002).

Our first objective was to compare estimates of lemming
density obtained with traditional models for closed popu-
lations with those obtained with the new Efford’s (2004)
method. Our second and third objectives were to examine
variations in abundance, reproduction, survival, and body
mass of two sympatric lemming species within the summer
season (second objective) and between different phases of
their population cycle (third objective). We predicted that
abundance and survival decreased during the summer due
to high predation rate, and that reproduction and survival
were lower in the decline phase than in the peak phase of
the cycle.

Methods
Study area and species

Field work was carried out on the south plain of Bylot
Island, Sirmilik National Park, Nunavut, Canada (73°N,
80°W) in the summers of 2004 and 2005. The landscape in
the area is a mixture of wetlands in lowland areas, mesic
tundra in both lowlands and hilly areas, and, at higher
elevation, xeric tundra (Gauthier et al. 1996). Plant com-
munities of mesic tundra are dominated by shrubs (e.g.
Salix arctica, Cassiope tetragona, and Vaccinium uligino-
sum), grasses (e.g. Arctagrostis latifolia, Alopecurus
borealis, and Poa arctica) and forbs (e.g. Dryas integri-
folia, Stellaria longipes, Oxytropis maydelliana and Oxyria
digyna) (Duclos 2002). In wetlands, graminoids such as
Dupontia fisheri, Eriophorum scheuchzeri and Carex
aquatilis are the most abundant plants (Gauthier et al.
1996).

The distribution of collared lemmings extends to the
northernmost arctic islands whereas that of brown lem-
mings stops in the mid-arctic (in the eastern Canadian
Arctic, Bylot Island is the northern limit of its geographical
range; Banfield 1974). Brown lemmings are found pri-
marily in wet meadows of lowland tundra whereas collared
lemmings are mostly associated with upland dry heaths
(Rodgers and Lewis 1986a). Brown lemmings eat grami-
noids during the summer and a mixture of graminoids and
mosses in winter whereas collared lemmings feed on
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dicotyledons such as evergreen shrubs, herbs and forbs
year round (Batzli and Jung 1980; Rodgers and Lewis
1986a). Demography also tends to differ between the two
species. Generally, population fluctuations are of greater
magnitude in the brown than in the collared lemmings and
the breeding season of collared lemmings generally starts
earlier than that of the brown (Pitelka and Batzli 1993,
Negus and Berger 1998). The most important predators of
lemmings at our site are arctic foxes (Vulpes lagopus),
ermines (Mustela erminea) and several species of bird of
prey (Gauthier et al. 2004).

Trapping protocol

We trapped lemmings on two grids of 7.3 ha
(270 x 270 m) located 1,800 m apart, one in wet meadow
habitat (wet grid) and one in mesic habitat (mesic grid).
Trapping stations were at grid intersections every 30 m, for
a total of 100 per grid. Within 15 m of each station, we set
a Longworth® live-trap at a suitable trapping site such as
active burrows or runways showing signs of recent use
when possible. Trap positions were noted to the nearest
meter. Traps were left on site throughout the summer (but
removed in winter) and were blocked open between trap-
ping sessions. During trapping sessions, traps were con-
stantly provided with clean and dry bedding material (fibre
fill) and baited with apple quarters (Wilson et al. 1999).
Apple baits usually do not affect body mass of trapped
small mammals (Unangst and Wunder 2002).

We marked animals by injecting an electronic PIT tag
(12 x 2 mm; 70 mg; Gibbons and Andrews 2004) under
the skin in the back of the neck. These tags were read
with a 1002 AVID® mini tracker reader (http:/www.
avidcanada.com). Every time an animal was captured, we
noted the date, time, trapping station, species, sex, and
reproductive condition (females only). We weighed ani-
mals with a spring scale (+0.5 g). Females were consid-
ered reproductive when they were lactating.

Our trapping schedule followed the robust design of
Kendall et al. (1997), which requires two sampling periods.
Primary periods were separated by ~ 14-day intervals
without trapping. We had three primary periods in 2004
and four in 2005 (the first period is missing in 2004
because we arrived too late at the site). In 2005, the first
period started as soon as snow melt allowed trapping. Each
primary period had secondary sampling periods that con-
sisted of five (in 2004) or four (in 2005) consecutive days
of trapping. Even though traps were checked twice a day
(or more often during adverse weather conditions), data
were pooled on a daily basis (i.e. an individual captured
twice on the same day counted for a single recapture on
that day). Due to manpower limitation, each grid was
trapped sequentially rather than simultaneously (Table 1).

Table 1 Calendar of lemming live trapping using the robust design
(see “Methods”) on two grids on Bylot Island, Nunavut, 2004-2005

Year Primary period Dates of secondary periods

Mesic tundra grid ~ Wet meadow grid

2004 II 2-7 July 8-13 July
I 22-27 July 27 July—1 August
v 11-16 August 16-21 August
2005 I 22-26 June 17-21 June
I 10-14 July 5-9 July
I 29 July-2 August 24-28 July
v 17-21 August 12-16 August

Age determination

We categorised each individual captured as juvenile if its
body mass was <33 g (brown lemming) or <40 g (collared
lemming) (Framstad et al. 1993a). Because eye lens mass
grows continuously through life, we used this variable to
estimate age more precisely (Ostbye and Semb-Johansson
1970; Mallory et al. 1981; Hansson 1983; Erlinge et al.
1999). We determined eye lens mass in brown lemmings
from a sample of individuals that died accidentally or were
obtained from a concurrent study using snap traps (insuf-
ficient dead collared lemmings were available for such
determination). We removed the eye lens of freshly dead
individuals, fixed it in a formalin solution (4%) for 1 week,
and then transferred it to 70% alcohol. In the laboratory,
lenses were dried and weighed to the nearest 0.0001 g, and
age was determined using the equation In(a) = 2.1
In(m) + 2.7 where a represents the age (in days) and m the
combined dry mass (in mg) of both eye lenses (Erlinge
et al. 1999). This allowed us to determine the relationship
between whole body mass (M in g) and estimated age (a)
amongst our sample of dead individuals. This relationship
(a = 0.26M"75, R> = 0.81, n = 16, P < 0.0001) was then
used to estimate the age of all live lemmings based on body
mass at first capture. We used this estimated age to
determine the season of birth of all captured individuals
(Ostbye and Semb-Johansson 1970; Erlinge et al. 1999).

