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The Colorado potato beetle (CPB), a serious pest of potato, is currently spreading
north in Europe. We investigated the risk of CPB establishment in Finland and control
methods for the case when beetle life history characters change due to global warm-
ing or as an adaptation to colder climate. Analysis with a spatially explicit simulation
model supported the current management policy in Finland (efficient eradication and
one year field quarantine) but changes in CPB viability, such as decreased winter mor-
tality or increased number of offspring would render them inefficient. Longer quaran-
tine times would be needed to effectively prevent the CPB establishment and spread.
As an option we investigated Bt-potato cultivation integrated to other control methods
and found that it was already efficient when used as a sole strategy but its benefits may

be reduced by the adaptability of the Colorado potato beetle.

Introduction

Biological invasions are among the most seri-
ous threats to biodiversity along with climatic
change and habitat loss (Pimentel et al. 2001,
CBD 2007). Alien species have caused enormous
economic losses in agriculture and forestry as
serious pest species (Pimentel et al. 2005). One
of such highly invasive species is the Colorado
potato beetle (CPB) Leptinotarsa decemlineata
(Say) which is a pest species of many cultivated
solanaceous plants, including potato (Solanum
tuberosum), tomato (Solanum lycopersicum) and
aubergine (Solanum melongena) (Crowson 1981,
Hare 1990). The CPB originated from Mexico
but has spread all over the continents of America
and Eurasia (Cappaert et al. 1991, EPPO/CABI
1997). The current distribution is just east of

Finland and spreading to the west (see Grapputo
et al. 2005).

The ability of the CPB to spread so aggres-
sively is due to efficient dispersal (Voss & Ferro
1990a, 1990b, Boiteau 2001), high reproductive
capacity (Hare 1980, EPPO/CABI 1997), and
high adaptability to varying environmental con-
ditions including pesticides (Tauber & Tauber
2002). For instance the Russian populations have
been shown to survive better and develop faster
than their European counterparts (Boman et al.
2008). Also, predicted climate change, along with
the beetle adaptability, can make northern regions
more suitable for beetle population expansion
(Jeffree & Jeffree 1996, McBean et al. 2005).

A wide range of different insecticides has
been used in order to control the spread of the
CPB and the damage it causes in potato cultiva-
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tions. Unfortunately, the CPB has been quick to
develop resistance (Whalon et al. 2004). Crop
rotation, trap crops, physical and biological con-
trol, plant resistance induced by gene technol-
ogy have been investigated as alternatives (Hare
1990, Hoy et al. 2000, Nault 2001, Cooper et al.
2004, 2006, Sexson & Wyman 2005). Geneti-
cally modified pest or disease resistant crop
plants could be beneficial in farming practices
because this would reduce the use of the syn-
thetic, wide spectrum pesticides and insecticides
(Huang et al. 2005, James 2006). This should
also reduce negative environmental and health
effects of pest control (Ferré & van Rie 2002,
Shelton et al. 2002, Huang et al. 2005). Pest
resistance is achieved in potato via the transfer
of Bacillus thuringiensis (Bt) subsp. tenebrions
Cry3 (used against Coleoptera) toxin gene to
crop plants (Shelton et al. 2002). However, the
adoption of Bt-crops still has many concerns
including marketing issues (Shelton et al. 2002),
potentially harmful non-target effects (Losey et
al. 1999, Romeis et al. 2004, 2006), though
rarely observed (Andow & Zwahlen 2006), and
the resistance development of target species
against Bt (Cerda & Wright 2002, Andow &
Zwahlen 2006).

