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Abstract. Detailed analyses of thresholded ecological interactions can improve our
understanding of the transition from aperiodic to periodic dynamics. We develop athreshold
model of the population dynamics of outbreaking bark beetle populations that alternate
between non-epidemic and epidemic behavior. The model involves accumulation of re-
sources during low-density periods and depletion during outbreaks. The transition between
the two regimes is caused by disturbance events in the form of major tree felling by wind.
The model is analyzed with particular reference to the population dynamics of the spruce
bark beetle (Ips typographus) in Scandinavia for which a comprehensive literature allows
full parameterization. The fairly constant outbreak lengths and the highly variable waiting
time between outbreaks that are seen in the historical records of this species agree well
with the predictions of the model. The thresholded resource-depletion dynamics result in
substantial variation in the degree of periodicity between stochastic realizations. The com-
pletely aperiodic tree colonizations are partly predictable when the timing of the irregular
windfall events are known. However, the predictability of inter-outbreak periodsislow due
to the large variation of cases falling most frequently in the middle between the extremes

of purely nonperiodic (erratic) and periodic (cyclic) fluctuations.

Key words:  aperiodic disturbances; bark beetle; epidemic; fluctuations; logspline density anal-
ysis, outbreak; population dynamics; spectral analysis; time series; waiting time; windfall events.

INTRODUCTION

A variety of organisms exhibit episodes of explosive
population growth that are triggered by disturbance
events. This behavior can be found in the dynamics of
pathogen, predator, and herbivore populations, as for
example in several bark beetle species that show tree-
killing outbreaks at regional scales. Various approaches
have been used to model the interactions between bark
beetles and host trees or tree stands (Berryman et al.
1984, 1985, 1989, Raffa and Berryman 1986, Stenseth
1989). Essential in this work is the formulation of a
threshold in beetle numbers that enables the bark beetle
populations to switch between non-epidemic and epi-
demic dynamics (Berryman 1982, 1999). Also, the phe-
nomenon of accumulation of susceptible hosts has been
recognized as a critical part of the dynamics of host—
pathogen interactions, and great advances have been
made using models that incorporate this (e.g., May
1977, Berryman and Stenseth 1984).

Previous exploratory models (sensu Taylor 2000)
have been important for the conceptual understanding
of bark beetle population systems, such as theintrinsic
metastability of bark beetle population systems that are
constrained by accumulating resources (May 1977,
Berryman and Stenseth 1984, Berryman et al. 1984).
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Building on the previoustheory, we present hereamore
detailed model involving thresholded resource accu-
mulation—depletion dynamics as triggered by distur-
bance events. Our goal is to develop a model that can
be parameterized with data, thus enabling usto do more
realistic quantitative analysis of model behavior and
comparisons with historical outbreak records (rede-
scription sensu Taylor 2000). We parameterize the
model based on the extensive literature on the dynamics
and biology of the spruce bark beetle, | ps typographus
L. The model is made as realistic as possible by in-
corporating pertinent biological detail. A sensitivity
analysis of predicted dynamics with respect to key pa-
rameters is also presented in order to understand the
significance of important interactions and uncertainties
in parameter estimation.

We evaluate the long-term behavior of the model
with particular reference to predictability of tree col-
onizations and outbreaks, and the transition between
periodic and nonperiodic oscillations. Neither histori-
cal records nor previous characterizations of bark bee-
tle outbreaks (Berryman 1987, Berryman and Stenseth
1984, Berryman et al. 1984) suggest strict periodicity
that can be described by periodic functions based on
exact periods (e.g., Gurney and Nisbet 1998, Tong
1990). Analyzing the degree of periodic behavior is of
special interest because periodicity is connected with
the level of predictability in the outbreak dynamics.
However, completely aperiodic behavior can also pro-
vide predictability when it is closely tied to an aperi-
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odic factor (e.g., windstorm events), but then with a
shorter reaction time. To analyze the degree of peri-
odicity in dynamics, we apply spectral analysisontime
series and logspline density estimation of period
lengths and waiting times between periods of both tree
colonization periods and outbreak periods. Finally, we
compare model realizations with historical data on I.
typographus outbreaks.

