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Original article

Survival on the border: a population model to evaluate

management options for Norway’s wolves Canis lupus

Joseph Bull, Erlend B. Nilsen, Atle Mysterud & E.J. Milner-Gulland

We present an individual-based model of the Norwegian wolf Canis lupus population, which is used to evaluate the

effectiveness of current and potential management policies in fulfilling the Norwegian Government’s stated aim of

maintaining three breeding packs within a designated wolf zone. The model estimates the 'functional extinction rate'

of the population, defined as the proportion of years in which breeding wolf packs are absent. Under the current

conditions according to estimates from Scandinavia, with observed values of natural survival rates (0.903) and un-

authorised mortality (0.203) and allowing for immigration from Sweden, the model predicts that the probability of

functional extinction is as low as 0.07. This output variable is highly sensitive to the demographic parameters, and if

alternative estimates of natural survival rates (0.73 for cubs and 0.83 for adults) reported for wolves elsewhere and

higher rates of unauthorised mortality (0.4) are utilised, the functional extinction rate is 0.67¡0.15, and the popu-

lation is dependent on maintenance by immigration from Sweden. The main determinants of the functional extinc-

tion rate are the unauthorised mortality rate and the immigration rate from Sweden. The Scandinavian population as

a whole shows a rapid non-linear increase in probability of extinction at unauthorised mortality rates>0.10. Varying

levels of the current management interventions (increasing the size of the wolf zone and target number of packs) are

ineffective; only when the unauthorised mortality rate falls below 0.30 is a self-sustaining population in Norway able

to establish. An adaptive harvest policy with culls targeted only at dispersing animals, or taking place only when the

population exceeds a threshold level, could be sustainable if the unauthorised mortality rate is reduced. The fact that

the Norwegian Government has been explicit about its management strategy and objectives has allowed us to test the

ability of this strategy to meet the objectives, and we have shown that it is dependant upon maintaining the current

circumstances alongside a high adult survival rate to be able to do so. Given the potentially critical role of the

Swedish population in sustaining Norway’s wolves, there is a strong case for joint management of the Scandinavian

population. These insights are likely to be relevant for the management of other species living across geopolitical

boundaries.
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Largecarnivoremanagement regimesareoftencon-
troversial. The extremely mobile and wide-ranging
nature of these speciesmeans that they can rarely be
conserved just within protected areas (Linnell et al.
2005b). Successful conservation of large carnivore
populations involves management of entire land-
scapes, often across administrative boundaries. The
conservation of trans-boundary populations is par-
ticularly challenging, as management regimes may
vary hugely as animals move over borders. For ex-
ample, in Scandinavia, Sweden has a large popu-
lation of brown bears Ursus arctos, whereas the
Norwegian population is dominated by immigrant
youngmales fromSweden(Swensonetal.1998).For
the wolverine Gulo gulo, the entire northern popu-
lation inSwedenandNorway is very sensitive tooff-
take on the Norwegian side of the border (Sæther
et al. 2005). Nevertheless, the populations are man-
aged independently.
Throughout much of the northern hemisphere,

the most controversial large carnivore species, with
a particularly extensive range, is the greywolfCanis
lupus. Wolves have for thousands of years lived in
close proximity to mankind, and the relationship
has often been volatile (Mech 1970). In recent cen-
turies, the perceptionof thewolf has beenas an agri-
cultural pest, a competitorwithhunters, andadirect
threat to human safety. Consequently, the wolf has
experienced a sharp decline globally, and extirpa-
tion frommuchof its former range (Mech&Boitani
2003). However, in commonwith other large charis-
matic carnivores, many people now recognise the
wolf as a vulnerable component of global biodiver-
sity, as a tool for ecological management, and as a
potent 'flagship' symbol of the wild (Linnell et al.
2000). The wolf thus epitomises many of the issues
faced by policy-makers aiming to enable coexistence
of people and wildlife (Woodroffe et al. 2005).

Norway’s wolves

On the Scandinavian peninsula, having faced de-
liberate persecution for centuries, wolves were con-
sideredfunctionallyextinctbythe1960s(Wabakken
et al. 2001b). However, in 1983, a single breeding
pack was discovered in southeastern Norway, close
to the Swedish border, which had probably immi-
grated from Finland or Russia (Wabakken et al.
2001b, Linnell et al. 2005a). Their numbers slowly
increased, but faltered under the effects of genetic
depression and demographic stochasticity (Liberg
et al. 2005) until apparently being sustained by the
arrivalofa third immigrant in1991 (Vila etal. 2003).

Since then, the population has expanded rapidly;
by 2005, the total Scandinavian population was
generally held to have grown to 119-143, with the
Norwegian subpopulation numberingy 20 wolves
(Wabakken et al. 2005).

