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Abstract
Purpose of Review Forest managers have long suggested that forests can be made more resilient to insect pests by reducing the
abundance of hosts, yet this has rarely been done. The goal of our paper is to review whether recent scientific evidence supports
forest manipulation to decrease vulnerability. To achieve this goal, we first ask if outbreaks of forest insect pests have been more
severe in recent decades. Next, we assess the relative importance of climate change and forest management–induced changes in
forest composition/structure in driving these changes in severity.
Recent Findings Forest structure and composition continue to be implicated in pest outbreak severity. Mechanisms, however,
remain elusive. Recent research elucidates how forest compositional and structural diversity at neighbourhood, stand, and
landscape scales can increase forest resistance to outbreaks. Many recent outbreaks of herbivorous forest insects have been
unprecedented in terms of duration and spatial extent. Climate change may be a contributing factor, but forest structure and
composition have been clearly identified as contributing to these unprecedented outbreaks.
Summary Current research supports using silviculture to create pest-resistant forest landscapes. However, the precise mecha-
nisms by which silviculture can increase resistance remains uncertain. Further, humans tend to more often create pest-prone
forests due to political, economic, and human resistance to change and a short-sighted risk management perspective that focuses
on reactive rather than proactive responses to insect outbreak threats. Future research efforts need to focus on social, political,
cultural, and educational mechanisms to motivate implementation of proven ecological solutions if pest-resistant forests are to be
favoured by management.
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Introduction

Outbreaks of forest insect pests have been identified in all
major forested ecosystems [1, 2]. Economic damage due to
the widespread extent and massive mortality of trees is most
important in high-latitude forests [3–5]. Over a 10-year period
ending in 2012, more than 70 million ha of boreal and tem-
perate forests around the world were attacked by forest insect
pests [6]. North America may have been the hardest hit, but
large areas of the forest were affected in jurisdictions from
across the world: in 2005, forest insects affected 17.3 million
hectares (Mha) of forests in Canada and 5.6 Mha in the USA,
whereas elsewhere in the world insects affected 3.2 Mha in
China, 1.7 Mha in Russia, and 1.3 Mha in Romania [7]. The
cost of such outbreaks in terms of wood loss is staggering. Liu
et al. (2019) showed that wood volume losses due to a forest
insect in a 2.4-Mha area in eastern Canada could amount to
$25 to $35 billion CAD [8]. For forest managers, there is thus
great incentive to limit the damage caused by these
infestations.

It is not surprising that forest pest managers have long
proposed ways of mitigating the risk of loss to outbreaks
(i.e. enhancing resistance, sensu [9]). Peirson in 1925
remarked “that it seems wholly unnecessary to point out the
obvious place that protection from insects must take in forest
policy” (p. 372 ) [10]. Since this early assertion, many authors
have proposed that increasing forest resistance should be the
central goal of forest pest management [11–13]. Here, resis-
tance refers to the capacity of a forest ecosystem to withstand
disturbance (i.e. insect outbreaks) without changing state [14].
As most major forest pests have species-specific host require-
ments, often restricted to a single tree genus or family, recom-
mendations for improving forest resistance to outbreaks have
focused on reducing the quantity and quality of host trees
within and among stands and in general, avoiding monocul-
tures. Almost 50 years ago, Baskerville proposed favouring
mixed stands of host and non-host species, mixing vulnerable
and less vulnerable age classes, and breaking up (at the land-
scape scale) large contiguous forest blocks of host species to
increase forest resistance [15]. In part motivated by these early
ideas, there has been a strong development, in the intervening
decades, of decision support tools to identify at-risk stands
that need to be targeted for interventions against defoliators
[16] and bark beetles [17, 18]. Successful application of these
decision support tools has demonstrated the value of invest-
ment in research dedicated to modelling and predicting forest
susceptibility and vulnerability.

Despite this knowledge and these tools, recent decades have
borne witness to some of the most extreme outbreaks since
forest management has been practiced at large scales [19••].
This increase can be observed in many forest types around the
Northern Hemisphere and for both defoliators and bark beetles
that generally cause the most extensive damage worldwide [2].

Outbreaks of multiple species of bark beetles (mostly
Dendroctonus spp., Ips spp., and Scolytus spp.) have affected
historically unprecedented spatial extents of forest throughout
western North America and Europe [20–22]. In terms of defoli-
ators, outbreaks of conifer-feeding budworms (Choristoneura
spp.) as well as forest tent caterpillar (Malacosoma disstria
Hbn. (Lepidoptera: Lasiocampidae)) [23, 24], balsam fir sawfly
(Neodiprion abietis (Harris); Hymenoptera: Diprionidae) [25],
and oak processionary moth (Thaumetopoea processionea L.
(Lepidoptera: Thaumetopoeidae) [26] have increased in extent,
duration, and intensity during the second part of the twentieth
century [27–30] or have increased their range [31] (Table 1). A
paradox thus emerges from these observations: despite a general
consensus in forest pest management regardingwhat needs to be
done to decrease forest vulnerability and increase resistance,
empirical evidence suggests that outbreaks are getting worse.

