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Abstract: 

In temperate insects, winters are typically endured by entering diapause, a 
deep resting stage. Correct timing of diapause termination is vital for 
synchronization of emergence with conspecifics and for mobilizing 
resources when conditions for growth and reproduction become favourable. 
Although critical to survival, the intrinsic and extrinsic drivers of diapause 

termination timing are poorly understood. Here we investigated diapause 
development under a range of durations (10 to 24 weeks) spent at 
different temperatures (-2 to 10°C) in the pupal diapausing butterfly, Pieris 
napi. We determine 1) the maximum temperature for diapause 
development, 2) whether diapause termination is distinct or gradual and 3) 
if pupae in diapause count cold days or cold sums. Results indicate large 
and idiosyncratic effects of nonlethal thermal stress on diapause 
development in P. napi. While all temperatures tested lead to diapause 
termination, a thermal optimum between 2 and 4°C was observed. Lower 
temperatures lead to decreased hatching propensity while higher 
temperatures slowed development and increased emergence 
desynchronization. These data suggest that rather than a simple cold-

summing process with a distinct diapause termination point, there are 
trade-offs between time and temperature at the low and high end of the 
thermal range, resulting in a nonlinear thermal landscape showing a ridge 
of increasing hatching propensity. The current study suggests that the 
effects of temperature on diapause development should be included in 
projections on post-winter phenology models of insects, including pest 
species. 
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Abstract 10 

 11 

In temperate insects, winters are typically endured by entering diapause, a deep resting stage. 12 

Correct timing of diapause termination is vital for synchronization of emergence with 13 

conspecifics and for mobilizing resources when conditions for growth and reproduction 14 

become favourable. Although critical to survival, the intrinsic and extrinsic drivers of 15 

diapause termination timing are poorly understood. Here we investigated diapause 16 

development under a range of durations (10 to 24 weeks) spent at different temperatures (-2 17 

to 10°C) in the pupal diapausing butterfly, Pieris napi. We determine 1) the maximum 18 

temperature for diapause development, 2) whether diapause termination is distinct or gradual 19 

and 3) if pupae in diapause count cold days or cold sums. Results indicate large and 20 

idiosyncratic effects of nonlethal thermal stress on diapause development in P. napi. While 21 

all temperatures tested lead to diapause termination, a thermal optimum between 2 and 4°C 22 

was observed. Lower temperatures lead to decreased hatching propensity while higher 23 

temperatures slowed development and increased emergence desynchronization. These data 24 

suggest that rather than a simple cold-summing process with a distinct diapause termination 25 

point, there are trade-offs between time and temperature at the low and high end of the 26 

thermal range, resulting in a nonlinear thermal landscape showing a ridge of increasing 27 

hatching propensity. The current study suggests that the effects of temperature on diapause 28 

development should be included in projections on post-winter phenology models of insects, 29 

including pest species. 30 

 31 

Keywords: biological clock, butterfly, climate change, phenology, Pieridae, stress 32 
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Introduction 33 

 34 

Seasonally varying environments are characterized by temporal heterogeneity in the 35 

distribution of resources and stress. Therefore organisms need to synchronize their life-cycles 36 

with periods of local resource abundance (Tauber et al., 1986). During periods of low 37 

resource availability and abiotic stress, many insects enter diapause, which is a deep, 38 

preprogrammed, neurohormonally regulated resting stage characterized by developmental 39 

and reproductive arrest, metabolic suppression and increased abiotic stress tolerance (Koštál, 40 

2006). 41 

 42 

In many insects diapause entails two timing-related decisions, the entry into, and the 43 

termination of, diapause. Entry into diapause occurs during summer when conditions 44 

generally still are permissive for growth and development, and thus the activation of the 45 

diapause pathway precedes deterioration in the environment (Tauber et al., 1986; Koštál, 46 

2006). There are many studies showing adaptive variation and clines in timing mechanisms 47 

that regulate diapause entry (e.g. Sadakiyo & Ishihara, 2011; Urbanski et al., 2012; Aalberg 48 

