Chapter 22 ®)
Climate Change and Forest Insect Pests e

Andrea Battisti and Stig Larsson

22.1 Introduction

Climate change and the underlying causal factors have been thoroughly described
(Field et al. 2014). Climate change, particularly increased temperature, has several
consequences for the functioning of ecosystems. For instance, we know that the distri-
bution range of some organisms has changed (Parmesan et al. 1999), tree phenology
altered (Walther et al. 2002), and phenological asynchrony developed, e.g. between
tree and associated insects (Visser and Both 2006). Although these effects are well
understood and documented, we are only beginning to understand the effects of
climate change on insect communities. This is in large part because of the complexity
of their interactions with the abiotic and biotic environment.

It seems obvious that insect pest problems will be more important in a warmer
climate because of the strong positive effect that temperature has on insect physiology
and demography (Ayres and Lombardero 2000). However, temperature increases
above optimal ranges may also be detrimental to insect fitness (Lehmann et al.
2020). In addition, it must be remembered that insect distribution and abundance
are controlled by many factors other than temperature.

Klapwijk et al. (2012) reviewed climate-change associated factors affecting the
outbreak potential of forest insects. They identified direct and indirect factors and
provided a theoretical framework for assessing how changes in climate can be incor-
porated into predictive models of insect population dynamics. Similarly, Battisti and
Larsson (2015) and Jactel et al. (2019) reviewed how climate change can affect the
distribution range of insect pests, and provided examples of forest insect species
whose ranges have been changed in a manner consistent with changes in climate.
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This chapter summarizes empirical evidence for climate-change induced insect
pest problems, i.e. changed distribution range and frequency of insect outbreaks.
Climate change can interact with non-native insect species accidently introduced into
novel areas (Brockerhoff and Liebhold 2017). The issue of invasions is discussed
in Chapter 23 of this volume. In this chapter we briefly discuss, in general terms, if
and how climate change can be a factor that contributes to non-native insect species
being established and becoming invasive, i.e. acting as novel pests in the forest.

Throughout the chapter the focus is on how climate change affects the distribution
and abundance of forest pests (directly and indirectly through biotic interactions).
We acknowledge that climate change will also influence host tree vulnerability and
tolerance, and thus potential future damage (Toigo et al. 2020; Forzieri et al. 2021)
(discussed in Chapter 20).

22.2 Climatic Drivers

There is general consensus among scientists that the global climate is changing
at an unprecedented rate, with many regions experience warming trends, shifts in
precipitation patterns, and more frequent extreme weather events (Field et al. 2014).
Factors potentially affecting forest insects include temperature, precipitation, rare
weather events such as wind storms and heat waves, and atmospheric carbon dioxide
concentration. All these factors can act both directly and indirectly (through host
plant or natural enemies) on insect pests.

Temperature is the most important driver because it has steadily increased since the
beginning of the twentieth century (0.61 °C in global mean temperature from 1850—
1900 to 1986-2005; Field et al. 2014), and is predicted to increase further. Forests
experience different levels of climate change depending on geographic position.
Upper latitudes of northern and southern hemispheres, where most of the world’s
temperate and boreal forests grow, are expected to experience a higher warming.
Insects, being poikilothermic organisms, respond directly to temperature as described
by their specific reaction norms. Temperature also affects insects indirectly through
effects on the host plant (bottom-up, see Chapter 7) and natural enemies (top-down,
see Chapter 06).