PrReEaMBLE: THE FocaL SpPECIES

I ps typographus is among the most destructive of the
bark beetles in Palearctic coniferous forests (Chris-
tiansen and Bakke 1988, Wermelinger 2004). At low
population densities this species breeds in fresh wind-
caused tree-falls (hereafter **windfalls’”) or dying trees
of Norway spruce (Picea abies (L.) Karts.). Natural
defense mechanisms of healthy spruce trees usually
repel or kill any assailants (Franceschi et al. 2005). At
high densities, in contrast, the beetles can overcome
these defenses through mass attack coordinated through
aggregation pheromones. The number of beetle attacks
must exceed athreshold for atreeto bekilled and beetle
progeny to be produced (Berryman 1982, Christiansen
1985). Field data show that colonization of healthy
trees is only successful once the beetle numbers in
standardized pheromone traps exceed about 4500.
Abovethisthreshold, the volume of treeskilled appears
to increase linearly at least in the range up to 45000
beetles (Weslien et al. 1989, Lindeldéw and Schroeder
2000). The resource base of |. typographus can be di-
vided in two groups with different characteristics and
influences on beetle population dynamics. The first
group is fresh windfalls, which represent an immedi-
ately available but transient resource—the resource
value will degrade within a year. Such windfall events
appear to occur sporadically in time and space, some-
timesincluding large amounts of bark beetle substrates.
The second resource, which requires high beetle num-
bers to be utilized, is living trees that are susceptible
to beetle attacks. There is a high variation among trees
not just in quality but also fundamentally in whether
they can or cannot be colonized (by a given population
level). Defense capacity and relative resistance of co-
nifers depend on both the genetics and the physiolog-
ical status of the individual (Franceschi et al. 2005).
During periods of low beetle numbers, this second re-
source base will tend to accumulate.

Intermittent outbreaks over the past two centuries
have caused catastrophic timber loss in Central and
Northern Europe (Annila 1969). The last outbreak
(1971-1981) killed the equivalent of 5 X 106 m® of
spruce timber within a 140 000-km? area of southeast
Norway (Bakke 1989). Pheromone trapping in the final
two years of the last outbreak period reveal ed that bee-
tles numbered about 15000 insects/trap in thislate out-
break period. The numbers dropped well below 15000
in the postepidemic period (Zkland and Berryman
2004). Historical records (Reventlow 1811, Asbjgrnsen
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1861, Hagemann 1891, Herre 1925) testify to three
major outbreak periods (1799-1810, 1850-1858, and
1971-1980) in Norwegian spruce forests during the |l ast
250 years. The outbreak periods are typically relatively
short with aroughly decadal duration, whilethewaiting
time between outbreaks appears to be long and highly
variable.

A RESOURCE-DEPLETION MODEL

We represent beetle numbers in terms of counts in
standardized pheromone traps. These traps are widely
used to measure beetle abundance and therefore trap
countsare aconvenient unit for parameterizing the pop-
ulation model; several studies have used mark—recap-
ture methods to estimate dispersal capabilitiesand sam-
pling area of traps (Botterweg 1982, Helland et al.
1989, Weslien and Lindeldow 1989). These provide de-
tailed methods for converting trap counts to density
measures of beetles per square kilometer. Motivated by
previous studies (Berryman 1982, @kland and
Bjarnstad 2003, @kland and Berryman 2004), we for-
mulate the dynamics as a thresholded, discrete-time,
first-order, density-dependent process, governed by
Gompertz-type density dependence (Royama 1992) in
the growth:

R = log(N/N.-,) = a(1-log(N.-,)/log(K)) (1)

where R, is the per capita growth rate in year t, a is
the intrinsic maximum rate of increase, K, is the car-
rying capacity (as determined by the resource base),
and N, is the population size of the local population in
year t. With given bark beetle parameters (Appendix
A), alinear relationship (i.e., logistic or Ricker models)
predicts a strong period-2 component that is inconsis-
tent with observed long-term dynamics (see for ex-
ample Gkland and Berryman 2004). Thus, in agreement
with the analyses of empirical data(@kland and Berryman
2004), we chose a log-linear Gompertz-like relationship.
Rewriting Eg. 1, the population size in year t is given by

N; = Ne.exp[a + b log(N,_,)] @

where b = —al/log(K,). The carrying capacity may be
highly variable over time, as determined by the two
resource bases: K, which is the carrying capacity of
newly windfelled trees, and K which istheliving trees
that are only available at high densities, such that

K = K. + Ks. 3

Here K, is proportional to the volume of wind-felled
spruces in a given year (W):

KL = bW, 4

where b,, is the number of beetles produced per cubic
meter windfall of spruce. Years of large windfall epi-
sodes are rare, and previous studies indicate that only
years of large windfall episodes have a significant in-
fluence on the population level (Jkland and Bjgrnstad
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2003, Jkland and Berryman 2004). Thus, a simplified
model for the windfall dynamicsis

W, = WB,lKN + W (5

in which {W;} may be taken to be a sequence of in-
dependent random Bernoulli (0/1) variates with a prob-
ability of ~0.0625 of large windfall events that are
sufficiently large to make a significant increase in the
beetle population in any given year (dkland and Ber-
ryman 2004). The parameter k,, is the average volume
of wind-felled spruces per square kilometer in such
years, and W, is an average background level of wind-
felled spruces per square kilometer occurring in all
years (smaller and scattered windfalls, top breaks, etc.).

The carrying capacity constituted by living suscep-
tible trees (K5 in Eq. 3) is only available in years with
a beetle density higher than the threshold for tree kill-
ing (called L here), and is then proportional to the
volume of susceptible spruces per km?2. Thus, Kg can
be formulated as the threshold function:

K. = Seeiba for N, > L
s 0 otherwise

(6)

where b, is the number of beetles produced per cubic
meter of killed susceptible spruce and S, is the ac-
cumulated volume of susceptible spruces per square
kilometer in year t. The susceptible spruce, S, can be
expressed as the accumulated volume up to the pre-
viousyear (S,,_1) |essthe volume consumed by beetles
in the previous year (A_,) plus the added volume in
the current year (Syy):

Sacc,t = Sacc,t—l + Sw — AL (7

The added volume in the current year (S, isapositive
function of stand aging because the beetles mainly col-
onize mature trees. S, is proportional to the total vol-
ume of mature spruce trees in the current year (V,,):

Sadd,t =Kk Vm,t (8

Being dependent on beetle density, A, will clearly also
be a threshold function. Density of colonized spruces
has previously been shown to be linear in the numbers
of beetles captured in pheromone traps (Lindeldw and
Schroeder 2000). We thus model A, according to

A - hN, — h,L for N, > L
o otherwise

(€)

in which hg is the slope and —hJL is the intercept in
the linear relation. In this way we assume that the total
population of susceptible trees in intercolonization pe-
riods depends purely on the time elapsed since the pre-
vious period of colonizations, but the actual population
of those colonized depends linearly on beetle density
when above the threshold L.

Using |. typographus as a model system, the model
parameters were estimated from monitoring data, em-
pirical surveys, and former experiments. Details about
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the parameter estimates and their sources are given in
Appendix A.

STATISTICAL ANALYSES

We focused on two key statistics: the predicted av-
erage length of outbreaks (N > E) and the inter-out-
break waiting-time distribution. In order to quantify
the waiting-time distributions predicted by the model
we used logspline density estimation on outbreak
lengths and intervals between outbreaks in simulated
time series. This method applies maximum-likelihood
estimation to estimate the density function log(f) using
cubic splines with afinite number of prespecified knots
(Kooperberg and Stone 1991, R Development Core
Team 2004). Large data sets were needed to achieve
precise estimates of waiting-time distributions and dis-
tributions of outbreak lengths. This was done by sim-
ulating one long time series (20 000 years), because the
results of our analyses by the present ergodic model
will not be different from that using several small time
series.

