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IntroductIon

Forest pest insects may have outbreak periods 
during which they are so abundant that they 
cause large- scale tree growth reductions or mor-
tality (Speight and Wainhouse 1989, Raffa et al. 

2008) and consequently strongly impair timber 
production. Outbreaks often last several years 
and may cover millions of hectares. Most studies 
of the spatial dynamics of forest insect outbreaks 
have been conducted by determining where trees 
have been attacked each year at coarse grains 
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(pixels ≥ 1 km2; e.g., Peltonen et al. 2002, Gray 
2004, Jepsen et al. 2009, Chapman et al. 2012). 
This may be the most relevant scale for species 
that attack most of their host trees over large con-
tiguous areas. However, many insect outbreaks 
have patchy distributions even if their host trees 
are rather evenly distributed over large areas 
(Maron and Harrison 1997, Kautz et al. 2011). Es-
pecially for them, colonization- extinction studies 
at a finer grain are needed for the understanding 
of outbreak dynamics.

For outbreaking forest insects, little is known 
about the fine- grain colonization- extinction dy-
namics. Instead, many studies have considered 
the spatial pattern of occurrences (e.g., Radel-
off et al. 2000, Robertson et al. 2007, Kautz et al. 
2011, Kärvemo et al. 2014). Other studies have 
indeed observed colonizations and extinctions, 
but they have not investigated how these are 
related with environmental factors (Hedden 
and Billings 1979, Ayres et al. 2011, Colombari 
et al. 2013). Colonization- extinction dynamics 
have been studied more frequently in meta-
populations of species confined to highly frag-
mented habitats. For these species, it has been 
found that the colonization probability increases 
with increasing quality and quantity of the lo-
cal habitat (Eber and Brandl 1996, Franzén and 
Nilsson 2010) and that the extinction probability 
decreases with increasing local population size 
and habitat quality (Hanski 1998, Roland et al. 
2000, Franzén and Nilsson 2010). Colonization 
and extinction probabilities may also be affect-
ed by connectivity to the surrounding occupied 
patches (Hanski 1998). Less is known about how 
the surrounding landscape composition influ-
ence colonizations, although it has been found to 
influence the dispersal (e.g., Roland et al. 2000, 
Ricketts 2001, Powell and Bentz 2014), and thus 
the probability of colonization (Gustafson and 
Gardner 1996) and extinction (Sjögren- Gulve 
and Ray 1996) of species.

In conifer forests, tree- killing bark beetles are 
usually the most economically important out-
breaking species (Schelhaas et al. 2003, Raffa 
et al. 2008, Seidl et al. 2011). Their ecology makes 
them suitable for large- scale studies of fine- grain 
colonization- extinction dynamics during out-
breaks because: (1) they mainly kill standing 
trees; (2) killed trees generally occur in well- 
defined groups (Ayres et al. 2011, Colombari 

et al. 2013, Kärvemo et al. 2014) which are easy 
to record over large landscapes by aerial surveys; 
and (3) each colonized tree is generally used by 
only one generation and colonization and extinc-
tion events can therefore be directly observed by 
comparing the spatial distributions of recently 
killed trees in consecutive years.

The aim of this study was to analyze the 
colonization- extinction dynamics of the spruce 
bark beetle (Ips typographus L.), which is the most 
serious forest insect pest in Europe (Grégoire 
and Evans 2004, Seidl et al. 2011). The study 
was conducted at 1- ha pixel resolution in a large 
managed forest landscape in southern Sweden 
during 3 yr of an extensive outbreak. Specifi-
cally, we assessed colonization and extinction 
rates, and analyzed effects of focal pixel quality, 
connectivity to local beetle populations, and sur-
rounding forest composition on colonization and 
extinction probabilities. To our knowledge, this 
is the first study to evaluate factors influencing 
the colonization- extinction dynamics of an out-
breaking forest insect over the full extent of a 
large- scale landscape.

Methods

Study species
In Europe, the host tree of the spruce bark 

beetle is Norway spruce (Picea abies Karst). At 
nonoutbreak population levels, the spruce bark 
beetle reproduce in newly dead or weakened 
trees, while during outbreaks most individuals 
reproduce in living trees, resulting in tree mor-
tality. In Fennoscandia, the spruce bark beetle 
is generally univoltine, i.e., it has one generation 
per year (Annila 1969), but each summer they 
usually have two broods in different trees. The 
new generation of beetles hibernates as adults 
under the bark of their brood trees or in the 
forest litter nearby. Thus, trees killed in the 
previous year represent dispersal sources when 
the flight period starts. Males initiate attacks 
by boring into the bark and releasing aggre-
gation pheromones that strongly attract both 
males and females (Birgersson et al. 1984). The 
aggregation increases the probability of exceed-
ing the critical threshold of attack density re-
quired for overcoming defenses of living trees 
(Mulock and Christiansen 1986, Nelson and 
Lewis 2008). Attracted beetles may switch their 



March 2016 v Volume 7(3) v Article e012573 v www.esajournals.org

KÄRVEMO ET AL.

attack to neighboring trees and consequently 
trees are usually killed in aggregated groups 
(Schlyter and Anderbrant 1989).

Study area
The study was conducted from 2007 to 2009 

in a 130 000 ha area in southern Sweden (Fig. 1), 
during a large spruce bark beetle outbreak 
triggered by a storm, which felled 70 million 
m3 of timber in January 2005 (Svensson 2007). 
This breeding material initiated spruce bark 
beetle outbreak, resulting in a total volume of 
4 million m3 of killed standing spruce trees 
between 2006 and 2011 (Kärvemo and Schroeder 
2010, Lennart Svensson, personal communication). 
The tree mortality started at 1.6 million m3 in 
the second summer after the storm (2006) and 
thereafter decreased to 0.8, 0.7, and 0.2–0.3 mil-
lion m3 in 2007, 2008, and 2009–2011, respec-
tively. The forests are dominated by even- aged 
stands of Norway spruce (Picea abies L.) and 
Scots pine (Pinus sylvestris L.), which are thinned 
two or three times before final harvest by clear- 
cutting at an age of 60–80 yr. Birches (Betula 
pendula Roth. and B. pubescens Ehrh.) are the 
most common deciduous tree species. More 

than 99% of the productive forest land within 
the study area is managed. We divided the 
study area into 1- ha pixels. Pixels with spruces 
and with a stand age of >30 yr were regarded 
as possible habitats for spruce bark beetle, while 
younger trees have too thin bark (Grünwald 
1986). About 68% (~88 000) of the pixels met 
these criteria, with slight variations among years 
because stands in some pixels were clear- felled. 
The mean spruce volume in the pixels was 
115 m3·ha−1 (Table 1). The soil in 70% of the 
area consists of fluvio- glacial till and the area 
is rather flat with a mean elevation above sea 
level of 165.5 m (SD = 19.5).