Patterns in precipitation are due to a complex interaction between air circulation
and temperature. Thus, an effect of temperature increase on precipitation patterns
is expected. The result, however, is not as clear as the one depicted for temperature
alone. Predictions on the total amount of annual precipitation vary according to
the geographic area, with upper latitudes of both hemispheres experiencing more
precipitation than mid latitudes, while the tropical and subtropical regions show a
patchy effect (Field et al. 2014). Precipitation is also characterized by two more
aspects, i.e. its distribution in the year and the intensity of the precipitation events.
At upper latitudes of the northern hemisphere, precipitation increase will mainly
occur in winter, while intense precipitation events will be more likely everywhere.
Forests will thus experience different precipitation regimes according to geographic
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region. The interactions of these changes with those of temperature and solar radiation
(through modified cloudiness) will likely modify the microclimatic niche experienced
by forest insects. Although precipitation is known to directly affect forest insects,
most of its action is indirect because water availability is crucial for tree growth, and
consequently, host quality for insect herbivores.

Extreme rare weather events, such as high/low temperature and rainfall, strong
wind, and their combinations, will probably occur in higher frequency, and this is
considered a potentially important component of climate change (Field et al. 2014).
Two factors characterize the nature of these events, timing and intensity. For example,
a heat wave may suppress all the insects active in that moment because the upper
thermal threshold is achieved (see Chapter 4), or a wind storm may simultaneously
fell alarge number of trees that may facilitate a bark beetle outbreak (see Chapter 10).
The periods when such events may happen are roughly predictable, because they are
associated with the yearly variation of both temperature and precipitation, although
it is impossible to define exactly when and where they will occur.

Carbon dioxide, together with other greenhouse gases, is a major determinant of
temperature increase (Field et al. 2014). Being a fundamental molecule for photosyn-
thesis, the increase in carbon dioxide in the atmosphere may affect the metabolism of
forest trees, including molecules of importance to tree-feeding insects (Lindroth et al.
1993), although the general effects on herbivorous insects are weak and idiosyncratic
(Hillstrom et al. 2014).

The climate in the future will most likely differ in all the above-mentioned aspects.
However, with respect to effects on forest insects temperature has by far been the most
discussed in the literature, and thus is the factor for which there exists a reasonable
amount of data. Therefore, it will be the focus of discussion in the following sections.

22.3 Insect Response to Increased Temperature

In this section we deal with temperature effects at the level of the individual insect.
Temperature has a direct effect on insect development rate and survival. Develop-
ment rate generally increases with increasing temperature to some maximum, above
which development slows down and mortality increases (see Chapter 4). Increased
development rate could lead to increased voltinism in facultative multivoltine species.
Increased development rate in insect larvae could result in reduced temporal exposure
to enemies or other mortality agents, with resulting higher survival.

Winter mortality is likely to decrease under increasing temperatures (e.g. Ayres
and Lombardero 2000), although decreased snow cover (and therefore decreased
insulation of overwintering sites) can reverse that pattern (Petrucco-Toffolo and
Battisti 2008). Warmer winters may permit some non—diapausing species to continue
feeding and development during months that were previously too cold (Schneider
etal. 2021). For example, larvae of the pine processionary moth Thaumetopoea pity-
ocampa have a higher probability of survival if winter temperatures do not often fall
below specific feeding thresholds (Battisti et al. 2005, Fig. 22.1A, B).
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Fig. 22.1 A The same tree can be colonized in subsequent years as shown in the photo where
the remains of an old nest are visible close to two new nests with white silk. The tree is a Scots pine
(Pinus sylvestris) growing at high elevation (>1,400 m) in the Southern Alps (Venosta/Vinschgau
valley) where the insect has expanded its distribution in recent decades and reached the upper limit
of host plant range. At even higher elevations in the Alps, the pine processionary moth is massively
colonizing the dwarf mountain pine (Pinus mugo), historically not a suitable host because of being
covered by snow. B The photo shows a colony that survived the winter because the limited snow
cover, and higher temperatures, permitted suitable conditions for larval feeding across the winter.

Several indirect effects mediated through the host tree exist. Many insect species
match their feeding activity with certain developmental stages in the host plant; for
example, species associated with deciduous trees, such as the autumnal moth Epirrita
autumnata, match their feeding with nutritious immature foliage during spring and
early summer (Haukioja 2003).

