
ORIGINAL PAPER

Inter-species interactions and ecosystem
effects of non-indigenous invasive and native
tree-killing bark beetles

Bjørn Økland • Nadir Erbilgin • Olav Skarpaas •

Erik Christiansen • Bo Långström

Received: 23 November 2009 / Accepted: 10 November 2010 / Published online: 18 February 2011

� Springer Science+Business Media B.V. 2011

Abstract Frequent bark beetle outbreaks cause

biome-scale impacts in boreal and temperate forests

worldwide. Despite frequent interceptions at ports of

entry, the most aggressive bark beetle species of Ips

and Dendroctonus in North America and Eurasia

have failed to establish outside their original home

continents. Our experiments showed that Ips typog-

raphus can breed in six North American spruce

species: Engelmann spruce, white spruce¸ Sitka

spruce, Lutz spruce, black spruce and red spruce.

This suggests that differences between the Eurasian

historical host and North American spruce species are

not an insurmountable barrier to establishment of this

tree-killing species in North America. However,

slightly diminished quality of offspring beetles

emerged from the North American spruces could

reduce the chance of establishment through an Allee

effect. The probabilistic nature of invasion dynamics

suggests that successful establishments can occur

when the import practice allows frequent arrivals of

non-indigenous bark beetles (increased propagule

load). Model simulations of hypothetical interactions

of Dendroctonus rufipennis and I. typographus indi-

cated that inter-species facilitations could result in

more frequent and severe outbreaks than those caused

by I. typographus alone. The potential effects of such

new dynamics on coniferous ecosystems may be

dramatic and extensive, including major shifts in

forest structure and species composition, increased

carbon emissions and stream flow, direct and indirect

impacts on wildlife and invertebrate communities,

and loss of biodiversity.
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Introduction

Biological invasions represent a threat to the world

native plant biota, including the coniferous forests that

cover at least 31% of global forested areas. In northern

forest ecosystems, coniferous forests constitute a large
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portion of the terrestrial land, e.g. 43.0% in Fenno-

scandia, 24.7% in Russia, and 16.7% in Canada

(Global Forest Resources Assessment 2010). These

proportions increase substantially if mixed conifer

stands are also considered (e.g. 34% in Canada).

Thousands of insect species are associated with

coniferous forest ecosystems although relatively few

of them can impact ecosystem structure and function.

For example, bark and ambrosia beetles (Coleoptera:

Curculionidae, Scolytinae) total more than 5,800

species worldwide (Wood and Bright 1992); how-

ever, only few of them, mostly in the genera of

Dendroctonus, Ips and Scolytus, are considered

economically important species. Some Dendroctonus

and Ips species are considered among the most

destructive insect species in temperate and boreal

conifer forests and may virtually kill all host trees

over extensive areas during periods of outbreak

(Christiansen and Bakke 1988; Økland and Bjørnstad

2006; Raffa et al. 2008).

Different species of bark beetles are responsible for

large outbreaks in different continents. For example,

only a handful of bark beetles undergo large-scale

outbreaks on conifers in North America, such as

Dendroctonus ponderosae Hopkins (mountain pine

beetle), D. frontalis Zimmermann (southern pine

beetle), D. rufipennis (Kirby) (North American spruce

beetle), D. pseudotsugae Hopkins (Douglas fir beetle),

and Ips perturbatus (Eichhoff) (Northern spruce

engraver). None of these species are naturally found

in Eurasia. Eurasian spruce bark beetle, Ips typogra-

phus (L), is the most damaging bark beetle species in

Eurasia (Wermelinger 2004) and considered a great

risk to invade North America, where it may cause

extensive ecological and economic impact as a result

of mortality to native spruce species (Haack 2006).

Increasing global trade of timber and frequent use

of wood packaging materials like pallets, crating, and

dunnage, have provided important pathways for the

introduction of bark and ambrosia beetles worldwide

(Haack 2001, 2006; Brockerhoff et al. 2006; Piel

et al. 2008; Skarpaas and Økland 2009). For example,

in New Zealand more than 1,500 interceptions of 103

bark and ambrosia beetle species were recorded at the

border from 1950 to 2000, including bark beetles

classified as high-risk species such as D. ponderosae

and I. typographus (Brockerhoff et al. 2006). Like-

wise, in the USA, 6,825 interception records of alien

bark beetles, including some of the high risk species,

were reported at ports of entry for the period of

1985–2000 (Haack 2001).

Some bark beetle species have successfully

invaded new geographical ranges and extended their

host range. For instance, the red turpentine beetle,

Dendroctonus valens LeConte, native to North

America was introduced into China around 1985

and, since then, has caused extensive mortality on the

native pine species, such as Pinus tabuliformis

Carrière and other pine species in north central China

(Li et al. 2001; Yan et al. 2005). In contrast, others

have been intercepted repeatedly without becoming

established, despite the presence of suitable host

plants and climate (Haack 2001, 2006; Brockerhoff

et al. 2006; Liebhold and Tobin 2008). For example,

I. typographus has been intercepted in the USA 253

times from 1985 to 2005 (Haack 2006). Considering

this intense propagule pressure and the presence of

many suitable host trees, it is puzzling that this

species has never become established in North

America. This could be a failure of detection in

which beetles may be present at lower levels than the

detection threshold (Skarpaas and Økland 2009).

Likewise, under suitable conditions, they may estab-

lish populations in surrounding forests, but may occur

at levels below the threshold for successful attack on

living trees, i.e. on timber or already dying trees. A

clear understanding of why invading insect popula-

tions sometimes fail or succeed to establish is of

considerable interest to the development of strategies

for managing and preventing biological invasions.

Our main questions are about the invasion likeli-

hood and what we should expect if any of the tree-

killing bark beetle species mentioned above establish

and survive in other continents. Predicting the effects

of non-indigenous invasive species is difficult, but

careful consideration of their potential impact is

important in the development of pre-emptive man-

agement priorities for areas with particularly high

risk of beetle establishment. Several syntheses

already exist for invasive species in general (e.g.