Since its re-establishment, the Norwegian wolf
population has attracted substantial controversy,
as well as intensive research and population man-
agement (see e.g. Nilsson 2003, Skogen 2001, Wa-
bakken et al. 2001a). Politically, the wolf became
a focus for the more general conflict between rural
and urban communities, the former leaning toward
eradication of the wolf as a threat to humans, live-
stock and big game, and the latter toward its con-
servation (Skogen 2001). In the face of strong de-
mands from the anti-carnivore lobby, in 2000, the
Norwegian government sanctioned a culling pro-
gramme.Oneof themore recent culls, in 2005, killed
five of the 22-24 individuals in the country, com-
prising an alpha female and two scent-marking
pairs, leaving 16 wolves and only one functional
breeding pack. This led to major international con-
cern about the future of Norway’s population (in-
formation from reports by animal-interest groups
such as Proact Mammal Campaigns 2006, and the
WWF and BBC news websites; confirmed through
expert consultation).

The statedaimof theNorwegiangovernment is to
maintain three breeding pairs within a designated
wolf zone, as a compromise between wolf conser-
vation and livestock rearing in the region (Miljø-
verndepartementet 2004). This three-pack limit
does not include packs that straddle the border.
From a biological point of view, Norway’s wolves
form one contiguous population with Sweden’s
wolves. In Sweden, government policy at the time
of writing is to have 20 breeding packs within the
country, but the whole wolf population is likely to
be affected by the Norwegian culling given that the
current population is still only around 140 animals.
This has led to correspondence between Sweden
andNorway, regarding their joint responsibility for
wolf conservationunder theConventiononBiologi-
cal Diversity and the 'Bern' Convention; however,
theMinisterof theEnvironmentofNorwayrecently
stated that there will be no joint management of
large carnivoreswith Sweden (Erik Solheim, official
statement on 25 October 2007).

Modelling wolf behaviour

There have been several Individual Based Models
(IBMs) developed for wolves (e.g. Vucetich et al.
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1997,Haight et al. 1998,Chapron et al. 2003,Nilsen
et al. 2007), while Nilsson (2003) used a structured
matrix approach to investigate the effects of catas-
trophes, hunting and inbreeding on the Scandi-
navian wolf population. Population modelling is a
useful tool to guide the management of endangered
species, allowing the exploration of the impact of
different management strategies on population via-
bility foragivensetof limiting factors (Coulsonetal.
2001). Socio-political considerations determine the
acceptability of particular strategies, but modelling
can evaluate the likely impact of different strategies
on the viability of Norway’s wolves, and hence on
the government’s ability to fulfill its stated manage-
ment objectives.Models can also be used to explore
the biological consequences of the objectives them-
selves. In thispaper,wedevelopa stochastic individ-
ual-basedmodel forwolf population dynamics, and
use it to explore the effects of key demographic
parameters on the viability of the Norwegian wolf
population. The demographic parameters include
variation in mortality, dispersal, pack number and
packestablishment rates linked todifferentmanage-
ment strategies, aswell as the extent ofunauthorised
killing. We then ask what effect the target of three
breeding packs and the current size of the wolf zone
have on the viability of both theNorwegian and the
wider Scandinavian population, and hence whether
Norway’s management aim is compatible with
Sweden’s. This modelling framework is applicable
to wolf population dynamics more broadly, while
the exploration of management options is both an
interesting case study of the interactions between
social and biological factors in carnivore manage-
ment, and of the quantitative evaluation of the
implications of a government’s stated conservation
objective.

Methods

Due to the importance of the wolf’s social structure
for its population dynamics and the small size of the
Scandinavian population, we used an individual-
based model (IBM). We modified the model de-
veloped byNilsen et al. (2007) to reflect the biology
of the Scandinavian population. Other than Nils-
son’s (2003) model, which is not an IBM, previous
models of wolf population dynamics have mainly
focussedon the interaction betweenwolves and their
prey. In our study, we changed the focus towards
assessing options forwolf populationmanagement.

Given this focus, and the fact that the Scandinavian
population is not likely to be prey-limited due to its
small size and the abundance of suitable prey in the
area (Nilsen et al. 2005), we treat wolf-prey inter-
actions in a simplistic manner and focus on the dy-
namics of the wolf population itself. Also, we con-
sider only the demography of the population, and
we do not include management for genetic var-
iation; Nilsson (2003) warns that inbreeding is a
potentially serious threat to the long-term viability
of the Scandinavian population, but our focus is on
short-term management for population viability,
and hence, genetic considerations are outside our
remit. Nevertheless, it is clear that genetics have an
important role to play in such a small and isolated
population of mammals, and hence, the results of
our study should be considered in this light (see also
Liberg et al. 2005).

The Norwegian subpopulation was treated as
an isolated population with a trickle of immigrant
wolves from an unstructured outside source (i.e.
Sweden); there was no spatial demographic sub-
structuring of the population as a whole. Each in-
dividual within the IBM is uniquely identified and
has an age, sex, stage and pack membership as-
sociated with it. Transitions between stages are re-
lated toageandsocial status, andall transitions take
place probabilistically for each individual in ran-
dom order. Each pack consists of a dominant pair
and their offspring, and only the dominant pair re-
produce. The initial population was assumed to be
21wolves, comprising three packs of six individuals
with three dispersers, to simulate the current Nor-
wegian population: each pack contained a 4-year-
old alpha pair with four descendants (two males
and two females) of ages 1-3, and thedispersers (two
males and one female) were aged between two and
three years.

