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Disruptive effects of climate change include range shifts, phenological mismatches
among consumers and producers, and population declines. While these biological
alterations have been widely documented, studies identifying specific mechanisms
linking climate change to population declines are scarce. Extreme events, such as
heatwaves can have devastating effects on living organisms and are increasing in
frequency as Earth warms. Hence, understanding the effects of heatwaves on insects
is necessary to inform conservation efforts and to develop predictions of population
dynamics under future climate scenarios. Here, we experimentally evaluated the effects
of heatwaves on the survival and phenology of the Baltimore Checkerspot (Euphydryas
phaeton phaeton), a wetland butterfly with imperiled populations that has incorporated a
novel host. We performed laboratory manipulations (implementing realistic temperature
regimes) to assess the effect of heatwaves during summer and winter on the survival and
phenology of E. p. phaeton. In addition, we analyzed historical temperature records to
quantify the incidence of heatwaves within E. p. phaeton’s range to assess their potential
role in the decline of southeastern populations. We found that winter heatwaves with
maximum temperatures of 20◦ C can have more devastating effects on survival than
summer heatwaves (up to 41◦ C). Eggs endured acute heat stress during summer with
no significant effects on phenology and survival; similarly, pre-overwintering larvae were
robust to heatwave exposure, as only the most intense heatwave treatment reduced their
survival (37% reduction compared to control conditions). By contrast, dormant larvae
were the most vulnerable stage, as they lost from 2 to 6% of their body mass after a
three-day summer heatwave. Furthermore, their exposure to winter heatwaves resulted
in 75 to 100% mortality. Feeding on the native host provided higher resilience under
thermal stress than feeding on the invasive, recently acquired host. Finally, both heatwave
incidence and severity have increased in the southern range of E. p. phaeton in the period
from 1894 to 2011. We show that warm winter days induced severe mortality, providing
a mechanistic explanation of how climate change can trigger population declines in E. p.
phaeton and other insects.
Keywords: novel host, dormancy, climate change, baltimore checkerspot, Euphydryas phaeton, invasive, Plantago
lanceolata
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INTRODUCTION

change results in local extinctions of animal populations (Cahill
et al., 2012). Hence, unseasonal weather at any time of the year
has the potential to be detrimental.
Deleterious effects of climate change on animal populations
are often exacerbated by other environmental problems that
affect the abundance and quality of food sources (Dirzo
et al., 2014). Altered plant community composition, resulting
from habitat destruction and colonization by invasive species,
exposes herbivorous insects to novel hosts, often triggering
host switches or expansions (Moran and Alexander, 2014).
The incorporation of novel hosts into insect diets can have
deleterious effects on insect populations because foliage quality
often differs among novel and native hosts (Rosenwald et al.,
2017). In addition, novel hosts have different phenological
patterns; which in turn can affect the seasonality of their
consumers (Batalden and Oberhauser, 2015); For oligophagous
insects, host plant choice can drastically affect fitness, as it
affects development time, fecundity (Awmack and Leather,
2002) and their relationships with predators (Bowers, 1980).
Furthermore, feeding on high quality hosts can mitigate thermal
stress (Diamond and Kingsolver, 2010). Thus, host quality is an
important factor to consider when assessing the effects of climate
change on herbivorous insects.
Here, we evaluate the effects of summer and winter heatwaves
on the performance of a wetland, oligophagous butterfly, the
Baltimore Checkerspot (Euphydryas phaeton phaeton, Drury
Nymphalidae: Melitaeini). While northern populations of E.
p. phaeton are stable (Bowers and Richardson, 2013), severe
declines have been documented in the southern edge, where it is
considered endangered (Durkin, 2009; Frye et al., 2013). Because
E. p. phaeton have only one generation per year, temperature
regimes experienced by each ontogenetic stage differ drastically
(Figure 1). In our experiments, we matched abnormally warm
periods with the corresponding ontogenetic stage that is most
likely to experience them. Acknowledging differences in thermal
sensitivity among ontogenetic stages is necessary to avoid biases
when assessing species’ vulnerability to climate change (Levy
et al., 2015). In addition, we considered the effect of nutrition
at mitigating thermal stress. North eastern populations of E.
p. phaeton have two primary hosts: the native Chelone glabra
L. (white turtlehead) and the invasive Plantago lanceolata L.
(English plantain, Plantaginaceae), which was recently acquired
as a host (Stamp, 1979). We performed a series of laboratory
manipulations, implementing realistic temperature regimes, to
determine the susceptibility to heatwaves of different ontogenetic
stages of E. p. phaeton (eggs, active larvae, dormant larvae),
and to assess the role of host plant at mitigating thermal
stress. Finally, we analyzed historical temperature records from
weather stations in two sites within E. p. phaeton’s range to
assess whether heatwave incidence, duration and intensity have
recently increased.

