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a b s t r a c t 

Invasive species must often survive combinations of environmental conditions that differ considerably from their 

native range; however, for a given species it is unclear whether improved tolerance is the result of phenotypic 

plasticity or genetic adaptation (or both). Agrilus planipennis (Coleoptera: Buprestidae; the emerald ash borer) is 

an invasive pest of Fraxinus trees in North America and Europe. Previous studies in SW Ontario, Canada, showed 

that A. planipennis is freeze avoidant, preventing internal ice formation by accumulating Molar concentrations 

of glycerol in its hemolymph and depressing its supercooling point (SCP, the temperature at which it freezes). 

The cold tolerance of these SW Ontario animals was used to predict potential distribution, revealing that some 

Canadian cities should be too cold to allow populations to persist. However, a small population of A. planipennis 

has persisted in Winnipeg, Manitoba, Canada, through several severe ‘polar vortex’ events. In 2018/19, we col- 

lected A. planipennis larvae and prepupae from Winnipeg, MB and Southern Ontario, and found that individuals 

from Winnipeg were extremely cold tolerant – with SCPs as low as -52°C in prepupae (compared to -32°C in SW 

Ontario), and observed survival of unfrozen individuals exposed to -50°C for one hour. This cold tolerance was 

accompanied by higher hemolymph osmolality and glycerol concentration than in the SW Ontario individuals. To 

distinguish between phenotypic plasticity and local adaptation, in 2020/21 we overwintered Winnipeg-sourced 

individuals either outdoors in SW Ontario or in a simulated Winnipeg winter. Simulated Winnipeg winter individ- 

uals had cold tolerance similar to those overwintered in Winnipeg, while SW Ontario overwintered individuals 

had cold tolerance similar to those collected previously in the region. The simulated winter individuals had higher 

hemolymph glycerol concentrations than SW Ontario overwintered animals, at least in part due to greater dehy- 

dration. Thus, A. planipennis are cold-tolerant enough to survive some of the harshest winters where their host 

trees can grow, and most likely attain this cold tolerance via phenotypic plasticity. These findings raise the im- 

portance of delineating sensitivity of conclusions to unexpected phenotypic plasticity when predicting potential 

distributions of new invasives or responses to climate change. 
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ntroduction 

Invasive insects are economically and ecologically costly globally

 Bradshaw et al., 2016 ). Predicting the potential distribution of poten-

ial, new, and range-expanding invasives is therefore key to risk assess-

ent and management of invasive species ( Srivastava et al., 2019 ). Dis-

ribution models can be either based on habitat characteristics inferred

rom the native range (Ecological Niche Models; Lobo, 2016 ), or based

n ecological or physiological data (Mechanistic Models; Maino et al.,

016 ). Neither of these approaches consistently yields accurate predic-

ions of potential distribution ( Barbet-Massin et al., 2018 , Lee-Yaw et al.,

021 ), particularly when the invaded environment is substantially dif-
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erent to environments found in the native range. One potential source of

rror in these models is a failure to account for selection on or plasticity

f the physiology of invasive populations ( Colautti and Lau, 2015 , Lee-

aw et al., 2021 ) and among-population variation in the physiological

arameters that limit distribution ( Sinclair et al., 2012 ). Here we show

ow unaccounted-for phenotypic plasticity could be responsible for the

ignificant under-prediction of an invasive species’ potential geographic

ange. 

The emerald ash borer Agrilus planipennis Fairmaire, 1888

Coleoptera: Buprestidae) is a destructive invasive pest of ash ( Fraxinus )

n North America and Europe ( Herms and McCullough, 2014 ). In south-

estern Ontario, Canada (close to the North American introduction
on, ON, N6A 5B7, Canada 
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oint), most A. planipennis overwinter as freeze-avoidant prepupae, ac-

umulating up to 4 M glycerol in the hemolymph, and depressing the

upercooling point (SCP, the temperature at which they freeze) to allow

hem to survive temperatures as low as -35°C ( Crosthwaite et al., 2011 ).

ased on this information, A. planipennis should survive winter across

ost of North America; however, modelling suggests that extreme win-

ers in some Canadian cities should be too cold to allow A. planipennis to

ersist ( Cuddington et al., 2018 ). In particular, so-called ‘polar vortex’

vents, wherein cold Arctic air masses are pushed south, yield extremely

ow temperatures at temperate latitudes ( Overland and Wang, 2019 ).

hese temperatures can be well below the lowest SCPs recorded for A.

lanipennis ( MacQuarrie et al., 2019 ) and might be expected to extirpate

ocal populations. Indeed, the 2016 polar vortex event appeared to kill a

ignificant number of A. planipennis in New York state, USA ( Jones et al.,

017 ). However, in November 2017 a population of A. planipennis was

iscovered in Winnipeg, Manitoba ( CFIA, 2017 ), which should be out-

ide the range of survivable winter conditions for this species. 

Models predicting organisms’ geographic ranges seldom account for

mong-population variation in physiological parameters ( Benito Garzón

t al., 2019 , Bush et al., 2016 , Peterson et al., 2019 ), partly because the

agnitude of this variation is often unknown. In the case of A. planipen-

is , Cuddington et al. (2018) and MacQuarrie et al. (2019) assume that

old tolerance is invariant across the geographic range – a reasonable as-

umption, given that the Ontario population appears to be derived from

 single source ( Keever et al., 2013 ), and host species has no appar-

nt impact on cold tolerance ( Christianson and Venette, 2018 ). How-

ver, cold tolerance can change through both physiological plasticity

nd natural selection, leading to significant among-population variation

n overwintering capacity in some insects ( Sinclair et al., 2012 ). For ex-

mple, northern populations of the mosquito Aedes albopictus evolved

ncreased diapause incidence in the span of c. 30 years in North Amer-

ca ( Medley et al., 2019 ). Local adaptation (i.e. regional genetic adap-

ation) to regional climate appears to arise rapidly in invasive species,

lthough the rate and likelihood of this adaptation is still being explored

 Colautti et al., 2015 ). For example, the polar vortex event of early

019 led to positive selection for cold tolerance in lizards in Florida,

SA ( Stroud et al., 2020 ). On the other hand, phenotypic plasticity can

lso be associated with successful invasions: the most-invasive Impatiens

pecies in Europe is more physiologically plastic than its less-successful

ongeners ( Peterson et al., 2019 ). Insect cold tolerance can be remark-

bly plastic. In SW Ontario, for example, overwintering A. planipennis

ecrease their SCP from c. -22°C in October to c. -30°C in February

 Crosthwaite et al., 2011 ), and lose their cold tolerance after ten days

bove + 10°C ( Sobek-Swant et al., 2012 ). Thus, models based on data

rom a single location can misidentify temperature-based distribution

imits if an invasive species evolves additional cold tolerance or has un-

ecognised capacity for phenotypic plasticity. 