Williamson 1996; Pimentel 2002; Kenis et al. 2009),

but such studies are urgently needed for eruptive bark

beetles that may have widespread effects on forest

ecosystem processes.

In this paper we focus on the likelihood of bark

beetle invasions, the outcome of potential interaction

between non-indigenous invasive and native species

of tree-killing bark beetles and review on the
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ecosystem effects that may occur due to such

interactions in coniferous forest ecosystems. We (1)

present results from an experiment on six North

American spruce species to give insight in the role of

host tree species in the potential establishment of

I. typographus in North America, (2) present simu-

lation results of interaction effects given that a non-

indigenous tree-killing bark beetle is successfully

established in the habitat of a native tree-killing bark

beetle, and (3) utilize our results as an integrated part

of an extended discussion of invasion likelihood and

the potential outcome of inter-species interactions

between two outbreak species on different landscape

level processes.

Methods

Colonization and breeding experiments

of Ips typographus

We performed colonization and breeding experiments

to test the suitability of spruce species for the

potential establishment of I. typographus in North

America, using six potential spruce host species on

this continent compared to the major native host of

the beetle in Eurasia, Norway spruce (Picea abies

(L.) Karsten, 1881). We were particularly interested

in determining if I. typographus can colonize and

produce brood on the North American spruce species.

Because field experiments with live I. typographus in

North America were not possible, we utilized planted

North American spruces in Scandinavia. As these

exotic spruce species are not systematically planted

in large numbers in Scandinavia, we found it

necessary to divide our experiments on two areas

where some of the North American spruces are

planted together with Norway spruce, Ås in Norway

and Tönnersjöheden in Sweden. While our experi-

ments were restricted to a few trees, other factors

were kept as similar as possible, including stand,

growing conditions, soil, size of tree and phloem

thickness. Therefore, we could only look for striking

differences that could indicate insurmountable estab-

lishment barriers due to tree species, while detailed

analyses of differences due to factors within and

between forest stands could not be addressed.

In field experiments in Norway (59�400N,

10�460E), we utilized three North American spruce

species, red spruce (Picea rubens Sargent 1898),

Engelmann spruce (P. engelmanii Parry ex Engel-

mann 1863) and Lutz spruce (P. sitchensis 9

P. glauca) growing together with Norway spruce in

an arboretum with a natural I. typographus popula-

tion. We were allowed to fell one tree and perform

attack experiments on additional five standing trees

of each species, using trees that had about the same

size (diameter at breast height 19.7 ± 3.2 cm),

phloem thickness (0.41 ± 0.07 cm) and bark struc-

ture (all smooth-barked, Engelmann spruce with

some scales). All trees grew at about similar densities

and conditions, standing at most 300 meter apart.

On 26th May 2008, at the onset of I. typographus’

flight period, we randomly selected five trees per

species within the stands (to avoid edge effects). As the

population levels of I. typographus was well below the

outbreak threshold during the course of the experiment,

initial attraction of bark beetles was stimulated by

attaching a pheromone dispenser (Ipslure�, www.

kjemikonsult.no) 2 m above ground on each tree for

3 days. Then, all baits were removed to determine if

the beetles were able to sustain colonization without

the synthetic pheromone during the short flight period.

Fifteen days after removing the baits (June 10, 2008),

the outer bark was carefully shaved away around two

randomly selected beetle entrance holes per tree (ten

attacks per tree species) and the length of maternal egg

galleries (i.e. from the nuptial chamber to the end of

egg gallery) was measured.

We also cut ten 50 cm long stem sections from each

of the tree species in the arboretum (May 26, 2008). The

trees had approximately similar size (diameter at breast

height 18.5 ± 1.6 cm), similar phloem thickness (about

0.4 cm) and growing conditions as described above.

The resulting 40 bolts were randomly distributed on a

nearby recent clear-cut spruce area in Såner (59�320N,

10�470E) with 10–15 m distance between bolts. The

replicates of ten bolts from each species accounted for a

possible variation in placement and attraction within the

clear-cut area. Each bolt was baited with synthetic

aggregation pheromone of I. typographus, which was

removed after 7 days when all bolts had some level of

beetle colonization. The bolts were left in the field for

additional 7 days for beetle colonization, and then

brought to an insectary in Ås. After counting the number

of entrance holes per m2 (surface area = mean of

circumferences at the ends of the bolt 9 length of the

bolt) all bolts were individually placed in emergence
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bags with collection bottles. The bottles were emptied

weekly and the reared beetles were counted and

weighed (dry weight of ten offspring beetles from each

bolt collected on 4th August 2008).

The field experiment in Sweden (56�410N, 4�570E)

included three North American spruce species, black

spruce (Picea mariana (Miller) Britton Sterns, &

Poggenburg 1888), white spruce (Picea glauca (Mo-

ench) Voss 1907) and Sitka spruce (Picea sitchensis

(Bongard) Carrière 1855) spruce, together with Nor-

way spruce. Eight 80–100 cm long stem sections were

cut from each species on 8th May 2009. The sections

were cut from two trees in each species, four sections

per tree. All trees were of similar size (about 20 cm

diameter at breast height) and phloem thickness

(about 0.4 cm). The bark was generally smooth, Sitka

and black spruce having some scales. All trees were

growing in about similar densities and conditions

within forests of the same area at Tönnersjöheden. All

bolts were laid out in a randomized block design at a

nearby storm-felling site and baited with pheromone

dispensers. On 1st July 2009, six logs of each tree

species were moved to the local research station and

hung up in emergence bags with collection bottles,

while two bolts of each species remained in the storm-

felling site. The bottles were emptied weekly and

reared beetles were counted and weighed (dry weight

of all offspring beetles from each bolt on 12th

December 2009). On 8–9th September 2009, maternal

gallery lengths were measured from on a 15 9 40 cm

area in the middle of each bolt.

