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• Extreme climate events are becoming
more common, threatening insect bio-
diversity.

• Climate extremes can both directly and
indirectly impact insect species.

• The effects of climate extremes can be
large, but our understanding remains
limited.

• Further research is needed to better pre-
dict responses with climate change.
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Extreme climate events are predicted to increase in the future, which will have significant effects on insect bio-
diversity. Research into this area has been rapidly expanding, but knowledge gaps still exist. We conducted a re-
view of the literature to provide a synthesis of extreme climate events on insects and identify future areas of
research. In our review, we asked the following questions: 1) What are the direct and indirect mechanisms
that extreme climate events affect individual insects? 2)What are the effects of extreme climate events on insect
populations and demography? 3)What are the implications of the extreme climate events effects on insect com-
munities? Drought was among the most frequently described type of extreme climate event affecting insects, as
well as the effects of temperature extremes and extreme temperature variation. Our review explores the factors
that determine the sensitivity or resilience to climate extremes for individuals, populations, and communities.
We also identify areas of future research to better understand the role of extreme climate events on insects in-
cluding effects on non-trophic interactions, alteration of population dynamics, and mediation of the functional
the trait set of communities. Many insect species are under threat fromglobal change and extreme climate events
are a contributing factor. Biologists and policymakers should consider the role of extreme events in theirwork to
mitigate the loss of biodiversity and delivery of ecosystem services by insects.
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1. Introduction

Understanding the effects of extreme climate events is one of the
biggest challenges for conservation in an era of global change. An ex-
treme climate event is defined as a periodwhere climate conditions sur-
pass a threshold value from those previously observed (e.g., the 90th
percentile, a once-in-a-century event) that can elicit an extreme ecolog-
ical response (Smith, 2011). Climate variability has increased in recent
decades and is predicted to increase further, resulting in extreme events
becoming greater in duration, magnitude, and frequency (IPCC, 2014;
Seneviratne et al., 2014). Extreme climate events can significantly affect
ecosystem functions and services to human well-being (Du et al., 2018;
Sheldon and Dillon, 2016; Zhang et al., 2013). For instance, increased
duration of extreme heat days results in a decline in bumble bee diver-
sity (Soroye et al., 2020),which are important pollinators for agriculture
and natural systems (Garratt et al., 2014; Saunders, 2018). A recent
meta-analysis examining extreme weather events on wildlife deter-
mined that while many species demonstrate compensatory mecha-
nisms to mitigate negative effects, resilience was uncommon and
many populations failed to recover (Neilson et al., 2020). Climate vari-
ables can create synergistic effects, having larger ecological impact
than the additive effect of each variable independently (Crain et al.,
2008; Roland andMatter, 2016), thereby creating “ecological surprises”
where population declines are extreme (Christensen et al., 2006). Al-
though ecological responses to extreme climate events are often nega-
tive (e.g., population declines), such effects can be small (Maxwell
et al., 2019) or multiple climate variables may be antagonistic, resulting
in a positive ecological response (Jackson et al., 2016). Therefore,
predicting ecological responses to an extreme climate event requires
understanding of the mechanisms that drive these processes.

Extreme climate events occur when one or more climate variables
exceed the historic range of values in that region. We defined a climate
variable as any measure of temperature or precipitation, such as maxi-
mummonthly temperature, mean annual air temperature, or total win-
ter snowfall. Extreme weather differs from extreme climate events by
occurring within significantly shorter time periods (i.e., 1–2 days). We
therefore follow the IPCC categorization of extreme climate events as
abnormal departures in temperature or precipitation (e.g. 1st, 5th, or
10th percentile), but not phenomena related to extreme climate (e.g.
tropical cyclones, monsoons) or impacts on the physical environment,
such as floods orwildfires (Field et al., 2012). An example of an extreme
climate event occurred during Spring 2012 in North America when ab-
normally warm temperatures promoted some of the earliest plant
flowering on record (Ault et al., 2013; Ellwood et al., 2013). Our review
is not intended to be comprehensive of all possible climate extremes
and instead will focus on some notable examples of extremes in tem-
perature, temperature variability, and drought that are projected to in-
crease in the future.