In the 1990s, researchers questioned why, given the relative
consistency of stand-scale hazard analyses, there were still no
large-scale experiments to clearly evaluate the efficacy of silvi-
cultural treatments [32]—a fact that remains essentially true to-
day. There has also been increasing recognition that insect out-
breaks are subject to nonlinear threshold effects—now more
widely recognized as cross-scale interactions [33]—where the
constraints on system behaviour at one scale can be
overwhelmed by the relaxation of constraints at another. For
example, the combination of warming temperatures and drought
in the North American West has been implicated in the popula-
tion release of multiple bark beetle species that either abated
once the drought receded or became amplified by the sheer
numbers of beetles overpowering the defences of healthy trees
[20]. Such nonlinear dynamics complicate the effective scaling
of stand-scale forest resistance to landscapes and regions.
Likewise, such dynamics can contribute to the “ecological sur-
prise” that plagues forest landmanagers when past experience in
insect dynamics no longer applies [34]. Yet there is a common
theme to virtually all such surprises with respect to insect out-
breaks: namely, that there must be sufficient host available to
sustain outbreaks, regardless of climatic constraints.

The major insect pests affecting large areas of North
American and European forests have been studied intensively,
with many reviews available [2, 34, 35]. Many of these re-
views recommended that landscape diversification in some
form (e.g. species composition, age class diversity, thinning
regimes) should be part of the overall mitigation strategy, but
references to the primary literature are either superficial or
indirect. Yet the number of empirical studies investigating
the landscape ecology of forest insect disturbance across a
variety of systems has greatly expanded over the last decade
(e.g. [36, 37•]), and their implications for outbreak mitigation
are only beginning to be explored. Likewise, many reviews
address the growing concern of climate change effects on
outbreak dynamics, but without teasing apart the effects of
forest structure from the effects of climate change [31, 39–42].
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In this paper, we briefly review the processes that affect the
relative effectiveness of silvicultural mitigation strategies
across different insect/forest systems and work to clarify am-
biguities in how methods such as species diversification and
thinning affect forest resistance to influence stand-scale insect
damage. Next, we review how multiple ecological processes
scale up and interact to influence insect outbreak dynamics
and consequent large-scale forest damage. We further explore
how human land management legacies influence resistance to
pest damage. We then examine the role of climate vs. forest
management in recent unprecedented outbreaks. Finally, we
explore the barriers that have constrained implementation of
proactive management for resistance.

Stand-Scale Mitigation Strategies

Forest entomologists generally classify pest control strategies
as either direct or indirect [19••]. Direct methods focus on
population control of the outbreaking insects through a wide
variety of techniques (such as spraying of chemical or biolog-
ical insecticides and use of pheromone interruption) that target
hotspots with high population densities [19••]. Indirect
methods focus on manipulations of forest habitat and food
resources for both the insect pest species and their natural
enemies to dampen the amplitude of pest populations and
limit their relative impacts on the forest resource. Direct
methods are typically applied tactically on relatively fast time
scales with a focus on the target organism [8, 43]. Indirect
methods rely on longer-term strategic manipulations of forest
composition, age structure, stem densities, and spatial config-
urations. Such indirect interventions and proactive planning
must also balance the sustainability of other ecosystem ser-
vices such as timber and pulp supplies, water quality, wildlife
habitat, and biodiversity. Indirect pest control strategies using
silvicultural interventions are the focus of this review.

Thinning is a common practice applied to enhance stand
resistance to insect outbreaks in many conifer systems of
North America and Europe [35, 44–46]. Thinning reduces
competition and promotes the growth, vigour, and defensive
capacity of the residual trees. Thinning has been recommend-
ed as a tool against European spruce beetles (Ips typographus)
[47]. Well-timed thinning implemented prior to a mountain
pine beetle (Dendroctonus ponderosae) outbreak in the west-
ern USA resulted in notable reductions in beetle-induced mor-
tality of ponderosa pine (Pinus ponderosa): 34% in unthinned
vs. 4% in thinned stands [19••]. Likewise, increased spacing
and consistent thinning have drastically reduced the incidence
of southern pine beetle (Dendroctonus frontalis) outbreaks in
recent decades in the south-eastern USA [48]. Greater spacing
as a result of thinning has also been shown to modify within-
stand microclimatic conditions that can affect tree defences
and accelerate insect development such that life stages

susceptible to freezing occur during overwinter periods.
Increased spacing between trees can also influence tree phe-
nology (see below), increase airflow, and interrupt the effec-
tiveness of mass attack aggregation pheromones, and in-
creased inter-tree distances may decrease insect dispersal suc-
cess [19••, 45].

By contrast, the effects of thinning on defoliator impacts
are more equivocal. For example, thinning many years before
a spruce budworm outbreak may increase tree vigour and
forest resistance but when conducted during an outbreak,
may increase vulnerability as the insect population is concen-
trated on a smaller number of trees [49–51]. Thinning may
reduce overall foliage biomass, leading to greater damage to
residual trees if defoliating insect populations do not decrease
and are thus concentrated on fewer stems.

