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Abstract

Population fluctuations of small rodents are often synchronized over larger

areas (>100 km) than what could be explained by dispersal, suggesting that

the synchronizing factor is weather-related and possibly mediated through

changes in food quality. Because bank vole (Myodes glareolus) populations usu-

ally peak 1 year after peaks in reproduction of the staple winter food plant bil-

berry (Vaccinium myrtillus), we tested for a possible link between food and

spatial synchrony by comparing the synchrony in bank vole population indices

and bilberry seed production indices between three study areas across about

20,000 km2 in South Norway during a four decade period (1979–2019). There
were subperiods of spatial synchrony and asynchrony between the study areas

in the fluctuations of bank vole numbers and bilberry seed production, with the

latter part of the study period displaying more pronounced synchrony than the

first and middle part. However, with a few marked exceptions, when vole fluctu-

ations were spatially out of phase across study areas so was bilberry seed produc-

tion. Thus, we conclude that bilberry seed production to a large extent explained

the spatiotemporal synchronicity in bank vole population fluctuations. Although

bilberry seed production seems to be a causal driver of vole fluctuations, it

remains to be seen to what extent the chemical composition of bilberry plants

influences vole performance. Finally, certain weather factors may still influence

voles directly, or indirectly by triggering bilberry seed production.
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1 | INTRODUCTION

The high-amplitude multiannual population fluctuations
of small rodents in the northern hemisphere are often

synchronized over large geographical areas (Angerbjörn,
Tannerfeldt, & Lundberg, 2001; Bjørnstad, Stenseth, &
Saitoh, 1999; Christiansen, 1983; Krebs et al., 2002;
Myrberget, 1973). Suggested mechanisms for the spatial
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synchrony are dispersal, exogenous factors such as temper-
ature or precipitation, and trophic interactions (Liebhold,
Koenig, & Bjørnstad, 2004). The spatiotemporal dynamic
may, however, change over time (Bierman et al., 2006).
Populations of bank vole (Myodes glareolus) in eastern
Norway fluctuated in synchrony within a spatial scale of
up to 30–40 km during 1990–1994 (Steen, Ims, & Sonerud,
1996), whereas population peaks observed in 2007 and
2014 occurred synchronously in areas situated several
hundreds kilometers apart (Andreassen, Johnsen, Joncour,
Neby, & Odden, 2020; Selås, 2020; Selås et al., 2011;
Wegge & Rolstad, 2018).

Because population peaks of small rodents commonly
occur simultaneously over much larger areas than what
could be explained by dispersal (Ims & Andreassen, 2005),
several authors assume that the synchronizing factor most
likely is weather-related (Angerbjörn et al., 2001; Huitu,
Laaksonen, Klemola, & Korpimäki, 2008; Koenig, 2002;
Krebs et al., 2002). One possible weather effect is high
mortality in years with unfavorable winter conditions
(Bilodeau, Gauthier, & Berteaux, 2013; Kausrud et al.,
2008). Nevertheless, attempts of linking large-scale rodent
population dynamics directly to weather have not given
any firm conclusions (e.g., Myrberget, 1974; Østbye, Steen,
Framstad, & Tveite, 1989; Solonen & Ahola, 2010).
Weather may however be an indirect spatially synchroniz-
ing factor, by affecting important food resources (e.g.,
Övergaard, Gemmel, & Karlsson, 2007; Selås, Sønsteby,
Heide, & Opstad, 2015).

Bilberry is a staple food plant for Myodes voles in win-
ter (Hansson, 1985; Hansson & Larsson, 1978), when food
appears to be a limiting factor (Haapakoski & Ylönen,
2013; Johnsen et al., 2017; Ylönen & Eccard, 2004). In
Fennoscandia, the autumn population level of Myodes
voles usually peaks 1 year after peaks in the berry produc-
tion of bilberry (Vaccinium myrtillus) (Laine & Henttonen,
1983; Selås, 2020). A similar berry-vole relationship has
been reported from Canada (Krebs, Cowcill, Boonstra, &

Kenney, 2010). Regardless of the causal relationship, spa-
tial synchrony in Myodes vole population dynamics may
therefore reflect a similar synchrony in bilberry reproduc-
tion, determined by weather factors that act during the
flowering cycle of this plant species (Selås et al., 2015).

In large parts of Fennoscandia, vole populations have
fluctuated with a regular periodicity of 3–4 years
(Angelstam, Lindström, & Widén, 1985). These population
cycles are usually characterized by a negative autocorrela-
tion at a time lag of 2 years (Hörnfeldt, 1994). Such del-
ayed density dependence has commonly been interpreted
as a result of trophic interactions, either between voles and
their predators, or between voles and their food plants
(Oli, 2019). Here, we use time series from three separate
areas in South Norway to test whether any delayed density
dependence in bank vole numbers could be linked to bil-
berry reproduction. Thereafter we examine spatial syn-
chrony of bank voles and bilberry seeding. Our prediction
is that the spatial pattern of bank vole synchrony reflects a
similar pattern of synchrony in bilberry reproduction.

2 | MATERIALS AND METHODS

2.1 | Bank vole population index

Small rodents were snap trapped in autumn for four
decades in three areas within approximately 20,000 km2

in South Norway; Agder (two sites situated 20 km apart,
one in Vegårshei and one in Gjerstad), Varaldskogen and
Vangsåsen (Table 1). Varaldskogen and Vangsåsen are
situated 120 km apart, while Agder is situated 270 km
from Varaldskogen and 280 km from Vangsåsen
(Figure 1). Permission to conduct the snap trapping was
given by the Norwegian Environment Agency.