The resulting logspline density plots were used to
analyze the degree of randomness or regular periodicity
of waiting times and outbreak lengths; a narrow dis-
tribution indicates periodic behavior (in fact strictly
periodic dynamics are represented by zero variance and
all waiting times entered on asingle value). In contrast,
completely randomly timed outbreaks (e.g., completely
aperiodic behavior) have an exponential distribution of
the waiting time between outbreaks. The same method
was also used to analyze the distribution of periods
above threshold of colonizing trees (N > L) and in-
tercolonization periods (N < L).

We further used spectral analysis to analyze the de-
gree of periodicity in simulated time series (100 years)
in the following way: the variation attributed to various
period lengths was estimated by calculating the am-
plitude as a function of period length. An index of
periodicity was set as the maximum amplitude divided
by the sum of amplitudes, which will approach 1 for
a perfectly periodic time series and O for a time series
without any sign of periodicity. The periodicity indices
from 1000 simulations were used to prepare a density
plot using kernel density estimates.

REsSULTS

The general behavior of the model is illustrated in
Fig. 1. Periods of low insect population size are char-
acterized by smaller peaks of population increases re-
flecting the irregular occurrences of large windfall
events. Since windfalls are only suitable as breeding
substrate during one season, the population most often
declines to a low level that is given by the scattered
dying trees in the spruce forest stands (W, in Eq. 5).
However, in some cases the large windfall episodes
induce a population increase above the threshold for
colonizing susceptible trees (L; dotted line in Fig. 1).
As aconsequence, the population increases quickly due
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Fic. 1. General behavior of the model: a selected sample
from the simulated population time series (solid curve, left
axis), including accumulation of susceptible trees (dashed
curve, right axis), threshold of tree colonization (horizontal
dotted line), and threshold of epidemic outbreak (horizontal
straight line).

to its access to both resources of windfall and suscep-
tible trees. Depending on the availability of accumu-
lated susceptible trees (S..; dashed curve in Fig. 1),
the population may continue to increase beyond the
outbreak threshold (E; horizontal dotted linein Fig. 1).
A large population size results in a rapid depletion of
the susceptible trees (S,..), leading to a population de-
cline below thethreshold of tree colonization (L). Large
windfall episodes within the outbreak period may pro-
long the outbreak period. However, such prolongations
are short because additional population increases dur-
ing outbreaks speed up the depletion of susceptible
trees. Conversely, thereis a large accumulation of sus-
ceptible trees after long periods below the threshold of
tree colonization, leading to extra-large outbreak pop-
ulations when the population finally passes the thresh-
old. When depletion of all susceptible trees is associ-
ated with high frequencies of windfelling, the popu-
lation level may for a period be maintained above the
threshold of colonizing trees (L) without rising to out-
break levels (E) (Fig. 1). Similar to previous models
(e.g., Raffa and Berryman 1986), the dynamic of the
present model is insensitive to initial population size.
The same kind of dynamics was found when the initial
population size was low (100), high (20 000), equal to
the threshold L (4500), or equal to the threshold E
(15000).

The model simulations indicate the periods between
tree colonizations are completely aperiodic (** erratic’’).
The logspline density plots show a near-exponential
distribution for the waiting time between periods above
the threshold for colonizing trees, L (broken curvein
Fig. 2a).
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The characteristics of waiting times and period
lengths differ between outbreak (N > E) and coloni-
zation dynamics (N > L). The waiting time between
outbreaks was neither strictly periodic nor completely
aperiodic. Logspline density plots of the waiting-time
distributions had along tail and amode around 75 years
(solid curve in Fig. 2a). In contrast, most outbreaks
were 6-10 years long. The logspline density distribu-
tion of the outbreak durations reveals a skewed peak
with a mode around 10 years (Fig. 2b).

