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Introduction
It has long been known that excessively large populations of voles and lemmings occur
in certain years at northern latitudes, but it was not until the 1920s that it was realized that
such occurrences represented fairly regular (often 3-4 year) cycles (Krebs and Myers 1974
and references herein). These cycles have continously fascinated people, and a number of
hypotheses have been advanced to explain the cycles (reviewed by Krebs and Myers 1974,
Krebs 1978, Stenseth 1985, Hansson and Henttonen 1988). Among the several characteristics
of vole cycles, Krebs and Myers (1974) pointed out that the retardation of rate of increase,
from the increase-, to peak-, to decline-phase was important. In spite of that paper, I have not
seen any long-term data on variation in the rate of change in the literature, for either the
reproductive or the nonreproductive seasons. Furthermore, I have not seen any attempt to
investigate how the rate of change relates to present or past density and environmental
variables. Based on theoretical arguments, May (1976) suggested that vole cycles could be
generated by a delayed density-dependence of population growth rate with a time-lag of 9
months. This time-lag resulted in stable limit cycles with a period between 3 and 4 years. The
9-month time-lag was thought to be a built-in property in strongly seasonal environments,
corresponding to the time-lapse from the end of one reproductive season to the beginning of
the next.
With voles in mind, Pruitt (1968) stated that "we can hardly overemphasize the
importance of recognizing the cycle as the basic ecological unit in the North" and "any study
of boreal biology (even such an esoteric aspect as physiological responses to environmental
changes) must include the state of the cycle as a basic consideration". In Fennoscandia
(Scandinavia and Finland), it was recognized early that vole and lemming predators, and
these predators' alternative prey (forest grouse, Tetraonidae, and mountain hare, Lepus
timidus) also fluctuated with a 3-4 year period between successive peaks (e.g. Siivonen 1948,
1957, Hagen 1952, 1969, Linkola and Myllymäki 1969). Even human diseases caused by the
tularemia bacteria Francisella tularensis and the virus Nephropathia epidemica benigna
appeared to follow the same 3-4 year periodicity of vole cycles (Pearson 1975, Nyström
1977). Although these observations clearly suggested that vole cycles were accompanied by
synchronous population fluctuations of several other species, it is notable that each of these
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studies only included some of the species. In addition, these studies were made in different
areas and at different times, and usually only focused on the temporal similarity of peak
densities.
The synchronous 3-4 year cycles of voles, lemmings, predators, and alternative prey
were thought to be driven by an interaction between the microtines (dominant herbivores)
and their plant food supplies, leading to microtine declines due to food shortage (Hagen
1952;Lack 1954). The microtine cycle in turn was assumed to trigger a predator cycle, and
predators were assumed to synchronize alternative prey to the microtine and predator cycles
when microtines declined.
Background of my thesis
My studies began in 1971 with the fairly unsophisticated aim of monitoring vole
population fluctuations for more than 2 cycles with a large trapping effort over a large area of
the coniferous forest landscape in northern Sweden (I). The vole monitoring was intended to
provide basic knowledge about vole fluctuations for research into what generates vole cycles.
Studies of demographic changes in sympatric voles were also included (Hörnfeldt unpubl.),
but they are not part of my thesis. Here I present basic information on synchronous density
cycles for three sympatric voles, Clethrionomys glareolus, Clethrionomys rufocanus, and
Microtus agrestis. Their fluctuation patterns are analysed with emphasis on variation in the
rate of change (I).
The original aim of simply monitoring the voles was extended in a series of steps. First,
in the late 1970s, I also started collecting information about fluctuations of sympatric voleeating predators, forest grouse, and mountain hare, and the incidence of tularemia (F.
tularensis) in humans. This was done to yield accurate and concentrated information (in
space and time) on the expected covariation of the fluctuations in these species with the vole
cycles (II, III).

Second, in the mid 1970s, sarcoptic mange (Sarcoptes scabiei vulpes)

appeared among red foxes (Vulpes vulpes) in northern Sweden (Borg et a l 1976), and it was
expected that the epizootic disease would lead to a reduction of fox density. This
circumstance provided a ”natural experiment" to "test" whether a reduction of fox density
would lead to increasing mountain hare density and a weaker synchronization of hare
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population fluctuations to the vole cycles (VII). Third, a detailed study of the numerical
response of Tengmalm's owl (Aegolius funereus) to fluctuations of its staple food (voles;
Sulkava and Sulkava 1971) was initiated in 1980 (IV-VI). This nomadic owl (Mysterud
1970) was chosen as a "model" predator, since it was the most common avian predator in my
study area (Ulfstrand and Högstedt 1976), it regularly fed on voles, and it readily accepted
nest boxes (U. Grenmyr pers. comm.). In addition, little had been published on the owls
numerical response to variations in food supply when these studies began.
