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Bark Beetle Population Dynamics in the
Anthropocene: Challenges and Solutions
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Tree-killing bark beetles are the most economically important insects in conifer
forests worldwide. However, despite >200 years of research, the drivers of popu-
lation eruptions and crashes are still not fully understood and the existing knowl-
edge is thus insufficient to face the challenges posed by the Anthropocene. We
critically analyze potential biotic and abiotic drivers of population dynamics of
an exemplary species, the European spruce bark beetle (ESBB) (Ips typographus)
and present a multivariate approach that integrates the many drivers governing
this bark beetle system. We call for hypothesis-driven, large-scale collaborative
research efforts to improve our understanding of the population dynamics of
this and other bark beetle pests. Our approach can serve as a blueprint for tack-
ling other eruptive forest insects.

Population Dynamics of Forest Insects

The abundance of an organism is determined by a variety of factors related to intra- and interspe-
cific biotic interactions as well as abiotic conditions [1]. In forest ecology, researchers have been
fascinated and challenged by the diversity of drivers that govern the eruptive population dynamics
of foliage-feeding moths (various Lepidoptera families) and tree-kiling bark beetles (see
Glossary) (Coleoptera: Scolytinae), including the influence of host trees, symbionts, natural
enemies, and competitors (Table 1) as well as climate and land use [2-7]. Given that the joint
effect of these biotic and abiotic drivers as well as their interactions are still not well understood
for many of these insects (Table 1) and their tree hosts [2,4,5,7-9], it is questionable whether
we are prepared to deal with the challenges our forests face in the Anthropocene (i.e., climatic
changes and intensification of forest management) [10].

Studies on the population dynamics of eruptive forest insects, and particularly bark beetles, cur-
rently focus on variables that can be easily measured over large geographic and temporal scales,
like insect and tree host abundance, tree host connectivity, and abiotic climatic factors [2,4,8,9,11].
By contrast, other biotic factors are more difficult to measure at large scales and thus there is a
lack of understanding of their roles in regulating insect abundances. Support for their importance
comes from small-scale studies on the effects of antagonistic symbionts [12,13], natural enemies
[6,7,14-17], and insect genotype [18,19] on the population dynamics of bark beetles, moths,
and other eruptive forest insects (Table 1). Moreover, studies usually focus on examining the factors
driving outbreaks but largely neglect the equally important causes of population collapse. For
example, in cases with abundant but healthy host trees, collapse is often attributed to the absence
of factors known to facilitate outbreaks (e.g., poor tree health [20,21]). This is an oversimplification,
however, because factors regulating non-outbreak populations are typically different from the ones
regulating outbreak populations (Table 1; [4,5,7-9,14,22,23]).
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Table 1. Exemplary Insect Species That Exhibit Population Outbreaks and Their Biotic Regulators (after
[3-7,14,22,26,34])

Main regulatory biotic factor® acting in

Insect Tree host Non-outbreak populations Qutbreak populations

Spruce budworms, Conifers Natural enemies (predators, Food quality, natural enemies
Choristoneura spp. specialist parasitoids) (generalist parasitoids)

Gypsy moth, Lymantria Deciduous Natural enemies (predators, Food depletion, natural enemies
dispar trees parasites) (pathogens)

European pine sawfly, Pinus spp. Natural enemies (predators) Food depletion, natural enemies
Neodiprion sertifer (pathogens)

European woodwasp, Conifers Host resistance, natural Food depletion, natural enemies
Sirex noctilio enemies (parasites) (parasites)

Australian psyllid, Eucalyptus Natural enemies (predators, Food depletion

Cardiaspina albitextura spp. parasites)

Mountain pine beetle, Pinus spp. Host resistance, predators, Host resistance

Dendroctonus interspecific competition

ponderosae

Southern pine beetle, Pinus spp. Host resistance Host resistance, natural enemies,
Dendroctonus frontalis mite-associated antagonistic fungi
ESBB, Ips typographus Picea spp. Host resistance, inter- and Host resistance, intraspecific

intraspecific competition competition

2The role of other biotic factors and particularly their interaction with the changing abiotic environment [10] are not well
understood in any of these systems.