Data for all spruce species were compared to

Norway spruce (control species), using two-sample

t tests with separate variances and the Welch

approximation to the degrees of freedom, using the

‘‘R’’ statistical and programming environment (R

Development Core Team 2009).

Simulation of interaction effects between

non-indigenous and native tree-killing bark

beetles

While the field experiments above address the

possibilities for colonization and breeding, the effects

of subsequent interactions between non-indigenous

and native tree-killing bark beetles on large-scale

outbreak dynamics cannot be tested by field exper-

iments. We therefore used model simulations to

explore the possible outcomes for two examples

species that are aggressive bark beetles on spruce in

their home ranges, I. typographus and D. rufipennis.

For the native species, we utilized a resource-based

Gompertz model to characterize the population

dynamics of I. typographus in Scandinavia, including

a full parameterization based on a comprehensive

literature (detailed descriptions are given in Økland

and Bjørnstad 2006). The resource base of the model

consists of two components: wind-felled trees and

living trees that are susceptible to beetle attacks. A

key property of this model is the existence of a

population threshold for starting tree-killing and

outbreaks. The model reproduces the general behav-

iour of the bark beetle outbreak dynamics reasonably

well, and the results are consistent with historical

outbreak periods in Scandinavia (Økland and Bjørns-

tad 2006). This model base was extended (Økland

et al. 2009) to a two-species interaction model by

including a second species (D. rufipennis) on the

same resources using a Lotka-Volterra type of

interaction term (a):

Ni;t ¼ Ni;t�1 exp a 1�
log Ni;t�1 þ aijNj;t�1

� �

log Ki;t

� �� �
;

where Nt is the population density in year t, a is the

Gompertz growth rate, and Kt is the resource base,

and the subscripts i and j denote species i and j,

respectively. The net interaction effect of species j on

species i (DRi,j,t) was defined as the difference

between the per capita growth rate with an interaction

effect (Ri;j;t ¼ Ni;j;t=Ni;j;t�1 � 1) and the growth rate

without an interaction effect (Ri;t ¼ Ni;t=Ni;j;t�1 � 1).

As a positive DRi,j,t implies a facilitation between the

two species (a mutualism where the species ‘‘help’’

each other to exceed the threshold at which they get

access to an extended common resource by killing

trees), the percentage of years in the time series with

a positive DRi,j,t was used as a measure of how often

this facilitation occurs.

Due to uncertainties about biological parameters

for a non-indigenous species (D. rufipennis) that is

not established and observed under new system

conditions, we varied parameters assumed to be of

importance. Using the parameterized model frame-

work, we explored in detail how the frequency of

positive interactions varied as a function of the

aggressiveness of the invasive species (D. rufipennis).
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It is assumed that the non-indigenous invasive species

has to coexist with the native I. typographus, and that

a significant overlap between the species ensures

optimal frequency of positive interactions. We varied

the relative aggressiveness of the invasive species

with an index ranging from 0 (minimum aggressive-

ness) to 1 (maximum aggressiveness) (according to a

beetle density threshold needed to kill trees), while

the native species was set at maximum aggressive-

ness. In each time step, a total beetle density

weighted by aggressiveness is compared to the

threshold density of beetles needed to kill living

trees. The simulations were repeated 100 times at

each parameter combination, and a smoothed trend

was calculated for each species using the smooth.s-

pline function. All simulations and calculations were

performed in the ‘‘R’’ statistical and programming

environment (R_Development_Core_Team 2009).

Results

Colonization and breeding experiments

of Ips typographus

I. typographus can colonize all six species of North

American spruce (Tables 1, 2, Fig. 1). Only Engel-

mann spruce had lower densities of beetle attacks

(entrance holes m-2) than Norway spruce (t = 4.27,

df = 14.36, P = 0.0007) (Table 1). For the remain-

ing trees, differences were not statistically significant.

Beetles attacked live trees of all four spruce species

in the experiment in Norway, and no significant

differences in mean length of maternal galleries were

observed during the initial period (Table 1).

All the measured variables indicate that I. typogra-

phus can breed and develop successfully in the tested

North American spruce species (Tables 1 and 2). Fully

developed maternal galleries were found in all spruce

species during inspection of bark samples in the fall

(Table 2). Beetle offspring had a complete development

on all species and the beetle production was fairly high

for all of the North American spruces. In the experiment

in Norway, the mean number of offspring per pair of

parents for Engelmann spruce was higher (t = -3.56,

df = 12.92, P = 0.004) relative to that on Norway

spruce, whereas for red spruce it was lower (t = 2.95,

df = 17.73, P = 0.009) (Table 1). Offspring produc-

tion did not differ significantly between the spruce

species in the experiment in Sweden (Table 2).

The offspring quality (dry weight per beetle) was

comparable to Norway spruce for all of the North

American spruce species; however, the mean weights

were smaller in Sitka spruce (t = 5.16, df = 7.39,

P-value = 0.001), Lutz spruce (t = 5.008, df = 14.83,

P = 0.0002), red spruce (t = 2.34, df = 12.25, P =

0.037) and Engelmann spruce (t = 2.63, df = 17.49,

P = 0.017) than the mean weights of beetles emerged

from Norway spruce. White spruce and black spruce did

not produce significantly lighter offspring than Norway

spruce (Table 2).

