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A B S T R A C T   

Diapause is a form of internally-controlled dormancy that allows insects to avoid stressful conditions and periods 
of low food availability. Eastern spruce budworm (Choristoneura fumiferana Clemens), like many cold-adapted 
insects, enter diapause well in advance of winter conditions, thus exposing them to elevated temperatures 
during fall that can deplete energy stores and impact post-diapause survival. We explored the impact of fall 
conditions on C. fumiferana by manipulating the length of the fall period and exposure temperatures during the 
diapause initiation phase of second instar larvae in a factorial design. We exposed second instar larvae to four fall 
temperatures (10, 15, 20, and 25◦C) and five exposure times (1, 2, 4, 6, and 10 weeks) prior to standardized 
diapause conditions. We measured metabolites (glycogen, glycerol, and protein) prior to and during diapause for 
a subset of individuals. We also measured post-diapause survival by quantifying emergence following diapause 
conditions for a subset of individuals. We found that long, warm fall conditions depleted glycogen content and 
lowered post-diapause survival. We also found that short, cool conditions impacted post-diapause survival, 
although glycogen content remained high. Our results showed that fall conditions have substantial fitness 
consequences to overwintering insects. Optimal fall conditions struck a balance between exposure time and 
temperature. Our findings point to a potentially adaptive reason for early diapause onset: that an undescribed, 
but temperature-sensitive process is occurring in C. fumiferana larvae during the diapause initiation period that is 
essential for overwintering survival and successful post-diapause emergence.   

Introduction 

Dormancy allows ectotherms to avoid stressful environmental con-
ditions and periods of low food availability (Danks, 1987). This period of 
inactivity can either be an internally controlled developmental arrest (i. 
e. diapause) or an immediate response to deteriorating environmental 
conditions (i.e. quiescence; (Denlinger, 2022)). Diapause is a distinct 
developmental stage that proceeds through a series of programmed 
physiological steps, defined as induction, preparation, initiation, main-
tenance, and termination (see Koštál, 2006). Each stage involves dy-
namic coordination of many interacting processes that must be initiated 
and completed for a diapausing insect to enter, maintain, and finally 
leave the dormant state and successfully resume development (Den-
linger, 2022). 

Entry into diapause, also called diapause initiation, typically pre-
cedes the onset of stressful winter conditions (Denlinger, 2022; Tauber 
et al., 1986; Taylor & Spalding, 1989). Diapause in a wide range of insect 
taxa is consistently initiated weeks, or even months, prior to onset of 

cold temperatures (Joschinski & Bonte, 2021). For example, the apple 
maggot fly Rhagoletis pomonella enters diapause in August/September 
while daytime high temperatures are high (e.g. 20 - 26◦C), and subzero 
temperatures are still two months away (Meyers et al., 2020). Early 
entry into diapause is often considered a protection against unpredict-
ability in the arrival of lethal low temperatures, loss of resources, or 
predation avoidance (Taylor & Spalding, 1989). 

Early entry into diapause, however, means that dormant, non- 
feeding insects are arresting development during the summer or fall 
season, thus exposing themselves to prolonged periods of elevated 
temperatures. Given that the metabolic rate of ectotherms is tempera-
ture sensitive (Hahn & Denlinger, 2011; Irwin & Lee, 2003), energetic 
drain is likely higher during the early stages of diapause when condi-
tions are warm, but slows as temperatures decrease (Williams et al., 
2012). Fall temperatures are known to drive energetic drain in dormant 
insects and can significantly impact their survival, post-diapause fitness, 
and population dynamics. For example, the green-veined white butterfly 
Pieris napi survives winter in a pupal diapause and experiences 
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significant weight loss and elevated metabolic rates during long, warm 
falls, which results in lower post-diapause fitness (Nielsen et al., 2022). 
Similarly, in the Propertius duskywing butterfly Erynnis propertius, fall 
conditions have a disproportionate impact on energy consumption in 
overwintering larvae, highlighting the importance of this season on 
larval fitness (Williams et al., 2012). Ectotherms must therefore balance 
the advantage of diapause for improved stress tolerance with the ener-
getic costs of entering diapause in warm conditions (Hahn & Denlinger, 
2011). Thus, it is clear that fall conditions impact the fitness of 
diapausing ectotherms, but despite this impact the effect of changing fall 
conditions during this critical period of dormancy is relatively under-
studied compared with other seasons (e.g. spring; Gallinat et al., 2015). 