Analyses of trapping data

The estimation of abundance with closed capture models
assumes that there is no birth, death, or migration so that
the population size is constant over the trapping period.
The assumption that the population is closed is usually
valid for data collected over a relatively short period of
time (a few days). Estimation of abundance, however, is
sensitive to variations in probability of capture and thus we
used the models of Otis et al. (1978) to test for these
sources of variation. The four basic models considered are
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M., which allows capture probabilities to vary by time, My,
which allows behavioural responses to capture (i.e. trap
happiness or trap shyness), My, which allows heteroge-
neous capture probabilities, and M, without any variation.
Various combinations of these three sources of variation in
capture probabilities were also considered. We selected the
most appropriate model for our data with the Akaike’s
information criterion (AIC; Burnham and Anderson 1998).
We used the software CAPTURE (Otis et al. 1978) to
adjust these models separately to each 4 or 5-day trapping
session.

The robust design model combines the Cormack—Jolly—
Seber (CJS) model for open populations with models for
closed populations (Kendall and Nichols 1995; Kendall
et al. 1997). Closed population models are applied to sec-
ondary sampling periods whereas open ones are applied to
primary periods. We used the robust design model imple-
mented in program MARK 4.2 (White and Burnham 1999).
Closed population models in the robust design are similar
to those in CAPTURE except that the heterogeneity model
is a simplified one. The CJS model in the robust design
allows the estimation of the probability of survival (¢;)
between all primary periods i, as well as the probability of
emigration from the trapping grid area (y7) and the prob-
ability of staying away from the trapping area given that
the animal has already left (y;) (Kendall et al. 1997).
Reduced models constraining parameters in either closed
population or CJS models (e.g. models assuming no emi-
gration, Y =9 = 0) can be implemented. The most
appropriate model for the data was also selected based on
the AIC. In presence of uncertainty in model selection, we
averaged parameter estimates across various models taking
into account the model weights (Burnham and Anderson
1998). If an animal died in a trap, his capture history was
censored (i.e. it was used until time of death).

Trapping data on each grid usually consisted of indi-
viduals from the two species, both sexes, and juveniles and
adults. However, data were sometimes too sparse to test for
all these effects on capture probabilities, ¢ and 7, and thus
some categories (e.g. sexes in 2005) were pooled. When
age, sex or species (spp) effects were included in open
models, they were indicated by subscripts. In the case of
closed capture models (M), these effects appeared in
superscripts and always applied to the probability of cap-
ture. For instance, model M****° indicates that probability
of capture changed over time, differed between newly
marked individuals and previously marked ones (i.e.
behavioural effect, b), and differed between species and
age classes. Population size () was estimated for each
species and age class separately, though sexes were pooled
due to data sparseness.

As goodness-of-fit tests specific to the robust design do
not exist, we only tested the fit of the CJS model to the data
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between primary periods in each year and grid using the
program U-CARE (Choquet et al. 2005).

Density estimation

Because population density can be more easily compared
amongst study sites than raw abundance, we converted our
abundance estimates into density estimates (D), defined as
the number of animals (N) per unit area (A), D = N/A.
However, since trapped individuals can have most of their
home range outside the trapping grid, we need to determine
the spatial extent of the trappable population, i.e. the
effective sampling area. The size of this area is usually
derived by adding a boundary strip of width W around the
trapping grid. We estimated W as half of the mean maxi-
mum distance moved by individuals trapped twice or more,
excluding O values (i.e. individuals always recaptured in
the same trap) as recommended by Williams et al. (2002).
The mean maximum distance moved by animals within
grids did not differ between years, juveniles and adults and
sexes (P > 0.05; Gruyer 2007). We therefore use the
overall mean for density calculations (brown lemming
81.8 £ 7.7 m, collared lemming 104.7 £ 7.6 m). We cal-
culated standard error of estimates using the delta method
(Williams et al. 2002).

The method recently developed by Efford (2004) allows
a direct estimation of density by fitting a simple spatial
model to the animal trapping data without the requirement
of determining an effective trapping area using arbitrary
criteria. It uses simulations and inverse predictions to
estimate jointly D and two parameters of individual capture
probability, magnitude (go) and spatial scale (o), from the
information contained in the estimated abundance, the
mean capture probability and the distance moved between
successive captures (see Efford 2004; Efford et al. 2005 for
details). For these estimations, we used the program
DENSITY 3.2 (Efford et al. 2004) and we selected the best
model for our data with the AIC.

For each trapping session (i.e. primary sampling peri-
ods), we thus obtained three density estimates (sometimes
less due to sparse data) using different methods (CAP-
TURE, the MARK robust design, and DENSITY). We
used the reduced major axis regression (Sokal and Rohlf
1995) to compare these independent estimates because
both were measured with errors. We estimated confidence
intervals of parameters by bootstrapping and randomiza-
tion tests.

Other data analyses
We compared the proportion of lactating females amongst

all captured females, the proportion of juveniles amongst
all captured individuals (two indices of reproductive
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activity) and the distribution of birth dates between years
and time periods with contingency tables (3 tests). When
sample size was too small, we pooled data from adjacent
time periods. We compared mean adult body mass of each
species between years with ¢ tests. Finally, we examined
the effects of species, age and sex on movements (i.e. the
maximum distance moved by individuals trapped twice or
more) using factorial ANOVA.

