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Abstract

Baseline studies of small rodent populations in undisturbed ecosystems are rare. We report here 50 years of mon-
itoring and experimentation in Yukon of a dominant rodent species in the North American boreal forest, the red-
backed vole Clethrionomys rutilus. These voles breed in summer, weigh 20–25 g, and reach a maximum density
of 20 to 25 per ha. Their populations have shown consistent 3–4-year cycles for the last 50 years with the only
change being that peak densities averaged 8/ha until 2000 and 18/ha since that year. During the last 25 years, we
have measured food resources, predator numbers, and winter weather, and for 1-year social interactions, to estimate
their contribution to changes in the rate of summer increase and the rate of overwinter decline. All these potential
limiting factors could contribute to changes in density, and we measured their relative contributions statistically
with multiple regressions. The rate of winter decline in density was related to both food supply and winter severity.
The rate of summer increase was related to summer berry crops and white spruce cone production. No measure of
predator numbers was related to winter or summer changes in vole abundance. There was a large signal of climate
change effects in these populations. There is no density dependence in summer population growth and only a weak
one in winter population declines. None of our results provide a clear understanding of what generates 3–4-year
cycles in these voles, and the major missing piece may be an understanding of social interactions at high density.
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INTRODUCTION

As climate changes and humans cause habitat distur-
bances around the globe, a plea has gone out for long-
term monitoring of populations and ecosystems (Linden-
mayer & Likens 2009; Lindenmayer et al. 2012; Hughes
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et al. 2017). To achieve this, goal two major obstacles
must be overcome. First, one needs a relatively undis-
turbed ecosystem of sufficient area to contain the species
interactions that occur there (Sinclair 1998). Second, se-
cure research funding is required for a long time. Since
much science funding flows for only 3–5 years, there is
a disincentive to researchers to initiate long-term mon-
itoring studies. We have been fortunate in this case to
have been invited to the Kluane region of the southwest-
ern Yukon in 1973 to carry out a species inventory of
small rodents (Krebs & Wingate 1976). Once there, we
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found an undisturbed ecosystem with many small rodent
species and a dominant herbivore in the snowshoe hare
(Lepus americanus). Since 1976, we have studied both
the rodents and the snowshoe hare to gain an understand-
ing of the vertebrate food web in this part of the boreal
forest (Boutin et al. 1995; Krebs et al. 2001; Boonstra
et al. 2018). We report here one part of these Yukon stud-
ies, an attempt to understand the population dynamics of
the most common small rodent in this part of the bo-
real forest, the northern red-backed vole, Clethrionomys
rutilus (Boonstra & Krebs 2006, 2012; Boonstra et al.
2016; Boonstra et al. 2018), a 25-g rodent that breeds
only in summer and rarely lives longer than 1 year. There
has been much controversy over the mechanisms driving
population changes in small rodents (Andreassen et al.
2021), and we take here a more comprehensive approach
of attempting to measure the major components of contro-
versy, food supply, predation, weather, and inferred social
dynamics as elements in population changes of the red-
backed vole in the southern Yukon of Canada. We treat
this analysis as an exploratory data analysis since we have
not been able to manipulate over 25 years’ food supplies,
predator numbers, or weather, and have been able only in
a few cases to do short-term food and social interaction
experiments. The expectations in the small rodent litera-
ture are that food supplies and predation should be strong
determinants of population changes and that severe win-
ter weather should reduce populations, so that climatic
warming should be visible in overwinter losses. There is
much speculation about social effects on rodent popula-
tion changes but few experiments to shed light on this
factor except in laboratory experiments (Andreassen et al.
2021).

MATERIALS AND METHODS

Red-backed voles were live-trapped in the Yukon Klu-
ane boreal forest over 2 days with Longworth live-traps,
marked, and released on two to four long-term control
grids that were each laid out on a 10×10 array with 15-
m spacing, as described in Gilbert and Krebs (1981) and
Boonstra et al. (2001). Three checks over 2 days (morn-
ing, evening, morning) were made to calculate the density
with the ML estimator in Murray Efford’s Density 5 pro-
gram (www.otago.ac.nz/density/). During phases of low
density when only one to three individuals were captured
on a grid, we used minimum-number-alive to estimate
density. Minimum trappability (Krebs & Boonstra 1984)
averaged 85% over all years, but very young juveniles
could not be live-trapped before 4 weeks of age. Some
trapping grids were moved short distances (<20 km) over

the years, but one control (Grid J) was set out in 1979 and
trapped ever since (Gilbert & Krebs 1981, 1991). Local
grid populations always fluctuated closely in phase (r =
0.89, n = 94). Here, we will analyze only the spring and
fall estimates of density and define summer population
change as fall density/spring density, and conversely win-
ter population change as spring density (t)/autumn den-
sity (t−1). Instantaneous rates of change were calculated
as loge of these finite rates.

