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Based on evidence from a series of recent studies linking behaviour to demography in
experimental vole populations we propose how extrinsic and intrinsic factors interact through
the various phases of the multi-annual population cycles of voles and lemmings. We
hypothesise that population growth in the increase phase of the cycle is enhanced by a high
degree of space sharing (sociality) among reproductive females who share resource patches,
especially during winter. These social females enjoy a high reproductive output due to good
resource conditions, and facilitation provided by communal thermoregulation, breeding and
defence of weanlings towards infanticidal conspecifics. We hypothesise on the other hand that
the crash phase is initiated and enhanced by predation of adult males that leads to a series of
cascading events involving infanticidal behaviour by immigrant males, increased mortality of
adult social females, and inversely density-dependent and/or disturbance-induced dispersal.
These events further enhance predation induced mortality and thus a negative feed-back loop
to the rate of the crash. In this framework we may explain how extrinsic factors such as
predation and winter resource distribution contribute to transitions between docile and
aggressive behaviours, and how this transition is spatially synchronised by inversely density-
dependent dispersal that may act to mediate a rapidly spreading wave throughout the
population. We propose that innate differences among rodent species in their propensities for
different social organizations also determine their propensity for exhibiting multi-annual
cycles as well as other cycle-related phenomena such as shape of the population cycles and

spatial synchrony. We provide a set of testable predictions for further empirical evaluation.



Introduction

To suggest that both population-intrinsic processes

and community-level processes are essential

for generating periodic fluctuations in rodents, is not new. ...
However, the empirical support for such a synthetic view

has not yet been put together (Stenseth et al. 1996)

Multiannual population cycles are common in small mammals in the Northern hemisphere
(Steen et al. 1990, Kendall et al. 1998) and have triggered the interest of population ecologists
since Elton (1924, 1942) described this phenomena based on historical data in North-West
Europe and Canada (see Lindstrgm et al. 2001). During the last decades predation has
received ample support as a driver of rodent cycles, and predation has become accepted as a
sufficient driving mechanism for generating vole- and lemming cycles (Stenseth and Ims
1993, Hanski et al. 2001, Turchin and Hanski 2001, Gilg et al. 2003, Turchin 2003,
Korpimaki et al. 2004). However, it has been repeatedly confirmed by experiments (Gilbert
and Krebs 1981, Batzli 1986, Huitu et al. 2003, Nie and Liu 2005) and in observations of
natural populations (Laine and Henttonen 1983, Krebs et al. 2010, Boonstra and Krebs 2012)
that small rodent populations also respond to food quality or quantity. Hence, interaction with
food plants may contribute to vole cycles (Batzli 1983, Boutin 1990), or even drive small
rodent cycles as it has been suggested for lemmings (Turchin et al. 2000, Turchin and Batzli
2001, Oksanen et al. 2008).

In addition to the above mentioned community-level processes (predation and food)
various intrinsic factors have also been suggested as cycle generating mechanisms. Maternal

effects may in theory be able to create cycles (Ginzburg and Taneyhill 1994, Inchausti and



Ginzburg 1998), while it has been harder to confirm (by modelling) that other mechanisms
related to behavioural, physiological or genetic changes in the individuals can generate cycles
(Christian 1950, Chitty 1960, 1967, Krebs and Myers 1974, Krebs 1978, 1979, Charnov and
Finerty 1980, Christian 1980, Charnov 1981, Boonstra and Boag 1987, Lambin and Krebs
1991, Boonstra and Boag 1992, Lambin et al. 1992, Boonstra 1994, Chitty 1996, Krebs 1996,
Boonstra and Hochachka 1997, Tkadlec and Zejda 1998b, a, see also Mougeot et al. 2003,
Sutherland et al. 2005 for intrinsic population regulation in grouse and mice populations).
However, the behavioural hypothesis by Charnov and Finerty (1980) have gained continued
attention as mathematical models showed that it is plausible (Warkowska-Dratna and Stenseth
1985, Matthiopoulos et al. 1998, 2000, 2002, 2003, but see Krebs 1996). Charnov and Finerty
(1980) suggested that kin selection drove behavioural changes through the different phases of
the population cycle; docile animals organized in kin groups during the increase phase turned
aggressive in the peak due to encounters with an increasing number of unrelated dispersing
individuals which ultimately caused the population to crash. The modelling study of Stenseth
and Lomnicki (1990) did, however, show that the transition between behaviours (docile and
aggressive) had to be synchronized to create cycles. While a distinct wave of unfamiliar
immigrants could explain the synchronisation from docile to aggressive behaviour, the
existence of such a wave or other mechanisms synchronising the transition from aggressive to
docile has never been empirically demonstrated.