Simulation of interaction effects between

non-indigenous and native tree-killing bark

beetles

The net inter-species interaction (DRi,j,t) between

I. typographus and D. rufipennis was found to be highly

dynamic and may alternate in time between positive and

negative values. The frequency of net positive interac-

tions varied with interaction strengths and the relative

Table 1 Mean and ranges (mean ± SE) of important biological variables of Ips typographus compared between each of three North

American spruce species and Norway spruce, using trees from the same forest area in Ås, Norway

Spruce species Gallery (mm) Entrance holes m-2 Offspring Weight (mg)

Engelmann spruce 35.6 (30.3–41.0) *119.8 (110.5–129.1) *18.1 (16.3–19.9) *3.27 (3.20–3.34)

Lutz spruce 39.1 (33.9–44.4) 154.1 (135.6–172.6) 10.2 (7.0–13.4) *2.94 (2.84–3.04)

Red spruce 42.1 (38.2–46.0) 221.4 (198.0–244.8) *7.1 (6.1–8.1) *3.16 (3.03–3.30)

Norway spruce 36.5 (31.2–41.9) 199.7 (183.5–215.9) 11.0 (10.1–11.8) 3.51 (3.45–3.57)

The variables are mean maternal gallery length after 15 days on standing living trees (n = 10), mean number of entrance holes per

m2 on cut stem sections (n = 10 bolts per tree species), number of offspring per mated pair of parents (n = 10 bolts per tree species)

and mean weight per offspring beetle (n = 10 bolts per tree species)

* Denotes a significant difference (P \ 0.05) compared to Norway spruce with Two Sample t test
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aggressiveness of the species, while net positive inter-

actions did not occur if the productivity and aggres-

siveness of D. rufipennis should be very low as an

invasive species under new conditions. However, the

interaction effects could be significant without a high

productivity and aggressiveness of D. rufipennis. Fre-

quent facilitations for both species occur even if

D. rufipennis should happen to be much less aggressive

than I. typographus (Fig. 2). For I. typographus, the

presence of the invasive can yield facilitations in the

majority of years ([50%) when the relative aggressive-

ness of D. rufipennis (compared to I. typographus) is

higher than 0.5, and facilitations would occur in about

75% of years for relative aggressiveness higher than 0.8.

The facilitation effect for the invasive species

(D. rufipennis) is even stronger, with facilitation in the

majority of years ([50%) for relative aggressiveness of

D. rufipennis above 0.14 and a maximum of 85% of

years for an index aggressiveness value of 0.6.

Discussion

Likelihood of bark beetle invasions in North

American spruce forests

There are many factors that may affect establishment

of insects in new habitats, including climate suitability,

Table 2 Mean and ranges (mean ± SE) of important biological variables of Ips typographus compared between each of three North

American spruce species and Norway spruce, using trees from the same forest area in Tönnersjöheden, Sweden

Spruce species Gallery (mm) Offspring Weight (mg)

White spruce 72.6 (63.7–81.5) 6.6 (5.6–7.5) 4.07 (3.73–4.40)

Sitka Spruce 100.0 (78.3–121.7) 6.2 (5.0–7.4) *2.33 (2.08–2.57)

Black Spruce 61.6 (39.8–83.4) 6.3 (5.1–7.4) 3.88 (3.56–4.19)

Norway spruce 75.1 (73.5–76.7) 9.0 (6.7–11.2) 4.17 (4.04–4.29)

The variables are mean maternal gallery length per tree species after 124 days on cut sections (n = 6 bolts per tree species), mean number

of offspring per pair of parents (n = 6 bolts per tree species), and mean weight per offspring beetle (n = 6 bolts per tree species)

* Denotes a significant difference (P \ 0.05) compared to Norway spruce with Two Sample t test

Fig. 1 Geographical range of the major host spruce species for

the tree-killing bark beetle species, Ips typographus, Dend-
roctonus rufipennis and Ips pertubatus. Major hosts of I.
typographus: Norway spruce and Siberian spruce. Exact border

between these spruce species is not drawn on the map due to

hybridization zone, but is assumed to be to the east of the Ural

Mountains (Tollefsrud et al. 2009; M. Tollefsrud pers. comm.).

Other hosts of I. typographus with limited distributions in

Eurasia are not included in the map (e.g., states around the

Black Sea, Ukraine, Far East of Russia, parts of China, Japan,

both Korean states). Hosts of D. rufipennis: Engelmann spruce,

white spruce¸ Sitka spruce, black spruce, blue spruce, and red

spruce. Hosts of I. pertubatus: white spruce and Sitka spruce.

Both D. rufipennis and I. pertubatus utilize Lutz spruce

covered by the distribution areas of white spruce and Sitka

spruce on the map
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introduction thresholds, and availability and suitability

of host trees. The results from our colonization and

breeding experiments indicate that difference in spruce

species is not an insurmountable barrier to the estab-

lishment of I. typographus in North America. The high

production of offspring in all of the species suggests

that I. typographus is capable of breeding in dead trees

of all of the six North American spruce species tested in

our experiments. Offspring production is believed to

vary with qualities of trees, forest stands, local climate

and the complex population dynamics of bark beetles

(Anderbrant et al. 1985; Anderbrant 1990; Økland and

Bjørnstad 2003). Our experiments do not allow

analysis of how these factors influence the differences

in offspring production between the spruce species.

However, a standardization of the test conditions on a

few trees allow us to conclude that breeding of

I. typographus appears to be possible on all of the six

major spruce species that are widespread in North

America (Fig. 1). Also it seems likely that live trees

can be colonized, as the maternal gallery lengths

during the initial attacks were about the same for all

spruce species in our experiment. The success of

colonization and production of offspring in live trees

certainly depends on several factors, such as tree

vigour (Franceschi et al. 2005) and population densi-

ties of beetles (Weslien et al. 1989). Successful

tree-killing of Sitka spruce by I. typographus have

been observed in different European plantations

(Browne and Laurie 1968, Ulf Johansson pers. comm.).

Since D. rufipennis is widespread and found on most

spruce species in North America (Holsten et al. 2000),

it does not seem unrealistic that this significant spruce-

killing bark beetle in North America can utilize

Norway spruce as well. However, we lack experimen-

tal results to verify this, and there is no statistics about

interception frequency of D. rufipennis at Scandina-

vian ports of entry.

