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Disturbances from insect pests threaten ecologically and economically important goods and setvices supplied by forests, includ-
ing wood production and carbon sequestration. We highlight the factors that influence these services’ resistance, a term quantify-
ing the initial response to disturbance. Insects inflict damage through a range of mechanisms, prompting distinct plant physio-
logical responses that scale to influence ecosystem processes and, with time, goods and services. The degree and timing of tree
mortality and defoliation affect the amount of residual vegetation available to support compensatory wood production and influ-
ence carbon sequestration by changing rates of detritus-fueled decomposition. Compounding, or sequential, insect attacks may
prime a forest for additional disturbance, further eroding wood production and carbon sequestration. Forest management prac-
tices that promote biological and structural diversity, and augment or retain limiting biological and nutrient resources, may
buffer against the effects of insect pests on wood production and carbon sequestration.
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iotic disturbances from insect pests are increasing in fre-
B quency, extent, and variety in temperate forests, threaten-
the sustainability of economically and ecologically critical
ecosystem goods and services, including wood production and

In a nutshell:

¢ Disturbances from insect pests are increasing in areal
extent and frequency, affecting temperate forest wood
production and carbon sequestration, valuable services to
human society

¢ The fraction, frequency, and rate of trees killed or defo-
liated, along with the interacting effects of climate, de-
termine how forests respond to insect disturbance

» Forests that are more biodiverse, include variable tree
sizes and architectures, contain an abundance of healthy
live vegetation and seeds, and/or retain growth-limiting
nutrients better sustain wood production and carbon se-
questration after insect damage

¢ Forest management practices aligned with current eco-
logical understanding are needed to sustain goods and
services following insect pest outbreaks
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carbon sequestration. In Canada and the US alone, insect pests
affect 24 million ha of forest annually, more than half of the
global area impacted by biotic disturbances every year (Kautz
et al. 2017). The resulting cost to the global forestry sector is
immense, approaching US$15 billion in losses each year
(Bradshaw et al. 2016).

Ecologically, the effects of insect pests and other biotic dis-
turbances differ from those caused by clear-cut harvesting,
severe fires, and other disturbances that quickly kill all or most
trees within an impacted area. Instead, defoliating or wood-
boring insects or insect—pathogen complexes are often host-
specific or host-preferential and slowly produce patchy
gradients of tree mortality (Table 1; Atkins ef al. 2020).
Preventing or reducing the spread of insect pests is difficult
because of escalating introductions over recent decades; range
expansions; and the limited success of biological, chemical,
and silvicultural controls (Edgar and Westfall 2022).

Effective mitigation and management strategies require
knowledge of how insect pests alter ecosystem processes and,
critically, what factors influence resistance to disturbance.
While several definitions exist, here we use resistance to
describe the relative magnitude and direction of peak initial
change in ecosystem structure or function, including wood
production or carbon sequestration, after a disturbance
(Figure 1; Hillebrand ef al. 2018). Mathematically, resistance
can be expressed as a ratio: the change in wood production or
carbon sequestration in affected forests divided by a control or
pre-disturbance value. By this definition, resistance is normal-
ized, facilitating comparisons among ecological processes that
have different units and exhibit varying magnitudes of absolute
change. We focus on initial responses (ie resistance) because
(1) most disturbance studies are short term, providing a
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Table 1. Common North America n insect pests, their mechanism of damage, and their tree host(s)
Insect pest Scientific name Type Host

Hemlock woolly adelgid*®
Balsam woolly adelgid*
Green spruce aphid*
Spotted lanternfly*

Red pine scale*

Emerald ash borer*

Asian long-horned beetle*
Spongy moth*

Forest tent caterpillar moth

Spruce budworm

Pine bark beetles

Mountain pine beetle

Adelges tsugae
Adelges piceae
Elatobium abietinum

Lycorma delicatula

Matsucoccus matsumurae

Agrilus planipennis

Phloem feeder
Phloem feeder
Phloem feeder

Phloem feeder

Anoplophora glabripennis
Lymantria dispar
Malacosoma disstria

Choristoneura fumiferana and
Choristoneura freemani

Ips spp
Dendroctonus ponderosae

Hemlock (Tsuga spp)
Fir (Abies spp)
Spruce (Picea spp)

