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In studies on dynamics of northern predator-prey systems, two assumptions are often
made. First, the bifurcation from stable to cyclic dynamics is seen as a consequence
of changing generalist-specialist ratio, ultimately due to reduced prey diversity at high
latitudes and the negative impact of snow on the efficiency of generalists as predators
of small, folivorous mammals. Supposedly, the primary mechanism is the qualitative
difference between the functional response of specialist and generalist predators.
Second, the interaction between large predators and ungulates is supposed to be
prone to lead to two alternative equilibria, one where predation regulates ungulates
at a relatively low equilibrium and another, where ungulate densities are close to
carrying capacity. In the first-mentioned issue, our analysis corroborates the general
idea of snow favoring specialists and leading to cycles. However, differences in
functional response appear to be of secondary importance only, and rather special
conditions are required for generalists to have a stabilizing type III functional
response. A destabilizing type II functional response or a slight modification of it
should be common in generalists, too, as also indicated by the classical experiments.
Stability of generalist dominated systems seems primarily to derive from their relative
inefficiency, allowing prey’s density-dependent mechanisms to play a bigger role in
the neighborhood of the equilibrium. Moreover, the main destabilizing impact of
deep, long-lasting snow cover appears to lie in the protection it offers to the efficient
but vulnerable specialists, which are eliminated or marginalized by intraguild preda-
tion in areas with snow-free winters, unless the habitat offers some other form of
efficient protection. As for the conjecture of multiple equilibria in northern wolf-un-
gulate systems, it seems to be derived from an erroneous operational definition of
numerical response and has little if any empirical support. Available data suggest that
predation limitation of folivorous mammals prevails along the entire gradient from
relatively productive low arctic habitats to the humid parts of the temperate zone,
provided that the numbers of predators are not controlled by man.
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Scientists’ view of nature and how it functions is in-
evitably influenced by both empiricism and theory. As
long as the pieces seem to fit, we tend to retain tacit
assumptions, derived from a mixture of past empirical
and theoretical work. Whenever a closer look at the
explanation reveals logical problems in the underlying
framework, it is time for reconsideration. This can open
new avenues worthwhile to explore. The problem be-

came actualized for us when we observed that weak-
ened cyclicity in two northern vole populations
coincided with the invasion of an alien generalist preda-
tor – the American mink (Mustela �ison) (Henttonen et
al. 1987, Oksanen and Henttonen 1996, Ekerholm et al.
2001). In the light of the prevailing view that generalist
mammalian predators have a stabilizing functional re-
sponse (Andersson and Erlinge 1977, Erlinge et al.
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1983, Hanski et al. 1991, Turchin and Hanski 1997),
the causal connection seemed straightforward. If in-
creasing prevalence of generalists along the north-south
gradient accounted for the spatial pattern from clearly
cyclic to increasingly seasonal dynamics, then increas-
ing numbers of an invading alien generalist looked like
a natural candidate for explaining a corresponding
temporal change. When fitting the pieces from different
sources together, it seemed important to understand the
mechanism generating the stabilizing functional re-
sponse. This consideration led us to new questions and
yielded unexpected results. While preparing this paper,
P. Turchin (pers. comm.) pointed out another related
issue where the connection between predator-prey the-
ory and data is not so clear: the idea of multiple
equilibria in boreal wolf-moose systems (Messier 1994).
This idea was derived from the treatment of predators’
numerical response in a way which is inconsistent with
the operational definitions of predator-prey models.

Holling’s (1959a, b) seminal work has had a major
influence on studies of dynamics in boreal mammalian
systems. Holling’s work was, however, conducted be-
fore the development of modern optimal foraging the-
ory (OFT; see e.g. Stephens and Krebs 1986), and the
sufficiency of Holling’s typology in describing the func-
tional responses of optimal foragers is debatable
(Abrams 1982, 1987). Moreover, Holling used the con-
cept of numerical response when discussing the statisti-
cal connection between predator and prey numbers.
The numerical response thus defined lacks obvious
connection to predator-prey dynamics and is inconsis-
tent with the meaning of the concept in predator-prey
models, where numerical response of predators refers to
the relation between prey density (or the combined
density of prey and predators) and the rate of change of
the predator population, deriving from the conceptual
framework of Solomon (1949). The issue of numerical
response is even connected to the dichotomy between
the laissez-faire approach of Rosenzweig (1969, 1971,
1977), where predators are assumed to respond numeri-
cally to changes in predation success, related to abso-
lute prey density, and the stacked logistic model of
Leslie (1948) and May (1973), where the numerical
response of predators is assumed to depend on the
number of prey per predator. Both models can be
regarded as simplifications of a more general model,
which includes both prey dependence and direct density
dependence, but the simplifications included in the two
modeling approaches have very different consequences.

When pursuing the issues outlined above, we have
followed two lines: the classical functional response
approach, and an approach focusing on the conse-
quences of differences in searching efficiency and costs
of maintenance between small specialized predators,
and the larger ones, traditionally referred to as general-
ists. In the former approach, we start from the connec-
tion between functional response and OFT. The

scope of this part of the paper is not to propose new
theoretical results but to re-evaluate the findings of
OFT and to connect them to the specific issues outlined
above (for formal analyses, see Murdoch and Oaten
1975, Abrams 1982, 1987, Krivan 1996). Thereafter, we
will proceed by studying different ways how the gener-
alist-specialist dimension can influence stability of
predator-prey systems with folivorous mammals as
prey, and whether and how the outcome can be influ-
enced by density-dependent numerical response of
predators. In the final sections, we will apply the results
thus obtained to the empirical issues outlined above:
whether and how the generalist-specialist dimension
could account for the spatial and temporal patterns in
dynamics of small, folivorous mammals and their
predators and whether the concept of multiple stable
states in large boreal predators and their prey is reason-
able, given the available data and the generally ac-
cepted theoretical results. We will conclude by
summarizing the expected patterns arising from the
analyses.

Optimality, empiricism and Holling’s
typology of functional responses

Holling’s typology and its applications to
mammalian systems

When discussing the rate at which one predator kills
prey, we usually rely on the three functional response
types defined by Holling (1959a, b). The logic for the
type I functional response was straightforward, and
type II (Holling’s famous disc equation) was mechanis-
tically derived by considering the impacts of handling
time. Unfortunately, no corresponding deduction of the
type III functional response from type II was presented.
Holling’s biological motivation for the supposed preva-
lence of the type III functional responses in vertebrate
predators is based on search image formation, although
he used the term ‘stimulus’, as the term ‘search image’
had not yet been established in English language litera-
ture. A phenomenological mathematical model for the
type III functional response was proposed by Murdoch
and Oaten (1975). Even they regarded it as possible
that search image formation could account for a type
III functional response.

In a seminal paper, Andersson and Erlinge (1977)
built on the studies of Holling (1959a, b) and a study
by Ryszkowski and coworkers (1971) on e.g fox (Vulpes
�ulpes) and marten (Martes foina) and proposed that
search image formation and/or switching to alternative
prey is typical for mammalian and avian predators with
a broad prey spectrum, referred to as generalists.
Conversely, a type II functional response was proposed
to be typical for specialized mammalian and
avian predators. However, the proposition was not
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deduced from a mechanistic analysis of the conse-
quences of specialized and generalized feeding on func-
tional response. The idea of Andersson and Erlinge was
further developed by Hansson and Henttonen (1985),
who argued that the importance of generalists decreases
along the gradient from temperate to truly boreal areas,
due to the lower abundance of alternative prey and the
negative impact of deep snow on the searching effi-
ciency of generalists.