Trapping sites in Agder and Varaldskogen were
located in mature forest stands with bilberry as a com-
mon plant species in the field layer, which is the

TABLE 1 Information about the study areas and the small rodent trapping protocols

Study area and subsite
Elevation
(m)

Trapping
period

Trap
nights

Trap nights × number of traps

BaitMean (Range)

Agder Vegårshei 200 1980–1989 2 395 (383–400) Raw potato

Vegårshei 200 1999–2019 4 962 (895–997) Raw carrot

Gjerstad 375 1988 3 660 Soya-bean oil

Gjerstad 375 1990–2019 3 1,439 (329–1,500) Soya-bean oil

Varaldskogen 300 1979–2019 2 136 (44–317) Raw potato

Vangsåsen 575 1981–2019 4 1,062 (968–1,148) Coconut fat

Note: Traps of type “Rapp” were set out along transects for 2–4 nights each autumn. Trapped animals were removed every day, and traps were reset and if

necessary rebaited.
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preferred habitat of bank voles in South Norway (Gorini
et al., 2011). In Vangsåsen, trap lines were permanent
and crossing several patches of different successional
stages, so during the four-decade study traps were in both
mature forest stands and younger forest succession stages
from clear-cuts to medium-aged forest. Because the
amplitude of bank vole population fluctuations increases
with altitude (Andreassen et al., 2020), most population
peaks caused by high berry production in old forest
stands would most likely be very apparent also in other
habitats in this high-elevation study area.

The population index used was number of bank voles
trapped per 100 trap nights. For years with trapping in
both subsites in Agder (1988, 1999–2019), we used the
mean of the two trapping indices. Due to slightly differ-
ent trapping protocols among study areas, we present the
index as standardized values (Z-scores).

2.2 | Field measurements of bilberry
seed production

In two of the study areas, the production of bilberries was
recorded in the field. Berries were counted in representative
plots in old forest stands of similar types as used for rodent
trapping, spread out in the study areas. The annual berry

index is the number of berries per m2. In Agder
(Vegårshei), all berries in 15 fixed plots of 2 × 2 m2 were
counted in late July or early August, that is, at 60 m2 each
year, from 1999 onward (Selås, 2020). In Varaldskogen,
berries were counted in mid-August in three circles of
0.5 m2 in the same 6–8 forest stands each year,
corresponding to 9–12 m2 each year, from 2003 onward.
Because we did not use the same plots each year in this
area, the number of berries was corrected for the coverage
of bilberry plants in each circle. The berries were not sub-
ject to further investigations, because major variations in
the mean number of seeds per berry were not expected,
despite marked annual variations in berry numbers per plot
(Jacquemart & Thompson, 1996; Kloet & Cabilio, 1996).

2.3 | Bilberry index based on newspaper
reports

The bilberry counts covered the latter half of two of the vole
time series only. To obtain an index of bilberry seeding for
the entire study period from all areas, we searched for
reports of bilberry production in all relevant local and
regional newspapers, as well as in national newspapers,
which sometimes gave information related to one of our
regions. All newspapers used are available at the National
Library of Norway. Although the quality of newspaper
reports may vary, Selås (2019) found a significant positive
correlation between a bilberry index obtained from newspa-
per reports and annual counts of bilberries (r = .7). Hence,
the method appeared to be appropriate for revealing peak
years. Deficiencies in newspaper reports are likely to make
it easier to reject the proposed hypothesis. Hence, using
newspaper reports should be a conservative approach.

For each region, 10 persons, specific for the region,
were asked to evaluate the annual berry production based
on newspaper reports, by use of the following scale: 1 = very
poor, 2 = poor, below average, 3 = average or normal,
4 = good, above average and 5 = very good, peak year. We
then used the mean of their assessments as a bilberry index
for each year. All contributors were familiar with bilberry
harvesting in Norway. Because a few more newspaper
reports than those used by Selås (2019) were later found for
Agder, and a longer time period was of interest, the proce-
dure was repeated for this region, with other persons than
those asked in Selås (2019). However, for the common
period 1999–2017, the result was very similar (r = .95).

2.4 | Statistical analyses

Although there is a functional relationship between vole
generations in 1 year and the next, there is considerable

FIGURE 1 Map of Norway showing the study areas.

1 = Agder, 2 = Varaldskogen, 3 = Vangsåsen [Color figure can be

viewed at wileyonlinelibrary.com]
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variation in the vole indices from year to year (Figure 2).
There were only a few cases of significant positive auto-
correlations for the data sets: at lag 3 years for the bank
vole index from Agder, and at lag 4 years for the bilberry
newspaper index from Varaldskogen. There were no sig-
nificant autocorrelations at lag 1 year. Hence, we did not
use any adjustments when testing for relationships
between voles and berries.

Spectral density and autocorrelation were used to
analyze for periodicity in the bank vole series (Hörnfeldt,
1994), and cross-correlation to test for time lags between
berries and voles in each area. Thereafter we used the

bank vole number trapped (not the trapping index) as
response variable in generalized linear models (GLM)
with Poisson distribution and log link function, and the
log-transformed number of trap nights as offset. For each
model, the degree of overdispersion was estimated in a
post-model fit, and then controlled for by including an
overdispersion parameter. Explanatory variables were
previous population level and berry production, with
time lags identified by the autocorrelation and cross-
correlation analyses, respectively.

When testing for temporal relationships between vole
indices, between bilberry indices, and between vole indi-
ces and bilberry indices, we used Spearman rank correla-
tion, which is a conservative test statistic. We used a
sliding window approach, with a “window” of 10 years
moved over the time series, 1 year at a time, computing
the correlation coefficient for each 10-year period. With a
time series of 40 years, 30 correlation coefficients with
associated confidence intervals were calculated. The soft-
ware used for all analyses was JMP®Pro 15.0.0 (SAS Insti-
tute, Cary, NC).

3 | RESULTS

In all study areas, there was a strong multiannual fluctu-
ation in both bank vole indices and bilberry newspaper
indices (Figure 2a–f), but the bank vole showed some
temporal variations with regard to peak levels. In Agder
and Vangsåsen, there were no marked peaks during a
6-year period in the early 2000s (Figure 2a,e), and in
Agder, later peaks were in general lower than peaks dur-
ing 1980–1995 (Figure 2a). In Varaldskogen, there was a
12-year period with low-amplitude fluctuation centered
in the 1990s (Figure 2c). Spectral density analyses showed
a significant periodicity only in bank vole indices from
Vangsåsen, with a cycle period of 3.3 years (Fisher's
Kappa = 6.08, p = .018). There was a negative autocorre-
lation at time lag 2 years in all areas, but significantly so
only in Agder (r = −.35, p = .031) and Vangsåsen
(r = −.40, p = .015), and not in Varaldskogen (r = −.14,
p = .412). No other significant negative autocorrelations
in the bank vole series were found.

