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Summary

1. A key issue in ecology is the prediction of future population fluctuations. Such
population predictions are fundamental for population-viability analysis and are
essential for assessing the implications of various management actions. Development of
reliable population predictions is however, difficult because it requires estimation and
modelling of the separate effects of the deterministic components of the population
dynamics as well as the stochastic influences on the population fluctuations. Here we
model the stochastic dynamics of an introduced population of muskox Ovibos moschatus
in the Dovrefjell mountains of central Norway, using a simple model without density
regulation. Our aim is to examine quantitatively factors affecting the accuracy of the
population projections by applying the concept of Population Prediction Interval (PPI).
2. The long-term growth rate was § = 0-0511, assuming no density dependence. The
environmental variance was relatively large (67 = 0-0159). This gives a deterministic
growth rate of 7#=0-0591. However, accounting for losses due to various kinds of
human activities resulted in a nearly doubling of s (§ = 0-0980).

3. Autumn temperature and late winter snow depth were each able to explain a signif-
icant proportion of the annual variation in population growth rates.

4. The impact of environmental stochasticity made the PPI wide after only a few years.
Uncertainties in the estimates of the population parameters were quite small and had a
minor impact on the PPI.

5. A sensitivity analysis showed that ignoring demographic stochasticity led to an
overestimate of the environmental variance 62, but that the impact on the width of the
PPI was small.

6. This study shows that reliable projections of future population growth, even based
on simple population models without density regulation, are dependent on assessment
of the accuracy in the population predictions that must be based on estimating and
modelling the stochastic influences on the population dynamics.
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Introduction

An important challenge for ecologists in the years to
come will be to develop predictions of future fluctuations
in population size, especially for species of manage-
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ment concern. Reliable population projections will
require information about expected changes of the
population, determined by the specific growth rate,
carrying capacity and form of the density regulation.
In addition, we need to estimate and to model the
stochastic influences on the population dynamics.
Demographic stochasticity is caused by random
differences between individuals in their ability to repro-
duce or survive (Engen, Bakke & Islam 1998), with
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strongest effects on the population growth rate at small
population sizes (Leigh 1981; Lande 1993, 1998). En-
vironmental stochasticity refers to stochastic variation
that affects all individuals in a certain group similarly
and is important both in small and large populations
(May 1973; Leigh 1981; Lande 1993). Unfortunately,
separating the relative contribution of demographic
and environmental stochasticity requires a combina-
tion of individual-based data on fitness-variation and
accurate long-term time-series on population fluctu-
ations (Sether & Engen 2002), which are rarely available.
Finally, reliable population projections are also dependent
on assessment of how uncertainties in the estimates of
the parameters affect the accuracy of the population
predictions (Ludwig 1996; Sether et al. 2000; Ellner
et al. 2002).

Following the introduction of the concept of the
population prediction interval (PPI) into population
viability analysis (Dennis, Munholland & Scott 1991),
it became possible to examine quantitatively how
stochasticity and parameter uncertainties affect future
population predictions. Following Sether et al. (2000),
Engen & Sather (2000) and Sether ef al. (2002a), a PPI
is defined as the stochastic interval that includes the
population size with probability (1 — B), where B is the
probability that the variable we want to predict is not
contained in the stochastic interval. This means that
the confidence of the PPI decreases with increasing .
When large stochastic effects are present, or population
estimates are uncertain, the PPI soon becomes wide
(Sther et al. 2000, 2002a; Engen, Sether & Meller
2001). Furthermore, the PPI will increase as the time
elapsed since the last observation increases.