Multispecies (hardwood)

Southern pine beetle Dendroctonus frontalis

Spruce beetle Dendroctonus rufipennis

Phloem feeder Pine (Pinus spp)

Wood borer Ash (Fraxinus spp)

Wood borer Multispecies (hardwood)
Defoliator Multispecies (hardwood)
Defoliator Multispecies (hardwood)
Defoliator Multispecies (conifer)
Bark beetle Multispecies (conifer)
Bark beetle Pine (Pinus spp)

Bark beetle Pine (Pinus spp)

Bark beetle Spruce (Picea spp)

Notes: *non-indigenous pests.
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Our synthesis draws from temperate forest
observations, field experiments (Appendix S1:
. Panel S1), and computer modeling studies to
summarize how and why insect pests affect
wood production and carbon sequestration
resistance, with the goal of educating a broad
audience and informing mitigation strategies.
We emphasize wood production and carbon
sequestration because, as monetized goods
and services, these functions are both ecologi-
cally and economically relevant, with ties to
climate regulation, timber, wildlife habitat,
and food webs, as well as fuel and fiber. Wood
production is the annual rate of stand-scale
woody biomass accumulation, timber volume,

Resistance = logmb

or woody stem growth, whereas carbon
sequestration is total net primary production

Process-Pre,

(ie the annual carbon invested in all plant tis-

Time

sues) minus ecosystem-wide carbon losses
from heterotrophic respiration; both are

Figure 1. The conceptual and mathematical definitions of resistance consider the direction
and magnitude of initial change in ecosystem process or function following disturbance. By
this definition, resistance is the log-normalized ratio of the peak initial negative or positive
response to disturbance relative to pre-disturbance or control values (Mathes et al. 2021).

stand- or ecosystem-scale processes of interest
to foresters, nature-based climate solutions
enthusiasts, timber and carbon offset inves-
tors, ecologists, and biogeochemists. Although

comparatively thorough knowledge base for synthesis; (2) the
interpretation of disturbance effects is time-dependent, given
that ecological responses are dynamic; (3) initial ecosystem
responses to disturbance may predict long-term recovery and
aid in ecological forecasting; and (4) early responses to distur-
bance are critical to adaptive forest management that aims to
sustain ecosystem goods and services.

wood production is included in estimates of
forest carbon sequestration, the latter incorpo-
rates additional carbon invested in leaf, root, and fruit pri-
mary production and carbon losses from heterotrophic
respiration; accordingly, wood production and carbon seques-
tration, while related, can respond differently to the same dis-
turbance event, particularly when carbon emissions from
detritus inputs and decomposition overwhelm production
(Harmon et al. 2011).
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Resistance of forest ecosystem services to insect disturbance

@ Disturbance factors: source, severity, and
compounding disturbances

Disturbance source—the causal agent or factor —affects wood
production and carbon sequestration resistance through pest-
specific effects on plant physiology and reproduction, and
the spatial distribution and timing of tree mortality or defo-
liation (Figure 1; Goetz et al. 2012). Unlike stand-replacing
disturbances, such as clear-cut harvesting and severe fire, that
immediately reduce wood production and carbon sequestration
by rapidly killing all or most of the vegetation (Amiro
et al. 2010), the variable mechanisms and timing of insect
damage precipitate a range of responses (Flower and Gonzalez-
Meler 2015). Counterintuitively, low levels of insect disturbance
in closed-canopy forests may reduce plant competition,
“release” healthy residual vegetation, and stimulate stand-scale
wood production (Costilow ef al. 2017). These effects mirror
those that follow silvicultural thinning, in which resource
reallocation enhances the growth of residual vegetation and
increases stand-scale wood production (Riegel et al. 1992).
Conversely, wood production may decline when water and
nutrient resources, healthy vegetation, or a vigorous regen-
eration layer or seedbank are limited (Niedermaier et al. 2022).
Spatially and temporally, insect pests damage vegetation more
diffusely and gradually than catastrophic stand-replacing dis-
turbances; consequently, the relatively slow pace and patchy
distribution of plant physiological and growth decline provide
more time for healthy vegetation to compensate for the wan-
ing growth of infested trees (Figure 2; Hicke et al. 2012).