CPB is not a serious pest in Finnish potato
fields yet (EPPO/CABI 1997) but it may become
such due to climatic change (Sutherst et al.
1995, Jeffree & Jeffree 1996, Heikkild & Peltola
2007) and possible adaptation to colder climate
(reviewed in Hare 1990, EPPO/CABI 1997). The
large source populations in the Baltic States and
Russia, where control is inefficient (Evira 2008),
makes the invasion threat greater than in e.g.,
the UK where the beetle is effectively control-
led in the Channel Islands, the main invasion
route of CPB to Great Britain (Thomas & Wood
1980). Two main factors naturally restricting the
CPB invasion and spread in Finland are the abil-
ity to develop from eggs to adults during the
short growing season and the high winter mortal-
ity. The length of the beetle development from
egg to adult stage is strongly regulated by the
temperature (EPPO/CABI 1997). In Finland the
warm period favourable to beetle development
(15-30 °C) may be too short for larvae to mature.
However, a recent study have shown that the
average development time of the beetles’ from

Ist instar larvae to adult stage at 17 °C, which
corresponds to mean temperature in June and
July in Finland, is 46.4 days (Boman et al. 2008).
This result suggests that there is enough time
for the development of a new beetle generation
that is capable to overwinter if the immigration
takes place early enough during the season. First
successfully overwinted beetles were already
observed at potato fields in eastern Finland in
summers 2004 and 2006 (Evira 2008).

The control methods currently used against
the CPB in Finland are based on the European
Union system of protected zones and the beetle is
a quarantine pest set by law (EU 2002). In prac-
tice, after the beetle infection has been detected
and verified by the plant-quarantine authorities
as real, an attempt to eradicate the pest is under-
taken, and the field is quarantined usually for
one year. Small amount of potato is left as a trap
crop on the quarantine field for the next year to
catch and prevent the spread of the potentially
over wintered individuals. So far these control
methods have been sufficient to prevent CPB
establishment (Evira 2008).

The aim of this study is to examine the impact
of three optional control strategies and biologi-
cal characteristics of the CPB on the population
size of the beetle and the percentage of the potato
fields infected in Finland. We construct a spatially
realistic simulation model of the beetle dynamics
and landscape structure of Finnish potato fields.
As management strategies, we investigate the
effect of rapid eradication of the beetles after
detection, the length of field quarantine and, as
a plantation strategy, either conventional potato
or Bt-potato cultivation, following the quarantine
phase. Despite the effective control strategy cur-
rently used in Finland, we show that changes in
the beetle life history characteristics induced by
climate change may have large impact on the
choice of a control strategy.

Material and methods
Model
We constructed a spatially explicit model to

study the invasion of the CPB in Finland. We
modelled space as a two-dimensional lattice of
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Fig. 1. The schematic representation of the Colorado potato beetle model. The grid at the centre is an example
of the modelled landscape, being structured by conventional and Bt-potato fields, quarantine fields and empty (no
potato) sites. The flow diagram shows how different stages in the beetle life-cycle and management actions take
place during one modelled year. Each stage in the model is represented as a box, where the life-history or manage-
ment process is given, along with the estimated parameter value and range of values used in sensitivity. Each proc-
ess is described in more detail in the text. The parameter estimates are based on the following publications: 'Evira
2008, 2Sandeson et al. 2002, *Weisz et al. 1996, S(EPPO/CABI 1997, “Harding et al. 2002.

square cells. Each cell presented one of the
four habitat-types: conventional potato, Bt-
potato, field in quarantine, and non-habitat area
that could have a CPB population as a discrete
number of individuals. We modelled the beetle
life-cycle so that individuals were independ-
ent actors in events that took place during each
simulated year (Fig. 1).

At the beginning of a modelled year (Fig.
1A), the beetles immigrated from a source that
was located at the southeastern corner of the
landscape (Fig. 2). The number of beetles immi-
grating in a cell was an integer value that was
taken from the Poisson distribution with the
expectation

A=2

MAX

exp(—édl.j). (1)

The rate of beetle immigration thus declined
exponentially from the maximum value 4,
with the rate 0 as the distance d, from the source
(SE corner in Fig. 2) increased.