Extreme climate events can threaten insect biodiversity. Wide-
spread declines in insects across the globe (Cardoso and Leather,
2019; Wagner, 2020) are in part caused by climate change (Maes
et al., 2010; Potts et al., 2010; Sánchez-Bayo and Wyckhuys, 2019;
Wilson andMaclean, 2011). Insects respond to changes inmean climate
(Bale et al., 2002; Forrest, 2016; Robinet and Roques, 2010), but only
more recently has research focused on the impacts of extreme climate
events on insects (Forister et al., 2018; e.g., Rocha et al., 2017; Soroye
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et al., 2020). Relative to other taxa, insects are expected to bemore sen-
sitive to climate change because insects are ectothermic, typically have
shorter dispersal ranges and lifespans (Bale et al., 2002), have develop-
mental timing dependent on climate-related cues (Bale and Hayward,
2010; Tobin et al., 2008), and have specialized interactions (e.g., plant-
pollinator, plant-herbivore, host-parasite) with other taxa (De Palma
et al., 2017;McDermott Long et al., 2017). For instance, climate variation
could have indirect effects that reduce insect populations through food
resources (Filazzola et al., 2020; Ogilvie et al., 2017). However, many in-
sects are r-selected species with short generation times that can repro-
duce rapidly and thus recover quickly at the population level following
an extreme event (Baudino et al., 2019; Ilg et al., 2008). Insects also have
a close relationshipwith climate,which has been captured in studies es-
timating changes in distribution from recent climate change (Kerr et al.,
2015; Lewthwaite et al., 2018). Consequently, insects are model indica-
tor taxa for extreme ecological responses to climate (Kharouba et al.,
2019). There is a need to synthesize the effects of extreme climate
events on insects to improve our ability to predict ecological responses
of climate change.

The effects of extreme climate events on insects are complex. Cli-
mate change is expected to increase the severity and frequency of ex-
treme ecological responses by insect communities in the future
relative to historic patterns (Fig. 1). The response of insect communities
to these events is highly species-specific, whereby some are more resil-
ient or sensitive to climate extremes. The effects on individuals within a
species are likely to scale up to the population and community levels
(Fig. 2). Predicting the response of extreme climate events on insects re-
quires understanding the effects associatedwith each level of ecological
organization (Fig. 2). Herein, we synthesize recent studies that have ex-
plored the impacts of extreme climate events on insect communities
and answer the following questions: 1)What are the direct and indirect
mechanisms throughwhich extreme climate events affect individual in-
sects? 2) What are the effects of extreme climate events on insect pop-
ulations and demography? 3)What are the implications of the extreme
climate events on insect communities?

2. Direct effects of extreme climate events

Extremes in themaximumdaily temperature can directly impact in-
sects, including causing mortality (Fig. 2). In the last few decades, there
has been an increase in hot temperature extremes and heat waves
(Meehl and Tebaldi, 2004; Seneviratne et al., 2014). Globally, insects
have a thermal maximum that is relatively consistent among all species
and if exceededwill causemortality from a loss ofmotor control (Addo-
Bediako et al., 2000; Sunday et al., 2011). Insects present in hot ecosys-
tems (e.g., tropics, deserts) are thus predicted to be the most impacted
by extreme heat events in the future (Deutsch et al., 2008; Diamond
et al., 2012). Recent studies indicate that hot extremes can also nega-
tively affect temperate species such as bumble bees (Oyen et al., 2016;
Soroye et al., 2020) and processionary moths (Rocha et al., 2017).
Even relatively short periods of extreme heat (2 days) have been iden-
tified to reduce insect fecundity and survival (Zhu et al., 2019). In addi-
tion to exceeding thermal maxima, extreme heat induces significant
stress and negatively affect insect behaviour and development
(Hamblin et al., 2017; McCauley et al., 2018). In a dragonfly species
(Erythemis collocata), heat stress caused non-lethal effects, such as