Under climate change, fall is warming faster than summer (Marshall 
et al., 2020) and impacting a range of biotic processes. For example, 
climatic changes during the fall period are delaying plant senescence 
(Menzel et al., 2006), shifting timing of fall migration in migratory birds 
(Jenni & Kéry, 2003; Van Buskirk et al., 2009), and altering rates of 
insect development. For example, phenology, voltinism, and winter 
survival may all be impacted as insects are exposed to longer, hotter 
warm spells, with increased probability of extreme temperature events 
(Glazaczow et al., 2016; Schebeck et al., 2017; Van Dyck et al., 2015). As 
well, a recent examination of western American butterflies showed that 
population declines across 450 butterfly species are driven by fall 
warming in particular, while warming summers drive population in-
creases (Forister et al., 2021). This suggests that understanding fall 
processes may be particularly important for understanding the drivers of 
insect dynamics and population declines. 

The eastern spruce budworm, Choristoneura fumiferana (Clemens, 
1865, Lepidoptera: Tortricidae) is a destructive forest insect that de-
foliates spruce and fir trees, and causes significant tree mortality 
throughout the boreal forest (Liu et al., 2019; Marshall & Roe, 2021). 
Overwintering survival is an important factor driving the dynamics of 
this pest (Gray, 2013), thus knowledge of its overwintering biology is 
foundational to predicting spatial and temporal changes in its popula-
tion density. Carbohydrates stored as glycogen are the primary energy 
source for overwintering survival in C. fumiferana (Han & Bauce, 1998; 
Marshall & Sinclair, 2015). Glycogen, used to maintain critical meta-
bolic functions during diapause, is converted to glycerol to facilitate cold 
tolerance, and then fuels post-diapause emergence in the spring 
(Marshall & Roe, 2021; Storey & Storey, 2012). Earlier work on 
C. fumiferana and related Choristoneura species has demonstrated that 
dormant larvae have a finite amount of energy to survive the winter 
period. Resource depletion (e.g. reduction in glycogen stores) is ex-
pected to contribute to mortality during diapause, particularly during 
fall before the onset of cooler winter conditions (Han & Bauce, 1998; 
Nealis & Régnière, 2016). In fact, conditions during early diapause are 
known to strongly influence larval survival and post-diapause fitness 
(Han & Bauce, 1997; McMorran 1973), highlighting the importance of 
this developmental stage. 

The objective of this study was to assess the impact of climatic 
conditions on diapausing C. fumiferana during the fall prior to the onset 
of winter. We manipulated the length of fall and exposure temperatures 
experienced by diapausing second instar larvae. We hypothesized that 
elevated fall temperatures for longer periods of time would increase 
metabolic rates in diapausing C. fumiferana, causing greater energetic 
drain and leading to starvation during overwintering. Therefore, we 
predict that larvae exposed to warmer, longer fall conditions will have 
lower glycogen reserves and higher overwintering mortality than larvae 
exposed to short cool falls. 

Methods 

Experimental Design & Study Organisms 

Choristoneura fumiferana has one generation per year, with adults 
laying eggs on host plant needles and new larvae hatching in late 

summer (late July - early August; (Candau et al., 2018; Marshall & Roe, 
2021; Nealis & Régnière, 2016)). The larvae do not feed after hatching 
but migrate towards the lower crown (Eveleigh & Johns, 2014) to seek 
overwintering sites in bark crevices and lichen mats where they 
construct a silken overwintering structure called a hibernaculum (Nealis 
& Régnière, 2016). Larvae molt into a second instar within the hiber-
naculum by mid-August and enter dormancy several months prior to the 
onset of stressful winter conditions (Harvey, 1957; Marshall & Roe, 
2021; Fig. 1). This dormant period is best described as a period of 
obligate diapause (Han & Bauce, 1993, 1998), and although phenotypic 
variation does exist (Marshall & Roe 2021), this is the most typical 
phenotype expressed in natural populations. 