Due to the fundamental importance of these argu-
ments for analyses of stability conditions in northern
systems with folivorous mammals as prey (summarized
by Hanski et al. 2001), it is useful to derive the formula
for type III functional response by explicitly including
the consequences of search image formation and
switching to the logical framework provided by type II
functional response. The set of functional response
types thus obtained is presented below:

F(N)=aN (type I or linear), (1)

F(N)=
aN

1+ahN
(type II or Holling’s disc equation)

(2)
and

F(N)=
p(N)aN

1+p(N)ah(N)
(type III or sigmoid) (3)

where N stands for density of (primary) prey, F(N) is
the number of prey killed by predator per time unit, a
is maximum searching efficiency of the predator, h is
handling time per prey, 1/h is the asymptote of type II
and III functional response curves. The impacts of
switching and search image formation are incorporated
in the function p(N), obtaining values between 0 and 1
and thus representing the fraction of the maximal
searching efficiency which the predator achieves at a
given density of its primary prey. In order to yield the
characteristic, sigmoid (type III) functional response,
p(N) must obtain very low values at low densities of
primary prey. At moderate primary prey densities, the
function must be increasingly accelerating so that it
overrides the impacts of increasing handling time and
makes the F(N) function downwards convex. The argu-
ments for and against the type III functional responses
in generalists thus boil down to the question whether
these properties are evolutionarily and empirically plau-
sible consequences of generalized feeding habits.

Switching between prey types sharing the same
habitat

According to OFT, predators should always attack the
most profitable primary prey, no matter how low its
abundance is. Alternative prey should be taken when

encountered, as long as the density of the preferred
prey is below a threshold. When the threshold is sur-
passed, the alternative prey should be ignored. The
consequences of this ‘zero-one rule’ on functional re-
sponse were studied by Abrams (1987; see also Persson
and Diehl 1990), but the dramatic and unconventional
functional response curves indicated by his graphs are
derived from rather extreme parameter values. To clar-
ify the situation, let us thus start by considering two
suboptimally foraging predators: naive specialists,
which always prey on primary prey only, and naive
generalists, which always take both primary and alter-
native prey. In the former case, the functional response
will follow eq. (2), and the gain rate will increase with
increasing density of primary prey as shown by the
solid line in Fig. 1A. In the latter case, functional
response on the primary prey follows

Fig. 1. Functional response of a generalist predator with
primary and alternative prey in the same habitat to the density
of its primary prey (N), assuming that the predator acts as a
generalist (F1(N), dotted line), the predator acts as a specialist
(F2(N), dashed line) and assuming semi-optimal behavior (at-
tempt to forage optimally, slightly compromised by the need
of sampling, Fopt(N), solid line). Ncrit represents the density of
the primary prey where a perfectly optimal forager should
switch from behaving as a generalist to behaving as a special-
ist. The white part of the N-axis represents the range of
densities of primary prey where a functional response of
semi-optimal forager is stabilizing. The functional response of
a perfectly optimal forager is always destabilizing.
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F(N)=
aN

1+ahN+��A
(4)

where A is the density of the alternative resource, � is
the searching efficiency of the predator for this resource
and � is the per item handling time of the alternative
resource. Eq. (4) generates a type II functional response
curve, but with lower slope. Even the gain rate curve
(dashed line in Fig. 1A) has lower slope, but it starts
above the origin, due to the energy provided by the
alternative resource. As for the functional response
curves (Fig. 1B), it is useful to let N�� in eqs (2) and
(4). We see that both curves share the same asymptote
(1/h) and diverge only at moderate densities of primary
prey. The dramatic divergence indicated by the graphs
of Abrams (1987: Fig. 1) and Persson and Diehl (1990:
Fig. 4) requires that the alternative prey is very abun-
dant and very slow to handle, which is hardly a com-
mon situation in mammal-based predator-prey systems.

According to OFT, the less profitable prey is
dropped when

�
�

�
k

h+
1

aN

(5)

where � and k are the energetic values of the less and
more profitable prey, respectively, the other parameters
defined as in eqs (1)– (4). The ratio 1/(aN) represents
the expected search time for the more profitable prey.
Let us denote the switching threshold, at which �/�=
k/(h+1/(aN)), as Ncrit1. A perfectly optimally foraging
predator should switch from behaving in accordance
with eq. (4) to behaving in accordance with eq. (2) at
N=Ncrit1. Its functional response curve should thus be
discontinuous, consisting of two pieces of the type II
functional response with different slopes. As pointed
out by Abrams (1987), predators must periodically
sample the consequences of both behaviors when the
density of the more profitable prey is close to Ncrit1.
Consequently, the ‘jump’ from eq. (2) to eq. (4) will in
reality be replaced by a short, sigmoid section. Provided
that the alternative prey are relatively abundant, their
handling time is long, and Ncrit1 lies at moderate prey
densities where the gap between the curves defined by
eqs (2) and (4) is at its widest, the sigmoid section of the
functional response curve of sampling optimal foragers
can be empirically detectable (Fig. 1B). In other situa-
tions, the curve will be practically indistinguishable
from the type II functional response. Even if a de-
tectable sigmoid section existed, it covers such a short
interval of the prey axis that the likelihood for the
predator-prey equilibrium to lie in this range of prey
densities must be regarded as small. Provided that
switching is not accompanied by habitat change (see
below), the type II functional response is thus a reason-
able starting assumption in near equilibrium analyses of
generalist dominated predator-prey systems.

Fig. 2. Functional response of a generalist predator with
primary and alternative prey in different habitats to the den-
sity of its primary prey (N), assuming that the predator
forages in the habitat of the primary prey (F1(N), dashed line)
and assuming semi-optimal foraging (optimality slightly com-
promised by sampling, Fopt(N), solid line). Ncrit2 represents the
density of the primary prey where a perfectly optimal forager
should switch between the two habitats. The white part of the
N-axis represents the range of densities of primary prey where
the functional response of semi-optimal foragers is stabilizing,
provided a donor-controlled interaction with alternative prey.
If the interaction with the alternative prey is dynamical, func-
tional response cannot be defined without explicit consider-
ation of densities of both prey.

Switching between alternative prey in different
habitats

If primary and alternative prey inhabit different habi-
tats, the classical zero-one rule does not apply. For an
optimally foraging predator, the criterion for choosing
the habitat of primary prey should instead follow the
rule

k

1
aN

+h

�
�

1
�A

+�
. (6)

In systems of this kind, p(N) of eq. (3) can be inter-
preted as the fraction of total searching time spent by
the predator in the habitat of the primary prey. If
inequality (6) holds, then p(N)=1 for an optimal for-
ager. If the inequality is reversed, the predator should
choose the habitat of the alternative prey, which yields
p(N)=0. The functional response of a perfect opti-
mizer should jump abruptly from the prey axis to a
curve generated by Holling’s disc equation when the
two sides of inequality (6) are equal. Let us denote the
density of primary prey at which both habitats are
equally profitable as Ncrit2. In reality, again, the need
for sampling should make the curve sigmoid in the
neighborhood of Ncrit2. The curve thus generated re-
sembles Holling’s type III (Fig. 2).