Based on winter temperatures and previous cold tolerance es-

imates Cuddington et al. (2018) had predicted a low probabil-

ty of A. planipennis establishment in Winnipeg. Indeed, the dis-

overy in 2017 was preceded by a polar vortex event in 2016

 Overland and Wang, 2016 ), and followed by a polar vortex in

arly 2019, with January air temperatures as low as -39.9°C

ecorded at one station in Winnipeg (Winnipeg A CS, accessi-

le at https://climate.weather.gc.ca/climate_data/daily_data_e.html ).

hese temperatures were below 95% of supercooling points reported by

rosthwaite et al. (2011) , and would be expected to extirpate the popu-

ation ( Cuddington et al., 2018 , MacQuarrie et al., 2019 ). However, A.

lanipennis persisted in Winnipeg after the polar vortex as evidenced by

ur ability to collect viable A. planipennis for the present study. Thus,

t is likely that Winnipeg A. planipennis are more cold-tolerant than the

outhern counterparts with which they share a common introduction

vent ( Herms et al., 2014 ). We can address the underlying cause of

his improved cold tolerance with two competing hypotheses: first, Win-

ipeg A. planipennis have evolved increased cold tolerance. In this case,

e would predict that Winnipeg-sourced A. planipennis would express
2 
ncreased cold tolerance regardless of their overwintering environment.

econd, the increased cold tolerance of Winnipeg A. planipennis is a re-

ult of phenotypic plasticity. In this case, Winnipeg A. planipennis would

xhibit increased cold tolerance only in response to appropriate envi-

onmental cues. 

We addressed these hypotheses by comparing the cold tolerance of

verwintering A. planipennis collected in Winnipeg and the southern part

f the Ontario range in the winter of 2018-2019. Because A. planipennis

as all but extirpated Fraxinus hosts from the SW Ontario sites studied

y Crosthwaite et al. (2011) , we collected animals from one of the most

outherly large populations in Ontario (Barrie, ON), and wintered them

utdoors in London, ON. To distinguish between plasticity and genetic

daptation, in 2020/2021 we overwintered Winnipeg-collected individ-

als either outdoors in London, ON, or in the laboratory under simulated

innipeg autumn and early winter conditions. We found that Winnipeg-

ollected individuals were considerably more cold-tolerant than their

outhern counterparts, with some survival after exposure to -50°C. Win-

ipeg individuals overwintered in London, ON (even during a Polar Vor-

ex event) were considerably less cold-tolerant than their counterparts

verwintered in simulated Winnipeg conditions, from which we con-

lude that the increased cold tolerance in the Winnipeg population is a

esult of phenotypic plasticity. Thus, the potential range of A. planipen-

is is significantly broader than previously thought. Furthermore, we

how that plasticity in cold tolerance can yield substantial physiologi-

al differences among populations of recently introduced species that is

eyond the variance usually accounted for in distribution models used

or risk assessment. 

ethods 

For 2018/2019, we use hourly air temperatures recorded by

nvironment Canada ( https://climate.weather.gc.ca/historical_data/

earch_historic_data_e.html ) in Winnipeg (‘Winnipeg The Forks’ station)

nd London (‘London A’ station) to estimate the conditions experienced

y our experimental animals ( Figure 1 A). For 2020/2021, we use a com-

ination of Environment Canada Temperatures from Winnipeg Forks,

emperatures from a thermistor probe (connected to a Hobo UI2 data

ogger, Onset Computer, Bourne, MA, USA) placed next to the logs in

he London, ON, overwintering site, and the temperature settings of our

xperimental chamber ( Figure 1 B). 

In SW Ontario and most of the USA, A. planipennis is univoltine, over-

intering as a prepupa, pupating and emerging in the spring, and de-

eloping through four larval instars in the summer ( Herms et al., 2014 ).

n a few cases in these southern habitats (and commonly in more north-

rn habitats), the life cycle becomes semivoltine, with larvae as well as

repupae overwintering ( Jones et al., 2019 , Orlova-Bienkowskaja and

ie ń kowski, 2016 ). In prepupae, cold tolerance is rapidly acquired in

he fall, with low SCPs accompanied by the accumulation of significant

mounts of glycerol in the hemolymph ( Crosthwaite et al., 2011 ). The

old tolerance of overwintering larvae has not been explored in depth. 

To compare Winnipeg A. planipennis to their southern counter-

arts, we overwintered animals outdoors in either Winnipeg or Lon-

on, ON, before measurement in the laboratory. We harvested eight A.

lanipennis -infested bolts (short lengths of tree stem or main branch)

rom F. pennsylvanica and F. nigra trees in Winnipeg, Manitoba (49.88°N,

7.12°W), on 21 November 2018. These bolts were kept outside at

he source location until 31 January 2019 when they were shipped

o the Great Lakes Forestry Centre in Sault Ste. Marie, Ontario. The

olts arrived on 1 February and where they were placed in a controlled

nvironment chamber at -7°C in darkness until 11 February, at which

oint insects were extracted from the bolts, placed individually with

oistened filter paper (remoistened weekly) in the wells of 12-well cell

ulture plates, and shipped to Western University where they arrived

n February 13, 2019. These animals were kept in an incubator at 0°C

n complete darkness and used in experiments within two weeks. For

outhern samples, we harvested 12 infested bolts from a woodlot near

https://climate.weather.gc.ca/climate_data/daily_data_e.html
https://climate.weather.gc.ca/historical_data/search_historic_data_e.html
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Figure 1. Winnipeg and London Environment Canada field tempera- 

ture data in 2018-2019 (A), and field/simulated winter conditions for 

2020-2021 (B). In (A), asterisk indicate the date infested trees were 

felled in Winnipeg (trees in Barrie, ON were felled 24 October, outside 

the range of the figure), arrows indicate the dates the infested bolts 

were removed from the field. Data are from Environment Canada sta- 

tions ‘London Station A’ or ‘Winnipeg The Forks’. In (B), all animals 

experienced the Winnipeg autumn (Environment Canada ‘Winnipeg 

The Forks’ data; solid blue line) before being shipped to London, ON, 

where they experienced a London, ON winter (solid red line – tem- 

perature from a data logger placed near the storage location) or a lab- 

oratory simulation of a Winnipeg winter (blue dashed line); see text 

for details. Blue boxes indicate the range of the polar vortex events 

mentioned in the text. 

B  

b  

O  

s  

o  

a  

s  

t  

p  

d

 

t  

p  

p  

w  

o  

m  

1  

L  

c  

b  

o  

w  

d

t  

o  

t  

w  

(  

n  

T  

a  

“  

b  

F  

s  

w

 

a  

p  

c  

i  

s  

B  

C  

C  

r  
arrie in Oro-Medonte Township, Ontario (44.5°N 79.5°W) on 24 Octo-

er 2018, placed them in plastic bins and transferred them to London,

N (43.0°N 81.2°W) on 25 October, 2018. These bolts were stored out-

ide in secure wire mesh-covered bins until 10 February 2019 (‘London-

verwintered’) when we transferred them to a dark incubator at 0°C,

nd extracted the animals in a walk-in chamber at 4°C (these bolts were

tored for up to two weeks and used simultaneously in experiments with

he Winnipeg animals). These animals were placed on moistened filter

aper in individual wells of 6-well cell culture plates and stored in a

ark incubator at 0°C until use in experiments within 24 h. 

