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Contemporary global change is altering ecosystems at an unprecedented pace and

scale. This critical period is a crisis for biodiversity, but the perturbations caused by

global environmental change also offer new opportunities to study the evolution of

species boundaries—their persistence, formation, or collapse—over rapid evolutionary

timescales. Increasing temperature means and fluctuations have the potential to alter

gene flow between species through changes in species distributions, interactions,

life history, and temperature-dependent behavior. This is particularly true for insects,

whose geographic ranges, behaviors, and life history traits are temperature dependent.

Here, we review the potential for climate change to influence gene flow and species

boundaries between closely related insect species. We focus on studies that have

tracked changes in climate and insect distributions and/or have evaluated temperature

dependent reproductive barriers between species.
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“It is the mode of life as a whole that is challenged by the environment”
-(Masaki, 1961)

Our understanding of the nature of species boundaries—the delineation of species through
reproductive barriers—comes largely from studies of range expansions and secondary contact
during the Quaternary ice ages (∼2.4 Mya, Hewitt, 2011; Canestrelli et al., 2016). The hybrid zones
formed by these range expansions are windows on evolutionary process, places where we can link
phenotypes that maintain species boundaries with their underlying genotype and the processes
that drove their divergence (Hewitt, 1988; Harrison, 1990). Contemporary global change is altering
species’ habitat at an unprecedented pace and scale. This critical period is a crisis for biodiversity
(Dirzo et al., 2014; Wiens, 2016), including insects (Sánchez-Bayo and Wyckhuys, 2019). These
perturbations also offer a new opportunity to study the evolution of species boundaries—their
persistence, formation, or collapse—over rapid evolutionary timescales (Brennan et al., 2015; Taylor
et al., 2015; Grabenstein and Taylor, 2018).

Geographic variation within species is key to understanding at what level and how consistently
species boundaries will respond to climate change (Rowe et al., 2014). Although we often think
of “species interactions” as constants, they clearly vary, because species themselves are variable, as
are the environmental contexts of their interactions (Harrison, 1985; Larson et al., 2014; Mandeville
et al., 2015, 2017). If species are adapted to local climate, then they will respond differently to climate
change across their range. This is true for all aspects of climate change (e.g., temperature, humidity,
and precipitation), but in particular, latitudinal variation in temperature is changing rapidly and can
play a significant role in reproductive timing and behavior in many organisms (Senner et al., 2017).

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2019.00348
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2019.00348&domain=pdf&date_stamp=2019-09-20
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles
https://creativecommons.org/licenses/by/4.0/
mailto:erica.larson@du.edu
https://orcid.org/0000-0003-3006-645X
https://orcid.org/0000-0002-0049-5539
https://orcid.org/0000-0001-9580-9125
https://doi.org/10.3389/fevo.2019.00348
https://www.frontiersin.org/articles/10.3389/fevo.2019.00348/full
http://loop.frontiersin.org/people/608691/overview
http://loop.frontiersin.org/people/683606/overview
http://loop.frontiersin.org/people/807562/overview


Larson et al. Insect Hybridization and Climate Change

Temperature changes may differentially affect reproduction and
life-history traits of populations at different latitudes and/or
elevations (Cohen et al., 2018), leading to varied consequences
for populations occupying different regions of geographically
expansive ranges. For example, populations at lower latitudes
may have narrower thermal tolerances and be more affected by
changing temperatures (Janzen, 1967; Addo-Bediako et al., 2000).

Insects may be particularly susceptible to anthropogenic
temperature change because their ranges, life history traits (e.g.,
lifecycle, development time), and behaviors (e.g., song) are often
temperature dependent (Tauber and Tauber, 1981; Masaki, 1983;
Doherty, 1985). Increasing temperature means and fluctuations
have the potential to alter gene flow between insect species
through changes in distributions, interactions, life history, and
temperature-dependent behavior. Here we review the potential
for climate change to influence gene flow and species boundaries
between insect species. We focus on studies that have tracked
changes in climate and insect distributions and/or have evaluated
temperature dependent reproductive barriers between species.
Our goal is to highlight the exciting field-based experiments
that are possible as insects respond to changing climate, and
the opportunities to understand the origin and maintenance of
biodiversity in insect hybrid zones.