Our experimental insects were obtained from the Insect Production 
and Quarantine Laboratory at the Great Lakes Forestry Centre (Sault Ste. 
Marie, Ontario, Canada). We used wild-type adults sourced from an 
outbreak population in Manic-cinq, Québec (Glfc:IPQL:CfumMQC01; 
Perrault et al., 2021) to create the diapausing larvae used in our treat-
ments. The parental population was maintained in artificial rearing for 
four generations using standard rearing protocols (Ebling & Dedes, 
2015) on the McMorran diet (Grisdale & McMorran, 1963; McMorran, 
1965; Hervet et al., 2016). Adults (100 males/100 females) were mated 
in a large plastic bag under standard rearing conditions (20◦C, 16h:8h 
Light:Dark, 60-70% relative humidity) to generate egg masses for the 
treatment population. Egg masses were placed in hatching pans with 
cheesecloth embedded in paraffin as an overwintering substrate. Egg 
hatch began after 2-5 days and first instar larvae were allowed to 
establish overwintering sites and molt into second instar larvae before 
beginning the experimental treatments. Following construction of the 
hibernaculum, larvae rapidly convert glycogen to glycerol and decrease 
their body water content (Han & Bauce, 1993). Based on these physio-
logical changes, we believe that larvae were at the diapause initiation 
phase during our fall treatments (Koštál, 2006). 

Cheesecloth containing overwintering larvae was cut into sections 
containing at least ten larvae each (hereafter called a patch). A single 
patch was placed in a snap Petri dish (Falcon® Petri Dishes, 50 × 9 mm, 
Tight-Fit Lid, Corning Inc. - Life Sciences, Durham NC USA) and 15 
patches were haphazardly assigned to each temperature x time treat-
ment. Upon completion of the fall treatment exposure (TP), five patches 
were frozen at -80◦C for metabolite analysis and 10 patches were placed 
in winter conditions (18 weeks, 2◦C 0h:24h Light:Dark) in a Conviron 
environmental chamber (Model C920 Controlled Environments Ltd., 
Winnipeg MB, Canada). After 9 weeks of winter conditions, five patches 
were frozen at -80◦C for metabolite analysis (T9). The remaining patches 
(n=5) completed the obligate diapause period prior to fitness assess-
ment. An additional set of control larvae (T0; n=10 patches) were pre-
served for metabolite analysis prior to treatments. Fitness assessments 
were conducted at GLFC after 18 weeks of exposure to winter conditions 
by placing Petri dishes containing individual patches in a Hotpack 
environmental chamber (Hotpack Canada Ltd., Waterloo ON, Canada) 
at standard rearing conditions. Emergence from the cheesecloth was 
monitored daily. We exposed groups of diapausing C. fumiferana to four 
fall exposure temperatures (10, 15, 20, and 25◦C) and five fall time 
periods (1, 2, 4, 6, and 10 weeks) in a full factorial design (n=20 
treatment conditions; Fig. 1) using a Conviron environmental chamber 
(Model 124L). Of these treatments, moderate temperatures (15-20◦C) 
for intermediate durations (4-6 weeks) would be most similar to field 
conditions experienced by our source population ((i.e. Manic-cinq, QC). 
We also note that standard rearing conditions for C. fumiferana labora-
tory colonies includes a two week “pre-diapause” treatment at 20◦C 
(Ebling & Dedes, 2015). 