Colonizations and extinctions
We assessed local colonizations and extinctions 

of spruce bark beetles in 2008 and 2009, as 
manifested by the appearance of trees killed in 
the current year in a pixel where no trees were 
killed in the previous year (colonization), and 
the absence of current- year- killed trees in a pixel 
that was occupied the previous year (extinction). 
Thus, local extinction does not necessarily mean 
that the beetles produced in the killed trees 
have died; they could as well have dispersed 

Fig. 1. The study area in southern Sweden and a more detailed view of part of it, where each pixel represents 
1 ha. For the online version: green represent nonoccupied pixels with suitable forest (i.e., >30 yr) habitat (darker 
green = higher spruce volumes), red, black, and violet represent pixels occupied by the spruce bark beetle Ips 
typographus in 2007, 2008, and 2009, respectively. White represents nonhabitat, not included in the analyzes.
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and contributed to tree killing in other pixels. 
Trees that had been killed in the current year 
by spruce bark beetles were surveyed by heli-
copter by the Swedish Forest Agency in 
September 2007, 2008, and 2009. Current- year 
attacks were identified by the color of the tree 
crowns and classified into one of four group 
size classes: 5–10, 11–25, 26–50, and 51–100 killed 
trees. The entire study area was surveyed by 
south–north facing transects and detours were 
conducted to visit the groups included in the 
study. The distance between each transect was 
approximately 800 m and the mean flight height 
of the helicopter was 214 m (SD = 22 m). To 
validate the survey’s accuracy, 163 of the groups 
of killed trees recorded by the helicopter survey 
in 2007 were randomly chosen and inspected 
from the ground. On the killed trees, bark up 
to 2.5 m height was checked for spruce bark 
beetle galleries and living adults. If higher parts 
of the stems had been debarked by woodpeckers 
they were checked for galleries, and the ground 
around them was checked for pieces of bark. 
Of 1620 inspected trees, 1347 (83%) were con-
firmed to have been attacked by the spruce 
bark beetle in the current year, but this probably 
underestimates the beetle’s presence since some 
attacks higher up in killed trees with all bark 
remaining could not be confirmed. This shows 
that the potential problem of false positives is 
small in our data. The potential problem of 
false negatives should also be small because 
groups of killed trees are very apparent from 
helicopter at the low flying altitude and high 
density of transects used in the survey. Moreover, 
we did not find any undetected groups during 
the ground survey for false positives. The dif-
ference between the helicopter and ground GPS 

readings was 22.2 m (SD = 15.2 m, n = 163). 
It was not possible to record colonized wind- 
felled trees in the helicopter survey. However, 
this should not markedly have influenced the 
results, because there was only one storm- felling 
episode during the study period (in January 
2007) and this storm event was much smaller 
than the one triggering the outbreak and mainly 
resulted in downed trees at stand edges of which 
most were removed during the winter. The 
survey data were converted to raster layers with 
1- ha pixel resolution. As a proxy of population 
size, we converted tree group sizes to geometric 
means (7.1, 16.6, 36.1, and 71.4 for the four 
size classes, respectively) and summed them for 
each pixel. We used the geometric mean as the 
distribution within each class was skewed to-
ward small numbers.

Explanatory variables
The colonization and extinction probabilities 

were analyzed separately in relation to four 
focal pixel variables, two connectivity variables, 
and two variables reflecting the forest com-
position in the surrounding landscape. The 
focal pixel variables were: (1) volume of spruce 
and its squared term; (2) volume of birch (a 
nonhost tree species); (3) presence of recently 
created spruce forest edges; and (4) local pop-
ulation size in the previous year (Table 1). 
The last variable was only tested in the ex-
tinction models. The connectivity variables 
were: (1) connectivity to surrounding occupied 
pixels in the previous year; and (2) in the 
current year. The surrounding forest compo-
sition variables were: (1) spruce volume in 
the surrounding pixels; and (2) birch volume 
in the surrounding pixels.

Table 1. The mean, median, and range values of the focal pixel variables.

Pixel variables

2008 2009

Mean Median Range Mean Median Range

Volume of spruce (m3·ha−1) 114.8 108.7 1–594 114.6 108.3 1–594
Volume of birch (m3·ha−1) 22.2 20.6 0–187 22.2 20.6 0–187
Forest edge (presence/absence)† 0.39 – – 0.39 – –
Local population size (no. of 

killed trees)‡
13.8 7.1 7.1–160.2 10.4 7.1 7.1–71.4

† Presence and absence data was set to 1 and 0 in the analyses, respectively. Median and range are not given.
‡ The number of killed trees in the previous year, i.e., 2007 in model 2008 and 2008 in model 2009.
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The reasons why we tested these variables were 
as follows: Habitat quality has often been found 
to be the most important factor explaining col-
onization and local extinction probabilities (e.g., 
Franzén and Nilsson 2010, Fedrowitz et al. 2012), 
and studies of occurrence patterns suggest that 
pixel quality is important also for the spruce bark 
beetle (Netherer and Nopp- Mayr 2005, Overbeck 
and Schmidt 2012, Kärvemo et al. 2014). The 
squared term of spruce volume in the focal pixel 
was included in the colonization models to cap-
ture a possible nonlinear relationship that has 
been indicated in previous studies (Overbeck 
and Schmidt 2012, Kärvemo et al. 2014). The 
volume of birch was included because attraction 
and colonization of the spruce bark beetle have 
experimentally been shown to be affected by ol-
factory compounds from birch (Byers et al. 1998, 
Zhang and Schlyter 2004, Schiebe et al. 2011). The 
presence of newly created edges was included 
because the risk of attacks by spruce bark bee-
tles are higher for trees in forest edges, possibly 
because they are more stressed, than for trees in 
the interior of stands (Peltonen 1999, Schroeder 
and Lindelöw 2002). The previous year’s local 
population size (as estimated by the number of 
killed trees) was included in the extinction mod-
els because for tree- killing bark beetles, a larger 
beetle population size increases the probability 
of exceeding the threshold of beetle numbers 
required to overcome tree defenses (Raffa and 
Berryman 1983). Connectivity often increases the 
colonization probability in highly fragmented 
populations (Hanski 1998) and previous studies 
of the spruce bark beetle have demonstrated that 
infestation risks are highest close to sites of ma-
jor infestations in the previous year (Wichmann 
and Ravn 2001, Kautz et al. 2011). Connectivity 
to current year’s local populations may influ-
ence immigration to the focal pixel. The habitat 
is believed to influence the bark beetles’ dispersal 
efficiency, and the composition of the surround-
ing landscape may thus also affect colonization 
probability (Shore et al. 2010, Simard et al. 2012), 
but this has rarely been tested (see however Pow-
ell and Bentz 2014). Accordingly, we tested the 
effect of both the host tree species (spruce) and a 
nonhost (birch), because bark beetles may be at-
tracted to host- specific kairomones (Byers 1995) 
and repelled by nonhost volatiles (Borden et al. 
1998, Jactel et al. 2001, Zhang and Schlyter 2004).