Clearly, there is a severe lack of knowledge on the role of most biotic factors for the population
dynamics of forest insects. Here, we systematically review these knowledge gaps for bark bee-
tles, using the ESBB, Ips typographus (L.), as a model (Box 1). The importance of addressing
these knowledge gaps is illustrated in a study by Marini et al. [11], who examined 17 ESBB pop-
ulations over 30 years. They found that while the abundance of storm-felled trees and climate
(Figure 1, I, 1) were major determinants of local outbreaks in ESBBs, 65% of the variation in beetle
population size remained unexplained. This unexplained variation might in part be due to variation
in forest management between the different sites considered in the model [11]. However, some
models on Dendroctonus bark beetles and forest moth species suggest that including biotic
variables (i.e., competition, natural enemies, or phenotype) can reduce the unexplained to some-
times less than 30% [15,24,25]. Although biotic variables such as intraspecific and interspecific
competition, natural enemies, pathogens, symbionts, host tree resistance, and frequency of in-
sect phenotypes and/or genotypes (Figure 1, IV) are rarely recorded and included in population
dynamics models (in particular in ESBB; Box 1), it is clear that they can be invariably applied
to all eruptive insects. Biotic variables should vary only in their relative effects (and probably
their interactive effects) on the focal insect species [4-6,10,22,26]. Host tree resistance, for exam-
ple, has little influence on the population dynamics of forest moth species, whereas it strongly
affects tree-kiling bark beetles [2,4,7,9].

In the ESBB and other bark beetle species, only the roles of intraspecific competition [2,
27-29], predators [2,8,14,16,20], parasites [16,17], and host tree resistance [2,9] have
been examined to any real extent in population dynamics models (Box 2). Furthermore,
each organism that influences the focal insect’s abundance (i.e., symbiont, natural enemy,
interspecific competitor) reacts independently and interactively to factors like temperature,
precipitation, host tree supply, and tree defenses. Moreover, these organisms can exhibit
similar or opposing responses to those of the focal insect (see [6] for moths). This ‘black
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Box 1. The ESBB-Norway Spruce System

The ESBB, Ips typographus (L.), is a 5-mm beetle endemic to spruce forests across Eurasia (Figure l). The ESBB is the
economically most important insect in Palearctic spruce forests and at the same time a keystone species from an ecolog-
ical point of view [30]. The beetle is associated with a diverse and dynamic community of bacterial and fungal symbionts
suggested to contribute to the exhaustion of tree defenses [43,53], the detoxification of tree defenses [36,37,54], and
nutrient provisioning [40]. Intraspecific competition is probably one of the major drivers of ESBB population dynamics
[42]. However, such competition is relaxed in the population build-up phase due to large numbers of dead or weakened
trees. Interspecific competition with other bark beetle species and wood borers is little studied in ESBBs (but see [27,55])
but is known to have substantial impact in other bark beetle species [3]. It is unknown to what degree natural enemies
(e.g., predatory beetles, parasitoids, woodpeckers, nematodes) and pathogens (e.g., entomopathogenic fungi, viruses)
affect ESBB populations [34] because existing studies are contradictory. Phoretic mites, some of which feed on and
transmit fungal spores, seem particularly important [26,38], but interactions between beetles, mites, and fungi are
unstudied.

The usual hosts of ESBBs are windthrown or standing but weakened spruce trees (primarily Norway spruce, Picea abies).
Trees defend themselves with anatomical (e.g., stone cells) and chemical (e.g., terpenoid oleoresins) defenses [56] and
healthy trees with vigorous defenses can be overwhelmed only by pheromone-coordinated mass attack during population
outbreaks [27,57]. There is evidence, however, that high intraspecific competition in healthy trees often results in low
reproduction and thus can dampen population growth [27-29,57].

Intensification of forest management in Europe has resulted in unnaturally high densities of spruce. ESBB populations
build up more frequently and more severely in these homogeneous spruce stands, especially if trees are weakened by
climate change or other stressors. Higher temperatures and severe drought, for example, can reduce the efficacy of
tree defenses and thus allow beetles to overwhelm trees at lower attack densities [27,57]. Non-outbreak bark beetle
populations are therefore expected, and already observed, to undergo more frequent and severe population build-
ups and outbreaks in the Anthropocene (Figure Il) [30]. ESBB outbreaks in Central Europe alone caused annual losses
of 14.5 million m® of wood between 2002 and 2010 and currently windstorms in combination with the 2018 summer
drought result in beetle damage that is unprecedented (40 million m? in Europe, 18 million m® in the Czech Republic
alone) [30]. These outbreaks have strong negative consequences on ecosystem services like provisioning of clean
water and timber, and the regulation of climate and carbon storage, but paradoxically they typically facilitate local
biodiversity [31].