& Gotthard, 2015; Lehmann et al., 2015a), ensuring that a maximal proportion of the growth 49 

season can be utilized without risking mortality of sensitive growth stages in late summer and 50 

autumn. 51 

 52 

Termination of diapause is a dynamic developmental process, best viewed as subdivided into 53 

endogenous and exogenous diapause. Endogenous diapause is defined as the part of diapause 54 

when insects are nonresponsive to external conditions in the maintenance of the diapause 55 

phenotype (Koštál, 2006). At some point in diapause progression during winter, the 56 

endogenous state shifts to exogenous diapause, during which insects can respond 57 

developmentally to external conditions. This means that the diapause phenotype, while in 58 

itself often relatively unchanged until conditions improve, shifts from being internally 59 

maintained to being externally maintained (Hodek, 2002). Once the insects have transitioned 60 

to exogenous diapause, increasing temperatures or photoperiods lead to post-diapause 61 

development and the emergence of a new generation of reproductively competent adults. 62 

Although the termination of endogenous diapause is a critical component of the seasonal 63 

timing of life-cycles, the influence of overwintering conditions on the transition from 64 

endogenous to exogenous diapause remains poorly understood. 65 

 66 
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The green-veined white Pieris napi Linnaeus (Lepidoptera:Pieridae), is a common butterfly 67 

with facultative diapause that shows a strong diapause phenotype (Forsberg & Wiklund, 68 

1988; Lehmann et al., 2016). A previous study has shown latitudinal variation in the duration 69 

of endogenous diapause duration, which becomes longer with increasing latitude 70 

(Posledovich et al., 2015a). This might be a consequence of longer winter durations, acting to 71 

keep populations synchronized with local season lengths. For the diapausing population, 72 

synchronization of post-diapause development with the return of permissive conditions can 73 

be important from both energetic (Hahn & Denlinger, 2007) and thermal tolerance 74 

perspectives (Denlinger & Lee, 2010), with the synchronous emergence of short-lived adults 75 

critical for successful mating (Hodek & Hodková, 1988), as well as the synchronization of 76 

life-cycles with host availability in host specialist species (Posledovich et al., 2015a, b; 77 

Stålhandske et al., 2015). 78 

 79 

In many insects, the termination of diapause is critically dependent on having experienced 80 

enough chilling (Hodek, 2002), in a process similar to cold vernalization in plants (Brunner et 81 

al., 2014). Similarly, it is known that the period spent at low temperature affects post-winter 82 

hatching propensity in several species of insects, including P. napi (Forsberg & Wiklund, 83 

1988; Posledovich et al., 2015a) and closely related butterflies (Xiao et al., 2013; 84 

Stålhandske et al., 2015). It is also known that cold shocks can speed up diapause 85 

development in P. napi (Posledovich et al., 2015a). These data suggest that a shorter time 86 

spent at lower temperature might equal a longer time spent at higher temperature, and 87 

indicate the presence of some form of cold-degree-day counting mechanism (Hodek & 88 

Hodkova, 1988; Hodek, 2002). It is also possible that diapause development operates 89 

optimally under a certain temperature and that low temperatures lead to thermal stress and 90 

high temperature to energetic stress. 91 

 92 

In the current study we investigate these aforementioned aspects of diapause development by 93 

rearing P. napi pupae across a range of diapause temperatures for varying amounts of time. 94 

Thus we study pupal diapause development across a landscape of cold degree-days. This 95 

landscape is designed around a temperature and duration that leads to 50% termination in the 96 

studied population (Forsberg & Wiklund, 1988; Posledovich et al., 2015a). We ask the three 97 

following general questions: (1) What is the maximum temperature that leads to termination? 98 

(2) Is diapause termination best viewed as a distinct point or rather as a period? (3) Do pupae 99 

Page 5 of 20 Physiological Entomology



For Review
 O

nly

5 

 

seem to accumulate cold degree days, i.e. does a shorter time at a lower temperature equal a 100 

longer time spent at a higher temperature? 101 

 102 

Materials and Methods 103 

 104 

Study animals and rearing conditions 105 

Experiments were performed between April 2015 and July 2016 at the Department of 106 

Zoology at Stockholm University, Sweden. Eggs of P. napi were collected from wild plants 107 

from a two sites (~20 km apart) in Skåne, southern Sweden (Kullaberg; 56°18’N, 12°27’E 108 

and Vejbystrand; 56°18’N, 12°46’E) and brought to the laboratory during the 109 

summer/autumn in 2013 and 2014. Butterflies of both sexes (P1) were kept in cages 110 