Data on spruce and birch volumes were ac-
cessed from the 2005 kNN maps of forest land 
in Sweden, which were derived from interpre-
tations of satellite images, evaluated using data 
recorded on the ground, packaged as raster lay-
ers with 25 × 25 m resolution (Reese et al. 2003) 
and then aggregated to 100 × 100 m by averag-
ing. Clear- cut edges up to 5 yr old were iden-
tified from annual interpretations of satellite 
images conducted by the Swedish Forest Agen-
cy (Thorell 2006) and quantified by presence or 
absence within each pixel.

Connectivity to surrounding occupied pixels 
(Si) was calculated as follows:

 (1)

where α is a model parameter regulating the 
spatial scaling, dij is the distance in meters be-
tween the center of the focal pixel i and the cen-
ter of pixel j, Aj is the number of killed trees 
in pixel j, and n is the number of pixels with-
in 1000 m. We calculated connectivity to the 
number of killed trees in the previous year and 
the current year separately. When calculating 
surrounding forest composition (spruce and 
birch volumes, separately), we used the same 
equation, but with Aj representing the spruce 
or birch volume in pixel j. Hence, in total, we 
tested four different spatial variables based 
on Eq. (1): two measures reflecting connectiv-
ity to spruce bark beetle populations, and two 
 measures reflecting the surrounding forest 
composition.

The connectivity measures were weighed by 
distance and population size of the surrounding 
occupied pixels (Eq. [1]), because these two fac-
tors are likely to influence the probability of local 
beetle populations reaching threshold sizes re-
quired to successfully colonize host trees (Kaus-
rud et al. 2012). When fitting each model, we 
optimized the parameter α (as described in Sta-
tistical analyzes) for both connectivity variables 
simultaneously, to ensure the spatial weighing 
was the same for both measures. We then used 
this optimized α when testing the two variables 
reflecting surrounding forest composition. In the 
2008 extinction model, neither of the connectiv-
ity variables improved the Akaike Information 
Criterion (AIC). We concluded that immigration 

Si =

n
∑

j=1

e−αdij Aj
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from other pixels was not important in this mod-
el, so we also excluded surrounding forest vari-
ables from the final model. In the 2009 extinction 
model, previous- year connectivity was exclud-
ed from the model due to a strong collinearity 
with current- year connectivity, and because the 
current- year connectivity had a stronger rela-
tionship with the extinction risk. When calcu-
lating the connectivity and surrounding forest 
 variables, we included pixels within 1000 m of 
the focal pixel, covering previously reported 
zones of increased infestation risk around bark 
beetle populations by a wide margin (Wichmann 
and Ravn 2001, Kautz et al. 2011). To not under-
estimate the connectivity of pixels close to the 
border of the landscape, we established a 1000 m 
wide buffer zone inside the outer boundary of 
the study area. This left a mean number of 76 266 
spruce pixels (defined as described above) over 
the 3 yr, for which colonization and extinction 
probabilities were analyzed (Table 2).

Statistical analyzes
We modeled colonization and extinction prob-

abilities using generalized linear models with 
logit link functions. We fitted four models: one 
colonization and one extinction model for each 
year (i.e., from 2007 to 2008 and from 2008 to 
2009). For each model, we first included the 
characteristics of each pixel and the connectivity 
measures. In this step, we estimated the spatial 
scaling parameter α between 0 and 0.1, using 
an optimization function, where α = 0 means 

giving the same weight to all surrounding pixels 
within 1000 m and α = 0.1 means giving oc-
cupied pixels further away than the closest ones 
a very low weight (Johansson et al. 2013). We 
then extended the model with the two variables 
reflecting surrounding forest composition. These 
full models were then reduced (based on AIC) 
using the R function step (R Development Core 
Team 2012); the final models were the ones 
with the lowest AIC values. All continuous 
variables were standardized. The local popu-
lation size was log- transformed to improve 
normality. Collinearity among explanatory vari-
ables was assessed by pairwise Pearson cor-
relation tests, and for all correlations r < 0.6. 
It has been suggested that if r < 0.7, the cor-
relations should not severely distort model 
estimations (Dormann et al. 2013). We approx-
imated the importance of each of the variables 
from the increases in AIC when they were 
removed one at a time from the final model 
(i.e., we compared the AIC of the best model 
with the AIC of a model where the variable 
of interest had been removed). All data were 
processed in Arcmap (ArcGIS 10; ESRI, Redland, 
California, USA) and R version 3.0.1 (R 
Development Core Team 2012).

results

The percentage of pixels occupied by spruce 
bark beetles varied between 1.3% and 2.1% 
during the three study years (Table 2). The 

Table 2. Distribution (percentages) of occupied pixels, colonizations and extinctions into five population size 
(number of killed trees per pixel) classes. Colonizations and extinctions for 2008 and 2009 are based from oc-
cupations in 2007 and 2008, respectively. “All” is the percentage of the pixels that are occupied, colonized and 
extinct, “Sum” is the number of occupied, colonized, and extinct pixels, while “Total” is the number of pixels 
with Norway spruce and a stand age >30 yr in the study area.