Fig. 1. A density distribution of the severity of ecological responses to extreme climate
events. With climate change, both the frequency (area under the curve) and severity
(width of curve) are expected to increase.
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triggering emerging individuals to have smaller wings which affected
flight performance and dispersal capacity (McCauley et al., 2018).
Smaller wings is a phenotypic response that allows for better thermal
regulation but at a cost to flight ability (McCauley et al., 2018). In a mi-
gratory locust (Locusta migratoria), heat stress disrupted ion balance
that did not recover once temperatures returned to normal, causing im-
paired movement for effected individuals (O'Sullivan et al., 2017). A re-
view by Abram et al. (2017) describes many behavioural responses of
insects to temperature extremes including effects on foraging,
Fig. 2. A conceptual framework for the effect of extreme climate events on the different ecolo
nature of extreme climate events on all three ecological levels and scaling of effects from i
especially the role of extreme climate events in driving non-trophic interactions, mediating de
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reproduction, and communication. Aquatic insects may be buffered
against short-term exposures to hot air temperatures, because their
thermal maxima can often be much greater than any change in water
temperature (Hotaling et al., 2020). However, there can be indirect ef-
fects from heat waves other than temperature-induced mortality, such
as increasing vulnerability to hypoxia for Ephemeroptera (Winter
et al., 1996). Warming past a certain temperature maximum for even
brief time periods can cause both lethal and non-lethal effects.

Extreme temperature variability can be equally as impactful as ex-
ceed a thermal maximum. Gradual warming provides an opportunity
for insect species with high plasticity to respond, including changes in
the number of instars, altering development timing, or triggering a dia-
pause (Pavan et al., 2013; Sgrò et al., 2016). However, extreme temper-
ature variability can be sufficiently abrupt to surpass thresholds that
prevent a response. A “false spring” is an example of extreme tempera-
ture variability that occurs when an abnormally warm period triggers
early spring onset in an ecosystem, that is followed by a frost event
(Augspurger, 2013; Chamberlain et al., 2019). False springs can cause
mortality in annual plants and damage to trees (Ault et al., 2013;
Inouye, 2008), which are important resources for over-wintering in-
sects at emergence. Although examined in plants, the direct effects of
false spring on insects is largely unexplored but gaining attention
(Forrest, 2016; Kharouba et al., 2014, 2018; Kudo and Ida, 2013;
Rafferty et al., 2015). Similarly, extreme climate variability in autumn
can have negative effects on insects. Bumble bee queens are relatively
tolerant of brief cold temperatures that approach their super cooling
point, but will die without entering winter diapause (Owen et al.,
2013). Abnormally warm autumn temperatures can influence the deci-
sion to delay diapause and thus leave populations susceptible tomortal-
ity via a cold-temperature spike (Bale andHayward, 2010). Research on
extreme climate events is expanding, but there are still significant
knowledge gaps with respect to temperature variability.

One of the more commonly explored types of extreme climate
events in ecology is droughts (Forister et al., 2018; e.g., Jentsch et al.,
2011;Marques et al., 2014). Drought can directly impact aquatic insects,
or insects with aquatic life-stages through increased risk of desiccation.
gical organizations of insects. The gears within this framework highlights the interactive
ndividual to community level. The text boxes each represent areas of future research,
mographics, and altering the functional trait sets of communities.
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In desert streams, drought-driven loss of perennial water flow causes a
significant change in the species composition of aquatic invertebrates
favoring mesopredators over top predators that failed to recover with
the return of typical precipitation levels (Bogan and Lytle, 2011). In ter-
restrial systems, there is also accumulating evidence that extreme
drought can directly affect insects, such as increased desiccation risk
for butterfly pupae (McDermott Long et al., 2017) and collembolans
(Elnitsky et al., 2008). Water availability can interact with temperature
extremes to impact insect species more than either variable on its own.
In two African butterfly species (Busseola fusca and Bicyclus anynana),
the inclusion of desiccation stress when modelling temperature ex-
tremes altered the potential suitable habitat range by more than 60%
(Barton et al., 2019). Although drought effects have received significant
attention in the ecological literature, a knowledge gap persists for ex-
treme drought effects, specifically direct effects of drought on the in-
sects themselves.

