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Sublethal effects of subzero temperatures on the light brown
apple moth, Epiphyas postvittana: fithess costs in response
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Abstract Population responses to environmental extremes often dictate the bounds to
species’ distributions. However, population dynamics at, or near, those range limits may
also be affected by sublethal effects. We exposed late instars and pupae of an invasive
leafroller, Epiphyas postvittana (Walker) (Lepidoptera: Tortricidae), to cold temperatures
and measured the effects of exposure on subsequent survivorship, development, and re-
production. Cold temperature was applied as acute exposure to —10 °C (a low, but not
immediately lethal temperature for this species) or the onset of freezing (the peak of the
supercooling point exotherm). Survival was defined as the ability to successfully eclose
as an adult. We measured immature development times, pupal mass, and adult longevity
as proxies of fitness in survivors. Additionally, surviving insects were mated with indi-
viduals that had not been exposed to cold to measure fertility. There was no difference
between the proportion of larvae or pupae that survived acute exposure to —10 °C and
those exposed to the control temperature. Approximately 17% of larvae and 8% of pupae
survived brief periods with internal ice formation and continued development to become
reproductively viable adults. Importantly, surviving the onset of freezing came with sig-
nificant fitness costs but not to exposure to —10 °C; most insects that survived partial
freezing had lower fertility and shorter adult lifespans than either the —10 °C or con-
trol group. These results are discussed within the context of forecasting invasive insect
distributions.
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Introduction effects of low temperature on a given species or pop-

ulation. Mechanistic models that forecast the distribu-

In temperate regions, extreme low temperatures can be
critical in defining the limits of an insect’s geographic
distribution (Overgaard et al., 2014). For exotic inva-
sive species, risk-assessment and -management deci-
sions often depend upon accurate characterizations of the
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tion of exotic invasive species frequently rely on mea-
sures of direct mortality from low temperature. For exam-
ple, distribution forecasts of the invasive moth, Epiphyas
postvittana (Walker), in North America define the impacts
of extreme low temperature using only approximations
of direct mortality (e.g., the average supercooling point)
(Fowler et al., 2009; Gutierrez et al., 2010). Importantly,
though, significant impacts of acute cold exposure on in-
sect population dynamics can also manifest over time as
sublethal effects (Baust & Rojas, 1985; Bale, 1987; Lee,
2010).
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The current paradigm for the classification of insect
cold tolerance describes the relationship between mortal-
ity from internal ice formation and injury from chilling
(Lee, 2010; Overgaard & MacMillan, 2017). Most species
are freeze-avoidant because they die once ice begins to
form within their bodies (alternatively termed freeze-
intolerant) or from the deleterious effects of nonfreezing
temperatures (alternatively termed chill-intolerant or sus-
ceptible). Other species are freeze-tolerant and can survive
internal freezing under certain conditions. In addition,
intermediate responses exist, such as individuals and/or
populations that can tolerate differing degrees and/or pe-
riods of ice (Baust & Rojas, 1985; Sinclair, 1999; Hawes
& Wharton, 2010). Among these responses are individu-
als that can survive the onset of internal ice formation but
cannot tolerate equilibrium freezing (Hawes & Wharton,
2010). Though the relevance of these individuals outside
a laboratory setting remains unclear, examination of their
biology could nonetheless provide useful insights into the
evolution of low temperature responses (Sinclair, 1999;
Voituron et al., 2002).

Insect cold tolerance is often assessed from laboratory
studies of survival defined by mortality or lack of coor-
dinated activity, determined within hours or a few days
after exposure (e.g., Nedved et al., 1998; Koch et al.,
2004; Shreve et al., 2007; Biirgi & Mills, 2010). Such
designs may fail to capture mortality that occurs in later
stages of development, or sublethal injury from cold on
development and reproduction that affects population fit-
ness (Baust & Rojas, 1985; Hutchinson & Bale, 1994;
Renault et al., 2002; Layne & Peffer, 2006). Increasingly,
studies have evaluated sublethal effects of cold on insects,
particularly in the context of cold storage of biological
control agents and laboratory research stock. Numerous
metrics of fitness may be affected by chronic (>24 h)
cold exposure, with sublethal effects typically increas-
ing with decreasing temperature and/or increasing time
(Chen et al., 2008; Ruan et al., 2012; Mockett & Mat-
sumoto, 2014; reviewed for parasitoids in Hance et al.,
2007 and Colinet & Boivin, 2011). Studies of more acute
(<24 h), subzero exposure in insects have detected re-
duced rates of development (McDonald et al., 1997), re-
duced fertility and reproduction (Coulson & Bale, 1992;
Hutchinson & Bale, 1994; Rinehart et al., 2000), shorter
adult lifespans (Rinehart et al., 2000), and increased in-
cidence of adult malformations (Turnock et al., 1985),
for example. Reduced survivorship to subsequent devel-
opmental stages has also been cited as a sublethal effect
(e.g., Turnock & Bodnaryk, 1991; Yocum et al., 1994),
though this response could arguably be considered a lethal
effect. Most studies that evaluate sublethal effects of cold
do so for freeze-avoidant insects and, with few exceptions