Notice, however, that predictable reaction to changes
in the density of primary prey requires that the right
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hand side of inequality (6) consists of constants only.
Either the density of the alternative prey must be
constant (and independent of predation) or movements
between the habitats must be costly enough to prevent
sampling and to force the predator to choose in accor-
dance with expectations, based on past experience. If
neither of these conditions is satisfied, the switching
threshold varies in accordance with the density of the
alternative prey, and functional response cannot be
defined without knowledge of the density of the alterna-
tive prey. Obviously, such a functional response will be
synchronizing but it cannot have stabilizing properties
(Krivan 1996).

Empirical evidence for type III functional
response

In discussions on the functional response of generalist
predators, much attention has been paid to the classical
studies reviewed by Murdoch and Oaten (1975), but
citations have often been inaccurate. To repeat the
main point, they regarded the empirical evidence for
switching and search image formation as ambiguous.
This conclusion was reached after reanalyzing the stud-
ies of Holling (1959a, b), Tinbergen (1960), and Mook
et al. (1960), which dealt with visually hunting preda-
tors, exploiting passive or sluggish prey (resting moths,
folivorous larvae, pupae, snails) – i.e. with situations
where a search image is maximally likely to count.
Moreover, Murdoch and Oaten reviewed in detail the
nine experimental studies where predators had access to
two different prey types. In five cases, Murdoch and
Oaten did not find any evidence against the null hy-
pothesis that differences in capture rates passively
reflected differences in abundances of different prey
types. In two cases, where different prey types occurred
in different patches or habitats, Murdoch and Oaten
found evidence for sigmoid (type III) functional re-
sponse. Only in two studies, evidence for switching
between coexisting prey was found. The results of these
studies are reproduced in Fig. 3. In one of these (Fig.
3A), evidence for switching is weak. In the other case
(Fig. 3B), switching occurs, but in a way more consis-
tent with the zero-one rule of OFT (Stephens and
Krebs 1986) than with a sigmoid (type III) functional
response.

The results of Holling’s (1959b) classical Peromyscus
experiments are often cited as support for a sigmoid
functional response in generalists. These experiments
are presented by Holling replicate by replicate, which
makes the detection of patterns difficult. We thus com-
puted averages and standard errors for each density of
primary prey. The results are reproduced in Fig. 4. The
magnitude of switching is illustrated by the lines with
the shallowest and steepest slope connecting some of
the data points in the rising section of the functional

response curve to the origin. Switching trajectories sug-
gested by the data are presented as dashed lines. Even
in these cases, switching amounts to specialization on
the primary prey when its density is high, as predicted
by the zero-one rule of OFT. Primary prey are detected
even when rare. A seemingly more convincing case,
reproduced even in textbooks, is provided by Holling’s
(1959b) estimate of the relationship between the density
of pupae and numbers consumed by Peromyscus and

Fig. 3. Relation between the frequency of the focal prey in the
prey community and the frequency at which the focal prey was
attacked in the two experiments where Murdoch and Oaten
(1975) found evidence for switching between co-occurring
alternative prey types. A: Quails foraging on red pastry pieces
in a habitat where red and blue pieces with identical quality
were intermingled. B: Stentor preying on Euglena in a medium
with both Euglena and Chlamydomonas (a less preferred uni-
cellular alga).
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Fig. 4. Functional responses of Peromyscus on their preferred
prey (cocoons) and alternative food items (dog biscuits in A,
sunflower seeds in B.) in the classical experiments of Holling
(1959b). The data are presented as averages and standard
errors of the replicate runs. The slopes of the lines joining the
extreme data points to the origin represent the lowest and
highest attack rates (sensu Holt 1977) on the preferred prey.
The dashed line represents the switching trajectory indicated
by the data.

(2000). These data indicate a type II functional re-
sponse. The collective functional response of a general-
ist dominated predator guild in a temperate old field
system (Erlinge et al. 1983) was analyzed by Turchin
and Hanski (1997), who found evidence for the type III
functional response. As no comparison to the type II
functional response was presented, we reanalyzed the
data set, using both Holling’s disc equation and a
sigmoid function with the same number of estimated
parameters. The sigmoid function performed better
(R2=0.822) than Holling’s disc equation (R2=0.738),
supporting the conclusions of Turchin and Hanski. The
primary data (Erlinge et al. 1983) indicate that the
sigmoid features are primarily a consequence of the
tendency of wintering raptors to leave the area when
vole numbers drop below a threshold, i.e. the source
seems to be large-scale habitat change in mobile
predators.

Integrating the generalist-specialist dimension
to predator-prey dynamics

Laissez-faire or stacked logistic model?

In analyses of northern predator-prey systems two ap-
proaches have been frequently applied. Some authors
(e.g. Andersson and Erlinge 1977, Oksanen 1990, Ok-
sanen and Oksanen 2000) apply Rosenzweig’s (1969,
1971, 1977) laissez-faire approach or its modifications,
but in the context of small mammals, most analyses
(e.g. Hanski et al. 1991, 1993, Hanski and Henttonen
1996, Hanski and Korpimäki 1995, Turchin and Han-
ski 1997) have been performed using the stacked logis-
tic predator-prey model, developed by Leslie (1948) and
May (1973). These two approaches appear to be
derived from very different logical foundations. It is
thus instructive to start with a model generalized
enough to embrace both approaches as special cases.

Let us thus assume that the dynamics of prey (N)
and predators (C) are governed by

dN

dt
=rNg(N)−af(N)NC (7)

and

dC

dt
= −mC+kaf(N)NC−

iC2

1+ tN
(8)

where r is the intrinsic per capita growth rate of the
prey, g(N) stands for the density dependence in prey
population growth, a is the searching efficiency of the
predator, and f(N) represents the relation between prey
density and predators’ motivation and ability to search
for new prey. With the above definitions, functional
response has thus the general form F(N)=af(N)N

Sorex. In this data set, data points come partially from
different field systems, which confounds the interpreta-
tion. Moreover, problems with estimating densities of
Sorex create a degree of circularity in the work (see
Holling 1959b: 299), and the curves are sensitive to
non-linearities in the density index for small mammals.
Holling’s (1959b: 304) own conclusion is as follows:
‘‘Unfortunately, the data for any one functional re-
sponse curve are not complete enough to establish a
sigmoid relation’’. We agree.

In the studies cited by Andersson and Erlinge (1977)
as evidence for type III functional response in general-
ists, we found no evidence against the null hypothesis
that the observed diet changes passively reflect chang-
ing abundances of different prey types. The same con-
clusion emerges also from newer studies dealing with
the same systems (Lindström 1989, 1992, 1994). Data
on functional responses of two temperate generalists –
tawny owl and pine marten – (Zalewski et al. 1995,
Jêdrzejewski et al. 1996, Jêdrzejewska and Jêdrzejewski
1998), have been recently analyzed in Oksanen et al.
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while af(N) is the attack rate sensu Holt (1977). The
parameter m represents the energetic costs of mainte-
nance of predators and their per capita death rates in
the absence of resources, and the parameter k is the
efficiency with which predators convert captured prey
to energy for maintenance and reproduction. The
parameter i stands for the maximum strength of direct,
negative interactions between predators at infinitely low
prey densities, and the parameter t represents the ame-
liorating impact of increasing prey density on these
negative interactions.