If host trees are reasonably well matched to historically favorable climatic condi-
tions, then it is inevitable that changing climate will lead to situations where trees
are poorly matched to the new conditions, i.e. trees can be stressed. Stress-induced
changes in plant tissue quality and their effects on insect survival and reproduction
are well documented in experimental studies (Koricheva et al. 1998).

That plant stress can trigger insect outbreaks is a long-standing hypothesis in
forest entomology. Insect outbreaks have been commonly correlated with conditions
that induce stress in their host plants (e.g. Mattson and Haack 1987). This has led
to speculation that there is a causal link between stress-induced changes in plant
quality, and thus insect performance, and the start of outbreaks (e.g. White 1974).
Experimental tests of the plant stress hypothesis, most often at the level of individual
insects, have produced mixed results; species from some feeding guilds respond to
experimentally stressed trees with increased performance, some are unaffected, and
some respond negatively (Larsson 1989). Bark beetles constitute a globally important
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group of insects for which plant stress seems relevant; a long-standing paradigm is
that healthy trees are resistant to most bark beetle species (and other boring insects),
but that periods of stress make trees susceptible, although at high beetle density even
non-stressed trees can be attacked and killed (Raffa et al. 2008).

Arthropod natural enemies can exert powerful forces on the performance of
herbivorous insects (see Chapter 6), and climate change may affect their activity as
much as that of their prey. In addition, the phenological synchrony between natural
enemies and their hosts/prey can also be affected. However, specialist enemies should
be under strong selection to track phenological changes in their prey, which might
make them less likely to become temporally uncoupled from their prey (Klapwijk
et al. 2010). Higher temperatures can influence parasitism and predation rates by
increasing searching activity of individual parasitoids and predators. When the prey
are relatively immobile (e.g. many immature insect herbivores), this should generally
increase rates of detection and attack.

Insect pathogens, e.g. fungi, bacteria, and viruses, can also limit the performance
of herbivorous insects (Hajek 1997). Temperature can be important for both infection
rate and defense responses within the host. Different thermal optima for host and
pathogen might lead to a situation where high temperatures favor the host by both
optimizing defense responses and directly limiting pathogen growth (Blanford and
Thomas 1999).

Insects rarely, if ever, act independently from other organisms. Therefore, it is
necessary to consider the position of the forest insect in the trophic web. In other
words, not only should we consider direct effects of climate change on the target
insect, but we need to recognize likely interactions of climatic variables with host tree,
natural enemies, and insect diseases (indirect effects). Such an approach is necessary
to fully understand the potential consequences that climate change can have for pests.
For climate-change driven effects to have an impact on forest ecosystems, and thus
be of economic concern for forest managers, effects at the level of individual insects
need to be confirmed at the level of the population. This is not a trivial step as a
multitude of biotic interactions, each with its inherent uncertainty, can modify the
effects when it comes to populations, as discussed in the following section.

22.4 Insect Population Response to Increased Temperature

Climate warming can influence two important aspects of insect population ecology:
distribution and abundance. Many insect species have been documented to change
their distribution range in response to increased temperature (Battisti and Larsson
2015). It is important to realize, however, that the dynamics of range expansion are
rarely known in any detail. This is simply because populations in expansion areas
are initially at very low density and thus can remain undetected for a long time. If the
expanding population is a forest pest, then the expansion is likely to be discovered
if the population reaches outbreak numbers.
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In general, the majority of insect populations are controlled by a number of
different agents and thus occur at low density. Under some conditions an insect
species may escape from the controlling agents and reach outbreak densities.
Outbreaks are easily observed because they are generally defined by managers as
population densities so high that they are of economic concern in forestry. Outbreaks
can thus be seen as a proxy for high-density events, and of course as a warning signal
of potential forest health problems. Low-density populations will also vary in size,
but their dynamics will most of the time be unnoticed because their densities will
not result in damage to the forest.