(e.g., Fields & McNeil, 1988; Layne & Blakeley, 2002;
Hawes & Wharton, 2011), little is known about the fitness
consequences of tolerating internal ice formation.

Epiphyas postvittana is a highly polyphagous moth,
attacking numerous trees and crop plants, that is indige-
nous to southern Australia and was documented in the
contiguous United States in 2006 (Brown et al., 2010).
Invasion of the USA by E. postvittana has potentially sig-
nificant economic and ecological ramifications (Fowler
et al., 2009) and early management responses were con-
troversial (Lindeman, 2013; Liebhold, 2014). Thus, the
potential geographic distribution of this insect is of inter-
est. The predominant overwintering stage in the USA is
the late instar (Biirgi & Mills, 2010), which slows devel-
opment but does not enter diapause during winter (Geier
& Briese, 1981). However, more than one developmen-
tal stage may be present during the winter (Buergi et al.,
2011). Biirgi and Mills (2010) classify late instars as “chill
susceptible” (sensu Bale, 1996) because larvae experience
substantial mortality at temperatures above the mean su-
percooling point. We have previously shown that a small
proportion of late instars from a laboratory population
survived partial freezing (i.e., acute exposure to the peak
of their supercooling exotherm) and continued to develop
into reproductively successful adults (Morey ef al., 2013,
2016). In a laboratory setting, such tolerance to partial
freezing affords an immediate advantage over the chill-
susceptible portion of the population when temperatures
are cold enough to initiate freezing, but fitness costs to
the survivors are currently unknown.

The purpose of our study was to examine the sub-
lethal effects of acute low temperature exposure on E.
postvittana. Late instars and pupae were held at room
temperature (~23-25 °C), or gradually cooled to either
—10 °C, which represents a subzero temperature that is
not immediately lethal to late instars (based on Morey
et al., 2013), or until the onset of freezing was detected.
Individuals that did not eclose as an adult were consid-
ered to have succumbed to direct (i.e., lethal) effects of
cold. Potential sublethal effects included impacts to im-
mature development times, pupal mass, adult longevity,
and fertility, all components of fitness. We hypothesized
that sublethal effects would be present in insects that sur-
vived exposure to any subzero temperature, but that the
relative degree of sublethal effect(s) would be greatest
in those individuals that survived the onset of freezing.
We further hypothesized that pupae would experience
higher lethal effects from cold exposure, and similar or
greater sublethal effects compared to late instars. Late
instars are more abundant than other life-stages in over-
wintering E. postvittana populations in California (Buergi
etal., 2011), suggesting that they have a greater ability to
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tolerate or recover from cold exposure than pupae or other
life-stages

Materials and methods
Colony source

Epiphyas postvittana eggs were obtained from a lab-
oratory colony maintained by the U.S. Department of
Agriculture, Animal and Plant Health Inspection Service
(USDA-APHIS) in Albany, CA, founded from wild Cal-
ifornia moths in 2007. All subsequent handling and ex-
perimentation was conducted in a Biosafety Level 2 Con-
tainment Facility in St. Paul, MN (APHIS permit P526P-
14-03759). Eggs were surface-sterilized in a 1% bleach
solution, and held at 23 £ 2 °C, 60%—-65% RH, 14 : 10 (L
: D) inside two environmental chambers (Percival Scien-
tific, Perry, IA, USA and Conviron, Winnipeg, Canada)
until hatch.