The prey eq. (7) applies to all model types. The pure
laissez-faire predator equation is obtained by setting
i=0 in eq. (8). Classical models with stereotypic self-
limitation in predators can be obtained by setting i�0
and t=0. To obtain the predator equation of the
stacked logistic model, we can first denote (kaf(N)N−
m)=�(N). Substituting this (8) and after some rear-
rangements, we obtain

dC

dt
=�(N)C

�
1−

C

(�(N)/i )(1+ tN)
�

. (9)

Assuming that predators are reproducing at full capac-
ity and their recruitment is limited by the availability of
vacant territories, we can set �(N)��, where � repre-
sents the maximum per capita growth rate of the preda-
tor population. Substituting this (9) we obtain

dC

dt
=�C

�
1−

C

(�/i )(1+ tN)
�

(10)

which is a slightly modified version of the predator
equation in the stacked logistic model, where the
product (�/i )(1+ tN) stands for the carrying capacity.
The ratio �/i in the density-dependent term is a scaling
factor. The only real difference as compared to the
stacked logistic model in its classical form is the con-
stant 1 in the denominator of the density-dependent
term, which we included for the sake of flexibility and
in order to remove a pathological feature of the classi-
cal model, where direct negative interactions are tacitly
assumed to become infinitely strong when prey density
approaches zero. The other pathological feature – that
predators keep on reproducing at their maximal per
capita rate even when prey density is low and that
losses are entirely due to negative interactions between
predators – has been removed in later versions of the
model by assuming that there is a fixed threshold prey
density below which no growth of the predator popula-
tion can occur (Hanski and Korpimäki 1995, Hanski
and Henttonen 1996, Turchin and Hanski 1997).

The choice between the two model types can be made
with three different criteria. One possible goal is to be
maximally realistic. If this is attempted, one should first
ask whether direct density dependence among predators
is significant and whether absolute prey densities are

periodically so low that predators have problems find-
ing enough food to reproduce and to support them-
selves. A negative answer to the first question makes
the laissez-faire approach uncontroversial, while a neg-
ative answer to the second one implies that the premises
of the stacked logistic model are fulfilled. If the answer
to both questions is affirmative, the use of eq. (8)
without short cuts is to be preferred. Second, the scope
of the work may be to find necessary and sufficient
conditions for limit cycles. Then, there is a point in
using both model types in concert. The direct density
dependence embedded in the stacked logistic model is
stabilizing, whereas the total absence of direct density
dependence in the laissez-faire model makes it maxi-
mally prone to create cyclic dynamics (Rosenzweig and
MacArthur 1963, Tanner 1975). Thus, use of the lais-
sez-faire model gives necessary conditions for cycles,
whereas sufficient conditions can be derived from the
stacked logistic model. Our scope in this paper is to
study the impact of functional response and parameter
values on stability conditions. In this context, the lais-
sez-faire approach has clear advantages because the
growth rate of the predator population is explicitly
derived from the balance between the energy yielded by
predation and the energetic costs of maintenance.
Hence, the model allows us to study the dynamical
consequences of changes in parameters influencing this
balance. This is not possible in the stacked logistic
model, due to the absence of a mechanistic connection
between predation, energetic costs of living, and the
numerical dynamics of predators.

Stabilizing and destabilizing aspects of functional
response

As pointed out by Murdoch and Oaten (1975; see also
Murdoch 1977); the intuitively derived statement that
the type III functional response is stabilizing up to the
inflection point of the curve is too restrictive. We will
repeat their findings by connecting the issue to a maxi-
mally simple version of the laissez-faire model, where
g(N)�1, i.e. the population growth of the prey in the
absence of predation is exponential. Prey isocline thus
follows

C=
r

af(N)
. (11)

From eq. (11) we see that the slope of the prey isocline
is negative if and only if f(N) is an increasing function
of N, i.e. if f �(N)�0. Recall that F(N)=af(N)N.
Thus, f(N)=F(N)/aN, and its first derivative f �(N)=
F �(N)/aN−F(N)/(aN2). Consequently, the criterion for
a stabilizing functional response can be written as
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f �(N)�0 � F �(N)�
F(N)

N
. (12)

Thus, a sufficient and necessary condition for a stabi-
lizing functional response is that the value of the
derivative of the functional response curve exceeds the
slope of the line drawn from the curve to the origin
(Murdoch and Oaten 1975, Murdoch 1977). This
criterion is thus even satisfied in the beginning of the
upward convex parts of the curve, as illustrated by
the white parts of the prey axis in Figs 1 and 2. The
difference between the inflection point and the crite-
rion (eq. 12) is especially pronounced if the functional
response curve rises sharply from a very low level.
Then, functional response can be stabilizing up to the
vicinity of the asymptote. Switching between prey in
different habitats (Fig. 2) can thus be strongly stabi-
lizing, provided that the relatively restrictive condi-
tions for a constant threshold density, discussed
above, are satisfied.

Stability consequences of the specialist-generalist
dimension mediated via searching efficiency (a),
and energetic costs of maintenance (m)

As compared to specialists, generalists can be ex-
pected to have lower searching efficiency (a) by the
principle that ‘jack of all trades is master of none’.
Moreover, a specialist need not be bigger than re-
quired for risk-free handling of primary prey, whereas
generalists must be capable of handling other prey
types, too, which often requires larger body size.
Hence generalists are likely to have higher metabolic
costs of maintenance (m) than specialists. Because the
impacts of these parameters on stability are created
via interaction with density dependence in prey, we
now relax the assumption of exponential prey growth
and assume that g(0)=1, g(N) is a decreasing func-
tion of prey density and there is a K�0 such as
g(K)=0 (e.g. the logistic function, where g(N)=1−
N/K, satisfies these criteria). The impact of searching
efficiency is easiest to tackle, if we assume logistic
density dependence in prey and type II functional re-
sponse in predators. Substituting this eq (7) and let-
ting dN/dt=0, we obtain the equation for prey
isocline as

C=
r

a
+
�

rh−
r

aK
�

V−
rh

K
V2. (13)

Eq. (13) thus creates the familiar, parabola-like prey
isocline (e.g. Rosenzweig 1969, 1971). Differentiating
eq. (13) and setting the first derivative equal to zero,
we see that the prey isocline has a ‘hump’ within the
biologically relevant part of the phase space with pos-
itive predator and prey densities, if

1
ah

�K. (14)

Thus, the very existence of a section of prey isocline
with positive slope is just as dependent on high search-
ing efficiency as it is dependent on long handling time
and high carrying capacity (see Rosenzweig 1973,
Gilpin 1975). The specific criterion presented above
depends on chosen forms of the functional response
and prey’s density dependence, but the principle can be
generalized. Even in the formula for the type III func-
tional response (eq. 3), handling time only appears in
the product ahN. So it must be, because before a
predator can start handling a prey, the prey must be
detected.