The immigrants mixed with the overwintered
individuals within a cell, forming the spring
density of the beetle. At each stage of the mod-
elled year n, stands for the number of beetles in

the cell ij that survived from the previous stage.
The beetles may then disperse randomly to one
of the four neighbouring cells (von Neumann
neighbourhood) with a probability p, (Fig. 1B).
We varied the number of steps the beetles could
take during the dispersal stage from one cell to
the next (Fig. 1C). Each dispersal step was ran-
domly directed and the beetles have no memory
of their earlier steps. It is thus possible that a
beetle returns back to a cell where it had already
been, implying that most beetles will stay close
to the original cell and few will disperse the
maximum distance. After this local dispersal,
the individuals that did not found viable habitat
after dispersal died. The beetles that ended up on
fields with Bt-potato survived with 5% probabil-
ity but were unable to reproduce (Nault 2001).
The beetles at conventional potato fields repro-
duced with an individual specific probability p,
and produced an integer r number of offspring
(Fig. 1D). Reproduction was successful only
at the cells that contained conventional potato,
because the abundance of wild host species (e.g.,
Solanum nigrum and S. dulcamara) is low in
Finland (Hdmet-Ahti et al. 1998), and unlikely
to maintain a persistent population of the CPB.
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Fig. 2. Map of the occur-
rence of commercial
potato fields ina 1 x 1 km
grid southern and central
Finland. The map shows
the situation in 2005 and
is based on approximately
25 000 potato fields. The
rate of the beetle invasion
forms a declining gradient
from south-east to north-
west. The number of each
isocline is the log,,(4)
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We measured reproduction as the number of
offspring that survived to the adult stage and
was capable of overwintering. The proportion of
fields infected by the beetles and the number of
beetles at the whole landscape was taken as the
model output at this stage (Fig. 1E).

The reproductive phase was followed by an
inspection of the fields, where each beetle indi-
vidual had a probability p, to be detected (Fig.
1F). The probability of detecting at least one
beetle in a cell was thus

1-(1—-ppn, @)

where 7 is the number of beetles in that cell. If at
least one beetle was detected in a cell, the field
was destroyed and beetles died at the individual
probability p_which we called the eradication
efficiency (Fig. 1G). Eradication was followed
by one of the strategies controlling the invasion:
First, a decision was made if an infected cell is
put to quarantine for a pre-defined number of
years (Fig. 1H). If the field was in quarantine,
the beetles that stayed there during next growing
season were not able to reproduce and died. If an
infected field was not quarantined or the quaran-
tine period ended, the field was replanted with
conventional or Bt-potato (Fig. 11).

expected rate of beetle
arrival as an annual Pois-
Son process.

500 600

The beetles that survived eradication and
management in conventional potato or Bt-potato
cells die during winter with the individual prob-
ability p  (Fig. 1J). This parameter also consid-
ered for those individuals that escaped control
but could not complete the lifecycle during the
growing season. To keep the model simple we
did not model the possible dispersal of the bee-
tles to separate overwintering sites (Weber et al.
1994), but assumed the beetles to diapause on
those patches that they were placed after local
dispersal.

We manifested the events that were expressed
as individual-level probabilities at the patch-
level as binomially distributed random numbers
of individuals that dispersed, survived or repro-
duced. Thus, the number of individuals that
withstand a probabilistic event (x), e.g. survived,
was

X= Bin(nx, pX), 3)

where n_was the number of beetles in the cell
and p, was the individual-specific probability of
an event. In order to increase the speed of simu-
lations, we approximated the number of success-
ful stochastic events with normal distribution
when n_> 100, using the parameters
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The resulting random numbers of individuals
were rounded down to the nearest integer value
(or zero, if negative). In case of dispersal, which
was equally likely to all four directions of the
von Neumann neighbourhood, we randomized
the total number of beetles that would disperse
from a cell, and distributed this total number of
dispersers randomly between the four dispersal
directions.

Parameterisation and analysis

The landscape data were based on the refer-
ence coordinates (known to the accuracy of one
metre) of ca. 25 000 potato fields in commercial
cultivation in southern Finland at year 2005
(unpublished data provided by the Information
Centre of the Ministry of Agriculture and For-
estry in Finland). We transformed the data for the
1 X 1 km lattice model by considering a grid cell
to be a potato field if the reference coordinate
was inside the grid cell (Fig. 2). The mean size
of a potato field was ca. 0.67 ha ranging from
0.01 to 23.8 ha. The resolution of the model
being coarser than the size of the largest fields
means that the possible extension of a field over
several grid cells could be ignored. We treated
all landscape elements that were not potato fields
(conventional or Bt) as non-viable habitat. We
do not have data on the distribution of small
scale domestic potato fields, which are therefore
omitted from the analysis. The wild host plants
of the CPB are very low in abundance in Finland
and are therefore ignored in the analysis (Hamet-
Ahti et al. 1998).