In cross-correlation analyses, the only significant cor-
relation between vole indices and corresponding bilberry
newspaper indices was at time lag 1 year (Figure 3).
There was a significant correlation between the bilberry
newspaper index and the bilberry count index in Agder
1999–2018 (Figure 4a), and marginally nonsignificant
correlation at Varaldskogen 2003–2018 (Figure 4b). The
bank vole index was significantly related to the two bil-
berry indices, with a 1-year time lag, both in Agder
2000–2019 (berry count index: rs = .60, n = 20, p = .005;

FIGURE 2 Standardized (Z-scores) autumn snap trapping

indices of bank vole (number trapped per 100 trap nights) and

bilberry indices based on newspaper reports (for method, see text)

in three areas in Norway. Note that the x-axis for the bilberry series

is moved 1 year to the right, because of the expected 1-year time lag

between berries and voles
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newspaper index: rs = .71, n = 20, p < .001), and
Varaldskogen 2004–2019 (berry count index: rs = .55,
n = 16, p = .026; newspaper index: rs = .80,
n = 16, p < .001).

The GLM-models showed that the bank vole index
was positively related to the bilberry newspaper index of
the previous year in all areas (Table 2). Only in Van-
gsåsen was there a significant contributing effect of the
population level 2 years earlier. If only the bilberry news-
paper index was used as explanatory variable, there was
no significant autocorrelation at lag 2 years in the resid-
uals (Agder: r = −.13, p = .43; Varaldskogen: r = −.06,
p = .73; Vangsåsen: r = −.25, p = .12).

For 10-year sliding-window periods, there was a sig-
nificant positive correlation between all vole series

FIGURE 3 Cross-correlation coefficients calculated between

the vole index and the bilberry index in each study area, given in

Figure 2. Hatched horizontal lines show the 95% confidence limit.

Solid graph line = Agder, hatched = Varaldskogen,

dotted = Vangsåsen

FIGURE 4 Bilberry indices

based on newspaper reports

compared to indices based on

berry counts in (a) Agder

1999–2018 (n = 20) and

(b) Varaldskogen

2003–2018 (n = 16)

TABLE 2 Generalized linear

models (Poisson distribution and log

link, corrected for overdispersion) with

the total number of bank vole trapped

year t as response variable and the log-

transformed number of trap nights as

offset

Explanatory variable Estimate SE df χ 2 p value

Agder 1980–2019

Intercept −4.706 0.448 1

Population index, year t−2 −0.037 0.039 1 0.92 .337

Bilberries, year t−1 0.454 0.102 1 21.27 <.001

Varaldskogen 1979–2019

Intercept −4.150 0.589 1

Population index, year t−2 −0.010 0.019 1 0.29 .590

Bilberries, year t−1 0.530 0.160 1 11.54 <.001

Vangsåsen 1981–2019

Intercept −4.159 0.360 1

Population index, year t−2 −0.065 0.030 1 5.20 .023

Bilberries, year t−1 0.424 0.082 1 29.36 <.001

Note: Explanatory variables are the population level index 2 years earlier and the bilberry newspaper index

of the previous year.
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during the last 13–16 years of the 40-year study period
(Figure 5a–c). The vole populations in Agder and
Varaldskogen fluctuated in synchrony only during this
last period (Figure 5a), whereas in Agder and Vangsåsen,
they fluctuated more or less in synchrony from the late
1980s onward (Figure 5b). For Varaldskogen and Van-
gsåsen, there was a close synchrony at the start and the
end of the study period (Figure 5c). Notably, the two first
vole peaks in Agder were lagging 1 year after
Varaldskogen and Vangsåsen (Table 3). For the whole
study period, the vole index from Agder correlated signif-
icantly with the vole index from Vangsåsen (Figure 5b),
but not with the vole index from Varaldskogen
(Figure 5a). Despite a marked mid-period of asynchrony,
the overall correlation between the vole index of
Varaldskogen and that of Vangsåsen was still statistically
significant (Figure 5c).

The bilberry newspaper index also varied considerably
between years, although the multiannual fluctuations

were less regular than for voles (Figure 2b,d,f). In general,
the spatial synchrony among study areas increased gradu-
ally throughout the period, with sliding window correla-
tions between all areas being significant only during the
last 13–14 years (Figure 5a–c). The most striking devia-
tions from the vole series were a high degree of synchrony
between Agder and Varaldskogen during the midperiod
(Figure 5a), and a lack of synchrony between
Varaldskogen and Vangsåsen in the 1980s (Figure 5c).
Notably, similar to the vole index, the two first bilberry
peaks in Agder were lagging 1 year after Varaldskogen
and Vangsåsen (Table 3). For the entire study period, the
bilberry newspaper index correlated significantly between
all three study areas (Figure 5a–c).

The sliding window correlation between voles and
bilberries based on newspaper reports was weak during
the first half of the study period in Agder (Figure 6a) and
in particular in Varaldskogen (Figure 6b), but strong
throughout the study period in Vangsåsen (Figure 6c).
Still, the correlation between voles and berries with a
1-year time lag was significant in all areas when all years
were included in the analyses (Figure 6a–c).

Most vole peaks occurred after a year with a bilberry
index above average (Table 3). Exceptions were a peak in
Agder in 1997, a peak in Varaldskogen in 1988 and a
peak in Vangsåsen in 1994. For Agder, it should be
noticed, however, that the population actually peaked in
summer 1998, with a trapping index much higher than
the autumn indices of 1997 and 1998 (Selås, Framstad, &
Spidsø, 2002).