Many studies suggest that homogeneous stands are more
susceptible to insect outbreaks than heterogeneous stands
[52]. If forest susceptibility were a simple function of the
availability of host to a given insect pest, then susceptibility
would scale as a simple linear function of the proportion of
host in a stand (Fig. 1). Yet most ecological situations deviate
from this simple null model through association with the other
tree species within stand mixtures. “Associational resistance”
occurs when species mixtures offer additional protection for
host species, “bending the curve” downwards in the relation-
ship between host abundance and herbivore impacts (Fig. 1).
Two general processes underlie associational resistance with-
in forested stands: (1) resource dilution and (2) enhancement
of natural enemy communities [53]. Insects may have diffi-
culty locating rare hosts (resource dilution) because insects
relying on chemical cues may be confused by non-host vola-
tiles or because rare hosts are hard to detect visually. For
example, overstory aspen have been observed to visually hide
subdominant white spruce and thus protect them from white
pine weevil (Pissodes strobi) damage to their leaders [54].
Many prominent defoliator species are early-season feeders,
are dependent on the poorly defended and nutrient-rich emer-
gent foliage, and therefore must match their phenology with
that of their primary hosts [55]. In a stand containing several
host species or genotypes with different bud-burst phenol-
ogies, there is no single optimal time for larvae to emerge
(Fig. 2). Varying microclimates within a forest (e.g. southern
vs. northern exposure, thinned vs. unthinned) can also affect
the synchronization of tree and insect phenology.

Associational resistance can also occur when generalist
natural enemies more effectively control outbreaks in complex
environments. For example, fir and spruce in mixtures with
hardwoods have been found to be less damaged by spruce
budworm than in pure conifer stands [56, 57] due, at least in
part, to increased rates of parasitism. Similarly, populations of
European sawfly (Neodiprion sertifer) experience greater
rates of parasitism in mixed forests [58]. Finally, increased
forest heterogeneity and structural diversity increase
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Fig. 1 Combined effects of tree species diversity expressed as proportion
of preferred host and outbreak severity. Panel (a) shows that there is an
allometric linear decrease in biomass consumed as the proportion of hosts
decreases. Panel (b) shows that this decrease in the severity of an outbreak

also influences biomass consumed. Panel (c) illustrates that biomass
consumed is either greater or less than expected if associational effects
are present (see text). Panel (d) integrates severity and associational
effects

Fig. 2 Synchronism of insect emergence facilitated when tree phenology occurs predictably over a short time window in panel 1 rather than for a tree
species with a less predictable or more variable growth phenology (panel 2)
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parasitoid diversity and abundance in the boreal forest [59].
Diverse stands can thus increase forest resistance by hiding
host trees and supporting natural enemies [52]. Indeed, meta-
analyses of experimental and observational studies from di-
verse forest-insect systems from around the world have con-
sistently shown that mixtures of phylogenetically distant trees
increase associational resistance [52, 60].

On the other hand, it appears that in some cases, stand
diversity can increase the impact of forest insects. The phe-
nomenon is referred to as “associational susceptibility”: when
an insect population exploits the main part of its principal
resource, it can then “spill over” to an associated, but normally
less desirable host [53, 61••, 62], “bending the curve” upwards
in the relationship between host abundance and herbivore im-
pacts (Fig. 1). Some experimental studies have even suggested
that some mixed forests may be equally or even more suscep-
tible to insect herbivores than pure stands [63–67••]. These
varying results regarding associational effects have resulted
in much debate and active research in both agricultural and
forest ecosystems [68]. Different findings of associational re-
sistance and susceptibility may be related to weaknesses relat-
ed to observational vs. experimental studies [63–67, 69••] that
merit further careful examination. Meta-analyses of experi-
mental and observational studies from diverse forest-insect
systems from around the world have consistently shown that
mixtures of phylogenetically distant trees increase associa-
tional resistance [52, 60]. Associational effects are, however,
sensitive to insect population density, which can span several
orders of magnitude in outbreaking systems. For example,
spill-over typically occurs following depletion of the primary
host resource, which means that non-preferred tree species
may be attacked when outbreaks are severe, but not under less
severe conditions [61••, 62]. Such spill-over effects were es-
pecially evident during the recent outbreak of mountain pine
beetle in British Columbia (Canada), where beetles attacked
small pine trees and even the occasional spruce tree—hosts
that do not normally support successful brood production
[70]. During severe defoliation events, spruce budworm lar-
vae also switch from their primary host, balsam fir (Abies
balsamea), when it becomes severely defoliated, to a second-
ary host, black spruce (Picea mariana), where food resources
are not yet depleted [61••, 71]. This context dependence relat-
ed to outbreak stage can make it difficult to clearly observe the
mechanisms underlying observed associational relationships.
While both susceptibility and resistance are possible, their
relative importance may vary with outbreak context.

Nonetheless, important generalities emerge from this current
body of work with respect to the role of tree species diversifi-
cation and resistance to insect outbreaks. First, the species iden-
tity within species mixtures matters, as some species invest
more resources in defence than others [72], and specific insect
pests rely on a restricted set of hosts. Second, the likelihood of
associational resistance versus susceptibility is contingent in

part on the diet breadth of the insect [52, 60]. Third, spill-
over (i.e. associational susceptibility) most commonly occurs
on phylogenetically proximal trees and under peak outbreak
levels [60–62, 73••]. Fourth, forest age also matters such that
associational resistance is more common in mature stands [74].
Collectively, these findings demonstrate that it is not the num-
ber of tree species per se that enhances forest resistance to
insect damage. Tree species identity (phylogenetically proxi-
mal vs. distant) within the mixture and age of the forest matters
a great deal, as does the identity of the insect species capable of
reaching outbreak levels within a given region. Further, any
stand-level mitigation strategy, be it thinning or diversification,
will both contribute to and be influenced by broader-scaled
population dynamics, as addressed in the next section.