In 2020/2021 we conducted a split-environment experiment to dis-

inguish genetic adaptation from plasticity. Covid-19-related restrictions

revented us from collecting samples from Barrie or overwintering sam-

les in Winnipeg (precluding a reciprocal transfer experiment). Instead,

e overwintered Winnipeg-collected larvae outdoors in London, ON,

r in a simulated Winnipeg winter in the laboratory before measure-

ent. We harvested 16 A. planipennis -infested F. pennsylvanica bolts on

7 November 2020 and shipped them in closed containers directly to

ondon, ON where they arrived on 19 November, and were stored in a

ommon outdoor environment until 1 December 2020. We divided these

olts into two groups (n = 8 bolts each). One group was overwintered

utside in London, ON (as described above, called ‘Winnipeg-London

inter’ hereafter) until 10 February, when they were transferred to a
ark incubator at 0°C and extracted and treated as described above be- t  

3 
ween 11 and 19 February 2021. The second group of bolts was kept

utside in the London location until December 10. These bolts were

ransferred to a walk-in chamber at -5°C until 18 December, when they

ere transferred to the custom-built ‘Earth Biome’ in Western’s Biotron

an LT-200 chamber controlled by v-Net software, Biochambers, Win-

ipeg, Manitoba) for a simulated winter (‘Winnipeg-simulated winter’).

he simulated winter fluctuated between the average weekly daytime

nd nighttime temperatures for Winnipeg (Environment Canada Station

Winnipeg The Forks ”) from 1 December to 31 January 2010-2020. We

egan the simulated winter on 10 December and proceeded until 11

ebruary, after which the temperature cycled between -10°C and -18°C;

ee Figure 1 B for temperature profile. After 11 February A. planipennis

ere extracted for use in experiments over a period of ten days. 

We extracted A. planipennis larvae and prepupae from bolts at 4°C

s previously described ( Crosthwaite et al., 2011 ). We separated prepu-

ae, which had a characteristic J-posture and were found in pupation

hambers from larvae, which did not have the J-posture and were found

n galleries ( Herms et al., 2014 ). We confirmed their identity of a sub-

et of individuals (n = 21 from the Winnipeg population and n = 8 from

arrie in 2018/2019) by sequencing a fragment of the mitochondrial

OI gene (i.e. DNA barcode; Hebert et al., 2003 ). Briefly, we amplified

OI using primers LCO1490K and HCO2198K ( Simon et al., 1994 ), pu-

ified the products according to the service provider’s protocols and sent

hem for sequencing off site (Eurofins Genomics, Louisville, KY, USA).
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Table 1 

Statistical comparisons of physiological parame- 

ters of A. planipennis larvae and prepupae (life 

stage) collected in Winnipeg, MB, and overwin- 

tered in or Barrie, ON (and overwintered in Lon- 

don, ON; Source) in the winter of 2018-2019. See 

Figures 3 and 4 for data presentation. 

F df p 

Supercooling points 2018-19 

Life stage 48.6 1,76 < 0.001 

Source 306 1,76 < 0.001 

Source × life stage 48.7 1,76 < 0.001 

Osmolality 2018-19 

Source 225 1,36 < 0.001 

Life Stage 11.6 1,36 0.002 

Source × life stage 0.381 1,36 0.541 

Glycerol 2018-19 

Life stage 3.42 1,36 0.073 

Source 37.6 1,36 < 0.001 

Source × life stage 3.02 1,36 0.091 
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e compared the sequences to A. planipennis diagnostic sequences de-

cribed by Kelnarova et al. (2018) . Sequences are deposited in NCBI

enBank under accession numbers OM218599-OM218627. 

old tolerance 

In 2018/2019, we measured SCPs in cohorts of 5-15 randomly-

ssigned individuals to yield a final n = 20 individuals/developmental

tage/population. Our sample sizes were more restricted in 2020/2021.

n 2021, we measured SCPs of nine larvae and four prepupae from the

ondon-overwintered group, and 26 larvae and six prepupae from the

innipeg-simulated winter group. We measured SCPs using the general

pproach described by Crosthwaite et al. (2011) ; briefly, we placed indi-

iduals in contact with type-T thermocouples in 1.7 mL microcentrifuge

ubes in a copper block cooled by a custom-built Peltier-effect cooling

evice (described by Anthony et al., 2019 ). We placed type-T thermo-

ouples in contact with the animal and recorded the temperature using a

icoTech TC-08 interface and Picolog software (v 6.1; Pico Technology,

ambridge, UK). We cooled larvae and prepupae from + 2°C to the SCP

t 0.5°C/min and identified the SCP as the lowest temperature prior to

he freezing exotherm. 

In 2018/2019, we separately estimated the lower lethal tempera-

ure of larvae and prepupae from both populations using the general

ethod described by Sinclair et al. (2015) . Briefly, we placed individ-

al A. planipennis into 1.7 mL tubes and cooled them as described above

t 0.25°C/min from + 2°C to -10, -25, -35, -45, -50, and -60°C where they

emained for one hour (two groups of five animals per temperature/life

tage/population combination – sample size was restricted by the avail-

bility of animals). We rewarmed individuals at 0.25°C/min to + 20°C

nd placed them in six-well plates with moist filter paper at room tem-

erature (approximately 20°C) before assessing survival after 24 h. We

onsidered individuals that were visibly pumping hemolymph and that

oved in response to light prodding with a fine paintbrush to be alive. 

emolymph composition 

In 2018/19, we measured hemolymph osmolality in ten individu-

ls/life stage/population; in 2021 we measured hemolymph osmolality

n five larvae and three prepupae from the London-overwintered group

nd two larvae and four prepupae from the Winnipeg-simulated winter

roup. We measured hemolymph osmolality using a nanolitre osmome-

er (Otago Osmometers, Dunedin, New Zealand) as described previously

y Crosthwaite et al. (2011) . We diluted 2 μl of hemolymph in 98 μl of

.05 % Tween 20 and further diluted in 0.05% Tween 20 to within the

inear range of the glycerol assay. We quantified hemolymph glycerol in

0 μL samples of hemolymph after incubation with free glycerol reagent

Sigma Aldrich, Inc. St. Louis MO, USA), using absorbance at 540 nm as

escribed previously ( Crosthwaite et al., 2011 ). 

ata analysis and availability 

We compared supercooling points, osmolality, mass, and glycerol

ontent among populations (or winter environments) and life stages

sing a two-way ANOVA with Satterthwaite’s correction for unequal

ariances (where necessary) and Tukey’s HSD post-hoc tests using

rism v9.1.2 (GraphPad software, San Diego, CA, USA). We did not

ave sufficient individuals to perform formal statistical tests on the

ower lethal temperature data. Mean ± standard error of the mean

SEM) are presented unless otherwise stated. Our data are available

s an Excel spreadsheet in the supplementary material and on Dryad

 https://doi.org/10.5061/dryad.1c59zw3wv ). 

esults 

In Winnipeg, Manitoba, Canada, the 2019 polar vortex event lasted

5 days [20 January – 4 February] during which the minimum air tem-

erature at the Winnipeg Forks station was -36.8°C, and the maximum
4 
emperature was -9.0°C ( Fig. 1 A). Over the same period in London, the

inimum air temperature was -24.8°C and the maximum temperature

as -1.4°C ( Fig 1 A). 

Larvae and prepupae from both populations of A. planipennis were

reeze avoidant in both years: in all laboratory experiments, all individ-

als that froze died. 

opulation comparison – Winnipeg vs. London-overwintered 

Winnipeg A. planipennis were extremely cold-tolerant in 2019: the

owest SCP we measured in a prepupa was -52°C, and the lowest larval

CP was -45°C ( Fig. 2 A). By contrast, in 2019 the London-overwintered

. planipennis (which were sourced from the Barrie, ON population)

ere significantly less cold-tolerant than their Winnipeg counterparts

 Fig 2 A; Table 1 ), with minimum SCPs of -33°C and -32°C for prepupae

nd larvae, respectively. The SCPs of Winnipeg animals were more vari-

ble than those of prepupae, with four Winnipeg larvae and three Win-

ipeg prepupae having relatively high SCPs that were similar to those of

ondon-overwintered larvae ( Fig 2 A). The larvae did not differ notably

rom the others in our sample in any way, so we included them in the

nalysis. However we excluded the three prepupae from our statistical

nalysis, because they were noticeably smaller than the other prepu-

ae, and although they were in pupal chambers, were morphologically

ifferent to other prepupae (we speculate that they may be physiolog-

cally or developmentally unusual). Including these individuals in the

nalysis did not change the outcome of the statistical test or the con-

lusions (analysis not shown). The SCPs of London-overwintered larvae

nd prepupae did not differ significantly, whereas the SCPs of Winnipeg

repupae were significantly lower than those of Winnipeg larvae. 