Measurements of food supplies began in 1986 for
white spruce (Picea glauca) cones following the protocol
of LaMontagne et al. (2005) with an average sample of
700 trees per year. Ground berries, mushrooms, and soap-
berries were sampled from 1997 onward. Ground berries
consisted of five major species: bearberry (Arctostaphy-
los uva-ursi), red bearberry (A. rubra), crowberry (Em-
petrum nigrum), cranberry (Vaccinium vitis-idaea), and
toadflax (Geocaulon lividum) (Boonstra et al. 2017). All
were counted in 40 × 40 cm fixed quadrats in late July
and early August beginning in 1997 with an average sam-
ple size of 700 per year (Krebs et al. 2009). Aboveground
mushroom biomass was estimated each year in 600 plots
of 28 m2 (Krebs et al. 2008). Soapberries (Shepherdia
canadensis) were counted and weighed each summer on
217 single stems averaging 10 mm in diameter.

Predator numbers were indexed by winter snow track-
ing over the same 24-km trail each winter since 1987 af-
ter new snowfalls (O’Donoghue et al. 2022). The major
mammal predators on small mammals are coyotes (Canis
latrans), ermine (= weasel, Mustela erminea), and marten
(Martes americana). The latter were common only af-
ter 2000. Least weasels (Mustela nivalis) were very rare.
Voles are also taken by birds of prey, but we do not have
a good long-term index of their diets or numbers (but see
Doyle & Smith 2001; Rohner et al. 2001).

Weather records of monthly temperatures and precip-
itation were obtained from the Haines Junction Weather
Station of Environment Canada since 1973. In 2005, we
began to measure temperatures directly on our study area
with Thermocron buttons every 4 h from ground level
to 80 cm to measure winter severity and its possible ef-
fects on voles and mice. We designed a measure of winter
severity by measuring the number of degree-days below
−10°C at ground level from November to March by use
of temperature data collected at six sites on three control
live-trapping grids.

We explore here four potential limiting factors for red-
backed vole density changes: winter weather, food sup-
plies, predator numbers, and density-dependence. The re-
sulting data sets include red-backed vole rates of density
change over winter and summer, weather records, indices
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Yukon vole cycles

Figure 1 Changes in red-backed density on control grids at Kluane Lake, Yukon from 1973 to 2022. Green circles, spring density;
red squares, autumn density. Average 95% confidence limits plotted. Shaded areas are cyclic peaks. Dashed horizontal line shows the
average peak density for all years before (8.3/ha) and after 2000 (18.4/ha).

of major potential food items, and predator indices for the
two main mammal predators. Given these data were col-
lected over a variable number of years ranging from 25 to
50, we applied robust multiple regression in NCSS 2022
(www.ncss.com) after screening all possible explanatory
variables in the All Possible Regressions routine. The
number of variables (p) used in the selected regression
was restricted to those with Mallow’s Cp < p + 1 with a
minimum value of square root mean square error. These
choices typically maximize R2 values for the multiple re-
gression. While evaluating these statistical models based
on observational data, we must recognize that predictive
statistical models are not causal inference (Arif & Mac-
Neil 2022).

RESULTS AND DISCUSSION

Fig. 1 shows the changes in spring and autumn red-
back vole density on control sites over 50 years from 1973
to 2022. The 3–4-year cycle continues, possibly with an
increase in peak density since the year 2000. Peak densi-
ties from 1973 to 2000 averaged 8.3 per ha with a range of
3.5 to 19.7. From 2000 to 2022, peaks averaged 18.5 voles
per ha with a range of 14.4 to 25.6, more than double the
earlier period. We subdivide the data shown in Fig. 1 into
periods of summer population growth and periods of win-
ter population decline and analyze how each of these two
rates is related to our environmental measurements.
1. Winter population change in density

Winter population changes were measured from the
change in density from late September to early October
(year t−1) to May (year t) on two to three control grids.

