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Abstract Pine (Pinus spp.) trees worldwide are subjected to selective evolutionary
pressures from both abiotic (fire) and biotic (insects) damage resulting in their
extant distribution and abundance, and life-history and morphological traits. These
interactions merit serious consideration in long-term pine forest conservation and
sustainability plans, and hence, we provide the following elements in this chapter:
(1) a synthesis of eco-evolutionary components of these tri-lateral (fire-pine-insect)
interactions; (2) a framework for understanding herbivory patterns and processes as
based on adaptations of pine trees to different fire regimes and whether they are fire
embracers, tolerators, or avoiders; and (3) use of fire as a critical tool to directly and
indirectly manage insects while enhancing forest health. Overall, pine traits that
confer fire resilience (e.g., thicker bark) and/or promotion (e.g., resin in needles and
bark) tend to elicit variable responses by insects. Responses of insects are depen-
dent on fire regimes and resulting host quality (nutrition and defenses) and quantity
(e.g., density and dominance). Similarly, insect life-history traits (e.g., whether they
are primary or secondary colonizing species, their background density levels, and
adaptations to fire) further contribute to herbivory patterns. Prescribed fire can also
either indirectly or directly affect herbivorous insect populations depending on burn
timing, severity, and proximity. Anthropogenic climate change and fire suppression
are leading to significant changes in fire regimes that will continue to alter these
ancient trilateral interactions. Future management plans to enhance forest sustain-
ability will benefit from inclusion of these eco-evolutionary interactions in pine-
dominated ecosystems.
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1 Introduction

Fire is ubiquitous, widespread, and plays a crucial evolutionary and ecological role
in pine (Pinus spp.)-dominated ecosystems (Pausas 2015). In fact, fire is termed the
“global herbivore,” as it consumes vegetation in most forested and grassland biomes
(Bond and Keeley 2005). Simultaneously, pine trees are also subjected to herbivory
(both by invertebrates and vertebrates, but especially forest insects and their associ-
ated pathogens) that greatly varies spatially and temporally (Berryman et al. 1987;
Kozlov and Zvereva 2017). Along with other natural disturbances (e.g., windstorms,
ice storms, flooding, and diseases) (Irland 2000; Gandhi et al. 2007; Cobb and Metz
2017), these selective pressures have resulted in extant abiotic and biotic patterns
and processes in pine forests. The interplay between these two directional selection
pressures for millions of years has resulted in adaptations and traits of some pine
species to thrive in fire-prone regions (Stevens et al. 2020; Jin et al. 2021), while
simultaneously coevolving with herbivorous species (de la Mata et al. 2017). We
argue that the successional trajectories of pine stands and landscapes are, therefore,
best understood under the evolutionary framework created by both fire and herbivo-
rous insect species. Incorporating such relationships into forest management prac-
tices may maintain and conserve pine forests for their long-term sustainability,
especially under projected climate changes (Seidl et al. 2017).

Reviews of trilateral interactions (fire-pines-insects) have focused on the boreal
forest, western U.S., Canada, and/or across North America (McCullough et al.
1998; Parker et al. 2006; Fettig et al. 2022), and have provided valuable frameworks
in this field. Here, we synthesize the existing knowledge about direct interactions
between fire and associated insects in pine-dominated landscapes around the globe
as based on fire regimes. We include both naturally regenerated and planted pine
forests in both the northern (the native range of pines) and southern (where pines are
imported and managed in monocultures) hemispheres. We focus on Australia,
Europe, and North America due to more abundant literature on pine-dominated for-
ests. We recognize the need for more studies elsewhere, such as in Asia and Central
America, where native pines represent major centers for speciation (Goldammer
and Penafiel 1990). While the studies are more voluminous in some regions (e.g.,
western U.S.) than others, our goal is to draw general conclusions to provide a
framework for future studies under eco-evolutionary patterns and processes and
project into the future.

2 Historical and Contemporary Relationship of Pines
with Fire

The genus Pinus arose ~150 million years ago in the mid-Mesozoic era (Keeley
2012; Singh et al. 2018). Due to competition from rapidly diversifying angiosperms,
pines were pushed into sites that either had extreme soil and weather conditions
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(subgenus Strobus) or were fire-prone (subgenus Pinus) (Millar 1993; Keeley 2012;
Falcon-Lang et al. 2016; Singh et al. 2018). Molecular phylogenetic data indicate
that fire-adapted traits appeared at least 126 million years ago when pines showed
thicker bark and hence, resistance to low-intensity, surface fires. Pines evolved cone
serotiny ~89-96 million years ago, suggesting adaptations to more intense fires (He
et al. 2012). One of the oldest known fossil for pines with these fire traits is from
~133 to 140 million years ago (Falcon-Lang et al. 2016). Both of these events were
coincident with increased oxygen levels in the mid-Cretaceous in the Mesozoic era
(He et al. 2012). Extant pines largely arose during the Miocene, during which spe-
ciation was driven in part by fire (Jin et al. 2021). Most species within the subgenus
Pinus radiated into fire-prone areas, and are categorized as either fire-avoider, fire-
tolerator, fire-embracer, or fire-refugee with each having specific morphological and
life-history traits (Keeley 2012). For example, pine species such as P. palustris
P. Mill. (longleaf pine) and P. pinaster Ait. (maritime pine) are fire-tolerators that
tend to have higher height to crown, thicker bark, and longer needles to allow sur-
vival from frequent surface fires. Fire-embracers such as P. halepensis Mill. (Aleppo
pine) and P. contorta Dougl. ex. Loud. (lodgepole pine) retain dead branches as
ladder fuels and have short needles and thin bark making them easily killed by fire,
but have serotinous cones to allow post-fire regeneration. Pine trees, and their eco-
systems, landscapes, and associated fauna and flora are in general, considered
adapted to fire regimes—the characterization of fire frequency, intensity, season,
size, and type in a region—instead of single fires (Keeley et al. 2011; Keeley 2012).
More recently, five global biomes or “pyromes” with similar fire characteristics and
global units of fire are recognized of which at least three are prevalent in pine eco-
systems (Archibald et al. 2013). (Hood et al. 2026) further provide more details on
pine traits associated with fire syndromes and regimes.