Spruce bark beetle life cycle

(C)
Dispersal of adult offspring
and re-emerging parents
(‘sister broods’)

One to three cycles per
year

Brood development
within inner bark

Trends in Ecology & Evolution

Figure |. The Life Cycle of the European Spruce Bark Beetle (ESBB), lps typographus. A brood develops in
individual tunnels (A). After dispersal (B), males elicit pheromones to attract several females and to induce mass attacks
(C). Some female adults re-emerge after breeding (B) and establish sister broods (C), which is unique among bark
beetles [57].
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Glossary

Bark beetles: weevils in the subfamily
Scolytinae (Coleoptera: Curculionidae)
that tunnel in the phloem of trees. Adults
and larvae feed either solely on phloem
or on phloem colonized by nutritional
fungi. In our more narrow definition used
here, we refer only to the few species
worldwide that attack the trunks of
mature trees and that can kill healthy
trees, so called ‘aggressive bark
beetles’. These species typically
undergo bimodal population dynamics,
with alternating outbreak and non-
outbreak phases.

Constitutive defenses: mechanical or
chemical plant defenses against
herbivores and pathogens that are
present whether or not the plant is under
attack.

Defense priming: potentiation of plant
defenses by environmental cues that
indicate an impeding attack. Primed
plants respond more rapidly or strongly
to subsequent insect feeding or
pathogen infection.

Eruptive forest insects: herbivorous
insect pests with pronounced bimodal
population dynamics, switching
between a mostly harmless non-
outbreak phase and an outbreak phase
during which they either kill or severely
damage healthy host trees. Population
density plays a critical role in the initiation
of an outbreak and attacks on healthy
hosts.

Horizontal transmission: acquisition
of symbionts by insects from the
environment. This can occur between
individuals of the same species of host
insect or individuals of different species.
Inducible defenses: plant defenses
that are induced in response to damage.
Vertical transmission: direct
transmission of symbionts (e.g., beetle
gut microorganisms) from the parental
insect to its offspring.
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box’ of biotic effects prevents effective and appropriate management of ESBBs and other
bark beetle species. It also precludes reliable predictions about how global change will affect
bark beetle populations and how the beetles, in turn, will affect forest ecosystems [8,30,31].
Developing hypotheses on how biotic factors influence the population dynamics of eruptive
forest insects such as ESBBs (Box 2), as well as approaches to test such hypotheses, is a
major goal of this Opinion article. We also hope to stimulate rigorous research on the evolu-
tionary ecology of eruptive insects and the organisms with which they are known to, or
could, interact during times of anthropogenic change.

We suggest that the best way forward is: (i) to compile the key biotic variables that are known
or suspected to affect population dynamics of the ESBB and other eruptive forest insects
(Figure 1); and (ii) develop hypotheses on their role and their interaction with anthropogenic
change based on modern ecological and evolutionary theory (e.g. [32,33]; see Hypotheses
section below). A list of such hypotheses could be derived for a particular forest insect
after visualizing gaps of knowledge, as we did in Figure 1 for the ESBB system. For example,
we see that the direct and indirect influences of global change on abiotic climatic variables
(Figure 1, 1), tree variables (Figure 1, ll), and beetle population phases (Figure 1, Ill) are
much better understood (i.e., many colored arrows) than the influences of biotic variables
(Figure 1, IV) on beetle population phases (i.e., many gray arrows). In the next step, we sug-
gest large-scale spatiotemporal studies in which (jii) biotic variables are manipulated one or a
few at a time (e.g., by artificially imposing given beetle colonization densities, controlling nat-
ural enemies by exclusion procedures, or activating tree defense). This set up would allow
the testing of how fixed values for key variables interact with other, noncontrolled variables.
(iv) Multivariate statistical analyses combined with mathematical modeling can help to identify
the key variables that most strongly influence beetle reproduction and mortality during the
different phases of their population (Box 2). The models can then be used to simulate the
population dynamics of the focal insect (e.g., the ESBB) under a variety of conditions and
scenarios of climate change. Such models should include population bottlenecks and expan-
sion events to best approach realistic predictions. (v) Later, small-scale field or laboratory
experiments can focus on understanding the proximate mechanisms through which the
identified key biotic variables influence the insect’s populations. We believe that this ap-
proach will lead to a better understanding of the population bimodality (i.e., non-outbreak
vs outbreak phase) of eruptive forest insects and in particular the ESBB. Obtaining relevant
data on the biotic and abiotic variables, for example in the ESBB system, will require an am-
bitious collaborative research effort between researchers from various disciplines, intensive
preliminary work on hypothesis selection, and careful planning of standardized experimental
procedures.
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Figure 1. Overview of Variables Affecting Eruptive Forest Insects and Their Known or Unknown Effects in the
European Spruce Bark Beetle (ESBB), (Ips typographus) System. Boxes 3-11 represent measurable variables and
arrows stand for single hypotheses describing the direct effect of one variable on another, which should be accounted for and tested
in observational and experimental studies. (I) Major climatic variables affected by climate change at a macro- and regional scale.
(I) Most important variables relating to properties of individual host trees and trees at a landscape scale. (lll) Main population phases
(non-outbreak, build-up, outbreak, collapse) of an eruptive insect species. (IV) Major biotic variables associated with an eruptive in-
sect species plus intraspecific effects (phenotype, genotype, and intraspecific competition). Arrows are exemplary for the ESBB sys-
tem. An arrow from one of the boxes in group |, Il, or IV to one of the boxes in group Il would indicate a direct effect on the population
phases of the beetle. Arrows connecting multiple boxes and eventually pointing to one of the four population phases would indicate
an indirect effect. The gray arrows represent hypotheses that have yet to be tested and thus mirror gaps in our knowledge of the
ESBB. The absence of an arrow between boxes implies that there is probably no effect of one variable on another in the ESBB.
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Image of Figure 1