Lower levels of colonization success and produc-

tivity of the beetles on North American tree species

may influence the likelihood of becoming estab-

lished. For example, trees may vary in chemical

precursors necessary for production of aggregation

pheromone of bark beetles, and hence affect mate

location and successful host colonization (Wood

1982a; Erbilgin and Raffa 2000). In our experiments,

many of the North American spruce species produced

somewhat lighter offspring of I. typographus com-

pared to the native host Norway spruce. It is known

that smaller beetles may result in fewer and smaller

offspring in the next generation (Anderbrant et al.

1985), which in turn may contribute to a maternal

effect in the population dynamics (Turchin 2003).

Lower productivity of the beetles may indirectly

influence the strength of Allee effects and add to

other potential sources of Allee effects, such as

mating failure or too low population size for suffi-

cient aggregation to colonize trees (Stephen and

Grégoire 2001), or lack of benefits from aggregation

behaviour (Wallin and Raffa 2004). A significant

Allee effect may be important for the invasive

population dynamics and the probability of estab-

lishment in the new environment with different host

trees (Taylor and Hastings 2005; Liebhold and Tobin

2008). It is difficult to evaluate how a slightly lower

colonization success and productivity of the beetles

will influence the likelihood of becoming established

without implementing this information into the

complex population dynamics of bark beetles in a

spatio-temporal setting.

Even though Allee effects may reduce the estab-

lishment success of alien bark beetles that arrive on a

new continent, the probabilistic nature of the systems

indicates that we cannot ignore the risk of exotic

aggressive bark beetles to become established. The

more often a species arrives at a location, the more

Fig. 2 The frequency of years with net positive interactions

effects for Ips typographus (dots) and Dendroctonus rufipennis
(circles) with different levels of aggressiveness assumed for

D. rufipennis. The solid lines represent the smoothed trends of

the repeated simulations for each species
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likely it is to invade. For example, Brockerhoff et al.

(2006) showed that frequently intercepted bark beetle

species are about four times more likely to success-

fully invade an area than species that are intercepted

rarely. We recently developed a generic model for the

first step of the invasion process for trade-imported

pests, and applied it to potentially harmful bark

beetles (Skarpaas and Økland 2009). The model

results suggested that current timber import practices

are likely to lead to introductions of new bark beetle

species, and may in some cases lead to beetle

immigration in densities corresponding to outbreak

levels at timber storage sites at the port of entry.

Furthermore, the results suggested that arrivals may

often go undetected by pheromone traps (Skarpaas

and Økland 2009), which may lead to a delay in

detection (Lee 2002; Liebhold and Tobin 2008). In

some cases, populations may require multiple intro-

ductions to improve the gene pool for population

adaptation and growth (Ellstrand and Schierenbeck

2000; Kolbe et al. 2004; Suarez and Tsutsui 2008), or

the local immigrant population may remain small for

a long time due to emigration (Shigesada and

Kawasaki 1997; Kean and Barlow 2000).

Direct interaction effects between non-indigenous

and native tree-killing bark beetles on outbreak

dynamics

While most bark beetles depend on dead trees, the

tree-killing species can attack healthy trees during

periods of epidemic outbreaks. In general, several

feedback mechanisms may be operating at different

thresholds of interaction prior to bark beetle epidem-

ics, such as host availability and suitability, changes

in beetle population density, weather and escape from

natural enemies (Raffa et al. 2008). The population

density is particularly important for initiation of

successful mass colonization of living trees, which in

turn can lead to tree mortality at the landscape-level

(Weslien et al. 1989; Økland and Bjørnstad 2003;

Baier et al. 2007).

Non-indigenous invasive bark beetles may play an

important role at the landscape level due to their

direct or indirect interactions with native bark beetles.

For example, if an invasive bark beetle is capable of

colonizing and breeding in native tree species (as

suggested in our experiment with I. typographus and

six North-American spruce species), situations may

arise where the invasive and native beetle species are

forced to partition similar resources on the same tree.

Given that both species are successful in this joint

habitat, their competition for the same resources may

reduce the reproductive success of both species.

Alternatively, their collaborative tree-killing effect

may have a positive impact on attack density, i.e. a

relatively lower number of beetles per species may be

required to kill a host tree, which may enable each

species to attack and kill more trees. Our simulations

of interaction effects indicate that positive interac-

tions may be frequent if the most significant spruce-

killing bark beetle in North America, D. rufipennis,

becomes established in the habitat of I. typographus

in Scandinavia. The results show frequent facilita-

tions even if D. rufipennis as a non-indigenous

species in a new environment should prove to be far

less productive and aggressive than I. typographus.

This suggests that an introduction of D. rufipennis in

Scandinavia could lead to more frequent eruptions

than when I. typographus acts alone.

Effects of bark beetle outbreaks on economy

and ecosystem function

Bark beetle outbreaks cause direct economical loss

by killing large volumes of trees and indirect losses

by negatively impacting forest industries and activ-

ities relying on non-timber aspects of forest

resources. For example, between 1979 and 1983,

D. ponderosae killed 80 million pine trees (ca.

30 million m3) in the Northwestern USA (McGregor

1985). During the same period D. frontalis killed

pines equivalent to 17.4 million m3 in the southern

USA (Hoffard 1985). Outbreaks of D. rufipennis have

caused extensive spruce mortality from Alaska to

Arizona in western North America, occurring in

every forest with substantial spruce stands (Holsten

et al. 2000). More recently, in western Canada, the

current outbreak of D. ponderosae has killed

620 million m3 of wood (worth more than 40 billion

Canadian $) in the period 2001–2009. It is predicted

that it will kill 80% of the mature forest of lodgepole

pine (Pinus contorta Douglas ex Loudon 1838) by

2013 (www.nrcan-rncan.gc.ca). Other examples of

major tree-killing bark beetles in North America are

the Douglas fir beetle (D. pseudotsugae Hopkins),

and the Northern spruce engraver (Ips perturbatus

(Eichhoff)) (Wood 1972; Bright 1976; Wood 1982b;
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Wood and Van Sickle 1992; Holsten and Werner

1997). Likewise, I. typographus has caused cata-

strophic timber loss in Central and Northern Europe

(Annila 1969; Bakke 1989; Grégoire and Evans

2004). Since the late 1940s, excluding the recent

outbreaks (Slovakia and Sweden), it has killed around

50 million m3 of Norway spruce in Europe

(Christiansen and Bakke 1988). For introduced bark

beetles, the potential cost of different treatment and

control measures may be as high as those estimated

for emerald ash borer (Kovacs et al. 2010), Asian

longhorn beetle and citrus longhorn beetle (Haack

et al. 2010).