Instantaneous rates of winter population declines aver-
aged −1.33 (range −5.11 to +1.11) over the 48 years
of complete data from 1974 to 2022. Winter population
density increased in 5 of the 48 years sampled because of
late summer juvenile recruitment occurring after the fall
trapping in late September. However, the broad pattern is
that winter rates translate into finite rates of decline from
autumn to the next spring averaging 76% (n = 48).

We estimated the best combination of variables that
could predict winter population changes. Ten variables
were available: food item production from the previ-
ous summer, including aboveground mushroom biomass;
berry counts from bearberry, red bearberry, crowberry,
cranberry, and toadflax; soapberry production; white
spruce cone counts; weasel and marten abundance in the
current winter; and winter severity in the current winter.
Winter severity was estimated from the number of degree-
days less than −10°C at ground level from November to
March and ranged from 28 in 2004–2005 to 462 in 2012–
2013. Fig. 2 shows the resulting observed and predicted
points for each year utilizing three variables: aboveground
mushroom biomass and bearberry counts from the previ-
ous summer and winter severity from the current winter.
The best predictive equation (R2 = 0.59) was:

Instantaneous overwinter change in density = −3.4805+
(0.004263 × winterseverity)

+ (0.01678 × Mushrooms_lag1) + (0.052126 × Bearberry_lag1)

where lag1 indicates the data from the previous summer
growing season.

The general conclusion is that winter declines are a
function of winter food supplies and winter weather, but
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Figure 2 Observed and predicted winter instantaneous rate of
population decline over 7 months from October to May from
1997 to 2022. The three best predictive variables are food
supplies from the previous summer (aboveground mushroom
biomass and bearberry counts) and winter severity, R2 = 0.59, n
= 25 years. An instantaneous rate of 2 is equivalent to about a
sevenfold increase in density, while a rate of −6 is more than a
99% decline overwinter.

the winter severity result violates the common belief that
northern rodent populations are strongly affected by more
severe winter weather. Weasel and marten abundance in
winter showed no significant relationship with the inten-
sity of winter declines in red-backed voles. The complete
multiple regression analysis is given in the Supporting In-
formation.

One surprising result from our studies is that preda-
tion seems to play only a minor part in explaining pop-
ulation changes in our red-backed voles. There is much
discussion in the small mammal literature about the role
of predation in causing population changes (Korpimäki
et al. 2005; Fauteux et al. 2016). One possible explana-
tion is that when small mammals are at low density in
our study area, there is insufficient food to support many
small mammal predators, which effectively go locally ex-
tinct.

Since we do not know the diet of red-backed voles in
winter (except that it does not seem to be spruce seeds,
see Boonstra & Krebs 2006), we assume that the two veg-
etation variables are indicators of good and bad years for
winter food supplies. Bearberry, a key contributor to the
predictions and a very common ground berry, does not
occur everywhere in the Kluane boreal forest and prob-
ably serves as a general indicator of the preferred berry
productivity in this forest. Red-backed voles are known
to eat mushrooms when they are available in summer,

Observed summer rate of increase 
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Figure 3 Observed and predicted summer instantaneous rate of
population increase from May to October from 1997 to 2022.
The four best predictive variables are food supplies from the
berry crops of cranberry, toadflax, total berry counts, and the
white spruce cone crop of the current year, R2 = 0.69, n = 25
years.

so the association with overwinter survival could reflect
plant productivity associated with soil moisture. Krebs
et al. (2008) found that epigeous mushroom productivity
in this area is correlated with rainfall early in the growing
season.
1. Summer population change in density

Red-back voles increase in density from spring to fall
from breeding. Overwintering adults can have two to four
litters over the summer, and in some years, juveniles from
the first litter can also breed once. Typically, however,
young-of-the-year do not breed until the summer follow-
ing their birth. We measured summer increases from May
to September each year on two to three control grids. We
estimated the best combination of variables that could
predict summer rates of population growth with the 10
variables listed above. Fig. 3 shows the observed and
predicted rates of summer increase from four variables:
berry crops of cranberry, toadflax, total berry counts of
all groundberries, and the white spruce cone crop of the
current year. The best predictive equation was:

Instantaneous summer increase in density = 2.6095+
(0.03619 × Cranberries) − (0.02291 × Toadflax) −

(0.01468 × Allberries) − (0.07217 × loge (spruceconecount)

where all variables were measured in the current year.
The conclusion is that summer rates of population

growth of red-backed voles are largely determined by
food supplies in each summer. Since spruce seeds are
unlikely to be a critical element in the diet (Boonstra &
Krebs 2006), we assume it enters this predictive equation

30 © 2023 The Authors. Integrative Zoology published by International Society of Zoological Sciences,
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Yukon vole cycles

Figure 4 Average berry counts for two common species of ground berry (cranberry and bearberry) at Kluane Lake from 1995 to
2022. Quadrat size is 40 by 40 cm. An average of 700 quadrats were counted each year. Error bars are 95% confidence intervals. The
correlation between these two time-series is 0.03.

as a weak indicator of good vegetation growing seasons
(c.f. Supporting Information).

Climate is changing in the southern Yukon as it is ev-
erywhere in the north, but these changes in temperature
and precipitation have had little effect on small mammals.
The increase in peak density of our red-backed voles af-
ter 2000 might reflect increased primary production via
changes in soil nutrients (Boonstra et al. 2017) or a short-
ened winter period since that time. Alternatively, it could
reflect the disappearance in the forest of the arctic ground
squirrel after 2000 (Werner et al. 2015), a generalist her-
bivore well known to prey on microtine rodents (Boonstra
et al. 1990; McLean 2018). We have no data to test these
two hypotheses.

1. Cyclic dynamics
There is an incongruence in Fig. 1 which shows a

clear 3–4-year cycle in red-backed vole numbers since
1973 to the present, and our analyses of the 10 possi-
ble ecological variables on which we have data that show
no cyclic tendency that would cause 3–4-year popula-
tion changes. Fig. 4 illustrates the problem. The changes
in cranberry and bearberry production, which are im-
portant contributors to summer rates of increase, do not
show 3–4-year cycles over this time period. Fig. 5 il-
lustrates the same problem for total berry production.
Berry species are distributed patchily in Kluane forests,
and these numbers are an index of berry production since
we did not do random sampling but chose only quadrats

© 2023 The Authors. Integrative Zoology published by International Society of Zoological Sciences,
Institute of Zoology/Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.
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Figure 5 Average berry counts for all 5 common species of ground berries at Kluane Lake from 1995 to 2022. Quadrat size is 40
by 40 cm. Error bars are 95% confidence intervals. There is no indication of a clear 3–4-year cycle in berry counts that maps on to
the 3–4-year red-backed vole cycle (r = 0.08, n = 26). There is a hint of a 10-year cycle but this requires 20 more years of data to
validate.

that had at least 50% berry cover of one of the major
species.

Something is clearly missing in our analysis, and the
major demographic variable on which we have little data
is social dynamics. Juvenile red-backed voles do not ma-
ture in their first summer except at very low population
densities. Gilbert and Krebs (1981) showed by experi-
mental addition of food that red-backed voles were lim-
ited in density by food supplies in summer but added food
did not affect the length of the breeding season or increase
the onset of juvenile maturity. Gilbert et al. (1986) ex-
perimentally reduced adult female red-backed voles and
showed that juveniles released from competition from
adult females would mature in their first summer of life
in one year of high density (Fig. 6). The inference was
that territorial females were responsible for a high rate
of loss of young juveniles, before they reached a size
that they could be live-trapped and ear tagged; we specu-
late that the loss could be due to infanticide among their
neighbors or higher emigration rates immediately upon
weaning. Bujalska (1973) suggested that spacing behavior
was a strong component of the reasons reproductive out-
put varied in populations of the bank vole (Clethrionomys
glareolus). Saitoh (1981) found a similar pattern of re-
duced maturation in a high-density population of Clethri-
onomys rufocanus. Schweiger and Boutin (1995) fed pop-
ulations of red-backed voles in winter at Kluane and re-
ported increasing populations in winter on the fed grids,
but a collapse in density in spring that was associated with
the onset of breeding. Johnsen et al. (2017) fed bank vole

populations in Norway and showed that voles on fed grids
had better overwinter survival than controls in one winter
but not in another.