Scaling-up Resistance to Landscapes
and Regions

Knowledge of how stand-scale compositional and structural
diversity affects resistance to insect outbreaks has permitted
the successful development of stand-level insect hazard rat-
ings across the globe [16, 17, 75]. For example, hazard ratings
(i.e. stand risk) to the spruce budworm incorporated into the
SBW-Decision Support System are based on knowledge that
the insect causes greater damage to mature balsam fir forests
than to either immature fir stands or spruce stands of any age.
Thus, managers can use this information to target interven-
tions based on the risk of different stand types (composition
and age) to spruce budworm–caused defoliation. Because in-
sect outbreaks often affect large areas of forest beyond single
stands, these stand-scale hazard ratings have frequently been
scaled up to inform pest mitigation strategies at landscape and
regional scales [19••, 35, 36]. Although hazard rating systems
perform well at the stand scale, there remains significant scep-
ticism regarding our ability to use these tools to inform
landscape-scale mitigation strategies [32, 76, 77]. In this sec-
tion, we review the insect-forest interactions that affect
landscape-scale insect outbreak dynamics. We distinguish be-
tween bark beetle and defoliator systems due to the fundamen-
tally different drivers underlying their dynamics.

Unlike defoliators, intergenerational success of bark bee-
tles depends on connectivity between the source trees killed
by one generation and the vulnerable host trees receiving the
next generation of insects. Likewise, the relative vulnerability
of a tree to beetle attack is dynamically linked to the numbers
of beetles available to aggregate and overcome tree defences
[78]. Healthy host trees are generally able to defend against
beetle attacks and therefore act as population sinks, unless
attack density is sufficiently high to overwhelm those de-
fences, at which point healthy trees transition to powerful
source resources [19••]. The concept of “beetle pressure”
(i.e. the number or area of infestations in the neighbourhood
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of any tree or stand) is therefore necessary to gauge the rela-
tive risk of a new infestation [36, 79–81]. These landscape-
scale features of bark beetle ecology make their populations
highly sensitive to spatial, population, and environmental con-
texts constraining their irruptive dynamics.

Landscape-scale abundance and connectivity of host trees
can also shape bark beetle outbreak impacts. Specific exam-
ples demonstrating such effects include the European spruce
beetle across Europe [80, 82–85], spruce bark beetle
(Dendroctonus rufipennis) in AK (USA) [86], and mountain
pine beetle in BC [77]. In the mountain pine beetle system,
fragmentation of pine host stands enhanced the likelihood of
infestation early in an outbreak, but in later years as the out-
break gained momentum, more connected host forests expe-
rienced the greatest impacts [77]. Similarly, a study in Bavaria
National Park (Germany) found that spruce concentration was
either uncorrelated or negatively correlated with infestation in
the first few years of the outbreak, but positively correlated
with damage in all subsequent years as the insect population
increased and affected all available host trees [87].

Transitions between endemic and epidemic populations are
often triggered by other landscape-level events that weaken or
kill trees [36]. Outbreaks of European spruce beetle have been
triggered by large-scale wind events, [22, 81, 87] that may
also synchronize small infestations across broader areas [84,
85]. Drought triggered extensive outbreaks across multiple
bark beetle species in the American West; in some cases, the
outbreaks receded as the drought receded, and in others, beetle
pressure was sufficiently high to transition to successful attack
against healthy trees even though the trees were no longer
weakened by water stress [20]. Once beetle populations ex-
ceed local thresholds due to these larger-scale stress events
(i.e. other disturbances and climate forcing), outbreaks can
be amplified by large well-connected tracts of mature host
[20].

The insect-forest interactions of the southern pine beetle in
the south-eastern USA provides an interesting contrast to the
previous examples. The region had initiated pine plantation
forestry starting in the 1930s that rapidly expanded following
World War II, reaching 5 Mha by the end of the twentieth
century [48]. Starting in the mid-1950s, southern pine beetle
epidemics switched from rare and isolated events to wide-
spread, irrupting outbreaks over large areas every 6–10 years
through that same period. Yet damage in the twenty-first cen-
tury has been limited to largely unmanaged pine forest, with
barely detectable damage in the last decade [48]. The recent
decline in southern pine beetle outbreaks have been primarily
attributed to high-intensity forestry practices initiated in the
1980s that included greater spacing and thinning activities
within plantations and reintroduction of fire through con-
trolled burn programs to reduce competition [48, 88].
Methods were also developed for efficient and rapid control
of emerging infestation spots [89]. This southern pine beetle/

pine plantation forestry case is analogous to the intensive
spruce forestry practiced through much of Europe, including
institutionalized control of beetle outbreaks primarily through
direct methods. It remains to be seen whether such practices
can be sustained in this region or if (as in the European spruce
beetle example) environmental change such as drought fre-
quency and severity might reduce the efficacy of these ap-
proaches [84, 85]. Indeed, southern pine beetle remains a se-
rious problem in Central America where such intensive for-
estry is not yet possible [90].