Disruptive effects of climate change such as range shifts,
phenological advances (Parmesan and Yohe, 2003; Parmesan,
2007), local extinctions (Parmesan, 2006), and phenological
mismatches among consumers and producers (Gordo and Sanz,
2005; Parmesan, 2007; Yang and Rudolf, 2010; Ovaskainen
et al., 2013) have been widely documented. Despite the
growing number of studies linking altered phenological patterns
(Parmesan, 2007) and decrements in arthropod abundance to
altered temperature regimes (Lister and Garcia, 2018), studies
identifying the specific mechanisms that result in insect decline
(e.g., death, emigration) are scarcer (Cahill et al., 2012). Extreme
events, such as heatwaves are becoming more common as a
result of climate change (Hansen et al., 2012), and can have
detrimental effects on both human populations (Xu et al.,
2016) and ecosystem dynamics (Ummenhofer and Meehl, 2017).
Temperature extremes can trigger changes in plant mortality,
community composition and productivity; which in turn affect
carbon cycling (Frank et al., 2015; Ummenhofer and Meehl,
2017). Arthropods are not exempt from susceptibility to extreme
events; studies in the laboratory have shown that summer heat
waves (5 days at constant 42◦ C) diminished male reproduction
and sperm function in the flour beetle Triboleum castaneum
not only in the generation experiencing them, but also in their
offspring (Sales et al., 2018). Studies with lepidopterans showed
that exposure to heatwaves of tropical butterflies resulted in
prolonged development time, and a reduction of both pupal
mass and immune function (Fischer et al., 2014). Furthermore,
exposure of immature stages of the moth Plutella xylostella to
high temperatures resulted in decreased adult lifespan, fecundity,
and altered oviposition patterns (Zhang et al., 2015b). Despite
experimental evidence of detrimental effects of temperature
extremes on individuals, attribution of insect population declines
to specific extreme events remains challenging, as it would
require careful monitoring of both extreme events and insect
populations. The frequency, intensity and duration of heatwaves
are predicted to increase as Earth’s mean temperature keeps
rising (Meehl and Tebaldi, 2004; Perkins et al., 2012; Christidis
et al., 2015). Thus, it is important to understand their effects on
insects, which are experiencing generalized population declines
(Hallmann et al., 2017) in which climate change has been
identified as a key contributing factor (Lister and Garcia, 2018;
Sánchez-Bayo and Wyckhuys, 2019).
The high temperatures that characterize summer heatwaves
(∼40◦ C) challenge insect physiological limits and can result
in death by impaired metabolic activity (Addo-bediako et al.,
2000; Chown, 2001). However, unseasonably warm temperatures
throughout the year can also have deleterious effects, even if
they fall well below the upper physiological limits of insects.
For example, warm spells during winter can result in reduced
overwinter survival and they can also trigger altered phenological
patterns such as early onset of spring activities (Williams et al.,
2015). Early spring activity increases the risk of exposure to harsh
spring weather (Augspurger, 2013) and can trigger phenological
mismatches among consumers and producers (Kudo and Ida,
2013). Food scarcity resulting from altered phenological patterns
has been identified as the most important factor by which climate
Frontiers in Ecology and Evolution | www.frontiersin.org

METHODS
Study System
Euphydryas phaeton are univoltine butterflies native to
Eastern North America. Two subspecies have been described: E.
p. phaeton (Drury), in the east, and E. p. ozarkae (Masters), in
2
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abundance and not their nutritional value (Mason et al., 2011).
Changes in abundance of P. lanceolata due to land management
practices has already lead to local extinctions of a closely related
species, E. editha (Singer and Parmesan, 2018). While northern
populations of E. p. pheaton use P. lanceolata as both oviposition
and secondary (post-diapause) host (Bowers and Richardson,
2013), populations in Maryland, USA have been reported to
use P. lanceolata solely as a secondary host (Pers. Comm.
Jen Selfridge). For our experiments, we maintained a captive
colony of E. p. phaeton with founders from Cape Cod, MA, a
population that feeds primarily on P. lanceolata. This colony
is supplemented with eggs collected from wild females of the
same population every year; we indicate in each assay whether
wild-caught or lab-reared individuals were included.