Results
Model selection and comparison of methods

We captured 126 brown lemmings and 23 collared lem-
mings in 2004, and 28 and 26 in 2005, respectively. Open-
population models fitted well the data for both the wet and
mesic grids in 2004 (3> =2.60, df =3, P = 0.46 and
}52 = 17.3, df = 13, P = 0.18, respectively) but the test
was not possible in 2005 due to sparse data.

In CAPTURE, the preferred models in 2004 differed
between periods. On the wet grid, model M, was preferred
at period I and model M, at periods II and III, whereas in
the mesic grid, model M, was preferred at period I and
model M, at periods II and III, with a species effect at
periods I and II. In 2005, the preferred model was model
M, at all time periods, though with an age effect on capture
probability at period II and a species effect on the wet grid

at period IV. Preferred models for closed populations in
MARK included both time variation and behavioural trap
response (model My,) on the capture probability in 2004
and no variation in 2005 (model M;) when sample sizes
were much smaller (Table 2). No effect of age or species
on capture probability was detected. Preferred models in
DENSITY were the same as those in CAPTURE in 92% of
the cases.

Despite differences in the models selected, closed pop-
ulation density estimates obtained in CAPTURE or in
MARK were very similar [mean difference —0.06 + 0.02
(SE) n = 31]. The slope of the relationship between pairs
of estimates differed slightly from 1.0 [1.09 (95% CI: 1.02,
1.27)] but the intercept did not differ from 0 [0.003 (95%
CI: —0.07, 0.04); Fig. 1], indicating that CAPTURE esti-
mates were slightly higher than those of MARK at large
population size. Density estimates obtained with DEN-
SITY were also well correlated with those obtained with
either CAPTURE or MARK. The slopes of the relation-
ships between DENSITY and CAPTURE or MARK esti-
mates did not differ from 1.0 [1.09 (95% CI: 0.89, 1.46);
and 1.18 (95% CI: 0.92, 1.80), respectively], and intercepts
did not differ from 0 [—0.04 (95% CI: —0.26, 0.08); and —
0.03 (95% CI: —0.39, 0.12)]. The mean difference between
DENSITY and CAPTURE or MARK estimates was
0.05 = 0.08 (SE) and 0.12 £ 0.10 n = 19, respectively,
indicating that DENSITY gave similar population density
estimates.

Table 2 Model selection in MARK for the robust design applied to the live-trapping data of brown and collared lemming on two trapping grids

on Bylot Island, Nunavut, 2004 and 2005

Grid (year) Model A AICc o AlCc np Deviance
Wet meadow grid (2004) My, O™ Qv =0 0.00 0.67 20 121.97
My, OOy =0 2.12 0.23 21 121.70
My, by=0 4.33 0.08 19 128.67
Wet meadow grid (2005) M, Oy 0.00 0.31 3 94.05
M, Oy=0 0.67 0.23 2 97.01
M, 0y 1.72 0.13 4 93.38
M, 0* 9 =0 2.03 0.11 3 96.09
M, (R 2.31 0.10 4 93.96
M, 0¥y =0 2.88 0.07 3 96.93
Mesic tundra grid (2004) My, Oy=0 0.00 0.91 10 207.42
My, (QrePxres ) = O 5.26 0.07 13 205.72
Mesic tundra grid (2005) M, Oy 0.00 0.37 6 115.93
Mg 0y 0.98 0.23 8 111.63
Mg Oy 1.31 0.19 7 114.65
Mg® Oy 248 0.10 7 115.82

For each model, we present the AAIC statistic (differences in AIC between the current and the best model), the AIC weights (w), the number of
estimated parameters (np) and the deviance. For closed population models (M), effects apply only to the probability of capture

Model notation: ¢ survival, y emigration, ¢ time, b behavioural effect, 0 no effect, spp species effect, m male, f female, juv juvenile, ad adults, *

interaction
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Fig. 1 Relationship between density estimates (N/ha) obtained by
various methods: closed population in CAPTURE versus closed
population in the robust design in MARK (a), DENSITY versus
closed population in the robust design in MARK (b), DENSITY
versus closed population in CAPTURE (c). Each data point is an
independent estimate for a unique combination of trapping grid,
sampling period, species and age group. The regression line and
associated parameters are the reduced major axis regression

For the presentation of results, we used density estimates
obtained with CAPTURE, except in 13% of the cases
where the CAPTURE algorithm did not converge properly
and failed to provide an estimate (we then used estimates
from MARK).

Population density
Density of brown lemmings was much higher in 2004 than

in 2005 (Fig. 2). In the wet grid, mean brown lemming
densities were 1.20 adults/ha and 1.53 juveniles/ha in 2004
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compared to 0.20 and 0.11, respectively, in 2005. In the
mesic grid, densities were 0.99 adult/ha and 1.14 juveniles/
ha in 2004 compared to 0.50 and 0.06 in 2005. Density of
collared lemmings varied much less between years
(Fig. 2). On the wet meadow grid, only one collared lem-
ming was trapped in 2004 whereas densities were
0.07 adult/ha and 0.16 juvenile/ha in 2005. On the mesic
grid, collared lemming densities were 0.34 adult/ha and
0.36 juvenile/ha in 2004 compared to 0.17 and 0.26,
respectively, in 2005.

In both years, density of adult brown lemmings gener-
ally declined throughout the summer (Fig. 2). The only
exception was in the mesic grid in 2005 where density
increased at the last sampling occasion (late July to mid-
August). In 2004, density of juveniles in the wet grid
increased during the summer, a trend opposite to adults. In
the mesic grid, juvenile density initially decreased but then
stabilized or increased slightly in late summer. Juvenile
density remained very low on both grids in 2005. For
collared lemmings, adult density did not show clear trends
throughout the summer in either year (Fig. 2). On both
grids, density of juveniles tended to be higher shortly after
snow-melt and in late summer than in mid-summer.