Within 24 h of hatching, E. postvittana neonates were
placed in groups of 3—4 onto ~2 cm® cubes of artifi-
cial diet inside lidded containers (29.5 mL P100 soufflés;
Solo Cup Co., Lake Forest, IL, USA) and reared until late
instars (4th—6th) or pupae in the same chambers and con-
ditions as previously stated. We focused on “late instars”
(4th—6th) as a single group because E. postvittana has vari-
able instar numbers (Dumbleton, 1932; Danthanarayana,
1975), any of which could be the terminal instar before
pupation and could overwinter. The diet used Phaseolus
vulgaris L (cv. Great Northern) and followed a modified
formulation developed by Follet and Lower (2000) for a
related tortricid.

Low temperature exposure

The experiment followed an incomplete block design
and was repeated twice, once in March 2011 and another
in June 2011. A replicate consisted of 10 insects and
the total number of replicates within each month ranged
from 9-12, depending on the life-stage group. For larval-
exposure treatments, instar was confirmed through head
capsule measurement (Danthanarayana, 1975). Late in-
stars (4th—6th) were randomly assigned to one of three
temperature treatments: cooled to —10 °C (across repli-
cates and time, n = 88), cooled to the supercooling point
of an individual and held until the peak of the resulting
exotherm (n = 80), or held at room temperature (i.e.,
control, n = 44). Sample sizes for controls were smaller
than treatment groups due to specimen limitation. Though
treatment assignment of individuals was random, the
relative proportion of specific instars used in a given tem-
perature treatment were approximately equal (Table S1).
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Larvae were transferred to individual gelatin capsules
(size 4; 14.3 mm length, 5.1 mm diameter), as per Morey
et al. (2016), and cooled at ~1 °C/min from room tem-
perature to the desired treatment temperature within in-
dividual polystyrene cubes inside a —80 °C freezer, as
per Carrillo et al. (2004). Temperatures were recorded
once per second by using the coiled, copper-constantan
thermocouple design of Hanson and Venette (2013) con-
nected to a computer through a multichannel data logger
(USB-TC, Measurement Computing, Norton, MA, USA).
This design protects the larva during cooling, and keeps
it in close, indirect contact with the thermocouple mea-
surement junction. Each larva was immediately removed
from the freezer and cube once they reached either —10 °C
or the peak of their exotherm; the exotherm peak could
be observed in real-time as a plateau (typically lasting
15-25 s) following an abrupt spike in temperature. The
supercooling point was the lowest temperature reached
before the exotherm. We chose the exotherm peak for re-
moval because it was a point that guaranteed some ice for-
mation, but could also be applied most consistently to all
individuals. Larvae were then removed from their gelatin
capsules with a camel hair brush and gently placed indi-
vidually on a fresh cube of diet to continue development in
a growth chamber (23 £ 2 °C, 60%—65% RH, 14 : 10 L :
D). Cooling rates were analyzed post-exposure to ensure
that rates were consistent; individuals that deviated more
than 0.4 °C from 1 °C/min were not included in the final
analysis. Control individuals were left inside gel capsules
at room temperature (~23-25 °C) for approximately 1 h
while cold-treated individuals were being cooled to their
temperature treatments. Controls were removed from the
capsules and given fresh diet concomitantly with the cold-
treated larvae.

Individuals were monitored daily for pupation, adult
eclosion, and/or death. Pupal mass was measured (Met-
tler Toledo AL54 Analytical Balance, 0.1 mg) 3-5 d after
pupation to reduce handling damage. Survival was de-
fined by successful eclosion as an adult. For survivors,
total immature duration (hatch to adult eclosion), adult
longevity, and fertility (described below) were recorded.
Sex of adults was determined from wing coloration and
the presence (male) or absence (female) of a forewing
costal fold (Brown et al., 2010). All adults were pro-
vided with honey-water (10% by weight) within 1 d after
eclosion and placed with a mate within 2 d after eclosion.
Colony adults used for mating were reared in tandem with
the treatment insects, but were not handled until pupation.
They were weighed as pupae and mated with an individual
from one of the three treatment groups. Mating containers
consisted of 0.47 L (16 fluid oz) clear plastic cups with
perforated lids to allow air circulation. Cheesecloth was
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placed between the lid and the cup opening to deter fe-
males from ovipositing on the lids. To supply moths with
honey water, a cotton dental roll (3.81 x 0.95 cm) was
inserted into a hole cut into the bulb of a 5 mL disposable
pipette. The tip of the pipette was also cut so that ~1.9 cm
remained above the bulb. The pipette fit snugly into the
straw-hole of the lid. The cotton was re-soaked through
the top opening of the bulb every other day with honey
solution using another pipette. Females oviposited on the
sides and bottom of the cup. Fertility was measured as the
total number of viable eggs (as evidenced by the presence
of a larval head-capsule, or “black-heading,” within the
egg) produced from a treatment-exposed female mated
with an unexposed male, or from an unexposed female
mated with treatment-exposed male.