Experiment Design
To evaluate the effects of heatwaves on E. p. phaeton
throughout their lifecycle, we performed two sets of experimental
manipulations, simulating summer and winter conditions. We
used growth chambers (models 136 VL and 130 VL, Percival
Scientific, Perry, IA, USA) to expose individuals to either typical
or heatwave conditions during the season they naturally occur.
Because E. p. phaeton lay eggs in clusters, we were able to control
for genetic variation in many of our experiments by splitting
clutches of siblings onto the different treatments of a given
assay. We exposed eggs, pre-overwintering (1st to 3rd instar) and
dormant larvae (4th instar) to summer heatwaves and dormant
larvae to winter heatwaves. We used different individuals in
each assay to avoid potential cumulative effects of repetitive
heatwave exposure. In all treatments, temperature oscillated
daily approximating a sinusoidal function. We used generalized
linear and mixed effects models (GLM & GLMM) to compare
performance estimates (e.g., survival, development time, larval
mass) among experimental conditions. GLMMs allowed us to
incorporate both the fixed effects of interest (e.g., temperature
regime) as well as random effects (e.g., of clutch). We modeled
survival over a specific interval as a Bernoulli trial and thus
used a binomial distribution and logit link function; we modeled
development time as the count of days to complete a given
life stage and thus used a Poisson distribution with a log link
function(Abarca et al., 2018). Finally, to analyze larval mass we
implemented a gamma distribution with an inverse function, as
mass data exhibited this distribution. We performed all analyses
in R version 3.4.3 (R Core, 2017), using package lme4 (Bates et al.,
2015). For model validation of GLM and GLMM, we visually
inspected residuals and tested the significance of predictors using
type II deviance test, implemented in the Anova function of R
package car (Fox and Weisberg, 2011).

FIGURE 1 | Life cycle of E. p. phaeton and the corresponding season when
each stage occurs. Counterclockwise, eggs are laid in summer, they hatch into
pre-overwintering larvae, which turn into dormant larvae upon molting into 4th
instar. Larvae remain dormant during part of the summer, autumn, and winter.
Post-overwintering larvae resume feeding and pupate the following spring and
adults start the next life cycle.

the montane southwestern part of their range (Robertson, 2015).
Adults mate and lay eggs in large clusters during summer, eggs
hatch within 3 weeks, larvae feed until the third instar, molt, and
fourth instar larvae remain in a state of low metabolic activity
from late-summer until the following spring, when they pupate
and emerge as adults. Thus, eggs and young larvae (1st to 3rd
instar) develop while exposed to hot summer temperatures.
By contrast, 4th instar larvae experience a broad temperature
range throughout their dormancy, which lasts about 8 months,
from the end of summer to the following spring, when they
complete development (Figure 1). Northern populations of E.
p. phaeton have two oviposition hosts; the native C. glabra, and
the invasive P. lanceolata, which was introduced from Eurasia
and was first reported in North America about 190 years ago
(Cavers et al., 1980). Euphydryas p. ozarkae has an additional
oviposition host, the hemiparasitic Aureolaria flava, L. Farw.
(Smooth Yellow Foxglove, Orobanchaceae, (Robertson, 2015).
The incorporation of P. lanceolata to E. p. phaeton’s diet has
allowed for colony persistence in areas where C. glabra is absent
or disappearing (Bowers and Richardson, 2013); however,
feeding on P. lanceolata has some potential costs including
higher predation risk due to enhanced palatability to birds
(Bowers, 1980), lower growth rate and food efficiency conversion
(Bowers et al., 1992) and the risk of death by haying due to
grass management practices (Bowers and Richardson, 2013).
Herbivore host preferences do not necessarily track foliage
quality, as generalists often use hosts according to their relative

Frontiers in Ecology and Evolution | www.frontiersin.org

Summer Heatwave Experiments
To assess the effects of summer heatwaves we performed three
assays, each for a different ontogenetic stage: eggs, active larvae
(2nd instar) and dormant larvae (4th instar).We implemented a
typical summer temperature regime in the southeastern range of
26 ± 5◦ C (mean ± amplitude), which was maintained for control
individuals and interrupted by a 3-day heatwave with either a
large 31 ± 10◦ C or a small 36 ± 5◦ C amplitude, resulting in three