The impact of searching efficiency on the prey iso-
cline is easiest to illustrate by assuming pure laissez-
faire dynamics, i.e. setting i=0 in eq. (8). The equation
for predator isocline for the general case thus becomes

V*=
m

ahf(V*)
(15)

and with the type II functional response it obtains the
form

V*=
m

a(k−mh)
. (16)

Whether or not we assume the type II functional re-
sponse, we thus find the searching efficiency in the
denominator of the equation for the predator isocline.
Hence, low searching efficiency has a dual stabilizing
impact. Besides reducing the likelihood that the prey
isocline has a ‘hump’, low searching efficiency is likely
to move the predator isocline to the right side of the
‘hump’ if one exists (Rosenzweig 1973). If the generalist
is larger than the specialist, its higher metabolic costs of
maintenance enhances this effect, because the parame-
ter m is in the numerator of the equation for the
predator isocline (eq. 10). Thus, even high costs of
maintenance are stabilizing. Notice that the stabilizing
impacts of low searching efficiency and high costs of
maintenance are maximal if the generalist has no alter-
native prey. Access to alternative prey creates an addi-
tional, positive term to eq. (8), which will appear as a
negative term in the numerator of eqs (15) and (16),
thus pulling the predator isocline to lower densities of
primary prey, which is destabilizing, provided that the
generalist has a destabilizing functional response (which
should normally be the case; see above). If, however,
cyclic dynamics are generated due to access to alterna-
tive prey, global stability of generalist dominated sys-
tems is still likely to be high, because specialization on
the primary prey during outbreaks tends to reduce the
amplitude of the limit cycle (Krivan 1996: Fig. 3C).
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We can thus conclude that the relative inefficiency of
generalists is a strongly stabilizing factor in predator-
prey interactions, especially so if no alternative prey
exist. The generalist can then break even only at rela-
tively high densities of primary prey, and within this
density range, the stabilizing impacts of density depen-
dence in prey are likely to be strong. In a world with
only competitive interactions between predators, such a
system could indeed be invaded by the specialist, which
would exclude the inefficient generalist. In the absence
of significant alternative resources, the dominance of
generalists is thus dependent on the existence of direct,
negative impacts of generalists on specialists.

Intraguild predation: a potential mechanism for
the persistence of inefficient generalists

An intriguing possibility for negative between-predator
interactions is provided by the ability and tendency of
generalists to prey upon the smaller specialists. The idea
that intraguild predation might play a central role in
small carnivores was proposed already by Rosenzweig
(1966), while an explicit connection between the limit-
ing impact of intraguild predation on small mammal
dynamics was proposed by Korpimäki and Norrdahl
(1989a, b) (see also Erlinge et al. 1983, Uttendörfer
1952: table on page 166). Moreover, the direct mortal-
ity imposed by intraguild predators probably underesti-
mates their dynamical impacts, because threat of
intraguild predation can influence habitat selection
(King and Moors 1979, Erlinge and Sandell 1988) and
lead to increased vigilance, thus reducing foraging effi-
ciency (Brown 1992).

Consequences of intraguild predation in laissez-faire
systems along productivity gradients were formally ana-
lyzed by Holt and Polis (1997). The only significant
limitation of their analysis in the present context is that
in the analysis of ‘the food chain alternative’ (with
explicit prey dynamics) type I functional response is
assumed. This approach excludes limit cycle dynamics
and implies unlimited reproductive potential in preda-
tors. The more recent analysis of Krivan (2000) is even
less suitable for our purposes, because it builds on the
premise that the top predator population is dimorphic,
consisting of obligate intraguild predators and individu-
als exploiting the primary prey, which is unrealistic for
systems with folivorous mammals as primary prey.
Thus, the arguments summarized below are primarily
derived from the analysis of Holt and Polis (1997),
qualified in response to our own analyses and computer
simulations of systems with saturating functional re-
sponses (M. Aunapuu, L. Oksanen, T. Oksanen, K.
Leonardsson, L. Persson and J. Löfgren unpubl.).

Assuming that specialists are more efficient in using
the focal primary prey, unproductive systems will either
have no predators at all or they will be specialist-domi-

nated. In the model of Holt and Polis (1997), enrich-
ment will always lead to invasion of generalists. With
further enrichments, generalists will always take over.
This result is, however, critically dependent on the
assumption of linear functional response and unlimited
capacity to convert captured prey to offspring. Assum-
ing saturating functional response or limited reproduc-
tive potential in specialists, the collective density of
primary prey and specialists will increase asymptoti-
cally. Moreover, if the specialist has a low conversion
efficiency of captured prey to own population growth
(as typical for small mammals), the contribution of the
specialists to the over-all resource basis of generalists
will remain marginal even in enriched systems. Instead
of deterministically allowing generalists to enter, enrich-
ment will lead to specialist-driven cycles. At some level
of productivity, enrichment will lead to the emergence
of an alternative, locally stable equilibrium point, where
generalists prevail and specialists are excluded. If gener-
alists have low searching efficiency as predators of
specialists, the domain of attraction of the specialist-
driven limit cycle is large and the system is likely to stay
there. Conversely, high searching efficiency of general-
ists on specialists implies that the system easily moves
to the domain of attraction of the generalist-primary
prey equilibrium, if a few generalists invade the system
during a primary prey peak.

Numerical response in large predators and
the existence of multiple equilibria

For large specialist predators, such as wolves (Canis
lupus), with strong tendency for between-pack territori-
ality (Mech 1966, Peterson and Page 1983, Messier
1994) direct density dependence can both stabilize the
system and influence equilibrium densities of the prey.
Messier (1994) argued that in these systems, density
dependence in predators can be strong enough to shift
the equilibrium to the vicinity of prey’s carrying capac-
ity or to create two stable, alternative equilibria-one
where predators regulate the prey at a density well
below carrying capacity, and one where prey is close to
carrying capacity. If these two equilibria exist, there
must even be a saddle point between them. The term
‘predator pit’ was introduced as a shorthand for the
range of prey densities between the lower equilibrium
and the saddle point, because in this density range, prey
tends to ‘fall down’ towards the lower equilibrium.

The logic of the statement can be checked by substi-
tuting the equation for the type II functional response
(eq. 3, see Messier 1994) to the generalized predator
equation (eq. 8) and setting t=0 (to match the assump-
tion of stereotypic density dependence). With these
premises the equation for the predator isocline will be
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C=
a(k−mh)N−m

i(1+ahN)
. (17)

As N is in the same degree in denominator and numer-
ator, the isocline thus created has a horizontal asymp-
tote. With appropriate parameter values, we can
produce a low density equilibrium (Fig. 5A), or a high
density equilibrium (Fig. 5B). In order to get two
alternative equilibria, we must choose a model structure
where dynamics approximately follow the laissez-faire
model at low and moderate predator densities, but
higher up, there is ‘ceiling’, created by rigid territorial-
ity (Fig. 5C). Even with this structure, we face the
problem of local stability of the low density equi-

librium. This can be solved by assuming type III func-
tional response or a relative prey refugium (the dashed
prey isocline in Fig. 5C). However, the result thus
obtained is so dependent on a special model structure
and a delicate balance between parameter values that
the realism of the predator pit conjecture is debatable.

Speculative empirical connections –
reshuffling pieces of empirical evidence

Outlines of the issues to be considered

The desire to understand mechanisms behind popula-
tion cycles of northern small mammals has served as a
continuous source of inspiration both for empirical
surveys, experiments and theoretical analyses (Hansson
and Henttonen 1985, Norrdahl 1995, Korpimäki and
Krebs 1996, Stenseth 1999a). In systems where popula-
tion densities vary with orders of magnitude, we should
be able to see the action of feed-back mechanisms in a
much more dramatic and obvious way than in systems
where densities hover in the vicinity of the equilibrium.
Moreover, the reasons why regulatory mechanisms
sometimes lead to a stable equilibrium and sometimes
to cyclic dynamics are intimately connected to the
nature of the regulatory mechanisms. Thus, a thorough
understanding of the mechanisms behind the bifurca-
tion between limit cycles and stable dynamics is at this
very moment one of the big issues in ecology (Turchin
2001). The other issue frequently discussed in the con-
text of northern ecosystems is the eventual existence of
multiple attractors. Even this issue is of profound theo-
retical significance, because the existence of multiple
attractors would mean that two systems, described with
an identical set of differential equations, might never-
theless display very different dynamics. We will thus
focus on these two issues in the empirical section of the
paper.