In our lower lethal temperature experiment, Winnipeg A. planipennis

ith very low SCPs remained freeze avoidant, and we observed survival

fter exposure to very low temperatures. One larva from Winnipeg sur-

ived 1 h at -45°C while two Winnipeg prepupae survived 1 h at -50°C

 Fig. 3 ). By contrast, the lowest temperature survived for one hour by

arvae and prepupae overwintered in London-overwintered animals was

25°C and -35°C, respectively ( Fig. 3 ). In these experiments, every indi-

idual that froze died, and every individual that was cold-exposed but

id not freeze survived, irrespective of temperature. 

The variation in cold tolerance we observed in 2018-19 is re-

ected to some extent in variation in hemolymph composition. Win-

ipeg animals had hemolymph osmolality ranging from 3.4 Osm (in

 larva) to 4.5 Osm (in a prepupa) whereas London-overwintered

emolymph osmolality ranged from 2.6 Osm (in a larva) to 3.2 Osm

in a prepupa; Fig 4 A). Hemolymph osmolality was significantly higher

n Winnipeg than London-overwintered animals for both life stages,

nd higher in prepupae than larvae; there was no source × life stage

https://doi.org/10.5061/dryad.1c59zw3wv
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Figure 2. Supercooling points (SCP) of A. planipennis collected from Barrie, Ontario in 2018 and overwintered in London (London, A), collected in Winnipeg, 

Manitoba (2019, A), or collected in Winnipeg, Manitoba in 2020 and overwintered outdoors in London, ON or in a simulated Winnipeg winter (B). Groups with 

different letters within a panel have significantly different means (see Table 1 for statistics for panel A, and Table 2 for statistics for panel B). Small black symbols 

indicate individual data points, violin plots indicate distributions; the three outlier prepupae from Winnipeg in panel A were aberrant individuals, and were excluded 

from the analyses (see text for details). 

Figure 3. Survival of Agrilus planipennis larvae and prepu- 

pae after one hour exposure to low temperatures. Animals 

were collected in 2018 from Barrie, ON and overwintered 

in London, ON, or overwintered and collected in 2019 in 

Winnipeg, MB (see text for details). N = 10 individuals for 

each temperature × source × life stage combination. 
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nteraction, suggesting that this pattern is consistent among populations

 Figure 4 A; Table 1 ). These very high hemolymph osmolalities were ac-

ompanied by high hemolymph glycerol concentrations, up to 4.8 M in

 prepupa from Winnipeg ( Figure 4 B). Hemolymph glycerol concentra-

ions did not differ between life stages (and there was no source × life

tage interaction), but hemolymph glycerol concentration was signifi-

antly higher in Winnipeg individuals than their London-overwintered

ounterparts ( Figure 4 B, Table 1 ). 

lasticity of cold tolerance in the Winnipeg A. planipennis population 

In 2020/2021, we overwintered Winnipeg-sourced individuals in

ondon and simulated Winnipeg conditions. During 2020-2021, the

ondon-overwintered (but Winnipeg-sourced) bolts experienced a brief

olar vortex event from 6 February until the bolts were returned to the

aboratory on Feb 10, during which the overnight temperature dropped

elow -15°C twice, with a minimum of -17°C ( Fig 1 B). 

London-overwintered individuals had SCPs ranging from -22.9°C

a larva) to -29.9°C (in a prepupa), while Winnipeg-simulated win-

er individuals had significantly lower SCPs, ranging from -30.4 (in
5 
 larva) to -42.7°C (in a prepupa; Fig 2 B). There was no winter en-

ironment × life stage interaction ( Table 2 ). We had only a few

easurements of hemolymph composition from this experiment (see

ig 4 , Table 2 ). Hemolymph osmolality ranged from 2.1 Osm (in a

ondon-overwintered larva) to 4.6 Osm (a Winnipeg-simulated win-

er prepupa), while glycerol concentrations ranged from 1.7 M (in

 London-overwintered prepupa) to 4.2 M (in a Winnipeg-simulated

inter larva). Hemolymph glycerol concentration and osmolality were

oth higher in prepupae than in larvae, and higher in Winnipeg-

imulated winter animals than in London-overwintered animals but

here was no winter environment × life stage interaction in either

ase. 

iscussion 

Distribution models based on previous cold tolerance measurements

rom southwestern Ontario had suggested that the northerly distribu-

ion of A. planipennis in Canada would be limited by extremely cold

inter conditions ( Cuddington et al., 2018 , MacQuarrie et al., 2019 ).

owever, such models assume that cold tolerance is invariant across the
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Figure 4. Hemolymph osmolality (A, C) and glycerol concentration (B, D) of overwintering Agrilus planipennis larvae and prepupae. In 2018-19 (A, B), animals were 

collected from Barrie, ON and overwintered in London, ON (London-overwintered), or overwintered and collected in Winnipeg, MB (see text for details). In 2020-21 

(C, D), animals were all collected in Winnipeg, MB, and overwintered either outdoors in London, ON (Winnipeg – London Winter) or in a simulated Winnipeg winter 

in the laboratory (Winnipeg – Simulated winter); see text and Figure 1 for details. Individual symbols indicate individual data points; mean ± SEM presented for A and 

B, mean is indicated with a horizontal line in C and D. Asterisks indicate significant differences between source and life stage, there were no significant interaction 

effects (see Table 1 for statistics). 
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eographic range. Here we show that the persistence of A. planipennis in

innipeg, Manitoba, after a severe polar vortex winter is because the

W Ontario measurements underestimated cold tolerance in the Win-

ipeg population. Further, we show that phenotypic plasticity underlies

he difference in cold tolerance between the Winnipeg and SW Ontario

opulations. 

Both the larvae and prepupae in our study were freeze avoidant,

n keeping with previous observations for overwintering A. planipennis

repupae ( Crosthwaite et al., 2011 ). The London-overwintered animals

ad SCPs similar to those described by Crosthwaite et al. (2011) , in

pite of being sourced from a population c. 160 km north of London,

N. However, the animals that had experienced a Winnipeg winter

n 2018-19 had extremely low supercooling points – all of these (ex-

luding the three unusual individuals) individuals had SCPs lower than

ny reported by Crosthwaite et al. (2011) . Indeed, almost 75% of the

innipeg-overwintered prepupal SCPs were below -45°C ( Fig. 2 A), plac-

ng them firmly among the lowest SCPs reported for hydrated insects

 Lee, 2010 , Sinclair, 1999 ). All larvae and prepupae in the simulated

innipeg winter had lower SCPs than their London-overwintered coun-

erparts sourced from the same location ( Figure 2 B). The mean SCPs
6 
f the simulated Winnipeg winter larvae and prepupae were 7 and 5°C

igher (respectively) than those of the Winnipeg-overwintered individ-

als from 2018/19, suggesting that there may be yet further capacity

or plasticity of SCP, perhaps elicited by the much lower temperatures

he 2018/19 Winnipeg animals experienced in the field. 