SEASONAL LIFE CYCLE VARIATION IN
INSECTS

Seasonality shapes nearly all aspects of an insect’s life history.
Development, activity, and reproduction are all synchronized
to seasonal fluctuations in light, temperature, moisture, and
resource availability (Masaki, 1961; Tauber and Tauber, 1981).
Often, insects withstand seasonal extremes via diapause—a
period of low metabolic activity and developmental arrest
triggered by daylight and/or temperature. In species with
large ranges, seasonal adaptation is complicated by latitudinal
and elevational transitions in season length, temperature and
photoperiod (i.e., changes in day length). For some insects,
diapause is obligatory and the developmental timing of diapause
is fixed throughout their range (e.g., Berner et al., 2004).
Other insects can respond to the length of the growing season
by changing the onset (initiation) and close (termination) of
diapause (e.g., Dingle et al., 1990; Dingle and Mousseau, 1994).
In some cases, changes in the timing and duration of diapause
determines the number of generations per year (voltinism).
Across the range of a single species, populations can shift from
one generation at higher latitudes or elevations to two or more
generations per year at lower latitudes or elevations (including
non-diapausing populations) (Levy et al., 2014). In the extreme,
diapausing twice in a single life cycle is common in northern
or high elevation species, likely because insects in these habitats
need two seasons to complete development (Pickford, 1953).

To accommodate shifts in the length of growing season or
the number of generations per year, some insects can adjust
their rate of development. This appears to be more common
in insects with long development times relative to the growing
season (i.e., species with many nymphal stages, see Kivelä

FIGURE 1 | How season length can affect the number of generations per year

(voltinism) and body size in insects. As latitude or elevation increases, changes

in the termination and initiation of diapause can shift to accommodate

decreasing season length. Likewise, insects may develop faster and/or reach

smaller adult body sizes to accommodate shorter growing seasons. Body size

can also decrease in the south as species accommodate more generations

per year. This figure is modified from Levy et al. (2014).

et al., 2011). For instance, the Emma field cricket, Telogryllus
emma, is distributed across Japan and develops more quickly
in northern populations than in southern populations (Masaki,
1967). The rate of development may in turn affect body size—
shorter growing seasons can select for more rapid development
and smaller body size (Parsons and Joern, 2013). In insects,
this phenomenon has been called the Converse of Bergman’s
rule (Masaki, 1967; Mousseau, 1997). However, there is not a
simple correlation between body size and latitude. As species
shift from continuous development at lower latitudes they
can transition to two generations a year (bivoltinism) before
reaching one generation a year (univoltinism) at higher latitudes.
Fitting two generations in per year in mid-latitudes may come
at a cost to body size (Figure 1). As a result, insects often
have a concomitant shifting distribution in body size and life
cycle across latitudinal and elevational gradients, known as a
“sawtooth” pattern (Masaki, 1978a).

The shift in seasonal phenologies in insects can be so striking
that Masaki (1978b) proposed the term “climatic speciation” to
explain the parapatric distributions of populations with differing
seasonal phenologies across latitudes. Indeed, temporal isolation
due to local seasonal adaptation has been documented in many
species [Table 1, see also references in the very thorough review
by Taylor and Friesen (2017)], though perhaps climatic speciation
is not as widespread as Masaki envisioned. Species that are
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TABLE 1 | Examples of species or subspecies temporally isolated through seasonal phenology.

Species/subspecies Common name Estimated

divergence

Nature of temporal

isolation

Evidence of moving hybrid zone,

range expansion or host shift?