The specific growth rate at small population sizes r
is an important parameter influencing the expected
dynamics of the population. Unfortunately, this para-
meter is extremely difficult to estimate (Taylor 1995;
Sather et al. 2000), because in populations fluctuating
around the carrying capacity interpolation over a large
range of population sizes is often necessary (Aanes et al.
2002). Translocation of individuals (IUCN 1987) can
provide here an important source of information for
obtaining estimates of this parameter because usually a
limited number of individuals are introduced into a
pristine environment. In general, the success of such
translocations increases with habitat quality, the
release of wild-caught instead of captive animals and
increasing numbers of released animals (Griffith ef al.
1989; Wolf et al. 1996; Wolf, Griffith & Garland 1998;
Komers & Curman 2000). Also, a strict regulation of
human caused mortality is often required (Spalton,
Lawrence & Brend 1999). In addition to their use as a
tool for preventing species extinction, translocations often
provide the possibility to study general ecological pro-
cesses (Sarrazin & Barbault 1996; Komers & Curman
2000). Here we will use translocation of muskox Ovibos
moschatus from eastern Greenland to the mountain
range Dovre in Central Norway to parameterize a
simple population model without density regulation

that can be used to improve our ability to predict future
fluctuations of small populations.

Population dynamics of ungulates are affected strongly
by climate (see review in S@ther 1997). Different stud-
ies of ungulates have shown an effect from summer
climate affecting juvenile as well as adult mortality, and
furthermore, variation in summer climate has been
reported to influence body weight, inducing variation
in fecundity among cohorts (Albon, Clutton-Brock &
Guinness 1987; Gaillard et al. 1997; Solberg et al. 1999).
The reason for this variation is often linked to the effect
summer climate has on the forage quality. Effects from
winter climate are often associated with high mortality
during harsh winters (Tener 1965; Smith 1984; Sether
1997; Aanes, Sether & QOritsland 2000; Solberg et al.
2001). However, the influence of variation in climate-
induced stochasticity on the population growth rate
of ungulates has been quantitatively examined in only
a few cases (Coulson et al. 2001; Sether et al. 2002b).
The magnitude of such effects is important because they
generally reduce the long-term growth rate of the popula-
tion (Lande, Engen & S@ther 2003) and hence increase
the vulnerability of small populations.

As aresult of intensive hunting, the global distribution
of the muskox Ovibos moschatus was restricted to certain
areas in northern Canada and eastern Greenland at the
beginning of the 20th century (Boertmann et al. 1992;
Ferguson & Gauthier 1992; Lent 1998). In efforts to
decrease the risk of extinction many reintroductions and
introductions were made, and the species is now increasing
globally. After an unsuccessful attempt prior to the
Second World War, in the period 1947-53 muskoxen
were taken from eastern Greenland and introduced into
a mountain range in central Norway (Myrberget 1987).

In this study, we analyse the dynamics of this muskox
population. An important focus is to use the theoretical
framework presented in Lande et al. (2003) to estimate
essential population parameters. We use these esti-
mates to predict future population sizes, illustrating the
application of the concept of PPI (Sather et al. 2000).
Finally, we relate annual variation in population growth
rates to local climate, in order to quantify the effects
of this environmental stochasticity on the long-term
growth rate of the population.

Study area

The study was conducted in the Dovre Mountains
(DM), located in central Norway at 62°2°N, 9°3’E (see
Asbjernsen 2002 for map). The mountain range is a
typical alpine tundra environment, having consider-
able variation in terrain structure. Altitudes vary from
600 m above sea level in valley bottoms to > 2000 m on
peaks. This includes open plateaus, U-shaped valleys
and rugged terrain. Alpine tundra vegetation dominates,
which ranges from snow-bed vegetation to lichen
heath and grass heath communities and barren rock.
The area is among the driest in Norway, with average
precipitation levels less than 500 mm per year. Normally,
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the area is snow-covered from late October to late May.
The area is bisected by a major two-lane highway and
an intercity railway that both remain open year-round.
Most of the range of muskoxen is within a national
park and a military training area. During winter,
the population feeds on steep slopes and windblown
ridges, owing to their preference for low snow cover and
low plasticity to snow-rich environments (Alendal
1973; Thing 1984; Klein 1992; Nellemann 1997, 1998).

In the period 1947-53, 27 calves and yearlings were
introduced in DM. Most of these individuals died, and
by the end of August 1953 probably only 10 individuals
were left alive (Alendal 1973). Today’s population
descends from these individuals.