Unlike bark beetles, defoliators feed on a renewable re-
source (foliage), such that their population outbreaks are less
dependent on landscape-level host connectivity [91].
Although insect population growth is not as strongly linked
to landscape-scale forest connectivity, patterns of defoliation,
including spatial extent and severity, are expected to be
strongly associated with host availability and concentration
[92]. Several recent landscape studies are consistent with these
predictions [93–95].

Since tree impacts including growth reduction and mortal-
ity are related to cumulative annual defoliation across years,
outbreak dynamics in terms of frequency, duration, and in-
tensity ultimately determine the relative resistance of forests
to defoliator outbreaks [96]. Spatial synchrony, the degree to
which outbreaks are correlated in space [97] , also has impli-
cations for forest managers seeking to mitigate or salvage
impacted forests. There is evidence that defoliators require
some minimum amount of host for outbreaks to emerge at
all (e.g. [98]). Naturalized gypsy moth (Lymantria dispar
dispar) outbreaks in eastern North America cycle more fre-
quently with increasing abundance of the primary host (i.e.
oak, Quercus spp.; [99]). Spatial synchrony in outbreak dy-
namics poses significant challenges to forest managers as the
underlying mechanisms that give rise to synchrony can vary
[100]. Greater understanding of the processes that determine
synchrony is essential to developing effective proactive forest
management strategies, such as the “Early Intervention” pro-
gram being implemented in Canada’s boreal and Acadian
forests [43]. A recent landscape study examined outbreak
histories in an area with divergent land use histories in central
North America. Research determined that spruce budworm
outbreaks were more synchronous in unmanaged regions
with higher host concentration, while outbreaks were less
synchronous with higher frequency in managed regions with
greater hardwood content [37•]. Other studies have docu-
mented that spread from outbreak epicentres is contingent
on host concentration and thus connectivity of adjacent forest
[93, 101]. Dispersal is also implicated in landscape-scale spa-
tial synchrony and has been recently confirmed using modern
weather radar- [102] and genetic-based approaches [103].
Challenging questions regarding how host availability and
connectivity interact with dispersal and outbreak context are
an area of ongoing investigation and are unlikely to be
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resolved using traditional, field-based approaches; spatially
explicit simulation modelling is required to address these
complex landscape-scale questions (e.g. [104, 105]).

In contrast to spruce budworm outbreaks, forest tent cater-
pillar (Malacosoma disstria) outbreaks have been supposed to
increase in duration with an increase in host fragmentation
[106, 107]. The hypothesis that fragmentation limits the ca-
pacity of natural enemies to respond to and dampen outbreaks
spurred some of the most detailed landscape-scale investiga-
tions of natural enemy communities in the world [108].
Ongoing investigation in this area has produced mixed results
that vary among observational and experimental studies,
scales of observation, and different natural enemy species in
different regions [94, 106, 107, 109–111]. The diversity of
findings in this regard demonstrates the complexities of
disentangling the spatial dynamics of trophic interactions.
Recent analysis of a long outbreak time series within a single
heterogeneous landscape suggested that the results of shorter-
term correlational studies may be misleading [38••]. This
work found that outbreak dynamics are spatially and tempo-
rally heterogeneous and characterized by travelling waves.
Portions of these waves may correlate well with some land-
scape attributes within a single outbreak, but the relationships
are not consistent among outbreaks [38••]. These spatiotem-
poral outbreak patterns are influenced by host spatial struc-
ture. In the case of the above study, forest tent caterpillar
outbreaks were found to be more synchronous within
hardwood-dominated forests than in conifer-dominated for-
ests. Although this result is in direct contrast with what was
observed for spruce budworm, it is consistent with the hypoth-
esis that host abundance is an important driver of outbreak
dynamics.

Although it remains challenging to clearly identify and
quantify the landscape-scale processes that influence tree
mortality during insect outbreaks, some generalities
emerge. Both bark beetle and defoliator systems exhibit
synchronous, nonlinear outbreak dynamics that are influ-
enced by the availability of large, well-connected areas
of susceptible host trees. The roles of host abundance,
spatial extent, and connectivity have been consistently
demonstrated in many different systems in both North
America and Europe [20, 37•, 84, 85, 98]. This matters
because the availability of such contiguous tracts of for-
est often falls under the purview of human forest man-
agement agencies. Although the cross-scale interactions
that are required to allow insect populations to grow
from endemic to epidemic levels are based on a myriad
of factors, we know that if host stands are small and
isolated this build-up and transition to an outbreak is
generally not possible (e.g. [98]). Recent modelling work
has confirmed the importance of concentration and con-
nectivity of large blocks of host forest in outbreak build-
up [84, 85, 112, 113].