4 | DISCUSSION

Both bank vole numbers and bilberry seed production
varied with subperiods of spatial synchrony and asyn-
chrony among study areas, with the latter part of the
study period displaying more pronounced synchrony
than the first and middle part. However, with a few nota-
ble exceptions, vole peaks lagged 1 year behind peaks in
bilberry production, and the delayed density dependence
present in two of the vole series was well explained by
the berry indices. Thus, much of the synchrony and asyn-
chrony in bank vole numbers could be explained by
corresponding synchrony and asynchrony in berry pro-
duction. The bilberry index based on newspaper reports
may be subject to some errors, but analyses based on
berry counts in Agder and Varaldskogen confirmed that
bank vole fluctuations were related to bilberry seed crops
of the previous year in the respective areas and periods.
Attempts of linking spatial synchrony in bank vole popu-
lation dynamics to weather variables should thus focus
not only on factors that affect vole performance, but also

FIGURE 5 Ten years period sliding window correlation

(Spearman's rank) between bank vole indices (solid line) and

bilberry indices (dashed line) from three study areas in Norway. In

these graphs, each plot represents the result of a correlation

analysis with n = 10. Horizontal dotted line indicates the critical

correlation coefficient value for p = .05 when n = 10. The

correlation for the whole period is given in the lower right corner of

each panel
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on factors that affect the reproduction of bilberry plants,
that is, 1–2 years prior to current population levels.

The most striking difference between the vole and bil-
berry series was the discrepancy observed between
Varaldskogen and Vangsåsen in the 1980s and early
1990s. In this c. 15-year period, there was no correlation
between the bilberry series from the two areas, but a
rather good correlation between the vole series. In both
areas, bank vole populations increased in 1987 and
peaked in 1988, in accordance with high bilberry indices
for Vangsåsen, but despite low berry indices for
Varaldskogen. Two other possible contributing factors in
all study areas in 1987 could be the high seed crop (mast)
of Norway spruce (Picea abies) (Selås et al., 2002), and
low summer temperatures (data from the Norwegian
Meteorological Institute: eklima.no). Spruce seeds are fre-
quently eaten by bank voles (Myllymäki & Paasikallio,
1972), whereas low temperatures may have a positive
impact on forage quality (Laine & Henttonen, 1987) and
thus vole abundance (Gouveia et al., 2015).

Also, some weather variables that affect small rodents
directly may act over large areas, and thus contribute to a
better synchrony among vole series than among berry
series. Very low temperatures in combination with
almost snow-free ground in December 1995 were

suggested to have caused high mortality and thus lack of
rodent outbreaks in Agder in 1996 (Selås, 2016). This
explanation may be valid also for the low vole index from
Varaldskogen in 1996, despite a relatively high berry
index in 1995. However, adverse weather conditions or
other negative factors may also disrupt larger scale spatial
synchrony in bank voles if they operate at local scales
(Moshkin et al., 2000). In both Agder and Varaldskogen,
there was a rather high berry index in 1997 and 2001, but
in 1998, voles were abundant only in Agder, and in 2002
only in Varaldskogen. The suggested negative factor for
small rodents in Agder in 2002 was low temperatures
prior to the first snowfall (Selås, 2020), whereas at
Varaldskogen the ground was already well covered with
snow prior to the cold spell.

In the effort to explain vole cycles, there has been a
strong focus on the role of small mustelids (Oli, 2019),
but also the impact of birds of prey has been addressed
(Huitu, Laaksonen, Norrdahl, & Korpimäki, 2005). There
is no doubt that predators affect prey abundance, but in
our view, their contribution is most likely to enhance or
dampen population cycles, depending on type of predator
(specialist or generalist) and the availability of alternative
prey. Temporal asynchrony in the fluctuation pattern of
sympatric rodent species is not unusual (Framstad, 2020;

TABLE 3 Years with peak in the bank vole index in three study areas in Norway

Peak Agder Varaldskogen Vangsåsen

No. Berries Voles Berries Voles Berries Voles

1 1979 1980 1979 —*

1980 1981

2 1983 1984 1983 1984

1984 1985

3 1987 1988 1988 1987 1988

4 1990 1991 1990 1991

5 1993 1994 1993 1994 1994

6 1997 1996 1997

1997 1998

7 2001 2002

8 2003 2004 2003 2004

2004 2005 2004 2005

9 2006 2007 2006 2007 2006 2007

10 2009 2010 2009 2010 2009 2010

11 2013 2014 2013 2014 2013 2014

12 2016 2017 2016 2017 2016 2017

Note: Minor peaks are included if they could be related to a high bilberry index of the previous year. The previous year is listed in the berries column if the
berry index was above average. Voles were not trapped in Vangsåsen in 1980. Data taken from Figure 2.
*In 1980, voles were abundant in large parts of eastern Norway (Wegge, Storaas, Larsen, & Bø, 1981), and trapping 150 km north of Vangsåsen in summer
revealed a relatively high population level of bank vole (Sonerud, 1982).
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Hörnfeldt, 1994; Krebs, Boonstra, Gilbert, Kenney, &
Boutin, 2019; Selås, 2020), a pattern not in accordance
with the specialist predation hypothesis. Also the fact
that rodent cycles exist in the absence of small mustelids
(Graham & Lambin, 2002; Krebs et al., 2002;
Menyushina, Ehrich, Henden, Ims, & Ovsyanikov, 2012)
refutes predation as a universal explanation (Oli, 2019). It
has been argued that predation may still be the cause of
rodent cycles in Fennoscandia (Korpimäki et al., 2005),
but as questioned by Lambin, Bretagnolle and
Yoccoz (2006): “Is there a need for different explanations
for single pattern?”