For pupal-exposure treatments, pupae were weighed 3—
5 d after pupation and exposed to either —10 °C (across
replicates and blocks, n = 75), the onset of freezing
(n=176), or used as control (n = 38) as described above for
larvae. For survivors, immature duration, adult longevity,
and fertility were measured as described above.

Analysis

Statistical analyses were conducted with SAS® soft-
ware 9.4 (SAS Institute Inc., Cary, NC, USA) with gener-
alized linear mixed models (Proc GLIMMIX). The larval-
and pupal-exposure assays were conducted separately and,
therefore, analyzed separately. Raw means and standard
errors are presented in the figures. For some measures,
the final sample sizes used in analysis varied from the
original sizes. Mechanical or user error prevented some
or all of the data for a given individual from being used.
For example, if an individual survived treatment to eclose
but was inadvertently killed during adult processing, data
on their larval and pupal development, and cold tolerance,
were included, but reproductive data was not.

Survival after partial freezing was compared across
temperature treatments, within each stage of exposure,
using a binomial distribution and logit link. Temperature
(n = 3) and experiment month (n = 2) were treated as
fixed effects, and replicate (n = 22 for larval-exposure,
n = 19 for pupal-exposure across months) was treated
as a random effect. Sex was not included in these analy-
ses because the sex of individuals that died before adult
eclosion were not determined. Maximum likelihood esti-
mates were produced using the Laplace method, as rec-
ommended by Capanu et al. (2013) for binary outcomes
in mixed models. Degrees of freedom were estimated by
the containment method to be compatible with Laplace
estimation (SAS/STAT® 9.2 User’s Guide, 2009) and
differences in the least squares means were separated

using Tukey—Kramer groupings to maintain an overall
a = 0.05.

To examine the potential relationship between the tem-
perature at which freezing begins and the likelihood of
surviving partial freezing, the individual state (dead or
alive) and month were treated as explanatory variables of
individual supercooling points, and replicate was included
as a random effect. Degrees of freedom were estimated
by the Kenwood—Roger method, as recommended for un-
balanced data by Spilke et al. (2005), and Tukey—Kramer
groupings compared the supercooling points of individu-
als that died to those that survived.

For all developmental and reproductive measures, only
survivors (i.e., those that survived to adult eclosion) were
included in the analyses. Each mixed-effects model used
temperature and month as fixed effects and replicate as a
random effect. Epiphyas postvittana is known to be sex-
ually dimorphic in some developmental traits (Dantha-
narayana, 1975), so sex was also included in these anal-
yses as a (fixed) covariate. Nonsignificant interactions
(P > 0.05) between fixed effects were removed from the
final models.

Total immature developmental times and adult longevi-
ties were analyzed using a gamma distribution and log
link, as recommended by Manly (1989) for life-stage du-
rations. Degrees of freedom were approximated by the
Kenwood—Roger method and Tukey—Kramer groupings
compared differences in the least squares means. Pupal
masses (larval-exposures only) were In-transformed for
analysis to achieve equal variances (Brown—Forsythe test;
SAS/STAT® 9.22 User’s Guide); a Gaussian distribution
was used with Kenwood—Roger degrees of freedom es-
timation, and Tukey—Kramer comparisons were made as
before. Fertility counts were analyzed using a negative
binomial distribution and log link, with quadrature likeli-
hood approximation, as recommended by Stroup (2015).