The modelled habitat patches/cells had no
carrying capacity for the beetle density since the
beetle may tolerate very high densities as long as
the food plant is available (Sandeson et al. 2004).
We assumed that each one-square-kilometre cell
would receive beetles as a Poisson process with
the expectation of 0.01 (i.e., one percent prob-
ability of getting one beetle) and the immigra-
tion rate would decline with distance from the
modelled source at the exponential rate of 0.01
(i.e., 1% per kilometre). With these parameters,

the expected number of CPB immigrating to
Finland every year is 153.46 (+ 11.80 SD). The
value is about the same as the mean value of the
reported observations by Evira (2008), however,
their observation may contain also the offspring
produced by the invaded (or overwintered) indi-
viduals in the same year and not only the immi-
grants. Where data are available from Finland
or similar climatic conditions the beetle-specific
probabilities of the model were parameterised
according to published sources (Fig. 1).

We initiated the model system with all potato
fields growing the conventional variety and the
CPB being absent. The model was simulated for
30 years with 10 to 100 replications to control
the demographic stochasticity of the individual-
based parameters and the immigration rate. The
response variables of the analyses were the per-
centage of potato fields that were infected by
the CPB or under quarantine and the size of the
beetle population. We express the results as the
mean and standard deviation calculated over the
replicated simulations.

First we analysed the effect of different con-
trol methods on the percentage of potato fields
infected and the size of the beetle population. We
fixed the CPB life history parameters to values
estimated for the current climate in Finland
and ran the simulations in 100 replicates (Fig.
1). Next we analyzed the three control methods
used in combination (i.e., integrated manage-
ment strategy). Here we fixed parameter values
of beetle life history characteristics and made ten
replicates of the simulations.

We investigated the effect of beetle life-
history parameters and management actions by
means of a sensitivity analysis, where we gave
each parameter a range of different values (Fig.
1). We carried out the analysis for the beetle life
history parameters out under the current control
management policy of the CPB in Finland where
the detection (50%) and the beetle eradication
(90%) rates are high (Evira 2008). One-year
quarantine is the common practice used after
the infection but we applied quarantine lengths
from zero to two years to find if the changing
CPB life history characteristics affects on field
quarantine efficiency. We ran the simulations for
two plantation scenarios; (i) conventional potato
only and (ii) Bt-potato only. In Bt-potato planta-
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Fig. 3. Comparison of the effectiveness of different
control methods on (A) the percentage of infected fields
by Colorado potato beetle and (B) beetle population
size in current climate.

tion strategy, conventional cultivar was changed
to Bt cultivar after beetle infection was detected
in the potato field and the change was irrevers-
ible. Once a field was planted with Bt-potato,
this variety was cultivated also in future, because
a non-GM variety could not be marketed as GM-
free due to likelihood of volunteer GM-cultivars
being present in the soil.

Results
CPB control in the current climate

When no control methods were used, approxi-
mately 2.8% of the potato fields got CPB infec-
tion within thirty years (Fig. 3A). CPB popula-
tion size increased exponentially in the absence
of control or density dependence (Fig. 3B). A
70% effectiveness of beetle eradication from
infected fields led to approximately 2% of potato
fields being infected by CPB (Fig. 3A). Beetle
population size increased exponentially (Fig.
3B). When the eradication efficiency of detected
infections was 90%, the CPB spread in the land-

Bt-potato
10(B

Conventional potato

10fA

Percentage of infected fields
(%)

CPB population size (log)

0 0.5 1 0 0.5 1

Eradication efficiency Eradication efficiency

Quarantien time
Oyrs = = = Ayr e 2yrs

Fig. 4. The effect of the integrated control method
on the percentage of infected potato fields and Colo-
rado potato beetle population size. Beetle eradication
efficiency and length of quarantine with (A, C) con-
ventional and (B, D) Bt-potato plantations strategies
investigated as control methods. Notice the difference
in scales in panels C and D.

scape and population growth were efficiently
prevented (Fig. 3A and B). However, a small
percentage of potato fields were still infected by
CPB due to annual immigration to Finland from
abroad.