Our model has four compartments, reflecting
different wolf life-stages (Fig. 1A), and six demo-
graphic processes are modelled, in the following
order: survival, dispersal, establishment of a terri-
tory, anthropogenic mortality, reproduction and
immigration fromSweden (seeFig. 1BandTable 1).
Each year, the previous year’s cubs can either dis-
perse, remain in the natal pack as a subadult, or die.
The existing subadults can disperse, die or remain
in the pack as subdominant adults. Subdominant
adults each year have a probability of dispersal and
mortality, and otherwise, they remain in their natal
pack. Dominant animals have a probability of sur-
vival and a reproductive rate. If a dominant animal
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Figure 1. Model presentation of the wolf
life cyclewith symbols for the vital rates re-
ferring to the parameters listed in Table 1.
Note that the transition from subdomi-
nant to dominant adults is not automatic,
but depends on the death of an alpha ani-
mal. The processes represented are move-
ments between stage classes, and survival
rates are age specific, hence there can be
several different survival rates operating
in one stage. In B), the order of implemen-
tation of the demographic processes in the
model is given on an annual basis.

Table 1. Parameter values used in the model. 'Symbol' refers to symbols used in Figure 1A. Baseline values are probabilities unless
otherwise stated; values in brackets give the values recently published by Liberg et al. 2008. The standard deviations (SD) for the
distributions around the mean values used in the sensitivity analyses are shown in the SD column. Parameter values were taken
from the literature, except those marked 'Expert' which were conservative estimates reached during consultation with wolf experts
in Norway.

Parameter Symbol

Baseline

value SD Source

Cub dispersal rate dc 0.35 0.15 Gese &Mech 1991

Subadult dispersal rate ds 0.50 0.25 - " -

Adult dispersal rate da 0.90 0.20 - " -

Mean net annual immigration rate

(individuals/year) m 4.0 2.7

Expert (see the acknowledgements),

confirmed through modelling

Probability that an immigrant is male pm 0.7 0.1 Study by Pullianen quoted in Mech (1970)

Probability of establishing a territory pt 0.8 0.1 Pedersen et al. 2005

'Small' litter size (# cubs) fS 2 1 Mech (1970)

'Large' litter size (# cubs) fL 5 1 Nilsson 2003

Probability of a large rather than a small litter F 0.73 0.15 Calculated based on Pederson et al. 2005

Cub survival rate sc 0.73 (0.903) 0.15 Nilsson 2003, Mech 1970

Survival rate for wolves aged 2-8 years sa 0.83 (0.903) 0.17 - " -

Survival rate for wolves aged 9 years s9 0.40 0.08 Mech 1970

Survival rate for wolves aged 10 years s10 0.25 0.05 - " -

Unauthorised mortality H 0.4 0.25 Expert (various sources; see the

Acknowledgements)

Prey availability multiplier 0.2 - " -

Density dependent threshold 100 - " -

Legal cull level 3 breeding pairs Government target

�WILDLIFE BIOLOGY 15:4 (2009) 415

Downloaded From: https://complete.bioone.org/journals/Wildlife-Biology on 17 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use



dies, it is replacedby theoldest subdominant animal
of the right sex in the pack. If there is no suitable
animal available within the pack, the position re-
mains vacant until it is filled by a dispersing animal
or until a young individual moves up into the sub-
dominant adult stage. The pack cannot reproduce
until a new dominant pair is established. If both
dominant animals die, the rest of the packdisperses.
We made this assumption primarily to simplify the
model, but it is considered reasonable with regards
to the literature: Fuller et al. (2003) support our
assumption, and inBrainerd et al. (2008), the loss of
bothbreederswasnoted tocausepackdissolution in
85% of cases, and in only 9% of cases did a pack
reproduce the following season under such circum-
stances.
The first step in the annual cycle is that each in-

dividual other than the dominant pair has a prob-
ability of joining the pool of dispersing animals.
Each disperser >2 years old then has a probability
of establishing a territory. If an animal is establish-
ing a territory, it first looks for an existing packwith
a lone alpha animal of the opposite sex, and next,
it establishes a new territory andwaits for a partner.
If neither is available, it remains in the disperser
pool. It is assumed that the probability of any dis-
perser being successful in establishing a new terri-
tory (andhence, the totalnumberof territoriesavail-
able) is linearly related to the size of the designated
wolf zone.
Once the territory establishment process is com-