The proposed mechanism for the berry-vole relation-
ship is that a high berry production increases forage qual-
ity (Selås, 2020), or that an external factor affects both
berry production and the plants' chemical composition
(Selås, Holand, & Ohlson, 2011). Grazing induced
defense is not regarded as important, but apparently
there is a trade-off between reproduction and defense

(Benevenuto et al., 2018, 2019). High berry crops do not
seem to affect total nitrogen content or in vitro digestibil-
ity of bilberry shoots (Selås, Holand, & Ohlson, 2011).
However, the availability of proteins to herbivores may
depend on how proteins are stored (Wallis, Nicolle, &
Foley, 2010). According to White (1984), stress factors
that require protein mobilization force plants to allocate
stored proteins, possibly acting as feeding deterrents
(Wittstock & Gershenzon, 2002), to transportable nitro-
gen compounds that are easily digested by herbivores.
Hence, the consequence of a high production of berries
may be that the protein digestibility of bilberry plants per
time unit increases above the critical threshold for bank
voles. If so, the result will be a strong temporary increase
in carrying capacity.

Temperature, which usually acts synchronously over
large areas, is probably the main synchronizing factor for
bilberry reproduction, by affecting flower bud induction
and resource storage in the year prior to flowering, as
well as flowering in spring (Selås et al., 2015). On the
other hand, other factors, such as protective snow cover
during winter, and precipitation during flowering and
berry ripening, may have more local impact, thereby
interrupting the spatial synchrony.

In accordance with studies on field vole (Microtus
agrestis) (Bierman et al., 2006), we found that the spa-
tiotemporal dynamic in bank vole fluctuations varied
over time. Notably, we found evidence for similar varia-
tions in bilberry seeding. Thus, our prediction, that the
regional spatial pattern of bank vole synchrony should
reflect a similar pattern of synchrony in the previous
year's bilberry reproduction, was confirmed. This adds
support to the hypothesis that bilberry reproduction
plays a major role in explaining the spatiotemporal
dynamics in bank vole abundance. Although it remains
to be seen to what extent the chemical composition of
bilberry plants affects vole performance (Selås, Hol-
and, & Ohlson, 2011), the ultimate cause of the
observed pattern seems to be similar to that of large-
scale synchrony in rodent populations that primarily
respond to masts of forest trees (e.g., Haynes et al.,
2009; Turkia et al., 2020), that is, a weather-driven spa-
tial synchrony in seed production. There are few studies
on annual variations in seed crops of important food
plants for strictly herbivorous rodents, such as Microtus
voles and lemmings, so further investigations here are
highly needed.
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FIGURE 6 Ten years period sliding window correlation

(Spearman's rank) between bank vole indices of the current year

and bilberry indices of the previous year within each of three study

areas in Norway. In these graphs, each plot represents the result of

a correlation analysis with n = 10. Horizontal dotted line indicates

the critical correlation coefficient value for p = .05 when n = 10.

The correlation for the whole period is given in the lower right

corner of each panel

416 SELÅS ET AL.



CONFLICT OF INTEREST
The authors declare no potential conflict of interest.

ORCID
Vidar Selås https://orcid.org/0000-0002-8020-4868

REFERENCES
Andreassen, H. A., Johnsen, K., Joncour, B., Neby, M., &

Odden, M. (2020). Seasonality shapes the amplitude of vole
population dynamics rather than generalist predators. Oikos,
129, 117–123. https://doi.org/10.1111/oik.06351

Angelstam, P., Lindström, E., & Widén, P. (1985). Synchronous
short-term population fluctuations of some birds and mammals
in Fennoscandia – Occurrence and distribution. Holarctic Ecol-
ogy, 8, 285–298. https://doi.org/10.1111/j.1600-0587.tb01181.x

Angerbjörn, A., Tannerfeldt, M., & Lundberg, H. (2001). Geographi-
cal and temporal patterns of lemming population dynamics in
Fennoscandia. Ecography, 24, 298–308. https://doi.org/10.1034/
j.1600-1587.2001.240307.x

Benevenuto, R. F., Hegland, S. J., Töpper, J. P., Rydgren, K.,
Moe, S. R., Rodriguez-Saona, C., & Seldal, T. (2018). Multi-
annual effects of induced plant defenses: Are defended plants
good or bad neighbors? Ecology and Evolution, 8, 8940–8950.
https://doi.org/10.1002/ece3.4365

Benevenuto, R. F., Seldal, T., Hegland, S. J., Rodriguez-Saona, C.,
Kawash, J., & Polashock, J. (2019). Transciptional profiling of
methyl jasmonate-induced defense responses in bilberry
(Vaccinium myrtillus L.). BMC Plant Biology, 19, 70. https://doi.
org/10.1186/s12870-019-1650-0

Bierman, S. M., Fairbairn, J. P., Petty, S. J., Elston, D., Tidhar, D., &
Lambin, X. (2006). Changes over time in the spatiotemporal
dynamics of cyclic populations of field voles (Microtus agrestis L.).
American Naturalist, 167, 583–590. https://doi.org/10.1086/501076

Bilodeau, F., Gauthier, G., & Berteaux, D. (2013). The effect of snow
cover on lemming population cycles in the Canadian High Arc-
tic. Oecologia, 172, 1007–1016. https://doi.org/10.1007/s00442-
012-2549-8

Bjørnstad, O. N., Stenseth, N. C., & Saitoh, T. (1999). Synchrony
and scaling in dynamics of voles and mice in northern Japan.
Ecology, 80, 622–637. https://doi.org/10.1890/0012-9658(1999)
080[0622:SASIDO]2.0.CO;2

Christiansen, E. (1983). Fluctuation in some small rodent
populations in Norway 1971–1979. Holarctic Ecology, 6, 24–31.
https://doi.org/10.1111/j.1600-0587.1983.tb01061.x

Framstad, E. (Ed.) (2020). Terrestrial ecosystems monitoring in
2019: Ground vegetation, epiphytes, small mammals and birds
(p. 124). Summary of Results. NINA Report 1800
(in Norwegian, with English abstract).