One year field quarantine alone was not suf-
ficient to prevent the beetle spread: almost 2.5%
of potato fields were infected by CPB in thirty
years (Fig. 3A) and the beetle population size
increased exponentially (Fig. 3B). The change
of cultivation from conventional to Bt-potato
a detected CPB infection was alone sufficient
method for preventing CPB spread and popula-
tion growth (Fig. 3).

The percentage of infected fields and CPB
population size declined with increasing eradica-
tion efficiency when used alone or with quar-
antine (Fig. 4A and C). One and two years
of field quarantine decreased the percentage of
infected fields over the whole range of eradica-
tion efficiencies (from 0% to 100%) but the
effect was strongest when eradication efficiency
was approximately 50%—-80% (Fig. 4A).
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CPB population size grew exponentially
when the eradication was low and the quarantine
was not employed, reflecting the lack of the den-
sity dependence in the model (Fig. 4C). One and
two years of field quarantine were efficient in
reducing the exponential growth of CPB popula-
tion over the whole range of eradication efficien-
cies. There was no difference in efficiency of one
and two year quarantine either in the proportion
of infected fields or the CPB population size.

When eradication, quarantine and replant-
ing of infected fields with Bt-potato were used
as an integrated control strategy, the percentage
of infected fields and CPB population size both
decreased with increasing eradication efficiency
(Fig. 4B and D). Quarantine length affected only
percentage of infected fields so that it was higher
with one or two years of field quarantine than
with zero years of quarantine (Fig. 4B). Replant-
ing of Bt-potato right after CPB eradication
seemed to be the most efficient control method.
Quarantine length did not have an effect on CPB
population size (Fig. 4D).

Life history characteristics and CPB
ability to spread

All CPB life history characteristics we mod-
elled had an effect on the percentage of infected
potato fields, but their effect was small when Bt-
potato was cultivated (Fig. 5). Increase in CPB
immigration rate (from A = 0.001 to 41 = 0.1)
from source populations outside the modelled
landscape increased the percentage of infected
fields from 0.01% to nearly 1% with conven-
tional potato (Fig. 5A). Effect was similar with
Bt-potato, but the percentage of infected fields
was slightly lower (Fig. 5B). Quarantine length
did not have an effect on CPB ability to spread
within either plantation strategies.

The percentage of infected potato fields had
a sigmoid relation to the number of offspring
produced within conventional potato planta-
tion strategy (Fig. 5C). CPB ability to spread
increased exponentially after number of off-
spring increased to approximately 30, and then
saturated when number of offspring reached
approximately 60. One and two years of field
quarantine were efficient in controlling the CPB

spread after the number of offspring increased
to approximately 25. With Bt-potato plantation
strategy CPB ability to spread with increasing
offspring number was not so evident and apply-
ing one or two years of field quarantine, even
increased the beetle ability to spread within
potato fields (Fig. 5D).

Both the percentage of the beetle dispersal
and the number of dispersal steps (i.e., maximum
dispersal distance) had no clear effect on the per-
centage of potato fields infected and this result
was the same in the cultivation of conventional
and Bt-potato (Fig. SE, F, G, H). However, when
conventional potato was cultivated, increased
dispersal ability of the beetle seemed to have
a slight decreasing effect on the percentage of
potato fields infected. The use of one or two
years quarantine decreased the beetle infection
only when dispersal probability was low or bee-
tles did not disperse at all (Fig. SE and G).