plete, dominant pairs reproduce, and produce a
large or small litter with a given probability, the size
of the litter beingbasedondata in the literature. For
instance,we took thenumberof cubs in a small litter
from Mech (1970), which relates to data from a
study of thinly distributed wolves in Alaska. Next,
immigration from Sweden occurs, with the immi-
grants joining the disperser pool. These immigrants
are assumed to be subadults and are assigned a sex
with a probability based on empirical observation
(Mech 1970); note that these observations relate to
studies of a small population in Finland, which was
repopulating at the time, and hence, it was far from
carrying capacity, so it was appropriate for our
model.
Next, we modelled survival of each individual as

a function of overall wolf population density and
prey availability. As we did not consider prey as
limiting, but as fluctuating from year to year due to
climatic conditions, we modelled the prey avail-
ability by adding an error term to each survival rate,

drawn from a uniform distribution with a mean of
1.0 and a standard deviation of¡10%, and varying
on an annual basis. In the absence of explicit feed-
back between the wolf and prey populations, we
modelled density dependence in a ratio-dependent
manner; that is, beyond the threshold population
size at which density dependence begins to act, all
survival rates were multiplied by the ratio of the
threshold population size and the current total wolf
population (Eberhardt et al. 2003). We set this
threshold at 100 wolves based on expert consul-
tation; this is the number estimated to fit comfort-
ably within the current wolf zone (Pedersen et al.
2005). Basic survival rates were age dependent, and
not related to other factors such as the life stage of
thewolf (e.g. survival rates were notmodified based
onwhether thewolfwas subdominant, dominant or
dispersing). This is ecologically unrealistic; dispers-
ing wolves in particular are likely to be at greater
risk of mortality than wolves resident in a territory
(Pletscher et al. 1997). However, in our model dis-
persingwolves donotmaterially affect the function-
al extinction rate until they find a territory, and
therefore disperser mortality is subsumed into the
other parameters.

Finally, we applied anthropogenic mortality of
two kinds: legal culls and unauthorised mortality.
The latter includes both deliberate and accidental
killing, such as road deaths, shooting or poisoning.
We assume that unauthorised mortality targets
individuals from all stage classes with equal prob-
ability, whereas legal culls could potentially target
individuals from particular stage classes. The pa-
rameters in Table 1 are the result of a full literature
review and are referred to as the 'baseline' pa-
rameters throughout.Libergetal.’s (2008)estimates
of survival rates (including unauthorisedmortality)
for wolves in Sweden are substantially different to
thevaluesobtainedfromthe literature.Weexplicitly
considered the effect of using these values instead
of the baseline values, due to the sensitivity of the
model to these two parameters.

Ourmodel was coded inR (RCoreDevelopment
Team 2007), and each simulation was run 50 times
over 100 years in order to generate the main results;
we considered 50 the minimum number of rep-
etitionsnecessary statistically tokeep theconfidence
intervals (CIs) acceptably narrow, and this mini-
mum was used due to the time taken to run the
model. The output parameter of interest is the num-
berof years in the 100year simulation inwhich there
are no functional breeding packs. This may occur
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when the total population size is above zero, and
does not represent population extinction, partly
because of internal recruitment of animals into
breeding from the subdominant stages, and partly
because of immigration from the contiguous Swed-
ish component of thepopulation.A trueprobability
of extinction is not possible to calculate for a pop-
ulation receiving continuous immigration, but be-
cause the Government of Norway’s stated aim is
to maintain a breeding population of wolves, this
metric is a policy-relevant measure of management
failure.We call thismetric the 'functional extinction
rate'; hence, the functional extinction rate is equiv-
alent to the proportion of the 100 year time span of
the model, in which no alpha pairs were left in the
population.
We ran sensitivity analyses by varying all param-

eters simultaneously both over a feasible range,
given in Table 1, and by picking values from a dis-
tributionwith a standard deviation of 10%, accord-
ing to the method described by McCarthy et al.
(1995).We ran themodel for 500 randomparameter
combinations, and each was repeated 50 times. We
used the wolf population’s functional extinction

rate as the dependent variable in a general linear
model (GLM) with a binomial link, including all
parameters and their interactions. The linearity of
the relationship between the parameters and the
functional extinction rate was examined by plot-
ting the parameter values against the logit of the
extinction risk (McCarthy et al. 1995), and the sig-
nificance of each parameter as a determinant of ex-
tinction riskwas inferred from the coefficients of the
GLM.