Vole populations show a gradient of increased cyclicity with increasing latitude and
snow cover within Fennoscandia such that southern populations are non-cyclic (seasonally
fluctuating), middle populations are 'semi-cyclic', and northern populations are strongly
cyclic (Hansson and Henttonen 1985, 1988; Fig. 1). Evidence suggests that non-cyclic vole
populations in southern Fennoscandia may be regulated by generalist predators for which
voles are readily available during most of the year due to low amounts of snow in winter.
Abundant alternative prey also keep generalist predator numbers high when vole numbers are
low (e.g. Erlinge et al. 1983, 1984, 1988; see also Hansson 1971, 1979). In contrast, deep and
long-lasting snow cover in the northern cyclic zone of voles has been believed to provide
refuge to voles from predators in winter. Generalist predation is also expected to be impaired
as a regulating factor because of the lower availability of voles in the winter and the generally
lower availability of alternative prey (e.g. Hansson 1979, 1987). The studies on which my
thesis is based were all carried out in the northern cyclic zone of voles in Fennoscandia
(sensu Hansson and Henttonen 1985, 1988; Fig. 1). The aim of my thesis is to give a detailed
account of population fluctuations of voles, their predators and predators' alternative prey in
this zone, and to discuss what factors may regulate or limit the populations of these species. I
present substantial evidence that the vole populations are regulated by a strong delayed
density-dependence of the rate of change both in the reproductive and nonreproductive
season. The delayed density-dependence in the reproductive season (summer) has an 8-month
time-lag relative to the density in the previous autumn. This finding supports the idea of May
(1976) that vole cycles are likely to be generated by a time-lag mechanism. I suggest that the
mechanism for the delayed density-dependence should be based on the past interactions of
the vole populations with their predators, food supplies, and/or diseases. I also show that
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Tengmalm's owl has a very rapid increase in response to the initial cyclic summer-increase of
voles. This initial response of the owl was mainly due to nomadic immigration, but the owls
also laid earlier and produced larger clutches when vole numbers increased. Finally, the
finding that hare numbers rose sharply and appeared to lose their cyclicity when foxes
decreased markedly in areas with the highest mange infection rates is in line with the idea
that predators limit alternative prey numbers by predation at declining and low vole densities.

Definitions of some terms
Adequate terminology, with precise definitions and use of terms, is a prerequisite for mutual
understanding. Unfortunately a single term is oftenly used with different meaning by different
people. This causes confusion and probably more disagreement than there is really ground for.
I will state below what I mean with a number of such terms (and their "relatives") which I use
or which may be relevant in the context of my thesis.
Population. In the strict sense, a group of individuals of a certain species. However, population
is usually used by different authors to refer to the individuals of the same species within a
specific study area. Local population refers to the individuals within a small area (for example
some hectares of a certain habitat). In contrast, metapopulation is the sum of many local
populations within a whole landscape, as is the case in my thesis.
Rate o f change. The population rate o f increase or decrease as expressed by the formula
(N t/N t. j / llno- àays)^ whene N t.2 and N t refer to the population densities at times t and /-i, and no.
days refers to the time lapse in days between the sampling periods.
Cycle. In the strict sense a fluctuation o f population size with a fixed period and amplitude. I
use cycle in the loose sense for a fairly regular (here: 3-4 year) fluctuation of population size,
but with a variable amplitude.
Amplitude. The ratio nrruLX/nmin for a population cycle, which is delimited by the springs of
subsequent cycles' initial summer increases (I). This term is sometimes confused with peak
height (^„„jx), as in (II), where "amplitude" referred to peak height.
Density-independence. "An unpredictable relationship between rate of population growth and
population density" (sensu Keith 1974). Demonstration of density-independence requires
showing that rate of change has no relationship with present or past densities.
Density-dependence. "An inverse relationship between rate of population growth and
population density" (sensu Keith 1974). Demonstration of density-dependence requires
showing that rate of change is inversely related to present or past density, i.e. that there is a
direct or delayed density-dependence.