One possible explanation for the extreme cold tolerance in Winnipeg-

verwintered (and -simulated winter) individuals is that selective

ortality in the Winnipeg winter means that the surviving individuals

ncluded in our measurements represent only the lower range of the SCP

istribution. However, none of the London-overwintered animals had

CPs approaching those in the Winnipeg-overwintered and simulated

innipeg groups, suggesting that the two groups do not come from the

ame distributions. Furthermore, during collection we noted that sur-

ival in bolts that experienced a Winnipeg winter (simulated or actual)

as similar or greater than mortality in those that experienced a London

inter (see Supplementary Figure S1). Finally, the lowest temperature

hat the Winnipeg-simulated winter individuals were exposed to was

18°C, which would not be sufficient to modify the overall SCP distri-

ution in the London-overwintered groups (which had no SCPs above

20°C). Thus, the low SCPs we observed in Winnipeg-overwintered and
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Table 2 

Statistical comparisons of physiological parameters of A. pla- 

nipennis larvae and prepupae (life stage) collected and over- 

wintered either outdoors in London, ON or in a simulated 

Winnipeg winter in the laboratory in the winter of 2020-21 

(Source). See Figures 3 and 4 for data presentation. 

F df p 

Supercooling points 2020-21 

Life stage 31 1,41 < 0.001 

Winter environment 255 1,41 < 0.001 

Winter environment × life stage 0.859 1,41 0.859 

Osmolality 2020-21 

Life stage 5.52 1,16 0.032 

Winter environment 3.91 1,16 0.004 

Winter environment × life stage 2.49 1,16 0.134 

Glycerol 2020-21 

Life stage 6.35 1,16 0.022 

Winter environment 72.9 1,16 < 0.001 

Winter environment × life stage 0.132 1,16 0.072 
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innipeg-simulated winter A. planipennis do not appear to be because

e included only individuals that had already survived extreme cold

xposure. 

Overwintering A. planipennis had very high hemolymph osmolality

hich appears to be driven by high hemolymph glycerol concentra-

ions. The glycerol concentrations we observed in the Winnipeg an-

mals were higher than those reported by Crosthwaite et al. (2011) ,

ut by a magnitude roughly consistent with the lower SCPs we ob-

erved. The high hemolymph osmolality we observed cannot be ex-

lained entirely by glycerol; it is possible that these animals accumu-

ate other low molecular weight cryoprotectants [although Crosthwaite

t al. ( Crosthwaite et al., 2011 ) did not identify any other carbohydrate

r polyol cryoprotectants, they did not screen for other types of cry-

protectant molecule, such as the free amino acid proline ( Ko š tál et al.,

011 )]. Dehydration over winter is another possible explanation for low

upercooling points and high hemolymph concentrations ( Danks, 2000 ,

formo et al., 2010 , Zachariassen, 1991 ). In London, the water content

f mid-winter pre-pupae was only c. 6% lower than at the start of win-

er ( Crosthwaite et al., 2011 ). By contrast, water content was c. 42 %

nd 23 % lower in simulated-winter compared to London-overwintered

arvae and prepupae, respectively (Fig. S2). Thus, water loss likely ex-

lains much of the increased hemolymph concentrations and improved

old tolerance we observed, although it is beyond the scope of this study

o explore this mechanism further. 

The hemolymph of overwintering A. planipennis (especially those

rom Winnipeg) was highly viscous, bordering on gelatinous (MED,

ersonal observation), making it difficult to detect thermal hysteresis

uring osmometry. Crosthwaite et al. (2011) reported a small amount

f thermal hysteresis activity in overwintering A. planipennis prepupal

emolymph, and we did observe hints of thermal hysteresis in both lar-

ae and prepupae from both populations (MED, personal observation).

e hypothesise that these low levels of thermal hysteresis likely stabilize

ighly supercooled fluids (cf. Zachariassen and Husby, 1982 ), facilitat-

ng survival of animals supercooled to these very low temperatures. 

At latitudes with short growing seasons, A. planipennis overwin-

er as larvae and extend their development into a semivoltine life cy-

le ( Poland et al., 2015 ). Larval cold tolerance has not been well-

xplored in this species, but the few (n = 18) larval SCPs measured during

rosthwaite et al.’s (2011) study in London did not differ from the SCPs

f prepupae (J.C. Crosthwaite and BJS, unpublished data). Although

ur data from the Barrie population support this, we found that Win-

ipeg larvae were less cold-tolerant (i.e. had higher SCPs) than prepupae

 Fig 2 A), and that this difference may be driven by reduced plasticity in

arvae compared to prepupae ( Fig 2 B; we did not have sufficient data

o compare among larval instars). Among-life stage variation in plastic-

ty is seldom accounted for in distribution models, but our observations
7 
uggest that among-stage variation in plasticity could affect the ability

f an invasive species to adopt a multi-year life cycle. 

We identified two hypotheses for the increased cold tolerance in

he Winnipeg A. planipennis population. First, we hypothesized that the

innipeg population has evolved increased cold tolerance. Second, we

ypothesized that A. planipennis is phenotypically plastic and the Win-

ipeg population has acclimatized to very cold autumn and winter tem-

eratures. Although Covid-19 restrictions prevented us from carrying

ut a reciprocal transplant experiment, we did use a split-environment

esign, overwintering Winnipeg-sourced individuals in London condi-

ions and in a simulated Winnipeg winter. This revealed striking phe-

otypic plasticity: supercooling points of London-overwintered individ-

als were similar to those described previously for London A. planipen-

is ( Crosthwaite et al., 2011 ), whereas the simulated Winnipeg winter

ielded SCPs almost as low as those we found for individuals that ex-

erienced the Winnipeg polar vortex in 2019, and more than 10°C be-

ow the lowest SCPs Crosthwaite et al. (2011) recorded for any individ-

al in southwestern Ontario. Thus, we conclude that the extreme cold

olerance we report in the Winnipeg population is most likely due to

xtreme plasticity of cold tolerance in the A. planipennis population es-

ablished there. 

Although there are not yet any whole-genome sequence compar-

sons, the A. planipennis populations in Ontario appear to be geneti-

ally homogeneous ( Keever et al., 2013 ) and have reduced diversity

elative to Asian source populations ( Bray et al., 2011 ). Quebec popu-

ations (established c. 2008) are somewhat differentiated from the On-

ario/Michigan genotype ( Keever et al. 2013 ); but the population from

ault Ste. Marie, ON, the most northerly population in 2013 (and the

uspected source of the Winnipeg population) was not distinct from the

est of Ontario ( Keever et al., 2013 ). Indeed, all the COI barcodes from

ndividuals included in our study were identical. This genetic homo-

eneity (i.e. a lack of variation for selection to act on), is coupled with

 lack of time to accrue new variation (the Winnipeg population proba-

ly dates to between 2011 and 2014; CJKM Pers. Obs.). Combined with

he close similarity of the cold tolerance of London-reared Winnipeg

ndividuals with the cold tolerance of individuals from Barrie, ON [or

ndeed London, ON ( Crosthwaite et al., 2011 )] we believe that plasticity

s a more likely explanation than evolution as the cause of the extreme

old tolerance in this case. 