Sensitivity analyses revealed that the parameters
to which the model was most sensitive were the im-
migration rate from Sweden and the unauthorised
mortality rate (Table 2). These are the two pa-
rameters with the highest uncertainty attached, but
are also parameters that can, to some extent, be
controlled by management interventions. Other
important parameters were the probability that an
immigrant wolf from Sweden was a male, the prob-
ability of establishing a territory and survival rates
(see Table 2). When the sensitivity analysis was run
with a ¡10% change in parameter values, rather
than varying them over a feasible range, the results
were qualitatively the same, except that the impor-
tance of the survival rates increased. As expected,
there was no discernable relationship betweenmost
of the variables and the functional extinction rate.
The relationship between the functional extinction
rate and the immigration and unauthorised mor-
tality rates was linear with an r2 of 0.61 and 0.27,
respectively. The total uncertainty in extinction risk
that stems from the uncertainty in the initial pa-
rameter values can be calculated based on the in-
herent uncertainty from the three most influential
variables (unauthorisedmortality levels¡10%, im-
migration rate ¡10%, probability of success in es-
tablishing a territory ¡5%). From these three
dominant sources of model sensitivity, the total un-
certainty in extinction risk (due to uncertainty in
initial parameter values) canbe estimated at¡15%,
using the basic error formula:

s2
y ¼ s2

x1

@y

@x1

� �2
þs2

x2

@y

@x2

� �2
þs2

x3

@y

@x3

� �2
ð1Þ;

where sy=uncertainty in the dependent variable,
sxi=uncertainty in the ith independent variable,
y=the dependent variable, xi=the ith independent
variable, i=1-3.

This is a conservative estimate of the experimen-
tal uncertainty in the extinction risk, and assuming
that the relationship between extinction risk and

Table 2. Results of a sensitivity analysis in which a generalised
linear model was fitted with a binomial link, and the functional
extinction rate as the dependent variable. The table shows the
coefficients of all the parameters in the full model, and the
significant interactions. Significance is coded as: ***=P<0.001,
**=P<0.01, *=P<0.05, NS=P>0.05.

Parameter

Standardised

bi Significance

Mean net annual immigration 0.076 ***

Unauthorised mortality 0.050 ***

Probability that an immigrant is a male 0.013 ***

Probability of success in establishing a

new territory 0.045 ***

Adult survival rate 0.073 ***

Cub survival rate 0.040 *

Cub dispersal rate 0.001 NS

Yearling dispersal rate 0.001 NS

Adult dispersal rate 0.001 NS

Litter size 0.003 NS

Survival rate at the age of 9 0.002 NS

Survival rate at the age of 10 0.001 NS

Unauthorised mortalityradult survival 0.013 ***

Unauthorised mortalityrimmigration rate 0.010 ***

Adult survivalrimmigration rate 0.004 ***

Immigration raterprobability that an

immigrant is a male 0.005 ***

Unauthorised mortalityrprobability of

establishing territory 0.001 ***

Immigration raterprobability of success

in establishing a new territory 0.005 **
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any independent variable is of constant form as
parameter values vary, it was applied to the rest of
the results where appropriate.
We carried out validation of overall model be-

haviour by applying the model to data from the
Yellowstone wolf population (it was not possible to
validate the model against data from theNorwegian
population, as the relevant time series is too short).
The Yellowstone population grew from a small
initial population introduced in 1995, in an area of
abundant prey, according to available data (taken
from the official web-based data stores maintained
by the US Centre for Biological Diversity, and
Yellowstone National Park, accessed in 2006).
Hence, the qualitative behaviour of the population
in Yellowstone is likely to be similar to that of the
Norwegian population in the absence of human
interference, particularly given the constancy of
wolf biology over a wide geographic range (Mech
1970). Therefore, starting with the known wolf
population introduced to Yellowstone in 1995, the
model was used to predict the subsequent growth
of that population. The official data sources men-
tioned were used to establish upper and lower
bounds of the estimated wolf population inYellow-
stone from 1995 onwards, and themodel was found

to predict a wolf population that was comfortably
within these bounds, thus validating general model
behaviour. We carried out validation of the esti-
mate for immigration rate by applying the model
to the Scandinavian population as a whole and cal-
culating the net immigration rate across the Swed-
ish-Norwegian border (Scenario 1b inTable 3). The
model was then used to explore a number of man-
agement scenarios (see Table 3).

Results

The baseline model

The baseline parameter values given in Table 1 pro-
duced a population that fluctuated dramatically,

Table 3. Different management scenarios explored using our
model. Scenarios numbers 2-5 model the Norwegian popu-
lation.

Number Scenario Explanation

1 a Yellowstone wolf population (model validation)

b Scandinavian population as a whole, in isolation

c Scandinavian population as a whole, with

immigration from Russia/Finland
------------------------------------------------------------------------------------------------------------------------

2 a Baseline (i.e. present management regime,

Norwegian population)

b Baseline without legal culls

c Baseline without legal culls or unauthorised

mortality
------------------------------------------------------------------------------------------------------------------------

3 a Baseline; vary target number of packs

b Baseline; vary size of wolf zone

c Baseline; vary immigration rate

d Baseline; vary unauthorised mortality rate
------------------------------------------------------------------------------------------------------------------------

4 a Present management regime, but vary the number

of packs in the initial Norwegian population

b Present management regime, zero wolves in

initial Norwegian population
------------------------------------------------------------------------------------------------------------------------