Reproductive activity

In brown lemmings, the proportion of lactating females
tended to be higher in early than in late summer
(4 =3.57, df = 1, P = 0.06 Fig. 3), and higher in 2005
than 2004 (y* = 3.94, df = 1, P = 0.05). No significant
effects were found in collared lemmings due to small
sample sizes but proportion of lactating females tended to
be highest in late summer and higher in 2005 than 2004.
The proportion of juvenile brown lemmings in the popu-
lation increased throughout the summer (> = 31.6,
df =3, P <0.001) and was higher in 2004 (0.54) than in
2005 (0.29) (x* = 24.0, df =1, P <0.001). In collared
lemmings, the proportion of juveniles was high in late
summer and variable earlier (;(2 =205, df=3,
p < 0.001), and similar between the 2 years (12 = 0.64,
df =1, P = 0.42) (Fig. 3).

The distribution of inferred birth dates of brown lem-
mings captured in summer 2004 showed a progressive
pattern over time, with the highest number of individuals
being born in the current summer and the lowest in the
previous summer (Fig. 4). This pattern is expected because
the longer the time interval since birth, the lower the pro-
portion of individuals surviving. Nonetheless, a surpris-
ingly large number of individuals were estimated to be
born during the previous winter. This pattern was drasti-
cally different in 2005 since, amongst individuals captured
that summer, a higher proportion was born in the previous
winter or spring than in the current summer compared to
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Fig. 2 Population density
estimates (+SE) of juvenile and
adult brown and collared
lemmings in different periods of
the summer in two trapping
grids (wet meadow and mesic
tundra) on Bylot Island,
Nunavut, 2004 and 2005. The
dotted vertical line separates
years. Number of individuals
caught: brown lemmings, wet
grid: 84 (2004) and 12 (2005);
mesic grid: 58 (2004) and 16
(2005); collared lemmings, wet
grid: 1 (2004) and 13 (2005);
mesic grid: 26 (2004) and 14
(2005)

Fig. 3 Proportion of lactating
females amongst adult females
and proportion of juveniles
amongst all individuals trapped
in brown and collared lemmings
at different periods of the
summer on Bylot Island,
Nunavut, 2004 and 2005 (wet
meadow and mesic tundra grids
pooled). Numbers above bars
indicate sample size. The dotted
vertical line separates years.
Early summer mid-June and
early July sampling periods,
Late summer late July and Mid-
August sampling periods

Population density (N/ha)
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Fig. 4 Distribution of inferred 70
birth season of brown lemmings 601 2004
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relationship between body mass =

. @ 30 A
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Autumn  Winter
2003  2003-2004

2004 (interaction year X time period: ;(2 = 8.68, df = 3,
P = 0.03).

Survival rate

Preferred models for open populations in MARK had no
time, species, age, or sex effects on survival, except for the
wet grid in 2004 (Table 2). In the latter case, survival rate
of adult male brown lemmings was lower than the one of
adult females and juveniles (Fig. 5). In the wet grid, the
survival rate of male brown lemmings was lower in 2004
than in 2005 but slightly higher for females and juveniles.
However, in the mesic grid, the survival rate was much
higher in 2005 than in 2004. When the two species were
present in the same grid, their survival rate was similar.

Body mass

The body mass of adult brown lemmings decreased by 12%
between 2004 and 2005 [48.5 & 1.3 (SE) vs. 42.9 £ 2.3;

O Brown juvenile
A Variable adult
v  Variable juvenile

® Brown adult male
O  Brown adult female
O Brown adult

0.8

0.6

0.4 |

B

Wet Mesic Wet Mesic
grid grid grid grid

2004 2005

0.2

Survival rate (per 2 weeks)

0.0

Fig. 5 MARK estimates (£SE) of survival rate (per 2 weeks) of
brown and collared lemmings on two trapping grids (wet meadow and
mesic tundra) on Bylot Island, Nunavut, 2004 and 2005
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2005

Autumn Winter Spring Summer
2004  2004-2005 2005 2005

Summer
2004

Spring
2004

t = 2.08, df = 80, P < 0.05]. However, there was no dif-
ference between years in average mass of adult collared
lemmings (54.7 £ 2.8 g in 2004 vs. 52.0 &+ 2.8 in 2005;
t = 0.68, df = 20, P = 0.50).

Discussion
Comparison of methods used to estimate density

The estimation of population density with capture—recap-
ture data is prone to several biases (Parmenter et al. 2003).
In our study, we compared three different methods of
density estimation: closed capture estimates implemented
in CAPTURE and the MARK robust design, and Efford’s
DENSITY method. The similarity in the density estimates
between CAPTURE and MARK is not surprising as both
used the same basic models for estimating abundance
(Kendall et al. 1997). However, CAPTURE is slightly
more flexible because, unlike MARK, it allows selection of
different models for each trapping session, which may
explain some of the differences observed between the two
methods. In 2005, the models selected were the simplest
ones (model M;) and did not include any temporal or
behavioural effects on capture probabilities, presumably
because sample size was too small to detect such effects.

Density estimates obtained with Efford’s DENSITY
method were similar to those obtained with closed popu-
lation models. DENSITY has the advantage of not requir-
ing the estimation of a somewhat arbitrary effective
trapping area (Efford 2004), which critically depends on
the width of the boundary strip area. In our calculations, we
used half the mean maximum distance moved by individ-
uals trapped twice or more, as traditionally used (Williams
et al. 2002). Parmenter et al. (2003) suggested that not
halving this value may provide a better estimate of the
boundary strip area. When following the latter recom-
mendation, density estimates obtained with DENSITY
were then 32-53% higher than those obtained with closed
population models. We found that DENSITY required
larger sample sizes and for several of our datasets it failed
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to converge on an estimate when CAPTURE or MARK
did. Although our estimates based on traditional closed
capture methods may be biased by the size of the effective
trapping area used, they have the advantage of being
readily comparable to other studies using similar methods.
Our analysis nonetheless suggests that DENSITY provides
an interesting alternative to previous ones and should
deserve consideration in future studies when sample sizes
are sufficiently large.