In the following section, we present case studies to illustrate effects of climate
change on insect populations. The focus is on outbreaks, which we assign to three
main groups. The first group of case studies refer to Outbreaks at the core of historical
range of distribution, thus evidence of climate change effects (or lack of effects) on
populations in the historic range of the distribution. The second group deals with New
areas of outbreaks within historic species distribution. This refers to species where no
outbreaks were recorded for a portion of their historical distribution, typically in the
colder areas, but where outbreaks in recent years have been observed. The third group
includes Outbreaks in recently invaded geographic areas, in other words, species that
have expanded their distribution range and occurred at outbreak densities that clearly
can be related to warming.

22.4.1 Outbreaks at the Core of Historical Range
of Distribution

Long-term surveillance data of European insect populations report a large variability
in the responses of key forest pests to climate change: positive, negative, and no
response to increased temperatures (Haynes et al. 2014; Lehmann et al. 2020).

The European spruce beetle Ips typographus is the most aggressive bark beetle
in Europe. Analysis of 17 time-series spanning from 1980 to 2010 shows density-
dependent factors to be the main drivers of population dynamics, although high
temperature and summer precipitation deficit also play a role (Marini et al. 2017). In
addition, temperature appears to be important for the voltinism of 1. typographus, as
populations may become bi- or multivoltine under favorable conditions (Wermelinger
2004). Results suggest that greater efforts should be made to integrate temperature
increase, drought, and storm effects into future scenarios of outbreaks under climate
change (Marini et al. 2017).

The larch bud moth Zeiraphera griseana is an example of a pest where climate
warming has had negative effects on population growth. Dendrochronological anal-
yses of host trees associated with Z. griseana outbreaks over 500 years reveal peri-
odicities of 4, 8, and 16 years throughout the time series, except during the period
1690-1790, and since 1980. The data suggest a disruption of periodicity probably
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related to changes in climate; temperature decreased in the period 16901790 (Little
Ice Age) wheras it increased since 1980 (Saulnier et al. 2017).

Responses at the species level appear idiosyncratic and no general patterns were
observed in several species of defoliating insects associated with coniferous trees in
southern Germany for more than 200 years (Haynes et al. 2014). A similar study
in Hungary involving five species of defoliating insects associated with broadleaved
tree species for a period of about 60 years also observed no clear pattern in responses
(Klapwijk et al. 2013). It should be noted that for both these studies data refer to large
scale events, and that changes at local scale could have gone undetected. More precise
data are available for the pine processionary moth Thaumetopoea pityocampa from
eight geographic zones in France (but for a shorter period, 1981-2014). Although in
general, populations were controlled mainly by density-dependent agents, population
growth was negatively related to precipitation in five regions and positively related to
winter temperature in four regions; thus, these data suggest that the effects of weather-
related factors need to be considered at a local scale using appropriate measures of
population density (Toigo et al. 2017).

22.4.2 New Areas of Outbreaks Within Historic Species
Distribution

Both the autumnal moth Epirrita autumnata and the winter moth Operophtera
brumata have expanded their outbreak range in recent years, presumably as a result
of improved winter survival of eggs, and maintenance of synchrony (through adap-
tive phenological plasticity) with bud burst of their main host, the mountain birch
Betula pubescens ssp. tortuosa (Jepsen et al. 2008). Winter moth populations show
a pronounced north-eastern expansion of outbreaks into areas previously dominated
by the autumnal moth, which in turn has expanded historically into colder areas
(Tenow 1996). This has been possible because eggs of the autumnal moth are more
cold tolerant than those of the winter moth. This important direct effect of increased
temperature can be affected by indirect effects in the trophic interactions and in the
synchronization with the bud break of the host plants. In subarctic mountain birch
forests, predation rates on E. autumnata and O. brumata larvae were almost twice
as high in low versus high elevation sites, indicating that release from predation
pressure at high elevations can favor outbreaks in these cooler habitats (Pepi et al.
2017).