While we think it is unlikely, our data do not allow us to rule out

mong-population variation in cold tolerance plasticity. There are few

xplorations of among -population variation in plasticity of overwin-

ering biology [but see ( Williams et al., 2012 ) for an example with

etabolic suppression]. Among freeze-avoidant species, larvae of the

pruce budworm Choristoneura fumiferana from sub-Arctic Inuvik can

uppress their SCPs from an average of c. -32°C to an average of c. -

7°C, whereas their counterparts from more southerly New Brunswick

r Quebec in Eastern Canada maintained a steady SCP of c. -32°C after

he same treatment ( Butterson et al., 2021 ). We note that the magnitude

f SCP plasticity in C. fumiferana (c. 5°C) is considerably less than the c.

2°C SCP depression we induced in A. planipennis , and that these C. fu-

iferana populations have been geographically separated and present in

heir current locations for thousands of years ( Lumley et al., 2020 ). We

o not have plasticity information for our Barrie population, although

e note that overwintering these animals in London, ON (a milder cli-

ate than Barrie, ON) yielded similar cold tolerance to what we saw

n the (former) SW Ontario populations ( Crosthwaite et al., 2011 ), sug-

esting that a similar plasticity exists in that population. However, we

annot speculate about whether all North American A. planipennis pop-

lations have capacity for such extreme phenotypic plasticity, although

n future it will be interesting to measure cold tolerance plasticity in the

. planipennis populations expanding into mild habitats in the USA and

urope ( Nalepa et al., 2021 , Volkovitsh et al., 2021 ). 

Most previous studies of plasticity of insect cold tolerance in freeze-

voidant species have compared non-winter physiology to winter phys-

ology (e.g. Krunic and Salt, 1970 ), made comparisons of field-collected
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ndividuals within winter (e.g. Rickards et al., 1987 ), or have explored

eacclimation of animals removed from winter conditions (e.g. Sobek-

want et al., 2012 ). These studies are the foundation for most of our

orrelation-based understanding of the mechanisms underlying insect

old tolerance ( Lee, 2010 ), but provide little insight into the limits of

old tolerance. Laboratory studies of cold tolerance plasticity in freeze-

voidant insects appear rare [see Butterson et al. (2021) for a recent

xample]. To our knowledge, the c. 12°C difference in mean SCP we

ere able to induce in overwintering A. planipennis is the highest re-

orted for plasticity of freeze-avoidant insects already acclimatized to

heir overwintering state. 

In summary, we have shown that A. planipennis can be significantly

ore cold tolerant than revealed by previous single-locality studies. This

ncreased cold tolerance is sufficient to allow them to survive unusually

xtreme winter events in a location that previous models suggest should

ave a low likelihood of establishment due to winter conditions. Fur-

hermore, this extreme cold tolerance is probably a result of phenotypic

lasticity, rather than genetic adaptation, which means that variation in

old tolerance among populations can manifest in the first winter after

n introduction event, rather than taking time for natural selection to

ake its course. 

We conclude that mechanistic species distribution models based on

hysiological tolerances from laboratory conditions or a single field pop-

lation, should include sensitivity analyses to identify the impact of plas-

icity on their conclusions (and perhaps delimit the magnitude of plas-

icity that would be necessary to substantially change predicted distri-

utions). Although few mechanistic models thus far have incorporated

lasticity, they are clearly well-suited to this approach ( Maino et al.,

016 ). It could be argued that bioclimatic envelope models, by con-

rast, already incorporate plasticity in their parameterization of native

ange distributions ( Lobo, 2016 ). However, such models often lack data

rom native range edges, assume that distribution limits are set by abi-

tic conditions in the native range, and assume that the parameter space

hat elicits plasticity in the introduced range exists in the native range.

hus, plasticity in the introduced range could still yield novel pheno-

ypes, even in species well-known in their native range. Finally, in the

ontext of climate change, our data contribute to the emerging picture

hat suggests that phenotypic plasticity is extremely important in allow-

ng a species (invasive or otherwise) to expand its geographic distri-

ution (see also Gvozdik, 2012 , Huey et al., 2012 , Rodrigues and Bel-

ade, 2020 , Sgró et al., 2016 , Somero, 2010 ). 

eclaration of Competing Interest 

The authors declare no financial conflicts associated with this Re-

earch. Brent J. Sinclair is Editor-in-Chief of Current Research in Insect

cience , and Amanda D. Roe is an Editorial Board member of the jour-

al. Given their roles, neither had any involvement in the evaluation or

eer review of this manuscript, and neither have access to information

egarding its peer review. 

RediT authorship contribution statement 

Meghan E. Duell: Investigation, Formal analysis, Data curation,

riting – original draft, Project administration. Meghan T. Gray: Inves-

igation, Resources, Writing – review & editing. Amanda D. Roe: Con-

eptualization, Investigation, Writing – review & editing, Funding acqui-

ition. Chris J.K. MacQuarrie: Conceptualization, Resources, Writing –

eview & editing, Funding acquisition. Brent J. Sinclair: Conceptualiza-

ion, Formal analysis, Data curation, Writing – original draft, Visualiza-

ion, Funding acquisition. 

cknowledgements 

Thanks to Prushoth Vivekanantha, Matthew Chung, and Kevin

ishimura for assistance in the laboratory, and Gene Jones (Natural Re-
8 
ources Canada), Fiona Ross (Manitoba Sustainable Development); Ke-

ienne La France, Martha Barwinsky (City of Winnipeg) the City of Win-

ipeg Public Works Department Urban Forestry Branch, Dan Rowlinson,

ia Fricano (Ontario Ministry of Northern Development, Mines, Natural

esources and Forestry) for facilitating access to animals. Thanks also to

milie Snell-Rood and two anonymous reviewers for comments that im-

roved the manuscript. This work was supported by Natural Resources

anada Great Lakes Forestry Centre/Western Science joint funding to

JKM, ADR, and BJS, and a Natural Sciences and Engineering Research

ouncil of Canada (NSERC) Discovery Grant and Discovery Accelerator

upplement to BJS. 

upplementary materials 

Supplementary material associated with this article can be found, in

he online version, at doi: 10.1016/j.cris.2022.100031 . 

eferences 

nthony, S.E. , Buddle, C.M. , Høye, T.T. , Sinclair, B.J. , 2019. Thermal limits of summer-col-

lected Pardosa wolf spiders (Araneae: Lycosidae) from the Yukon Territory (Canada)

and Greenland. Polar 42, 2055–2064 . 

arbet-Massin, M. , Rome, Q. , Villemant, C. , Courchamp, F. , 2018. Can species distribution

models really predict the expansion of invasive species? PLoS ONE 13, e0193085 . 

enito Garzón, M. , Robson, T.M. , Hampe, A. , 2019. ΔTraitSDMs: species distribution

models that account for local adaptation and phenotypic plasticity. New Phytol 222,

1757–1765 . 

radshaw, C.J.A. , Leroy, B. , Bellard, C. , Roiz, D. , Albert, C. , Fournier, A. , Barbet–

Massin, M. , Salles, J.-.M. , Simard, F. , Courchamp, F. , 2016. Massive yet grossly un-

derestimated global costs of invasive insects. Nat. Comm. 7, 12986 . 

ray, A.M. , Bauer, L.S. , Poland, T.M. , Haack, R.A. , Cognato, A.I. , Smith, J.J. , 2011. Genetic

analysis of emerald ash borer ( Agrilus planipennis Fairmaire) populations in Asia and

North America. Biol. Invasions. 13, 2869–2887 . 

ush, A. , Mokany, K. , Catullo, R. , Hoffmann, A. , Kellermann, V. , Sgrò, C. , McEvey, S. , Fer-

rier, S. , 2016. Incorporating evolutionary adaptation in species distribution modelling

reduces projected vulnerability to climate change. Ecol. Lett. 19, 1468–1478 . 

utterson, S. , Roe, A.D. , Marshall, K.E. , 2021. Plasticity of cold hardiness in the eastern

spruce budworm, Choristoneura fumiferana . Comp. Biochem. Physiol. A. 259, 110998 .