5 a Legal cull; fixed proportion of wolf

population annually

b Legal cull; fixed number of dispersers given

a threshold population

c Legal cull; proportional cull of population given

a threshold population

Figure 2.A single runof thebaselinemodel (see parameter values
in Table 1; Scenario 2a in Table 3), showing the number of
individualwolves andof packs inNorwayover a 100-year period
(A). In this run, the functional extinction rate (number of years
with no breeding packs) was 0.66, and the mean size of the wolf
population was 4.16. In B), a run of the baseline model with no
culling or unauthorised mortality (Scenario 2c) shows that the
population stabilises at a mean size of 263 wolves in 47 packs.
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with amean number of wolves of 4.2¡3.4 (the stan-
dard deviation is used throughout), and an average
of 67¡15% of years having no functional breeding
packs (Scenario 2a, Fig. 2A). With these rates, the
Norwegian wolf population is sustained by immi-
gration from Sweden, and would otherwise quickly
go extinct. If we assume no legal culling, the func-
tional extinction rate is virtually unchanged, at
0.64¡0.15 (Scenario 2b). The results are, however,
sensitive to parameter values, and the functional
extinction rate (Scenario 2a, 2b) is significantly
reduced to 0.07¡0.15 if the far higher natural/
unauthorised survival rates estimated by Liberg
et al. (2008) are utilised. In the absence of either
unauthorised mortality or legal culling, and with
constant immigration from Sweden, the model pre-
dicts a zero functional extinction rate, and instead
rapid growth to an equilibrium population fluctu-
ating around 250 animals (Scenario 2c, see Fig. 2B).
Given that our density dependence and prey de-
pendence assumptions are crude, this result is not
intendedpredicatively, butmerely as an exploration
of the model behaviour. The model assumptions
are best suited to exploring dynamics at low popu-
lation sizes when there is negligible resource limi-
tation.
The Norwegian population is only one part of

the Scandinavian population, and so themodel was
run for the Scandinavian population as awhole, for
comparative purposes. The following specifications
were used (Scenario 1b): there was no immigration
(the Scandinavian population as a whole is effec-
tively isolated), no culling (the Norwegian culls
act on a small proportion of the population, sowere
ignored for simplicity), unauthorised mortality lev-
els were set to 0.20 (as estimated by Liberg et al.
2008), and the initial population was 15 packs (ap-
proximately the 2005 size). Themetric of extinction
was the proportion of runs in which the population
reached zero (because the population is isolated and
assumed not recolonisable).With the baseline set of
parameter values, the extinction rate was 0.92. This
value was highly dependent on the unauthorised
mortality rate (Fig. 3), with a probability of extinc-
tion of zero when unauthorised mortality was zero,
and a rapid, non-linear increase in probability of
extinction between unauthorised mortality rates of
0.10 and 0.20. The extinction probability was also
far higher than the 0.05-0.29 calculated by Nilsson
(2003)forvariousshort-termscenariosusinganage-
structured model rather than an IBM. The discrep-
ancy is likely to be due to a number of differences in

the model, including the lower unauthorised mor-
tality rate and higher initial population assumed by
Nilsson (2003); and indeed, when rerun using the
survival rates estimated by Liberg et al. (2008), our
model does agree with Nilsson (with a mean func-
tional extinction rate of 0.06).

We used the model of the Scandinavian popu-
lation as a whole to calculate the net number of
dispersers moving from the Swedish to the Nor-
wegian populations, on the assumption that Nor-
way has three of the 15 packs. The value was cal-
culatedas4.6¡2.7wolves,notsignificantlydifferent
from the 4¡1 animals used in themodel, which was
based on expert opinion. This gave us further con-
fidence in the validity of the model assumptions.

Management interventions

The current management regime in Norway re-
volves around a target maximum number of packs
(currently three), with the presumption that any
packs formed above this number will be broken up
by culling the dominant pair. The other major
component of the management regime is the desig-
nation of a 'wolf zone', within which wolves are al-
lowed to exist, andoutsidewhichanimals are culled.
We modelled changes in the size of the wolf zone
through the proxy of the probability of establishing
a territory, on the assumption that the probability
that a dispersing animal is able to establish a ter-
ritory is linearly related to the area available. This
assumption is questionable, but is taken in the
absence of empirical evidence about the relation-
ship between the area of the wolf zone and the wolf
demography.Onvarying the targetmaximumnum-

Figure 3. Proportion of runs in which the Scandinavian popu-
lation as awhole is extirpated (Probability of Extinction), shown
as a function of the unauthorised mortality rate (Scenario 3d;
baseline value - 0.20).
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ber of packs (Scenario 3a) and the probability of
territory establishment (Scenario 3b), we see that
above a target number of packs of about five, the
probability of functional extinction is unchanged
as the target number of packs increases. The total
number of wolves in the area (irrespective of
whether they are in packs) is also insensitive to the
target number of packs after the initial increase to
five packs, and is very low, between five and seven
animals (Fig. 4A). The effect of an increase in the
probability of establishment is alsominor. It is clear
that the limiting factor for Norway’s wolves is
neither the size of the wolf zone nor the chosen tar-
get number of packs, and hence that varying either
aspect of the current management regime will not
improve the population’s viability. Increasing the
actual number of packs in the initial starting popu-
lation rather than the maximum number of packs allowed, on the other hand, has a direct, linear re-

lationship with functional extinction rate (Scenario
4a, Fig. 4B).