Relation to dynamics of small, folivorous
mammals in northern Europe

Hansson and Henttonen (1985) and Hanski et al.
(1991) pointed out that in northern Europe, the south-
ern limit for winters with long-lasting, thick snow
cover, coincides with the southern limit for genuine
microtine cycles. Moreover, the change in environment
and in rodent dynamics is associated with the transition
between the boreal, specialist-dominated predator guild
and the temperate, generalist-dominated one. Accord-
ing to their view, generalists with their supposedly
stabilizing functional response were limited to low den-
sity in boreal areas because of the scantiness of alterna-
tive prey and because the deep snow reduced their
efficiency as predators of microtines. Many facts con-

Fig. 5. Possible isoclines for wolf-moose systems with self-lim-
itation in wolves. With weak or moderate degree of self-limita-
tion in wolves (A), the equilibrium densities of moose are
primarily controlled by predation. With strong self-limitation
in wolves (B), moose are primarily resource-limited at equi-
librium. The emergence of two alternative equilibria, separated
by a saddle point (C) requires that wolves display almost pure
laissez-faire dynamics at low densities and have a upper den-
sity limit, caused by strict density dependence. To be locally
stable, the low density alternative must occur within the
density range where moose have a relative refugium or wolves
have a stabilizing functional response.
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form to this interpretation. The boreal and low arctic
cycles cover all habitats and have wide geographical
and interspecific synchrony (Oksanen and Oksanen
1981, 1992, Henttonen et al. 1987, Oksanen 1990, Han-
ski et al. 1991, 1993, Hörnfeldt 1994, Norrdahl 1995).
Small mustelids (the least weasel, Mustela ni�alis, being
more specialist compared to the stoat, M. erminea, and
thus normally the key specialist; see Erlinge 1975, 1981,
Jêdrzejewska and Jêdrzejewski 1989, Korpimäki et al.
1991) seem to be the key interactive predators, and
Microtus voles with their ability to build dense local
populations seem to be the pivotal prey (Oksanen and
Oksanen 1981, Henttonen 1987, Henttonen et al. 1987,
Hanski et al. 1991, 1993, Korpimäki et al. 1991, Ok-
sanen et al. 1992, Korpimäki and Norrdahl 1998, Kle-
mola et al. 2000a, b).

Pronounced and apparently cyclic fluctuations of mi-
crotine rodents have, however, even been documented
in temperate systems (Schindler 1972, Birney et al.
1976, Tapper 1979, Taitt and Krebs 1985, Jêdrzejewski
and Jêdrzejewska, 1996, Dyczkowski and Yalden 1998,
Lambin et al. 1998, 2000). Moreover, idiosyncrasies of
geography appear to sharpen the famous Fennoscan-
dian gradient from violently cyclic to pronouncedly
stable vole populations. A central source for a stabiliz-
ing guild-level functional response of predators in
southernmost Sweden is provided by wintering raptors,
which move across the Danish straits when microtine
densities on the Swedish side have been reduced below
a threshold value (Erlinge et al. 1983). The funnel-like
shape of southern Sweden is likely to contribute to the
high numbers of wintering raptors, and water barriers
between Sweden and continental Europe create a situa-
tion, where the decision whether to stay or to move on
must be based on a comparison between ambient gain
rates in Sweden and expected gain rates on the conti-
nent. In our theoretical analysis, this was found to be
one of the few mechanisms creating genuinely type III
functional response in optimally foraging predators;
this interpretation is supported by the data of Erlinge et
al. (1983; see also Turchin and Hanski 1997). Even the
details of the Fennoscandian gradient do not quite
coincide with the supposed role of alternative prey. The
transition from stable to cyclic dynamics in Fennoscan-
dia takes place approximately at the so-called Limes
Norrlandicus, where winters start to be snowy and last
for several months (Hansson and Henttonen 1985,
Hansson 1987), whereas the distribution limit of the
rabbit, which, according to Erlinge et al. (1984) is the
dominating alternative prey for predators of microtine
rodents in southern Sweden, is at considerably lower
latitudes (Siivonen 1975).

The general but imperfect trend from cyclic to rela-
tively stable rodent dynamics along the gradient from
northern to temperate Europe is consistent with the
assumption that the primary role of generalists is to act
as intraguild predators, thus marginalizing the role of

the efficient specialists. During the largely snow-free
temperate winters, small mustelids are exposed to pre-
dation by mammalian generalist predators, raptors and
owls (Latham 1952, Uttendörfer 1952, Hamilton 1959,
Cuthbert 1979, Chanin and Linn 1980, Chanin 1981,
Korpimäki and Norrdahl 1989a, b). Thus, avian preda-
tors and larger predatory mammals take over and small
mustelids become restricted to rare subhabitats with
exceptionally good cover (e.g. stone fences, ditches; see
Erlinge 1974, 1977). Avian predators and larger mam-
malian predators depend on exposed prey and are
unable to enter vole holes. Moreover, larger predatory
mammals weigh about 1–15 kg, i.e. one to two orders
of magnitude more than small mustelids (Siivonen
1975, Erlinge et al. 1983, Görner and Hackethal 1988).
Under these conditions, the lower searching efficiency
and higher costs of maintenance of generalists may
provide a sufficient stabilizing factor for predator-vole
dynamics. In habitats with exceptionally good cover in
the form of dense vegetation, small mustelids can pre-
vail, generating local population cycles.

As for the mechanism behind the boreal and low
arctic cycles, there is an apparent discrepancy between
the advocates of Rosenzweig’s (1971) laissez-faire ap-
proach (Oksanen 1990, Oksanen et al. 2000) and col-
leagues using the stacked logistic model (Hanski et al.
1991, 1993, Turchin and Hanski 1997). To some extent,
the discrepancy is real. To our understanding, the
premises of the stacked logistic model (strict territorial-
ity in predators, prey easy to find) do not quite match
with the biology of weasels and stoats. Even with
relatively high vole densities in early winters, successful
pursuits are normally separated by long stretches of
searching tracks (own, unpublished data). Moreover,
small mustelids have normally broadly overlapping
home ranges, territoriality being restricted to mutual
avoidance between reproducing females and to male-
male competition for mates (Erlinge 1974, 1977, King
1975, 1989, Henttonen et al. 1987, Oksanen et al. 1992,
1997, Oksanen and Henttonen 1996, and unpublished
data). True territoriality between females is only ob-
served at very high population densities (Lockie 1966).

When the two modeling approaches are modified to
embrace the consequences of the above empirical evi-
dence, the difference between them decreases. The abso-
lute prey density threshold for predator reproduction,
incorporated in modern works based on the stacked
logistic model tradition, creates a vertical segment to
the predator isocline (Fig. 6A), which corresponds to
the vertical predator isocline of laissez-faire models.
Conversely, it is reasonable to assume direct density
dependence at high specialist densities. Even the direct
and indirect impacts of intraguild predation, which is
common even in northern areas during the peak phase
of the cycle (Korpimäki and Norrdahl 1989b); could be
incorporated in the specialist equation as a negative
higher order term, if the larger predators are not explic-
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Fig. 6. Predator and prey isoclines and outlines of limit cycles
in specialist-dominated northern small mammal system ac-
cording to the modified stacked logistic model, with absolute
prey density threshold for predator reproduction (A) and
according to a modified laissez-faire model, including direct
density dependence in predators at high densities (B).