Charnov and Finerty (1980) suggested that reduced relatedness resulted from increasing
dispersal rates. In a related hypothesis Lambin and Krebs (1991) suggested that kin groups
were formed by philopatry, and dissolved because of predation and immigration. Charnov and
Finerty (1980) predicted that relatedness would be higher at low densities, while Lambin and
Krebs (1991) predicted that relatedness should fluctuate seasonally and multi-annually and be

highest during the breeding season of outbreak years. Matthiopoulos et al. (1998) verified by



a mathematical model that such kin-structured dynamics easily produced population density
cycles.

Most hypotheses developed to describe vole multiannual population cycles are based on
single factors (see also Batzli 1992, Stenseth and Ims 1993, Krebs 1996). There have been
fewer attempts to consider how the combined action of intrinsic and extrinsic factors may be
involved in the generation of population cycles to shape small rodent population dynamics
(Bondrup-Nielsen and Ims 1988a, b, Lidicker 1988, Heske and Bondrup-Nielsen 1990,
Hansson 1998, see also New et al. 2009 and Krebs 2011 for multi-factorial explanations of
grouse and hare cycles). Here we provide an updated view on how intrinsic and extrinsic
mechanisms may interact to shape small rodent population dynamics with a focus on
multiannual cycles. Our point of departure are empirical results from a series of recent studies
conducted on experimental populations of voles (Ims and Andreassen 2000, Andreassen and
Ims 2001, Gundersen et al. 2001, Ims and Andreassen 2005, Andreassen and Gundersen
2006, Rémy 2011, Glorvigen et al. 2012a, b). We are not advocating that such interactions are
necessary for cyclic population dynamics to emerge. Our aim is rather to elucidate how they
may contribute to explain why some species may be more prone to show cycles than others,
and moreover, how such behavioural mechanisms may contribute to explain other phenomena
connected to population cycles in rodents .We conclude this paper by providing a set of
testable predictions for further empirical evaluation of our view on the role of social

behaviour and dispersal in multiannual rodent cycles.

Critical phase-dependencies of the rodent cycle
In the experimental studies, forming the empirical basis for this paper, we have been able to
link social behaviour and dispersal to demographic responses at time scales and settings that

are relevant for the different phases of the rodent cycle.



Increase phase

The increase is initiated from local demes that have survived the bottleneck of the cycle; i.e.
the winter of the cycle low phase. Such demes are supposedly located in high quality habitats
that are patchily distributed in the landscape (Sundell et al. 2012). The extent of this
patchiness is determined by species-specific habitat preferences (e.g. set by the availability of
preferred food plants and predation risk), but may be significantly modified by snow
conditions in winter (Aars and Ims 2002). This patchy nature of low - early increase phase
(meta)populations is emphasised in many models of cyclic vole populations (Lidicker 1973,
Stenseth 1978, Charnov and Finerty 1980, Warkowska-Dratna and Stenseth 1985, Stenseth
and Lomnicki 1990). Based on recent results of bank voles Myodes glareolus (Rémy 2011)
we suggest that resource patchiness initiates group formation of social females that have a
higher reproductive success than solitary territorial females during increase phase winters
(Figure 1). These results stem from enclosed populations of bank voles consisting of 2-5
reproducing females during winter (November — April). We estimated the sociality of the
population as the proportion of traps used by females that was used by more than one female.
Predictions from regression models show that during winter each female in populations where
2/3 of the traps are used by multiple females will produce twice as many recruits (5.1 recruits
per females; Lambda = 1.5) compared to females living in populations where females are
completely territorial (i.e. no traps are used by more than one female; 2.4 recruits per females;
Lambda = 0.6)). We see the same effect in spring (April — June) when the populations have
obtained 4-12 reproducing females; That is: 5.6 recruits per female (Lambda = 2.2) in
populations where 67% of the traps are used by multiple females and 4.8 recruits per females