Humans have a long evolutionary history with fire, which was considered essen-
tial to the stability of communities and faster brain development due to easier
absorption of cooked food (Wrangham et al. 1999; Wrangham and Carmody 2010).
Indigenous communities traditionally used fire for many purposes, e.g., cooking
food, opening up spaces for game wildlife and travel, keeping the fuel loads low and
reducing fire hazard, and regeneration of specific plant species (Pyne 1995; Bird
et al. 2008; Christianson et al. 2022). Hence, these ecosystems were largely fire-
driven because of the influence of Indigenous humans. With the continued loss of
Indigenous communities on almost all continents, advent of modern technology and
urbanization, and higher human population pressure, use of prescribed fire in for-
ested areas has largely diminished globally (Mistry et al. 2016; Mitsopoulos et al.
2017). In addition, wildfire suppression is common in many pine-dominated regions
(Colatskie 2011; Steel et al. 2015; Fernandes et al. 2016). This decline of frequent
fire in many pine ecosystems has led to major ecological issues, such as loss of pine
regeneration and genetic integrity (Tauer et al. 2012) and disassembly of native
communities (Nowacki and Abrams 2008; Diaz-Toribio et al. 2020). With a greater
awareness of the importance of fire in pine-dominated ecosystems during the last
few decades, there’s been a major shift to fire inclusion as a critical tool to maintain
ecosystem services along with protecting human lives and structures (Christianson
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et al. 2022). This paradigm shift represents utilizing historical Indigenous ecologi-
cal knowledge for restoration of pine-dominated habitats (Robinson et al. 2021)
with positive consequences for extant ecological processes.

Climate change is resulting in alterations to wildfire behavior, incidence, and
intensity globally. This is primarily due to increases in temperature and drier condi-
tions that lead to greater availability of combustible fuels (Williams et al. 2019;
Griinig et al. 2023), as evidenced by the recent extreme forest fires in southeastern
Australia (Abram et al. 2021). Coupled with higher fuel loads due to fire suppres-
sion, this has resulted in higher fire severity, damage, and extent in many regions
(Abatzoglou and Williams 2016; Littell et al. 2016). Similarly, the seasonality of
wildfires has changed as the burning season has lengthened in some areas (Fill et al.
2019). Aptly termed” mega-fires,” wildfires in many regions are more intense and
are burning larger areas, resulting in large economic, social, and ecological costs
(Kirchmeier-Young et al. 2019; Boer et al. 2020; Wunder et al. 2021). Global warm-
ing has further resulted in significant range expansion of several important pine
herbivorous insects (Cullingham et al. 2011; Dodds et al. 2018; Cocos et al. 2023).
As these species are coming in contact with both naive pine hosts and novel fire
regimes, their impact on ecosystems may become more pronounced. Climatic
changes and ensuing shifts in fire regimes and dynamics of herbivorous insect from
the historical norms have serious socio-economic implications (Wunder et al. 2021)
to long-term tree health, regeneration, and productivity of pine forests (Stephens
et al. 2014).

3 Historical and Contemporary Relationship of Forest
Insects with Fire

Forest fires and native herbivorous insects have been interacting with each other for
millions of years in pine-dominated ecosystems globally. For example, 90% of
extant pine species and 70% of extant Dendroctonus species (Coleoptera:
Curculionidae) arose in the Miocene, suggesting strong coevolutionary relation-
ships between existing host pines and this insect genus that likely influenced specia-
tion (Ramirez-Reyes et al. 2023). Most pine ecosystems are pyrogenic with various
intervals of fire frequency (few to hundreds of years) and intensity (surface to crown
fires), which—along with other factors—influences fire severity (Agee 2000;
Keeley 2012). Further, amongst gymnosperms, pine trees have a rich diversity of
herbivorous insects and their associated pathogens utilizing this valuable resource
(Brindle and Brandl 2001). These trilateral interactions are primarily indirect as
they are mediated through changes in suitable pine host quality and quantity after a
fire. Direct effects of fire are on the survivorship of herbivorous species that have
low dispersal abilities at certain life-stages (e.g., they are present either in the litter
and duff layer or on bark on the lower bole during a fire) that could be used for
management of pest species. Conversely, there may be feedback loops with
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herbivorous species either contributing to or causing tree mortality which may lead
to increases in fuel loads and hence, higher intensity of subsequent fires. While fire
is viewed as creating a variety of habitat niches for herbivorous species, there may
be opposing directional effects of fire and herbivores allowing microevolution on
pines. For example, the continental variation in levels of serotiny (a heritable trait)
in P. contorta populations is driven both by the population levels of a major seed
predator, Tamiasciurus hudsonicus (Erxleben) (red squirrel) (positive) (Smith 1970;
Talluto and Benkman 2013) and infrequent crown fire regimes (negative) (He et al.
2012; Lamont et al. 2020). Similar eco-evolutionary trends may occur for insect
herbivores, but are largely undetermined.

In pine forests where fire is a large influence, the two major fire regimes include
either surface or crown fires with varying characteristics and biotic responses.
Surface fires, such as occur in the southeastern U.S., are low intensity and low
severity (i.e., understory burning) but with high frequency (~2-3 years) (Kirkman
et al. 2017). In crown or stand-replacing fires, such as in the boreal pine forests
(Rowe and Scotter 1973; Bergeron et al. 2001), fire intensity and fire severity is
high, but frequency is low (~80-100 years). Specific attributes of pine tree species
occur within different fire regimes and are outlined by Agee (2000) and (Hood et al.
2026). As expected, the dynamics of fire with herbivorous insects vary greatly based
on fire regimes, plus anthropogenic alterations, particularly due to climate change
and forest management practices including fire suppression.