3
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treatments: control (26 ± 5◦ C), low (31 ± 10◦ C) and high (36
± 5◦ C). Note that the maximum temperature of both heatwave
treatments was 41◦ C (Figure 2).
To assess the effect of heatwave exposure on eggs, we evenly
split six clutches, from six different wild-caught females (egg mass
size varied from 180 to 300 eggs) and assigned siblings to each
of the three treatments. Eggs were laid in an oviposition cage
in the field (Cape Cod MA, early July, 2018) and transferred to
laboratory control conditions 1 day after oviposition. Exposure
to heatwave treatments (control, low, high) occurred 4 days
later (5-day old eggs). After heatwave exposure, all clutches were
maintained on C. glabra under control (26 ± 5) conditions until
the end of August. We recorded hatching success (proportion of
eggs that hatched), egg and larval development time (to hatch and
to 4th instar, respectively) and survival to the onset of dormancy
(4th instar). We assessed the effects of temperature regime on
egg and larval development time and survival to dormancy
onset using GLMMs. We compared development time among
temperature regimes using two models, one from oviposition to
eclosion and one from hatching to the onset of dormancy (4th
instar), both using a Poisson error distribution (for the count
of number of days needed) and log link function (Table 1). We
used a binomial error distribution and logit link function in
modeling survival to the onset of dormancy. In all models we
included temperature regime as a fixed factor and clutch as a
random factor.
To assess the effects of summer heatwaves on active, preoverwintering larvae, we followed a similar approach. We split
five clutches from five different wild females into three groups,

one for each summer temperature regime; we maintained
neonates on C. glabra and exposed 7-day old larvae (2nd instar)
to the corresponding regime (control, low, high). We recorded
development time and survival to the onset of dormancy (4th
instar). We used GLMM analogous to those described above
to compare survival and development time among temperature
regimes (see Table 1).
Finally, to test whether exposure of dormant larvae to summer
heatwaves results in mass loss, we weighed 4th instar larvae
from each of four clutches before and after exposure to each of
the three summer treatments (control, low and high). Larvae
included in this assay had fed on either C. glabra (2 clutches)
or P. lanceolata (2 clutches). We split groups of siblings among
the three treatments for an initial sample size of 240; however, a
group from one of the clutches was lost to causes independent
from experimental treatments, leaving a final sample size of
220. We kept caterpillars from each sibling group together
because larvae are gregarious in nature; our observations in the
lab showed that when separated and maintained individually,
they engage in abnormal behaviors which could result in mass
loss, such as excessive movement and silking. While keeping
larvae together was necessary to reduce stress, it prevented the
identification of individual caterpillars. Thus, to calculate mass
loss, we ranked larvae by weight and assumed the rankings
were consistent before and after treatment (that is, the heaviest
caterpillar before the heatwave would also be the heaviest
individual after the heatwave). We compared percent mass loss
among treatments with a GLMM including clutch as a random
effect and temperature regime, host, and their interaction as
fixed effects, using a gamma error distribution (inverse link

TABLE 1 | GLMM summaries for effects of heatwave exposure during summer on
survival, development time and mass of E. phaeton at different ontogenetic
stages: eggs, pre-overwintering (pre), and dormant larvae. All models included
clutch as a random intercept.
Life stage
Figure

Response

Fixed
factors

DF

χ2

P

Error
distribution,
link function

Eggs

FIGURE 2 | Summer heatwave temperature regimes. Lines in the top panel
correspond to the different sets of clutches included in each of the three
summer assays. Lines designate eggs (dotted), feeding (solid) and dormant
(dashed) larvae. Colors indicate host, green for C. glabra and yellow for (P.
lanceolata), only the dormant larvae assay included both hosts.
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4

Survival

regime

2

4.83

0.08

binomial, logit

Development
time (eggs)

regime

2

0.41

0.81

Poisson, log

Development regime
time (1st- 4th)

2

0.63

0.73

Poisson, log

Larvae (pre)
Figure 5A

Survival

regime

2

Larvae (pre)
Figure 5B

Development
time

regime

2

0.9

0.95

Poisson, log

Dormant
larvae
Figure 6
(inset)

Mass

host

1

6.44

0.01

gamma,
inverse

Dormant
larvae
Figure 6

Mass loss (% regime
of body mass) host

2
1

regime × 2
host

64.807 < 0.0001 binomial, logit

111.24 < 0.0001 gamma,
inverse
0.46
0.5
8.69

0.013
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viable eggs into groups of 50 hatchlings and assigned them
to the four treatments resulting from the combination of two
hosts (C. glabra, P. lanceolata) and two spring temperature
regimes (cold vs. warm spells): All individuals were kept at a
base regime of 20 ± 5◦ C and were exposed to either warm
(4 days at 22.5 ± 2.5◦ C) or cold spells (4 days at 12.5
± 2.5◦ C) twice during larval development (Figure 4). Upon
the onset of dormancy (molt to 4th instar), we transferred
all larvae to 26 ± 5◦ C and weighed them using a balance
(Mettler Toledo MX5). We recorded development time and
survival to the end of August (2 months after reaching 4th
instar). We compared development time and survival among
treatments using GLMMs as described above (see Table 3 for
error distributions and link functions). While pre-overwintering
larvae are not likely to experience temperatures as low as our
regimes, this assay allowed us to both assess the role of host plant
at mitigating thermal stress, and to obtain groups of caterpillars
of variable size (body mass). Having a gradient of larval body
sizes allowed us to test whether dormant caterpillar mass affects
the likelihood of survival to the end of summer. To do this,

function; see Table 1). We built a similar model to compare
initial mass among caterpillars from different hosts (C. glabra vs.
P. lanceolata), including host as explanatory variable and initial
mass as the response variable (Table 1).