References

Allonemobius socius

and A. fasciatus

Ground crickets 6,000–60,000 ya Latitudinal variation in

voltinism

Hybrid zone is moving northwards Howard, 1986; Tanaka,

1991; Britch et al.,

2001

Gryllus firmus and

G. pennsylvanicus

Field crickets 200,000 ya Time in egg to adult

development, latitudinal

variation in G. firmus

development time

Hybrid zone may be expanding, but

possible correlations with climate

have not been studied

Harrison, 1985; Larson

et al., 2013

Inurois punctigera early

and late-winter adults

Japanese winter

geometrid moths

Mean FST 0.382

(mtDNA), 0.027

(AFLP)a

Seasonal adult emergence Dispersal to harsher winter climates is

predicted to lead to repeated shifts to

early and later winter adults.

Yamamoto and Sota,

2009, 2012

Magicicada spp. 17-

and 13-year life cycles

Periodical cicadas ≥0.5 Mya Seasonal adult emergence.

Species are isolated by

differing life cycles as well as

broods that emerge in

different years.

Life cycle switching is believed to be

due to selection pressure from

changing climate.

Marshall and Cooley,

2000; Simon et al.,

2000; Cooley et al.,

2001; Sota et al., 2013;

Koyama et al., 2016

Melanoplus devastator

and M. sanguinipes

Grasshoppers Mean FST 0.5 Development time and

reproductive diapause

Orr, 1996

Neophasia menapia

Early and late adults

Pine white butterfly GST 0.057 (goat

mountain), 0.031

(mendocino

pass)b

Seasonal adult emergence Bell et al., 2017

Ostrinia nubilalis

E and Z

pheromone strains

European corn

borer moth

FST = 0.05 Latitudinal variation in

voltinism

Introduced in early 20th century,

subsequent range expansion

Dopman et al., 2010;

Dopman, 2011; Levy

et al., 2014; Kozak

et al., 2017

Papilio glaucus and

P. canadensis

Swallowtail

butterflies

0.5–0.6 mya Seasonal adaptation

(diapause and growth)

Ording et al., 2010;

Scriber, 2011; Scriber

et al., 2014; Ryan

et al., 2018

Polyommatus agestis

and P. artaxeres

Brown argus

butterfly

NA Latitudinal variation in

voltinism

The southern species is expanding

northward, likely displacing the

northern species hybrid zone is

expanding

Mallet et al., 2010

Rhagoletis pomonella

apple and haw races

Apple maggot fly ∼160 ya Seasonal adult emergence,

corresponding to host

phenology

Feder and Filchak,

1999; Filchak et al.,

2000; Ragland et al.,

2012

Thaumetopoea

pityocampa winter and

summer larval strains

Pine processionary

moth

560 generations Seasonal diapause timing The southern summer strain initially

spread along the Portugal coast, but

species distribution models predicted

that the summer strain range will

decrease with climate change.

Pimentel et al., 2006;

Santos et al., 2007,

2011; Burban et al.,

2016; Godefroid et al.,

2016; Leblois et al.,

2017

aCalculated from Yamamoto and Sota (2012).
bGST between early and late flight adults within a site were similar to GST between geographically isolated populations.

distributed across large latitudinal or elevational gradients often
have different seasonal lifecycles, but still maintain sufficient
gene flow to be considered a single species (Amari et al., 2018).
However, climate change may dramatically alter interactions
among species or parapatrically distributed populations. For
species to persist in the face of climate change, populations must
synchronize their phenology with the environmental conditions
and with other interacting populations (Senner et al., 2017).

Insects are responding to climate change by altering the
seasonal timing of adult emergence (Diamond et al., 2011;
Maurer et al., 2018). For example, over the past 50 years,