(0.8×0.8×0.5 m) and provided with a host plant, Horseradish Armoracia rusticana Gaertner, 111 

Meyer & Scherbius (Brassicales:Brassicaceae) for oviposition at 25°C and 60% relative 112 

humidity (RH) under long day conditions (next to large windows and under 400 W metal 113 

halide lamps) and fed sugar water. Their offspring (F1) were mass-reared to adulthood on A. 114 

rusticana at a long day photoperiod (22L:2D, 20°C, 80% RH) and re-mated under similar 115 

conditions as their parents. 116 

 117 

For the experiments, the F2 generation was mass-reared to pupation in groups of 250 on A. 118 

rusticana leaves under conditions inducing diapause (12L:12D, 17°C, 80% RH) in climate 119 

controlled rooms. A total of 1500 pupae were reared. Pupae were left at 17°C for 1 month, 120 

then split among dark climate cabinets (KB8400L, Termaks, Bergen, Norway) set to -2, 0, 2, 121 

4, 6, 8 and 10°C. For all treatments between -2 and 6 degrees we used 10, 12, 13, 14, 15, 16 122 

and 22 weeks. For temperature treatments 8 and 10°C we only used a duration of 24 weeks.  123 

Of these, the animals having that spent 10 weeks at 6°C had the lowest cold accumulation 124 

and the ones that spent 22 weeks at -2°C had the highest cold accumulation. Sample sizes per 125 

temperature and time group was between 36 and 40 individuals with roughly equal amounts 126 

of females and males. 127 

 128 

Diapause occurred in dark cabinets with stable temperature (set temperature ± 0.5°C). 129 

Cabinets were randomly re-programmed and switched every other week to avoid cabinet 130 

effects. After the designated holding time at the respective temperatures the pupae were 131 

moved to a 20°C cabinet at 18L:6D, 80% RH until they hatched or died (mortality is easily 132 

identified since dead pupae become black or dry up). Pupae were checked daily until day 20 133 
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and then every other day. Hatching was marked as either normal or abnormal. Normal 134 

hatching entailed complete exit from the exuvia, successful wing formation, the capacity to 135 

fly and drink water within 48 hours. Only normal hatching individuals were included since 136 

other studies indicate that latent damage faced during diapause (e.g. cold shocks) can lead to 137 

difficulties in completing metamorphosis (Lehmann P, unpublished). The traits investigated 138 

were: mortality during diapause, mortality during development, hatching propensity, 139 

malformation propensity and development time (days from removal from cold to adult 140 

hatching). Of these, mortality during diapause and development were very low (0.1% and 0% 141 

respectively), and therefore omitted from the analyses. 142 

 143 

Statistical analyses 144 

For the statistical analysis of the data, factorial generalized linear models (GLM) were 145 

employed. Model improvement was tracked through the Akaike Information Criterion (AIC) 146 

and nonsignificant terms were removed starting from highest order interactions (Sokal & 147 

Rohlf, 2003). While the full treatment range is shown in figures 2 and 3 (i.e. -2 to 10°C and 148 

10 to 24 weeks), statistical analyses are performed only on the -2 to 6°C  and 10 to 22 week 149 

groups to uphold orthogonality. The statistical tests shown below were performed in SPSS, 150 

version 24.0 (IBM SPSS Inc., Chicago, Illinois). Malformation propensity was analyzed with 151 

a binary logistic GLM using malformation (yes/no) as dependent variable and holding time 152 

(10 to 22 weeks) as well as diapause temperature (-2 to 6°C) as continuous explanatory 153 

variables. Holding time was not significant and removed during model selection. 154 