Box 2. Population Phases of Tree-Killing Bark Beetles and Their Drivers

(i) The non-outbreak phase is characterized by low beetle abundances and beetles breeding in felled trees or standing
trees with compromised defenses (Box 1) [27,56,57]. Mechanisms that keep begtle populations low are poorly studied
but certainly include intraspecific competition and a high proportion of vigorous host trees across the landscape. High
abundances of biotic antagonists might also keep beetle populations low.

(i) The build-up phase is characterized by increasing beetle abundance due to stochastic events such as large-scale

windthrows or severe drought that create abundant breeding substrate with reduced defenses (Box 1) [27,57]. Low

breeding densities in these trees reduce intraspecific competition, and once beetle populations have built up and
depleted this substrate, they shift to and can kill healthier trees.

The outbreak phase is characterized by beetle populations that are sufficiently high to overcome resistance and kill

healthy trees (Box 1; [27,34]). However, healthy trees must be attacked at high densities, causing high intraspecific

competition, which results in lower reproductive rates than before [27,58]. Nevertheless, outbreaks can spread across

the landscape for many years in the ESBB [11,59] (Box 1) or even decades in some Dendroctonus bark beetles [2,8].

The collapse phase is characterized by declining beetle populations until beetle numbers are too low to kill healthy trees

[27]. Except for some moth species [6,7,13], the causes of population collapses are poorly understood and infrequently

studied in eruptive insects. It is clear that depletion of susceptible tree hosts can significantly reduce bark beetle popu-

lations [21], especially because their fitness suffers from strong negative density dependence [4,11]. Laboratory studies
show that very high beetle densities, which are necessary to overcome healthy hosts, reduce reproduction and offspring
fitness [28], resulting in reduced flight performance [29] and decreased tolerance to tree defenses [60]. Negative density
dependence might also result from higher mortality rates due to biotic regulators (pathogens, natural enemies, and de-
fense priming of host trees) [27,34], to changes in symbiont communities (including loss of beneficial microbes) [40], or
to phenotypic and/or genotypic shifts in beetle colonization behavior at high densities [18,19].

i

(iv)

Hypotheses on the Evolutionary Ecology of ESBBs

We know the main players in the ESBB’s biotic environment: as for other eruptive forest insects,
these are symbionts (microbes, mites, nematodes), natural enemies (vertebrate and arthropod
predators, parasitoids), and competitors (other bark beetles, wood borers) (Box 1) [34]. However,
their potential to affect beetle fitness and the factors that determine their abundance through time
and space are poorly studied (but see [35]). While it is clear that natural enemies and competitors
negatively affect beetles, symbionts can have negative effects (e.g., competition for nutrients,
mycotoxin production [12]), be neutral, or have positive effects (e.g., detoxification of host tree de-
fenses [36,37], nutrient provisioning [26]). However, these effects have not been rigorously
assessed for any symbiont in the ESBB system, not even for the most commonly associated
fungi [i.e., Endoconidiophora polonica (Siemaszko), Ophiostoma bicolor (Davidson & Wells),
Grosmannia penicillata (Grosmann)] [36—39]. By contrast, fungal symbionts have been studied
extensively and are now known to have major fitness effects in tree-kiling Dendroctonus bark
beetle species [4,26,40]. Furthermore, these organisms interact independently of the beetles
and are influenced by similar biotic and abiotic factors [33,40].