Rocky Mountain grasshoppers at high elevation have delayed
development, while low elevation populations have advanced
development (Buckley et al., 2015). Insects are also responding
by increasing the number of generations they have per year
(Tobin et al., 2008; Altermatt, 2010). Even the simplest changes in
insect life cycles can affect temporal isolation between sympatric
taxa (Taylor and Friesen, 2017). Species may adjust the timing
of diapause or the number of generations per year so that
reproductive activity among populations or species are no
longer synchronized (Santos et al., 2007, 2011) or there is less
temporal isolation between closely related species (Dopman et al.,
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FIGURE 2 | Possible outcomes of insect range changes on the potential for hybridization. As insect ranges change due to climate, we can expect that some species

that were previously allopatric will have new areas of contact (A). Likewise, ranges may shrink for some species or populations, potentially decreasing hybridization or

gene flow (B). Species that already interact in hybrid zones may experience new species interactions (e.g., changing species densities, new environmental contexts)

as hybrid zones shift with changing species ranges (C). As species occupy new habitat, there is the potential for herbivorous insects to shift to new host species,

leading to increased or decreased contact with other species (D).

2010). Shifts in the timing of adult emergence will change
the context of species interactions: reproductive barriers may
collapse, or climate change could lead to losses of population
connectivity (Grabenstein and Taylor, 2018). Although we have
focused on temperature, all aspects of climate change will affect
insect seasonal phenology, particularly precipitation (which also
influences diapause timing). Changes in seasonal life cycle are
also intimately tied with changes in species distributions and host
plant shifts.

RANGE EXPANSIONS WITH CHANGING
CLIMATE

As global climate rapidly changes, insects are modifying their
distributions. Using historic and contemporary surveys, coupled

with climate data, studies have documented both northward and
elevational range expansions (Parmesan et al., 1999; Nufio et al.,
2010; Breed et al., 2013; Menéndez et al., 2013; Ryan et al., 2018)
or changes to insect migration routes (Sparks et al., 2007). So
far, we lack the ability to predict which species will undergo
range expansions, which appears to be species dependent
(Hellmann et al., 2008; Menéndez et al., 2013). However, it
is clear that species’ responses to climate change are leading
to new (Wellenreuther et al., 2010) or shifting (Ryan et al.,
2018) overlap between species (Figure 2A). Climate change will
also lead to range contractions (Merrill et al., 2008), and the
greater potential for loss of population connectivity and isolation
(Figure 2B).

Beyond the generation of new regions of hybridization, species
that currently interact in hybrid zones may experience changing
species interactions as hybrid zones move in response to climate

Frontiers in Ecology and Evolution | www.frontiersin.org 4 September 2019 | Volume 7 | Article 348

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Larson et al. Insect Hybridization and Climate Change

change (Figure 2C). While hybrid zone movement is likely
common (Buggs, 2007), and in fact expected for hybrid zones that
are associated with environmental factors [e.g., mosaic hybrid
zones (Harrison, 1986), clinal hybrid zones (Endler, 1977)],
there are few long term studies of shifts in insect hybrid zones,
and fewer still that link movement to environmental variation
(Dasmahapatra et al., 2002). As a result, how modified species
interactions in insect hybrid zones might be altered by climate
change generally remains unclear. Still, moving hybrid zones are
excellent opportunities to study the nature of species interactions
and a concerted effort should be made to detect moving hybrid
zones and consistently sample them through time. The few long-
term studies of moving insect hybrid zones have provided some
of our most robust observations of climate-related introgression:
more discoveries will be made if we pay closer attention to
moving insect hybrid zones.

For example, theMichigan portion of the hybrid zone between
two North American tiger swallowtail butterflies in the genus
Papilio (P. glaucus and P. canadensis) has shifted northward in
response to climate change over the last∼30 years (Scriber, 2011;
Scriber et al., 2014; Ryan et al., 2018). By tracking the hybrid
zone through time, Scriber and colleagues have learned much
about interspecific gene flow, ecological divergence, incipient
speciation, and hybrid zone movement. Importantly, researchers
have been able to document introgression of species-specific
alleles in response to climate change. This includes alleles related
to the ability of Papilio larvae to detoxify host plants, which have
introgressed northwards 200 km over the past 15 years due to
strong selection on novel detoxification phenotypes produced
within the hybrid zone (Scriber, 2011; Scriber et al., 2014). Alleles
related to diapause control have also introgressed northwards
in the Papillo hybrid zone, highlighting how range expansions
can correspond to changes in seasonal phenologies (Crozier and
Dwyer, 2006).