Winter Heatwave Experiment
To evaluate the effect of winter heatwaves on E. p. phaeton
survival, we subjected dormant larvae (4th instar) to each of three
winter regimes: cold (0 ± 5◦ C), mild (4 ± 5◦ C), or heatwaves
(4 ± 5◦ C interrupted every 10 days by a two-day period at
15 ± 5◦ C; Figure 3). For this assay we used groups of siblings
(N = 12 groups), and groups of larvae from multiple clutches
(N = 5 groups). These 17 groups of larvae did not participate
in any other assays, and were raised under uniform laboratory
conditions feeding on either P. lanceolata (4 groups) or C. glabra
(13 groups) during their whole pre- overwintering stage (instars
1 to 4). We kept all larvae at realistic temperatures for a gradual
transition from fall to winter conditions. Total sample size by
regime was: cold: N = 714; mild: N = 719; heatwaves: N = 719
larvae. Exposure to these winter temperature regimes started on
December 15th 2017 and ended on March 16th 2018, when all
larvae were supplied with P. lanceolata foliage and exposed to
uniform spring conditions (Figure 3). We counted the number
of individuals who survived to spring (were alive and moving on
March 19th) and who initiated feeding and growing (had fed and
were still alive on March 28th). We compared survival among
treatments as a Bernoulli trial (binomial error distribution, logit
link function) within a GLM for each date in which survival was
assessed (see Table 2).

TABLE 2 | GLM summaries for effects of heatwave exposure during winter
on survival of pre-overwintering larvae.

Host Plant and Thermal Stress
To test whether host plant choice can affect E. p. phaeton
performance under thermal stress, we exposed pre-overwintering
larvae to stressfully low temperatures while feeding on either
P. lanceolata or C. glabra following a fully factorial design. We
split each of five laboratory- reared egg masses of at least 200

Life stage
Figure

Response

Fixed
factors

Dormant
larvae
Figure 7

survival
(dormancy
termination)

Dormant
larvae
Figure 7

Survival (feed host
and grow)
regime

DF

χ2

host

1

24.65

regime

2

839.23

regime ×
host

2

16.19

regime ×
host

1
2
2

P

Error
distribution,
link function

< 0.0001 GLM,
< 0.0001 binomial, logit
< 0.001

47.082 < 0.0001 GLM,
286.447 < 0.0001 binomial, logit
9.936 < 0.01

FIGURE 3 | Winter heatwave temperature regimes. Dashed lines indicate 5◦ C to facilitate visual comparison among regimes.
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TABLE 3 | GLMM and logistic regression summaries for the combined effects
of cold stress and host plant on survival and development time of
pre-overwintering larvae.
Life stage
Figure

Response

Fixed
factors

DF

χ2

P

Error
distribution,
link function

Preoverwintering
larvae

survival

regime
host

1
1

13.19
15.14

0.001
0.001

GLMM,
binomial, logit

regime ×
host

1

7.98

0.005

Preoverwintering
larvae

development
time to 4th

regime
host

1
1

1.49
0.03

0.22
0.87

regime ×
host

1

0.04

0.95

Preoverwintering

4th instar
mass

regime
host

1
1

2.056
2.070

0.15
0.15

regime ×
host

1

4th instar
mass

1 152.97 < 0.001

survival
Preoverwintering
larvae Figure 8

FIGURE 4 | Temperature regimes of the thermal stress and host plant assay.
Lines in the top indicate the timing at which feeding (solid) and dormant
(dashed) larvae experienced each regime. Dashed black lines indicate 20◦ C to
facilitate comparison.

GLMM,
gamma,
26.05 < 0.0001 inverse
logistic
regression

function) for heatwave intensity. To analyze heatwave duration,
we used a quasipoisson distribution (log link function) because
mean heatwave length is the average of multiple day counts, so it
was not discrete.
We found that winter warm spells, characterized by maximum
temperatures of 20◦ C resulted in severe mortality of E. p.
phaeton larvae in the laboratory. Thus, we separately assessed
the incidence of heatwaves during the first part of winter
(excluding most of March), hereafter “early winter.” This period
reflects when host plant foliage is less likely to be available.
For this analysis, we counted the heatwaves occurring from day
353 (December 21st) of each year to day 63 (March 4th) of
the following year. To assess whether “early winter” heatwave
frequency has increased over time we performed two GLMs, one
per region, including year as predictor (Table 4).

we performed a logistic regression including the mean mass per
group (N = 16 groups) as independent variable and survival to
the end of August (survivors/total) as the dependent variable
(Table 3).