What is clear is that bark beetles such as the ESBB are critically influenced by their ability to over-
come tree host defenses and to cope with high breeding densities [5]. During the non-outbreak
and build-up phases, beetles depend on tree hosts with compromised defenses, whereas they
can switch to healthy hosts during the outbreak phase. Their breeding density, however, is con-
sistently high and is reduced only during the build-up phase [27]. The ESBB is thus a good model
for evolutionary ecologists, as many theoretical studies suggest that breeding density strongly im-
pacts insect life histories and their interactions with pathogens, symbionts, and natural enemies
[32,41].

First, theory suggests a positive correlation between high population densities and the spread
and virulence of pathogens and parasitoids [13,32,40]. Thus, bark beetles in non-outbreak and
outbreak populations are expected to invest more resources in immune defenses, which is likely
to trade off with reproductive output. This could explain some of the negative density dependence
observed in the ESBB, which has been solely attributed to direct competition so far [42]. In
Dendroctonus bark beetles, there is evidence for negative effects of mites and antagonistic
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fungi in outbreak populations but it is unknown whether mites and fungi play a role in beetle pop-
ulation collapses [26], as seen for viruses in outbreaks of gypsy moths [Lymantria dispar (L.)], pine
sawflies [Neodiprion sertifer (Geoffroy)], and forest tent caterpillars (Malacosoma spp.) [5,13], for
example.

Second, higher bark beetle breeding densities might affect relative rates of horizontal versus
vertical transmission of symbionts. Some forest insects such as woodwasps and many bark
beetles possess specialized organs (mycetangia) for vertical transmission of beneficial fungal
symbionts from parents to offspring [40]. In ESBBs, mycetangia are absent, but the insects are
associated with ophiostomatoid fungi like E. polonica that have sticky spores and are vertically
transmitted via the beetle exoskeleton [36]. Vertical transmission has been repeatedly shown to
promote the evolution of mutualisms (examples in [41]). This is due to the linked fitness between
hosts and symbionts, which selects for symbiont traits that promote spread by improving the
fitness of their hosts [40,41]. By contrast, horizontal transmission, which should be relatively
more common at higher breeding densities with closer contact between neighboring bark beetle
galleries, selects for increased transmission efficiency in the symbionts rather than traits that
benefit the host [41]. However, an important part of assessing the relative effects of horizontal
versus vertical transmission of symbionts will be to clarify whether transmission modes shift in
dominance as bark beetle population phases shift and as quantities of host-tree defensive com-
pounds wax and wane. The latter is particularly important given that defensive chemicals can be
more efficiently degraded by some symbionts than by others [43].

Third, the impact of predators and parasitoids is also likely to change with beetle breeding den-
sity; a higher proportion of the population is eaten by generalist predators during population
phases with higher densities (for spruce budworms, Choristoneura spp., see [22]). Contrary
to this assumption, mortality data on mountain pine beetles, Dendroctonus ponderosae
(Hopkins), during different population phases suggest that predators play a significant role
only during the non-outbreak phase [14]. Also, in southern pine beetles, Dendroctonus frontalis
(Zimmermann), parasites seem rather unimportant [16,17]. Finally, higher breeding densities
can select for more competitive phenotypes and/or genotypes in both the eruptive insects
and their symbionts, which is likely to trade off with reproduction and thus lead to reduced
population growth.

In summary, none of the hypotheses outlined above has been rigorously tested in ESBBs. Be-
sides detailed studies on viruses and natural enemies in moths [13,22] and fungal symbionts in
Dendroctonus beetles [26,40], they also remain untested in other bark beetle and eruptive forest
insect systems. Testing these hypotheses can improve our understanding of the strong negative
density dependence exhibited in many eruptive insects during the outbreak phase [6,33].