Metabolites 

To complement the fitness assessment, patches of second instar 
C. fumiferana larvae (n=5) were shipped on dry ice from the Great Lakes 
Forestry Centre to the University of British Columbia (Vancouver, 
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British Columbia, Canada) for metabolite analysis. Upon arrival, larvae 
were immediately stored at -80◦C. Prior to biochemical analyses, larvae 
that were alive prior to freezing in a -80◦C freezer were removed from 
their hibernacula and pooled from five patches into three 1.8 mL 
microcentrifuge tubes in sets of 20 larvae (n=3 biological replicates per 
treatment). Pools of larvae were homogenized with approximately 90 ×
0.5 mm Zirconium oxide beads (Next Advance Inc., Averill Park, USA) in 
a Bullet Blender (Storm 24, Next Advance Inc., Averill Park, USA) for 2 
minutes at the highest speed. We then added 50 µL of 0.05% Tween 20 
and repeated the homogenization step. An additional 250 µL 0.05% 
Tween 20 was added after and the sample was mixed using a vortexer 
(Vortex-Genie 2, Scientific Industries Inc., Bohemia, USA). Following 
mixing, we centrifuged each sample for 10 minutes at 15,000 × g 
(Allegra 64R, Beckman Coulter Canada Inc., Mississauga, Canada). Two 
aliquots of supernatant were removed and the samples were stored at 
-80◦C for later assays. 

We used spectrophotometric assays to measure glycerol, glycogen, 
and protein content for each of our pooled samples using a Spectra Max 
M2 spectrophotometer (Molecular Devices, San Jose, USA). We 
measured glycerol content using a glycerol standard (Fisher Scientific) 
and Free Glycerol Reagent (MAK117, Sigma-Aldrich Canada Co., Oak-
ville, Canada). We loaded 30 μl of each of the three pooled samples per 
treatment on a 96-well flat-bottomed microplate and 100 μl Free Glyc-
erol Reagent. Then we incubated the plates at 37◦C for 5 minutes and 
measured absorbance at 540 nm. We measured glucose-based glycogen 
content using a Type II glycogen from oyster standard (Millipore Sigma) 
and a phenol-sulphuric acid method following (Masuko et al., 2005). 
Briefly, 10 μl of each pooled sample per treatment was loaded on a 
96-well microplate, and we added 40 μl of 6.5% phenol and 200 μl of 
sulphuric acid to each well. The plates were incubated at 24◦C for 30 
minutes and absorbance was measured at 490 nm. Finally, we measured 
protein content using a Bicinchronicinc acid kit (BCA1, Sigma-Aldrich 
Canada Co.) and bovine serum albumin as a standard (Millipore 
Sigma). Briefly, we loaded 25 μl of each pooled sample on a 96-well 

microplate and added 200 μl of reagent (50 parts bicinchoninic acid 
solution to 1 part 4% CuSO4). The plates were incubated at 30◦C for 30 
minutes and we measured absorbance at 562 nm. 

Statistical Analyses 

As C. fumiferana larvae significantly reduce water content 
throughout the fall (Han & Bauce 1993), we decided to report all me-
tabolites on a per larva basis. Protein content is reported in µg per larva, 
glycogen content is reported in nmol of glucose per larva, and glycerol 
content is reported in nmol per larva. We started our analysis by 
examining whether protein content was significantly correlated with 
glycogen or glycerol content using linear models. As it was not (p > 0.1 
in both cases), we proceeded to examine experimental effects on 
metabolite content using linear models. We modelled metabolite con-
tent as a function of temperature exposure (10, 15, 20, or 25◦C), sam-
pling time point (immediately following fall conditions or 9 weeks into 
diapause), time spent in fall conditions (1, 2, 4, 6, or 10 weeks), and their 
interactions, all modelled as numeric predictors. We then used the ste-
pAIC function from the MASS package (Venables & Ripley, 2002) to 
simplify models based on Akaike’s Information Criterion, and report the 
resulting outputs. 

As survival to emergence was assessed in 5 replicates of 28.01 ±
16.12 (mean ± SD) larvae each, we used a logistic regression with 
replicate as a nested factor to measure the effect of fall duration and time 
on survival. 