Population size

Occupied (%) Colonizations (%) Extinctions (%)

2007 2008 2009 2008 2009 2008 2009

5–10 66.4 79.1 82.0 79.5 84.1 68.3 80.5
11–25 23.4 17.0 15.9 16.6 14.0 22.5 16.1
26–50 6.7 2.3 1.6 2.3 1.4 6.6 1.8
51–100 3.0 1.6 0.5 1.6 0.4 2.4 1.5
101–200 0.5 0.0 0.0 0.0 0.0 0.2 0.0
All (5–200) 1.3 2.1 1.9 2.0 1.5 89.6 83.5
Sum (no. pixels) 1030 1639 1411 1532 1141 923 1369
Total (no. pixels) 76 851 76 346 75 602 75 316 74 196 1030 1639
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occupied pixels were rather homogenously scat-
tered across the landscape (Fig. 1). Most of 
them (66–82%) were small (≤10 killed trees; 
Table 2). The colonization rate was 1.5–2.0% 
and the extinction rate was 83.5–89.6% (Table 2). 
Most of the occupied pixels were colonized in 
the current year: 93.5% in 2008 and 80.9% in 
2009.

Colonizations
Characteristics of the focal pixel were the 

most important factors explaining colonizations, 
based on the increase in AIC when removing 
them from the best model (Fig. 2). The most 
important pixel characteristic explaining colo-
nization probability was spruce volume, and 
the probability was several times higher in 
pixels with high spruce volumes compared to 
those with lower volumes (Fig. 3). However, 
the colonization probability leveled off at about 
200 m3·ha−1 (Fig. 3), which is captured by the 
negative relationship with the squared term 
(Fig. 2). The colonization probability decreased 
with increasing volume of birch, and increased 
if the pixel included newly created forest edges 
(Figs. 2 and 3). The colonization probability 
also increased with increasing connectivity, both 
to current- year and previous- year occupied 
pixels (Figs. 2 and 3), while the surrounding 
forest composition had a weak and non- 
consistent effect. Estimates of the spatial scaling 
parameter α of the connectivity measures, cor-
responded to distribution kernels with mean 
distances of 278 m (95% CI: 222–333 m) for 
2008 and 111 m (95% CI: 91–143 m) for 2009. 
The colonization models explained 9.2% and 
7.6% of the deviance for 2008 and 2009, 
respectively.

Extinctions
In both years, the extinction probability de-

creased with increasing local population size 
and volume of spruce (Fig. 2 and 4). In the 
2009 model, extinction probability was nega-
tively related to current- year connectivity 
(Fig. 2). Extinction probability increased with 
increasing surrounding spruce volumes while 
surrounding birch had a negative effect (Fig. 2). 
For the spatial scaling parameter (α) of the 
connectivity measures, the best fitted value was 
zero, which means that all pixels within 1000 m 

are given the same weight. The extinction mod-
els had generally low explanatory power; they 
only explained 5.6% and 2.2% of the deviance 
for 2008 and 2009, respectively.

dIscussIon

We show that during outbreaks, tree- killing 
bark beetles can occur scattered across the land-
scape in relatively small local populations with 
a high turnover. The effect of the variables in 
the two study years showed convincingly similar 
patterns. The local colonization- extinction dy-
namics are mainly explained by the habitat 
quality and the local population size the year 
before and connectivity to surrounding occupied 
pixels, but to some extent also by the compo-
sition of the surrounding forest.

The models were relatively poor in explaining 
local colonizations and extinctions. This may be 
because the spatial dynamics of the spruce bark 
beetles also are influenced by stochastic pro-
cesses such as random events affecting migrat-
ing beetles or interactions between weather and 
forest conditions. Moreover, we only included 
patches which had suitable habitat (i.e., mature 
stands of >30 yr), which together with the fact 
that we studied a region that is topographically 
and climatically homogenous, decrease the vari-
ation in data. It may also be that the bark bee-
tle–host interactions are affected by other factors 
from which we lack data. For instance, the attack 
of trees are affected by the insect physiological 
state, population density, and the physiological 
state of the trees (Raffa et al. 2008, Raffa 2014, 
Netherer et al. 2015). In addition, the importance 
of variables may change during outbreaks and 
previous spatio- temporal models of bark bee-
tle outbreaks have shown higher explanatory 
power at the earliest outbreak phase (DeRose 
and Long 2012, Bone et al. 2013, Walter and Platt 
2013). This study lacks data from the early and 
late outbreak years. Nevertheless, this study has 
increased the understanding of the fine grain 
colonization- extinction dynamics of outbreak-
ing insects.

Colonizations
The habitat quality of the focal pixel had a 

stronger effect on colonization probability than 
the connectivity and the surrounding forest 
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composition (Fig. 2.). The most important pixel 
characteristic was spruce volume, and there 
may be at least three reasons why it affects 
the colonization probability. First, the probability 
of beetles finding a susceptible host tree within 
a pixel increases with spruce density. Susceptible 
trees may be trees with reduced defenses or 

other characteristics, which increase the prob-
ability of a successful initiation of colonization 
(Raffa et al. 2008, Raffa 2014, Netherer et al. 
2015). Second, the spruce bark beetle prefers 
large trees with thick bark (Grünwald 1986), 
and such trees are more frequent in older forest 
with a higher total spruce volume. Third, high 

Fig. 2. Parameter estimates (±SE) of the explanatory variables and the reduction in AIC when removing the 
variables (one by one) from the best model (∆AIC; numbers above the points) in the (a) colonization models and 
(b) extinction models of the spruce bark beetle Ips typographus. Black and gray bars represent estimates for 2008 
models and 2009 models, respectively.
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densities of spruce trees increase the probability 
of beetles switching attacks to neighboring trees, 
resulting in groups of killed trees (in our sur-
veys only groups with at least five killed trees 
were registered as occurrences). Also in other 
insect species, abundance of host plants are 
positively associated with colonization proba-
bilities, as shown in examples of butterflies 
(Fleishman et al. 2002), bees (Franzén and 
Nilsson 2010) and parasitoid wasps (Andersson 
et al. 2013). We have found that the positive 
relationship between host volumes and the 
probability of colonization levels off at high 
densities, which is consistent with previous 
observations of a declining positive effect of 
tree ages and tree volume (which is strongly 
correlated) on spruce bark beetle- mediated tree 
mortality (Netherer and Nopp- Mayr 2005, 

Overbeck and Schmidt 2012, Kärvemo et al. 
2014). Such patterns probably arise because 
where spruce volumes have exceeded a certain 
threshold density, suitable large- diameter 
spruces are so abundant that they do not limit 
the bark beetle colonization probability.