Moving Forward Using a Hypothesis-Driven Approach

Bark beetle population collapses are currently attributed mainly to the absence of factors causing
outbreaks (i.e., poor host resistance or competition; Table 1). However, studies on other eruptive
insects suggest that the main regulatory factors acting on non-outbreak and outbreak popula-
tions can differ substantially (Table 1). There is an obvious lack of knowledge on the influence
of a whole range of biotic variables on bark beetle population dynamics. Furthermore, for all erup-
tive insect model systems it remains important to explore how anthropogenic global change
alters the insects’ biotic interactions and, potentially, the dynamics of the entire system [6,30,
33]. In the following section, we outline a combined comparative and experimental approach
that could help to focus hypothesis development and research to provide a solid understanding
of how eruptive insect species (particularly the ESBB) interact with, and are influenced by, abiotic
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and biotic variables. This can then allow us to better predict how these insects will respond to
climate change and other anthropogenic drivers.

Large-Scale Field Studies Identifying the Key Variables Affecting Insect Population Dynamics
To gain a mechanistic understanding of the population dynamics of the ESBB and other eruptive
insect species, we must monitor and collect data with preformulated hypotheses (see above) and
specific biotic factors in mind (symbionts, natural enemies, and competitors; Figure 1) and use
standardized sampling protocols with robust sample sizes. Ideally, monitoring should be
conducted over several years, span multiple population phases, and be replicated over large geo-
graphical scales in precharacterized environments (e.g., spruce stands in the case of the ESBB)
to control for population-specific variances. This process should be guided by a multivariate and
hierarchical modelling analysis (Figure 1).

Components influencing the system (e.g., landscape structure, tree abundance, connectivity and
defenses, climate, anthropogenic perturbations, forest management) vary significantly across
time and space and their effects can be distributed over multiple pathways. This might require
— depending on the hypothesis to be tested — the integration of methods and theory from various
disciplines (forestry, landscape ecology, chemical ecology, molecular biology, bioinformatics,
climate science, symbiology, and behavioral ecology). Employing new and emerging omics tech-
nologies (genomics, transcriptomics, metagenomics) will help to generate information more
rapidly, facilitate more precise predictions, allow differentiation between heritable variation and
phenotypic plasticity, and help us to better detect the effects of multiple drivers of population
growth and collapse [9]. For example, to track host-symbiont associations with metacommunity
sequencing, we anticipate using sequencing tools such as highly multiplexed target-capture en-
richment coupled with targeted locus assembly [44]. This will make it possible to identify and track
all associated organisms in samples collected through all four population phases (non-outbreak,
build-up, outbreak, and collapse). Ideally, such sampling should span the full geographical distri-
bution of the insects.

Climate data, such as precipitation and air and phloem temperatures, should ideally be collected
in the monitored plots year round. In insects that hibernate in the soil, soil temperatures and snow
cover need to be recorded during winter. Currently, modeling approaches often use weather data
not collected on site, which adds error. The greatest challenge will be to follow the study system
through time (i.e., through population cycles that can last several years or decades and across
geographic scales). This will require long-term funding schemes and long-term scientific
collaboration.

In the case of ESBBs and other bark beetles, regular sampling of preselected trees for the quan-
tification of constitutive and inducible chemical defenses and nonstructural carbohydrates
could increase our understanding of the seasonal, climate-driven, and local variables influencing
tree resistance. Monitored trees should be allowed to be naturally attacked during bark beetle
outbreaks [45] and be resampled repeatedly to collect data on beetles and associated organ-
isms. For microbe sampling, culture and genetics approaches must be used concurrently as nei-
ther approach alone captures the full range of taxa present [46]. Natural enemies can be sampled
using specific traps and the collection of bark beetle-infested phloem. Isotope analysis could help
us understand long-distance dispersal of bark beetles, trophic networks in infested trees during
the different population phases, and the transport of rare nutrients in the multipartite system
(e.g., N, P, K) [47]. Vectoring capacity and transport mode for certain symbionts and mites can
be assessed by comparing symbiont communities of beetles pre- and post-emergence and
post-dispersal. Post-dispersal beetle sampling is crucial to know whether fungi are truly vectored
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and are not decimated by UV light, desiccation, and general spore loss during dispersal. Phoretic
mites must also be assessed for fungal symbionts [26,38].