Population regulation. "The dampening of numerical fluctuations by density-dependent
processes" (sensu Keith 1974).
Population limitation. That process or processes which set limits to population size by being
either density-independent or density-dependent (cf. Moss, Watson and Ollason 1982).
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Study area
The studies delt with population fluctuations of voles, predators, and alternative prey
within the middle and northern boreal zones (Ahti, Hämet-Ahti and Jalas 1968) in northern
Sweden in the 1960s, 1970s and 1980s. The main study area was a 100x100 km large area
north of Umeå (approximately 64°N, 20°E) (Fig.l) within the middle boreal zone (Ahti,
Hämet-Ahti and Jalas 1968) in the province of Västerbotten (I, III-VI). Occasionally, the
entire province was included (II-III) as was the adjacent province of Norrbotten (VII).

Fig. 1. Location of my main study area (square) north of Umeå, and the
province of Västerbotten (AC) and Norrbotten (BD), respectively. The
noncyclic southern (below 59°N), semicyclic middle (stippled), and
cyclic northern (hatched) zones of voles in Fennoscandia are given
according to Hansson and Henttonen (1985, 1988). For reference, I have
also indicated the approximate locations of the study areas of Erlinge et
a l (e.g.l983, 1984, 1988) (=1), Angelstam et a l (e.g. 1984, 1985) (=2;
main study area), Sonerud (1986) (=3), Korpimäki (e.g. 1981, 1985) (=4),
and of Henttonen et al. (1987)(=5).
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The areas studied are characterized by coniferous forests (see also I) with spruce (Picea
abies) and pine (Pinus silvestris) as the dominant tree species (Svensson 1980, Anonymous
1990). The areas are subject to strong seasonal variation. Within the main study area, the
median duration of the growing season (daily average temperature >+5°C; Odin, Eriksson
and Perttu 1983) was 144 days in 1971-88, starting 7 May and ending 25 September (data
from the Swedish Meteorological and Hydrological Institute station at Hällnäs-Lund). The
median duration of persistent snow cover was 177 days, from 8 November to 6 May, and the
median maximum snow depth was 73 cm (I).
Synchronous cycles of voles, predators, forest grouse, and mountain hare
The voles C. glareolus, C. rufocanus and M. agrestis made up >93% of all small
mammals trapped in 1971-88 within the main study area north of Umeå. These voles had
largely synchronous population fluctuations, which were cyclic with fairly regular (3-4 year)
fluctuations with variable amplitudes which averaged about 200-fold in each species (I: Fig.
2, Table 2). Vole cycles in all species studied began in the summer with a population increase
characterized by a high rate of change in the numbers, although this did not always result in
high densities by the autumn (I: Fig. 2 and 4). This is the most clearly discernible stage of
these vole cycles, to which other stages of the cycle, or the relative timing of different
predators’ numerical responses (below) should be related.
Vole cycles were accompanied by synchronous fluctuations of fox, Tengmalm's owl,
long-eared owl (Asio otus), mountain hare, willow grouse (Lagopus lagopus), hazel hen
(Bonasia bonasia), black grouse (Tetrao tetrix), and capercaillie (Tetrao urogallus), and of
the incidence of tularemia among humans (II, DI: Fig. 2). Changes in the predators,
alternative prey, and incidence of F. tularensis lagged behind thoses of voles. At winter peak
densities, i.e when population growth rate had become markedly retarted (II: "population
levelled o ff), voles caused extensive forest damage by debarking tree seedlings (Larsson
1973, Hansson and Larsson 1980), and declines were evidently initiated at these times (II:
Fig. 2, III: Fig. 2a). The covariation of several other species with the vole cycle was
highlighted, and thus the results largely confirmed earlier (but more scattered) observations,
which had suggested that all these species fluctuate synchronously. I postulated (II) that voles
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played a central role in causing the overall synchronism of population fluctuations among
voles, predators, and predators' alternative prey. The following model was thought to explain
how this synchrony (II: "regulation") was brought about (II, e.g. Hagen 1952, Lack 1954,
Keith 1974): 1) An initial decline in vole numbers is caused by food shortage at the winter
peak densities (as indicated by the consumption of marginal bark food). 2) This, in
combination with predation by increased number of predators, cause the decrease in vole
pumbers. 3) Decreasing and low vole numbers cause a decrease in predator numbers and a
shift to alternative prey among predators. 4) Predation on alternative prey causes these
species to decline (in this case mountain hare and forest grouse). 5) Scarcity of predators and
excessive food supplies then allow for a subsequent rise in the numbers of voles, hares, and
grouse. 6) Increasing vole numbers then lead to an increase of predators, etc.