Results
Lethal effects of cold exposure

Temperature treatment affected the proportion of late
instars (£, 41 = 32.67, P < 0.0001) that survived to adult
eclosion. The proportion of late instars that survived to
adulthood was not different among individuals exposed
to —10 °C (0.97 £ 0.02; mean £ SEM) or room tempera-
ture (0.98 = 0.02), but a significantly smaller proportion
(0.17 £ 0.04) survived exposure to the onset of freezing
(Fig. 1). Similarly, the proportion of treated pupae that
survived to adulthood was affected by temperature treat-
ment (£, 36 = 29.37, P < 0.0001). The proportion of
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Fig. 1 Proportion of E. postvittana that survived to adult eclo-
sion following acute low temperature exposure as late instars
(4th—6th) or pupae to—10 °C, partial freezing (the peak of the su-
percooling point exotherm), or control conditions (~23-25 °C).
Numbers in parentheses indicate sample size across all repli-
cates. Different letters indicate significant differences across
temperature treatments, within a stage (P < 0.05).

survivors was not different among individuals exposed to
—10°C (0.97 4 0.02) and controls held at room tempera-
ture (0.97 & 0.03), but a significantly smaller proportion
of pupae (0.08 & 0.03) survived exposure to the onset of
freezing (Fig. 1). The month of the experiment did not
affect the survival of either late instars (¥ 4; = 0.78, P
= 0.38) or pupae (£ 3¢ = 1.99, P =0.17).

The overall mean supercooling point for late instars was
—14.5 °C (£ 0.3 SEM). However, the larvae that survived
exposure to partial freezing had significantly (F 675 =
5.4, P = 0.023) higher mean supercooling points (—13.0
=+ 0.6 °C) than those that died (-14.8 £ 0.3 °C) (Fig. 2).
Experiment month did not affect survival (¥, 154 = 0.46,
P = 0.51), nor did the interaction of main effects (P >
0.05).

For pupae, the overall mean supercooling point was
—19.0 °C (£ 0.3). As with larvae, pupae that survived ex-
posure to partial freezing had significantly (<} s, = 16.99,
P = 0.0001) higher mean supercooling points (—13.5 £
1.7 °C) than those that died (—19.3 & 0.2 °C) (Fig. 2).
Experiment month affected supercooling (F; s, = 4.32,
P = 0.043), with the average supercooling points mea-
sured in the first month (—17.0 £ 0.6 °C) being lower
than the second (—14.0 &+ 1.2 °C). No interactions were
significant (P > 0.05).

Pupal mass (larval-exposed group only)

Temperature treatment did not affect the mass of pupae
(F2, 1217 =0.50, P = 0.61) that survived after exposure as
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Fig. 2 Relationship between survival or mortality after par-
tial freezing and mean supercooling points in E. postvittana
instars (4th—6th) and pupae. Survival was defined by success-
ful adult eclosion. Different letters indicate significant differ-
ences across temperature treatments, within a stage (P < 0.05).
Numbers in parentheses indicate the sample size across all
replicates.

late instars. Females had significantly (7, 1309 = 385.55,
P < 0.0001) greater mass (47.9 £ 0.8 mg) than males
(26.6 £ 0.3 mg) across temperature treatments. The inter-
action between temperature and sex was also significant
(£, 1315 = 3.36, P = 0.04), with control pupae being
largest among females and smallest among males. How-
ever, the difference between treatment means within a sex
was <4 mg (Fig. 3A). There was no effect of experiment
month on pupal mass (F, 134 = 0.33, P = 0.57).

Immature developmental times

For individuals that survived exposure as late instars,
temperature treatment did not affect the total time spent
developing (egg hatch to adult eclosion) (£2, 1198 = 1.80,
P = 0.17). On average, females took longer (32.8 +
0.3 d) to develop than males (31.1 + 0.2 d) across
temperature treatments (I} 259 = 31.39, P < 0.0001).
Though males that survived the onset of freezing ap-
peared to have longer development times, this treat-
ment had small relative samples sizes, and the temper-
ature by sex interaction was not significant (£ 1238 =
291, P = 0.06) (Fig. 3B). Experiment month did not
affect development time in this group (£, 195 = 4.09,
P =0.06).

Similarly, temperature treatment did not affect the to-
tal development time of survivors exposed as pupae
(£, 041 =0.57, P =0.57). However, in this group, surviv-
ing females and males did not differ in development time
(F1, 968 = 1.44, P = 0.23), which averaged ~30 d for all.
Of note, the sex ratio in all treatment groups was highly
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Fig. 3 Effects of temperature on developmental traits of E.
postvittana following acute exposure to —10 °C, partial freezing
(the peak of the supercooling point exotherm), or control condi-
tions (~23-25 °C). Insects were exposed as late instars (4th—6th)
(A and B) or pupae (C). Pupal mass (A) and mean immature de-
velopmental duration (hatch to adult eclosion) (B and C) were
measured following temperature exposure. Raw means are pre-
sented for surviving females and males. Numbers in parentheses
indicate sample size across all replicates. Different letters indi-
cate significant differences of sex across temperature groups
(P < 0.05). There were no main effects of temperature on the
above measures.

skewed toward males, and the partial freezing treatment
had no surviving females (Fig. 3C). Experiment month
did not affect developmental duration (£ 169 = 2.26,
P =0.15).