However, even when stand-scale wood production increases
following insect damage, an influx of detritus inevitably
increases decomposition and can change a forest from a car-
bon sink to a source (Harmon et al. 2011).

Disturbance severity —the fraction of trees within a stand that
are damaged, killed, or defoliated —is equally critical to deter-
mining the effects of insect pests on wood production and car-
bon sequestration resistance. In a field manipulation simulating
different levels of tree mortality through experimental wood-
boring, the growth of healthy vegetation overcompensated for
lost production, enhancing stand-scale wood production, while
rising carbon dioxide (COz) emissions from decomposition
reduced carbon sequestration (Gough et al. 2021). On the same
landscape, beech bark disease killing 21% of all mature trees
similarly enhanced stand-scale wood production, as remaining
healthy vegetation grew more vigorously (Stuart-Haentjens
et al. 2015). By killing nearly all vegetation, clear-cut harvesting
and severe fire reduced wood production and carbon sequestra-
tion because insufficient healthy vegetation remained to com-
pensate for lost production and because CO:z emissions from
decomposition exceeded carbon uptake (Figure 3; Gough
et al. 2007; Amiro et al. 2010). Likewise, high-severity insect
pest outbreaks reduced wood production and carbon sequestra-
tion in European spruce (Seedre et al. 2020), Pacific Northwest
conifers (Smithwick et al. 2007), and North American temper-
ate deciduous forests (Wang et al. 2012).

These examples, originating from an array of temperate for-
ests, demonstrate that wood production and carbon sequestra-
tion sometimes respond nonlinearly to increasing disturbance

Meristem Feeders. Larva of
Rhyacionia zozana, the ponderosa
pine tip moth, feeding on a new
shoot of a ponderosa pine.

Seed/Cone/Fruit Feeders.
The larva of Curculio glandium,
a species of acorn weevil, seen
here feeding on an acorn.

Sap Suckers. Egg sac
clusters of Adelges tsugae,
the hemlock woolly adelgid. \

Foliage Feeders. The larval stage
of Lymantria dispar, the spongy
moth, feeds on the foliage of over
300 tree and shrub species.

Wood Borers. The larva of
Agrilus planipennis, the
emerald ash borer, feeding
on the phloem of an ash tree.

Bark Beetles. Galleries in the
tissue of a pine caused by adult
southern pine bark beetles,
Dendroctonus frontalis.

Figure 2. Insect pest functional groups with ecological and economic consequences to temperate forests. Meristem feeders stunt or arrest tree growth
and prompt deformities by causing shoot mortality (Asaro et al. 2003). Seed, cone, and/or fruit feeders diminish reproductive success (Bell and
Clark 2016). Sap-suckers or phloem-feeders, such as the hemlock woolly adelgid, can cause tree mortality within 3-5 years following infestation, high-
lighting the gradual progression of many insect disturbances. Foliage feeders are limited to larvae of Lepidopterans and Hymenopterans and are typically
generalists, feeding on a variety of host tree species (Elkinton et al. 2017). Defoliated trees may replace lost leaves during the same growing season, but
consecutive outbreaks can lead to tree mortality (Campbell and Sloan 1977). Wood borers and bark beetles can devastate forest stands within a single
year and are vectors for fungal diseases (Hicke et al. 2012). lllustration by Catherine McGuigan.
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mortality generally reduce wood production,
as affected trees grow progressively slower or
die and fewer healthy residual trees remain to
compensate for lost growth (Figure 4; Evenden
et al. 2015). Decomposition-driven COz emis-
sions may also increase when tree mortality is
high, reducing carbon sequestration (Harmon
et al. 2011). However, because compounding
insect infestations and their effects are often
patchy, stand-scale wood production and car-
bon sequestration resistance depends on a
combination of factors, including cumulative
disturbance severity, the frequency of distur-

bance recurrence, and the extent of compensa-
tory growth by healthy vegetation.