Increased winter mortality decreased the per-
centage of infected fields. Quarantine was effec-
tive in the controlling of CPB when winter mor-
tality with conventional potato plantation strat-
egy was higher than approximately 75% (Fig.
5I). In addition, two years of field quarantine
was more efficient than one year when winter
mortality was lower than approximately 40%. If
quarantine was not employed and winter mortal-
ity was low, the percentage of infected fields was
higher than 1%. With Bt-potato plantation strat-
egy the increase in winter mortality decreased
the CPB ability to spread more efficiently than
with conventional potato but the application of
quarantine reduced the effect of Bt strategy (Fig.
5)).

Life history characteristics and CPB
population growth

Change in CPB life history characters had simi-
lar effect on population growth as on the percent-
age of potato fields infected (Fig. 6). However,
the increase in the number of offspring and
the decrease in winter mortality led to larg-
est population size growth when conventional
potato plantation strategy was used (Fig. 6C
and I). Field quarantine of one or two years was
effective to control CPB population growth in
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other scenarios except when the immigration
rate increased (Fig. 6A). Bt-potato plantation
strategy was effective to control the CPB popula-
tion growth with increasing dispersal ability or
decreasing winter mortality (Fig. 6F, H, J), but
could not totally inhibit it when CPB immigra-
tion rate or number of offspring increased (Fig.
6B, D). Quarantine did not have any effect on
CPB population growth when applied in combi-
nation with Bt-potato plantation strategy.

beetle invasion pressure,
number of offspring, dis-
persal probability, length
of dispersal and winter
mortality rate.

0.5 1
Winter mortality

Discussion
CPB control in current climate

Within the control methods we considered, the
two most effective for preventing the establish-
ment of the Colorado potato beetle at Finnish
potato fields in the current climatic conditions
are an effective eradication of the detected bee-
tles, and the use of quarantine after eradication.
The exponential growth of CPB population at
lowest eradication efficiencies reflects the high
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growth potential of CPB and the lack of density
dependence in the model. For example, when
eradication efficiency is as high as 90% it is effi-
cient enough to inhibit CPB population growth
and the population size is kept approximately
at the same level as the yearly immigration
rate is. However, when eradication efficiency
decreases to 70% CPB population size may start
to increase (increase may be rapid due to lack
of density dependence in the model) and bee-
tles start to disperse locally. Our results on the
importance of pre-emptive control support the
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previous findings that prevention is more effec-
tive than attempting to remove already widely
spread pest or other invasive alien species (Heik-
kild & Peltola 2003, CBD 2007).

Estimated number of invading beetles with
fixed immigration rate (A = 0.01) is approxi-
mately 150 beetles per year in the modelled
part of Finland. However, observations made
in 1995-2005 in Finland show that the invasion
densities vary greatly from year to year from
zero to several hundred individuals per year
(Evira 2008). This makes an accurate predic-
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tion of the establishment of the permanent CPB
population difficult, since it has been shown
that invasion success (establishment) of an alien
species depends highly on the number of immi-
grating individuals (Green 1997, Memmott et al.
2005, Drake & Lodge 2006). Our assumption
of constant immigration rate over the simulated
landscape may lead to a slight overestimation of
the number of invading beetles; however, for a
single field (or other habitat cell) the number of
immigrants varies between years. On the other
hand, a large proportion of modelled immigrants
ends up in the non-viable habitat and dies. Also,
the numbers of beetles observed by Evira (2008)
may be an underestimate, since only the beetles
ending up in the vicinity of the potato fields are
likely to be found.

Our model for integrated CPB management
strategy consists of four separate parts: (1) the
detection of the beetles from the fields, (2) con-
trol of the detected beetles (eradication of the
beetles), (3) quarantine and (4) the plantation
strategy after quarantine (conventional or Bt-
potato). We assume a fairly high detection prob-
ability (50%) in the model, but it can be a realis-
tic estimate for Finland, where awareness among
professional farmers is high and beetles are inten-
sively searched during the most critical period
in July (Evira 2008). In addition, both the larvae
and the adult CPB are highly visible due to their
bright coloration. Also the eradication efficiency
of the detected beetles from infected fields is
high (90% in our model) as the eradication may
involve the destruction of all potato plants within
a field when found necessary (except for the trap
plants) and it is conducted by plant protection
authorities (Evira 2008). We found that high
detection and eradication efficiencies together
with one-year field quarantine is an effective con-
trol strategy in reducing beetle ability to spread in
the landscape and the population growth.