Adult longevity

Temperature affected adult longevity for larval-exposed
groups (F», 134 = 12.88, P < 0.0001). Adult longevity
was the same for those exposed to —10 °C (22.1 + 0.6
d) and the control (22.5 + 1.1 d), whereas individuals
exposed to partial freezing lived significantly fewer days
as adults (15.1 £ 1.2 d) (Fig. 4A). Adult longevity did
not vary by sex (£,134 = 0.01, P = 0.93). There was a
main effect of experiment month for this group (F, 134
= 10.26, P = 0.0017). No interactions were significant
(P > 0.05). However, the interaction of sex with tem-
perature was marginally insignificant (£, 3, = 2.86, P =
0.061), and there is qualitative indication that partial freez-
ing may more severely reduce male longevity compared
to females (Fig. 4A).

Similarly, temperature affected adult longevity for
pupal-exposed groups (F, 945 = 19.90, P < 0.0001).
Adult longevity was the same for those exposed to
—10 °C (21.9 £ 0.7 d) and the control (22.8 £ 1.0 d),
whereas individuals exposed to partial freezing lived sig-
nificantly fewer days as adults (10.8 £ 3.9 d) (Fig. 4B).
Sex (F1, 107 = 0.52, P = 0.47) and experiment month
(F1,17.6 = 1.08, P = 0.31) did not affect adult longevity
for this group, and there were no significant interactions
(P > 0.05).

Fertility

For larval-exposed groups, temperature had a signif-
icant impact on the number of viable eggs produced
when an exposed and unexposed individual were mated
(F2,90 = 3.31, P = 0.041), irrespective of the sex of
the exposed individual (£ 99 = 1.25, P = 0.27). Pairs
with one mate exposed to partial freezing had the low-
est average fertility (383.7 £ 76.0 eggs). Pairs with one
mate that was exposed to —10 °C produced 577.8 £ 37.3
viable eggs, which was not significantly different than
the average fertility of control pairs (741.5 & 38.9 eggs)
(Fig. 4C). The production of viable eggs was not affected
by the experiment month (F} 99 = 2.39, P = 0.13), nor
any interactions between main effects (P > 0.05).

Conversely, temperature did not affect the number of
viable eggs produced for pupal-exposed groups (£2, 66 =
2.62, P = 0.08). Pairs with one mate exposed to par-
tial freezing had the lowest average fertility (198.8 +
162.6 eggs), followed by pairs with one mate exposed to
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Fig. 4 Effects of temperature on reproductive traits of E. postvittana following acute exposure to —10 °C, partial freezing (the peak of
the supercooling point exotherm), or control conditions (~23-25 °C). Insects were exposed as late instars (4th—6th) (A and C) or pupae
(B and D). Adult longevity (A and C) and fertility (B and D) of survivors were measured following temperature exposure. Fertility was
measured from the single pair mating of a treated female with an untreated male (black bars), or an untreated female with a treated
male (gray bars). Raw means are presented. Numbers in parentheses indicate sample size across all replicates for a given bar. Different
letters indicate significant differences across temperature groups; there was no effect (P > 0.05) of the sex of the exposed individual on

the above measures.

—10 °C (483.63 + 45.9 eggs), and then control pairs
(581.12 &+ 57.2 eggs) (Fig. 4D). The production of viable
eggs was not affected by the experiment month (F ¢¢ =
1.18, P = 0.28), the sex of the exposed individual (£} ¢c =
0.10, P = 0.75), nor any interactions between main effects
(P > 0.05).