Historical Temperature Analysis
To determine whether heatwave incidence and intensity have
recently increased within E. p. phaeton’s range, we gathered
daily temperature data from two weather stations, one in
the northeastern part of the range (located at Brockton, MA:
42.04756 N,−71.00819W) and one in the southeastern part
of the range (located on the eastern shore at Chestertown,
MD: 39.2166N,−76.0519W). We selected these weather stations
because they had the longest periods recorded (1894 to 2011)
within the regions of interest. We defined heatwave after Russo
et al. (2014), as three or more consecutive days with a maximum
temperature above the 90th percentile of a reference period.
To set the reference periods we divided each season (spring,
summer, autumn, winter) into 6 sub-seasons of 15 or 16 days
and calculated the 90th percentile value for location and subseason using historical data (1894 to 1913). We subsequently used
these reference values to identify heatwaves and quantify their
yearly incidence. To test whether heatwave incidence (number of
heatwaves), intensity (maximum temperature during a heatwave)
and duration (mean heatwave length by season) have changed
over time, we performed two sets of GLMs: one per region,
for each response variable (incidence, intensity, and duration)
including year and season as predictors (Table 4). We used a
Poisson distribution (log link function) to analyze counts of
heatwave incidence and a Gamma distribution (inverse link
Frontiers in Ecology and Evolution | www.frontiersin.org

GLMM,
Poisson, log

RESULTS
Summer Heatwave Experiments
Exposure of eggs to summer heatwaves of a maximum
temperature of 41◦ C did not have a significant effect on survival
to the onset of dormancy (Table 1), or development time to both
hatching and the onset of dormancy (Table 1). More than 90%
of the eggs hatched, and about 50% of individuals survived to
the onset of dormancy (4th instar) regardless of experimental
treatment. Eggs from all temperature regimes hatched about 14
days after being laid (14 [median], 1 [interquartile interval]) and
larvae entered dormancy about a month after oviposition (30,
3). By contrast, exposure of 2nd instar larvae (7-day old) to the
high heatwave regime (36 ± 5◦ C) resulted in a 37% decrease
in survivorship when compared to those under control and
low heatwave conditions (Table 1, Figure 5A); however, there
were no significant differences in development time (Table 1,
Figure 5B) as larvae from all summer regimes entered dormancy
about 17 days after hatching.
6
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individuals exposed to the cold treatment had much higher
survivorship to both resuming activity the following spring
(March 19th, 87%) and to feed and grow (March 28th, 50%).
Individuals in the mild winter treatment exhibited intermediate
survivorship (∼ 40% and 25%). Notably, the likelihood of
winter survival was influenced by host plant use during the preoverwintering period; the probability of survival was consistently
larger for larvae that had fed on C. glabra (Table 2, Figure 7). No
larvae that had fed on P. lanceolata during the pre-overwintering
period and were exposed to winter heatwaves survived.

Larvae fed on the native C. glabra were 12% larger (7.26 mg
[median], 1.52 [interquartile interval]) at the onset of dormancy
than those fed on P. lanceolata (Figure 6). Furthermore, host
plant mediated the effects of heatwave exposure on dormant 4th
instar larvae. Individuals maintained under control conditions
lost about 3% of their body mass regardless of host plant.
However; under heatwave conditions, larvae feeding on P.
lanceolata lost up to 6% of their mass, and only 3% when feeding
on C. glabra (Table 1, Figure 6).

Winter Heatwave Experiment

Host Plant and Thermal Stress

Exposure to winter heatwaves resulted in severe mortality, as
<15% of larvae subjected to this treatment survived to resume
activity the following spring (Figure 7, Table 2). By contrast

We found no effect of temperature regime, host, or their
interaction on development time of pre-overwintering larvae (1st
to 4th instar), as it took them 18 days (median; interquartile range
= 2) to reach the dormancy stage regardless of host (Table 3). By
contrast, all three factors significantly affected caterpillar survival
to the end of summer (Table 3), as caterpillars feeding on C.
glabra and experiencing warm spells had larger survival odds
(75%) than those in all other host and temperature combinations
(50%; Table 3).
Analyses of pre-overwintering dormant larval mass showed
that for larvae experiencing cold spells, those feeding on C.
glabra were 20% larger than those feeding on P. lanceolata
at the end of summer (a significant effect of the host by
temperature regime interaction, but not of each factor separately;
Table 3). Finally, there was a significant relationship between
larval mass and summer survival, as colonies that had larger
mean larval mass also had a higher proportion of survivors,
Table 3, Figure 8).