Gorini, L., Linnell, J. D. C., Boitani, L., Hauptmann, U., Odden, M.,
Wegge, P., & Nilsen, E. B. (2011). Guild composition and habi-
tat use of voles in 2 forest landscapes in South-Eastern Norway.
Integrative Zoology, 6, 299–310. 10/1111/j.1749–4877.2011.
00258.x

Gouveia, A., Bejcek, V., Flousek, J., Sedlásek, F., St'astny, K.,
Zima, J., … Tkadlec, E. (2015). Long-term pattern of population
dynamics in the field vole from Central Europe: Cyclic pattern
with amplitude dampening. Population Ecology, 57, 581–589.
https://doi.org/10.1007/s10144-015-0504-3

Graham, I. M., & Lambin, X. (2002). The impact of weasel preda-
tion on cyclic field-vole survival: The specialist predator
hypothesis contradicted. Journal of Animal Ecology, 71,
946–956. https://doi.org/10.1046/j.1365-2656.2002.00657.x

Haapakoski, M., & Ylönen, H. (2013). Snow evens fragmentation
effects and food determines overwintering success in ground-
dwelling voles. Ecological Research, 28, 307–315. https://doi.
org/10.1007/s11284-012-1020-y

Hansson, L. (1985). Clethrionomys food: Generic, specific and
regional characteristics. Annales Zoologici Fennici, 22, 315–318.

Hansson, L., & Larsson, T.-B. (1978). Vole diet on experimentally
managed reforestation areas in northern Sweden. Holarctic
Ecology, 1, 16–26. https://doi.org/10.2307/3543977

Haynes, K. J., Liebhold, A. M., Fearer, T. M., Wang, G.,
Norman, G. W., & Johnson, D. M. (2009). Spatial synchrony
propagates through a forest food web via consumer–resource
interactions. Ecology, 90, 2974–2983. https://doi.org/10.1890/
08-1709.1

Hörnfeldt, B. (1994). Delayed density dependence as a determinant
of vole cycles. Ecology, 75, 791–806. https://doi.org/10.2307/
1941735

Huitu, O., Laaksonen, J., Klemola, T., & Korpimäki, E. (2008). Spa-
tial dynamics of Microtus vole populations in continuous and
fragmented agricultural landscapes. Oecologia, 155, 53–61.
https://doi.org/10.1007/s00442-007-0885-x

Huitu, O., Laaksonen, J., Norrdahl, K., & Korpimäki, E. (2005). Spa-
tial synchrony in vole population fluctuations – A field experi-
ment. Oikos, 109, 583–593. https://doi.org/10.1111/j.0030-1299.
2005.13476.x

Ims, R. A., & Andreassen, H. P. (2005). Density-dependent dispersal
and spatial population dynamics. Proceedings of the Royal Soci-
ety B, 272, 913–918. https://doi.org/10.1098/rspb.2004.3025

Jacquemart, A.-L., & Thompson, J. D. (1996). Floral and pol-
llination biology of three sympatric Vaccinium (Ericadeae) spe-
cies in the upper Ardennes, Belgium. Canadian Journal of
Botany, 74, 210–221. https://doi.org/10.1139/b96-025

Johnsen, K., Boonstra, R., Boutin, S., Devineau, O., Krebs, C. J., &
Andreassen, H. P. (2017). Surviving winter: Food, but not habi-
tat structure, prevents crashes in cyclic vole populations. Ecol-
ogy and Evolution, 7, 115–124. https://doi.org/10.1002/ece3.
2635

Kausrud, K. L., Mysterud, A., Steen, H., Vik, J. O., Østbye, E.,
Cazelles, B., … Stenseth, N. C. (2008). Linking climate change
to lemming cycles. Nature, 456, 93–97. https://doi.org/10.1038/
nature07442

Kloet, S. P. V., & Cabilio, P. (1996). Ten year study of the annual
variation in berry and seed production in a population of
Vaccinium corymbosum L. The American Midland Naturalist,
135, 349–356. https://doi.org/10.2307/2426718

Koenig, W. D. (2002). Global patterns of environmental synchrony
and the Moran effect. Ecography, 25, 283–288. https://doi.org/
10.1034/j.1600-0587.2002.250304.x

Korpimäki, E., Oksanen, L., Oksanen, T., Klemola, T.,
Norrdahl, K. A. I., & Banks, P. B. (2005). Vole cycles and preda-
tion in temperate and boreal zones of Europe. Journal of Ani-
mal Ecology, 74, 1150–1159. https://doi.org/10.1111/j.1365-
2656.2005.01015.x

Krebs, C. J., Boonstra, R., Gilbert, B. S., Kenney, A. J., & Boutin, S.
(2019). Impact of climate change on the small mammal

SELÅS ET AL. 417

https://orcid.org/0000-0002-8020-4868
https://orcid.org/0000-0002-8020-4868
https://doi.org/10.1111/oik.06351
https://doi.org/10.1111/j.1600-0587.tb01181.x
https://doi.org/10.1034/j.1600-1587.2001.240307.x
https://doi.org/10.1034/j.1600-1587.2001.240307.x
https://doi.org/10.1002/ece3.4365
https://doi.org/10.1186/s12870-019-1650-0
https://doi.org/10.1186/s12870-019-1650-0
https://doi.org/10.1086/501076
https://doi.org/10.1007/s00442-012-2549-8
https://doi.org/10.1007/s00442-012-2549-8
https://doi.org/10.1890/0012-9658(1999)080%5B0622:SASIDO%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080%5B0622:SASIDO%5D2.0.CO;2
https://doi.org/10.1111/j.1600-0587.1983.tb01061.x
https://doi.org/10/1111/j.1749%E2%80%934877.2011.00258.x
https://doi.org/10/1111/j.1749%E2%80%934877.2011.00258.x
https://doi.org/10.1007/s10144-015-0504-3
https://doi.org/10.1046/j.1365-2656.2002.00657.x
https://doi.org/10.1007/s11284-012-1020-y
https://doi.org/10.1007/s11284-012-1020-y
https://doi.org/10.2307/3543977
https://doi.org/10.1890/08-1709.1
https://doi.org/10.1890/08-1709.1
https://doi.org/10.2307/1941735
https://doi.org/10.2307/1941735
https://doi.org/10.1007/s00442-007-0885-x
https://doi.org/10.1111/j.0030-1299.2005.13476.x
https://doi.org/10.1111/j.0030-1299.2005.13476.x
https://doi.org/10.1098/rspb.2004.3025
https://doi.org/10.1139/b96-025
https://doi.org/10.1002/ece3.2635
https://doi.org/10.1002/ece3.2635
https://doi.org/10.1038/nature07442
https://doi.org/10.1038/nature07442
https://doi.org/10.2307/2426718
https://doi.org/10.1034/j.1600-0587.2002.250304.x
https://doi.org/10.1034/j.1600-0587.2002.250304.x
https://doi.org/10.1111/j.1365-2656.2005.01015.x
https://doi.org/10.1111/j.1365-2656.2005.01015.x