Temporal and spatial variations in abundance

The density of brown lemmings differed markedly between
the two years (on average 6.2 times higher in 2004 than in
2005) whereas the density of collared lemmings was lower
and similar between the 2 years (1.6 times higher in 2004
than in 2005 on the mesic grid). In 2005 the brown lem-
ming population had declined to densities similar to those
of collared lemmings. These changes in density between
the 2 years are corroborated by long-term snap-trap data
collected at our site (Gruyer et al. 2008) which indicated
that 2004 was a year of peak abundance and 2005 a year of
decline. It further showed that brown lemmings are more
abundant than collared lemmings and they exhibit stronger
oscillations, a pattern similar to the one reported by Krebs
(1964) at Baker Lake, Nunavut, Canada. However, this
pattern may not be ubiquitous because at other sites in
Nunavut, collared lemmings are apparently more abundant
than brown lemmings (Igloolik Island, Rodgers and Lewis
1986b; Walker Bay, Kent Peninsula, Wilson et al. 1999).
The pattern of abundance of each species in each grid is
consistent with their known habitat and food preferences.
Brown lemmings prefer wet meadows dominated by
graminoids and mosses, whereas collared lemmings use
mainly mesic tundra dominated by shrubs (Batzli and Jung
1980; Rodgers and Lewis 1986a, b; Pitelka and Batzli
1993). However, these basic patterns of habitat use may be
modified by changes in the availability of preferred foods
and by intra- and inter-specific interactions. Indeed, the
brown lemming is apparently a superior competitor than
the collared lemming and direct and indirect competition
may occur in the use of runways and burrows in years
when brown lemmings are very abundant (Wilson et al.
1999; Morris et al. 2000; Predavec and Krebs 2000). This
could explain why in 2004, when brown lemmings were
very abundant in wet meadows, their preferred habitat,
collared lemmings were almost totally absent from this
habitat but were present in mesic tundra. The decline in
abundance of brown lemmings in 2005 may have allowed
collared to move into areas normally used by browns, and
thus explain their presence in both habitats that year
(Rodgers and Lewis 1986a). Therefore, competitive inter-
actions may be important in explaining patterns of habitat

use by these two species. However, this conclusion remains
tentative because we only sampled one grid in each habitat,
and thus we lack spatial replicates.

Comparing lemming densities across studies is difficult
because trapping and analytical methods often differ and
many studies only report indices of abundance. Nonethe-
less, our density estimates (average annual density, brown:
0.45-2.43 ind/ha, collared: 0.43-0.47) appear low for both
species. For instance, in northern Greenland the density of
collared lemmings in good habitats ranged from <0.1 ind/
ha to 11 ind/ha (Gilg 2002). Similarly, densities at Kent
Peninsula, Nunavut, ranged from 0.1 to 16 ind/ha (Black-
burn et al. 1998; Wilson et al. 1999). However, at Pearce
Point, NWT, collared lemmings densities remained con-
stantly low (<3 ind/ha; Krebs et al. 1995; Reid et al. 1995).
In Atkasook (Alaska) where the two species are sympatric,
densities averaged 0.3—1.4 ind/ha for each species, reach-
ing a low of 0.1 ind/ha for collared lemmings and a high of
2.2 ind/ha for brown lemmings (Batzli and Jung 1980), a
pattern similar to our study. However, densities of brown
lemmings ranging from <1 to >100 ind/ha have been
reported at Barrow, Alaska (Pitelka 1973). In the eastern
Canadian Arctic, Bylot Island is the northern limit of the
geographical range of brown lemmings (Banfield 1974),
which may partly explain our observed low densities.

Summer declines in lemming densities are common and
suggest that mortality (mostly due to predation) exceeds
recruitment during the summer (Wilson et al. 1999; Gilg
2002; Korpimaki et al. 2004; Gilg et al. 2006). The absence
of protective snow cover and the high abundance of pre-
dators (such as migratory bird of prey) may explain a
higher predation rate in summer than in winter. We
observed a decline in abundance of brown lemmings
throughout the summer, in accordance with our initial
prediction, but not of collared lemmings. This could occur
if the effect of predation differs on the two species. An-
gerbjorn et al. (1999) showed that arctic foxes, a major
lemming predator, had a type II functional response for
Lemmus but a type III response for Dicrostonyx. He
therefore suggested that foxes had the capacity to deepen
and prolong the crash phase of Lemmus, thereby increasing
the amplitude of their cycles, while at the same time they
could dampen oscillations of Dicrostonyx.

Variations in demographic traits

The higher proportion of individuals estimated to be born
during the summer and of juveniles captured in 2004
compared to 2005 suggest that recruitment of juvenile
brown lemmings was higher during the peak than the
decline year. Poor recruitment and high predation rates
are often reported to be the proximate causes of the
summer declines in lemmings (Gilg 2002). A reduction in

@ Springer



734

Polar Biol (2010) 33:725-736

recruitment of young can be due to a fall in reproductive
activity (Erlinge et al. 2000) and/or a reduced early sur-
vival of juveniles (i.e. before they can be caught; Krebs
1964). Because the proportion of lactating females tended
to be higher during the decline year of 2005 than during the
peak year of 2004, reduced early survival of juveniles may
be the main reason for a lower recruitment in 2005. In
contrast, reproductive parameters of collared lemmings did
not change between the 2 years. The apparent constant
reproductive activity fits with the low variation in abun-
dance observed between 2004 and 2005. Collared lem-
mings are well known for reproducing under the snow in
late winter (Krebs et al. 1995; Millar 2001), which could
explain the relatively high proportion of juveniles observed
in early summer, soon after snow-melt. The estimated age
of brown lemmings captured during summer nonetheless
shows that many of them were also born the previous
winter, suggesting a significant winter reproductive activity
in that species as well. More recent data based on exami-
nation of brown lemming winter nests at our study site also
confirmed the occurrence of winter reproduction in this
species (Duchesne 2009). The low proportion of juvenile
brown lemmings captured in early summer is not incom-
patible with the previous conclusion because flooding of
wetlands, their preferred habitat, during snow-melt would
presumably interrupt their breeding activity in spring
(Rodgers and Lewis 1986b). The increasing proportion of
juveniles recruiting in the population over the summer
suggests that after snow-melt reproductive activity either
resumed (in brown lemmings) or increased (collared lem-
ming). The high proportion of collared lemming females
still lactating in late summer in comparison to browns
further suggests that the reproduction of the former species
may extend later in summer (Negus and Berger 1998).