3.1 Mechanisms of Interactions Between Forest Fire
and Insects

Oleoresin is a complex mixture of terpenoids (monoterpenes and sesquiterpenes)
and resin acids (diterpenes) (Langenheim 1990) that are synthesized and stored in
resin ducts (i.e., canals) that occur in needles, cortical tissue, and secondary xylem
of all pine species (Wu and Hu 1997). Some components of oleoresin are highly
volatile and in addition to other litter attributes, contributes to system flammability
(Popovié et al. 2021) and also pine survival through compartmentalization of fire-
caused wounds (Verrall 1938). Oleoresin is also a highly co-evolved pine tree trait
against herbivorous insects and pathogens, and provides formidable physical and
chemical defenses (e.g., Raffa 2014; Vazquez-Gonzilez et al. 2020). There are
many important feeding guilds of herbivorous insects such as foliage feeders, sap
suckers, bark and woodborers, seed and cone feeders, and root-feeding insects
(Baker 1972)—and they invariably come in contact with oleoresin while feeding on
plant tissue. Strong selection pressures from both fire and herbivorous species likely
resulted in pines having the most sophisticated resin-production duct system among
tree genera, and simultaneously to diversify in fire-prone areas (Wu and Hu 1997;
Vazquez-Gonzélez et al. 2020). The oldest known pine fossil (~133-140 million
years ago) was preserved as charcoal and had resin ducts, suggesting co-occurring
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adaptations to both abiotic and biotic disturbances early in their evolutionary history
(Falcon-Lang et al. 2016). Consequently, several insect taxa that use pines as a habi-
tat also arose and diversified since that time. For example, bark beetles (Coleoptera:
Curculionidae: Scolytinae), of which some species are important pests of pine trees,
arose at least 120 million years ago with conifers as the likely basal host (Sequeira
et al. 2000; Kirkendall et al. 2015). This was around the same time pines were diver-
sifying in fire-prone areas (He et al. 2012) and angiosperms in other areas (Sequeira
et al. 2000). Many co-evolutionary relationships of herbivorous species with pine
trees thus, likely developed under various fire regimes that provided a complex
mosaic of spatial and temporal habitat conditions.

Fire-injured trees release volatile organic compounds (VOCs), such as many
monoterpenes (e.g., alpha-pinene, beta-pinene, myrcene, and 3-carene) to varying
degrees (e.g., Perrakis and Agee 2006; Perrakis et al. 2011; Powell and Raffa 2011;
Davis et al. 2012). Fire-injured trees also release higher levels of ethanol, which can
increase bark beetle attraction (Kelsey and Westlind 2017). As expected, these dif-
ferences are present and more pronounced after wildfires (Santolamazza-Carbone
et al. 2011) than in prescribed fires because of the generally higher intensity of
wildfires (Cannac et al. 2009). Resin production and flow, and hence the presence of
VOCs increases in recently burned trees and on the charred side of trees in wildfires
(Lombardero et al. 2006; Prasetya et al. 2017) and prescribed fires (Feeney et al.
1998; Menges and Deyrup 2001; Perrakis and Agee 2006; Cannac et al. 2009;
Perrakis et al. 2011). There’s evidence that the resin duct area and production
increases post-fire in some frequent-fire pine species (Hood et al. 2015), and there’s
a positive correlation between resin duct attributes and production of resin
(Rodriguez-Garcia et al. 2014; Hood and Sala 2015). Thermal warming of the tree
tissue that reduces viscosity of resin along with an induced response to wounding
from fire may also increase the flow and production of resin. Resin production tends
to increase for a few years in burned forests, indicating elevated responses to fire
(Perrakis and Agee 2006; Perrakis et al. 2011), although only immediate responses
may occur (Ritger 2023). Based on the relative levels, release rates, types, and per-
sistence of VOCs present in burned forests, insect species show differential responses
post-fire.

3.2 Patterns of Interactions Between Forest Fires and Insects

Based on fire regime, and as mediated via changes in host quantity and quality,
spatial and temporal patterns of insect infestations vary within and across stands.
Climate-limited forests tend to support higher prevalence of coniferous species and
basal area, with high fuel loads that that support higher fire intensity and severity
(Wang 2002; Estes et al. 2017; Lindenmayer et al. 2021; Stephens et al. 2022).
Insect attack patterns and density are largely dependent on the degree of fire injury
(i.e., percent crown scorch and bark char) on the trees and the amount/depth of
burned fuel. As fire injury increases, subcortical beetle on burned trees also increase
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(Coleoptera: Buprestidae, Cerambycidae, Curculionidae) (e.g., Furniss 1965; Dixon
et al. 1984; Rasmussen et al. 1996; McHugh et al. 2003; Sullivan et al. 2003; Wallin
etal. 2003; Breece et al. 2008; Six and Skov 2009; Costello et al. 2011; Santolamazza-
Carbone et al. 2011; Davis et al. 2012; Zhan et al. 2022) though they typically
decrease on trees with severe fire injury (Powell et al. 2012). This unimodal response
is due to reduced host tissue suitability for beetle reproduction in severely burned
trees, rendering them as non-hosts beyond a certain threshold. Within high-severity
burns, less severely burned snags can allow for persistence of woodboring species
that have relatively long life-cycles (Nappi et al. 2010). Smaller pine trees tend to
sustain greater damage than larger trees in burned areas (Santolamazza-Carbone
et al. 2011; Fettig and McKelvey 2014). However, fires can also cause significant
mortality of larger trees in fire-suppressed forests with high fuel loads (Kolb et al.
2007; Maloney et al. 2008; Steel et al. 2021).

In frequent fire ecosystems with fire-tolerant pine species, low-intensity fires
may confer increased resistance towards insects. Pinus ponderosa subjected to low-
intensity wildfires invested more in resin duct-based defenses and had higher sur-
vival rates against Dendroctonus ponderosae Hopkins (mountain pine beetle)
attacks and vice versa when fire was excluded from these sites (Hood et al. 2015).
Resin ducts remain functional for several years, and frequent, low-intensity can
stimulate persistent induced resistance against bark beetles (Hood et al. 2015). In
P. palustris, resin ducts were smaller in size up to 10 years after reintroduction of
fire, with the greatest reduction in stem and root burns (Slack et al. 2016). However,
there were no differences in resin duct size between unburned and burned trees, and
resin duct responses were also influenced by climatic factors. In contrast, resin flow
that may be positively linked to higher tree defense (Schroeder 1990; Strom et al.
2002), often increasing for weeks to years after fire in numerous pine species
(Santoro et al. 2001; Wallin et al. 2003; Lombardero et al. 2006; Knebel and
Wentworth 2007; Cannac et al. 2009; Six and Skov 2009; Perrakis et al. 2011; Davis
et al. 2012; Ritger 2023). Greater activity of D. ponderosae occurred on P. contorta
than on P. ponderosa that required greater burn damage to bole and crown for such
attack-levels (Lerch et al. 2016). More detailed studies on fire-tolerant pine species
are needed to better assess the presence and various attributes (size and numbers) of
resin ducts under different fire regimes.