Records of spruce budworm (Choristoneura fumiferana) defoliation and tree-ring
analysis indicate that the outbreak range of this insect has expanded to the north. A
regional tree-ring chronology performed by Boulanger et al. (2012) represents the
longest and most replicated reconstruction of outbreak dynamics in North America
(1551-1995). The authors identified nine potential outbreaks and three uncertain
outbreaks in a 400-year period and concluded that outbreak frequency varied with
temperature, being less frequent during the 1660—1850 period (every ~ 50 years,
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Little Ice Age) and more frequent in warmer periods like prior to 1660 (every ~
28 years) and during the twentieth century (every ~ 30 years). The simultaneous
occurrence of a general increase in temperature in northern latitudes at the start of
the last outbreak indicates a relation with climate change (Candau and Fleming 2011).
An interesting indirect effect involving the host plant has been suggested. The main
host of the spruce budworm is balsam fir Abies balsamea, whereas black spruce Picea
mariana is a secondary host. Climate change is predicted to advance the phenology
of the secondary host that is more abundant at the upper latitudinal edge, making it
more susceptible to defoliation, and thus facilitating expansion of the outbreak area
into higher latitudes (Pureswaran et al. 2015). This factor has been hypothesized to
explain the occurrence of the new outbreak that started in 2006 about four degrees
(445 km) of latitude north of the previous one (1966—1992), with a prediction for a
more northern expansion in 2041-2070 (Régniere et al. 2012).

In the southern hemisphere, the defoliation of Nothofagus forests by the saturnid
moths of the genus Ormiscodes have been associated with drier and warmer seasons.
The outbreaks have been more frequent in southern than in northern Patagonia.
Results are consistent with recent warming in southern Patagonia and suggest that
outbreak frequency may continue to increase with further warming (Paritsis and
Veblen 2011).

22.4.3 OQutbreaks in Recently Invaded Geographic Areas

In recent decades, the pine processionary moth T. pityocampa has expanded its lati-
tudinal and elevational distribution range (Battisti et al. 2005). Improved survival
during the feeding period in winter has contributed to outbreaks in pine forests
previously unoccupied in France, Italy, Spain, and Turkey. Rapid range expansion is
facilitated by warm summer nights that contribute to long-distance (more than 2 km)
dispersal of female moths (Battisti et al. 2006). In the newly occupied areas, however,
population dynamics are driven more by density-dependent agents than by climatic
drivers (Tamburini et al. 2013). Thus, once the expansion area is occupied popula-
tion dynamics seem to be determined by the same factors as in the historical range,
provided that specialist enemies have tracked the host in the new areas. Interestingly,
T. pityocampa shows prolonged diapause facilitating persistence in the newly colo-
nized areas even if the weather turns unfavorable for one or more years; diapause
can last up to eight years with some individuals emerging every year (Salman et al.
2016).

In western Canada recent outbreaks of the mountain pine beetle Dendroctonus
ponderosae have led to extensive tree mortality within at least 14 million hectares of
lodgepole pine Pinus contorta forests. The start of the outbreak was facilitated by fire
suppression during the last century, which created large tracts of over-mature pine
stands, in combination with recent climatic patterns, viz. mild winters and warm
dry summers (Raffa et al. 2008; Bentz and Jonsson 2015). However, the relative
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importance of large areas of susceptible pine forests and suitable climatic conditions
for beetle population growth is not entirely clear (Cooke and Carroll 2017).

In general, bark beetle species associated with weakened trees are difficult to
detect at low-densities, whereas damage and tree mortality become obvious during
outbreaks. Therefore, the range edge generally considered is that of the epidemic
range, whereas the margins of the endemic range remain largely unknown. In south-
east USA, the distribution of the southern pine beetle Dendroctonus frontalis has been
moved northwards due to milder winters that enhance beetle performance (Ungerer
et al. 1999). Similarly, spruce bark beetle (Dendroctonus rufipennis) outbreaks may
occur throughout the range of spruce in North America in the future. In its coldest
locations, D. rufipennis is semivoltine, having a generation every two years and
outbreaks are rare in these populations (Schebeck et al., 2017).