Our survival analyses have low power due to small
sample sizes. The strongest effect was a lower survival of
adult male brown lemmings compared to adult females and
juveniles in the wet grid in 2004, when sample sizes were
largest. The high activity level exhibited by males while
searching for reproductive females in summer may lead to
a greater exposure to predators (Banks et al. 1975; Stenseth
and Ims 1993b; Predavec and Krebs 2000).

We did not detect any change in survival rate over the
summer as we had predicted. However, survival rate of
lemmings on the mesic grid were lower during the peak
year (2004) than in the following year when density had
declined, and also for male brown lemmings in the wet
grid. This contrasts with some previous results showing
that survival rates of small mammals are higher in the
increasing and peak phases than in the decline phase
(Krebs 1964; Wilson et al. 1999). It is possible that the
lemming population peaked earlier in spring or even in late
winter under the snow (i.e. before we started trapping) and
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thus that they entered into the declining phase during
summer 2004. The strong decline of adult brown lemmings
during the summer 2004 is consistent with this hypothesis.
Although we lack comparative data during the increasing
phase, it is possible that a low adult survival at high density
is one of the factors initiating the subsequent population
decline. Finally, one has to remember that even though
open-population models control for the probability of
detection, they do not control for permanent emigration,
which is confounded with mortality, and hence we can only
estimate an apparent survival rate.

The decrease in body mass observed in brown lemmings
between 2004 and 2005 may indicate a shift in individual
quality, which apparently did not occur in collared lem-
mings. Again, this pattern is consistent with the change of
abundance that we observed between years in the two
species. In strongly fluctuating populations, individuals
reach maximum size during peak abundance, apparently
because animals born into rapidly expanding populations
have high growth rates (Krebs et al. 1973; Framstad et al.
1993a; Chitty 1996). Conversely, animals born during
declining populations grow more slowly, and usually fail to
reach large sizes (Mallory et al. 1981; Framstad et al.
1993a; Norrdahl et al. 2004).

Conclusion

Our study revealed annual and seasonal differences in
demographic parameters of lemmings. Our results suggest
that a low adult survival rate when populations are still
high may be one of the demographic factors initiating the
population decline. Even though adult survival had
increased during the declining phase, juvenile recruitment
had decreased considerably by then, possibly due to a
reduced early juvenile survival rather than a reduced
reproductive activity. Abundance of adults declined during
the summer whereas recruitment of juveniles into the
population increased. Finally, fluctuations in demographic
parameters were generally more pronounced in brown than
in collared lemmings.

Acknowledgments We thank Nicolas Ouellet, Nicolas Lecomte,
Marie-Hélene Dickey and Maude Graham-Sauvé for their help in the
field, Louis-Paul Rivest for his help with statistical analyses and
Daniel Fortin, Steeve Coté and Olivier Gilg for their comments on an
earlier version of the manuscript. Funding was provided by grants
from the Natural Sciences and Engineering Research Council of
Canada to G. Gauthier, the Fonds québécois pour la nature et les
technologies, the Canadian Network of Centres of Excellence Arc-
ticNet, the Northern Ecosystem Initiative (Environment Canada), the
Arctic Goose Joint Venture (Canadian Wildlife Service), the Canada
Foundation for Innovation to D. Berteaux, and Indian and Northern
Affairs Canada. Logistic supports were generously provided by the
Polar Continental Shelf Program, Natural Resources Canada. We are
indebted to the Pond Inlet Hunter and Trapper Association (Nunavut
Territory) and to Parks Canada for allowing us to work on Bylot



Polar Biol (2010) 33:725-736

735

Island. The manipulations of this study were approved by the Com-
mittee for Animal Protection of Université Laval and conducted under
research permits issued by Parks Canada. This is Polar Continental
Shelf Program contribution no 048-09.

References

Angerbjorn A, Tannerfeldt M, Erlinge S (1999) Predator—prey
relationships: arctic foxes and lemmings. J Anim Ecol 68:34-49

Angerbjorn A, Tannerfeldt M, Lundberg H (2001) Geographical and
temporal patterns of lemming population dynamics in Fenno-
scandia. Ecography 24:298-308

Banfield AWF (1974) The mammals of Canada. University of
Toronto Press, Toronto

Banks EM, Brooks RJ, Schnell J (1975) Radiotracking study of home
range and activity of brown lemmings (Lemmus trimucronatus).
J Mammal 56:888-901

Batzli GO, Jung HJG (1980) Nutritional ecology of microtine
rodents—resource utilization near Atkasook, Alaska. Arct Alp
Res 12:483-499

Blackburn GS, Wilson DJ, Krebs CJ (1998) Dispersal of juvenile
collared lemmings (Dicrostonyx groenlandicus) in a high-
density population. Can J Zool 76:2255-2261

Burnham KP, Anderson DR (1998) Model selection and inference: a
practical information-theoretic approach. Springer-Verlag, New
York

Chitty D (1996) Do lemmings commit suicide? Beautiful hypotheses
and ugly facts. Oxford University Press, Oxford

Choquet R, Reboulet AM, Lebreton JD, Gimenez O, Pradel R (2005)
U-CARE 2.2 User’s Manual. Centre d’Ecologie Fonctionnelle et
Evolutive, Montpellier