While there are few studies that directly assessed the influence of post-fire stand
characteristics, such as changes in structure (e.g., density, basal area, height, and
volume of woody debris) and composition (e.g., percent tree and understory plant
species) on insect dynamics, fire plays a significant indirect role. Dendroctonus
frontalis Zimmerman (southern pine beetle) primarily colonizes P. taeda L. (lob-
lolly pine) and rarely P. palustris (Friedenberg et al. 2007), which are maintained by
frequent, low-intensity prescribed burning (Mitchell et al. 2006). Stand attributes
play an important role since prescribed burning creates low basal area and open
savannah-like P. palustris stands (Gilliam and Platt 1999; Mitchell et al. 2006).
Such open stand structure likely dissipates the beetle’s aggregation pheromone
plume and makes it much more difficult for beetles to locate the source of the attrac-
tant. This could make mass aggregation of D. frontalis on trees difficult and lessens
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the likelihood of ensuing herbivory impacts (Thistle et al. 2004, 2011; Martinson
et al. 2007). This pattern has also been seen in P. ponderosa forests, where stands
that had either been thinned or thinned and prescribed burned had much lower mor-
tality during a D. ponderosae outbreak (Hood et al. 2016).

Interactions between forest fire and subcortical insects can be broadly catego-
rized by whether insects are primary or secondary colonizers of pine trees (Fig. 1).
Most subcortical beetle species are secondary colonizers and only a few are pri-
mary colonizers on pine trees. Primary beetles are first colonizers of trees while
they are still presumably healthy and can overcome the trees’ defenses. Secondary
beetles (plus woodwasps, Hymenoptera: Siricidae) typically colonize trees that are
stressed, weakened, damaged, or dying due to other abiotic and biotic causes,
although in some limited instances (e.g., post-windstorms), secondary insects can
become primary colonizers (Gandhi 2005). Overall, subcortical insects function as
important phloem and wood degraders (through tunneling activities). This allows
other insects, fungi, and bacteria to colonize trees, enhancing forest nutrient cycling
and flow. Primary subcortical beetles, mostly in the genus Dendroctonus, are
important economically in naturally regenerated and planted native pine forests,
where they can cause high levels of tree mortality and lost revenue. In some years,
economic impacts by subcortical insects cost billions of dollars of lost sawtimber
and pulpwood trees, along with costs associated with replanting and reforestation
efforts of planted pines (Nowak et al. 2008; Grégoire et al. 2015; Six and
Bracewell 2015).

3.2.1 Primary Subcortical Colonizing Insects

Several primary colonizing insects, such as D. ponderosae and D. brevicomis
LeConte (western pine beetle) (Geiszler et al. 1984; Amman and Ryan 1991;
Rasmussen et al. 1996; Ryan and Amman 1996; McHugh et al. 2003; Maloney et al.
2008; Six and Skov 2009; Fettig et al. 2010; Davis et al. 2012; Powell et al. 2012;
Kulakowski and Jarvis 2013; Steel et al. 2021), Ips sexdentatus (Borner) (Valor
et al. 2021), and rarely D. frontalis (Boyle et al. 2004) are known to attack fire-
injured pines, but these insects also commonly attack unburned trees (Fig. 1). These
dynamics are likely influenced by fire regime shifts that alter host tree species domi-
nance, and fuel loads and arrangement, and are dependent on insect and host tree
species (Meigs et al. 2015; Fettig et al. 2022). Tabacaru et al. (2016) reported that
D. ponderosae readily colonized fire-damaged P. contorta (a fire-embracer species)
after a prescribed burn, but these attacks did not lead to outbreaks. This was also
found by Powell et al. (2012) after wildfire, even though that fire reduced P. con-
torta resin defenses (Powell and Raffa 2011). In a different system, infestations by
D. frontalis were higher in young P. taeda stands that were prescribed burned than
unburned stands (Cameron and Billings 1988). While P. taeda is considered fire-
tolerant, it has a much lower tolerance to fire (especially in younger age classes)
than other prevalent southern pine species (Pile et al. 2017). Dendroctonus frontalis
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infestations were lower in previously prescribed burned but unthinned P. taeda
stands (Nowak et al. 2015), suggesting that burning confers resilience to trees (even
in an over-stocked stand) to subsequent bark beetle outbreaks.

These patterns are insect density-dependent, as at low density levels, D. pondero-
sae did not readily colonize trees that were fire-injured (Elkin and Reid 2004;
Powell et al. 2012), and reproductive success was not affected by the level of fire-
injury (Elkin and Reid 2004). At higher D. ponderosae densities though, trees were
successfully attacked irrespective of their fire-caused injury (Elkin and Reid 2004).
While burned trees provide habitats for beetle populations at endemic levels, wild-
fires (Powell et al. 2012) or prescribed fires (Tabacaru et al. 2016) do not typically
contribute to beetle outbreaks, unless there are other suitable stand and environmen-
tal conditions. Intense competition from secondary beetle species that infest fire-
injured trees earlier and have multiple generations per year may also have contributed
to these patterns (Powell et al. 2012).

3.2.2 Secondary Subcortical Colonizing Insects

Secondary beetles, in contrast, readily colonize fire-damaged trees, and likely
exert strong competitive pressure on primary beetle species, either reducing or
excluding them from newly available niches. Examples of secondary beetles asso-
ciated with burned forests include Ips spp. (pine engraver beetles), Hylastes spp.
(root bark beetles), Pityogenes species (twig beetles), D. valens LeConte (red
turpentine beetle), D. terebrans (Olivier) (black turpentine beetle), and many
woodboring beetle species (Buprestidae and Cerambycidae: Monochamus
spp.) (Fig. 1). These taxa are known to increase in numbers on fire-injured pine
trees, and even preferably colonize fire-charred parts of the trees (e.g., Geiszler
et al. 1984; Amman and Ryan 1991; Rasmussen et al. 1996; Ryan and Amman
1996; McHugh et al. 2003; Sullivan et al. 2003; Lombardero et al. 2006; Costello
et al. 2011; Perrakis et al. 2011; Davis et al. 2012; Powell et al. 2012; Ray et al.
2019; Jung et al. 2020). In P. palustris and P. elliotti Engelm. (slash pine) stands
(both fire tolerant), Ips and D. terebrans populations remained low and those of
root-feeding beetles were higher in stands that were moderately and severely
burned by a wildfire (Hanula et al. 2002), likely due to root injury. Responses of
secondary insects are guild- and species-specific, likely vary across fire regimes,
and dependent on the type of host injury, volume and type of available host mate-
rial, and time since fire. Similar to primary species, there’s little evidence that
these secondary insects can build up in burned areas and start colonizing healthy
or unburned green trees within and surrounding these forests (Hanula et al. 2002;
Six and Skov 2009; Santolamazza-Carbone et al. 2011). However, the population
spill-over effect of buildups of insects into unburned areas is still a major opera-
tional concern in many managed pine stands worldwide.
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3.2.3 Variable Feedback Loops Between Insect Outbreaks and Fire