Several other vole-eating predators in these areas are also highly likely to fluctuate
synchronously with the vole cycles. Some of these are mammals, such as stoat (Mustela
erminea), least weasel (M. nivalis), pine marten (Martes martes), and mink (Mustela vison),
while others are diurnal raptors, such as rough-legged buzzard (Buteo lagopus), common
buzzard (Buteo buteo), and kestrel (Falco tinnunculus). Still others are eagle owl (Bubo
bubo), short-eared owl (Asio flammeus), pygmy owl (Glaucidium passerinum), hawk owl
(Surnia ulula), ural owl (Strix uralensis), and great grey owl (Strix nebulosa). Microtines
make up a high proportion of the diet of all these additional predators, and/or they have been
shown to fluctuate synchronously with microtine abundance elsewhere in Fennoscandia (e.g.
Gerell 1968, Hagen 1969, Linkola and Myllymäki 1969, Erlinge 1975, 1981, Lundberg 1981,
Pulliainen 1981, Mikkola 1983, Korpimäki 1985).
Numerical response by Tengmalm's owl and other predators
C. glareolus, C. rufocanus, and M. agrestis made up 92% of the pooled diet of
Tengmalm's owl during the breeding seasons in 1980-86 (IV). This owl responded to the
initial cyclic summer-increase of vole supply with a rapid and strong numerical increase,
which was largely explained by the owl's nomadic habits (IV, VI). The breeding owl
population lagged behind the vole populations since owl breeding density (% nest boxes with
>1 egg) was found to be highly correlated with the vole supply of the previous autumn but

not with that of the breeding period (IV: Fig. 6a). Breeding density is most likely normally
strongly influenced by vole supply in the previous autumn since the owls are likely to
"decide" whether to settle, remain, or leave at the time of the autumn migrations on the basis
of the supply of voles (IV, VI; and other references herein). Still, an individuals' decision
whether to breed or not must finally be determined by the amount of food it obtains at the
time of breeding (IV). That food supply may be considerably lower than that of the previous
autumn (at "determination" of breeding density). However, clutch size may be adjusted
downwards in accordance with a lowered food supply (IV) so that refraining from breeding is
unlikely unless vole numbers fall below some critical threshold level. Asynchronous hatching
and brood reduction is a means of fine reproductive adjustment if food supply decreases after
hatching (V; see also Korpimäki 1987). In addition to the rapid increase in the size of the
breeding population by nomadic immigration, the numerical response of Tengmalm's owl
was reinforced by the laying of earlier and larger clutches when the abundance of voles
increased. Also, Tengmalm's owl matures at the early age of 1 year. Laying date (like
breeding density) was negatively correlated with vole supply in the autumn. In contrast,
clutch size was positively correlated with vole supply in the spring (IV). The owl's numerical
response also involved polygynous breeding (with 2-3 females) and successive biandrous
breeding (with two different males), and the occurrence of polygyny and biandry was
positively related to food supply (Carlsson, Hömfeldt and Löfgren 1987, Hömfeldt, Carlsson
and Nordström 1988, Carlsson and Hömfeldt 1989, Carlsson unpubl., Carlsson et al. unpubl,
Hömfeldt and Eklund unpubl.; see also Solheim 1983, Korpimäki 1988, 1989a, in press).