Duchesne D (2009) Sélection de I’habitat, reproduction et prédation
hivernale chez les lemmings de I’Arctique. M.Sc. Thesis,
Université Laval, Québec

Duclos I (2002) Milieux mésiques et secs de I'ile Bylot, Nunavut
(Canada): Caractérisation et utilisation par la Grande Oie des
Neiges. M.Sc. Thesis, Universit¢é du Québec a Trois-Rivieres,
Trois-Riviéres

Efford MG (2004) Density estimation in live-trapping studies. Oikos
106:598-610

Efford MG, Dawson DK, Robbins CS (2004) DENSITY: software for
analysing capture—recapture data from passive detector arrays.
Anim Biodivers Conserv 27:217-228

Efford MG, Warburton B, Coleman MC, Barker RJ (2005) A field test
of two methods for density estimation. Wildl Soc Bull 33:731—
738

Elton CS (1924) Periodic fluctuations in the numbers of animals: their
causes and effects. J Exp Biol 2:119-163

Erlinge S, Danell K, Frodin P, Hasselquist D, Nilsson P, Olofsson EB,
Svensson M (1999) Asynchronous population dynamics of
Siberian lemmings across the Palaearctic tundra. Oecologia
119:493-500

Erlinge S, Hasselquist D, Svensson M, Frodin P, Nilsson P (2000)
Reproductive behaviour of female Siberian lemmings during the
increase and peak phase of the lemming cycle. Oecologia
123:200-207

Framstad E, Stenseth NC, Ostbye E (1993a) Demography of Lemmus
lemmus through five population cycles. In: Stenseth NC, Ims RA
(eds) The biology of lemmings. Academic Press, London, pp
117-134

Framstad E, Stenseth NC, Ostbye E (1993b) Times series analysis of
population fluctuations of Lemmus lemmus. In: Stenseth NC, Ims
RA (eds) The biology of lemmings. Academic Press, London, pp
97-116

Fuller WA, Martell AM, Smith RFC, Speller SW (1975) High-arctic
lemmings, Dicrostonyx groenlandicus. 11. Demography. Can J
Zool 53:867-878

Gauthier G, Rochefort L, Reed A (1996) The exploitation of wetland
ecosystems by herbivores on Bylot Island. Geosci Can 23:253—
259

Gauthier G, Béty J, Giroux JF, Rochefort L (2004) Trophic
interactions in a high arctic snow goose colony. Integr Comp
Biol 44:119-129

Gauthier G, Berteaux D, Krebs CJ, Reid D (2009) Arctic lemmings
are not simply food limited—a comment. Evol Ecol Res 11:483—
484

Gibbons JW, Andrews KM (2004) PIT tagging: simple technology at
its best. Bioscience 54:447-454

Gilg O (2002) The summer decline of the collared lemming,
Dicrostonyx groenlandicus, in high arctic Greenland. Oikos
99:499-510

Gilg O, Hanski I, Sittler B (2003) Cyclic dynamics in a simple
vertebrate predator—prey community. Science 302:866-868

Gilg O, Sittler B, Sabard B, Hurstel A, Sane R, Delattre P, Hanski L
(2006) Functional and numerical responses of four lemming
predators in high arctic Greenland. Oikos 113:193-216

Gruyer N (2007) Etude comparative de la démographie de deux
especes de lemmings (Lemmus sibericus et Dicrostonyx groen-
landicus) a I'lle Bylot, Nunavut, Canada. M.Sc. Thesis, Univer-
sit€ Laval, Québec

Gruyer N, Gauthier G, Berteaux D (2008) Cyclic dynamics of
sympatric lemming populations on Bylot Island, Nunavut,
Canada. Can J Zool 86:910-917

Hanski I, Henttonen H, Korpimaki E, Oksanen L, Turchin P (2001)
Small-rodent dynamics and predation. Ecology 82:1505-1520

Hansson L (1983) Differences in age indicators between field and
laboratory small rodent populations. Mammalia 47:371-375

Ims RA, Fuglei E (2005) Trophic interaction cycles in tundra
ecosystems and the impact of climate change. Bioscience
55:311-322

Ims RA, Henden JA, Killengreen ST (2008) Collapsing population
cycles. Trends Ecol Evol 23:79-86

Kendall WL, Nichols JD (1995) On the use of secondary capture—
recapture samples to estimate temporary emigration and breed-
ing proportions. J Appl Stat 22:751-762

Kendall WL, Nichols JD, Hines JE (1997) Estimating temporary
emigration using capture-recapture data with Pollock’s robust
design. Ecology 78:563-578

Klemola T, Korpimaki E, Koivula M (2002) Rate of population
change in voles from different phases of the population cycle.
Oikos 96:291-298

Korpimaki E, Klemola T, Norrdahl K, Oksanen L, Oksanen T, Banks
PB, Batzli GO, Henttonen H (2003) Vole cycles and predation.
Trends Ecol Evol 18:494-495

Korpimaki E, Brown PR, Jacob J, Pech RP (2004) The puzzles of
population cycles and outbreaks of small mammals solved?
Bioscience 54:1071-1079

Krebs CJ (1964) The lemming cycle at Baker Lake, Northwest
Territories, during 1959-1962. Technical Paper No. 15, Arctic
Institute of North America, Calgary

Krebs CJ (2002) Two complementary paradigms for analysing
population dynamic. Phil Trans R Soc Lond B 357:1211-1219

Krebs CJ, Gaines MS, Keller BL, Myers JH, Tamarin RH (1973)
Population cycles in small rodents. Science 179:35-41

Krebs CJ, Boonstra R, Kenney AJ (1995) Population dynamics of the
collared lemming and the tundra vole at Pearce-Point, North-
west-Territories, Canada. Oecologia 103:481-489