(Lambda 2.2) in strictly territorial populations (see Rémy 2011).



Also a number of previous studies have generally verified that sociality at least under
certain conditions may enhance reproductive success (Ims 1987a, Ylonen et al. 1990, Ylonen
and Viitala 1991, Lambin and Yoccoz 1998, Sutherland et al. 2005). Clumping of individuals
and sociality due to resource patchiness may be particularly enhanced during the winter
season due to spatially heterogeneous snow conditions (Aars and Ims 2002, Korslund and
Steen 2006, Reid et al. 2012). Indeed, the winters are likely to be critical since winter
population growth is characteristic of the increase phase of those rodent populations with
most profound high amplitude population cycles (Kausrud et al. 2008, Ims et al. 2011).

Given the relatively small group sizes in this phase of the cycle the benefit of group living
may outpace the costs in terms of competition for food. The benefits may include communal
thermoregulation in winter (Hayes 2000, Gilbert et al. 2010), communal breeding
(Andreassen et al. 1990, Hayes 2000), and/or shared protection against infanticide (Wolff
1993, Ylonen et al. 1997, Agrell et al. 1998, Wolff and Peterson 1998).

Based on evidence from our recent studies of experimental root vole Microtus oeconomus
populations we expect that the dispersal rate will be high during the increase phase. This is
due to generally low densities (i.e. inversely density-dependent dispersal) and high spatial
variation in densities (Andreassen and Ims 2001). In this phase of the cycle, with a lot of
vacant habitat, dispersal leads to colonization of previously empty habitat patches rather than
intrusion of immigrants into established social groups. The large capacity of voles for rapid
colonisation through a high mobility and active search for vacant patches has recently been
demonstrated experimentally by Glorvigen et al. (2012b). New groups of reproductively
active colonizers will soon form social fences inhibiting further immigration (Hestbeck 1982,
Gundersen et al. 2001). Social female groups with continuous high reproductive output
(Rémy 2011) will tend to grow due to philopatry of in situ recruited kin, and relatedness will

increase towards the peak, in accordance with Lambin and Krebs (1991).



Peak phase

Towards the peak phase of a cycle a declining proportion of animals disperse as dispersal is
inversely density dependent (Andreassen and Ims 2001, Lin and Batzli 2001, Lucia et al.
2008). At least partly this inverse density dependence is due to immigration becoming limited
by social fences (Hestbeck 1982, Gundersen et al. 2001) as the landscape is getting colonized
and “filled up” (e.g. Bondrup-Nielsen and Ims 1988a, see also Glorvigen et al. 2012a). Young
animals remain philopatric and become reproductively suppressed due to lack of breeding
space (see e.g. Wolff 1997) or density-dependent competition for food. The survival rate may

still be high as dispersal rate (risky movements) is low and/or predation pressure is still low.