The highly variable behavior of the model may in
some cases produce near-periodic or completely ape-
riodic dynamics even without changing parameter val-
ues. The density plot of the periodicity based on spec-
tral analyses of 1000 simulated time series of 100 years
showed that the time series range from nonperiodic to
near-periodic patterns with an optimum of intermediate
cases (Fig. 2c). For the simulated time series, 5% yield-
ed an index higher than 0.5, and 0.4% of the indices
exceeded 0.75. Allowing parameter changes, certain
parameter combinations (beyond realistic values of 1.
typographus) exhibited narrow logspline waiting-time
distributions indicative of near-periodic behavior (Fig.
2d).

Changes in the magnitude of the parameters p,,, Sua
L and E did not change the qualitative model behavior,
but did significantly impact waiting times and outbreak
lengths. The results of the sensitivity analyses are pre-
sented in Appendix B. The original model parameters
that were based on the empirical and experimental data
show that outbreak lengths and waiting times of his-
torical data fall nicely within the range predicted by
the model (Fig. 3).

DiscussioN

The present model sheds light on the difficulty of
using analysis of a single short time series for classi-
fication of insect outbreaks as aperiodic or periodic
(noncyclic or cyclic). Dueto the substantial underlying
variability inherent in thresholded resource-based dy-
namics, various time-series may occasionally appear to
be anything from completely aperiodic to near-periodic
with identical model parameters. Our quantitative anal-
ysis of inter-outbreak periods and time-series patterns
demonstrated that the majority of the model realiza-
tions were intermediate cases between the extremes of
purely periodic or nonperiodic. Thus, we argue that in
thresholded ecological interactions (e.g., Grenfell et al.
1998, Stenseth et al. 1998), it may be fruitful to con-
sider the transition from aperiodic to periodic dynamics
using waiting-time analysis in addition to the more
classic time-series methods, such as periodograms and
autoregression (see previous debates on methods; e.g.,
Hunter and Price 2000). Even though the present model
does not include an underlying autoregressive com-
ponent that may result in the classic ecological phase-
forgetting cycles (Nisbet and Gurney 1982), theindices
based on spectral analyses reveal ed a potential for near-
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Fic. 2. Density plot results: logspline density plots based on simulated time series (a, b, and d) and density plot periodicity
index (c). (a) Logspline density plot for waiting time between outbreaks (solid curve) and periods above threshold for
colonizing trees (broken curve). (b) Logspline density plot for length of outbreak periods. (c) Density plot of periodicity
index (spectral analysis) calculated from simulated time-series sequences. The index will attain 1 for a perfectly periodic
time series and O for a time series without any sign of periodicity. For more details on the index, see Statistical analysis.
(d) Logspline density plot for waiting time between outbreaks within simulated time series using the parameter values p,,
(yearly probability of big windfall event) = 0.15, S, (added volume of susceptible spruce trees in the current year) = 31,

and L (beetle density threshold for killing trees) = 6000.

periodic patterns in addition to highly irregular time-
series patterns (Fig. 2c). This potential was also re-
flected in the waiting-time analyses that showed a dis-
tribution between completely aperiodic and strict pe-
riodic inter-outbreak periods (Fig. 2a: solid curve), as
well as narrow distributions indicative of quasi-per-
iodism when parameters were adjusted (Fig. 2d; Nisbet
and Gurney 1982). Strict periodic behavior of time-
series sequences or inter-outbreak periods were not ob-
served, even though the variation in outbreak lengths
was small.