Insect-induced mortality has been hypothesized to contribute to greater probability,
severity, and extent of wildfires. In the eastern and western U.S. forests where sev-
eral bark beetle species outbreaks have resulted in dying and dead trees across mil-
lions of hectares (Hicke et al. 2016; McNichol et al. 2019; Audley et al. 2020), there
are still numerous questions about the interactions of bark beetle outbreaks with
fire. Outstanding research questions in general include (1) do insect outbreaks affect
fire behavior via fuel alteration; (2) do insect outbreaks increase in number, severity,
and duration with altered fire regimes; and (3) do fuel reduction treatments that are
designed to reduce fire hazard also reduce insect outbreak incidence and severity?
The empirical evidence for such interactions between bark beetle outbreaks and
fires is mixed (Romme et al. 2006; Hicke et al. 2016). Positive interactions were
observed by Turner et al. (1999) (fire severity and severe beetle damage) and Lynch
et al. (2006) (probability of wildfire), and negative by Turner et al. (1999) (fire
severity and intermediate beetle damage), Meigs et al. (2016) (severity), and Simard
etal. (2011) (probability of crown fire). A lack of effect of beetle outbreaks on wild-
fires was observed by Hart et al. (2015) (area burned). Such interactions may be
dependent on the conditions of the trees, such as whether standing trees have
retained dead needles (“red stage”) or fallen needles (“gray stage”), or post-outbreak
stage with downed trees (Turner et al. 1999; Fettig et al. 2022). Various site and
environmental conditions also likely play a role in these dynamics (Lynch et al.
2006; Black et al. 2013). However, in a rare study on foliage feeding insects about
20-times higher frequency of wildfire occurred in areas of Dendrolimus sibiricus
(Tschetv.) (Siberian silkmoth) outbreaks that affected multiple conifer species in
Siberia (Kharuk and Antamoshkina 2017).

At any given time, pine species are impacted either by stand-replacing wildfire
or beetle species. These events may be thought of as operating in near exclusion of
one other, although bark beetles are always present in low numbers in these stands.
However, fire and/or beetle driven changes in forest composition (tree species and
diversity) and structure (age and density) can have feedback loops. Post-burned
forests may result in greater regeneration of tree species (e.g., hardwoods, shrubs,
or other pine species) that are more tolerant of fire and/or beetles (Retana et al.
2002; Coleman et al. 2008; Perovich and Sibold 2016; Pelz and Smith 2012), par-
ticularly at the trailing edge of a tree species range (Renwick et al. 2016). Differential
mortality of tree species from wildfires and beetles may negate impacts from the
two disturbances. For example, recruitment of P. pungens lamb. (Table Mountain
pine) was severely limited due to mortality by D. frontalis and ice-storms, but pro-
moted by wildfire, as fire killed competitive hardwood species (Lafon and
Kutac 2003).

The timing of either disturbance agent may be important for pine recruitment
dynamics, both at the individual and population levels. Within a period of 6 years,
serotinous P. contorta stands killed by D. ponderosae lost an estimated 45% more
cones than stands unimpacted by beetles (Teste et al. 2011). After a D. ponderosae
outbreak in P. contorta gray-phase forests, heterogeneous burn severities, coupled
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with areas of unburned fire refugia, fostered subsequent heterogeneity of P. contorta
regeneration (Talucci et al. 2019). In the gray-phase, unburned patches, canopy seed
stored in serotinous cones were reduced via squirrel predation, branch breakage,
and cones opening, resulting in reduced regeneration relative to areas that burned at
higher intensity. While P. contorta cones may germinate from both beetle-killed and
live trees (Aoki et al. 2011), germination rates were reduced over time on beetle-
killed trees (Rhoades et al. 2022), and short-return interval fires that occurred before
serotiny develops can also reduce regeneration (Turner et al. 2019).

Insect outbreaks before prescribed fire can also alter regeneration dynamics of
pine stands. In P. echinata Mill. (shortleaf pine) stands that were mostly killed by
D. frontalis and were subsequently prescribed burned, natural regeneration was
much higher and more vigorous than in unburned sites (Land and Rieske 2006).
Regeneration-attacking insects on younger-aged pines showed a variable response
where pine weevils [Hylobius pales (Herbst) (Pales weevil) and Pissodes nemoren-
sis Germar (pitch-eating weevil)] and Rhyacionia frustrana (Comstock) (Nantucket
pine tip moth) did not differ between burned and unburned sites (Land and Rieske
2006). However, Tetralopha robustella Zeller (pine webworm) infestations were
greater on seedlings in burned areas. Conifer sawfly numbers were much lower in
burned areas, likely because the fires consumed the duff layer where sawflies over-
winter (Land and Rieske 2006). Prescribed fire after Ips beetle outbreaks may
enhance the health of residual P. faeda trees making them more resilient to future
beetle colonization activities (McNichol et al. 2019).

3.3 Interactions Between Prescribed Burning and Insects
3.3.1 Indirect Management of Insects Using Prescribed Fire

Prescribed burning is a frequently used tool in managed pine forests for multiple
desired outcomes including removing hardwood competition, reducing tree density,
improving wildlife habitats dependent on fire, reducing surface and canopy fuel
loads, and enhancing tree health in general (Van Lear and Waldrop 1991; Fernandes
and Botelho 2004; Ryan et al. 2013; Hunter and Robles 2020; Agbeshie et al. 2022).
Low-intensity fire also enhances nutrient cycling and provides a pulse of nutrients
that stimulate understory plants and other taxa (Carter and Foster 2004; Agbeshie
et al. 2022), and higher intensity fires can cause sufficient injuries to pine trees.
Trees stressed during prescribed burning may be attacked by secondary insect spe-
cies that colonize injured and stressed trees (e.g., Bradley and Tueller 2001; Menges
and Deyrup 2001; Sullivan et al. 2003; Campbell et al. 2008; Six and Skov 2009;
Davis et al. 2012).