The presence of forest edges and birch volume 
were two other focal pixel characteristics also af-
fecting the colonization probability. The presence 
of edge had a positive effect; edge trees may be 
more stressed than trees in the interior of stands 
(Peltonen 1999), which make them more sus-
ceptible for bark beetle colonization. High birch 
volumes in the focal pixels instead decreased 
the colonization probability, and the reason for 
this was probably not a negative correlation 
between birch and spruce volume, since it was 
weak (r2 = −0.22 [2008] and −0.21 [2009]). Instead, 

Fig. 3. The proportions of pixels colonized by the spruce bark beetle Ips typogaphus in relation with explanatory 
variables. Data are presented for explanatory variables with a ∆AIC > 5. Black and gray bars represent estimates 
from 2008 and 2009 data, respectively. na = no data.
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it may be because nonhost volatiles from decid-
uous trees inhibit pheromone responses of bark 
beetles (e.g., Borden et al. 1998, Jactel et al. 2001), 
including the spruce bark beetle (e.g., Zhang 
and Schlyter 2004, Schiebe et al. 2012). To our 
knowledge, this is the first field study that finds 
a  negative relationship between nonhost trees 
and colonization probability for tree- killing bark 
beetles. The result agrees with studies showing 
lower herbivory in host- trees located in mixed 
forests (Jactel and Brockerhoff 2007), and consti-
tutes an argument for mixing tree species instead 
of creating monocultures (Jactel et al. 2001).

The colonization probability was explained by 
both the current- year and the previous- year con-
nectivity. The fitted spatial scaling parameter of 
the connectivity measure (α) suggested that the 
colonization probability was mainly affected by 
the number of surrounding occupied pixels with-
in a few hundred meters. The effect of previous- 
year connectivity was expected, since it clearly 
reflects the number and size of local populations 
that may act as dispersal sources when the flight 
period starts in the spring. Current- year connec-
tivity may also reflect the presence of dispersal 
sources, because most beetles will leave the tree 
in which they established their first brood to es-

tablish a second brood somewhere else later in 
the summer (Öhrn et al. 2014). A positive rela-
tionship between connectivity and colonization 
probability has been observed in many systems, 
especially for rare species in highly fragment-
ed habitats, due to dispersal limitation (Hanski 
1998). However, the spruce bark beetles have the 
physiological capacity to disperse many kilome-
ters (Botterweg 1982, Forsse and Solbreck 1985) 
and during outbreaks they are very abundant. For 
such a species, we expect no effect of small- scale 
connectivity. Nevertheless, we found a positive 
effect within a few hundred meters, and there 
may be at least two reasons for this: a critical at-
tack density that is required for overcoming tree 
defenses and conspecific attraction (Mulock and 
Christiansen 1986, Nelson and Lewis 2008). The 
occurrence of a critical attack density strengthens 
the positive effect of connectivity on colonization 
probability, since there will more often be too few 
immigrating individuals at longer distances to 
initiate successful colonizations (Schippers et al. 
2011). Conspecific attraction may also decrease 
colonization distances, by promoting migrants to 
nearby sites where conspecifics are already pres-
ent (Weslien and Lindelöw 1990, Grevstad and 
Herzig 1997).

Fig. 4. The proportions of extinctions by the spruce bark beetle Ips typogaphus in relation with explanatory 
variables. Limits of ∆AIC, bar colors, and na represents the same as in Fig. 3.
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Extinctions
Our results showed that during outbreaks, 

local extinction probabilities of bark beetles 
(i.e., the absence of current- year- killed trees in 
a pixel that was occupied the previous year) 
may be high, which agrees with studies of 
other bark beetle species (Hedden and Billings 
1979, Colombari et al. 2013). The extinctions 
are most likely not deterministically caused by 
local host tree depletions, since the average 
spruce volume in occupied pixels was much 
higher than the mean volume of killed trees 
in the occupied pixels (in 2008: 158.2 m3·ha−1 
and 6.2 m3·ha−1, respectively). Instead local 
extinction seems to be a rather stochastic pro-
cess that was mainly explained by focal pixel 
characteristics, but somewhat also by connec-
tivity and the composition of the surrounding 
landscape. It was negatively related to the size 
of the local population in the previous year, 
in accordance with two previous studies of 
the spruce bark beetle (Hedgren et al. 2003, 
Eriksson et al. 2008) and a generally high 
probability of small populations to go extinct 
due to demographic and environmental sto-
chasticity (Lande 1998). For tree- killing bark 
beetles, environmental stochasticity is most 
likely much more important than demographic 
stochasticity in this respect, as extinction risks 
are probably high even for populations so large 
that demographic stochasticity has no signifi-
cant impact, due to that many individuals are 
needed for successful attacks. At higher local 
population densities, beetles are able to initiate 
successful colonization also in trees with higher 
defense capacities (Boone et al. 2011), which 
means that large populations are less sensitive 
to the environmental stochasticity. The extinc-
tion probability decreased with increasing 
spruce volume in the focal pixel, which can 
be explained by the factors assumed to be 
responsible for the positive effect on coloniza-
tion probability (see above).

In one year, more spruce in the surrounding 
forest increased the extinction probability. This 
effect could be because the immigration rate 
decreases when conditions in the surrounding 
landscape are more suitable for the migrating 
beetles. Studies of bark beetles (Powell and Bentz 
2014) as well as other insects (Ovaskainen et al. 
2008) lend support to this explanation, since they 

have shown that improvements in habitat qual-
ity in the surrounding landscape may decrease 
immigration rates to focal habitat patches. How-
ever, there are also many examples of the op-
posite effect (Tscharntke and Brandl 2004). The 
 effect of spruce contributes to some extent to the 
patchy distribution pattern of the spruce bark 
beetle, since it counteracts the accumulation of 
large populations in those parts of the landscape 
with the highest spruce densities.

conclusIons

We conclude that local populations of tree- 
killing bark beetles during outbreaks can be 
small, scattered across the landscape and have 
a high turnover. Local factors explained more 
of the colonization and extinction probability 
than the connectivity to occupied pixels and 
the tree composition of the surrounding land-
scape. Two reasons for the patchy and highly 
dynamic distribution of the bark beetles are 
the increased probability of successful attacks 
when exceeding a critical attack density and 
the fragmented distribution of large spruce 
volumes throughout the forest landscape. Of 
the occupied pixels, 81–87% had a volume of 
spruce of >100 m3·ha−1, although pixels with 
such large volumes of spruce only comprise 
28% of the entire landscape.