The combination of effective eradication of
beetles from infected fields and the planting of
Bt-potato is a more effective control strategy
than eradication and field quarantine method
with the cultivation of conventional potato.
However, in Bt-potato cultivation the quarantine
method loses its power and it is no more benefi-
cial to use. The effectiveness of the quarantine as
a control method is a consequence of the lower

proportion and increased isolation of conven-
tional potato fields. It is thus more probable that
dispersing individuals do not find viable habitat
and die as a consequence. Quarantine is inef-
ficient with Bt-potato since Bt-fields are also
almost non-viable habitats for CPB and turning
to Bt-plantation strategy increases the isolation
of viable habitats permanently, where quarantine
phases give no additional benefit. According to
these results, plantation of the Bt-potato instead
of conventional potato controlled with quaran-
tine after CPB infection could be profitable for
farmers since there would be no losses in yield
due to the quarantine period.

The use of genetically modified Bt-potato
in large-scale commercial cultivation includes
many concerns and it is not currently in com-
mercial use (Boiteau 2005). Probably the most
serious ecological problem with Bt-potato use
in the CPB control is the evolution of resistance
against Bt-toxin, which is expected since it has
been shown to occur when beetles are exposed to
Bt sprays in laboratory studies (Ferré & Van Rie
2002). The efficiency of Bt-potato as a control
strategy may thus deteriorate over time. Future
studies should consider the development of the
resistance against Bt-potato within the CPB
population. Socio-economic issues, such as the
contamination of the conventional potato varie-
ties by genetically modified potatoes, should also
be part of planning of any transgenic varieties on
the farming practices.

CPB control after beetle adaptation or
global warming

Changes in CPB life history characteristics by
the global change or CPB’s adaptation to colder
climate may lead to establishment and even out-
breaks in Finland, regardless of effective detec-
tion and eradication systems. Our results indicate
that an increase in reproductive capacity and
decrease in winter mortality rate are the life his-
tory characteristics that have the greatest effect
on beetle invasion.

While CPB is very efficient in reproduction
and a single female may produce even 2000
eggs per breeding season (EPPO/CABI 1997)
only a fraction of the offspring survive to the
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overwintering adult stage. We varied the number
of viable offspring around the estimated 30 indi-
viduals and already an increase to 50 offspring
per adult individual lead to population outbreak
in 30 years. The exponential population growth
we see is a real possibility which may be realized
if the immigrated individuals are able to escape
detection and eradication processes and repro-
duce freely (Evira 2008). Our model predicts one
year field quarantine to be sufficient to reduce
the population growth even if offspring produc-
tion is as high as 100 per adult. Quarantine is
effective since a field becomes non-viable if at
least one beetle is found. Another effect comes
from the mortality of those individuals that
escape detection and eradication but are killed if
they can not disperse to another potato field. An
increased isolation of potato fields would have a
similar effect.

Winter mortality has pronounced effect on
the CPB population size and ability to spread
(as percentage of infected fields) but also on the
choice of the control strategy. Decrease in the
beetle winter mortality increases the proportion
of the landscape infected by the beetles and also
the population size, in which case detection and
eradication of detected beetles should be effi-
cient. In addition, if winter mortality decreases as
predicted due to global warming or beetle adapt-
ability to colder climate, the one-year quarantine
strategy will no longer be effective. According to
the model’s predictions, at least two years of field
quarantine will be needed if winter mortality
decreases below 50%. Extending the quarantine
time to several years has also economic conse-
quences, since fields would not be cultivated for
a longer time. Bt-potato may also increase the
winter mortality of the beetle and force beetle to
disperse. Nault (2001) found that winter mortal-
ity of the beetles that had fed on Bt-potato fields
was more severe than the beetles that fed on con-
ventional potato fields. Only 0.5% of beetles that
fed on Bt-potato survived over winter.