Methods

POPULATION CENSUSES AND REGISTERED
MORTALITY

Summer censuses were performed from late July until
early September. Numbers of muskoxen in DM until
1983 were based on censuses performed and presented
by E. Alendal (see Alendal 1973 for presentation of
parts of these censuses). After 1983, local rangers
performed the summer censuses presented in this study.
The method for these censuses involved walking through
areas that traditionally contained muskoxen and then
counting the animals. Normally around 10 people par-
ticipated in these censuses (T. Bretten pers. comm.).
Given the open landscape, the high visibility and sed-
entary nature of the species, and the familiarity that the
rangers have with muskoxen in the area, it is likely that
these minimum counts came close to representing total
counts. Recorded age- and place-specific mortality of
the muskoxen in DM was collected from rangers, local
newspapers and game departments. In total, 265 ani-
mals were lost to the population during the study
period. Human-caused mortalities dominated (74 were
shot, 63 were killed by the train, six died in research
immobilization attempts and five were accidentally
poisoned), but natural mortalities also occurred (12
died in lightning strikes and 11 died in avalanches or
falls). Many animals also dispersed. In total 64 were
found more than 10 km from the population’s distribu-
tion. Most of these animals died or were shot (included
in the above numbers) but a small propagule established
another population in Sweden (Laikre et al. 1997).

POPULATION MODEL

No evidence for density regulation was found because
the change in population size from one year to another
was not related to population size, either on an absolute
scale (correlation coefficient = 0-06, n = 30, P > 0-1) or
on a logarithmic scale (correlation coefficient = —0-28,
n =130, P> 0-1, see also Asbjernsen 2002). We there-
fore adopted a population model without density reg-
ulation writing N, for the population size at time 7 so that:

E(N,., | N) =rN, eqn la
and
var(N,,, |N,) = G,N, + G.N,. eqn 1b

Here r is the specific population growth rate, 62 is the
demographic variance and Gf is the environmental
variance. The first order approximation of the mean
and variance in X,,; = In N, is then:

1 1 _
E(X,,|X,)=r--0, —~¢ "o, eqn 2a
2 2
and
var(X,,|1X,)=c.e " +c.. eqn 2b

Climate effects

The model described by eqns 2a and b can be rewritten
as

X = E(Xoy | X) + Uy5,NN, + U, eqn 3
where U, and U, are independent variables with zero
mean and unit variance. We can use eqn 3 to examine
how different climate variables affect fluctuations in
population size. We introduce the climate variables y;,
as random effects, writing:
Uo,=Xay;, + U, eqn 4
where U is another normalized variable and X is the
component of the environmental variance that cannot
be explained by fluctuations in the covariates. This
leads to the relation:

o) =var(Tay,,) + o, eqn 5

so that the covariates together explain a fraction:

p=var(Xay Mvar(Xay,,) + (52], eqn 6

of the total environmental variance.

Estimating population parameters

A problem in estimating the population parameters
is that individuals were killed by humans. We there-
fore made two analyses. In the first analysis we used the
total population counts (excluding individuals that
had emigrated out of the area). In the second analysis
we removed the individuals that had been killed by
various kinds of human activities.

Our estimation procedures are based on the
assumption that X,,, given X, is normally distri-
buted. Writing x, for the observed logarithm of abun-
dance in year ¢, the log likelihood function takes the
form
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lnu&cicb:E{ummc§+ck”q—
eqn 7

(x, —5—112c ")
2o +0.e ™)

where s = r — 1/26" is the stochastic growth rate. The
sum is taken over values of ¢ for which x,,, as well as x,
are recorded.

Equation 7 is maximized numerically with respect
to the unknown parameters s and .. The uncer-
tainties were found by parametric bootstrapping,
simulating the process a large number of times using
the estimated population parameters (Sether et al.
2000).

We then repeated the analyses, subtracting the
number of animals killed by humans from the mean of
EN, (eqn 1). Similarly, —In(1 — k,) must be subtracted in
the expression for EX, (eqn 2), where k, is the propor-
tion of animals killed.