AcknowledgMents

This study was funded by Formas – the Swedish 
Research Council for Environment, Agricultural 
Sciences and Spatial Planning (projects 230- 2008- 
 1013, 239- 2013- 669, and 215- 2008- 669). We are also 
grateful to the Swedish Forest Agency, who allowed 
us to use data from their helicopter survey. The 
paper has benefited substantially from comments on 
early drafts by Matt Ayres.

lIterAture cIted

Andersson, P., C. Löfstedt, and P. A. Hambäck. 2013. 
Insect density–plant density relationships: a modi-
fied view of insect responses to resource concentra-
tions. Oecologia 173:1333–1344.

Annila, E. 1969. Influence of temperature upon the 
development and voltinism of Ips typographus L. 
(Coleoptera Scolytidae). Annales Zoologici Fennici 
6:161–208.



March 2016 v Volume 7(3) v Article e0125712 v www.esajournals.org

KÄRVEMO ET AL.

Ayres, M. P., S. J. Martinson, and N. A. Friedenberg. 
2011. Southern pine beetle ecology: populations 
within stands. Pages 75–89 in R. N. Coulson, and K. 
D. Klepzig, editors. The southern pine beetle ency-
clopedia. USDA Forest Service, Southern Research 
Station, North Carolina, Asheville, USA.

Birgersson, G., F. Schlyter, J. Löfqvist, and G. Berg-
ström. 1984. Quantitative variation of pheromone 
components in the spruce bark beetle Ips typogra-
phus from different attack phases. Journal of Chem-
ical Ecology 10:1029–1055.

Bone, C., M. A. Wulder, J. C. White, C. Robertson, and 
T. A. Nelson. 2013. A GIS- based risk rating of for-
est insect outbreaks using aerial overview surveys 
and the local Moran’s I statistic. Applied Geogra-
phy 40:161–170.

Boone, C. K., B. H. Aukema, J. Bohlmann, A. L. Car-
roll, and K. F. Raffa. 2011. Efficacy of tree defense 
physiology varies with bark beetle population 
density: a basis for positive feedback in erup-
tive species. Canadian Journal of Forest Research 
41:1174–1188.

Borden, J. H., I. M. Wilson, R. Gries, L. J. Chong, H. D. 
Jr Pierce, and G. Gries. 1998. Volatiles from the bark 
of trembling aspen Populus tremuloides Michx. (Sal-
icaceae) disrupt secondary attraction by the moun-
tain pine beetle Dendroctonus ponderosae Hopkins 
(Coleoptera: Scolytidae). Chemoecology 8:69–75.

Botterweg, P. F. 1982. Dispersal and flight behaviour of 
the spruce bark beetle Ips typographus in relation to 
sex, size and fat content. Zeitschrift für Angewand-
te Entomologie 94:466–489.

Byers, J. A. 1995. Host-tree chemistry affecting coloni-
zation in bark beetles. Pages 154–213 in R. T. Cardé, 
and W. J. Bell, editors. Chemical ecology of insects 
II. Springer, New York, New York, USA.

Byers, J. A., Q. H. Zhang, F. Schlyter, and G. Birgers-
son. 1998. Volatiles from non- host birch trees in-
hibit pheromone response in spruce bark beetles. 
Naturwissenschaften 85:557–561.

Chapman, T. B., T. T. Veblen, and T. Schoennagel. 2012. 
Spatiotemporal patterns of mountain pine beetle 
activity in the southern Rocky Mountains. Ecology 
93:2175–2185.

Colombari, F., L. M. Schroeder, A. Battisti, and M. 
Faccoli. 2013. Spatio- temporal dynamics of an Ips 
acuminatus outbreak and implications for manage-
ment. Agricultural and Forest Entomology 15:34–
42.

DeRose, R. J., and J. N. Long. 2012. Factors influencing 
the spatial and temporal dynamics of Engelmann 
spruce mortality during a spruce beetle outbreak on 
the Markagunt plateau, Utah. Forest Science 58:1–14.

Dormann, C. F., et al. 2013. Collinearity: a review of 
methods to deal with it and a simulation study 
evaluating their performance. Ecography 36:27–46.

Eber, S., and R. Brandl. 1996. Metapopulation dynam-
ics of the Tephritid fly Urophora cardui: an evalua-
tion of incidence- function model assumptions with 
field data. Journal of Animal Ecology 65:621–630.

Eriksson, M., S. Neuvonen, and H. Roininen. 2008. Ips 
typographus (L.) attack on patches of felled trees: 
“Wind- felled” vs. cut trees and the risk of subse-
quent mortality. Forest Ecology and Management 
255:1336–1341.

Fedrowitz, K., M. Kuusinen, and T. Snäll. 2012. Meta-
population dynamics and future persistence of 
epiphytic cyanolichens in a European boreal forest 
ecosystem. Journal of Applied Ecology 49:493–502.

Fleishman, E., C. Ray, P. Sjögren-Gulve, C. L. Boggs, 
and D. D. Murphy. 2002. Assessing the roles of 
patch quality area and isolation in predicting 
metapopulation dynamics. Conservation Biology 
16:706–716.

Forsse, E., and C. Solbreck. 1985. Migration in the 
bark beetle Ips typographus L.: duration timing 
and height of flight. Zeitschrift für Angewandte 
 Entomologie 100:47–57.

Franzén, M., and S. G. Nilsson. 2010. Both population 
size and patch quality affect local extinctions and 
colonizations. Proceedings of the Royal Society of 
London B Biological Sciences 277:79–85.

Gray, D. R. 2004. The gypsy moth life stage model: 
landscape- wide estimates of gypsy moth establish-
ment using a multi- generational phenology model. 
Ecological Modelling 176:155–171.

Grégoire, J., and H. Evans. 2004. Damage and control 
of BAWBILT organisms, an overview. Pages 19–37 
in F. Lieutier, K. R. Day, A. Battisti, J.-C. Grégoire, 
and H. F. Evans, editors. Bark and wood boring 
insects in living trees in Europe: a synthesis. Klu-
wer Academic Publishers, Dordrecht, The Neth-
erlands.