The importance of food supply on laying date and clutch size was verified
experimentally. Late breeding females were provided with extra food (laboratory mice) in
1985, with the result that they began laying eight days earlier and laid one more egg than the
controls (V; see also Korpimäki 1989b). Since supplementary feeding advanced laying and
increased clutch size, and clutch size also declined with season (IV), clutch size could
theoretically have been determined either by laying date or food. However, a comparison of
clutches laid on the same dates by the fed and the unfed late breeders revealed a direct effect
of food on clutch size. Clutches were one egg larger in the fed birds than in the controls
during a two-week period after heavy snowfall (V: Fig. 2). The larger clutch size of these fed
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birds was in line with the "income-model” suggested by Drent and Daan (1980). Fed birds,
however, did not lay more eggs than the unfed early breeders; fed late females and early
breeders laid clutches of similar size. In contrast, the unfed controls lowered their clutch size,
possibly by resorbing egg-yolks, as is frequently found in red-billed queleas (Quelea quelea)
(Jones and Ward 1976). At the same or later laying dates, birds fed in 1985 laid even fewer
eggs than unfed females in 1984 when the vole supply was larger (V). Thus, there must have
been some limitation on clutch size that supplementary feeding did not overcome. Possibly,
fed females had assessed their natural food supply during prelaying, and they may have
initiated egg formation and fixed an upper clutch size in accordance with that food supply. If
so, the experimental feeding could only be expected to help in achieving that clutch size, but
not in exceeding it.
The conclusion that clutch size was directly affected by food supply was also
corroborated by finding "parallel" seasonal declines of clutch size in different years (IV: Fig.
7). Annual clutch sizes were positively correlated with the vole supplies in the springs.
Laying date per se only explained 11% of the clutch size variation among years, but the
"year-food-effect" explained another 29%. Also, clutch size had a high positive correlation
with daily weight increase of females during the prelaying period in 1984-85; weight
increases and clutch sizes were larger at similar, or later, laying dates (but at better food
supply) in 1984 (V: Fig. lb). Because of this high correlation, and a poor relationship
between clutch size and weight of laying females, clutch size was proposed to be adjusted to
the food eaten before and during laying, and not to the female's body condition per se. This
makes sense. Investing too much of body reserves in eggs could be hazardous both to
breeding success and to survival of the female, especially if voles start declining dramatically
as they do every third or fourth year.
I expect that the less common (Ulfstrand and Högstedt 1976) "nomadic" hawk owl is
likely to have a similarly rapid numerical response to the initial cyclic summer-increase of
vole abundance as that of Tengmalm's owl. This may also apply to the great grey owl and
pygmy owl. Kestrel, long-eared owl, and short-eared owl had a rapid numerical response
(e.g. Korpimäki 1985; see also Galushin 1974), and I also expect rough-legged buzzard to
belong to this category. However, these seasonally migrating avian predators arrive for
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breeding in the spring. Hence, they will have a delay relative to Tengmalm's owl in their
response to the initial cyclic summer-increase of voles. The speed of the numerical response
of stationary predators such as red fox and small mustelids, which is restricted to that
afforded by reproduction, can be expected to be considerably delayed relative to that of the
nomadic and seasonally migrating avian predators. When considering the numerical response
of small mustelids to vole supply, it is also necessary to be aware that the response may be
affected by foxes' and raptors' predation on small mustelids (Latham 1952, Korpimäki and
Norrdahl 1989a). Predation on small mustelids may be critical since it will likely affect their
minimum population size during the trough of the vole cycle. Clearly, elevation of the
minimum population size by decreased predation on mustelids will improve their numerical
response, while lowering the minimum population size will impair their numerical increase in
response to increased vole abundance (I, Korpimäki and Norrdahl 1989b). Very few detailed
studies of the reproductive response of the above predators to vole supply at these latitudes
have been carried out. Nonetheless one response, observed in Tengmalm's owl (above), is
common to most of the other predatos as well, namely, that clutch and litter size increases
when vole supply increases (e.g. Hagen 1969, Englund 1970, Lindström 1982, 1989, Mikkola
1983, Korpimäki 1985).
Vole cycles
Delayed density-dependence of rate of change
The transition between cycles was characterized by a distinct shift in rate of change from
low to high or markedly higher values in both summer and winter (I: Fig. 4). Generally, the
rate of change in summer declined continuously throughout each cycle. The situation in
winter was similar, although, in C. rufocanus and M. agrestis, the rate of change often
increased initially. These facts show that the numerical decline did not represent a sudden
regulation, but that regulation increased progressively throughout the cycle in each species.
Cyclic declines were steeper in the 1970s than in 1980s (I: Fig. 2). In the 1970s, periods
with low numbers were preceded by higher winter losses that also made up larger proportions
of total decline losses. Periods with low numbers also tended to be prolonged and subsequent
cycles' initial summer-increases were delayed in the 1970s (except in C. glareolus in 1979)
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compared to the 1980s (I: Fig. 2, and also Fig. 4a-c). Low density in the spring was a
necessary but not sufficient condition for the voles to start a new cycle by an initial summerincrease (I: compare Fig. 2, 5a-c with Fig. 4). This was explained by a predominant negative
feed-back by the previous autumn density (8 months ago) on the rate of change (I: Fig. 5d-f).