TABLE 4 | GLM summaries for the analysis of heatwave incidence, intensity and
duration in MD and MA during the period of 1894 to 2011.
Region Response

MD

incidence

Independent DF
variables

P

Error
distribution, link
function

year

1

61.42 < 0.0001 GLM, poison, log

season

3

81.5

intensity

year

1

duration

year

1

season

3

14.02 < 0.01

GLM,
quasipoisson, log

year

1

10.01 < 0.01

GLM, Poisson, log

11.21 < 0.001 GLM, poison, log

season

early winter
incidence
MA

χ2

incidence
intensity

early winter
incidence

6.56

0.01

year

1

season

3

8.12

0.044

Historical Temperature Analysis

year

1

0.12

0.73

We found that the incidence of heatwaves has increased since
1894 in both MA and MD (Figure 9, Table 4). Heatwave
intensity (Figure 10, Table 4) and duration (Table 4) exhibited a
significant increase in MD only. In Maryland, heatwave intensity
(maximum temperature during a heatwave) during summer
varied between 30 to 40◦ C and during winter between 13.9 and

season
duration

< 0.0001

20.60 < 0.0001 GLM, gamma,
3 902.13 < 0.0001 inverse

GLM, gamma,
3 659.93 < 0.001 inverse

year

1

1.4

0.24

season

3

1.8

0.61

year

1

GLM,
quasipoisson, log

11.87 < 0.001 GLM, Poisson, log

FIGURE 5 | (A) Survival (LS means ± SE) and (B) development time (LS means ± SE) from hatching to 4th instar of E. phaeton individuals exposed to summer
heatwave regimes as 2nd instar (7-day old) larvae. There were significant differences among treatments in survival, but not in development time (Table 1).
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FIGURE 6 | Mass (inset, LS means ± SE , χ2 = 6.44, P = 0.01) and percent
mass lost (interaction: χ2 = 8.69, P = 0.013, host: χ2 = 0.46, P = 0.5,
regime: χ2 = 111.23, P < 0.0001) by dormant E. phaeton larvae during
exposure to summer heatwaves. Larvae had previously fed on C. glabra (c,
green) or P. lanceolata (p, yellow).

FIGURE 8 | Logistic regression showing the effect of mean larval mass on
summer survival (proportion of dormant larvae surviving to the end of August).

DISCUSSION
This study identifies winter heatwaves as a potential factor
contributing to the decline of southeastern populations of E. p.
phaeton. Winter heatwaves resulted in severe larval mortality
in the laboratory and historical temperature records show an
increment in the incidence, intensity and duration of these
events within the southeastern range of E. p. phaeton, where
population declines have been observed (Durkin, 2009; Frye
et al., 2013). Thus, we conclude that climate change, and more
specifically, winter heatwaves, should be considered a serious
threat to E. p. phaeton populations. Our results are consistent
with predictions that increased temperature variation in midlatitudes would negatively impact insects inhabiting these regions
(Kingsolver et al., 2013). Careful monitoring of overwintering
E. p. phaeton populations would be necessary to attribute
demographic changes to specific heatwave events in the wild.
We found dormant larvae (4th instar) to be particularly
vulnerable to heatwaves. These larvae rely on biomass
accumulated during early instars to persist for a period of
over 7 months in which they experience a broad range of
thermal conditions. Exposure of dormant larvae to summer
heatwaves resulted in mass loss (Figure 6), which can increase
pre-winter mortality, as the odds of larval survival to the end
of summer decreased with size (Figure 8). Hence, summer
heatwaves can result in fewer and smaller larvae surviving until
the onset of winter. Because biomass is an important predictor
of larval overwinter success (Smith, 2002), summer heatwaves
can also result in increased larval susceptibility to unfavorable
winter conditions. Furthermore, winter heatwaves drastically
reduced survival of dormant caterpillars (Figure 7). Dormant
larvae exposed to warm temperatures during winter activate
and move around; thus, mortality was probably due to energy

FIGURE 7 | Survival of dormant E. phaeton larvae exposed to cold, mild, or
heatwave winter regimes at two different times, March 19th, 2018 (active) and
March 28th, 2018 (feeding).