Results 

Metabolites 

There was no effect of protein content on the amount of any 
metabolite (p > 0.1 in all cases), nor did any experimental manipulation 
impact protein content (p > 0.142 in all cases). There was no effect of 

Fig. 1. Overall factorial design manipulating temperatures and exposure duration during the fall diapause period for Choristoneura fumiferana. Life cycle of 
C. fumiferana shown as an inset. Treatments began after second instar larvae established hibernacula within the cheesecloth substrate indicating onset of diapause. 
Individuals were moved to overwintering conditions upon completion of their fall treatment and exposed for 18 weeks before being returned to rearing conditions for 
post-diapause emergence (standard rearing conditions at the Insect Production and Quarantine Laboratories). Sampling for metabolites occurred at T0 (prior to 
treatment), TP (prior to winter conditions), and T9 (9 weeks into diapause). 
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sampling time point (either immediately following fall conditions or 9 
weeks into overwintering conditions) on glycerol content, but the 
combination of fall duration and fall temperature significantly impacted 
glycerol content (t = -2.257, df = 113, p = 0.0259). While the effect of 
fall duration was complex (Supplemental Fig. 1), generally higher 
temperatures led to lower glycerol content (Fig. 2; Supplemental 
Table 1). 

Glycogen content was unaffected by sampling time point (either 
immediately following fall conditions or 9 weeks into overwintering 
conditions) but was strongly impacted by the interaction between fall 
duration and temperature (t = 2.749, df = 113, p = 0.007) such that 
higher temperatures and longer durations of fall significantly decreased 
glycogen content (Fig. 3, Supplemental Fig. 2). 

Survival 

We found that fall conditions were strong drivers of overwintering 
survival in C. fumiferana, with survival of replicates varying from 0 to 
89% (Fig. 4). Logistic regression indicated that this was driven by the 
interaction between fall duration and temperature (deviance explained 
= 72.93, df = 99, p < 0.001) such that at high temperatures, survival is 
highest with short fall durations, and at low temperatures, survival is 
highest with long fall durations (Fig. 4). 

Taken together, we show that glycogen content generally declines 
with increasing fall duration and temperature, while overwintering 
survival is lowest following either short, cool falls or long, warm falls 
(Fig. 5), with peak survival in long, cool fall conditions. 

Discussion 

Diapause is a complex life history trait that allows insects to survive 
months without feeding or developing, while simultaneously upregu-
lating stress resistance (Denlinger, 2022). Yet surprisingly, insects often 
enter diapause months before the onset of winter conditions (Tauber 
et al., 1986). During this time, high temperatures elevate their metabolic 
rate, leading to energy drain that could impede overwintering survival 
and post-diapause development. We hypothesized that warmer and 
longer falls would lead to higher energy depletion during the early 
diapause phase of C. fumiferana larvae, reducing their ability to survive 
the overwintering period. While we found that these conditions did 

deplete glycogen content and decrease survival, glycogen content was 
not a clear predictor of survival at all temperatures. We discovered that 
short, cool falls also resulted in poor overwintering survival, despite 
high concentrations of glycogen. In fact, optimal conditions for diapause 
survival in our study were intermediate conditions, striking a balance 
between exposure time and temperature. This finding points to a 
potentially adaptive reason for early diapause onset: that an unde-
scribed, but temperature-sensitive process is occurring in C. fumiferana 
larvae during this early diapause period that is essential for over-
wintering survival and post-diapause emergence. 