results obtained in the model part (that cyclic dynamics
are generated when the efficient specialists are protected
against intraguild predation), and the observation dis-
cussed above (that the occurrence of boreal population
cycles is restricted in areas with thick, long-lasting snow
cover), we can infer that the cycles should be found in
systems where specialists can take maximal advantage
of snow conditions. In this respect, the two continents
are quite different. In northern Eurasia, the western
coast has only low mountains, and Atlantic warm
fronts penetrate deep into the continent, being the main
source of winter precipitation. Consequently, snowfall
is normally associated with rising temperatures. Recur-
rent melting of the top snow creates the typical Eu-
ropean ‘ski snows’ with several crusty layers embedded
in the snow pack. Snow of this kind provides excellent
protection for weasels against larger predators. In
North America, the impact of corresponding Pacific
warm fronts is restricted to the western mountains,
where weasel-vole cycles do occur (Fitzgerald 1977). In
the rest of the continent, winter precipitation is primar-
ily generated when arctic cold fronts meet moisture-
laden Atlantic and Caribbean air masses. Thus,
snowfall is normally associated with sinking tempera-
tures, creating the deep, powdery ‘snowshoe snow’ typ-
ical for North America east of the Rockies. This kind
of snow can be penetrated by owls (Mebs and
Scherzinger 2000) and provides thus little protection for
weasels. On the other hand, deep powder snow effi-
ciently protects the light-footed lynxes (Lynx canaden-
sis) against predation by wolves (Canis lupus). Thus,
the release of lynxes from intraguild predation may
account for the North American hare-lynx cycles. Con-
sistent with our interpretation, patterns in spatial syn-
chrony of the hare-lynx cycle correspond to climatic
regions (Stenseth 1999b), which correlate with snow
quality.

The American mink: possible impacts of a boreal
generalist on stability

In spite of similar snow conditions, there is a clear
difference between the classical microtine cycles of
Fennoscandia, which were synchronous over enormous
areas (Hanski et al. 1993) and strong enough to spread
to Clethrionomys-dominated habitats where local dy-
namics would probably have created a stable equi-
librium (Henttonen 1987, Hanski and Henttonen 1996,
Oksanen et al. 1999, 2000), and the more local cycles on
the western mountains of North America (Fitzgerald
1977). A difference in the predator guild may account
for this contrast. The North American predator guild
includes a fairly abundant generalist, the American
mink, capable of switching between terrestrial and
aquatic prey (Cahalane 1947, Chanin and Linn 1980,
Pulliainen 1984, Niemimaa and Pokki 1990), but prob-

itly included in the model. With these sources of density
dependence included in the predator equation, the
predator isocline will get a positive slope at high preda-
tor densities (Fig. 6B), although we do not yet have
enough empirical evidence to firmly conclude whether
this positive slope exists at biologically relevant preda-
tor densities. If it does, then the difference between
models derived from the two approaches is quantitative
rather than qualitative, the modified laissez-faire model
implying cycles with higher amplitude than the
modified stacked logistic model.

The case of boreal North America and the impact
of snow quality

A striking feature in cross-Atlantic comparisons, as
pointed out by Hansson and Henttonen (1985), is that
while voles are cyclic in boreal Europe, boreal North
America is characterized by cyclic populations of snow-
shoe hares (Lepus americanus) (Krebs et al. 1992). Even
these cycles give way to relative stability at the boreal-
temperate interface (Buehler and Keith 1982). From the
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ably unable to significantly influence densities of
aquatic prey, due to the refugia provided by larger
bodies of water. Just such a situation, where the preda-
tor has alternative prey in another system and the
interaction there is donor-controlled, was found to be
maximally likely to create a stabilizing, type III func-
tional response. Moreover, minks prey upon smaller
mustelids (Hamilton 1959, Cuthbert 1979, Chanin and
Linn 1980, Chanin 1981). Their impact is thus stabiliz-
ing in two ways, and this should be felt especially
strongly in northern areas without large agricultural
habitats, because the natural habitats of Microtus spp.
normally occur as narrow strands along creeks, which
should make the pivotal weasel-Microtus subsystem
(Henttonen 1987, Hanski and Henttonen 1996) vulnera-
ble to the impact of minks.

The recent changes in the dynamics of North
Fennoscandian vole populations (Hanski et al. 1993)
are consistent with this interpretation. In our study area
in northernmost Norway, tracks of the American mink
were first observed in 1984, and by 1990, mink had
become a major component of the mustelid guild (Bev-
anger and A� lbu 1986, Oksanen and Oksanen 1992,
Bevanger and Henriksen 1995, Oksanen et al. 1997, and
unpubl.). Since 1991, vole dynamics have been much
more seasonal than before, and a clear cycle has only
prevailed in an area with exceptionally large chunks of
Microtus habitat, not associated with running water
(Oksanen et al. 1999, Ekerholm et al. 2001). In the
outbacks of Finnish Lapland, the invasion of the mink
occurred about a decade earlier (Kauhala 1996), so did
the change to more seasonal dynamics in Clethrionomys
habitats (Henttonen et al. 1987, Oksanen and Hent-
tonen 1996, Prévot-Julliard et al. 1999). At Pallasjärvi,
we recorded widespread mink activity in 1982–1983,
when the change was going on (Oksanen and Hent-
tonen 1996, T. Oksanen, unpubl.). Hanski and Hent-
tonen (1996) explained the change in vole dynamics as
a consequence of the tension between the upland sub-
system, where the more generalized stoat would have a
stable equilibrium with Clethrionomys spp. (see also
Oksanen et al. 1999, 2000) and the riparian subsystem,
where the strictly specialized weasels tend to have limit
cycle dynamics with Microtus spp. As the two subsys-
tems interact, alternative attractors can emerge (see also
Hansen et al. 1999). While this may be a part of the
explanation, we regard it as unlikely that the changes in
the two areas had just by chance coincided with the
invasion of the American mink.

Even another generalist – the red fox – has recently
increased due to its recovery from the sarcoptic mange
(Hörnfeldt 1991, Haukisalmi and Henttonen 1993). W.
Svendsen (pers. comm.) pointed out that the red fox
population of Finnmark, Norway, did not only recover
but overshot its normal level, due to the build-up of
high hare densities during the virtual absence of foxes.
This may indeed have contributed to the changes in

vole dynamics, but if this were the only reason, the
phase of primarily seasonal density changes should
have been short-lived. Recent data from Pallasjärvi,
Finnish Lapland (Prévot-Julliard et al. 1999) are in
conflict with this interpretation, as vole dynamics have
remained primarily seasonal for a decade. Moreover,
the alternative prey of red foxes – mountain hares –
are primarily found in the best Microtus habitats (ripar-
ian willow thickets), which should make the functional
response of red fox destabilizing (see above). When
both spatial differences (the contrast between
Fennoscandia and western North America) and tempo-
ral changes are considered, we thus find it likely that
mink is the main cause for relative stability in those
boreal areas, where it is present and where Microtus
habitats are intimately associated with running water.
In this case, stabilization is probably primarily caused
by a sigmoid functional response, conforming to the
reasoning of Hanski et al. (1991).

Multiple equilibria in boreal wolf-moose systems?

In the section on numerical response, we analyzed
possibilities for having multiple equilibria in systems
with big mammalian predators and prey. In the empiri-
cal argument for the existence of two locally stable
alternative equilibria (Boutin 1992, Messier 1994, Eber-
hardt and Peterson 1999, Marshal and Boutin 1999,
Eberhardt 2000, Hayes et al. 2000, Messier and Joly
2000), numerical response of wolves has been inferred
by plotting densities of wolves against densities of
moose (Alces alces). Recall that in analyses of predator-
prey dynamics, the numerical response of the predator
is defined in the spirit of Solomon (1949), as the
relation between prey density (or the combination of
prey and predator densities) and the instantaneous rate
of change of the predator population. Plotting predator
densities against prey densities is hence not an appro-
priate way to infer numerical response of predators
from data. The relevant information consists of obser-
vations of density combinations of predator and prey,
accompanied by data on rates of change in predator
density.