community of the Yukon boreal forest. Integrative Zoology, 14,
528–541. https://doi.org/10.1111/1749-4877.12397

Krebs, C. J., Cowcill, K., Boonstra, R., & Kenney, A. J. (2010). Do
changes in berry crops drive population fluctuations in small
rodents in the southwestern Yukon? Journal of Mammalogy,
91, 500–509. https://doi.org/10.1644/09-MAMM-A-005.1

Krebs, C. J., Kenney, A. J., Gilbert, S., Danell, K., Angerbjörn, A.,
Erlinge, S., … Carriere, S. (2002). Synchrony in lemming and
vole populations in the Canadian Arctic. Canadian Journal of
Zoology, 80, 1323–1333. https://doi.org/10.1139/Z02-120

Laine, K., & Henttonen, H. (1983). The role of plant production in
microtine cycles in northern Fennoscandia. Oikos, 40, 407–418.
https://doi.org/10.2307/3544313

Laine, K. M., & Henttonen, H. (1987). Phenolics/nitrogen ratios in
the blueberry Vaccinium myrtillus in relation to temperature
and microtine density in Finnish Lapland. Oikos, 50, 389–395.
https://doi.org/10.2307/3565500

Lambin, X., Bretagnolle, V., & Yoccoz, N. G. (2006). Vole popula-
tion cycles in northern and southern Europe: Is there a need
for different explanations for single pattern? Journal of Animal
Ecology, 75, 340–349. https://doi.org/10.1111/j.1365-2656.2006.
01051.x

Liebhold, A., Koenig, W. D., & Bjørnstad, O. N. (2004). Spatial syn-
chrony in population dynamics. Annual Review of Ecology, Evo-
lution, and Systematics, 35, 467–490. https://doi.org/10.1146/
annurev.ecolsys.34.011802.132516

Menyushina, I. E., Ehrich, D., Henden, J.-A., Ims, R. A., &
Ovsyanikov, N. G. (2012). The nature of lemming cycles on
Wrangel: An island without small mustelids. Oecologia, 170,
363–371. https://doi.org/10.1007/s00442-012-2319-7

Moshkin, M., Dobrotvorsky, A., Novikov, E., Panov, V.,
Ilyashenko, V., Onishchenko, S., & Sergeev, V. (2000). Popula-
tion dynamics of the bank vole (Clethrionomys glareolus
Schreb.) in West Siberia. Polish Journal of Ecology, 48, 107–112.

Myllymäki, A., & Paasikallio, A. (1972). The detection of seed-
eating small mammals by means of P32 treatment of spruce
seed. Aquilo Series Zoologica, 13, 21–24.

Myrberget, S. (1973). Geographical synchronism of cycles of small
rodents in Norway. Oikos, 24, 220–224. https://doi.org/10.2307/
3543877

Myrberget, S. (1974). The weather as a synchronising factor for varia-
tions in the populations of small rodents. Papers of the Norwe-
gian state game research institute. 2. series,
no. 42 (In Norwegian, with English summary).

Oli, M. K. (2019). Population cycles in voles and lemmings: State of
the science and future directions. Mammal Review, 49,
226–239. https://doi.org/10.1111/mam.12156

Østbye, E., Steen, H., Framstad, E., & Tveite, B. (1989). Do connec-
tions exist between climatic variations and cyclicity in small
rodents? Fauna, 42, 147–153 (In Norwegian, with English
abstract).

Övergaard, R., Gemmel, P., & Karlsson, M. (2007). Effects of
weather conditions on mast year frequency in beech (Fagus syl-
vatica L.) in Sweden. Forestry, 80, 555–565. https://doi.org/10.
1093/forestry/cpm020

Selås, V. (2016). Seventy-five years of masting and rodent popula-
tion peaks in Norway: Why do wood mice not follow the rules?
Integrative Zoology, 11, 388–402. https://doi.org/10.1111/1749-
4877.12203

Selås, V. (2019). Annual change in forest grouse in southern Nor-
way: Variation explained by temperatures, bilberry seed pro-
duction and the lunar nodal phase cycle. Wildlife Biology, 2019,
wlb00536. https://doi.org/10.2981/wlb.00536

Selås, V. (2020). Evidence for different bottom-up mechanisms in
wood mouse (Apodemus sylvaticus) and bank vole (Myodes
glareolus) population fluctuations in southern Norway. Mam-
mal Research, 65, 267–275. https://doi.org/10.1007/s13364-020-
00476-0

Selås, V., Framstad, E., & Spidsø, T. K. (2002). Effects of seed
masting of bilberry, oak and spruce on sympatric populations
of bank vole (Clethrionomys glareolus) and wood mouse (Apo-
demus sylvaticus) in southern Norway. Journal of Zoology, 258,
459–468. https://doi.org/10.1017/S095283690200161

Selås, V., Holand, Ø., & Ohlson, M. (2011). Digestibility and N-
concentration of bilberry shoots in relation to berry production
and N-fertilization. Basic and Applied Ecology, 12, 227–234.
https://doi.org/10.1016/j.baae.2011.01.004