Fall temperatures in temperate and boreal climates can be warm and 
highly variable (Marshall et al., 2020). Since metabolic rate increases 
with body temperature in ectotherms like C. fumiferana, we expected 
that energy consumption would closely track environmental tempera-
ture (Hahn & Denlinger, 2011). We saw that warmer conditions during 
early diapause did cause greater depletion of energy reserves in 
C. fumiferana than cool temperatures (Figs. 3 and 5A), similar to pre-
vious observations for this species (Han & Bauce, 1998). We also 
observed that low post-winter survival in C. fumiferana was correlated 
with low glycogen concentrations (Fig. 5B), suggesting that glycogen 
depletion decreases post-diapause fitness. Our results coincide with 
earlier work on this species (Han & Bauce, 1997, 1998; McMorran, 
1973). McMorran (1973) showed that pre-storage (=fall) conditions of 
C. fumiferana larvae were a strong predictor of diapause survival. They 
also observed that larvae from warm pre-storage conditions showed 
lower vigor, relative to individuals from cooler pre-storage conditions, 
which could indicate energy deficit issues. Early diapause conditions are 
known to cause the highest rate of energy consumption in a range of 
insects and elevated energy consumption is also known to negatively 
impact post-diapause fitness. In the fall webworm, Hyphantria cunea, 
glycogen content drops by 60% through the fall, and remains relatively 
stable for the rest of the winter (Zhao et al., 2022). Similarly, shifts in fall 
phenology in the Propertius duskywing Erynnis propertius can cause a 
300% change in overwintering lipid consumption, while equivalent 
shifts in spring phenology only cause a 150% increase (Williams et al., 
2012). Bosch et al. (2010) showed that pre-winter duration was posi-
tively correlated with fat body depletion in Osmia lignaria, and body 
weight dropped dramatically during the pre-winter period. Changes to 
diapause intensity was posed as an alternate hypothesis for lower 
post-diapause emergence in C. fumiferana larvae exposed to longer, 
warmer falls (Han & Bauce, 1998). Here, the authors suggest that 
extended exposures to elevated fall temperatures altered the diapause 
intensity of overwintering larvae such that post-diapause climate con-
ditions could not meet the diapause requirements needed to trigger 
development in the spring. Diapause intensity is defined as the resis-
tance to resuming development when conditions are favourable and can 
be assessed using metabolic rate or responsiveness to termination con-
ditions (Denlinger, 2022). Since we did not assess the level of diapause 
suppression in overwintering C. fumiferana larvae, it is not possible to 
fully verify whether this or energetic deficit were the primary cause of 
post-emergence failure in our treatments. Even though our glycerol 
content data suggests that fall temperature impact overwintering cold 
hardiness, larvae exposed to warm falls produced as much glycerol as 
those in standard rearing conditions (Fig. 2), so warm falls do not cause 
complete ablation of the overwintering phenotype. Tracking develop-
ment, metabolic rate and glycogen consumption over time would pro-
vide much needed insight to the factors dictating overwintering survival 
in this species. 

Given the energetic costs of early diapause, it is interesting that in-
sects forgo feeding to enter the diapause state during this warm season. 
As we have demonstrated, energetic costs of early diapause are well 
described among insects, hence there should be strong selection to delay 
diapause entry as long as possible to conserve resources for long periods 
of inactivity (Denlinger, 2022; Joschinski & Bonte, 2021). Early entry 
into diapause has traditionally been seen as a risk-avoidance strategy, in 
which it is better to overshoot the potential onset of winter and avoid the 

Fig. 2. Glycerol content (nmol per larva) in C. fumiferana was impacted by an 
interaction between fall duration and fall temperature (t = -2.257, df = 113, p 
= 0.0259); (Supplemental Fig. 1), but the strongest effect was that higher 
temperatures generally led to lower glycerol content. N = 27 - 30 groups of 10 
larvae per temperature, pooled across treatments. Grey lines indicate the mean 
± SE for control larvae (T0, see details in methods). 
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risk of being caught unprepared by cold conditions, despite the deple-
tion of energy resources. However, empirical evidence for this evolu-
tionary strategy is elusive (Joschinski & Bonte, 2021). If early diapause 
initiation is entirely driven by risk avoidance, then we would expect the 
highest survival in conditions that mimic short, cool falls, which would 
help conserve the limited energy reserves of a diapausing individual. 
Our results clearly contradict this expectation. While it was clear that 
long, warm falls impacted post-diapause fitness, we also observed 
extremely low emergence following a short, cool fall when glycogen was 
still plentiful (Fig. 5). Post-diapause emergence was instead highest 
when glycogen stores were partially depleted and when larvae were 
exposed to moderate temperatures prior to chill. Generally, it appeared 
that the thermal optimum for survival shifted to lower temperatures as 
fall duration increased: 10◦C during a 10 or 6 week fall, 15◦C during a 4 

week fall, and 20◦C during a 1 or 2 week fall (Figs. 4 and 5B). Han and 
Bauce (1997) observed a similar phenomenon and suggested that 
diapause development in C. fumiferana consists of two phases. They 
suggest that there is an early diapause window with specific temperature 
requirements that are needed to complete diapause. The importance of 
the pre-diapause period was also noted while developing and optimizing 
mass rearing protocols for C. fumiferana. Stehr (1954) and McMorran 
(1973) found that exposure to moderate temperatures prior to chill was 
needed to ensure maximal survival. In fact, Stehr noted that two to four 
weeks at 21.5◦C was required prior to cold storage to “allow certain 
developmental processes to be completed” (Stehr, 1954), although at the 
time they did not speculate on what those processes were. Their results 
are in line with our own observations, adding additional evidence to the 
existence of key developmental processes occurring during diapause 