FIA, 2017. Emerald ash borer confirmed in Winnipeg. https://www.canada.ca/en/food-

inspection-agency/news/2017/12/emerald_ash_borerconfirmedinwinnipeg.html Ac- 

cessed: 28 July 2021 

hristianson, L.D.E. , Venette, R.C. , 2018. Modest Effects of Host on the Cold Hardiness of

Emerald Ash Borer. Forests 9, 346 . 

olautti, R.I. , Lau, J.A. , 2015. Contemporary evolution during invasion: evidence for dif-

ferentiation, natural selection, and local adaptation. Mol. Ecol. 24, 1999–2017 . 

rosthwaite, J.C. , Sobek, S. , Lyons, D.B. , Bernards, M.A. , Sinclair, B.J. , 2011. The overwin-

tering physiology of the emerald ash borer, Agrilus planipennis Fairmaire (Coleoptera:

buprestidae). J. Insect Physiol. 57, 166–173 . 

uddington, K. , Sobek-Swant, S. , Crosthwaite, J.C. , Lyons, D.B. , Sinclair, B.J. , 2018. Prob-

ability of emerald ash borer impact for Canadian cities and North America: a mecha-

nistic model. Biol. Invasions. 20, 2661–2677 . 

anks, H.V. , 2000. Dehydration in dormant insects. J. Insect Physiol. 46, 837–852 . 

vozdik, L. , 2012. Plasticity of preferred body temperatures as means of coping with

climate change? Biol. Lett. 8, 262–265 . 

ebert, P.D.N. , Ratnasingham, S. , de Waard, J.R. , 2003. Barcoding animal life: cytochrome

c oxidase subunit 1 divergences among closely related species. Proc. R. Soc. Lond. B.

270, S96–S99 . 

erms, D.A. , McCullough, D.G. , 2014. Emerald Ash Borer Invasion of North America:

history, Biology, Ecology, Impacts, and Management. Annu. Rev. Entomol. 59, 13–30 .

uey, R.B. , Kearney, M.R. , Krockenberger, A. , Holtum, J.A.M. , Jess, M. , Williams, S.E. ,

2012. Predicting organismal vulnerability to climate warming: roles of behaviour,

physiology and adaptation. Phil. Trans. R. Soc. B. 367, 1665–1679 . 

ones, M.I. , Gould, J.R. , Fierke, M.K. , 2017. Mortality of overwintering emerald ash borer

(Coleoptera: buprestidae) associated with an extreme cold event in New York, United

States of America. Can. Entomol. 149, 482–486 . 

ones, M.I. , Gould, J.R. , Mahon, H.J. , Fierke, M.K. , 2019. Phenology of Emerald Ash Borer

(Coleoptera: buprestidae) and Its Introduced Larval Parasitoids in the Northeastern

United States. J. Econ. Entomol. 113, 622–632 . 

eever, C.C. , Nieman, C. , Ramsay, L. , Ritland, C.E. , Bauer, L.S. , Lyons, D.B. , Cory, J.S. ,

2013. Microsatellite population genetics of the emerald ash borer ( Agrilus planipennis

Fairmaire): comparisons between Asian and North American populations. Biol. Inva-

sions. 15, 1537–1559 . 

elnarova, I. , Jendek, E. , Grebennikov, V.V. , Bocak, L. , 2018. First molecular phylogeny

of Agrilus (Coleoptera: buprestidae), the largest genus on Earth, with DNA barcode

database for forestry pest diagnostics. Bull. Entomol. Res. 109, 200–211 . 

o š tál, V. , Zahradnickova, H. , Simek, P. , 2011. Hyperprolinemic larvae of the drosophilid

fly, Chymomyza costata , survive cryopreservation in liquid nitrogen. Proc. Natl. Acad.

Sci. USA 108, 13041–13046 . 

runic, M.D. , Salt, R.W. , 1970. Seasonal changes in glycerol content and supercooling

points of Megachile roundata (F.) and M. relativa Cress. can. J. Zool. 49, 663–666 . 

https://doi.org/10.1016/j.cris.2022.100031
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0001
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0001
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0001
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0001
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0001
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0002
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0002
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0002
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0002
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0002
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0003
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0003
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0003
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0003
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0004
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0004
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0004
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0004
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0004
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0004
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0004
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0004
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0004
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0004
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0004
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0005
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0005
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0005
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0005
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0005
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0005
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0005
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0006
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0006
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0006
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0006
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0006
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0006
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0006
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0006
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0006
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0007
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0007
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0007
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0007
https://www.canada.ca/en/food-inspection-agency/news/2017/12/emerald_ash_borerconfirmedinwinnipeg.html
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0009
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0009
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0009
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0010
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0010
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0010
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0011
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0011
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0011
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0011
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0011
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0011
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0012
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0012
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0012
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0012
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0012
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0012
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0013
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0013
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0014
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0014
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0015
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0015
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0015
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0015
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0016
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0016
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0016
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0017
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0017
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0017
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0017
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0017
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0017
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0017
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0018
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0018
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0018
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0018
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0019
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0019
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0019
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0019
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0019
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0020
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0020
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0020
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0020
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0020
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0020
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0020
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0020
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0021
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0021
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0021
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0021
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0021
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0022
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0022
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0022
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0022
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0023
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0023
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0023


M.E. Duell, M.T. Gray, A.D. Roe et al. Current Research in Insect Science 2 (2022) 100031 

L  

E  

 

L  

L  

 

 

M  

 

M  

M  

 

N  

O  

 

O  

O  

P  

 

P  

 

R  

 

R  

S  

 

 

S  

S  

 

 

S  

S  

S  

S  

 

S  

 

S  

 

S  

 

V  

 

W  

 

Z  

E  

 

ee-Yaw, J.A. , McCune, J.L. , Pironon, S. , Sheth, S.N. , 2021. Species distribution models

rarely predict the biology of real populations. Ecography 44, 1–16 . 

dited by Lee, R.E. , Denlinger, D.L. , Lee, R.E. , 2010. A primer on insect cold tolerance. Low

Temperature Biology of Insects. Cambridge University Press, Cambridge, pp. 3–34

Edited by . 

obo, J.M. , 2016. The use of occurrence data to predict the effects of climate change on

insects. Curr. Opinion Insect Sci. 17, 62–68 . 

umley, L.M. , Pouliot, E. , Laroche, J. , Boyle, B. , Brunet, B.M.T. , Levesque, R.C. , Sper-

ling, F.A.H. , Cusson, M. , 2020. Continent-wide population genomic structure and

phylogeography of North America’s most destructive conifer defoliator, the spruce

budworm ( Choristoneura fumiferana ). Ecol. Evol. 10, 914–927 . 

acQuarrie, C.J.K. , Cooke, B.J. , Saint-Amant, R. , 2019. The predicted effect of the polar

vortex of 2019 on winter survival of emerald ash borer and mountain pine beetle.