Stressful climate interactions augment the
negative effects of insect pest disturbance.
Antecedent and concurrent abiotic stressors
and disturbance, such as drought, warming,
and extreme weather, erode plant physiological

Figure 3. Wood production and carbon sequestration in (a) forests subjected to field-simulated
wood-boring insect disturbance (b) or stand-replacing clear-cut harvesting followed by fire (c).
Wood production increased following wood-boring because residual vegetation grew more
rapidly after disturbance, fully offsetting production losses. Despite increases in stand-scale
wood production, carbon sequestration declined as an influx of dead wood elevated decompo-
sition and associated carbon emissions. In (a), means and 95% confidence intervals (Cls)
appear as symbols and error bars, respectively. Sources: Gough et al. (2007); Haber et al.

(2023). lllustrations by Catherine McGuigan.

performance and may promote tree—pest inter-
actions. For example, drought compromises the
physiological mechanisms that buffer trees
from the effects of insect pests by reducing leaf-
level photosynthesis and depleting internal car-
bohydrate reserves that sustain growth and
support refoliation (Plotkin ef al. 2021). In
western North American coniferous forests,

severity, exhibiting remarkably high levels of resistance to
insect pests before exceeding a threshold that leads to decline.
For instance, eastern North American temperate forests that
retain sufficient healthy vegetation and growth-limiting
resources through disturbance can sustain markedly high lev-
els of wood production, even when tree mortality exceeds 50%
(Flower and Gonzalez-Meler 2015; Stuart-Haentjens
et al. 2015; Dorheim et al. 2022). Carbon sequestration resist-
ance-disturbance severity relationships are poorly understood
but likely depend on the timing and amount of detritus pro-
duction, and subsequent rates of CO: released through decom-
position (Harmon et al. 2011).

The repeated and interacting effects of sequential pest and
pathogen disturbances may erode wood production and car-
bon sequestration resistance, particularly when cumulative
disturbance severity is high (Buma et al. 2014). Such com-
pounding disturbances are those that recur before ecosystem
structure or function recovers from an initial disturbance
event. Insect infestations are often compounding, occurring
repeatedly over multiple years (Boukouvala et al. 2022). In
some cases, compounding pest disturbances may be coinci-
dental or in response to the same environmental stimuli; how-
ever, in other contexts, an initial outbreak from one insect pest
promotes secondary outbreaks from others. Compounding
insect infestations that result in high levels of defoliation or

drought and warming exacerbate the negative
effects of pine bark beetle attacks on wood pro-
duction and, even more so, on carbon sequestration, as detritus-
fueled CO: emissions increase (Ghimire ef al. 2015). Similarly,
in eastern North American deciduous forests, warm weather
following wood-boring disturbance accelerates detritus decom-
position, reducing stand carbon sequestration (Dorheim
et al. 2022). In addition to direct physiological effects, warming
is linked to insect range expansions and population increases
(Johnson and Haynes 2023). Therefore, forests that experience
drought and warming may be primed for pest recurrence or
introductions. In extreme cases, repeated or prolonged environ-
mental and biotic stressors lead to “decline spirals” in ecosystem
goods and services, a phenomenon with ecological and eco-
nomic implications that motivated the development of tree
mortality risk indices for guiding forest management, conserva-
tion, and financial investment (Anderegg et al. 2015).

@ Ecological factors: biological and structural diversity,
and material legacies

Ecological factors influence wood production and carbon
sequestration resistance to insect pests primarily through their
effects on plant growth. However, indirect effects of distur-
bance on CO:z emissions, and consequently carbon seques-
tration, may occur through canopy structure-microclimatic

Front Ecol Environ doi:10.1002/fee.2861
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Resistance of forest ecosystem services to insect disturbance

interactions that alter decomposition rates. Below, we empha-
size the field-manipulatable plant-growth-related factors that
are most applicable to adaptive forest management strategies.
Adaptive forest management encompasses silvicultural
approaches that are dynamic, anticipatory, and reactive. Such
approaches adjust silvicultural practices in response to climate
change and emergent disturbances, with the goal of sustaining
(or minimizing the loss of) ecosystem goods and services.
While adaptive forest management practices have historically
emphasized climate resilience (Nagel et al. 2017), three mal-
leable ecological properties could enhance resistance to insect
pests: high species and structural (eg tree size-class) diversity;
sufficient quantities of legacy plant biomass; and reallocation
of growth-limiting resources, such as light, water, and nutri-
ents, to healthy vegetation.