The link between range expansions and seasonal adaptation
is not always intuitive. The mosaic hybrid zone between the
ground crickets Allonemobius fasciatus (northern species) and A.
socius (Howard and Waring, 1991) was shown to have shifted
northward over a 14-year period (Britch et al., 2001). This shift
is due, at least in part, to year to year variation in population
growth rate of either species. Hybrid zones are often at the edge of
a species’ range, so even slight perturbations to the environment
may have amajor impact on the relative fitness of parental species
or hybrids where populations overlap. However, the northward
expansion of A. socius may be constrained by the A. socius
bivoltine lifecycle (Fedorka et al., 2012). Moving hybrid zones are
a complex interaction between population level dynamics, and
the potential for local adaptation (i.e., standing genetic variation
or phenotypic plasticity).

Both the Papillo and Allonemobius hybrid zones have been
studied extensively in one region of a fairly large area of
contact. The geographic consistency of the patterns that have
been documented is unknown. Replicating these studies across
different areas of contact will give us greater insight into how
local adaptation and population structure influence changing
species contact zones. In general, we should aim to study
geographically expansive hybrid zones that can provide new

insight into the consistency of reproductive barriers across
different climatic gradients (see section “Ways Forward”).

INTERACTIONS BETWEEN SEASONALITY
AND HOST PLANT SHIFTS

Climate change is predicted to alter herbivorous insect and host
plant interactions. The availability and quality of host plants
can be altered by changing temperatures and precipitation. Host
plant populations may decline, forcing insects to shift to novel
hosts (Parmesan, 2006), or the stress of increasing temperatures
and drought may expose plants to novel pests, facilitating the
spread of some herbivores (Jamieson et al., 2012). Changing
seasonal phenologies for insects or their hosts can cause insects
to become desynchronized with their host plant, possibly forcing
them on to a new host. Host plant shifts (and associated range
expansions) can lead to increased or decreased contact between
species or involve changes in seasonality (Forbes et al., 2017;
Figure 2D). An excellent example of this is the apple maggot
fly, Rhagoletis pomonella, which underwent a host shift from
North American native hawthorn fruit to introduced apple trees
in the 1860s (Bush, 1969). Apple host races of R. pomonella have
advanced their adult emergence by ∼3 weeks to accommodate
the earlier availability of apple fruit, causing temporal isolation
between apple and hawthorn host races (Feder and Filchak,
1999; Filchak et al., 2000). This means that apple host races
enter diapause earlier in the fall while temperatures are still
relatively warm. Metabolic rates in insects increase with external
temperature, even during diapause, and the apple host races
must maintain higher energy stores to survive longer pre-winter
diapause (Ragland et al., 2012). The shift from haw to apple
may have been preceded by prior host shifts in the R. pomonella
species complex, secondary contact, and gene flow among
allopatric populations as R. pomonella species expanded their
ranges from isolated southern populations in the US and Mexico
(∼1.5 mya). As R. pomonella species moved north, the timing
of their diapause likely shifting with increasing latitudes and
novel host species (e.g., snowberries, blueberries, sparkleberries,
flowering dogwood, and finally apple; Feder et al., 2003, 2005; Xie
et al., 2008; Mattsson et al., 2015).

COUPLING AND MISMATCH OF SIGNALS
AND CHOOSER PREFERENCES

Global climate change poses largely unknown threats to insect
reproduction (Dell et al., 2011; Narins and Meenderink,
2014; Gibert et al., 2016). Individuals mate within critical
temperature ranges, and the signals that some insects use to
communicate are thermally sensitive (Dolbear, 1897; Edmunds,
1963; Doherty, 1985; Pires and Hoy, 1992; Conrad et al.,
2017). Acoustic communication is the primary sexual signal
for many insects and insect songs can be used in long-
distance mate location, courtship, and male-male competition
contexts. Several characteristics of songs (e.g., frequency,
pulse length, interpulse length), but most notably, the pulse
rate, are temperature-dependent; the pulse rate of cricket
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songs, for instance, quite famously increases linearly with
temperature in multiple species (Walker, 1962; Walker and
Cade, 2003). The temperature-dependent aspects of signals are
often the very traits that are used to identify appropriate mates
(Beckers and Schul, 2008).