Fig. 3. Glycogen content (nmol per larva) in overwintering C. fumiferana is driven by the interaction of fall duration and fall temperature (t = 2.749, df = 113, p =
0.007). Larvae were either sampled immediately after fall conditions ended (A) or after 9 weeks in overwintering conditions (B), but this sampling time difference 
had no impact on glycogen content. N = 3 replicates of 10 larvae each. The larvae kept at 15◦C for 10 weeks were not sampled due to the onset of the COVID-19 
pandemic. Error bars represent standard error of the mean. Grey lines indicate the mean ± SE for control larvae (T0, see details in methods). 

Fig. 4. Overwintering survival of C. fumiferana is strongly driven by the interaction between fall duration and fall temperature (deviance explained = 72.93, df = 99, 
p < 0.001). A) Survival following fall temperatures of 10◦C for durations from 1 - 10 weeks, B) 15◦C, C) 20◦C, and D) 25◦C. Each point represents the mean survival of 
5 replicates of 8 - 115 larvae, error bars represent standard error of the mean. 
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initiation in this species. Taken together, we propose that an unknown, 
but temperature-sensitive process is occurring during the fall to prepare 
this species for a period of developmental arrest. 

Entry into diapause requires a series of dynamic, coordinated steps to 
prepare an organism for a period of extended inactivity and environ-
mental stress. Diapause initiation occurs once the appropriate life stage 
is reached, and growth or development ceases. Insects need to shift 
many internal processes away from direct development into an endog-
enously controlled developmental arrest. Kostal et al. (2017) show that 
developmental hormone signaling is inhibited during diapause initia-
tion, leading to significant metabolic restructuring and cessation of cell 
division. The conditions required for diapause initiation are highly 
variable between species, however conditions during this phase can 
impact diapause intensity and survival (Koštál 2006). In fact, it has been 
suggested that there is a diapause development rate or thermal 

optimum, wherein physiological, cellular, and molecular changes are 
occurring that are critical to diapause completion (Andrewartha, 1952; 
Johnsen et al. 1997; Toxopeus et al., 2023;). For example, in 
R. pomonella there are at least two development rates (=diapause timers) 
with different thermal sensitivities (Toxopeus et al., 2023). We believe 
that C. fumiferana also has a temperature-sensitive diapause develop-
ment rate and individuals that failed to complete diapause development 
during the fall cannot survive diapause. 