When model parameters were confined to realistic
values for Ips typographus in Scandinavia, our results
show that the large windfall events (Fig. 1) and the
time between starts of colonizations are completely
aperiodic (indicated by near-exponential distributions;
Fig. 2a: broken curve), while the distribution of waiting

times between outbreaks (Fig. 2a: solid curve), and the
time-series patterns by spectral analyses (Fig. 2c) fall
somewhere between purely aperiodic and purely pe-
riodic (the majority of the simulated cases were closer
to the middle than to the extremes). This gives some
predictability of the start of colonizations when we
know the windfall events, while the predictability of
outbreaks and time-series patterns is generally low. In
contrast, the variation in outbreak length wasrelatively
small, implying that the outbreak durations are quite
predictable.

Historical records of I. typographus from Scandi-
navia suggest a highly variable waiting time between
outbreaks and a fairly constant length of outbreaks,
which is not consistent with the simple delayed auto-
regressive models, or predator—prey models and com-
petition models used on many other animal species
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Fic. 3. Comparison of (a) waiting time and (b) outbreak length between historical records and time series simulated by
the model. The central lines of the box-and-whiskers plot show the median, the box indicates lower and upper quartiles, and
the whiskers show the largest and smallest observations that fall within a distance of 1.5 times the box size from the nearest

quartile.

(Royama 1992, Turchin 2003). These patterns of out-
break lengths and waiting times have not been de-
scribed by previous quantitative models of bark beetle
dynamics. Furthermore, delayed density dependence
was not significant in time-series analyses of I. typo-
graphus, which showed a dominance of lag 1 density
dependence only (@kland and Berryman 2004). The
present model appears to predict the general behavior
of the bark beetle outbreak dynamics, and the results
are consistent with previous exploratory models (Ber-
ryman and Stenseth 1984, Berryman et al. 1984). The
waiting times and the outbreak lengths of the historical
data are well within the typical range predicted by the
model (Fig. 3).

The present model may need modifications to be ap-
plied in other parts of the distribution area of |. typo-
graphus. As illustrated by studies of numerous other
species, variation in biological conditions may result
in significant regional differences in population dy-
namics of a given species (e.g., Bjarnstad et al. 1998).
For example, predators are currently believed to be the
reason for noncyclic lemming populations in Arctic
Canada, while they are believed to be the cause of
cycles in Greenland and Scandinavia (Hudson and
Bjarnstad 2003). We do not know to what extent spe-
cies composition of natural enemies or differences in
voltinism may lead to a higher degree of periodicity of
I. typographus in other regions. There are still more
detailsto learn that can beimportant for how the thresh-
old of colonizing susceptible trees should be formu-
lated as a function of population size and population-
dependent responses. As indicated by the experimental
studies of Dendroctonus rufipennis (Wallin and Raffa
2004), it could be that the number of trees that are
‘‘susceptible’” increases with the population size (due
to their ability to mass attack and adjust behavior as
needed), even as susceptible trees are being depleted.
We do not know in detail how such phenomena are
manifested in the various bark beetle species and how
they might impact dynamics.

The only source of stochasticity in our model is W,
which represents the yearly occurrence of large wind-
fall events (Eq. 5). These windfall episodes are known
to represent the major trigger of outbreaks, while
drought appears to have less influence on the dynamics
of 1. typographus from Scandinavia (@kland and
Bjernstad 2003, Pkland and Berryman 2004). In some
bark beetle—forest systems (e.g., Dendroctonus fron-
talis in the southern states of the United States), the
random events of thunderstorms and lightning-struck
trees may play afundamental role for outbreak dynam-
ics (Hodges and Pickard 1971, Feldman et al. 1981,
Coulson et al. 1983). The dynamics of bark beetle spe-
cies in other regions (e.g., Dendroctonus ponderosae
in North America) appear to be more closely tied to
large-scale tree aging and the random occurrence of
drought events (Berryman 1999). Specifically, drought
effect could be implemented in the present model via
stochastic effects on the colonization threshold, L (Egs.
6 and 9). The effects of accumulating mature forest
may be added by describing the total volume of mature
spruce trees V,,, as a function of time (Eg. 8). This
variable was taken to be constant in the present system
because the stand-rotation practice in Fennoscandian
forests aims to keep an approximately constant age
distribution of stands (Bgrset 1986).