Based on whether the pine species are fire-tolerators [e.g., P. nigra Arn. (European
black pine), P. ponderosae, and P. palustris] or fire-embracers (e.g., P. contorta,
P. halepensis, and P. pinaster) (Agee 2000; Tapias et al. 2004), the dynamics of
including low-intensity prescribed burning are different and elicit different responses
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by forest insects. Fire-tolerators have thicker bark and are less prone to fire-caused
injury; and may have higher resin duct area and thus, be better defended against
insects than fire-embracers (Valor et al. 2021). Insects encounter a more formidable
defense system and have a harder time colonizing fire-tolerators than fire-embracers
after a prescribed fire. For example, 1. sexdentatus (Boern) readily colonized P. syl-
vestris L. (Scots pine), which is less tolerant of fire than P. nigra, after a prescribed
burn (Valor et al. 2021). Most P. nigra trees that were attacked were of smaller
diameter size that likely experienced greater stem injury (Valor et al. 2021).

Fire-excluded pine stands are more vulnerable to basal injury from prescribed
burning due to long-term smoldering of basal duff accumulations (Hood 2010), as
reported for P. ponderosa (e.g., Perrakis and Agee 2006; Fule et al. 2007; Six and
Skov 2009; Perrakis et al. 2011), P. palustris (O’Brien et al. 2010), and mixed pine
forests (Maloney et al. 2008), particularly under drier conditions (Varner et al. 2007,
Ritger et al. 2023). After reintroduction of fire to P. palustris, trees with stem and
root burns had smaller resin ducts which were correlated with lower precipitation
levels, suggesting that climate change is an important consideration in restoration
activities (Slack et al. 2016). Fire-suppressed (~15 years) P. palustris had higher
trap catches of Ips beetles and higher resin flows on xeric than mesic sites (Ritger
et al. 2023). However, exactly how climate change will affect these dynamics is
unknown. In fire-suppressed forests, deep litter and duff can accumulate at the bases
of trees, which if burned can lead to long-duration, low-intensity smoldering of the
duff and basal cambial kill. In some pine species (e.g., P. palustris), when stands are
not regularly burned, fine roots grow into developing forest floor layers and may be
killed during burning, causing tree stress and mortality (Swezy and Agee 1991;
O’Brien et al. 2010). In these cases, tree mortality may occur a few years post-fire,
indicating a lag phase (Sullivan et al. 2003; Fettig and McKelvey 2014) where inter-
actions with climate (e.g., drought) can further impact tree health and cause addi-
tional mortality (Steel et al. 2021). Hence, longer-term monitoring of stands where
prescribed fire is reintroduced is recommended. Slowly reintroducing fire through a
series of low-intensity prescribed fires to gradually reduce duff accumulations after
long periods of fire exclusion or thinning of smaller diameter trees will reduce tree
injury and mortality (Pollet and Omi 2002; Perrakis et al. 2011). This may also
increase their resilience to drought (Vila-Vilardell et al. 2023) and reduce activity of
herbivorous insects (Ritger et al. 2023). If gradual consumption of deep duff layers
is difficult to achieve due to duff moisture, other mitigation treatments such as rak-
ing of basal duff may be warranted (Hood 2010).

Cessation of frequent prescribed burning cycles may have implications for bark
beetle outbreaks. During 20162017, many states in the southeastern U.S. experi-
enced higher numbers of, and damage by, Ips beetles, presumably under water defi-
cit conditions (Georgia Forestry Commission 2017). Deferred prescribed burning
was recommended for P. faeda stands (under 2-3 year fire frequency cycle) that had
Ips beetle outbreaks until the drought alleviated. However, these fire-deferred pine
stands had greater infestation of, and higher mortality caused by Ips beetles than
stands kept on their regular burn cycle (McNichol et al. 2019). Further, in some
sites, these Ips beetle outbreaks were immediately followed by D. frontalis
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outbreaks in unburned pine stands (personal observations) as fire suppression
altered relationships between pine trees and subcortical beetles.

Pine tree mortality and associated insect activity vary based on the season of
prescribed burning. Fall burning of P. ponderosa stands may result in greater tree
injury than spring burning due to generally wetter and cooler conditions in the
spring (Perrakis and Agee 2006; Perrakis et al. 2011). In other studies, no differ-
ences in tree mortality or beetle infestations were observed after prescribed burning
in different seasons (Ganz et al. 2003; Schwilk et al. 2006; Fettig et al. 2010), or the
highest tree mortality occurred in spring burns and lowest in fall burns (McHugh
et al. 2003). In P. ponderosa stands burned at 5- and 15-year intervals in spring and
fall, the lowest mortality of pines and the highest activity of Neophasia menapia
Felder (pine butterfly) and D. brevicomis were found in stands burned in the fall at
S5-year intervals (Westlind and Kerns 2021). Phenological responses of trees and
insects to fire may also be attributed to stand, fuel, weather conditions, and ignition
patterns in prescribed burned forests, and may explain this variation in herbivore
responses across studies.

Trapping studies report increased numbers of bark beetle species (mostly sec-
ondary colonizers) in recently prescribed burned areas (e.g., Santoro et al. 2001;
Sullivan et al. 2003; Ritger et al. 2023; Palmer et al. 2024), suggesting immigration
of insects from surrounding areas. However, after low-intensity prescribed fires in
fire-tolerator ecosystems, little insect activity on trees was observed, as there were
fewer trees that were sufficiently fire-injured (Cannac et al. 2009; Ritger et al. 2023).
Burned areas may provide beetles with a short-term refuge from their natural ene-
mies that are not responding positively to fire, and that have similar population sizes
in burned and unburned areas (Six and Skov 2009; Powell et al. 2012). If trees are
well or even better defended (Hood et al. 2015), then insects would have used their
valuable energy reserves to find suitable hosts (Kinn et al. 1994; Evenden et al.
2014), particularly during the spring-time when both the burning and first insect
dispersal activity occurs. Fire can influence constitutive and induced defenses, and
post-fire, bark beetle attack success may be more influenced by induced defenses of
pine trees (Howe et al. 2020). Stands that are well maintained by prescribed fire
likely have stronger constitutive and induced defenses post-fire, and thus may be
acting as an ecological trap for these insects. In landscapes where multiple stands
are regularly burned on a rotating basis in spring and fall of each year (e.g., in many
P. palustris stands in Florida and Georgia), subsequent generations of beetles may
be dispersing from one burn to the next in attempts to find suitable hosts, yet pre-
scribed burned sites may still yield a greater number of suitable hosts than unburned
sites, where stressed and damaged hosts are a rare and ephemeral resource at the
landscape-level. Trees that have lower crown vigor, growth rates, and smaller diam-
eter, along with greater degree of bark charring, provide more suitable hosts for
colonizing insects in burned (Menges and Deyrup 2001; Wallin et al. 2003; Perrakis
et al. 2011; Valor et al. 2021) than in unburned areas.