Sexual signals are typically coupled with chooser (often
females) preferences for those signals within species, ensuring
that males attract conspecific females and females respond
to conspecific males. Temperature coupling in reproductive
traits (correspondence between changes in male signals and
female preferences with temperature) has been demonstrated in
several insects in response to temperatures experienced during
development (Grace and Shaw, 2004) or as adults (Doherty
and Hoy, 1985; Pires and Hoy, 1992). But, signal-preference
mismatches are likely to stem from climate change because
chooser preferences are not consistently thermally sensitive
(Greenfield and Medlock, 2007; Deutsch et al., 2008). For
instance, the mean carrier frequency of the courtship songs of
Drosophila montana is temperature-dependent, but there is no
temperature coupling of female preferences for carrier frequency
(Ritchie et al., 2001). If the increased mean temperatures
and temperature fluctuations characteristic of climate change
shift male signals but not female preferences, or signals and
preferences shift in different ways or to different degrees, we may
find signal-preference mismatches with a variety of reproductive
consequences (Figure 3). These consequences include mating
with other species if altered temperatures increase the overlap
between female preferences and heterospecific signals (Jang
and Gerhardt, 2006) by changing characteristics of preference
functions like peak preference, strength of preference, or
tolerance (sensu Rodríguez et al., 2012). Increased temperatures
may also reduce females’ threshold for mating, increasing the
frequency of mating and perhaps the likelihood of mismating
(Kindle et al., 2006).

Cricket songs provide a concrete example. Divergence in song
and mate preferences has played a key role in diversification
of crickets (Otte, 1992; Mendelson and Shaw, 2005). Cricket
songs consist of repeated pulses of sound organized into
groups of chirps or trills. Males produce a conspicuous long-
distance calling song to attract females from afar and, once
in close proximity, switch to a lower intensity courtship song
that is required before females will mount to receive the
sperm-containing packet. Female crickets show the strongest
preferences for temporal features of the calling and courtship
songs (Gabel et al., 2016), and both songs contribute to pre-
copulatory isolation between species (Fitzpatrick and Gray,
2001; Jang and Gerhardt, 2006; Maroja et al., 2014; Gray
et al., 2016; Hennig et al., 2016). Closely related Hawaiian
swordtail crickets (Laupala sp.), for instance, are ecologically
and morphologically indistinguishable, but differ primarily in
the pulse rate of their courtship song, which is thought to be
reproductively isolating (Mendelson and Shaw, 2002, 2005). If
increased temperatures shift female preferences directionally so
that they encompass pulse rate characteristics of closely related
species that co-occur geographically, we should find a signal-
preference mismatch within species and increased mismating
between species (Figure 3).

FIGURE 3 | Potential impacts of climate change on temperature dependent

signals and preferences. Signals and chooser preferences are typically

coupled (A). If increased mean temperatures, for instance, shift signals but not

chooser preferences (B), or chooser preferences but not signals (C), or signals

and preferences shift differentially (not shown), we might expect mismatches

that lead to heterospecific mating. In (C) we show one possible shift in

chooser preferences (more “relaxed” preference functions with high relative

chooser responsiveness that encompasses more signal values), but shifts in

peak preference and other characteristics are also possible.

Finally, behavioral ecologists have recently emphasized the
importance of distinguishing between choosers’ preferences and
the mating decisions they make (Rosenthal, 2017). Preferences
are not always reflected in mating decisions, and both are
environmentally dependent. Even in the absence of changes in
preference functions (the response of choosers to variation in
signalers traits), if shifts in climate alter individuals’ motivation
tomate, sexual receptivity, or choices (including through changes
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in species interactions and changes in range or climate described
above), there will be consequences for gene flow and the
boundaries between closely related insect species.