Discussion

As noted by Hawes and Wharton (2011), the interplay
of fitness with insect low temperature responses “has re-
ceived wide recognition, but relatively less actual exam-
ination.” Our work expands the otherwise limited body
of empirical data that documents fitness costs associated

with different low temperature exposures. In our study,
E. postvittana responded to subzero temperatures in two
ways. First, with respect to direct lethality, most indi-
viduals withstood acute exposure to —10 °C, but died
sometime between exposure to this temperature and the
onset of freezing, on average —14.5 °C for larvae and
—19.0 °C for pupae. Second, a small proportion of indi-
viduals survived the onset of internal ice formation (i.e.,
the peak of their supercooling point exotherm) (Fig. 1),
a response that could be considered “partial freeze tol-
erance” (e.g., Sinclair, 1999). This apparent mixed re-
sponse to cold confirms previous observations for late
instars (Morey et al., 2013, 2016), which we show here
also occurs in pupae, albeit to a lesser extent than late
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instars. For both life-stages, the individuals that survived
partial freezing had relatively higher supercooling points
than those that died (Fig. 2). On average, pupae super-
cooled ~4.5 °C lower than larvae, which may explain
why fewer pupae survived partial freezing compared to
larvae; species that tolerate freezing typically have super-
cooling points at higher temperatures than species that
cannot tolerate freezing (Semme, 1982). The mean super-
cooling point for late instars (—14.5 & 0.3 °C) is similar
to those previously observed by Biirgi and Mills (2010)
for unacclimated late instars. Their study measured su-
percooling points for 4th, Sth, and 6th instars, separately.
Our treatment groups were dominated by 6th instars (Ta-
ble S1), and likely explains why our aggregate mean most
closely matches their reported means for unacclimated
5th and 6th instars (approx. —14.25 to —14.5 °C), which
they found to be statistically equivalent (Biirgi & Mills,
2010).

Acute exposure to a low, but not immediately lethal
subzero temperature (—10 °C) did not appear to affect E.
postvittana late instars or pupae differently from control
individuals, either in mortality (Fig. 1) or sublethal
effects (Figs. 3 and 4). The expected sexual dimorphism
of E. postvittana in developmental parameters (Fig. 3)
(Danthanarayana, 1975) was generally seen, but the
relative differences did not change with temperature.
The mean fertility of individuals exposed to —10 °C, as
larvae (Fig. 4C) or pupae (Fig. 4D), suggest a possible
reduction in fertility that is intermediate to control and
partially frozen individuals, but this was not statistically
supported. Other studies involving freeze-avoidant
species have observed negative effects on subsequent
development and/or reproduction following exposure
to nonfreezing, subzero temperatures (Turnock et al.,
1985; Hutchinson & Bale, 1994; Colinet & Boivin,
2011). Aside from relatively small sample sizes affecting
detectable statistical significance, a possible explanation
for the lack of sublethal effects seen at —10 °C is that our
design involved only brief exposure. Previous work has
shown that E. postvittana late instars held at —10.5 °C
did not begin to experience mortality until after 90 min
(Btirgi & Mills, 2010). So, while brief, subzero exposures
are capable of causing injury in some insects (Chen et al.,
1987; Lee, 2010), deleterious effects of —10 °C may only
manifest with prolonged exposures in this species.

In contrast to —10 °C exposure, survival after partial
freezing elicited fitness costs compared to the control
groups. These costs appeared in the reproductive mea-
sures of fitness, including shorter adult lifespans for in-
sects exposed as late instars or pupae (Figs. 4A, B), and
a decrease in the production of viable offspring for those
exposed as late instars (Fig. 4C). Given the very low sur-

vival of pupae exposed to partial freezing, caution is war-
ranted in drawing strong conclusions about potential dif-
ferences in impact between sexes, and across temperature
treatments, for that life-stage. No female pupae survived
exposure to the onset of freezing, but the sex ratio of the
control groups indicates we may have begun with a highly
male-biased population of pupae. The lack of statistical
difference in fertility of freezing-exposed pupae compared
to the other temperature treatments may also be due to
the small sample size in this group (Fig. 4D). We struc-
tured our mating design to test for potential maternal-
(Watson & Hoffmann, 1996) or paternal-specific
(Costanzo et al., 2015) effects of cold exposure on fer-
tility, but the sex of the exposed individual did not appear
to differentially impact fertility for either larval- or pupal-
exposure groups. The fertility resulting from the mating
of two cold-exposed individuals was not measured here;
though, it is likely the effect would be equal to or more
pronounced than the response seen with one cold-exposed
mate.