3. Indirect effects of extreme climate events

The resilience or sensitivity of insects to extreme climate events can
be determined by interactions among species because these events can
disrupt trophic structure (De Palma et al., 2017). Trophic interactions
can be disrupted by climate change because of a potential mismatch
in species range (Filazzola et al., 2020; Hickling et al., 2006) or in phe-
nology (Gordo and Sanz, 2006; Singer and Parmesan, 2010). A mis-
match in the co-occurrence between species can threaten interactions
including plant-herbivore, plant-pollinator, or host-parasite. For in-
stance, drought can impact insect pollinators via floral resources
(Phillips et al., 2018) or floral volatiles (Burkle and Runyon, 2016;
Gallagher and Campbell, 2017). Burkle and Runyon (2016) showed de-
clines in visitation by bees, flies, and butterflies to four plant species be-
cause of extreme drought leading to reduced number of flowers, their
display size, and the amount of floral volatiles. Extreme drought can
also compromise the ability of plants to resist herbivory and acts as a
driver in forests promoting both native and exotic phytophagous insect
species (Flower et al., 2014; Gaylord et al., 2013; Stephenson et al.,
2019). During the 2003 extreme drought in Western Europe, there
was a significant increase in wood-boring insects because of low host-
plant resistance, but a decline in defoliating species because of low ni-
trogen content in leaves (Rouault et al., 2006). Consequently, extreme
drought can favour pest species that cause widespread tree mortality
(e.g., Agrilus planipennis— Showalter et al., 2018), but negatively impact
other species from the reduced quality of food resource (Rouault et al.,
2006). Extremes in climate can disrupt or facilitate trophic interactions
resulting in a need to measure changes in interactions as well as the di-
rect effects on species (Seibold et al., 2018).

Extreme climate events can also impact non-trophic interactions in
communities (Filazzola et al., 2018) and is a relatively unexplored
area of research for insects. Climate change is expected to alter compe-
tition dynamics among species that indirectly affect insect populations
(Bale et al., 2002; Schweiger et al., 2010). For instance, exotic species
can receive a competitive advantage over natives with climate
(Schweiger et al., 2010). Such studies are rarely put in the context of ex-
treme climate events (Branson, 2014; but see Staley et al., 2007).
Clearly, there is a need to further explore the effects of extreme climate
eventswhile considering the complex relationships occurring in ecolog-
ical communities.

4. Extreme climate event effects on demography and population
dynamics

Extreme climate events have emergent impacts on insects at the
population level (Fig. 2). Most notable are effects on population growth
(Roland and Matter, 2016) caused by direct effects on survival, repro-
duction, fecundity, development, or dispersal (Chen et al., 2019;
Kuussaari et al., 2016; Piessens et al., 2009; Salgado et al., 2020).
4

However, the mechanism by which extreme climate events ultimately
affect population growth is complex (Boggs and Inouye, 2012). For in-
stance, for the mosquito, Aedes aegypti, Chaves et al. (2014) showed
that in autocorrelated environments a heat wave will decrease larval
survival and induce over-compensatory fecundity leading to population
outbreaks. Outbreaks of this type can have serious implications for
human health because A. aegypti is a vector for dengue, Yellow Fever,
and other diseases (Chaves et al., 2014). Not surprisingly, for species
with overlapping generations, the same event can have very different
effects for different stages.

Extreme climate events can produce a Moran effect (Moran, 1953)
where the dynamics of populations having a similar density-
dependent structure are synchronized by a strong density-
independent event. Synchronized population dynamics are especially
important in spatial population networks because they reduce the per-
sistence of the species (Heino et al., 1997). The synchronizing effects of
extreme climate events have been demonstrated empirically in butter-
fly meta-populations for Parnassius smintheus and Melitaea cinxia
(Kahilainen et al., 2018; Matter and Roland, 2010).