The functional extinction rate is highly sensitive
to the immigration rate from Sweden, and as the
immigration rate increases, the sensitivity of func-
tional extinction rate to the target number of packs
also increases (Scenario 3c, Fig. 5 and Table 4).
This again demonstrates that under the current
levels of unauthorised mortality, the main driver
of the viability of Norway’s wolves is the success of
Sweden’s management interventions. Similarly,
looking at the Scandinavian population as a whole,
theexistenceof immigration fromFinlandorRussia
at the rate of just two animals per generation (the
level required to ensure that inbreeding will not be
an issue) reduced the overall extinction risk sig-
nificantly, i.e. from 0.92¡0.10 to 0.60¡0.15 when
using the baseline parameter values (Scenario 1c).
Starting from a zero population (i.e. after a second
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Figure 4. Average number of wolves in the population after 100
years as a function of the target number of packs (A; Scenario
3a; baseline value - 3). In B), the total size of theNorwegian pop-
ulation, as a proxy for re-establishment success, is plotted against
the number of packs in the starting population (Scenario 4a;
baseline value - 3).

Figure 5. Functional extinction rate of the Norwegian popu-
lation plotted against the mean number of immigrants entering
the population annually from Sweden (Scenario 3c; baseline
value - 4).

Table 4. Threshold target number of packs at which the ex-
tinction probability levels out, and the value at which it levels
out, for different immigration rates (number of wolves).

Immigration

rate (# wolves)

Threshold target

number of packs

Functional

extinction rate

0 - 0.97

1 - 0.88

2 3 0.76

3 4-5 0.65

6 6-7 0.39

9 8-9 0.35

12 8-9 0.16

14 10-11 0.11
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extirpation of Norway’s wolves), the probability
of a viable population re-establishing through im-
migration from Sweden depends strongly on the
unauthorised mortality rate (Scenario 4b, Fig. 6).
The number of wolves in the population after 100
years increased to a high level when unauthorised
mortality rates fell below0.30withotherparameters
at thebaselinevalues, showingaself-sufficientpopu-
lation not reliant on continued immigration from
Sweden. The same quantitative relationship is ob-
served using the higher survival rates reported by
Liberg et al. (2008), but with a higher unauthorised
mortality threshold below which the population is
relatively secure (0.40-0.50).
Public opinionmay dictate that a legalwolf cull is

required in order to ensure that wolves are accepted
within the wolf zone. Hence, we explored the effects
of a legal cull on wolf population viability. If the
cull is a straight proportion of the population size,
it leads to increases in functional extinction rate
equivalent to the effects of raising the unauthorised
mortality rate by the same amount (Scenario 5a, see
Fig. 3).Adecision rulewas then testedbywhicha set
numberofdispersingwolves couldbekilledonce the
number of dispersers had reached a threshold level
(Scenario 5b). This policy aims to maintain the
stability of the breeding packs, and it has negligible
effect on extinction probability.However, the cull is
only possible in certain years, with the number of
years dependent on the level at which the threshold
is set. For example, if one wolf can be killed every
time there are one or more disperser, 40¡5 wolves
are killed in 100 years, whereas if two wolves can be
killed when there are two or more dispersers, 10¡5

wolves are killed in 100 years. Again, this is de-
pendant upon the assumed parameter values, and
more wolves are culled if higher natural survival
rates are assumed.

Given the low number of wolves actually killed,
the feasibility of this strategy depends on whether
the mere fact that there is a legal cull in principle is
enough to satisfy the public, and upon whether it
would be possible to implement such a policy in
practice. We tested another variant of the legal
hunting quota; a proportional threshold cull, which
has been shown previously to be a robust hunting
strategy under conditions of uncertainty (Scenario
5c; Engen et al. 1997). Under this strategy, a fixed
proportion of the population, with individuals se-
lected at random, is culled once the population size
has exceeded a certain threshold. This was explored
both under the baseline unauthorisedmortality rate
and on the assumption that unauthorisedmortality
levels are at half this level, following Liberg et al.
(2008). Under baseline unauthorised mortality lev-
els and for culling thresholds>15 wolves, the pop-
ulation size was so low that hunting virtually never
tookplace,andsotheextinctionriskwasunaffected.
However, with an unauthorised mortality rate of
0.2, the overall extinction risk was lower, and there
were corresponding changes in the actual hunting
rate and the extinction risk. For instance, with base-
lineparametervalues,huntingbeginningatathresh-
old of nine wolves (i.e. approximately two packs)
and a proportional hunting rate of 0.18, on average
1-3wolves couldbe legally culledayear,withamean
functional extinction rate of 0.29. By way of com-
parison, using the higher survival rates fromLiberg
et al. (2008), with a proportional hunting rate of
0.18, but a higher threshold of 15 wolves (approxi-
mately three packs), as many as 6-7 wolves could be
culled on average per year, with a mean functional
extinction rate of 0.09.