The temporal frequency of important outbreak trig-
gers may be a function of long-term climate changes.
As demonstrated by the sensitivity analyses, increasing
the annual probability of large windfall episodes (p,,)
resulted in immediate declinesin both outbreak lengths
and waiting time (Appendix B); thus, a long-term in-
crease of windfall frequency is expected to result in
more frequent outbreaks of shorter duration. Such ef-
fects may come in addition to temperature changes that
cause shiftsin voltinism and geographical distributions
of bark beetles towards higher latitudes and higher el-
evations (Logan and Powell 2001, Williams and Lieb-
hold 2002, Powell and Logan 2005). More details on
climate effects are given in Appendix B.



February 2006

Among outbreaking insect species, eruptions are of-
ten triggered by disturbance events and then lead to
exhaustion of the resource base. Thus, adjusted ver-
sions of the present model framework may potentially
be useful in other regions and on other outbreak spe-
cies.
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APPENDIX A
Model parameters and their estimates for Ips typographus in Scandinavia

Parameter Description Estimate
W, general windfall each year (smaller amounts, snow and windbreak etc, m3) 9
Kw windfall at big windfall events (to be multiplied with windfall randomizer, m®) 274
Pw yearly probability of big windfall event 0.0625
S.a  susceptible trees added every year (m?®) 4

L threshold for beetle colonisation of susceptible trees (no. of beetles) 4500
by beetles produced from windfall (beetles per m®) 200
ba beetles produced from attacked trees (beetles per m3) 200
hg slope of volume regression of attacked trees if N>L (m® per beetles) 0.001621
a growthrate constant of Gompertz model 2
E threshold of epidemic conditions (no. of beetles) 15000

The parameters Wy, ky, pw and Saqq Were quantified from data from the national forest
inventory of Norway, the windfall taxations of the insurance company Skogbrand, forest
stand measurements made by the Norwegian Forest Research Institute, and results from time
series analyses of the monitoring data of Ips typographus in Norway (@kland and Berryman
2004). The added volume in the current year (Saqq) and the total volume of mature spruce
trees in the current year (V) were considered as constants because the stand rotation practice
which is dominating the Fennoscandian forest landscapes aims to keep approximately
constant proportion of mature stands at the landscape level (Barset 1986).

The values of L and hs were based on the regression parameters found in the Swedish
monitoring of Ips typographus populations and spruce tree colonizations (Lindeléw and
Schroeder 2000). The experiments by Ogibin (1973) and Anderbrant et al. (1985) were used
for estimating the parameter values of b, b, and a. The beetle numbers per trap at outbreak
level (E), which is much higher than the threshold for beetles to start colonization of
susceptible trees (L), was based on the survey by Weslien et al. (1989), and the pheromone
trapping records in the final years of outbreak in Norway during the 1970s (@kland and
Berryman 2004).
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APPENDIX B
Results of sensitivity analyses

Time series of 20,000 years were simulated at 40 different values for each of the
parameters. The variation in waiting time remained large throughout most of the parameter
ranges, except for some subsections of the ranges (Fig. B1). On the other hand, the length of
outbreaks, were most often confined within the span of 4 - 10 years (Fig. B2).