Grevstad, F. S., and A. L. Herzig. 1997. Quantifying the 
effects of distance and conspecifics on colonization: 
experiments and models using the loosestrife leaf 
beetle. Galerucella calmariensis. Oecologia 110:60–68.

Grünwald, M. 1986. Ecological segregation of bark 
beetles (Coleoptera Scolytidae) of spruce. Journal 
of Applied Entomology 101:176–187.

Gustafson, E. J., and R. H. Gardner. 1996. The effect 
of landscape heterogeneity on the probability of 
patch colonization. Ecology 77:94–107.

Hanski, I. 1998. Metapopulation dynamics. Nature 
39:41–49.

Hedden, R. L., and R. F. Billings. 1979. Southern pine 
beetle: factors influencing the growth and decline 
of summer infestations in east Texas. Forest Science 
25:547–556.

Hedgren, P. O., L. M. Schroeder, and J. Weslien. 2003. 
Tree killing by Ips typographus (Coleoptera: Scolyt-
idae) at stand edges with and without colonized 



March 2016 v Volume 7(3) v Article e0125713 v www.esajournals.org

KÄRVEMO ET AL.

felled spruce trees. Agricultural and Forest Ento-
mology 5:67–74.

Jactel, H., and E. G. Brockerhoff. 2007. Tree diversity 
reduces herbivory by forest insects. Ecology Let-
ters 10:835–848.

Jactel, H., I. Van Halder, P. Menassieu, Q. H. Zhang, 
and F. Schlyter. 2001. Non- host volatiles disrupt 
the response of the stenographer bark beetle Ips 
sexdentatus (Coleoptera: Scolytidae) to pheromone- 
baited traps and maritime pine logs. Integrated 
Pest Management Reviews 6:197–207.

Jepsen, J. U., S. B. Hagen, K. A. Høgda, R. A. Ims, S. 
R. Karlsen, H. Tømmervik, and N. G. Yoccoz. 
2009. Monitoring the spatio- temporal dynamics 
of geometrid moth outbreaks in birch forest using 
MODIS- NDVI data. Remote Sensing of Environ-
ment 113:1939–1947.

Johansson, V., T. Snäll, and T. Ranius. 2013. Estimates 
of connectivity reveal non- equilibrium epiphyte 
occurrence patterns almost 180 years after habitat 
decline. Oecologia 172:607–615.

Kärvemo, S., and L. M. Schroeder. 2010. A comparison 
of outbreak dynamics of the spruce bark beetle in 
Sweden and the mountain pine beetle in Canada 
(Curculionidae: Scolytinae). Entomologisk Tid-
skrift 131:215–242.

Kärvemo, S., T. P. Van Boeckel, M. Gilbert, J. C. 
Grégoire, and M. Schroeder. 2014. Large- scale risk 
mapping of an eruptive bark beetle – importance 
of forest susceptibility and beetle pressure. Forest 
Ecology and Management 318:158–166.

Kausrud, K., B. Økland, O. Skarpaas, J. C. Grégoire, 
N. Erbilgin, and N. C. Stenseth. 2012. Population 
dynamics in changing environments: the case of 
an eruptive forest pest species. Biological Reviews 
87:34–51.

Kautz, M., K. Dworschak, A. Gruppe, and R. Schopf. 
2011. Quantifying spatio- temporal dispersion 
of bark beetle infestations in epidemic and non- 
epidemic conditions. Forest Ecology and Manage-
ment 262:598–608.

Lande, R. 1998. Anthropogenic, ecological and genetic 
factors in extinction and conservation. Researches 
on Population Ecology 40:259–269.

Maron, J. L., and S. Harrison. 1997. Spatial pattern for-
mation in an insect host- parasitoid system. Science 
278:1619–1621.

Mulock, P., and E. Christiansen. 1986. The threshold of 
successful attack by Ips typographus on Picea abies: 
a field experiment. Forest Ecology and Manage-
ment 14:125–132.

Nelson, W. A., and M. A. Lewis. 2008. Connecting host 
physiology to host resistance in the conifer- bark 
beetle system. Theoretical Ecology 1:163–177.

Netherer, S., and U. Nopp-Mayr. 2005. Predisposi-
tion assessment systems (PAS) as supportive tools 

in forest management—rating of site and stand- 
related hazards of bark beetle infestation in the 
High Tatra Mountains as an example for system 
application and verification. Forest Ecology and 
Management 207:99–107.

Netherer, S., et al. 2015. Do water- limiting conditions 
predispose Norway spruce to bark beetle attack? 
New Phytologist 205:1128–1141.

Öhrn, P., B. Långström, Å. Lindelöw, and N. Björklund. 
2014. Seasonal flight patterns of Ips typographus in 
southern Sweden and thermal sums required for 
emergence. Agricultural and Forest Entomology 
16:147–157.

Ovaskainen, O., M. Luoto, I. Ikonen, H. Rekola, E. 
Meyke, and M. Kuussaari. 2008. An empirical test 
of a diffusion model: predicting clouded Apol-
lo movements in a novel environment. American 
Naturalist 171:610–619.

Overbeck, M., and M. Schmidt. 2012. Modelling infes-
tation risk of Norway spruce by Ips typographus (L.) 
in the Lower Saxon Harz Mountains (Germany). 
Forest Ecology and Management 266:115–125.

Peltonen, M. 1999. Windthrows and dead- standing 
trees as bark beetle breeding material at forest- 
clearcut edge. Scandanavian Journal of Forest Re-
search 14:505–511.

Peltonen, M., A. M. Liebhold, O. N. Bjørnstad, and D. 
W. Williams. 2002. Spatial synchrony in forest in-
sect outbreaks: roles of regional stochasticity and 
dispersal. Ecology 83:3120–3129.

Powell, J. A., and B. J. Bentz. 2014. Phenology and 
density- dependent dispersal predict patterns of 
mountain pine beetle Dendroctonus ponderosae im-
pact. Ecological Modelling 273:173–185.

R Development Core Team. 2012. R: a language and 
environment for statistical computing. R Founda-
tion for Statistical Computing, Vienna, Austria.

Radeloff, V. C., D. J. Mladenoff, and M. S. Boyce. 2000. 
Effects of interacting disturbances on landscape 
patterns: budworm defoliation and salvage log-
ging. Ecological Applications 10:233–247.