While food is clearly vital to overwinter populations
under the snow, there are concerns that artificially fed
populations attract more immigrants than control areas.
We think this is the first analysis that attempts to measure
the variability of natural food items in multiple winters
and summers to determine its contribution to population
changes. Our problem is that we have for our red-backed
voles one year of measurement of the two interacting el-
ements of social control—territoriality and reproductive
inhibition. The conventional approach is to use density
dependence as an aggregated variable to analyze popula-
tion changes. Fig. 7 illustrates the density dependence re-
lationships in our data from summer increases and winter
declines. There is no sign of density dependence in sum-
mer, but a modest significant relationship in winter (R2

= 0.39, n = 48 years). We do not know the exact causes
of this winter density-dependence, and we do not suggest
that all of it is due to social factors, but the type of detailed
data illustrated by Krebs and Boonstra (1978) obtained in
temperate Microtus populations showed that the largest
amount of overwinter decline occurred in a few weeks at
the start of breeding. These types of data are not easily
obtained in these northern vole populations due to exten-
sive snow cover and melt at this time of year when adults
are starting to breed. Our suggestion is that the key lies
in the social interactions that lead to reproductive inhibi-
tion in the peak summer (e.g. Mihok & Boonstra 1992),

32 © 2023 The Authors. Integrative Zoology published by International Society of Zoological Sciences,
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Yukon vole cycles

Figure 6 Juvenile maturation rates in the first summer of life
for red-backed voles at Kluane Lake when adult females were
removed early in the summer. Data from Gilbert & Krebs (1986,
table 3). 95% confidence limits shown. This experiment suggests
that juvenile maturation in the first summer of life is under social
control.

which reduces viability via epigenetic changes in the off-
spring’s brain function (Edwards et al. 2021; Huang et al.
2021a, 2021b). We do not have these kinds of data for our
study.

The evidence is suggestive but inconclusive that the in-
teractions associated with social behavior are necessary
and sufficient to produce the cycles observed in these
voles. We are left with more understanding on how food
and winter weather contribute to population fluctuations
but not knowing exactly what demographic mechanisms
account for these 3–4-year cycles in red-backed voles at
Kluane.

CONCLUSIONS

We have an extensive set of data that have led to a
clearer understanding of the array of processes that have
been postulated to cause population changes in these
northern voles. In this paper, we have adopted a natu-
ral history approach to ask what ecological conclusions
can be reached with data on food items, predators, and

Figure 7 Density dependence in red-backed voles in summer
and winter, Kluane Lake, all controls, 1974 to 2022, along with
95% confidence and prediction limits. Summer data, r2 = 0.01,
n = 49. Winter data, r2 = 0.39, n = 48.

weather over a long time series, but even with a detailed
description of changes in major food items, predation lev-
els, and weather variation and how these factors correlate
with summer gains and winter losses, we are left with the
enigma that we have no clear model of what generates
the consistent 3–4-year cycles in the populations of this
rodent. We suggest that the answer could be in the de-
tails of social biology and epigenetic effects that will re-
quire more experimental study. In a similar vein that we
see in trying to understand climate change, a combination
of descriptive monitoring and analytical experiments are
essential components of advancing our understanding of
how ecological communities work.

© 2023 The Authors. Integrative Zoology published by International Society of Zoological Sciences,
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C. J. Krebs et al.

Figure 8 Average energy flow for the dominant herbivores in the
Kluane ecosystem, 2012–2022. Mice and voles contribute more
energy flow than all the large mammals combined and for this
time period more even than snowshoe hares. Red-backed voles
contribute 85% of the mice and vole group energy flow. Data for
comparison are given in Krebs et al. (2019, fig. 2). Energy flow
estimated from average density of each species and the equa-
tions in Nagy et al. (1999).

Fig. 8 provides a postscript to this paper in showing the
contribution of the major vertebrates to the energy flow in
the Kluane boreal forest ecosystem. The climate change
signature is clearly shown in the recent large contribution
of mice and voles to energy flow among the herbivores, in
comparison with that shown in Krebs et al. (2019, fig. 2).
The contribution to ecosystem energy flow is inversely re-
lated to the body size of the species, so red-backed voles
and other mice although small and apparently insignifi-
cant to the human observer contribute about 30% of the
herbivore energy flow.
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