We know only one source of such information, repre-
senting an area with an undisturbed wolf population:
the long-term record from Isle Royale (Peterson and
Page 1983, McLaren and Peterson 1994). During the
period covered by the data, the moose population
displayed two fluctuations which are presented as a
phase space plot in Fig. 7. In one of these, moose
densities moved back and forth, while wolf densities
remained low. The data of McLaren and Peterson on
fir sapling growth demonstrate that during this fluctua-
tion, moose acted dynamically as predators of fir
saplings, not as prey of wolves. Apparently, wolves
suffered from some problem caused by the limited
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space and low absolute numbers (for us, breakdown of
the big pack to units too small to kill adult moose,
appears the most probable cause) and, thus, failed to
respond to the increase in moose numbers. In the other
fluctuation, the time trajectory moves counterclockwise
in the phase space, as it should do in an interactive
wolf-moose system. The moose density at which the
numerical trend in wolf numbers changes its sign, is
similar in the top and bottom phases of the wolf cycle,
which is consistent with the predictions of pure laissez-
faire models. The case of Isle Royale thus does not
provide any indications for the kind of strong, direct
density dependence in wolves, which would be essential
for the existence of two alternative equilibria.

There are even other reasons to suspect that the
high-density equilibrium does not exist, unless we in-
clude systems where wolves are regulated by hunting.
Crête (1999) recently reviewed geographical patterns in
ungulate densities in North America. The main conclu-
sion of his study was that wherever wolves had been
relatively free from human persecution at the time scale
of decades, ungulate densities were low. Conversely, in
areas where wolves are absent or only starting to
recover, ungulate densities correlated with evapotran-
spiration, which governs large-scale patterns in terres-
trial primary productivity. The high-density
‘equilibrium’ appears to reflect the latter situation,
whereas in truly interactive wolf-ungulate systems, only
the low-density equilibrium appears to exist.

Conclusions

The current body of predator-prey models predicts that
all along the gradient from temperate fields and forests
to low arctic scrublands, the interaction between folivo-
rous mammals and their predators normally creates a
single attractor, where folivore populations are regu-
lated by predation (Oksanen 1990, Hanski et al. 1991,
1993, Oksanen and Oksanen 2000). In less productive
arctic and high alpine areas the pivotal predator-prey
interaction is probably between herbivores and plants
(Crête and Manseau 1996, Oksanen and Oksanen 2000,
Turchin et al. 2000; but see Stenseth 1999a). A possible
underlying cause is a sufficiently high primary produc-
tivity, creating a situation where densities of folivorous
prey can get well above the level required for predators
to break even and still be sustained by the annual
production of the vegetation (Oksanen and Oksanen
2000). However, proper understanding of dynamics of
small predators and their prey in northern areas obvi-
ously requires more specific assumptions on snow cover
(Hansson and Henttonen 1985) and its impact on
parameter values.

A series of analyses and simulations performed by
Hanski, Turchin and coworkers (Hanski et al. 1991,
1993, Hanski and Korpimäki 1995, Turchin and Han-
ski 1997) penetrated the problem, and applied an ana-
lytical approach which decidedly improved our
comprehension of spatial patterns in small mammal
dynamics. When searching for a mechanism for the
recent changes in small mammal dynamics, we initially
took their premises as a point of departure and focused
on the question whether changed generalist to specialist
ratios could account for patterns in time, too. However,
we agree with Rosenzweig (1969, 1971, 1977) that the
laissez-faire approach, based on the idea that the bal-
ance between capture rates and energy needs is of
fundamental importance for predators, is a more fertile
point of departure than the stacked logistic model,
where no explicit connection exists between predation
and predator dynamics. The parameters of laissez-faire
models provided additional clues to the problem of
cyclic vs stable dynamics, as they highlighted the desta-
bilizing impacts of high searching efficiency and low
costs of maintenance, typical for specialists. Conversely,
the conjecture of a stabilizing functional response in
generalists appeared to have a narrower range of appli-
cability than previously thought. In the new framework
thus emerging, the primary importance of deep and
long-lasting snow cover was to protect efficient but
vulnerable specialists against intraguild predation by
larger generalists. The impact of snow on the searching
efficiency of generalists as predators of primary prey
turned out to be less important: if the generalists man-
age to exclude the specialists and the habitat is suffi-
ciently productive to sustain large densities of primary
prey, their densities will increase until the generalists

Fig. 7. A phase space plot of wolf and moose fluctuations on
Isle Royale, based on the corrected density estimates of
Messier (1991). One of the fluctuations cannot represent an
interactive wolf-moose system (as wolves do not even respond
to changes in moose density), while the other fluctuation is
consistent with the dynamics in a coupled predator-prey sys-
tem. The maxima and minima of wolf numbers are obtained at
the same moose density, which is consistent with the predic-
tions of a pure laissez-faire model and indicates that direct
density dependence in wolves is not significant within the
density range represented in the data.
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are able to break even. The results obtained with this
approach are in some parts inconsistent with the views
of Hanski and his co-workers. The main predictions of
our conjectures are presented below.

Concerning ungulates and big predators, we expect
that where ever full re-establishment of big predators is
allowed, ungulates will be driven to same relatively low
level (biomass�100 kg km−2) as typical for the Cana-
dian taiga today (Crête 1999). As for the dynamics of
boreal small mammals, the critical prediction differenti-
ating between our interpretation and ideas focusing on
the type of functional response of generalists (e.g. Han-
ski et al. 1991) lies in the role of shelter and alternative
resources. In the contexts of wintering raptors in south-
ern Sweden, changing habitat at a large spatial scale,
and minks in Lapland, switching between terrestrial
and aquatic prey, the idea of generalists having a
stabilizing type III functional response is plausible.
However, even in these cases, direct mortality, inflicted
by generalists on specialists, may contribute to the
stabilizing impact of generalists. We predict that cyclic
vole dynamics could be generated in the temperate zone
by manipulating the habitat so that specialists have
good cover. In northern areas with specialist-driven
cycles, providing predators with an alternative food
source in a Microtus habitat should not stop cycles.
Conversely, according to the interpretation of Hanski
et al. (1991) access to alternative food should be able to
stabilize northern systems, whereas providing cover for
small mustelids should not destabilize temperate ones.
As for the intriguing connection between the American
mink and boreal to low arctic vole cycles, we can look
forward to obtaining critical evidence soon. The success
of the mink on the low arctic tundra represented the
overshooting phase of the invasion and was thus short-
lived. Only few observations have been obtained in our
study area during the last five years. If the mink has a
central role for the recent changes in vole dynamics in
northern Fennoscandia, the good old cycles should be
restored in Fennoscandian low arctic landscapes,
whereas in forested areas, where minks have been es-
tablished, dynamics should remain comparable to those
found in the western mountains of North America:
local cycles should occur in large meadow areas, but
dynamics in the forests should remain predominately
seasonal.
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1993. Population oscillations of boreal rodents: regulation
by mustelid predators leads to chaos. – Nature 364: 232–
235.

Hanski, I., Henttonen, H., Korpimäki, E. et al. 2001. Small
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