Prescribed burning after catastrophic storms (wind and ice) has been used as a
fuel reduction treatment to reduce woody debris on the landscape (Emery et al.
2020), prevent insect outbreaks and accelerate pine regeneration (Gilmore et al.
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2002; Gandhi et al. 2009). Burning these forests also presumably counteracts the
effects of fire suppression in fire embracer species, although that remains untested.
Subcortical beetles and their associated predators can increase in numbers after
windstorms and in post-storm-prescribed burned P. banksiana Lamb. (jack pine)
stands (Gandhi et al. 2009). Their populations decrease after a few years as natural
enemies build up and host resources degrade.

3.3.2 Direct Management of Insects Using Prescribed Fire

While the concept of “thermosanitation” is decades-old, the alternate use of chemi-
cals and the logistical and legal challenges of conducting prescribed burning have
taken precedence in modern silviculture (Miller 1979; Schmid and Parker 1990). It
is well recognized that prescribed fire can be used as a tool to directly kill and
reduce populations of several herbivorous insects in pine stands, although this man-
agement tactic is rarely applied in many pine ecosystems (McCullough et al. 1998;
Fettig et al. 2022). Insects that have specific life-stages that overwinter on the forest
floor and in fallen woody material are especially appropriate targets for prescribed
burning, as they are in a vulnerable stage (McCullough et al. 1998). Rarely is fire
used to control foliage-feeding insects (Parker et al. 2006), although those utilizing
younger age classes of trees are more vulnerable. Prescribed fire has been recom-
mended to reduce populations of seed predators such as Conophthorus resinosae
Hopkins (red pine cone beetle), and Eucosma monitorana (Heinrich) (red pinecone
borer moth) in P. resinosa Ait. (red pine) seed production areas (and when cones are
on the forest floor) (Miller 1978), Coloradia pandora Blake (Pandora moth), in
P. ponderosa stands (when moths are pupating in the soil) (Miller and Wagner 1984;
Gerson and Kelsey 1997), and sawflies in P. echinata stands (on smaller trees)
(Land and Rieske 2006). Burning of slash piles from logging and thinning is also
conducted to reduce infestations by subcortical beetles (Dahl 1971; Schmid and
Parker 1990; DeGomez et al. 2008) and likelihood of beetles colonizing trees near
slash piles. Interestingly, both the load of non-native pinewood nematodes
[Bursaphelenchus xylophilus (Steiner & Buhrer)] that causes pine wilt disease and
its vector the Japanese pine sawyer (Monochamus alternatus Hope) were reduced
greatly in Pinus massoniana Lambert (Masson pine) stands after prescribed burning
(Chen and Liu 2020). This was attributed to greater mortality and/or disruption of
life-cycle of cerambycid beetles and nematodes in the lower part of tree boles due
to fire-injury (Chen and Liu 2020).

Prescribed fire may be used as a preventative management tool to reduce the
probability of insect outbreaks (Miller 1979), but this has rarely been implemented.
Dendroctonus ponderosae brood density was reduced by 50% in prescribed burned
than unburned P. contorta forests (Safranyik et al. 2001). On the burned trees, the
incidence of attacks, average attacks, and brood production per tree were lower than
on unburned trees (Safranyik et al. 2001). Beetles preferentially attacked uncharred
areas on burned trees. The following year, D. ponderosae tended to attack trees in
unburned rather than burned sites, as previously reported by Elkin and Reid (2004).
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Similar studies need to be conducted on other primary subcortical insect species
under various fire regimes, especially some of them have expanded their distribu-
tion range into novel habitats due to climate change.

3.4 Adaptations of Insects to Fire

Like many other animal species, herbivorous insects have developed behavioral,
morphological, or physiological adaptations to fire in pine ecosystems (Pausas and
Parr 2018). These adaptations are advantageous to insects in that fire creates empty
niches for a host of insects and other organisms to colonize—and the first colonizers
experience the lowest competitive and predation pressures. Only a few forest her-
bivorous insects on pines are known to be attracted to post-burned pine stands,
although other pyrophilous genera and species of insects are attracted to burned
trees (e.g., the carabid beetle, Sericoda species) (Wikars 1997; Koivula et al. 2006)
in pine-dominated and pine-hardwood ecosystems. A few species (e.g., Calosoma
frigidum Kirby) have behavioral adaptations where they construct underground bur-
rows, and after low-intensity fire, start foraging aboveground en masse (Jacobs et al.
2011). Pyrophilous species have been well studied in Canadian and European pine
forests, and several of them are threatened with extinction due to fire-suppression
and habitat changes in European forests (e.g., Gongalsky et al. 2003; Siida et al.
2009; Milberg et al. 2015; Heikkala et al. 2017). These insects have even been dis-
covered in fossil records of burned wetland pine forests in Europe (Whitehouse
2000) indicating their long evolutionary history with fire. Smoke can also be both
an attractant and deterrent to other species in pine forests that are not necessarily
using pine trees directly as a resource (Liu et al. 2022). For example, Exyra spp.
(pitcher plant moth) lives in pitcher plants (Sarracenia spp.) in frequently burned
southern U.S. pine forests, and when exposed only to smoke, exits the plant (Lee
et al. 2016), indicating strong behavioral adaptations to fire. Many other vertebrate
and invertebrate species in pine forests also escape from fire either by running or
burrowing deeper into the soil (Certini et al. 2021).

Several insect species cue into forest fires rapidly. Beetles in the genus
Melanophila (Buprestidae) have sensors on their thorax to detect infrared radiation
(Evans 1966) and their antennae can also detect smoke (Schiitz et al. 1999). They
were reported to find forest fires >95 km away from the nearest conifers in California
and can even pick up anthropogenic fire sources (e.g., sugar refineries, smelting
plants, and trash fires) (Hart 1998). Many buprestid beetles in the genera Dicerca
and Melanophila have colors and reflective patterns resembling burnt wood which
allow them to blend well when they land on burnt trees (personal observations). The
cerambycid beetle, Monochamus galloprovincialis (Olivier), also has antennal sen-
sillae that detect smoke-related compounds and is frequently found on burnt pine
wood (Alvarez et al. 2015). Interestingly, C. pandora (Pandora moth) is attracted to
night-burning prescribed fires, causing ~2%—17% mortality of its local populations;
therefore, night burning may be a better management tool for that pest species
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(Gerson and Kelsey 1997). It’s quite possible that other pine herbivorous insects
have various adaptations to fire, but they have been vastly under documented.