Small-Scale Studies to Experimentally Test the Effects of Key Variables on Insect Populations
After data have been collected in large-scale field studies and key variables that influence the pop-
ulation dynamics of an insect species have been identified, their effects need to be validated in
small-scale field and laboratory experiments. In the case of the ESBB, precharacterized spruce
stands (see above) could be subjected to experimental infestations by caging beetles onto
trees or placing aggregation pheromones in the stands [48]. Tree resistance could be manipu-
lated by treating trees with chemical elicitors such as methyl jasmonate to induce or prime tree
defenses or by subjecting trees to drought stress by installing rain-out shelters above the forest
floor [48]. By manipulating the number of attacking beetles, it is possible to quantify the beetle col-
onization rates of trees with different levels of defense metabolites and nonstructural carbohy-
drates over all four phases of bark beetle outbreaks. The impact of natural enemies could be
assessed in exclusion experiments by caging attacked trees or portions of trees to prevent the
entry of or oviposition by predators and parasitoids.

Tree-kiling bark beetles are difficult to study in the laboratory, however, as they attack the stems
of large trees rather than seedlings. Hence, experiments with artificially colonized logs and phloem
‘sandwiches’ are currently the only option to study beetle behavior inside the phloem [49,50].
However, variables such as the presence of microbes and the chemical composition of the
phloem can be controlled only to a certain extent in such bioassays. This limits experimental stud-
ies on the role of pathogens and symbionts, which are almost impossible to conduct in the field
(due to the beetle’s cryptic lifestyle under the bark). Hence, it will be useful to invest resources
in developing an artificial rearing medium for ESBBs [39,51], probably similar to the medium
used for scolytine ambrosia beetles [52]. This could allow behavioral observations of the beetles
throughout their development and enable manipulation of many variables, from beetle density to
the quality of the artificial phloem, chemical toxicity, temperature, moisture, symbionts, natural en-
emies, and interspecific competitors. Such variables could be manipulated individually or in com-
binations to elucidate interactions that influence beetle fitness and behavior. Experimental
manipulations of beetles with and without certain symbionts, especially common fungal associ-
ates, and the use of selective antibiotic treatments to manipulate gut bacterial communities will
be required. Ideally, experiments should be conducted for at least two generations to account
for potential maternal effects. Artificial rearing of bark beetles would also allow testing for pheno-
typic plasticity of beetle behavior toward certain conditions, as well as for genetic responses
to long-term selection. Comparable experiments could be done with beetle symbionts, natural
enemies, and competitors.

Concluding Remarks

Support by forestry and government stakeholders as well as funders is essential to reach the am-
bitious goal of better understanding the ESBB system, which is likely to become increasingly
problematic due to climate change. For example, it will be necessary to establish a continuous
monitoring system to correctly assess population phases and financial resources will be required
for long-term, multidisciplinary data collection. Effective cooperation among forest scientists,
landowners, and governmental stakeholders will ultimately help forest practitioners apply
evidence-based strategies to predict and manage outbreaks of the ESBB and other eruptive in-
sects. With ongoing global change, population eruptions of bark beetles are increasing in severity
and frequency, as are eruptions in many other pest insects. Our proposed approach can guide
future efforts for the efficient management of multipartite pest systems where crucial ecosystem
services are at stake.
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Outstanding Questions

The questions raised here address
eruptive insects in general although
they are tailored toward knowledge
gaps in the ESBB system (see gray
arrows in Figure 1).

Does varying insect density and intra-
specific competition during the four
population phases result in shifts to-
ward insect phenotypes that exhibit
reduced fitness under certain biotic
and/or abiotic conditions (e.g., due
to genetic or epigenetic effects)? Does
this contribute to insect population
collapse? (Figure 1, Il - V.10 —
Il —— IV.11)

How are the effects of symbionts and
pathogens on insects altered: (i) by
fluctuations in microbial population
sizes due to insect population size fluc-
tuations (expansions during outbreak
and genetic bottleneck during col-
lapse); and (i) by rates of horizontal vs
vertical transmission of microbes
between offspring if these rates differ
at different insect densities? (Figure 1,
IIN— IV.9)

What roles do natural enemies, patho-
gens, host-tree resistance, and re-
source competitors play in preventing
insect outbreaks as well as inducing
population collapses? (Figure 1, IV.8,
9, 10 and I.7 — lIl.A, D)

Does forest management, weather, and/
or climate affect insect populations indi-
rectly through effects on biotic interac-
tions with other organisms? (Figure 1,
1.2, 3 — ll.B, D)
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