Crash phase
We suggest that the crash phase of vole population cycles is initiated by increased predation
rate resulting from predator numerical and functional responses (e.g. Sundell 2006). Our
experimental studies on root voles have demonstrated how the effect of predation may be
dramatically enhanced due to an interaction with behavioural mechanisms of this species. In
particular, removal of dominant males from social groups due to predation, is subsequently
followed by a cascade of detrimental events that leads to a disrupted social system with severe
demographic effects (Andreassen and Ims 2001, Andreassen et al. 2002, Andreassen and
Gundersen 2006). The effect of losing a dominant male reduces the population growth rate of
experimental root vole populations from 1.54 to 0.80 (Andreassen and Gundersen 2006).
Dominant adult males constitute the demographic segment of the population most
vulnerable to predation as they roam over large areas and perform risky movements in
defence of a group of females, or to gain access to other females in oestrus (Tast 1966, Ims

1988, Lambin et al. 1992, Gliwicz 1997, Andreassen et al. 1998, Haapakoski and Ylonen



2010). Indeed, it is observed that predation-induced turnover in voles is higher in males than
in females (Korpimaki 1985, Halle 1988, Mappes et al. 1993). The detrimental cascade
initiated by the predation of a dominant male have the following steps: 1) The loss of
territorial males will induce influx of immigrating males that appropriate the vacant territory
(see Andreassen and Gundersen 2006). 2) The immigrant males will give reduced recruitment
due to infanticide (Andreassen and Gundersen 2006, Korpela et al. 2011, Opperbeck et al.
2012). 3) Females that lose their nestlings tend to start risky movements and will be exposed
to increased predation (Andreassen and Ims 2001, Stockley and Bro-Jgrgensen 2011); and 4)
the initially most social and aggregated adult females suffer from the highest mortality
following the loss of the dominant male (Andreassen and Gundersen 2006). The effects of
reduced reproductive success and increased mortality of female deme members following the
turnover of males is by itself sufficient to yield a negative growth of the deme (Andreassen
and Gundersen 2006). Note however that negative population growth may be further
enhanced by inversely density dependent dispersal (Andreassen and Ims 2001) when
combined with the generally high predation pressure in the crash phase (Ims and Andreassen

2000).

The low phase

Little is known about the low phase due to the problems of finding animals to study. We
expect however, based on our experimental studies, that inverse density-dependent dispersal
is prominent also in this phase of the cycle with a high proportion of individuals dispersing in
attempts to colonize newly vacant high quality habitat. However, early in the low phase
dispersers are likely to be highly vulnerable to predators, which still will be numerous
(Hansson 1984, Reid et al. 1995, Korpimaki and Norrdahl 1998). One may argue that

dispersal should not be adaptive under very high predation pressures and that dispersal should



not only be density-dependent but also be predation rate dependent (i.e. phase-dependent).
Our experimental evidence on root vole shows, however, that the dispersal rate appear to be
high even when the experimental populations were subject to exceptional high predation rates
(Ims and Andreassen 2000). It may be that dispersal under such circumstance is a strategy to
escape “spatial predator pits”. Still prediction on the behaviour of low-phase animals will be

speculative as there are virtually no studies of small rodents in this phase of the cycle.

Implications and predictions

Our view on how behaviour affects demography during the different phases of the
population cycle dynamics share some premises of the hypotheses by Charnov and Finerty
(1980) and Lambin and Krebs (1991). This regards in particular the important role of the
social organization consisting of female social (kin) groups with a high reproductive output in
the increase phase of the cycle. Here, however, we emphasise this social organization’s dual
effect, i.e. that it acts to enhance population growth in the increase phase of the cycle, but also
that it may lead to an opposite demography in the crash phase. In the crash phase, female
social groups defended by territorial males are vulnerable to the impact of an external factor
(predation) that may lead to the chain of detrimental events that enhances population decline.
Our proposal also provides a mechanism for the synchronization of the transition between
docile and aggressive behaviours needed for the Charnov-Finerty (1980) hypothesis to
produce multiannual population cycles (Stenseth and Lomnicki 1990 see also Warkowska-
Dratna and Stenseth 1985). The key here may be synchronization from docile to aggressive
behaviours caused by a spreading wave of immigrants (induced by predation) that disrupts the
social system throughout the population (see also Rémy 2011), and the synchronization from
aggressive to docile induced by winter conditions forcing increased sociality and a rapid