Because of this delayed density-dependence, a relatively low density in the previous autumn,
in addition to a low spring density, was necessary to create sufficient conditions for the initial
summer-increase (I: compare Fig. 5a-c with Fig. 5d-f). All species showed a similar delayed
density-dependence of rate of change in the winter since there was no significant correlation
with autumn density but a highly negative correlation with the density of the previous spring
(4 months ago) (I: Fig. 6).
My finding of delayed density-dependence is important, as it bears on the theoretical
demonstration by May (1976) that a delayed density-dependence of population growth rate
with a time-lag of 9 months caused stable limit cycles with a period between 3 and 4 years.
The time-lag value of 9 months used by May (1976) was questioned by Stenseth (1977), who
found it biologically unreasonable. Stenseth (1985) also emphasized the lack of a mechanistic
explanation for how the time-lag should be brought about. Bearing in mind that the
magnitude of the time-lags I found was affected by fixed sampling dates, the time-lag of 8
months for delayed density-dependence in the reproductive season does support the existence
of a time-lag such as that envisaged by May (1976). Consequently my data support the
proposal by May (1976) that vole cycles are likely to be generated by a time-lag mechanism.
Recently Turchin (1990) showed that the importance of delayed density-dependence in
population regulation has likely been erronously overlooked by animal ecologists. By
considering the effects of time-lags, Turchin found strong evidence of delayed densitydependent regulation in seven out of nine forest insect populations. None of these nine
populations showed any evidence of regulation by direct density-dependence, while five
other insect populations did. In my opinion, a mechanism for the delayed density-dependence
of the vole cycles should be related to the remaining effects of the vole populations' past
interactions with predators, food supplies, and/or diseases (I).
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Since the breeding population of Tengmalm’s owl lagged behind vole populations with a
time-lag (above) similar to that found for delayed density-dependence of vole cycles, the
mechanism could be predator-based. Given that the vole supply in the autumn determines the
number of breeding owls in an ensuing spring, then I propose that the owls affect the rate of
change in the vole populations in the summer by predation or indirectly by effects on the
voles' foraging and reproductive behaviour (Ydenberg 1987; see also Brown et al. 1988,
Desy, Batzli and Liu 1990). Whether these predator effects are a sufficient mechanism for
generating vole cycles remains to be seen. This mechanism alone does appear to be
reasonable for C. glareolus, whose rate of change showed a strong negative correlation with
the ratio of the size of the owl and vole populations in spring (I: Fig. 7a). This close
relationship may partly be due to the highly similar habitat choice (forests) of the owl and
this vole. A similar mechanism may also have operated in M. agrestis (I: Fig. 7c). The large
shift in the rate of change from the higher to the lower level (in the latest cyclic stage), may
reflect delayed additional operation by fox and small mustelids (see above). These
mammalian predators have better prospects than Tengmalm's owl for predation in the open
habitats of M. agrestis, and hence the predation impact by fox and small mustelids is likely
larger than that of the owl. In C. rufocanus, the mechanism for population regulation outlined
above seems unlikely (I: Fig. 7b), but this species also appeared to be the best one in escaping
the owl predation (IV: Fig. 5).
A mechanism for the delayed density-dependence could also be based on the maternal
effect, which was interpreted as a "lag effect of earlier food conditions" (Hansson 1987,
1989). The nutritional status of the mothers in the autumn affected the offspring, which was
manifested by the offsprings' timing of maturation and onset of breeding in the ensuing
spring. Grazing by voles in the winter may also be important in bringing about delayed
density-dependence. Winter grazing increased throughout the cycle (Ericson 1977, Hansson
1988), and the extent of grazing related positively to the size of the vole populations in the
autumn. The effect of winter grazing may be critical for the timing of the voles' breeding
especially if food supply per capita is more important than total food supply for reproductive
rate (I). Although little is known about the effects of diseases on voles, occurrences of both F.
tularensis and N. epidemica benigna among humans were synchronous with the vole cycle
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and both diseases have been found in voles (I, II, Dahlstrand, Zetterberg and Ringertz 1971,
Nyström 1977, Niklasson and LeDuc 1987, Niklasson, Hömfeldt and LeDuc unpubl.).