22.5 Invasive Species and Climate Change

The increasing problem with invasive species during the last decades may be linked to
climate change although the evidence for this remain limited. Global trade and travel
are the major drivers of the invasion process (Ramsfield et al. 2016; Brockerhoff
and Liebhold 2017). The process of invasion is often divided into several phases
(pre-transport, transport, arrival, establishment, and spread; see Chapter 23). Here
we briefly discuss how changes in climate can interact with trade and travel in each
of the invasion phases.

Very little can be said about the pre-establishment phases (pre-transport, transport,
arrival). It is obvious that propagule pressure in the area of origin is important in order
to assess the probability of transportation, but it is unclear to what extent changes in
climate affect propagule pressure. The next two phases (establishment and spread)
are clearly linked to climate change as they depend on the matching between the area
of origin and the area of arrival. The impact of climate change on climate matching
between areas of origin and destination on the establishment and spread of non-native
species is difficult to assess as data about failure to establish are rarely available for
forest insects. The increasing number of the incursions of ambrosia beetles from
tropical and subtropical regions in temperate forests could be an example of how
this category of organisms is favored by climate change (Rassati et al. 2016). The
inclusion of climatic responses of pests in the risk assessment of invasive species
may help to predict which ones are the most likely to get established and threat newly
colonized habitats (Grousset et al. 2020).

The spread of invasive species in a newly colonized area depend on niche avail-
ability and dispersal traits of the insect, and in principle does not differ from that
of native species (Pureswaran et al. 2018). The hemlock woolly adelgid Adelges
tsugae was introduced into Virgina, eastern USA in the mid 1900s. Increase in mean
minimum winter temperature resulted in higher survival in overwintering life stages
and facilitated the expansion northwards in the eastern USA (Paradis et al. 2008).
The build up of high density populations in the already colonized areas contributed
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greatly to hemlock (Tsuga canadensis, T. caroliniana) dieback (Fitzpatrick et al.
2012).

Once established, the response of invasive species to climatic factors may be
similar to that of native species, as illustrated by the spongy moth Lymantria dispar.
The population dynamics of L. dispar have been thoroughly documented in the
USA, showing periods of cyclic outbreaks intermingled by periods with no cycles.
The dynamics seem to be driven by trophic interactions while the role of climate
appears to be negligible (Allstadt et al. 2013). It is not clear if a changing climate
would cause a net increase in suitable habitat for invading insects such as spongy
moth in North America, as there should be some areas that become more favorable
and others that become less favorable (Tobin et al. 2014).

22.6 Conclusions

Climate change, in particular increased temperature, is certain to have qualitative and
quantitative effects on insect populations, primarily because temperature ultimately
sets the limit for most insect distribution ranges (Battisti and Larsson 2015). For
insects on trees, however, the availability of the host tree(s) will be a critical factor
because most insect species are associated with one or a few host tree species only.
The expected slower range expansion by trees compared with that of the insects,
because of the much longer generation time of trees, will likely slow down the
successful expansion of the insects. Overall, this probably means that at a certain
point in time host tree availability, rather than temperature, may set the limit for
future insect range expansion. This scenario would only apply to insect species not
able to switch to novel host tree species in the expansion area.

Climate-change attention is mostly on insect species expanding their range into
geographic areas that have become climatically more favorable. We have to assume,
however, that an equally large area may become unfavorable. In contrast to expansion,
such retraction of the range at the lower edge of the distribution will not be as
immediate as the expansion, mainly because plants do not react as quickly to the
warming as insects do. This is why a net increase in areal distribution is expected in
the short-term while in a medium-long term a general shift of the range is predicted.