Catastrophic events may be difficult to predict

from information obtained at a single scale (Peters

et al. 2004; Raffa et al. 2005). A better understanding

of a bark beetle–forest system may require more

knowledge about how processes at different biolog-

ical levels and spatio-temporal scales interact

(McMahon and Diez 2007; Raffa et al. 2008). The

following synthesis should be viewed as possible

scenarios when major tree-killing bark beetles

become sympatric due to invasion, and if our model

observations of facilitations between the species

(Fig. 2) become dominant in large-scale ecosystems.

By killing trees over extensive areas during

periodic outbreaks, invasive bark beetles may impact

forest structure and species composition, understorey

vegetation, hydrological and nutrient regimes, and

animal biodiversity (see Table 3 for a survey of

major effects). The literature on ecosystem effects of

bark beetle outbreaks is limited. However, we may

expect many similarities with the effects described

for other insect herbivores in forests. According to a

review of effects caused by alien insect herbivores in

the mixed deciduous and hemlock forests, distur-

bances have altered the dynamics of canopy gaps,

coarse woody debris, biogeochemical cycling, and

ecological interactions among organisms in terrestrial

and aquatic systems, with consequent effects on

forest composition, structure, and function (Gandhi

and Herms 2010). Further, it has been suggested that

the carbon sink/source relationship is upset by bark

beetle outbreaks, as widespread tree mortality

reduces forest carbon uptake (sink) and increases

emissions from decaying dead trees (source) (Kurz

et al. 2008). For example, estimates based on the

current outbreaks of D. ponderosae in British

Columbia (Canada) showed that the cumulative

impact of the beetle outbreak from 2000 to 2020

would be 270 megatonnes of carbon release, includ-

ing the combined impact of the beetle, forest fires and

harvesting (Kurz et al. 2008). This is particularly

alarming considering the role of boreal forests in

northern Canada as a carbon pool, taking up and

storing atmospheric carbon.

The outcome of ecosystem effects is assumed to

differ between regions. The level of changes in

community structure will depend on several factors,

such as tree species composition, presence of com-

peting tree species, abundance of suitable host trees

for aggressive beetle species, climatic variables (such

as drought and temperature), and species composition

of plants and animals prior to the outbreak (Lance

and Howell 2000; Lance et al. 2006; Werner et al.

2006). Community changes due to indirect effects are

particularly hard to predict without specific informa-

tion about the ecology and the responses and inter-

specific interactions of the local species.

Large areas could be affected if a major bark

beetle was introduced. As an example, some of the

major bark beetles on spruce could become sym-

patric, such as I. typographus, D. rufipennis or

I. pertubatus, which could lead to amplified outbreaks

and ecosystem-wide effects (Table 3) in their distri-

bution ranges (Fig. 1). I. typographus is widely

distributed in the areas where Norway spruce and

Siberian spruce (P. obovata Ledeb. 1833) are dom-

inant in Europe and Asia, respectively (Fig. 1). These

spruce species are closely related and hybridize in

some regions (Farjón 1990). I. typographus can also

utilize oriental spruce (P. orientalis (L.) Link) around

the Black Sea and other species in the diverse genus

of Picea (Farjón 1990; Yamaoka et al. 1997; Ran

et al. 2006; Akkuzu and Guner 2008), including

planted Sitka spruce (Browne and Laurie 1968). In

addition, a variety or subspecies I. typographus f.

japonicus Niisima 1909 attacks Yezo spruce (Picea

jezoensis (Siebold et Zuccarini) Carrière 1855) in

Japan and the Far East of Russia (Wood and Bright

1992; Yamaoka et al. 1997). D. rufipennis is wide-

spread throughout the range of Picea spp. in North

America, attacking white (P. glauca (Moench) Voss

1907) and black spruce (P. mariana (Miller) Britton

Sterns, & Poggenburg 1888) in the north, Engelmann

and Sitka spruce in the west, and red spruce in the

east (Fig. 1). The beetle is widespread particularly in

western parts of North America, ranging from Alaska
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to Mexico, and along the Rocky Mountains (Wood

1982b). In recent years, there has been an increase in

tree killing by I. pertubatus in interior and south-

central Alaska, especially in white and Lutz spruce

forests.

New interactions could lead to large-scale ecosys-

tem effects if major spruce-killing bark beetles

become sympatric due to invasion. At the population

level, the model suggests facilitation that could lead

to increased outbreak frequency depending on the

relative aggressiveness of the species and the overlap

between species. All of the species I. typographus,

D. rufipennis and I. pertubatus, exhibit aggressive

behaviour under certain conditions though our under-

standing of how their behaviours might change in the

introduced range is limited due to absence of

empirical data. We have species like Dendroctonus

valens, which is a secondary pest in its historical

range, but has become a tree-killing species in the

introduced range (Yan et al. 2005). In our study, we

only focused on tree-killing species, not secondary

bark beetles because apparently their behaviour is

quite different from tree-killing bark beetles. How-

ever, frequent facilitations were found even when

D. rufipennis was assumed to have a relatively low

aggressiveness as an introduced species (Fig. 2). The

life cycles of the three species would allow a

significant temporal and spatial overlap, which could

give frequent facilitations, more frequent and severe

outbreaks and ecosystem effects as described in

Table 3 Possible ecosystem-wide effects that may occur if population interactions between invasive and native aggressive bark

beetles lead to increased occurrence of bark beetle eruptions

Ecosystem aspect Potential effects

Forest structure More extensive areas with reduction in tree density, canopy cover and ratio of large trees (Holsten et al. 1995;

Allen et al. 2006; Raffa et al. 2008); changes in tree-species composition and tree-species dominance in favour

of non-host tree species (Veblen et al. 1991; Allen et al. 2006; Werner et al. 2006); more dead wood and

increased interactions with other disturbances such as fire (Raffa et al. 2008).