Consequently, these diseases should not be ruled out as possible agents contributing to the
delayed density-dependence of the voles. The four mechanisms mentioned above are by no
means mutually exclusive, but are likely to act synergistically; evaluting their relative
importance requires further studies.
Interspecific differences in winter dynamics
In addition to the cyclic pattern, and unlike the other species, C. glareolus had a distinct
seasonal pattern with regularity decreasing numbers in winter (I: Fig. 2 and also Fig. 4). It has
been claimed that, except for predation by small mustelids, voles at northern latitudes are
protected from predation by snow cover in the winter, (e.g. Hansson 1979, 1987; but see
Hansson 1988). Mustelid predation, however, is not likely to be substantial until the late
stages of the cycle due to the delay in their numerical reproductive response (above; see also
Hansson 1987). I suggest that the seasonal declines of C. glareolus in the winter were partly
caused by predation, but mainly by avian nomads (especially Tengmalm’s owl) (I). C.
glareolus was more susceptible than C. rufocanus and M. agrestis to predation by
Tengmalm’s owl under snow rich conditions. This was most likely due to the different
feeding habits of C. glareolus, since more supranivean (even arboreal) movement occurs
when this species forages for epiphytic tree lichens (Alectoria spp. and Bryoria spp.), spruce,
or pine seeds (I, IV: Fig. 4, Sonerud 1986, Löfgren 1989, Nybo and Sonerud 1990; and other
references herein). The rapid (and strong) numerical response of the nomadic Tengmalm's
owl to the initial cyclic summer-increase of vole supply (IV, VI), may be critical for the
occurrence of seasonal winter declines of C. glareolus (I).
Do predators synchronize mountain hare and forest grouse cycles to vole cycles?
The idea that fluctuations of alternative prey are synchronized to vole cycles by being
temporarily depressed and limited by predators at declining and low densities of voles (main
prey) has been termed the ”alternative prey hypothesis” by Angelstam, Lindström and Widén
(1984). This hypothesis predicts that a reduction of predators (such as foxes by sarcoptic
mange) would increase the number of alternative prey (such as mountain hare and forest
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grouse). In the absence of intense predation, these prey would become less effectively
synchronized to the 3-4 year vole cycle, and possibly lose their 3-4 year cyclicity (VII).
Although food (vole) availability is certainly the ”normal" limiting factor for fox
reproduction and density in these areas (Englund 1970, Lindström 1982, 1989), sarcoptic
mange indeed became an important additional limiting agent in some areas from the late
1970s (VII). The appearance of sarcoptic mange among foxes in northern Sweden in the mid
1970s subsequently led to different infection rates in different areas in the early 1980s. In
areas with low mange infection rates, foxes and hares fluctuated around similar average
levels from the mid 1970s to the mid 1980s. By contrast, in high-infection areas, foxes
declined markedly in the late 1970s and the early 1980s, whereas hare numbers rose rapidly.
Neither species followed the 3-4 year vole cycle during that period (compare VII: Fig. 2b, 3
with I:Fig. 3). In areas with intermediate infection rates foxes tended to decrease, while hares
increased and also appeared to lose their cyclicity. Thus, these results were in line with the
prediction of the alternative prey hypothesis. This hypothesis has received further support
from a large-scale experimental removal of foxes and pine martens from two islands in
northern Sweden (Marcström, Kenward and Engren 1988, Marcström et al. 1989). Densities
of black grouse, capercaillie, and mountain hare increased when the predators were removed.
This related to increased breeding success of grouse and increased survival of hares (mainly
of juveniles). In central Sweden, supplementary feeding of predators within a fenced area
during a cyclic trough of voles also supported the alternative prey hypothesis (Lindström et
al. 1987). As predicted, the feeding of predators was followed by a higher proportion of
young grouse in autumn (hazel hen, black grouse, and capercaillie) in the experimental area
compared to the control. Furthermore, in the experimental area, juvenile percentage did not
decline significantly relative to the value in the previous reproductive season, whereas it did
so in the adjacent free-living control and in two other, more distant, free-living control
populations.