Global Change as a Driver of Increased Insect
Outbreaks

Climate change is expected to influence outbreak dynamics
through direct changes in insect population dynamics and in-
directly through changes in the range of host species [19••].
Warmer climate may drive future changes in host species dis-
tributions, such as illustrated by the northern migration of
lodgepole pine (Pinus contorta var. latifolia) [114] or of bal-
sam fir [31]. Warmer temperatures are also expected to in-
crease the reproductive potential and winter survival of insects
at the northern and high-elevation parts of their range [19••,
41••, 42, 115] which could lead to considerable changes in the
spatial distributions of outbreaks. However, Jactel et al. [116]
and Pureswaran et al. [41••] caution that responses will be
variable as extreme heat or late or early season frosts and other
events can also have negative impacts on outbreaks. Indeed,
climate warming that shifted the thermal optimum of the larch
budmoth (Zeiraphera diniana) beyond where the host tree
species currently occurs is in part responsible for the lack of
budmoth cycling in recent decades [117]. Nonetheless, the
mountain pine beetle has recently spread eastwards across
the Rocky Mountains into northern Alberta (Canada), in part
because mild winter temperatures have increased winter sur-
vival [118–120]. It has been suggested that with warmer win-
ters, the beetle may continue spreading throughout the range
of available host (i.e. all pine species), which potentially could
include much of Canada’s boreal forest [118–120].

There is also a danger of complacency in assuming that
forests of potential host species that historically have not been
defoliated will not be defoliated in the future either. As climate
change modifies insect pest ranges, foresters should be aware
that large extents of previously unaffected host forest will be
increasingly vulnerable to severe outbreaks [31, 115]. This
range expansion of indigenous insect pests also raises the
question of the response of invasive non-indigenous insect
pests. Invasive pests usually have been introduced from for-
ests in one continent to those in another, either intentionally or
more often unintentionally. The hosts that are affected are
often “naive”—i.e. with no defences against the previously
unknown pest—and are thus more vulnerable [121].
However, climate may also play a role in limiting or allowing
invasive non-indigenous pests to outbreak. As with indige-
nous pests, climate change may increase the resource niche
available for non-indigenous invasive pests [122].

Increased warming and drying associated with climate
change also increase tree stress and have been linked to a
worldwide increase in background tree mortality rates
[123–125]. Such stress may also render surviving trees more
vulnerable to future outbreaks [126–128]. For example, be-
cause forest tent caterpillar defoliation combined with drought
causes aspen decline [23], high temperatures and dry condi-
tions aggravate the consequences of defoliation for this tree
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species [129]. Throughout the North American West, drought
stress has drastically reduced the capacity of conifers to de-
fend against bark beetle infestations [20]. However, as com-
pelling as the evidence is to support drought effects on bark
beetle–caused mortality, empirical studies have not been able
to consistently identify a causal link between drought stress
and defoliators [130]. A recent study by Itter et al. [131] of two
outbreaking defoliators found that both drought and defolia-
tors have immediate and lagged effects on tree growth but that
there was no interaction between drought and defoliation. To
illustrate the complexity of the relationships, one study on tree
mortality suggested that climate stress occurring before an
outbreak may have been a contributing factor to insect-
causedmortality of trees [132], whereas another study showed
that insect defoliation, by reducing photosynthetic and tran-
spiring surfaces, may protect trees from drought [133]. The
temporal sequence of events and the measurement of effect
(growth loss and/or mortality) are thus factors that need to be
considered.

Given that both climate and forest management are chang-
ing concurrently through many high-latitude forests, the rela-
tive influence of each driver of change on insect outbreaks is
difficult to determine. While weather stations have document-
ed climatic changes for over a century, remote sensing
methods necessary to comprehensively monitor broad-scale
forest changes are limited to a few decades. In addition, the
taxonomic and ecological diversity of outbreak-prone insect
species contributes to the inherent complexity of outbreak
systems, even in apparently simple forest ecosystems,
consisting of interactions between climate, forest conditions,
predators, and parasites (i.e. in complex foodwebs [134, 135])
over a range of spatial and temporal scales [117].

In summary, climate change contributes to increasing out-
break severity when suitable conditions for insect population
growth increase, while the opposite is equally true (i.e. de-
creased outbreak severity where climate conditions have be-
come suboptimal) [41••]. Climate changemay be an important
trigger in increasing the ranges of outbreaking species or in
allowing insect pests to move into forested areas previously
unaffected [136], although the number of documented range
expansions remains limited [137]. When the range of a pest
species expands, this can lead to severe outbreaks as the pest
moves into naive hosts [138] or escapes (at least temporarily)
predators [139] and moves into forested areas with abundant
hosts [31]. More favourable climate may also allow some
insects to escape controls and expand to outbreak conditions.

Climate thus is a contributing factor as it may allow range
expansion or greater survival and growth of some insect pop-
ulations. Yet without vast expanses of primary or secondary
host forests, large outbreaks would be limited [98]. Although
there is strong agreement on decreasing the proportion of vul-
nerable stands to reduce risk of timber loss to insect pests,
these recommendations have rarely been heeded (Fig. 3),

especially in the context of a climate potentially more
favourable for many insect pests. In the next sections, we
explore some of the potential barriers to change and speculate
on whether it will ever be possible to achieve what many have
advocated for decades.