Computation of PPI

We compute the PPI following the simulation approach
by Engen et al. (2001). We first estimate the parameters
(see eqn 7). Secondly, the process with these parameters
is simulated in such a way that it ends up with the same
population size as the one recorded at the last year of
observation. The same process is then simulated further
until it first reaches extinction or a predefined upper
time, 7,,,,. From each simulation we estimate the pop-
ulation parameters as for the real data and perform
parametric bootstrapping. We then simulate the proc-
ess for each bootstrap replicate to extinction or 7,,,, and
check whether extinction occurs before the simulated
‘real’ extinction time, using the last parameter esti-
mates, or have smaller population size at z,,,, if extinc-
tion is not reached. Writing Q for the proportion of
simulations giving smaller values, the simulations
would give prediction intervals with exact coverage if Q
was distributed uniformly between 0 and 1. We perform
this procedure a large number of times and fit a
beta-distribution to the simulated Q-values and use
this fitted distribution to obtain a prediction method
with improved coverage. For further details, see Engen
et al. (2001).

Climatic data

Climatic data were collected from Fokstua Meteoro-
logical Station, situated a few kilometres south of the
muskox distribution area for the period January 1957—
May 2001. These data consist of daily precipitation,
mean daily temperature and daily snow depth. Climatic
observations were aggregated at monthly, bimonthly
and 3-monthly intervals.

The significance testing of the covariates was
performed by simulating 1000 times under the null
hypothesis.

600 |

400

200

1960 1970 1980 1990 2000 2010 2020
Year

Fig. 1. The actual population fluctuations in the size of the
muskox population in the Dovre Mountains (solid lines) and
population prediction interval (PPI) of future population
sizes with (stippled line) and without (dotted lines) uncertainties
in the parameter estimates. The values of alpha are
quantiles in the distribution representing predicted population
sizes. Accordingly, the interval between o = 0-025 and o =
0-975 represents the 95% PPI.

Results

The population increased from 10 individuals in 1953
to 116 animalsin 2001 (Fig. 1). The stochastic growth rate
in this population was § = 0-0511 £ 0:0177 (SD) with
environmental variance 6. = 0-0159 £ 0-004. Accord-
ing to eqn 2a, the deterministic growth rate was then
7#=00591.

Annual variations in the population growth rates
were significantly related to autumn climate and winter
climate between year ¢ and ¢ + 1. High growth rates
were found in years with mild weather during the
period September—November (b = 0-039, P = 0-001) and
with little snow depth in May (b = —0-005, P = 0-008).
The proportion of explained variance in cf was 9-7%
and 1-1% for autumn temperature and May snow
depth, respectively.

Based on the 50% of the PPI we predicted the
population to grow from 116 individuals in the last year
of study (2001) to 147 individuals after 5 years in 2006
(Fig. 1). However, the uncertainty in the predictions
was large because after 5 years the estimated 95% PPI (the
interval between the 2-5% and 97-5% quantiles) already
ranged from 79 to 259 individuals. The small effects
on the position of the quantiles of assuming precise
parameter estimates (Fig. 1) showed that the width of the
PPI was influenced more strongly by the environmental
stochasticity than uncertainties in the parameter
estimates.

So far, we have assumed that the demographic
variance was small enough to be ignored. To evaluate
the sensitivity of the PPI to variation in o, we used the
method of Engen efal. (2005) for estimating the
demographic variance in age-structured populations
of species with only one offspring. Assuming a similar
demography as in the Arctic Wildlife Refuge popula-
tion in north-eastern Alaska (Reynolds 1998), we
assume that 59 calves were produced per 100 females
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> 2 years old with 83% of the calves surviving their first
year of life, which for an equal sex ratio gives 0-245
female recruits per adult female. To obtain a maximum
estimate of the demographic variance (Sether et al.
2004), adult survival rate was assumed equal to the
average yearling survival rate (70%), giving Gf, = 0-240.
Inclusion of demographic variance reduced the width of
the PPI. After 10 years the width of the PPI was 19-:2%
smaller with o included than without any demo-
graphic stochasticity.

Discussion

This study demonstrates large uncertainties in predict-
ing the future growth of an introduced small popula-
tion of muskox in Central Norway, owing mainly to the
effects of environmental stochasticity (Fig. 1). A sig-
nificant proportion of this variability was explained by
climate during autumn and late spring. This illustrates
the importance of including assessments of uncer-
tainties in the population projections when making
predictions about future growth of small populations
(Fieberg & Ellner 2000; Ellner et al. 2002).