Water cycling Extended areas with increased stream flow due to reduced forest cover (Bethlahmy 1974, 1975; Potts 1984;

Uunila et al. 2006).

Nutrient cycling Extended areas of forest with reduced carbon sequestration. In some cases large bark beetle outbreaks can

possibly change conifer biomes from carbon sinks to carbon sources (Kurz et al. 2008). Extended areas with

pulsed changes of organic matter and C:N ratio input to soil (Morehouse et al. 2008; Raffa et al. 2008).

Understory

vegetation

Larger areas with reduced diversity and dominance of only few plant species. The effects vary geographically

and climatically (Werner et al. 2006).

Invertebrates Extensive changes in community structures (Werner et al. 2006); usually with declining abundance for species

depending on canopy cover and living trees (e.g. several beetle species feeding on spores of bracket fungi

favoured by canopy cover (Økland 2002) and Adelgids, Symphyta and Lepidoptera living on coniferous

needles) and increasing abundance for species that benefit from more dead wood (e.g. saproxylic Coleoptera

and Diptera (Økland 1996; Økland et al. 1996; Siitonen 2001)) and open habitats (e.g. saproxylic Coleoptera

preferring sun-exposed dead wood (Lindhe et al. 2005)). Diversity of secondary bark beetles may increase due

to increasing survival by interacting with aggressive bark beetles (Økland et al. 2009).

Wildlife Extensive changes in community structures (Lance and Howell 2000; Lance et al. 2006; Werner et al. 2006);

usually with declining abundance for species depending on canopy cover and living trees (seed-eating birds

and mammals) and increasing abundance for species that benefit from more dead wood (e.g. woodpeckers and

cavity-nesting birds) and open habitats (e.g. microtine and deer species favoured by open grasland (Stenseth

1977; Hansson 1994)). Community changes due to indirect effects (e.g. predator–prey and food plant changes)

vary geographically and climatically (Werner et al. 2006).

Biodiversity Enhancement of biodiversity associated with dead wood (Martikainen et al. 1999), increased light-exposure

(Lindhe and Lindelöw 2004) and micro-habitats created by the bark beetles (Bakke and Kvamme 1993).

Diversity of secondary bark beetles may increase due to increasing survival by interacting with aggressive bark

beetles (Økland et al. 2009). Many species depending on old-growth forest and dead wood could be affected

(see references under invertebrates and wildlife above); however, the net effects through fragmentation and

resource availability are likely to vary among species and communities. All of the above-mentioned effects

may be limited in time due to forest succession and the net effects depend on the spatial scales of the outbreak

patches. Risk of extinctions for species depending on rare conifers under pressure of increased outbreaks

(McFarlane et al. 2009).
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Table 3. All three species have a univoltine life cycle

with main dispersal flight from mid-May to early

June in some portion of their native range, including

northern Europe for I. typographus (Lange et al.

2006), and lowland northern areas of North America

for D. rufipennis and I. pertubatus (Beckwith 1972;

Wood 1982b). In some regions, life cycle asynchrony

between invasive and native species may possibly

lead to little or no temporal overlap, resulting in an

advantage for the earlier colonizer. If the invasive

species is not outcompeted, it may possibly reduce

productivity and frequency of outbreaks of the native

species, which may reduce the ecosystem impacts

that are described in Table 3.

Absence of native competitors could also enhance

significant ecosystem effects of bark beetle introduc-

tions. For example, Scots pine in Northern Europe

does not harbour any major tree-killing bark beetle

species, as opposed to important pine species in

North and Central America, where huge areas are

ravaged by tree-killing bark beetles. Although several

species of defoliators and shoot-feeding species have

affected Scots pine forests in some regions of

Northern Europe, these outbreaks are on a much

smaller scale than the extensive bark beetle outbreaks

in North American pines. Scots pine is the most

abundant and widely distributed tree species in

Fennoscandia, where its standing volume constitutes

41.6% of the total forest volume. One possible

candidate to invade the Scots pine forests in this

region is mountain pine beetle, which inhabits

various pine species in Canada and the northern

USA. Planted Scots pines in North America are

apparently highly suitable hosts for this species

(M. Furniss pers. comm.). Comparing the climate in

localities of D. ponderosae in North America with

Scandinavia (with the software CLIMEX) indicates

that the Scandinavian climate should be suitable for

this bark beetle. If D. ponderosae should become

established and a successful tree killer in its new

environment, it could cause extensive ecosystem

effects, greater than any experienced previously in

the postglacial period of Scots pine forests in

Scandinavia. To the extent that interactions with

Diprion pini, Bupalus piniaria and Tomicus pini-

perda would occur, the weakening of pines by these

defoliators and shoot-feeding species could promote

eruptions by D. ponderosae. It remains to be analysed

which regions of Northern Europe would offer the

most suitable climate for a life cycle synchrony

leading to successful mass attacks (Bentz et al. 1991;

Logan and Powell 2001; Lange et al. 2006), and if

there are other factors in the levels of biological

hierarchy and spatiotemporal scales that would

promote or limit outbreaks of D. ponderosae beetles

in the Scots pine ecosystems.