Discussion

Ourmodel ofNorway’swolf population estimates a
functional extinction rate of 0.67¡0.15 under the
baseline parameter values based on a literature
survey, whereas it was 0.07 with the current high
survival reported by Liberg et al. 2008. The former
result is comparable to Vucetich et al.’s (1997)
finding of a 0.70 extinction probability for an iso-
lated population of 50 wolves over 100 years, also
using an IBM. The functional extinction rate is

Figure 6. Number of wolves left after 100 years, as a proxy for
extinction risk, plotted against the unauthorised mortality rate.
The initial population size is assumed to be zero and no culling
takes place (Scenario 4b).
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completely dominated by the relative values of the
immigration rate from Sweden and unauthorised
mortality, and the outcome is insensitive to current
management policies, such as the size of the wolf
zone and the target number of wolf packs. This is
a worrying finding, firstly because unauthorised
mortality is difficult both tomonitor and to control,
and secondly because of the precarious state of the
Scandinavianpopulation as awhole.The extinction
rate is sensitive to both natural and anthropogenic
mortality rates. Currently, Norway appears likely
to be a sink for the Swedish part of the population,
completely reliant on Sweden to meet its manage-
ment objectives. Norway also has a policy of higher
management off-take for other carnivores, i.e. Nor-
way has the dominant part of the trans-boundary
population of wolverines, and Sæther et al. (2005)
modelled that current off-takes on the Norwegian
side of the border make the northern population
likely to go extinct. Wolves in Norway are not ne-
cessarily currently self-sustaining, and if the current
situation remains unchanged, we would expect to
see very low and highly variable population sizes
(in linewithempirical observations fromrecentwolf
censuses in Norway; Wabakken et al. 2001a, 2002,
2004a,b, 2005),with regular functional extinctionof
the breeding packs followed by recolonisation from
Sweden. Themodel does not account for any effects
of low genetic variation (see the section Methods),
which is likely to be a characteristic of such a small
population. Although a discussion on genetics goes
beyond the scope of our paper, it is likely that this
would be a further factor contributing to a high
probability of functional extinction of the Norwe-
gianwolf population (seeNilsson 2003, Liberg et al.
2005).
However, our analysis has also revealed some

potential ways forward. We show that if unautho-
rised mortality were brought under control, Nor-
way’s population could grow to a self-sustaining
levelwithin thecurrentwolf zone,assuming theycan
utilise thisarea to the full.Withonlyafewadditional
immigrants per year from Finland or Russia, and
with reduced unauthorised mortality, the Scandi-
navian population is potentially viable both eco-
logically and genetically. If Liberg et al.’s (2008)
estimates of unauthorised and natural mortality in
Scandinavia as a whole are also applicable to the
Norwegian subpopulation, this would be enough to
reduce the functional extinction rate to a low level.
Research to reduce uncertainty surrounding esti-
mates of mortality rates in Norway, and actions to

reduce these mortality rates, are key priorities for
scientists and managers aiming to ensure a viable,
self-sustainingwolf population inNorway, as envis-
aged in government policy.

A permit-based legal cull, of the proportional
threshold type recommendedbyEngen et al. (1997),
could provide a means of control by providing a
mechanism for legal wolf hunts. By its precaution-
ary nature, it would allow Norway to fulfil its con-
servation objectives and support a more robust
wolf population; potentially also reducing reliance
upon the 'wolf zone' approach to conservation,
which can lead to social conflict. Given that many
Norwegians are in favour of a continued wolf
presence in Norway, and that the Swedish wolf
population is currently indirectly supporting Nor-
way’s wolf population through cross-border move-
ments, there is a case for increased cooperation
between the two governments. This might take the
form of a joint wolf management agreement, in
which Sweden was recognised as the partner main-
taining the majority of the wolf population and
acting as a source for Norway’s population, while
Norway took the role of ensuring immigration
from Finland or Russia to safeguard the genetic
viability of the joint population. The economics of
management of joint stocks have been explored for
other species (e.g. Skonkoft 2005), and this body of
theory could form the basis for an equitable agree-
ment.

Our study is a useful contribution to the wolf
management literature, partly because we have
been explicit about testing the implications of the
Norwegian government’s stated management ob-
jectives. We have shown which parameters impact
most strongly on the government’s ability to fulfil
these objectives, and which are most in need of
improvedmonitoring inorder to reduceuncertainty
about outcomes.We have also been able to demon-
strate the relative effectiveness of current and po-
tential management interventions. It is important
that governments state their objectives and man-
agement strategies in the transparent way that the
Norwegian government has done, as this enables
evaluations of this sort to be carried out.
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