30.6◦ C. In MA ranges were 30 to 40◦ C in summer and 8.3 to
28.9◦ C in winter. Most heatwaves had a duration of 3 to 5 days in
both regions. When early winter (excluding most of March) was
considered separately, annual incidence of heatwaves during the
first part of winter was consistently under 4 per winter in MA,
but in MD increased from 2 in the 1890’s to 5 in recent years
(Table 4).
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FIGURE 9 | Heatwave incidence (count) by season in MD (triangles, dashed line) and MA (circles, solid line). Symbols correspond to data points and lines to model
predictions (Table 4).

not characteristic of the MD area, where minimum summer
heatwave temperatures range within 21◦ C and 27◦ C. Minimum
temperatures during heatwaves have been found to have larger
effects on mortality than maximum temperatures (Hajat et al.,
2002). Note that while summer heatwaves had little to no
effect on the survival and phenology of E. p. phaeton eggs and
early-instar larvae; we cannot discard the occurrence of sublethal
effects, such as reduced fertility (Addo-bediako et al., 2000;
Zhang et al., 2015a) and immune function (Chown, 2001) which
have been reported to occur in response to heatwaves.
The winter temperature regimes we implemented were
conservative compared to actual winter temperatures recorded
in the MD area. In the laboratory, we exposed larvae to
a heatwave regime with a maximum temperature of 20◦ C.
Maximum winter heatwave temperatures commonly exceed this
threshold in MD, but not in MA (Figure 9). Thus, the winter
conditions MD caterpillars currently experience in the wild
are likely to be harsher than our heatwave regime. Current
E. p. phaeton populations in MD are limited to the northern

reserve depletion resulting from increased metabolic activity.
This phenomenon has been observed in multiple taxa including
vertebrates (Williams et al., 2015) and gallflies (Irwin and Lee,
2003). By contrast, eggs (which are only present during summer)
showed no negative effects on survival or phenology after
exposure to summer heatwaves. The egg stage of E. phaeton has
a long duration compared to other summer butterflies whose
eggs often hatch after 2 to 10 days (James and Nunnallee, 2011);
for example, eggs of Epargyreus clarus hatch after ∼ 5 days in
summer temperature regimes (Abarca et al., 2018) and Papilio
polyxenes eggs hatch after ∼ 6 days (Blau, 1981) and it is also
more resilient to heatwaves than other lepidopterans; exposure
to heatwaves resulted in increased egg mortality in both Ostrinia
furnacalis (Zhou et al., 2018) and Manduca sexta (Potter et al.,
2011). Pre-overwintering larvae were somewhat resilient to
heatwaves, as neither of the regimes (low, high) affected their
phenology (Figure 5). However, the high regime (36 ± 5 ◦ C)
did result in reduced survival. This regime was characterized
by a relatively high minimum temperature of 31◦ C, which is
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FIGURE 10 | Heatwave intensity (maximum temperature) by season in MD (triangles, dashed line) and MA (circles, solid line). Symbols correspond to data points and
lines to model predictions (Table 4).

would still experience severe losses. Future experiments would
elucidate whether northern and southern populations of E.
p. phaeton significantly differ in their thermal thresholds and
susceptibility to winter heatwaves.
We found that host plant had an important role at mediating
the effects of thermal stress. Larvae feeding on C. glabra
attained larger sizes, were less vulnerable to mass loss during
summer heatwaves and, more importantly, all survivors under
the winter heatwave regime had fed on C. glabra. This is
consistent with previous work showing that host plant identity
(Diamond and Kingsolver, 2010; Abarca et al., 2018) and
nutrient content (Andersen et al., 2009), can mediate insect
responses to thermal stress; and that resource acquisition before
overwintering significantly affects survival (Pullin, 1987). For
example, Vallières et al. (2015) showed that both population
of origin and host plant species mediated the effect of fall
heatwaves on the survival of the hemlock looper (Lambdina
fiscellaria).Thus, the costs of feeding on suboptimal hosts are
increased under thermal stress, which may be the reason why P.

Piedmont, west to the Appalachian Plateau (Pers. Comm. Jen
Selfridge) where temperatures are presumably lower than the
Chestertown weather station used in this study, which is more
representative of Coastal Plain, valleys and urban areas. This
distribution pattern is consistent with what would be expected
under a scenario in which winter heatwaves are a main mortality
source in the wild. Further, niche models identify temperature
as a main driver of this species distribution (Czachura et al., in
preparation) and climate change as a potential threat (Frye et al.,
2013). Given the imperiled status of E. p. phaeton in MD, we
used individuals from a MA population in our experiments. This
constitutes a potential limitation of our study, as MD populations
could be more resilient to heatwaves than those in MA due to
local adaptation. However, we argue that it is unlikely for MD
populations to be robust to winter heatwaves because maximum
thermal physiological limits are well conserved within taxa
(Chown, 2001). In addition, the heatwave effects we found on
survival were so dramatic (survival of <15 %), that even if twice
as many MD individuals survived irregular winters, populations
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