Increasing the annual probability of large windfall episodes (pw) resulted in significant
declines in both outbreak lengths and waiting time. The highest values of p, (0.215) gave
outbreaks with an interquartile range of 1 and 4 years and waiting time with an interquartlie
range of 19 and 69 years (Fig. B1 and B2). Variation in the annual addition of susceptible
trees (Saqg) had an opposite effect on waiting time and outbreak length. Adding more
susceptible trees resulted in reduced waiting times throughout the parameter range, most
dramatically in the lower end of Saqq (Fig. B1). Outbreak length increased up to the original
level of S,qq (vertical line in Fig. B2), which appeared to be a local maximum. Above this
maximum, the outbreaks declined to a minimum at about 1-2 year outbreaks (Saqq = 10.5 m®),
and thereafter increased towards continuous outbreak conditions for very high values of Syqq.
For the threshold of tree colonization (L), the waiting time increased for all values above the
original (‘Ips") model parameter (4,500 beetles; vertical line in Fig. B1). Lowering L below
4,500 beetles gave a slight decrease of waiting time down to 4,000 beetles (quartiles 143 - 183
years), below which the waiting time started to increase again. The outbreak length increased
across the range of values of L, going from outbreaks durations of 1-7 years at the 3,100
beetle threshold to 14 - 17 years at the 7,000 beetle threshold (Fig. B2). Waiting time and
outbreak length were also increasing functions in most of the parameter range of the epidemic
threshold (E). Lowering E, the waiting time showed a nearly linear decrease down to 12,000
beetles (with quartiles of 70 - 202 years), and below this E value there was a steep decline to
waiting times with quartiles of 17 - 86 years in the lower end (E = 10,000 beetles)(Fig. B1).
The mean outbreak length was nearly the same for E values from 12,000 beetles (9.3 years)
up to 17,000 beetles (9.5 years), but decreased towards the lower end (6.2 years) and
increased towards the upper end (9.9 years)(Fig. B2). The variation in outbreak length
decreased from the lower end (quartiles 1-12 years) towards the upper end (quartiles 9-12
years). The model was relatively insensitive to k,, (the average volume of wind-felled spruces
per km? in years of large windfall episodes), showing only slightly shorter waiting times and
outbreak lengths with increasing values of this parameter.

Climate-sensitive parameters

Long-term climatic changes may have profound effects on several forest pests. However,
different variables have been suggested to be important (Williams and Liebhold 1995, Logan
et al. 2003, Powell and Logan 2005). At northern latitudes, increasing temperatures can
induce shifts in voltinism and geographical distributions of bark beetles towards higher
latitudes and higher elevations (Logan and Powell 2001, Williams and Liebhold 2002). In
some bark beetle — forest systems (e.g. Dendroctonus frontalis in the southern states of USA),
changes in the frequency of thunderstorms and lightning-struck trees may play a fundamental
role for the outbreak dynamics of bark beetles (Hodges and Pickard 1971, Feldman et al.
1981, Coulson et al. 1983).

Storm-induced windfelling appears to have a major influence on the dynamics of Ips
typographus (Worrell 1983, @kland and Bjgrnstad 2003). A higher frequency of severe
storms as predicted by Regclim (http://regclim.met.no) will have direct impacts on the yearly
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Fig. B1. Waiting time between outbreak periods with lower and upper quartiles for time series
(20,000 years) simulated over a range of parameter values for p,, - probability of large windfall
events, Suq - Susceptible trees added every year , L - threshold for beetle colonization of susceptible
trees, and E - threshold of epidemic conditions. Vertical lines denote the original parameter value
derived from empirical studies and experiments.

probability of big windfall event (p,) and the yearly addition of susceptible trees (Sagd).
According to model simulation, increases in py and Saqq result in shorter mean waiting time
between outbreaks, and increases in p,, lead to shorter outbreak durations (Fig. B1 and B2).

Estimating possible regional climate scenarios is an important area of future research.
Given that the present model appears to reflect the dynamics of Ips typographus outbreaks,
we now have a tool for looking more detailed on the functional responses given by long-term
climatic scenarios of wind storms.
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Fig. B2. Length of outbreak periods with lower and upper quartiles for time series (20,000 years)
simulated over a range of parameter values for p, - probability of large windfall events, Syq -
susceptible trees added every year, L - threshold for beetle colonization of susceptible trees, and E -
threshold of epidemic conditions. Vertical lines denote the original parameter value derived from
empirical studies and experiments (Appendix A).
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