For insects, events that extend the normal phenology can set an
“ecological trap” resulting in low population growth across the
overwintering period. Negative impacts happen when some or all in-
sects attempt an additional, unsuccessful generation (Van Dyck et al.,
2015). This extra-voltinism can occur when insects emerge early, de-
velop more quickly, or continue to develop past their normal diapause
stage (Forrest et al., 2019). Both additional generations and early
emerging insects may be particularly susceptible to “extreme events”
that are not necessarily climatically extreme but are simply outside of
the conditions that the insect normally experiences.

Extreme climate events impact insect population genetics (Dillon
and Lozier, 2019). The events themselves can exert strong selection, po-
tentially favoring certain phenotypes (Grant et al., 2017; Sgrò et al.,
2016). Population crashes resulting from extreme events result in a
loss of genetic diversity (Jangjoo et al., 2016; Shama et al., 2011) and
an increase in inbreeding, both of which increase the risk of local popu-
lation extinction (Saccheri et al., 1998). In spatial population networks,
crashes induced by extreme climate events can alter genetic structure,
but how the effects are manifest depends on the relative effects of
gene flow (dispersal) and genetic drift. In a metapopulation of the
caddisfly, Allogamus uncatus in the Swiss Alps, the European heat
wave of 2003 caused population crashes and local extinctions. Follow-
ing the event there was a loss of genetic diversity within populations
and an increase in differentiation among drainage habitats that presum-
ably have limited dispersal (Shama et al., 2011). Similarly, population
crashes due to extreme overwintering conditions in a spatial population
network of the butterfly Parnassius smintheus (Roland and Matter,
2016) resulted in losses of genetic diversity (Jangjoo et al., 2020). In
this system, strong patterns of genetic isolation by distance were
eliminated by genetic drift associated with the crashes, but quickly re-
established due to dispersal (gene flow) among subpopulations in sub-
sequent generations (Jangjoo et al., 2020).

Extremes in climate in close successive association can negatively
impact populations. Extremes are inherently defined as departures
fromaverage, butwith climate change, variables (e.g., temperature, pre-
cipitation) are non-stationary resulting in extremes being constantly
redefined. Overtime, a gradual warming in temperature can promote
adaptation within an insect population (Bale et al., 2002; Forrest,
2016; Robinet and Roques, 2010), where a return to previously “nor-
mal” cold period could be an extreme event. Smaller populations
would be particularly susceptible because they lack the genetic variabil-
ity to respond to extremes in climate (Frankham, 2012; Hanski et al.,
2017; e.g. Hatcher et al., 2004). Although, as observed in Drosophila
melanogaster, extremes in temperature can sometimes result in a
slower than expected loss of genetic diversity with decreasing popula-
tion size (Schou et al., 2017). Depending on the timing, an extreme
may not be a departure from a long-term average, but rather the
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difference from a recent value (e.g., within a year) in the opposite direc-
tion. For example, species that experience acclimation to cold tempera-
tures are typically sensitive to heat thereafter (van Dooremalen et al.,
2013). Populations that are resilient to mean changes in climate could
still be susceptible to extreme climate events, especially those that
occur in opposite directions.

5. Effects of extreme climate events onpatterns of insect biodiversity

Extreme climate events drive changes in insect taxonomic, func-
tional and phylogenetic diversity, aswell as turnover in community pat-
terns that resolve distinct species compositions (Fig. 2). Despite many
studies of extreme climate events on single species, or single interac-
tions, there are fewer on impacts at the community level.