Selås, V., Sonerud, G. A., Hjeljord, O., Gangsei, L. E.,
Pedersen, H. B., Framstad, E., … Wiig, Ø. (2011). Moose recruit-
ment in relation to bilberry production and bank vole numbers
along a summer temperature gradient in Norway. European
Journal of Wildlife Research, 57, 523–535. https://doi.org/10.
1007/s10344-010-0461-2

Selås, V., Sønsteby, A., Heide, O. M., & Opstad, N. (2015). Cli-
matic and seasonal control of annual growth rhythm and
flower formation in Vaccinium myrtillus (Ericaceae), and the
impact on annual variation in berry production. Plant Ecology
and Evolution, 148, 350–360. https://doi.org/10.5091/plecevo.
2015.1110

Solonen, T., & Ahola, P. (2010). Intrinsic and extrinsic factors in
the dynamics of local small-mammal populations. Canadian
Journal of Zoology, 88, 178–185. https://doi.org/10.1139/
Z09-138

Sonerud, G. A. (1982). Fugl og pattedyr i Grimsas nedbørfelt (p. 104).
Kontaktutvalget for vassdragsreguleringer, Universitetet i Oslo.
Report 48 (In Norwegian).

Steen, H., Ims, R. A., & Sonerud, G. A. (1996). Spatial and temporal
patterns of small-rodent population dynamics at a regional
scale. Ecology, 77, 2365–2372. https://doi.org/10.2307/2265738

Turkia, T., Jousimo, J., Tiainen, J., Helle, P., Rintala, J.,
Hokkanen, T., … Selonen, V. (2020). Large-scale spatial syn-
chrony in red squirrel populations driven by a bottom-up effect.
Oecologia, 192, 425–437. https://doi.org/10.1007/s00442-04589-5

Wallis, I. R., Nicolle, D., & Foley, W. J. (2010). Available and not
total nitrogen in leaves explains key chemical differences
between the eucalypt subgenera. Forest Ecology and Manage-
ment, 260, 814–821. https://doi.org/10.1016/j.foreco.2010.05.040

Wegge, P., & Rolstad, J. (2018). Cyclic small rodents in boreal for-
ests and the effect of even-aged forest management: Patterns
and predictions from a long-term study in southeastern Nor-
way. Forest Ecology and Management, 422, 79–86. https://doi.
org/10.1016/j.foreco.2018.04.011

Wegge, P., Storaas, T., Larsen, B. B., & Bø, T. (1981). Uår for
skogsfuglen. Jakt, Fiske, Friluftsliv, 110(8), 34–35
(In Norwegian).

White, T. C. R. (1984). The abundance of invertebrate herbivores in
relation to the availability of nitrogen in stressed food plants.
Oecologia, 63, 90–105. https://doi.org/10.1007/BF00379790

418 SELÅS ET AL.

https://doi.org/10.1111/1749-4877.12397
https://doi.org/10.1644/09-MAMM-A-005.1
https://doi.org/10.1139/Z02-120
https://doi.org/10.2307/3544313
https://doi.org/10.2307/3565500
https://doi.org/10.1111/j.1365-2656.2006.01051.x
https://doi.org/10.1111/j.1365-2656.2006.01051.x
https://doi.org/10.1146/annurev.ecolsys.34.011802.132516
https://doi.org/10.1146/annurev.ecolsys.34.011802.132516
https://doi.org/10.1007/s00442-012-2319-7
https://doi.org/10.2307/3543877
https://doi.org/10.2307/3543877
https://doi.org/10.1111/mam.12156
https://doi.org/10.1093/forestry/cpm020
https://doi.org/10.1093/forestry/cpm020
https://doi.org/10.1111/1749-4877.12203
https://doi.org/10.1111/1749-4877.12203
https://doi.org/10.2981/wlb.00536
https://doi.org/10.1007/s13364-020-00476-0
https://doi.org/10.1007/s13364-020-00476-0
https://doi.org/10.1017/S095283690200161
https://doi.org/10.1016/j.baae.2011.01.004
https://doi.org/10.1007/s10344-010-0461-2
https://doi.org/10.1007/s10344-010-0461-2
https://doi.org/10.5091/plecevo.2015.1110
https://doi.org/10.5091/plecevo.2015.1110
https://doi.org/10.1139/Z09-138
https://doi.org/10.1139/Z09-138
https://doi.org/10.2307/2265738
https://doi.org/10.1007/s00442-04589-5
https://doi.org/10.1016/j.foreco.2010.05.040
https://doi.org/10.1016/j.foreco.2018.04.011
https://doi.org/10.1016/j.foreco.2018.04.011
https://doi.org/10.1007/BF00379790


Wittstock, U., & Gershenzon, J. (2002). Constitutive plant toxins
and their role in defense against herbivores and pathogens.
Current Opinion in Plant Biology, 5, 1–8. https://doi.org/10.
1016/S1369-5266(02)00264-9

Ylönen, H., & Eccard, J. A. (2004). Does quality of winter food affect
spring condition and breeding in female bank voles
(Clethrionomys glareolus)? Ecoscience, 11, 1–5. https://doi.org/
10.1080/11956860.2004.11682803

How to cite this article: Selås V, Framstad E,
Rolstad J, Sonerud GA, Spidsø TK, Wegge P.
Bilberry seed production explains spatiotemporal
synchronicity in bank vole population fluctuations
in Norway. Ecological Research. 2021;36:409–419.
https://doi.org/10.1111/1440-1703.12204

SELÅS ET AL. 419

https://doi.org/10.1016/S1369-5266(02)00264-9
https://doi.org/10.1016/S1369-5266(02)00264-9
https://doi.org/10.1080/11956860.2004.11682803
https://doi.org/10.1080/11956860.2004.11682803
https://doi.org/10.1111/1440-1703.12204

	Bilberry seed production explains spatiotemporal synchronicity in bank vole population fluctuations in Norway
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Bank vole population index
	2.2  Field measurements of bilberry seed production
	2.3  Bilberry index based on newspaper reports
	2.4  Statistical analyses

	3  RESULTS
	4  DISCUSSION
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	REFERENCES