A difficult task is to assess whether or not damage to forests will be more, or less,
severe under climate change (Jactel et al. 2019; Lehmann et al. 2020). The degree
of damage is usually positively related to the density of the insect pest population.
Thus, we can reformulate the issue using outbreak as a proxy for damage and ask:
are outbreaks likely to be more common under climate change?

Ideally, in order to scientifically analyze this issue we should be able to refer to the
frequency of outbreaks for a scenario of no climate warming. Obviously, this is not a
straightforward matter, but the literature provides important information about insect
populations that can be used as a simple null model of outbreak frequency (Barbosa
and Schultz 1987). Most insect populations in forest ecosystems thrive around low
mean densities, far below outbreak densities (Landsberg and Ohmart 1989), meaning
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that they are efficiently controlled by several, mostly unknown factors. It also indi-
cates that many insect populations often remain unnoticed for a long time (endemic)
and are considered pests only when they build up epidemic populations (outbreak)
(Barbosa et al. 2012).

The categorization of forest insect populations outlined above is simplistic, but
still useful as a basis for the following discussion of forest damage and insect pests
under future climate change. We envisage four situations:

1. The extent of range expansion of non-outbreak insects is virtually unknown; this
should come as no surprise because, by definition, these insect species occur
at low density. It is quite likely, however, that such expansion has occurred but
should be of minor importance from a management point of view, given that the
population ecology of these putative species in the new area is similar to that in
their core area.

2. A bias exists in the literature with almost all evidence of climate-change effects
coming from outbreak species, for obvious reasons (easy to observe). In the event
that outbreaks occur in the expanded range, an important question will then be
whether the outbreak dynamics are similar to those in the original distribution
range or show new characteristics (the mountain pine beetle outbreak may be an
example of this as it has invaded new host tree species, such as Pinus banksiana
in Alberta, creating the potential for massive range expansion into north central
and eastern north America).

3. Outbreaks in the historical area can be more, or less, frequent under climate
change depending on the life history of the insect and how climate affects biotic
interactions (with host tree, natural enemies, insect pathogens). Forest manage-
ment is changing in many parts of the world, e.g. with stands being overall more
intensively managed than in the past. So far, there are no data to suggest that pest
dynamics are significantly different under intensive forestry, such as nitrogen
fertilization of natural stands (Kyto et al. 1996). If novel management practices,
e.g. for maximizing carbon sequestration, will be introduced on a large scale,
then there is certainly a risk that pest problems will follow.

4. Forest health problems due to non-native insect species will most likely continue
to increase in the future. Some non-natives will establish but with dynamics of
the low-density type. The distribution of other non-natives will expand, perhaps
as a consequence of climate change, and establish in natural forests where popu-
lations increase to outbreak level (thus becoming an invasive). An especially
serious threat is the situation where non-native insects establish in plantations of
non-native tree species. Here managers may be faced with a situation of inten-
sive control practice most often not necessary in traditional forestry, such as the
application of biological control with a parasitic nematode against the Sirex wood
wasp in pine plantations (Slippers et al. 2015).

The science of outbreak dynamics includes data from economically important insect
populations whose dynamics appear to be driven by factors that differ from those
of non-outbreak species (e.g. Larsson et al. 1993). Thus, there is no overarching
hypothesis based on logic (or data) that allows for specific predictions at the species
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(or population) level. Our approach has been to use information from the past in
order to understand the future. This approach allows us to take advantage of existing
scientific knowledge. Although we advocate this approach we emphasize that we
also need to appreciate that the available data, and thus predictions based on these
data, have a substantial degree of uncertainty. Very rarely, if ever, can outbreak data
be considered replicated, due to different boundary conditions. This is a situation
that is true for many ecological data sets meant to be used in policy, but is especially
troublesome here because we are interested in changes over long periods of time,
hundreds of years.
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