Insects are not equally affected by extremes in climate. Given the
temporal nature of extreme climate events, species active at different
times (e.g., spring-active vs. summer-active) within communities will
be affected differently, with consequences for diversity and ecosystem
functioning (e.g. phenological mismatch between bees and flowers,
Kudo and Ida, 2013). Unusually dry springs reduce early-blooming
flower densities that provide essential forage for bumble bee queens.
This in turn, increases colony failure and decreases the number of
workers in summer, thereby reducing the abundance and (to a lesser
extent) diversity of bees in the local environment (Thomson, 2016).
What flowers remain after an extreme climate event also impacts
queen nesting success as homogenous pollen diets (with some excep-
tions) lead to smaller colonies containing smaller workers, and thus
higher rates of nest failure (Watrous et al., 2019). Social insects may
therefore be more susceptible to extreme climate events early in the
seasonwhen colonies are getting established. By contrast, non-social in-
sects may be largely unaffected by an early extreme climate event be-
cause it provides a longer period for recovery. Comparing the
response of tropical and temperateflies, eachwere observed to be toler-
ant of heat extremes, but only the temperate species could tolerate cold
extremes (Chen et al., 1990). Insects globally share a similar thermal
maximum, suggesting tropical species are no better adapted to extreme
heat than temperate species (Addo-Bediako et al., 2000; Sunday et al.,
2011). Conversely, temperate species are threatened by both extremes
in temperature and temperature variability. For instance, in temperate
climates, univoltine reproduction is the most common (Wallace and
Anderson, 1996) and this single generation would be susceptible to ex-
treme temperature variability such as a false spring or abnormal freeze-
thaw events. Multivoline species that experience an extreme climate
event would have an opportunity for the population to recover within
the same year through multiple instances of reproduction (Chase and
Knight, 2003; Gerisch et al., 2012). The evolutionary history of a species
will therefore play a significant role in determining the response or vul-
nerability to an extreme climate event.

Insect species within a community may respond differently to ex-
treme climate events because of variation in functional traits that facil-
itate survival, despite acute changes in their environment. These traits
are often phylogenetically constrained and so shifts in patterns in taxo-
nomic, functional, and phylogenetic diversity are possible and drive
spatially distinct communities. Schowalter et al. (1999) manipulated
drought conditions on desert shrubs in New Mexico, demonstrating
no significant difference in insect species richness (>40 taxa identified)
between drought-stressed or control bushes, despite significant species
turnover resulting in distinct communities. This result was driven by
drought-stressed plants that produced significantly more flowers,
whereas irrigated shrubs produced more biomass, each condition
supporting different suites of insect taxa. Similarly, drought along a spa-
tial gradient promoted the abundance of xeric butterfly species over
mesic species with little change to the overall number of individuals
(Debinski et al., 2013). Distinct communities may result from extreme
climate events with little effect on taxonomic diversity. Prolonged
stressors, however, will ultimately lead to declines or extinction of
5

maladapted taxa. Lastly, community turnover resulting from extreme
climate events, may also manifest along an environmental gradient,
where effects are exacerbated at one end. Extreme climate events
such as droughtmay be buffered in cities due to supplemental irrigation
that alter patterns in insect communities from outside the city inwards
(e.g. greater beetle and ant diversity in urban vs non-urban; Bang and
Faeth, 2011).

Some insect communities can resist extreme climate events through
idiosyncratic responses among species to alternating extremes (e.g.
drought-resilient vs. drought-sensitive species) (Burkle and Runyon,
2016; Stephenson et al., 2019). Extreme drought can, however, exceed
the tolerance of the insect community if it persists substantially beyond
historic patterns. For example, the 2014 drought in California was the
most severe in over 100 years (Robeson, 2015) and significantly
lowered butterfly diversity at high elevation sites because of a shorter
flight window (Forister et al., 2018). In another example, Lindberg
et al. (2002) showed that in soil micro-invertebrate communities facing
drought conditions, collembolan abundance and diversity declined, and
drought was more important in structuring insect communities than
was irrigation. Persistent species will have functional traits that, for ex-
ample, help resist drought. Since functional traits are often phylogenet-
ically conserved, extreme climate events should drive declines in
functional and phylogenetic diversity, especially when these events
are persistent but variable in frequency and alter insect reproductive fit-
ness (Colinet et al., 2015).