Taxonomic and structural diversity may better equip temper-
ate forests to resist changes in wood production following insect
pest attacks for at least two reasons. First, because many insect
pests are host-specific, species-poor forests are more susceptible
to high levels of tree mortality when infestation occurs
(Verheyen et al. 2016). Second, biodiverse and structurally
diverse forests contain leaves optimized for a range of environ-
mental conditions and consequently the canopy as a whole uses
resources more thoroughly and efficiently to drive stand-scale
wood production (Ammer 2019). As a result, forests containing
a diversity of species and structures (eg large- and small-
diameter trees) may sustain high levels of wood production
even when a large fraction of leaf area is lost to disturbance,
because they fix more carbon per unit leaf area (Pretzsch
et al. 2015). Forests that are more biologically and structurally
diverse before disturbance may exhibit greater wood production
resistance relative to structurally uniform, monospecific stands
(Gough et al. 2021). After disturbance occurs, changes in bio-
logical and structural diversity and wood production some-
times track one another, suggesting structural shifts may predict
functional responses to insect pests (Figure 5; Niedermaier
et al. 2022). Patchy disturbances affect diversity directly by
modifying canopy structure and species” presence, and indi-
rectly through changes in canopy microclimate and, conse-
quently, resident species (Atkins et al. 2020).

Silvicultural treatments that enhance species and structural
diversity during and following insect pest disturbance could
help sustain wood production and carbon sequestration. For
example, thinning and uneven-aged forest management
approaches—ones that cultivate multiple tree size classes, pro-
mote heterogeneity in the resource environment, support a vari-
ety of plant species, and enhance the health of individual
trees—may buffer against the effects of insect pests (Fajvan and
Hille 2023). Crucially, models, experiments, and observations
demonstrate that intensively managed single-species, even-aged,
temperate forests, which are increasingly abundant in the US
Southeast and Pacific Northwest, could be more vulnerable to
insect pests than their more biologically and structurally diverse,
unmanaged counterparts (Forrester and Bauhus 2016). As a
consequence, and considering the increasing occurrence of
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Figure 4. Sequential years of compounding defoliation by spongy moth
(Lymantria dispar) reduced stem growth resistance of impacted individu-
als in southern New England oak-hickory (Quercus—Carya spp) forests as
leaf biomass and carbon fixation declined at the tree scale (Plotkin et al.
2021). Whether such tree-level responses scale to affect stand-scale
wood production and carbon sequestration depends on a combination of
factors, including disturbance severity, frequency of disturbance recur-
rence, and the quantity and growth of unaffected vegetation. lllustration by
Catherine McGuigan.
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Figure 5. Wood production resistance and structural diversity resistance
track each other following simulated wood-boring insect disturbance,
demonstrating the coupled nature of structural and functional responses.
The solid red line is 1:1, with the sign of individual values indicating the
direction and magnitude of change in wood production or structural diver-
sity following disturbance. Reproduced using data from Niedermaier et al.
(2022). lllustrations by Catherine McGuigan.
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insect pest disturbances, economically and ecologically moti-
vated investments in temperate forests may be more secure
when they are biologically and structurally diverse.

An additional ecological factor that determines wood pro-
duction and carbon sequestration resistance to insect pests is the
retention of material legacies: the plant and abiotic resources,
such as nutrients, that persist through disturbance and support
the recovery of ecosystem structure and function (Johnstone
et al. 2016). Plant-based material legacies include seeds and
other propagules, seedlings and saplings, bud-banks and stump-
sprouts, and mature trees, all of which contribute to compensa-
tory plant growth and, consequently, enhance wood production
resistance after disturbances from insects and other agents (eg
pathogens). Following experimental wood-boring in a temper-
ate forest, enhanced growth of healthy mature canopy trees ini-
tially stabilized stand-scale wood production (Grigri et al. 2020),
while seedlings and saplings constituted a larger fraction of total
wood production over time (Haber et al. 2023), as canopy-
interior sunlight increased (Atkins et al. 2023). Applying this
knowledge, forest managers should encourage seedling and sap-
ling regeneration before and during pest infestation, viewing
such preemptive growth as insurance against the negative eco-
logical and economic effects of disturbance. In contrast to
abrupt stand-replacing disturbances, the effects of slower-acting
insect pests on temperate forests may be largely mitigated via
real-time adaptive management (Felzer 2023).