Currently, the rate of winter mortality of the
CPB in Finland is not accurately known but is
expected to be high. For instance, in summer
2002 over 300 potato fields were infected by
immigrating beetles, however, none of these
fields were recorded to have beetles in the next
summer (Evira 2008). This observation suggests

that either eradication was extremely effective
or the winter survival of the beetles was low.
In Estonia, winter mortality of the beetles was
highly variable between years depending on both
the winter temperature and the type of the soil
where the beetles hibernated (Hiiesaar et al.
2006). In the winter 2002/2003 when tempera-
tures were low (30 °C) for a long period, the
mortality varied between 88% and 100% but
during milder winters mortality varied between
12% and 57.6% (Hiiesaar et al. 2006). Diapause
is thus one of the critical phases of the CPB life
cycle restricting its spread (Hiiesaar et al. 2006).
In southern Finland in 1900-2000 the mean
winter temperature of the coldest month (Janu-
ary) varied between —16.5 °C and +1.4 °C (mean
—7.8 °C) and in central Finland between —19.9 °C
and —1.0 °C (mean —13.6 °C) (http://www.fmi.
fi/saa/tilastot.html). Global warming scenarios
predict the mean temperature in Finland to rise
from 2 to 7 °C by the 2080s (Jylhi et al. 2004),
making the region vulnerable to CPB establish-
ment by increasing winter survival and larval
maturation in summer.

An increased CPB immigration from the
Baltic-State and Russian source populations
could increase the risk of beetle establishment
in Finland but population outbreaks are not
expected when detection and eradication meth-
ods are efficient. Increased immigration of the
beetles from source populations will, however,
hinder the efficiency of eradication method in
Finland since it would also be very difficult
and costly to detect all local populations and
individuals once the population is established
and widely spread (Wittenberg & Cock 2005).
Long-distance dispersal, like immigration from a
source population to Finland, is mainly a random
event, meaning that the beetles are not able to
decide where to land. Dispersal is, therefore,
risky and beetles usually disperse only when they
suffer from lack of food plants or overcrowding
(Sandeson et al. 2002). Nonetheless, even rare
events of long distance dispersal can be crucial
in population spread (Kot et al. 1996, Hastings
et al. 2005, Nathan 2006), and its importance
in expansion of invasive species is still greatly
underestimated (Trakhtenbrot ez al. 2005).

A quite unexpected prediction of our model
is that local dispersal of the beetles recorded as
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the probability to disperse and the number of dis-
persal steps taken, has no clear effect on beetles’
ability to spread or beetle population size in Fin-
land. Dispersal has been shown to be an impor-
tant factor in CPB invasion, and spread behav-
iour to occur by either walking or flying up to
several kilometres (Boiteau 2001). Most of those
beetles that are able to disperse several steps in
our model will still stay quite close to their natal
patch since the direction of dispersal is random
to all four neighbouring cells. This means that
only a small proportion of these highly mobile
individuals end up to long distances from their
natal patches. Since the potato fields are rela-
tively isolated in Finland, there is a high prob-
ability that the beetle end up in an empty area in
the matrix instead of the potato field. This could
explain the effect of local dispersal on beetle
ability to spread in the landscape.

The predictive power of our model could be
improved by superimposing it with a climate
model (like CLIMEX) like the CPB invasion
risk is modelled for the UK (Jarvis & Baker
2001a, 2001b). Since the use of climate models
requires a lot of weather and also phenology
data of the CPB we do not have for Finland, we
decided to simplify the effect of climate change
with dispersal gradient and varying beetle life
history parameters.

Conclusions

The spatially realistic simulation model devel-
oped here could serve as a tool to predict the
future invasion potential of the CPB in cold-
temperature regions on landscape level, since we
have detected the life history variables that are
likely to affect the beetles’ population dynam-
ics. However, even marginal differences in the
life history traits, the behaviour of the beetle, the
development of resistance to Bt-toxin and the
changes in the climate may crucially change the
population dynamics of the CPB.
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