colonisation at low densities.
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We also emphasise the important role of dispersal in all phases of the cycle. A relatively
new insight provided by our experimental studies is that dispersal is inversely density-
dependent. Similar to what we propose in the case of social organization (see above),
dispersal may also have opposite demographic effects in the increase and crash phase of the
cycle. At low density in the increase phase the high proportion of dispersing animals gives a
rapid colonization of vacant habitat patches, which contributes to rapid population growth. At
this stage the cost of dispersal is likely to be low (as the density of predators is low) and even
long-distance dispersal events across hostile matrix habitat is likely to end up in successful
colonization of vacant patches (Glorvigen et al. 2012b, c). While dispersal is halted towards
the peak phase, it is found to increase again under the declining population densities of
crashing populations (Ims and Andreassen 2000, Andreassen and Ims 2001). As dispersal
during the crash phase of the cycle takes place in an environment with a high density of
predators, the mortality rate of dispersers is high which thus contributes further to the decline
of the population (Ims and Andreassen 2000, Andreassen and Ims 2001). It is presently an
emergent view that inversely density-dependent dispersal is the rule for many species
(Wiklund 1996, Stgen et al. 2006, Loe et al. 2009 see also review in Lambin et al. 2001, Le
Galliard et al. 2012), but yet its significance for population dynamics has so far received little
attention (but see Ims and Andreassen 2005, Smith et al. 2008).

The way we think intrinsic mechanisms contribute to shaping population dynamics may
even be applicable to species that do not have regular population cycles, but rather exhibit
population outbreaks at irregular intervals. For instance, the significance of female kin groups
in the increase phase has also been proposed for the house mouse Mus musculus outbreaks in
Australia (Krebs et al. 1995, Sutherland et al. 2005). Female sociality and its role in
increasing populations has been demonstrated for several species (e.g. Lambin and Krebs

1993, Remy 2011), while the role of male turnover in enhancing the population decline of
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crashing populations has only been studied in experimental root vole populations (e.g.
Andreassen and Gundersen 2006). It is therefore a need for more studies to verify our
proposal regarding the role of social behaviour in the crash phase of the rodent cycle. In
particular we encourage studies on species with different innate propensities for female social
behaviour and male territoriality (e.g. comparing Myodes, Microtus and lemming spp.). A
recent experimental study shows that male turnover also affects bank vole populations
negatively (Opperbeck et al. 2012), but only at low densities.

Note that we do not claim that intrinsic mechanisms neither alone nor in interactions with
extrinsic factors are necessary for generating multiannual cycles. Indeed, given the present
empirical and theoretical evidence there is ample evidence that extrinsic factors (and perhaps
most likely predation) are the key drivers of population density cycles. Actually the intrinsic
mechanisms described here are responses to extrinsic factors and are therefore not expected to
enter into force without the extrinsic trigger. Still we will argue that it is likely that intrinsic
factors contribute to shaping rodent populations dynamics (cf. Stenseth et al. 1996) and by
taking this into consideration we may be better able to explain why the prevalence of
population cycles and associated phenomena vary in time and space. The relative strong
effects found on the population growth rate due to sociality and the detrimental effects of
male turnover contribute to the abrupt increase and decrease observed in cyclic populations.

Specifically, we propose that innate propensities for different social organization among
rodents may predict which species are most prone to exhibit population cycles. In our view
population cycles should be most prevalent in species that are socially organized in terms of
male territoriality and female social groups. As this type of social organization is more typical
to Microtus than to Myodes (Ostfeld 1985, Ims 1987b) one could expect that cycles are most
prevalent in Microtus spp. This difference in social organisation may also explain why

Opperbeck et al. (2012) found effects of male turnover only at low densities. At low densities
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also male bank voles may be functionally territorial due to low densities. At higher densities,
the large number of overlapping males and multiple paternity may limit the number of
infanticidal males. We are aware of the fact that multi-species rodent communities composed
by species with different social organizations exhibit community-wide cycles (e.g. Hansson
and Henttonen 1985, Hansen et al. 1999). In that case it may be that the most cycle-prone
species is driving the community dynamics (cf. Henttonen 1987 for a similar view).