The retention and reallocation of abiotic material legacies
such as nitrogen and other nutrients is also an important
determinant of wood production and carbon sequestration
resistance to insect pests. Severe disturbances from clear-cut
harvesting and fire (White et al. 2004), partial disturbances
from age-related senescence (Nave et al. 2011), defoliation by
foliage-feeding insects (Schowalter ef al. 1986), and moderate
levels of experimental tree mortality (Mathes et al. 2023) all
increase soil nitrogen pools as nutrient demand declines from
dead and dying trees. In extreme cases, soil nutrient pools may
increase at a rate that outpaces demand from healthy vegeta-
tion and microbes, causing losses through groundwater leach-
ing (Goodale et al. 2000) that stunt wood production and
carbon sequestration for decades to centuries (Crowley
et al. 2016). Because compensatory growth is constrained by
resource availability, the retention of both vegetation and
nutrients is crucial for maximizing resistance to insect pests.
Management that conserves and cultivates vegetation legacies
also supports the retention of growth-limiting nutrient lega-
cies. “Salvage” logging —the removal of dead or dying trees—
should be approached with caution in nutrient-poor forests,
because detritus contains nutrients that would otherwise be
recycled internally within the ecosystem and support future
plant growth (Taeroe et al. 2019).

@ Conclusion, application, and future directions

Our review of temperate forests highlights how disturbance
severity, source, and frequency, along with ecological factors

CM Gough et al.

such as diversity and material legacies, combine to influence
wood production and carbon sequestration resistance to
insect pests. To enhance resistance, we suggest forest man-
agers implement silvicultural practices that preserve or
increase the abundance of material legacies after insect pest
infestation. We also recommend greater implementation of
partial harvesting and uneven-aged regeneration approaches,
along with silvicultural practices that promote biological and
structural diversity, thus ensuring a range of shade toler-
ances, growth rates, and phenologies (Fahey et al. 2018).
More generally, developing and implementing biome-, pest-,
and host tree-specific forest management strategies in advance
of imminent insect outbreaks could increase ecosystems’
resistance to insect pests. Moving forward, forest managers
and academic researchers should work together to design
and implement studies addressing crucial uncertainties in
this area, while developing actionable and implementable
tools for effective adaptive forest management.

Our review has limitations. We focus on insect distur-
bances primarily in North America’s temperate forests, and
the ecological factors underlying resistance may vary or dif-
fer in importance across ecosystems and biomes. In addition,
insect pest attacks that increase stand-scale wood production
still could be ecologically damaging in other ways. For exam-
ple, defoliation can alter habitat and food availability for
wildlife and rare or endangered species adapted to a closed-
canopy environment. While the experiments that we high-
light are useful for disentangling climatic, disturbance, and
site-level effects on ecosystem processes, manipulations can-
not precisely mimic the timing and distribution of tree dam-
age or mortality, or elicit plant defense mechanisms triggered
through chemical signaling and gradually unfolding distur-
bance. Moreover, models often poorly predict ecological
responses to disturbance (McDowell et al. 2020). As a result,
models, experiments, and real-world observations are all
essential for identifying the range of ecosystem responses to
insect pests and the mechanisms supporting resistance, and
to informing adaptive management strategies. Finally,
although many studies have attempted to isolate or empha-
size the individual variables governing disturbance response,
the disturbance and ecological factors that we highlight are
interacting and are not independent of one another.
Nevertheless, our review of temperate forests in this era of
rising insect pest infestation demonstrates that resistance is
not futile; instead, evidence-based management that pro-
motes resistance could help sustain an array of ecologically
and economically valuable goods and services provided by
forests and highly valued by society.
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