Can. J. Forest. Res. 49, 1165–1172 . 

aino, J.L. , Kong, J.D. , Hoffmann, A.A. , Barton, M.G. , Kearney, M.R. , 2016. Mechanistic

models for predicting insect responses to climate change. Curr. Opinion Insect Sci. . 

edley, K.A. , Westby, K.M. , Jenkins, D.G. , 2019. Rapid local adaptation to northern win-

ters in the invasive Asian tiger mosquito Aedes albopictus : a moving target. J Appl Ecol

56, 2518–2527 . 

alepa, C.A. , Oten, K.L.F. , Bertone, M.A. , 2021. Overwintering Developmental Stages of

Emerald Ash Borer in North Carolina. Florida Entomol 104, 213–217 215 . 

rlova-Bienkowskaja, M.J. , Bie ń kowski, A.O. , 2016. The life cycle of the emerald ash

borer Agrilus planipennis in European Russia and comparisons with its life cycles in

Asia and North America. Agr. For. Entomol. 18, 182–188 . 

verland, J.E. , Wang, M. , 2016. Recent Extreme Arctic Temperatures are due to a Split

Polar Vortex. J. Climate. 29, 5609–5616 . 

verland, J.E. , Wang, M. , 2019. Impact of the winter polar vortex on greater North Amer-

ica. Int. J. Climatol. 39, 5815–5821 . 

eterson, M.L. , Doak, D.F. , Morris, W.F. , 2019. Incorporating local adaptation into fore-

casts of species’ distribution and abundance under climate change. Global Change Biol

25, 775–793 . 

oland, T.M. , Chen, Y.G. , Koch, J. , Pureswaran, D. , 2015. Review of the emerald ash borer

(Coleoptera: buprestidae), life history, mating behaviours, host plant selection, and

host resistance. Can. Entomol. 147, 252–262 . 

ickards, J. , Kelleher, M.J. , Storey, K.B. , 1987. Strategies of Freeze Avoidance in Larvae

of the Goldenrod Gall Moth, Epiblema scudderiana - Winter Profiles of a Natural Pop-

ulation. J. Insect Physiol. 33, 443–450 . 

odrigues, Y.K. , Beldade, P. , 2020. Thermal Plasticity in Insects’ Response to Climate

Change and to Multifactorial Environments. Front. Ecol. Evol. 8, 271 . 
9 
formo, T. , Walters, K. , Jeannet, K. , Wowk, B. , Fahy, G.M. , Barnes, B.M. , Duman, J.G. ,

2010. Deep supercooling, vitrification and limited survival to-100 °C in the Alaskan

beetle Cucujus clavipes puniceus (Coleoptera: cucujidae) larvae. J. Exp. Biol. 213,

502–509 . 

gró, C.M. , Terblanche, J.S. , Hoffmann, A.A. , 2016. What Can Plasticity Contribute to

Insect Responses to Climate Change? Annu . Rev Entomol 61, 433–451 . 

imon, C. , Frati, F. , Beckenbach, A. , Crespi, B. , Liu, H. , Flook, P. , 1994. Evolution, Weight-

ing, and Phylogenetic Utility of Mitochondrial Gene Sequences and a Compilation

of Conserved Polymerase Chain Reaction Primers. Ann. Entomol. Soc. Amer. 87,

651–701 . 

inclair, B.J. , 1999. Insect cold tolerance: how many kinds of frozen? Eur J Entomol 96,

157–164 . 

inclair, B.J. , Williams, C.M. , Terblanche, J.S. , 2012. Variation in thermal performance

among insect populations. Physiol. Biochem. Zool. 85, 594–606 . 

inclair, B.J. , Coello Alvarado, L.E. , Ferguson, L.V. , 2015. An invitation to measure insect

cold tolerance: methods, approaches, and workflow. J. Therm. Biol. 53, 180–197 . 

obek-Swant, S. , Crosthwaite, J.C. , Lyons, D.B. , Sinclair, B.J. , 2012. Could phenotypic

plasticity limit an invasive species? Incomplete reversibility of mid-winter deacclima-

tion in emerald ash borer. Biol. Invasions. 14, 115–125 . 

omero, G.N. , 2010. The physiology of climate change: how potentials for acclimatiza-

tion and genetic adaptation will determine ’winners’ and ’losers’. J. Exp. Biol. 213,

912–920 . 

rivastava, V. , Lafond, V. , Griess, V.C. , 2019. Species distribution models (SDM): appli-

cations, benefits and challenges in invasive species management. CAB Reviews 14,

020 . 

troud, J.T. , Mothes, C.C. , Beckles, W. , Heathcote, R.J.P. , Donihue, C.M. , Losos, J.B. , 2020.

An extreme cold event leads to community-wide convergence in lower temperature

tolerance in a lizard community. Biol. Lett. 16, 20200625 . 

olkovitsh, M.G. , Bie ń kowski, A.O. , Orlova-Bienkowskaja, M.J. , 2021. Emerald Ash Borer

Approaches the Borders of the European Union and Kazakhstan and Is Confirmed to

Infest European Ash. Forests 12, 691 . 

illiams, C.M. , Marshall, K.E. , Macmillan, H.A. , Dzurisin, J.D.K. , Hellmann, J.J. , Sin-

clair, B.J. , 2012. Thermal variability increases the impact of autumnal warming and

drives metabolic suppression in an overwintering butterfly. PLoS ONE 7, e34470 . 

achariassen, K.E. , Husby, J.A. , 1982. Antifreeze effect of thermal hysteresis agents pro-

tects highly supercooled insects. Nature 298, 865–867 . 

dited by Zachariassen, K.E. , 1991. The water relations of overwintering insects. In:

Lee, R.E., Denlinger, D.L. (Eds.), Insects At Low Temperature. Chapman and Hall,

New York, pp. 47–63 Edited by . 

http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0024
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0024
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0024
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0024
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0024
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0025
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0025
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0025
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0025
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0025
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0026
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0026
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0027
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0027
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0027
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0027
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0027
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0027
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0027
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0027
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0027
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0028
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0028
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0028
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0028
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0029
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0029
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0029
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0029
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0029
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0029
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0030
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0030
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0030
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0030
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0031
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0031
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0031
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0031
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0032
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0032
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0032
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0033
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0033
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0033
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0034
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0034
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0034
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0035
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0035
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0035
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0035
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0036
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0036
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0036
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0036
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0036
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0037
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0037
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0037
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0037
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0038
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0038
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0038
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0039
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0039
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0039
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0039
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0039
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0039
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0039
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0039
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0040
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0040
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0040
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0040
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0041
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0041
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0041
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0041
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0041
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0041
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0041
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0042
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0042
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0043
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0043
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0043
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0043
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0044
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0044
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0044
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0044
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0045
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0045
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0045
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0045
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0045
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0046
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0046
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0047
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0047
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0047
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0047
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0048
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0048
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0048
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0048
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0048
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0048
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0048
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0049
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0049
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0049
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0049
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0050
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0050
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0050
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0050
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0050
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0050
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0050
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0051
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0051
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0051
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0052
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0052
http://refhub.elsevier.com/S2666-5158(22)00003-8/sbref0052

	Plasticity drives extreme cold tolerance of emerald ash borer (Agrilus planipennis) during a polar vortex
	Introduction
	Methods
	Cold tolerance
	Hemolymph composition
	Data analysis and availability

	Results
	Population comparison - Winnipeg vs. London-overwintered
	Plasticity of cold tolerance in the Winnipeg A. planipennis population

	Discussion
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgements
	Supplementary materials
	References