Our proposal also provides a framework for an alternative understanding of other
phenomena associated with population cycles. One such phenomenon is the shape of the
cycles which vary tremendously between species (Turchin et al. 2000, Oksanen et al. 2008,
Ims et al. 2011). Specifically, it appears to be a contrast in this respect between Myodes and
Lemmus (Ims et al. 2011). Myodes populations appear to have lower rates of change both in
the increase and the crash phase of the cycle yielding cycles with round (blunt) peaks. In
contrast Lemmus populations have more abrupt changes in both phases giving sharper (more
angular, saw-toothed) cycles. According to the prevailing views these differences are due
either to the prevalence of different trophic interactions (predator-prey in Myodes and plant-
herbivore in Lemmus; Turchin et al. 2000, Oksanen et al. 2008) or winter breeding (most
prevalent in Lemmus; Ims et al. 2011). Here we suggest that innate propensities for different
social organizations between the species/genera may be linked to the shape of cycles.
Specifically we expect that sharp cycles are typical to species with male territoriality and
female sociality. Thus we predict that Microtus tends to have sharper cycles than Myodes. To
our knowledge such a comparison between the two genera has not yet been done. The social
system of lemmings is less well known than for the two vole genera. We note however, that it
has been described as flexible (Heske and Jensen 1993). Moreover the extreme shifts in

dispersal and social behaviour observed in Lemmus (in particular in the Norwegian lemming
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L. lemmus; Stenseth and Ims 1993) fits well with our proposal that the shape of the cycle may
be linked to behaviour and social organization.

Finally, a high degree of spatial synchrony in population dynamics is typical in cyclic
rodent populations (Bjarnstad et al. 1999). We expect that the mechanisms that we here
propose (i.e. socialisation during winter, high dispersal rates at low densities, and disruption
of the social systems by predation) may cause a synchronous transition in behaviours (see
above) that also contribute to enhancing spatially synchronous population cycles or rapid
travelling waves (Lambin et al. 1998). According to the same line of arguments as expressed

above we may predict a link between social system and degree of population synchrony.

To conclude we summarize the set of specific predictions that can be derived from our
proposed framework (see Figure 1). We claim that they are all testable by means of
experiments or comparative studies on natural populations. While some of them already have
received empirical support (as reviewed above) they still need to be tested on more species
and in other settings. In particular we stress the need for conducting experiments that are more
long-term and invoke a more realistic set of extrinsic factors than the recent experimental
studies which have formed the empirical basis for our predictions.
e Environments with high spatial heterogeneity in resources, in particular during harsh
winters, create populations with highly social females.
e In the absence of predation, the degree of sociality in females is positively correlated
with population growth.
e In the presence of significant predation, sociality in females and male territoriality
enhances negative population growth and steep population crashes. Especially crashes
taking place during the breeding season (“summer declines”) is predicted to be most

prevalent in species with such a spacing system.
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e During the crash phase the population is characterised by an increasing proportion of
adult, aggressive animals and a declining proportion of young animals as recruitment
is low due to infanticide. Dispersing animals are highly exposed to predation and show
high mortality rate. The adult population is female biased due to high predation rates
in adult males.

e Species with a high propensity for flexibility in social behaviour and generally high
dispersal rate/range is likely to exhibit cycles with higher amplitude and sharper peaks
than less flexible species.

e Species with a highest propensity for flexibility in social behaviour and a dispersal-
driven behavioural syndrome is likely to exhibit a greater extent of spatial synchrony

in their cycles.
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Figure legends

Figure 1. The model showing the increase phase as an interaction between resource
patchiness and social factors, and the crash phase as an interaction between predation and

social factors.
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