Raffa, K. F. 2014. Terpenes tell different tales at differ-
ent scales: glimpses into the chemical ecology of 
conifer- bark beetle- microbial interactions. Journal 
of Chemical Ecology 40:1–20.

Raffa, K., and A. Berryman. 1983. The role of host plant 
resistance in the colonization behavior and ecology 
of bark beetles (Coleoptera: Scolytidae). Ecological 
Monographs 53:27–49.

Raffa, K. F., B. H. Aukema, B. J. Bentz, A. L. Carroll, J. 
A. Hicke, M. G. Turner, and W. H. Romme. 2008. 
Cross- scale drivers of natural disturbances prone 
to anthropogenic amplification: the dynamics of 
bark beetle eruptions. BioScience 58:501–517.

Reese, H., M. Nilsson, T. G. Pahlén, O. Hagner, S. 
Joyce, U. Tingelöf, M. Egbert, and H. Olsson. 2003. 



March 2016 v Volume 7(3) v Article e0125714 v www.esajournals.org

KÄRVEMO ET AL.

Countrywide estimates of forest variables using 
satellite data and field data from the national forest 
inventory. Ambio 32:542–548.

Ricketts, T. H. 2001. The matrix matters: effective isola-
tion in fragmented landscapes. American Natural-
ist 158:87–99.

Robertson, C., T. A. Nelson, and B. Boots. 2007. 
Mountain pine beetle dispersal: the spatial–tem-
poral interaction of infestations. Forest Science 
53:395–405.

Roland, J., N. Keyghobadi, and S. Fownes. 2000. Al-
pine Parnassius butterfly dispersal: effects of land-
scape and population size. Ecology 81:1642–1653.

Schelhaas, M. J., G. J. Nabuurs, and A. Schuck. 2003. 
Natural disturbances in the European forests in the 
19th and 20th centuries. Global Change Biology 
9:1620–1633.

Schiebe, C., M. Blaženec, R. Jakuš, C. R. Unelius, and 
F. Schlyter. 2011. Semiochemical diversity diverts 
bark beetle attacks from Norway spruce edges. 
Journal of Applied Entomology 135:726–737.

Schiebe, C., A. Hammerbacher, G. Birgersson, J. Wit-
zell, P. E. Brodelius, J. Gershenzon, B. S. Hansson, 
P. Krokene, and F. Schlyter. 2012. Inducibility of 
chemical defenses in Norway spruce bark is cor-
related with unsuccessful mass attacks by the 
spruce bark beetle. Oecologia 170:183–198.

Schippers, P., E. W. Stienen, A. G. Schotman, R. P. Snep, 
and P. A. Slim. 2011. The consequences of being co-
lonial: Allee effects in metapopulations of seabirds. 
Ecological Modelling 222:3061–3070.

Schlyter, F., and O. Anderbrant. 1989. Mass attack of 
trees by Ips typographus induced by sex- specific 
pheromone: a model of attack dynamics. Ecogra-
phy 12:415–426.

Schroeder, L. M., and Å. Lindelöw. 2002. Attacks on 
living spruce trees by the bark beetle Ips typogra-
phus (Col. Scolytidae) following a storm- felling: a 
comparison between stands with and without re-
moval of wind- felled trees. Agricultural and Forest 
Entomology 4:47–56.

Seidl, R., M. J. Schelhaas, and M. J. Lexer. 2011. Un-
raveling the drivers of intensifying forest distur-
bance regimes in Europe. Global Change Biology 
17:2842–2852.

Shore, T. L., A. Fall, W. G. Riel, J. Hughes, and M. 
Eng. 2010. Methods to assess landscape-scale risk 
of bark beetle infestation to support forest man-
agement decisions. Pages 497–520 in J. M. Pye, H. 
M. Rauscher, Y. Sands, D. C. Lee, and J. S. Beatty, 

editors. Advances in threat assessment and their 
application to forest and rangeland management 
– volume 2. PNW-GTR-802, U.S. Department of 
Agriculture, Forest Service, Portland, Oregon, 
USA. http://www.treesearch.fs.fed.us/pubs/37105 
(accessed August 2015).

Simard, M., E. N. Powell, K. F. Raffa, and M. G. Turn-
er. 2012. What explains landscape patterns of tree 
mortality caused by bark beetle outbreaks in Great-
er Yellowstone? Global Ecology and Biogeography 
25:556–567.

Sjögren-Gulve, P., and C. Ray. 1996. Using logistic 
regression to model metapopulation dynamics: 
large-scale forestry extirpates the pool frog. Pages 
111–137 in D. R. McCullough, editor. Metapop-
ulations and wildlife conservation. Island Press, 
Washington, D.C., USA.

Speight, M. R., and D. Wainhouse. 1989. Ecology and 
management of forest insects. Oxford Science Pub-
lication, Clarendon Press, Oxford, UK.

Svensson, L. 2007. Övervakning av insektsangrepp 
– Slutrapport från Skogsstyrelsens regeringsup-
pdrag. Meddelande 1. Skogsstyrelsens förlag, 
Jönköping, Sweden (in Swedish).

Thorell, D. 2006. Kartering av stormfälld skog 
som behöver återbeskogas. Bulletin of Skogs-
styrelsen ????:????–????, dated 17 March 2006 (in 
Swedish).

Tscharntke, T., and R. Brandl. 2004. Plant- insect inter-
actions in fragmented landscapes. Annual Review 
of Entomology 49:405–430.

Walter, J. A., and R. V. Platt. 2013. Multitemporal anal-
ysis reveals that predictors of mountain pine beetle 
infestation change during outbreak cycles. Forest 
Ecology and Management 302:308–318.

Weslien, J., and Å. Lindelöw. 1990. Recapture of 
marked spruce bark beetles (Ips typographus) in 
pheromone traps using area- wide mass trapping. 
Canadian Journal of Forest Research 20:1786–
1790.

Wichmann, L., and H. Ravn. 2001. The spread of Ips 
typographus (L.) (Coleoptera Scolytidae) attacks 
following heavy windthrow in Denmark anal-
ysed using GIS. Forest Ecology and Management 
148:31–39.

Zhang, Q. H., and F. Schlyter. 2004. Olfactory rec-
ognition and behavioural avoidance of angio-
sperm nonhost volatiles by conifer- inhabiting 
bark beetles. Agricultural and Forest Entomol-
ogy 6:1–20.

http://www.treesearch.fs.fed.us/pubs/37105