Krebs CJ, Danell K, Angerbjorn A, Agrell J, Berteaux D, Brathen
KA, Danell O, Erlinge S, Fedorov V, Fredga K, Hjalten J,
Hogstedt G, Jonsdoéttir IS, Kenney A, Kjellen N, Nordin T,

@ Springer



736

Polar Biol (2010) 33:725-736

Roininen H, Svensson M, Tannerfeldt M, Wiklund CG (2003)
Terrestrial trophic dynamics in the Canadian Arctic. Can J Zool
81:827-843

Lambin X, Bretagnolle V, Yoccoz NG (2006) Vole population cycles
in northern and southern Europe: is there a need for different
explanations for single pattern? J Anim Ecol 75:340-349

Mallory FF, Elliott JR, Brooks RJ (1981) Changes in body size in
fluctuating populations of collared lemmings: age and photope-
riod influences. Can J Zool 59:174-182

Millar JS (2001) On reproduction in lemmings. Ecoscience 8:145—
150

Morris DW, Davidson DL, Krebs CJ (2000) Measuring the ghost of
competition: Insights from density-dependent habitat selection
on the co-existence and dynamics of lemmings. Evol Ecol Res
2:41-67

Negus NC, Berger PJ (1998) Reproductive strategies of Dicrostonyx
groenlandicus and Lemmus sibiricus in high-arctic tundra. Can J
Zool 76:390-399

Norrdahl K, Korpimaki E (2002) Changes in individual quality during
a 3-year population cycle of voles. Oecologia 130:239-249

Norrdahl K, Heinila H, Klemola T, Korpimaki E (2004) Predator-
induced changes in population structure and individual quality of
Microtus voles: a large-scale field experiment. Oikos 105:312—
324

Oksanen T, Oksanen L, Dahlgren J, Olofsson J (2008) Arctic
lemmings, Lemmus spp. and Dycrostonyx spp.: integrating
ecological and evolutionary perspectives. Evol Ecol Res
10:415-434

Ostbye E, Semb-Johansson A (1970) The eyes lens as an age indicator
in the Norwegian lemming (Lemmus lemmus). Nor J Zool
18:239-243

Otis DL, Burnham KP, White GC, Anderson DR (1978) Statistical
inference from capture data on closed animal population.
Wildlife Monogr No 62. The Wildlife Society, Louiseville

Parmenter RR, Yates TL, Anderson DR, Burnham KP, Dunnum JL,
Franklin AB, Friggens MT, Lubow BC, Miller M, Olson GS,
Parmenter CA, Pollard J, Rexstad E, Shenk TM, Stanley TR,
White GC (2003) Small-mammal density estimation: a field
comparison of grid-based vs. web-based density estimators. Ecol
Monogr 73:1-26

Pitelka FA (1973) Cyclic pattern in lemming populations near
Barrow, Alaska. Am Tech Pap 25:199-215

Pitelka FA, Batzli GO (1993) Distribution, abundance and habitat use
by lemmings on the north slope of Alaska. In: Stenseth NC, Ims

@ Springer

RA (eds) The biology of lemmings. Academic Press, London,
pp 198-213

Predavec M, Krebs CJ (2000) Microhabitat utilisation, home ranges,
and movement patterns of the collared lemming (Dicrostonyx
groenlandicus) in the central Canadian Arctic. Can J Zool
78:1885-1890

Reid DG, Krebs CJ, Kenney A (1995) Limitation of collared lemming
population-growth at low-densities by predation mortality. Oikos
73:387-398

Rodgers AR, Lewis MC (1986a) Diet selection in Arctic lemmings
(Lemmus sibiricus and Dicrostonyx groenlandicus): forage
availability and natural diets. Can J Zool 64:1684-1689

Rodgers AR, Lewis MC (1986b) Diet selection in Arctic lemmings:
demography, home range, and habitat use. Can J Zool 64:2717-
2727

Sokal RR, Rohlf FJ (1995) Biometry: the principles and practice of
statistics in biological research, 3rd edn. WH Freeman and
Company, New York

Stenseth NC (1999) Population cycles in voles and lemmings: density
dependence and phase dependence in a stochastic world. Oikos
87:427-461

Stenseth NC, Ims RA (1993a) Intra- and interspecific relations: an
introduction. In: Stenseth NC, Ims RA (eds) The biology of
lemmings. Academic Press, London, pp 341-354

Stenseth NC, Ims RA (1993b) Population dynamics of lemmings:
temporal and spatial variation: an introduction. In: Stenseth NC,
Ims RA (eds) The biology of lemmings. Academic Press,
London, pp 61-96

Sundell J (2006) Experimental tests of the role of predation in the
population dynamics of voles and lemmings. Mammal Rev
36:107-141

Turchin P, Batzli GO (2001) Availability of food and the population
dynamics of arvicoline rodents. Ecology 82:1521-1534

Turchin P, Oksanen L, Ekerholm P, Oksanen T, Henttonen H (2000)
Are lemmings prey or predators? Nature 405:562-565

Unangst ET, Wunder BA (2002) Effects of trap retention on body
composition of live meadow voles. Physiol Biochem Zool
75:627-634

White GC, Burnham KP (1999) Program MARK: survival estimation
from populations of marked animals. Bird Study 46:120-139

Williams BK, Nichols JD, Conroy MJ (2002) Analysis and manage-
ment of animal populations. Academic Press, San Diego

Wilson DJ, Krebs CJ, Sinclair T (1999) Limitation of collared lemming
populations during a population cycle. Oikos 87:382-398



	Demography of two lemming species on Bylot Island,  Nunavut, Canada
	Abstract
	Introduction
	Methods
	Study area and species
	Trapping protocol
	Age determination
	Analyses of trapping data
	Density estimation
	Other data analyses

	Results
	Model selection and comparison of methods
	Population density
	Reproductive activity
	Survival rate
	Body mass

	Discussion
	Comparison of methods used to estimate density
	Temporal and spatial variations in abundance
	Variations in demographic traits
	Conclusion

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