4 Fire and Insects in Non-native Planted Pines

Pine species [e.g., P. caribaea Morelet (Caribbean pine), P. elliottii, P. patula Schldl.
et Cham. (Patula pine), P. pinaster, P. radiata D. Don (Monterey pine), and P. taedal]
planted in the Southern Hemisphere are all non-native and imported from Europe,
Mexico, and North America (Pryor 1991; Richardson 1998; Richardson and Nsikani
2021). There is a positive feedback loop where fire promotes invasion of these pine
species into novel habitats, and pines also alter stand attributes to promote persis-
tence of fire in these ecosystems (Zalba et al. 2008; Franzese and Raffaele 2017;
Taylor et al. 2017; Davis et al. 2019). This has led to major changes in invaded habi-
tats with adverse consequences for their native biodiversity and ecological processes
(Garcia et al. 2018; Cifuentes-Croquevielle et al. 2020).

Many insect species are introduced to these non-native planted pines and can
cause damage irrespective of their colonizing status in their native range (Neumann
1987; Zhang et al. 1993; Yan et al. 2005; Carnegie et al. 2018; Estay 2020; Graziosi
et al. 2020). This is due to planting off-site that stresses trees, and release from host
defenses, natural enemies, and inter-species competitive pressures. Similar to their
native ranges, bark and woodboring insects positively interact with wildfires due to
highly available scorched and burnt host material in the non-native ranges (Bradbury
1998; Wylie et al. 1999; Zhan et al. 2022). Dendroctonus valens was introduced to
China and also readily attacks pine trees after burning (Zhan et al. 2022). Females
of Arhopalus tristi (F.) (burnt pine longhorn beetle), a cerambycid beetle introduced
to planted pines in New Zealand, orient positively towards odors from burnt pine on
which they lay eggs (Suckling et al. 2001), and colonize trees within days after a
wildfire (Bradbury 1998). Wildfires can interfere with integrated pest management
strategies in non-native pine stands. For example, mega-wildfires have resulted in
catastrophic pine timber losses in southeastern Australia (Keeves and Douglas 1983;
Bousfield et al. 2023). This led to increases in populations of 1. grandicollis Eichhoff,
a North American bark beetle, and interference with biocontrol of Sirex noctilio F.,
a Eurasian woodwasp, due to competitive pressure on trap logs (Gitau et al. 2013;
Hayes and Nahrung 2022) (Fig. 1).

5 Conclusions

The long-evolved, complex, and co-occurring nature of fire and herbivorous insects
as natural disturbance agents from individual pine trees to stand and landscape lev-
els contributes to extant forest patterns and processes. Fire may positively or nega-
tively affect pine tree and stand health, herbivorous insects, and their interactions as
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Fig. 1 Examples of activity (as evidenced by resin pitch tubes) of herbivorous insects on pine
trees after fires: (a) Dendroctonus valens on Pinus contorta after a low intensity prescribe fire; (b)
Dendroctonus valens on Pinus ponderosa after a wildfire; (¢) Dendroctonus ponderosae on Pinus
ponderosa after a wildfire

based on its frequency and intensity, and hence severity (Figs. 2 and 3). Hence, an
understanding of historical fire regimes is critical to restoring ecosystem services in
pinelands. A mechanistic model of these trilateral interactions indicates that attri-
butes of pine trees and stands that are adapted to fire provide a positive feedback
loop to fire’s persistence in the ecosystem (Fig. 3). Similarly, fires affect insect
herbivores either indirectly through alterations in host quality/quantity or directly
through mortality. There is mixed evidence for feedback loops from insects to pine
tree-insect interactions to persistence of fires, and these patterns remain unknown
for many outbreaking species (Fig. 3). Pine trees and herbivorous insects may posi-
tively or negatively affect each other. From an ecological perspective, insects act as
a disturbance agent retriggering or augmenting forest succession and thus, are an
integral positive component of forested ecosystems. From an economic perspective,
herbivorous insects are capturing the mortality of pine trees instead of foresters,
hence causing economic damage particularly in planted pine stands. Interestingly,
fire and insects as abiotic and biotic disturbance agents, respectively, contribute to
similar altered pine dynamics such as stand composition and structure, and tree
nutrition, defenses, morphology, and various life history strategies including repro-
duction (Fig. 3). This lends greater support towards simultaneously including their
evolutionary history in forest pine management plans with a focus on their differen-
tial impacts.

In managed pine stands, interventions against herbivorous insect pests may result
in variable forestry responses depending on population levels and responses to fire
(Fig. 4). In pre-fire conditions and low insect population levels, prevention is the
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Fig. 2 Examples of potential effects of fire severity on pine trees and stand attributes (solid line)
and resulting herbivorous pine insect responses (dashed line) levels

best option and may include reduction in fuel loads (e.g., inclusion of appropriate
fire regimes and optimal silvicultural practices such as thinning) to avoid high-
severity fires. At higher insect population levels (i.e., outbreak phase) pre-fire, man-
agement techniques such as removal and treatment of infested trees to reduce insect
levels are warranted. Post-fire, increased insect activity (higher population levels)
may trigger management activities such as pest reduction (e.g., removal of infested
trees) and pest prevention (e.g., thinning) practices. Moderate responses by insects
post-fire may be managed via prevention activities, while little to no responses from
insects to fire won’t trigger any management interventions. Interestingly, these strat-
egies may be used in pine stands irrespective of their fire regimes, and can be refined
based on insect and tree attributes.

We recognize several gaps and areas for future research on these trilateral inter-
actions in pine-dominated ecosystems: (1) little is known about these interactions in
Mesoamerica, which is the epicenter for pine diversity, and in Asia, where many
species of pines occur at high elevation and latitude sites; (2) a better understanding
of morphological, physiological, and other adaptations of herbivorous insects to fire
regimes is warranted; (3) a greater focus on insect guilds other than bark beetles,
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Fig. 3 Proposed interactions [positive (+) or negative (—)] between fire, pine trees, and herbivo-
rous insects. Solid lines indicate established interactions and dashed lines indicate mixed or
hypothesized evidence for interactions

insect-associated pathogens, and vertebrates will be useful; (4) many feedback
loops from pine tree-insect interactions and those of insects to fire regimes are
largely unknown (Fig. 3); and (5) a thorough underpinning of the relative selection
pressures by the abiotic and biotic agents on pine tree and stand attributes are criti-
cal to restoring pinelands under continuing fire regime and climatic changes
worldwide.
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