The population growth rates estimated in this study
were smaller than those recorded in some other intro-
duced populations of this species. After an introduc-
tion in Nunivak Island, Alaska, the stochastic growth
rate § = 0-0980 = 0-0207 (estimated from a time-series
presented in Spencer & Lensink 1970; assuming no census
error and demographic stochasticity) was 91-7% higher
than on DM. Similarly, the censuses from muskox
introductions in Angujaartorfiup Nunaa, West Green-
land (Pedersen & Aastrup 2000) indicated §=0-21 £0-10
during the expansion phase 1986-90. Similar high
growth rates have also been indicated in several North
American muskox populations (Gunn et al. 1991;
Reynolds 1998). One reason for the lower population
growth rate of the population in DM is that muskoxen
in this area are killed frequently by various kinds of
human activities. This happens mainly because a rail-
road that passes through important habitat kills up to
several animals per year, and because animals that end
up in populated areas are often shot. If the number of
animals that are known to be killed by humans are sub-
tracted from the mean of EN, (eqn 1), we obtain almost
a doubling of s (§ = 0-0980 £ 0-0186) in DM. In con-
trast, the effects on 65 was negligible (65 =00163 £
0-0042). Thus, amajor reason for the reduced growth rate
of the muskox population in DM compared to other
introduced muskox populations (see Hénaff & Créte
1989; Gunn et al. 1991; Reynolds 1998) was the killing
of animals by humans. However, the growth rate of the DM
population was still smaller than the estimates for many
introduced ungulate populations (Komers & Curman
2000; Sether et al. 2002b). Several events of emigration
from DM to other areas (Asbjornsen 2002) may have
contributed to a reduction of the overall growth rate.

A significant proportion of the environmental
stochasticity was explained by variation in climate

during autumn and late winter. These climate effects
remained even after accounting for the effects of known
killings by humans. In correspondence with our results,
survival of muskox calves in the Arctic Wildlife Refuge
in north-eastern Alaska was related negatively to the
snow depth in May and June (Reynolds 1998). Thus,
the long-term growth rates of muskox populations are
affected by stochastic climate effects operating during
the nonbreeding season, as has been found for many
other ungulate populations (Sether 1997; Coulson,
Milner-Gulland & Clutton-Brock 2000).

The PPI predicted a high probability of future growth
of the population (Fig. 1). Several studies have indi-
cated that uncertainties in parameter estimates may
strongly influence the accuracy of the predictions
(Sether et al. 2000; Sether & Engen 2002). This was
not the case in the present case where neglecting uncer-
tainties in the parameter estimates had only a small
effect on the width of the PPI (Fig. 1). This illustrates
one of the advantages of population studies of intro-
duced populations, because simple models without
density dependence and population estimates over a
wide range of population sizes make it possible to
obtain unbiased estimates of population growth rates
atlow densities. This s a crucial parameter, for instance
in population viability analysis (Lande et al. 2003),
that is often extremely difficult to estimate (Taylor 1995).
In ungulates, long-term population growth rates at small
population sizes between 0-05 and 0-20 seem typical
for re-introduced ungulates (Komers & Curman 2000;
Sether et al. 2002b).

In most of the analyses, we assumed that the demo-
graphic variance was small enough to be ignored.
However, Komers & Curman (2000) found a strong
non-linear effect of propagule size on subsequent
population growth that suggests that demographic
stochasticity may be important. Our sensitivity
analyses showed that neglecting the demographic
variance led to an overestimate of csf, as has been
noted previously by Engen ez al. (2001). Because the
contribution of the demographic variance to the vari-
ance in the change in population size decreases with
population size (eqns 1b, b), this results in an increase
in the width of PPI owing to too large estimates of cf.
However, the effect was small, suggesting that demo-
graphic stochasticity is of minor importance for pre-
dicting the long-term growth of ungulate populations
that have not gone extinct during the first period after
introduction. This is probably related to the high adult
survival rate and small litter size of larger ungulates,
life-history traits that are often correlated with small
demographic stochasticity (Fox & Kendall 2002;
Sether et al. 2004).
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