Barriers to Implementing Host Reduction

So far, we have validated the ecological foundation for apply-
ing preventive or indirect treatments to increase forest resis-
tance based on silvicultural treatments that reduce host abun-
dance and host concentration in stands and landscapes.
Nonetheless, larger and more severe outbreaks have been oc-
curring in multiple insect pests over recent decades [19••].
Climate change may be a contributing factor to some of this
increased severity, but large forest extents of concentrated
hosts are necessary for outbreaks to expand and grow to un-
precedented levels. As some insect pest ranges expand, com-
placency to the effect of outbreaks in historically unaffected
areas undoubtedly contributes to the lack of management in
these hitherto unaffected forests. However, in the central parts
of an outbreaking pest’s range, relevant knowledge is argu-
ably not a limiting factor, and we thus evaluate other potential
barriers to creating more resistant and resilient forests to insect
pests. The barriers are economic, political, and linked to inter-
actions between natural disturbances (Table 2).

In some systems, favouring landscapes of non-host trees to
increase resistance to one insect may render the forest vulner-
able to a different outbreaking insect [135]. For example, in-
creasing hardwood content to reduce stand vulnerability to the
spruce budworm will ironically increase stand vulnerability to
the forest tent caterpillar [136]. Still, concurrent and sequential
outbreaks of these two species are rare, and severe outbreaks
of alternative insect pests also have limited overlap.

Fig. 3 Local and regional factors affecting outbreak severity
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DeRose and Long further caution that some stand-level
treatments offering short-term advantages may be disadvanta-
geous in the long term [139]. Pre-emptive management strat-
egies in which trees are removed before attaining an age or
size threshold (e.g. mountain pine beetle primarily attacks
trees 20 cmDBH and greater) limit trees from attaining greater
size and reproductive potential but also reduce a forest’s eco-
nomic and ecological value. Pre-emptive harvesting is also
common for invasive pests, where the goal of harvesting trees
before they are infested may also lead to the removal of ge-
netically resistant individuals that could be used to develop
future resistant forests [140]. Another example of treatments
that could have both positive and negative impacts is thinning
treatments that are used to increase tree vigour in order to
resist European spruce beetle or mountain pine beetle attack
which will also shorten the time before trees become big
enough to become susceptible to infestation [139]. Plot-level
resistance will also be overcome if landscape- and regional-
scale outbreaks vastly exceed incremental levels of increased
resistance. It is also worth noting that changing forest compo-
sition, as well as age and size class structure is a long-term
process, whereas insect response to climate change can occur
on much shorter time scales. Initiatives implemented to con-
trol insect populations or reduce damage may only be as good
as the weakest link that allows an outbreak to overcome con-
trol measures.

Although guidelines for forest pest management seem un-
equivocal, they do not occur in a vacuum; rather, forest struc-
ture and composition are a legacy of past land use, forest
management practices, and natural disturbances [141].
Forest management policies and practices have a lasting effect
on the composition, age structure, and landscape patterns of
forests [142, 143]. For example, fire suppression, where tem-
porarily successful, has led to large blocks of mature timber
that may be more susceptible to many insect pests. Fire sup-
pression in interior forests of BC has resulted, on average, in
forests older than under historical conditions and more vulner-
able to mountain pine beetle [144]. An increasing use of har-
vesting that protects advance regeneration in eastern Canada
also led to an increase in balsam fir, the primary host of the

spruce budworm [145]. The widespread establishment of
Norway spruce (Picea abies) plantations outside its native
range in Europe since the 1850s has been a precipitating factor
in recent large beetle infestations [146].

Forest management in many temperate and boreal regions,
instead of increasing forest resistance to pests, has tended to
replace diverse and uneven-aged stands with uniform, mono-
specific plantations [144]. In Europe, large-scale forestry has
increased homogenization of forest composition and structure
over broad regions [147, 148]. In North America, many com-
mercially managed northern forested landscapes are more ho-
mogeneous in terms of patch size, stand age, and plant species
composition than they were prior to European settlement
[149–151]. The relative composition of tree species has also
changed: those that tend to prevail after logging, such as trem-
bling aspen or balsam fir, have increased in abundance in
eastern boreal forests of North America [29, 152, 153] (see
[154] for contrasting results). In western Canada, the area
covered by mature lodgepole pine tripled over the last century
[144]. All these forest changes have been driven or amplified
by land use changes and forest management practices [147,
154–156].

In multi-owner landscapes of small forest blocks, stake-
holder platforms are necessary to structure practice through
the inclusive and sustainable governance of landscapes
[157]. For example, European landscapes are highly
fragmented belonging to a variety of landowners [158].
Over recent decades, 15 million small-scale forestry holdings
in Europe covered more than 37 Mha of the area [159]. These
many private forest owners often have multiple and different
goals in forest management, hampering the implementation of
European Union (EU) policies. In fact, sustainable land man-
agement practices were recommended under the EU
Community strategic guidelines for rural development from
2007 to 2013 [160] and the Common Agricultural Policy that
prioritized the preservation and development of valuable
farming and forestry landscapes [161]. Many jurisdictions in
the USA are also characterized by forest management on
small land holdings and are subject to the same decision pres-
sures. It could be argued that few individual landowners

Table 2 Barriers to implementing
successful silvicultural
management

Barriers Examples

Economic Costly to manage mixed species stands

Multiple pests Shifting from one tree species to another also shifts vulnerability to a different insect

Natural history Reduced fires increase proportion of fir (spruce budwom host), increase lodgepole pine
size (mountain pine beetle host)

Misguided
management

Overplanting spruce plantations in Europe

Overharvesting large blocks of black spruce and not controlling advance fir regeneration

Political will Difficult to convince populations to spend money on something that may not happen
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would be willing to reduce high-profit monocultures for a
common good. Thus, up until now, the promise of coordinat-
ed landscape management has rarely been put into practice
(although see the above examples of southern pine beetle in
the USA and spruce beetle in Europe) due to the complex
decision-making processes between landowners, industry,
and the government.