WAYS FORWARD

The long-term permanence of species boundaries in the face
of rapid change has been difficult to study, in part because
interactions between closely related species are not constants.
We have highlighted ways that reproductive barriers between
species can be temperature sensitive. Future studies should
conduct manipulative experiments to determine the temperature
dependence of reproductive traits such as development time,
host plant associations, and sexual signals. We should expand
our taxonomic framework for studying the impacts of climate
change on species boundaries. Much of the existing work has
focused on a few well-studied groups (e.g., Lepidoptera and
Orthoptera, see Table 1), which are poor generalizations for
the diversity of insects. Perhaps most importantly, we should
account for variation within species and the environmental
context of their interactions (Larson et al., 2014; Mandeville et al.,
2017). We lack geographically comprehensive field-based studies
that account for variation within species, ecological context,
and environmental changes. To understand how species will
respond to climate change, we need to study geographic variation
in the maintenance of species boundaries. This will involve
studying species interactions across broad latitudinal or elevation
transects. Patterns across these scales will be complicated by
abiotic gradients, such as temperature, but also diet, predators,
parasites, and competitors will determine the nature of species
interactions (Masaki, 1961). The hardest aspect may simply be
sampling populations across large continental scales.

Natural history collections are an obvious way forward for
documenting changes in insect phenology and ranges (Kharouba
et al., 2019). Collections provide a record of the recent past
(Holmes et al., 2016), and can be a baseline for tracking insect’s
changing phenologies and geographic locations. Natural history
collections have been successfully used to pinpoint the past
timing of adult emergence (Nufio et al., 2010; Maurer et al.,
2018), and to track changes in species ranges (Ryan et al., 2018).
Collections and survey data (see citizen science data below)
are limited to telling us that an event happened, but not the
exact timing of the event in most cases. However, statistical
methods can provide fairly accurate estimates of sparsely sampled
populations (Pearse et al., 2017). Coupled with burgeoning
methods for sequencing and analyzing historic DNA (Bi et al.,
2013; Jones and Good, 2015; Ali et al., 2016), collections can be
used to contrast historic and contemporary gene flow. Not only
should we utilize natural history collections as much as possible,

but we should make a concerted effort to add to collections
through specimens, photo documentation and preservation of
quality tissue samples for genomic analyses. These collections are
particularly important in hybrid zones, where temporal datasets
will allow future scientists to directly observe the impacts of
climate change on species boundaries (Taylor et al., 2015).

Much of what we know about the effects of climate change
on insects are based on insect pests with long-term monitoring
(Boggs, 2016). In the future we should expand the taxonomic
diversity of climate change studies and use creative ways to collect
data through citizen science projects with the public or in the
classroom (Silvertown, 2009; Dickinson et al., 2012; Breed et al.,
2013). Early citizen science projects often focused on charismatic
vertebrates (e.g., eBird Sullivan et al., 2009), and initially the
path forward for citizen science of less popular organisms, like
insects, seemed less tractable. Now applications like iNaturalist,
insect tracking websites (Berenbaum, 2012; Prudic et al., 2017),
and public Bioblitzes are increasing natural history awareness
and making citizen science data about insect distributions more
accessible (Basset and Lamarre, 2019).

We are facing the devastating loss of uncharacterized
biodiversity of insects (Habel et al., 2019; Sánchez-Bayo and
Wyckhuys, 2019). While this is an unprecedented crises, these
perturbations are also field-based experiments that provide
an opportunity to understand the origin and maintenance of
biodiversity (Taylor et al., 2015). Hybrid zones have provided
many insights into the nature of species boundaries (Harrison
and Larson, 2014; Gompert et al., 2017), but extant hybrid zones
have formed and shifted over glacial scales. Climate change is an
opportunity to understand how changing environments lead to
new species, through the disruption of gene flow, the collapse of
species through the breakdown of barriers, or the maintenance
of species boundaries—all at a pace that is observable in
our lifetime.
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