Management implications

Introductions of major spruce-killing bark beetle

species on other continents are likely to happen with

the present import practices. A delay in detection of

beetles can be expected since immigration often may

go undetected even when pheromone traps are used.

Once alien pest species have become established in

their new habitats, they may be extremely difficult to

eradicate, and the costs of damage and control

programmes may be high (Pimentel 2002; Haack

et al. 2010; Kovacs et al. 2010; Økland et al. 2010).

Even though there are examples of successful erad-

ications of invasive species (Simberloff 2009), we are

not optimistic about eradicating highly mobile and

productive alien bark beetles after they have become

established in forests. Based on our simulation

models, frequent inter-specific facilitations between

native and invasive beetles is likely and may

potentially result in more frequent and severe

outbreaks with serious impacts both on the economy

and ecosystem function. Pre-emptive measures such

as ISPM-15 (Haack and Petrice 2009) can reduce

arrivals of alien species by wood packaging material,

and various measures have been suggested to reduce

establishment success of true bark beetles that are

transported with timber (Skarpaas and Økland 2009).

Considering that introductions often are irreversible,

there are good reasons to argue for application of the

precautionary principle and a wide perspective in the

cost-benefit calculations of risk assessments

(Simberloff 2005). Thus, investments in import

routines that reduce entries and lower the likelihood

of introduction appear to be the most cost-efficient

approach to this problem.
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Å, Thunes K (2010) Is eradication of the pinewood

nematode (Bursaphelenchus xylophilus) likely? An eval-

uation of current contingency plans. Risk Anal

30:1424–1439. doi: 10.1111/j.1539-6924.2010.01431.x

Peters DPC, Pielke RA, Bestelmeyer BT, Allen CD, Munson-

McGee S, Havstad KM (2004) Cross-scale interactions,

nonlinearities, and forecasting catastrophic events. Proc

Natl Acad Sci U S A 101:15130–15135. doi:10.1073/

pnas.0403822101

Piel F, Gilbert M, De Canniere C, Gregoire JC (2008) Conif-

erous round wood imports from Russia and Baltic coun-

tries to Belgium. A pathway analysis for assessing risks of

exotic pest insect introductions. Divers Distributions

14:318–328. doi:10.1111/j.1472-4642.2007.00390.x

Pimentel D (2002) Biological Invasions: economic and envi-

ronmental cost of alien plant, animal and microbe species.

CRC Press, Boca Raton

Potts DF (1984) Hydrologic impacts of a large scale mountain

pine beetle (Dendroctonus ponderosae Hopkins) epi-

demic. Water Res Bull Paper 83122:373–377

R Development Core Team (2009) R: a language and

environment for statistical computing. The R foundation

for statistical computing, Vienna, Austria www.r-

project.org

Raffa K, Aukema B, Erbilgin N, Klepzig K, Wallin K (2005)

Interactions among conifer terpenoids and bark beetles

across multiple levels of scale: an attempt to understand

links between population patterns and physiological pro-

cesses. Rec Adv Phytochem 39:79–118

Raffa KF, Aukema BH, Bentz BJ, Carroll AL, Hicke JA,

Turner MG, Romme WH (2008) Cross-scale drivers of

natural disturbances prone to anthropogenic amplification:

the dynamics of bark beetle eruptions. Bioscience

58:501–517. doi:10.1641/b580607

Ran JH, Wei XX, Wang XQ (2006) Molecular phylogeny and

biogeography of Picea (Pinaceae): Implications for

phylogeographical studies using cytoplasmic haplotypes.

Mol Phylogenet Evol 41:405–419. doi:10.1016/j.ympev.

2006.05.039

Shigesada N, Kawasaki K (1997) Biological invasions: theory

and practice. Oxford University Press, Oxford, p 205

Inter-species interactions and ecosystem effects of non-indigenous invasive 1163

123

http://dx.doi.org/10.1038/nature02807
http://dx.doi.org/10.1016/j.ecolecon.2009.09.004
http://dx.doi.org/10.1016/j.foreco.2005.11.023
http://dx.doi.org/10.1146/annurev.ento.52.110405.091401
http://dx.doi.org/10.1016/j.foreco.2004.07.047
http://dx.doi.org/10.1016/j.foreco.2004.07.047
http://dx.doi.org/10.1007/s10531-004-0314-y
http://dx.doi.org/10.1111/j.1461-0248.2007.01036.x
http://dx.doi.org/10.1111/j.1461-0248.2007.01036.x
http://dx.doi.org/10.1016/j.foreco.2008.01.050
http://dx.doi.org/10.1016/j.foreco.2008.01.050
http://dx.doi.org/10.1007/s10144-009-0141-9
http://dx.doi.org/10.1111/j.1539-6924.2010.01431.x
http://dx.doi.org/10.1073/pnas.0403822101
http://dx.doi.org/10.1073/pnas.0403822101
http://dx.doi.org/10.1111/j.1472-4642.2007.00390.x
http://www.r-project.org
http://www.r-project.org
http://dx.doi.org/10.1641/b580607
http://dx.doi.org/10.1016/j.ympev.2006.05.039
http://dx.doi.org/10.1016/j.ympev.2006.05.039


Siitonen J (2001) Forest management, coarse woody debris and

saproxylic organisms: fennoscandian boreal forests as an

example. Ecol Bull 49:11–41

Simberloff D (2005) The politics of assessing risk for biolog-

ical invasions: the USA as a case study. Trend Ecol Evol

20:216–222. doi:10.1016/j.tree.2005.02.008

Simberloff D (2009) We can eliminate invasions or live with

them. Successful management projects. Biol Invasions

11:149–157

Skarpaas O, Økland B (2009) Timber import and the risk of

forest pest introductions. J Appl Ecol 46:55–63. doi:

10.1111/j.1365-2664.2008.01561.x

Stenseth NC (1977) Food selection of the field vole Microtus
agrestis. Oikos 29:511–524
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