As has been previously noted, the forest products industry
in many parts of the world, especially where harvesting still
occurs in natural forests, has been, and continues to be, char-
acterized by a lack of significant expenditure on silviculture
and forest management [32, 162, 163]. The industrial forest
structure in the boreal zone of North America was built on the
premise that the resource was unlimited. Once it became clear
that the forest resource was limited, suppression or control of
disturbances was attempted to minimize timber losses [164,
165]. This resulted in significant investments in direct inter-
ventions against pests and fires rather than preventive strate-
gies. It was expected that interest and investments in silvicul-
ture would reverse this trend as natural forests disappeared.
However, in regions of Canada and Russia, where forest ex-
panses are large, productivity is low, road networks are ex-
pensive to maintain, and distance to mills is large, the incen-
tive for major investments is still low [166, 167]. Insecure
forest tenure arrangements also act as an impediment to silvi-
cultural investments [151, 152]. In other regions without these
constraints (e.g. New Brunswick in eastern Canada and much
of central Europe and Fennoscandia), some transformation
has occurred, sometimes to less susceptible hosts, but usually
as even-aged monocultures rather thanmixed stands. Spiecker
[151, 168] notes that after 150 years of forest management in
Europe, the shift to coniferous monocultures has increased
forest productivity but has also increased landscape-scale vul-
nerability to climate change and insect outbreaks as many of
the cultivated trees species are being planted outside their
natural range. The current problems with spruce mortality
due to European spruce bark beetle in Europe is at least par-
tially a legacy of many single-species spruce plantations
established decades ago [166]. Despite demonstrations of
overyielding in mixedwood stands and greater resistance to
insects compared to single-species stands [169], there is still a
widespread perception that monocultures are more profitable
[170].

Increasing stand composition diversity may remain eco-
nomically unattractive despite increasing forest resistance to
insect pests. For a company whose mills run on softwoods,
shifting forest composition to hardwoods would immediately
affect timber supply. A study in eastern Canada showed that
replacing balsam fir stems (the primary host of the spruce
budworm) with hardwoods would reduce total conifer yield
while increasing resistance to the spruce budworm [171]. In
this work, the protective effect of hardwoods on residual fir
was less than the softwood timber supply lost to hardwoods.

In other words, managers may opt to try to protect timber
during an outbreak rather than undertaking the opportunity
cost of planting or recruiting non-desired tree species. This
same sentiment was voiced decades earlier in Europe when it
was noted that changes to current silvicultural practices will
be limited unless it could be demonstrated that promoting
diversity outweighs costs [172]. More recently, Armstrong
[173] showed that policy vision within the forest industry
(i.e. silvicultural expenditures are viewed as a cost of current
harvesting rather than as an investment in the future forest)
also acts as a brake on silvicultural investment in
mixedwoods [173]. In human systems, the same phenomena
is observed, as the burden of outbreaking diseases may be as
high as 490 billion dollars per year [174] (and even higher
during the COVID-19 pandemic) [175, 176], despite the
knowledge to prepare for and limit outbreaks being well
known [175]. Yet until an outbreak occurs and people (or
trees) start to die, there is limited political incentive to spend
money on prevention and preparation for something that may
not happen [177].

Conclusions

Despite repeated suggestions over at least the last 100 years to
use silviculture to manipulate forest composition and structure
to increase forest resistance to insect pest outbreaks, this has
not or rarely been done. We questioned whether this was due
to equivocal scientific support but found, on the contrary, that
recent literature provides more and more support, as well as
explanatory mechanisms, for decreasing large expanses of
hosts and increasing tree structural and compositional diversi-
ty (especially of phylogenetically distant species) as effective
approaches to increasing forest resistance to pests. In both
bark beetle and defoliator systems, pest management solutions
to increase forest resistance all point to increasing stand and
landscape diversity and reducing large connected blocks of
host species. Despite this knowledge, recent decades have
witnessed unprecedented outbreaks in many forest systems
in terms of area affected and severity. Although climate
change plays some role in unprecedented outbreaks (especial-
ly in cases where insect ranges are expanding), these extreme
outbreaks could not occur without large tracts of continuous
forests dominated by susceptible host species. The barriers to
creating resistant forests are not knowledge based but rather,
we argue, due to too much inertia in using traditional forest
management systems, potentially short-sighted views of eco-
nomics and the forest, and reliance on reactive measures due
to a recurring inability to generate the political will to spend
money on preparation and prevention for something that is
perceived as unlikely to occur. Advancement and innovation
in the forestry sector will require new longer-term perspec-
tives that embrace our current understanding of the role of
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forest diversity and view insect outbreaks as an integral part of
forest systems.
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