The process of diapause initiation in C. fumiferana raises several 
intriguing questions on the physiological and molecular processes 
occurring during this critical physiological window. First, we know that 
metabolic suppression and controlled developmental arrest are key 
traits of diapause initiation (Denlinger, 2022), and that entry into 
diapause is not instantaneous (Shingleton et al., 2003; Toxopeus et al., 
2023). Processes that control metabolic suppression and developmental 
arrest may be temperature sensitive and must be completed for 
C. fumiferana to survive extended inactivity. In Osmia lignaria, pupae 
that experienced short pre-winter treatments were unable to reach full 
metabolic suppression and suffered low winter survival (Bosch et al., 
2010). We predict that C. fumiferana larvae will rapidly suppress their 
metabolic rate as they transition through the diapause initiation period 
into diapause maintenance (Süess et al. 2023). Quantifying seasonal 
changes in metabolic rate in C. fumiferana will provide key evidence to 
the patterns of metabolic suppression occurring during diapause and 
pinpoint when suppression begins and ends. Second, we also know that 
C. fumiferana experiences dramatic changes in water content in the early 
weeks of diapause initiation (Han & Bauce, 1993). Reduced water 
content can lower the risk of freezing, as well as increase hemolymph 
osmolality and cryoprotectant concentrations (Storey & Storey, 2012; 
Teets et al., 2023). Furthermore, C. fumiferana prepares for the onset of 
cold weather by accumulating a range of cryoprotectants (Han & Bauce, 
1995; Marshall & Roe, 2021) as do many other insects (Teets et al., 
2023). While our treatment groups were not exposed to stressful lower 
temperatures (i.e. below the lower thermal limits of this life stage, see 
Butterson et al., 2021; Han & Bauce, 1995; Marshall & Sinclair, 2015), 
reducing body water and increasing cryoprotectants may help protect 
proteins and membranes thus allowing C. fumiferana to survive long 
periods of inactivity at low temperatures (Storey & Storey, 2012). 
Regulatory pathways, such as insulin or Wnt signalling (Denlinger et al. 
2012; Denlinger 2022; Ragland & Keep 2017), as well as histone acet-
ylation (Teets et al. 2023), may serve critical roles during diapause 
initiation in C. fumiferana. However, detailed speculation on the specific 
regulatory or transcriptional processes that may control the diapause 
initiation phase of this species is beyond the scope of this article, 
particularly given the diversity of diapause strategies and their under-
lying molecular mechanisms expressed within insects, as well as the 
limited availability of time series data over this critical diapause phase 
(Denlinger et al. 2012; Ragland & Keep 2017). Thus, further examina-
tion of the physiological, molecular, and regulatory processes that are 
functioning during the diapause initiation period of C. fumiferana are 
needed to fill this important knowledge gap. 

Diapause initiation appears to be a critical period for C. fumiferana to 
prepare for the challenges of overwintering and inactivity. With our 
increasing understanding of C. fumiferana physiology, this species will 
be a valuable model for untangling how temperature-sensitive processes 
contribute to diapause and cold tolerance, as well as post-diapause 
fitness in a cold-adapted species. Fall temperatures impact develop-
ment and diapause initiation in first and second instar larvae (Han et al., 
2000) and may significantly impact winter survival, timing of emer-
gence, and post-winter development (Han & Bauce, 1997, 1998; 
McMorran, 1973). Understanding the impact of fall temperatures on 
C. fumiferana fitness is essential for predicting winter survival and spring 
phenology in response to a changing climate. Fall conditions may have 
important implications on modeling post-diapause development in 
C. fumiferana and planning control operations. For example, Blais (1958) 
documented significant population reductions in the Shickshock 

Fig. 5. Glycogen content (A) and survival until spring (B) of overwintering 
C. fumiferana are driven by the interaction between fall duration and temper-
ature, but in opposite ways. Glycogen content generally declines with 
increasing fall duration and temperature, while overwintering survival is lowest 
following either short, cool falls or long, warm falls. 
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Mountains in 1957 following a cool summer and fall in the preceding 
year. Blais hypothesized that these cool conditions impacted the ability 
for C. fumiferana larvae to prepare for winter, contributing to the dra-
matic reduction in population density in the following year. Changes to 
population density in response to fall conditions have largely been un-
explored and warrant further study. 

Conclusion 

The overall impact of changing fall climates on C. fumiferana and 
other temperate species is uncertain. Elevated temperatures and longer 
durations of the early diapause period may impact population survival 
and persistence in parts of its range. Here, we show that diapause 
initiation and winter survival in C. fumiferana are significantly influ-
enced by fall conditions. Warmer, longer falls deplete energy reserves 
and reduce the ability for overwintering larvae to successfully emerge in 
the spring. On the other hand, short, cool falls do not provide enough 
time for the completion of critical developmental processes. Optimal 
conditions for C. fumiferana diapause initiation exist in a balance be-
tween these two extremes, thus perturbations of this season may have 
widespread impact on C. fumiferana populations. However, to under-
stand the broader impacts of changing fall climates on insect survival, 
we need to identify which physiological and molecular processes are 
active during diapause initiation. The diapause initiation period has 
received much less attention than diapause maintenance and termina-
tion (Denlinger, 2022), thus we have an opportunity to identify key 
processes that underpin diapause initiation, explore how these 
contribute to survival during winter, and provide insight as to why so 
many insect species enter diapause early. 
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