6. Synthesis and implications

We present a conceptual figure that summarizes the effects of ex-
treme climate events on insects across the different organizational
units in ecology (Fig. 2). In this figure, we highlight the significant and
complex effects of extreme climate events on ecosystems. These are
key areas where research is limited, especially on mediation of popula-
tion synchrony, ontogenetic effects, and the promotion of exotic species.
Correlations among population sizes of a species have been proposed to
follow correlations with local climate conditions, i.e., the Moran effect
(Moran, 1953), but recent work suggests this approach is overly reduc-
tionist and that there is a need for better understanding of climate
change effects on dispersal and species interactions (Hansen et al.,
2020). Similarly, the effects of extreme climate events on ontogeny is
another topic to explore further. Within our review, we highlighted no-
table examples of climate driven changes to insect development, such
warmer temperatures reducing the number of caterpillar instars
(Pavan et al., 2013) or the wing size of dragonflies (McCauley et al.,
2018). However, these are rarely tested through the lens of extreme cli-
mate events that could increase deleterious effects. Lastly, extreme cli-
mate events are expected to promote exotic species by increasing the
susceptibility of a community to invasion (Diez et al., 2012; Jiménez
et al., 2011). While these effects have been rarely examined in insects,
the potential impacts could be significant, such as drought facilitating
pest species like the Emerald Ash Borer (Agrilus planipennis —
Showalter et al., 2018).

The sensitivity or resilience of a species is dependent on factors such
as physiological characteristics, interactions between species, and life-
history strategies. Some traits of insect species could provide resilience
to multiple forms of extreme climate events, such as desiccation
(i.e., drought) and cold tolerance (e.g., extreme cold events) because
they have the same physiological mechanisms. At the population level,
density-dependent feedbacks could rapidly recover a population fol-
lowing an extreme event if other characteristics of the habitat, such as
food resources, remain abundant (Neilson et al., 2020). However,
there is no “one-size fits all” set of traits that allows a species to be im-
mune to all events. There are many different forms of extreme climate
events, despite our focus on temperature extremes, temperature vari-
ability, and drought. A central component to a species' ability to resist
an extreme climate event is plasticity and tolerance to variability.
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Additionally, certain life-stages that are more vulnerable to climate ex-
tremes because they lack the capacity for a plastic response, such as re-
ducing reproductive output or extending winter diapause. Genetic
variation is thus a key component of resilience at the population level.
For instance, populations with genetic polymorphisms of
phosphoglucose isomerase (PGI), have been identified to have greater
thermal adaptation and resilience to climate extremes for the butterfly
Lycaena tityrus (Karl et al., 2008) and the beetle Chrysomela aeneicollis
(Dahlhoff and Rank, 2000). At the community level, assemblages that
are more diverse are likely to be more resilient to extreme climate
events because different species can capitalize on opposite ends of the
gradient. Connecting the effects of extreme climate events across
these levels of ecological organization will allow for more accurate pre-
dictions for insect communities.

Extreme climate events are expected to increase in the future and in-
sects are expected to be strongly affected. Research in experimental bi-
ology has made excellent progress identifying limits in insect
physiology, but these are often restricted to laboratory, greenhouse,
andmesocosm studies that ignore the complexity of ecological commu-
nities. Measuring the response of insect communities to extreme cli-
mate events in the field are often restricted to opportunistic studies
because by inherently these events are rare (although increasing). Fur-
ther research is needed, and we identified potential research gaps un-
derstanding the role of extreme climate events in driving non-trophic
interactions,mediating demographics, and altering the trait sets of com-
munities. Additionally, knowledge of insect biodiversity is relatively
crude, and baselines might not exist to compare responses to extreme
climate events in many environments. Long-term population monitor-
ingwould be an effective tool to assist in quantifying the response of in-
sect biodiversity to extreme climate events. Better understanding of
extreme climate events on insect communities can allow proper man-
agement to maintain the delivery of ecosystem services and support
global biodiversity.
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