Although the above results from natural and experimental removal of predators, and
from feeding of predators, were all consistent with the alternative prey hypothesis, they do
not exclude the possibility that some cyclic shortage of plant food (with respect to quantity or
quality) could also contribute to synchronizing fluctuations of alternative herbivorous prey to
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the vole cycle (e.g. Angelstam, Lindström and Widén 1984, 1985, Lindström et al. 1986). As
pointed out by these authors, such a cyclic food shortage could arise from inherent cyclicity
in the plants, or it could be imposed by voles through their grazing impact on some food
plants that are exploited commonly by voles, hares, and forest grouse. Widén et al. (1987)
found that the female proportion of black grouse and capercaillie in the breeding time diet of
goshawks (Accipiter gentilis) was negatively correlated with vole density in spring. This was
interpreted as an increased vulnerability of the females to predation as a result of the scarcity
of voles. Two alternative mechanisms for the increased vulnerability were suggested: 1)
Female grouse could have been in a poor condition (due to food shortage) during vole
troughs, and hence they may have been more prone to make feeding trips away from the nest.
Thereby they themselves and the eggs would be more exposed to goshawks' and other
predators’ predation, leading to the decreased breeding success at cyclic lows of voles. 2)
Grouse hens’ behaviour could change due to their increased contacts with more wide-ranging
predators when voles are scarce. As a consequence, hens would have to leave their nests
more frequently, which would affect the condition of the female, vulnerability to predation,
and breeding success, negatively. This second mechanism was an extension of the alternative
prey hypothesis (see also Angelstam et al. 1990).
When discussing temporary density limitation of alternative prey by predation at vole
declines, it is notable that F. tularensis at least sometimes appears to be an important limiting
factor to hare numbers. This was suggested by the steep decline of hares that coincided with
the large outbreak of the epizootic disease in 1966-67 (II, III: Fig. 3). Afterwards, hares
increased with rising peak numbers throughout the 1970s, suggesting that hares were not
limited by any general long-lasting food deficits during this period (III). In contrast to hares,
forest grouse had higher peak densities during the first, compared to second, cycle in the
1970s. Primary production indices (temperature and spruce and pine cone crops) decreased
from the first to second cycle in the 1970s, suggesting that, in addition to predation, plant
food supplies and/or temperature (directly or indirectly via invertebrate food supplies) may
also limit grouse numbers (III: Fig. 2b and d; see also Angelstam et al. 1990).
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Perspectives
I hope that these studies will help to remove some of the scepticism that one is
sometimes confronted with about the value of long-term field studies. Long-term monitoring
of population fluctuations do provide important information about their natural variability.
Such data may be used for time series analysis, and thereby in the "testing o f' or generating
ideas about what factors may be important in limiting or regulating numbers. Also, with the
present influence of substantial man-made environmental disturbances, it is necessary to have
a reliable retrospective perspective on population fluctuations for the environmental
monitoring. Deciding what is natural variation and what may indicate new environmental
disturbances may otherwise be impossible. The long-term decrease of C. rufocanus within
my main study area (I) may well be indicative of some environmental disturbance, and it is
important to investigate what may have caused this decline (Hömfeldt 1989,1990).
To test some of the present ideas about the link between individual behaviour of voles
and the population consequences, an experimental approach will be needed. The response of
voles to manipulations of food supplies, cover, and amount of predators should be studied by
measuring (foraging) activity (including refuge use) and reproductive behaviour in relation
to resource levels and predation risk. This approach could start with laboratory studies to
illucidate the potential behaviours which voles may show in response to such manipulations
(cf. Erlinge, Jonsson and Willstedt 1974, Hansson 1985). In addition, field experiments that
are feasible on a small spatial scale should be performed with a focus on the individuals'
behavioural responses and predation risks (Desy, Batzli and Liu 1990; see also Brown et al.
1988). The population response (i.e. by the rate of change) to manipulations of the above
factors should be studied on a larger spatial scale. Generally, experiments should be
performed at various stages of a vole cycle to make use of the natural variation among years
in food supplies, cover, and predator numbers, and thus test how the importance of different
factors varies with the different situations. Finally, we must be openminded and use those
large scale (landscape) experimental situations ("natural" or caused by man-made
disturbances) which are available and which provide discernible gradients of manipulative
factors (cf. Steen, Yoccoz and Ims 1990). The research strategy outlined above is similar to
that of Persson and Diehl (1990), who may be consulted for a comprehensive argumentation
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on the value of an integrative mechanistic approach in contrast to that of traditional
approaches.
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