The sublethal consequences of freezing on insects are
much less explored than those for nonfreezing exposures,
with measures of reproductive costs to freezing being
particularly sparse in the literature (Hawes & Wharton,
2011). While our study was not designed to quantify the
amount of ice formation for each individual, the same rel-
ative exposure was achieved for all samples and we can
be sure that freezing was initiated, but had not necessar-
ily progressed to a point appropriate to assessing freeze
tolerance (sensu Bale, 1996; Hawes, 2014). Demonstrat-
ing the presence of fitness costs from partial freezing
may, nonetheless, offer interesting insights into the mech-
anisms required for the evolution of freeze tolerance
(Voituron et al., 2002). Moreover, our findings under-
score the importance of considering sublethal measures in
cold tolerance studies, generally. Even when assessments
of survival are based on more ecologically meaningful
timescales (e.g., successful progression to the reproduc-
tive stage), the effect of cold on survival alone may not
reflect the ultimate fitness of an individual or population
(Renault, 2011).

Our laboratory findings offer interesting insights to jus-
tify and guide future work to explore these phenomena
with a more ecologically informative design. Further stud-
ies are needed to assess the relevance and extent of our
results, particularly regarding partial freeze tolerance, for
E. postvittana in the field. For example, characterizing
the physiology of individuals that survived exposure to
the onset of freezing, such as the extent of ice formation
and water content, could help illuminate the mechanisms
behind the differences we saw in survival after partial
freezing. The insects in our study were not acclimated
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prior to exposure, and while previous work has shown
that acclimation did not enhance supercooling ability in
this species (Biirgi & Mills, 2010), measures of survival
and fitness may still be impacted by acclimation. Inves-
tigating the impacts of cooling rates, photoperiods, and
temperature exposures that reflect natural fluctuations on
the low temperature responses used in this study would
be an important next step. Supercooling points can also
be affected by the presence of gut nucleators (Semme,
1982), the latter of which were likely present in varying
amounts in our larvae because they were not starved prior
to testing. However, our replicated and randomized de-
sign helps to control for variation in feeding status. More
importantly, overwintering E. postvittana may continue
to feed and develop (Geier & Briese, 1980; Buergi ef al.,
2011), making natural variation in gut contents of field
individuals likely.

Current risk maps that exist for E. postvittana (e.g.,
Fowler et al., 2009; Gutierrez et al., 2010; Lozier & Mills,
2011) acknowledge the importance of cold in shaping this
species’ potential U.S. range. However, the parameter(s)
used to describe cold tolerance reflect short-term assess-
ments of lethal responses to low temperatures and do not
account for downstream attrition of fitness, including po-
tential trade-offs in populations with variable responses to
cold. If our findings from an artificial environment in the
laboratory are also reflective of variation in, and effects of,
extreme low temperature tolerance in a natural E. postvit-
tana population, even low levels of putative partial freeze
tolerance may have implications for expanding the distri-
bution limits of invading populations over time (Morey
et al., 2013). This may be especially true for species that
have a broad host range; diet can impact cold tolerance
response, as we have previously seen in E. postvittana
(Morey et al., 2016). However, we show here that toler-
ance to initial ice formation is not without consequence
for organismal fitness. A more cold tolerant population
may enable expansions of the invading population front
during periods of cold stress (e.g., winter), but this po-
tential could be limited by trade-offs in overall fitness
(e.g., Blows & Hoffmann, 1993; Watson & Hoffmann,
1996), particularly if there is significant gene flow among
populations during periods of noncold stress (Jenkins &
Hoffmann, 1999).
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Table S1: The proportion of the three E. postvittana
instars used in each temperature treatment that comprise
the late instar exposure group. Proportions are of the total
sample size (n), across all replicates, for each treatment.
Instars were grouped by headcapsule measurements (Dan-
thanarayana, 1975).

Table S2: Final model output for each measure of E.
postvittana, following exposure as late instars. Output is
from the Type III tests of fixed effects for each mixed
effects model, where replicate (n = 22) was included as
a random effect in all models. Each model began fully
crossed, with interactions eliminated until all interactions
were significant (o = 0.05) or only main effects remained.

Table S3: Final model output for each measure of E.
postvittana, following exposure as pupae. Output is from
the Type III tests of fixed effects for each mixed ef-
fects model, where replicate (n = 19) was included as
a random effect in all models. Each model began fully
crossed, with interactions eliminated until all interac-
tions were significant (¢« = 0.05) or only main effect
remained.
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