Development time was analyzed with a GLM using the logarithm of development time (days) 155 

as dependent variable and holding time (10 to 22 weeks) as well as diapause temperature (-2 156 

to 6°C) as continuous and sex as categorical explanatory variables. Hatching propensity was 157 

investigated with a binary logistic GLM using hatching (yes/no) as dependent variable and 158 

holding time (10 to 22 weeks) as well as diapause temperature (-2 to 6°C) as continuous and 159 

sex as categorical explanatory variable. Only adults that hatched without apparent flaws 160 

within 30 days upon removal from the holding temperature were included (see results). All 161 

interactions were removed during model selection. 162 

 163 

Results 164 

 165 

The maximum temperature leading to diapause termination 166 
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All diapause temperatures, including both the lowest (-2°C) and highest (10°C), led to 167 

successful diapause termination in some individuals. The only group from which no adults 168 

hatched was the 0°C group after 10 weeks. The highest hatching proportion was 93%, seen in 169 

the group kept at 6°C for 24 weeks. 170 

 171 

The effect of holding time and temperature on malformation propensity 172 

Malformation propensity increased with temperature in a time-independent fashion (Table 173 

1a). While no malformed individuals hatched from the -2 and 0 day groups, the 2, 4 and 6 174 

degree groups had 2 ± 1.1% (mean ± SE), 3 ± 1.2% and 6  ± 1.8%  malformed individuals 175 

respectively. 176 

 177 

The effect of holding time and temperature on development time 178 

There were strong effects of time, temperature and sex on development time (Table 1b). 179 

Generally, development time decreased with both time spent in diapause and temperature, 180 

excepting the lowest temperature, where development time and its variance was very high, 181 

especially at the short diapause durations (Fig. 1). It is important to note that model power is 182 

low at the lowest temperature due to low hatchability in this group. Overall males had shorter 183 

development times and seemed to be influenced by diapause duration to a smaller, as 184 

compared to females (Table 1b). The majority of pupae, 87% (552/636), hatched within the 185 

first 30 days following removal from diapause holding temperatures. 186 

 187 

The effect of holding time and temperature on hatching propensity 188 

There was a strong effect of time, temperature and sex on hatching propensity (Table 1c and 189 

Fig. 2). The longer pupae stayed in diapause, at any given temperature, the higher the 190 

hatching propensity became. Also temperature had a strong effect on hatching propensity, 191 

hatching propensity was lowest at low temperatures and increased with diapause holding 192 

temperature (Fig. 2). Furthermore, the sexes differed in hatching propensity, with more males 193 

hatched at any given time and temperature than females (Table 1c). 194 

 195 

To further investigate the temperature effects, the data was split by holding time and curve 196 

fitting metrics employed to investigate the relationship between temperatures and hatching 197 

propensity. Cubic functions consistently best explained the within component of the holding 198 

time data (Table 2). These data suggest that temperature affects hatching propensity across all 199 

holding times in a non-linear fashion both at the low and the high end of the thermal range. 200 
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Since cubic functions seem to fit the data best, there were features of the temperature effect 201 

that the binary logistic GLM could not detect. There appears to be a detrimental effect of high 202 

temperatures beyond 4 degrees since hatching propensity decreased between 4 and 6 degrees 203 

at all holding times. A simple two-way binomial test (0.5
7
 x 2) indeed suggests that the 204 

probability of this consistent effect occurring randomly is 0.0156 (i.e. < 0.05). 205 

 206 

Discussion 207 

 208 

The present study sets out to investigate diapause development under a range of durations 209 

spent at different temperatures in the pupal diapausing butterfly, Pieris napi. We show that, 210 

in a population from Southern Sweden, diapause development proceeds optimally at 2 to 4°C. 211 

All temperatures lead to some degree of diapause termination, including the lowest (-2°C) 212 

and highest (10°C) tested temperature. There are strong effects of time and temperature on 213 

hatching propensity. The effect of time is rather straightforward and linear with an increase in 214 

hatching propensity with time spent in diapause, regardless of temperature. Overall, the effect 215 

of time is stronger than the effect of temperature, as also noted in other species, such as the 216 

Chinese citrus fly Bactrocera minax Enderlein (Diptera:Tephritidae) (Dong et al., 2013). 217 

Furthermore, males overall have higher hatchability than females, as well as shorter 218 

development time. This result is in agreement with previous data on protandry in P. napi 219 

(Forsberg & Wiklund, 1988). The effect of temperature is more complex, as hatching 220 

propensity decreases from the optimum both towards the lower and higher end of the thermal 221 

range. Nevertheless, these data suggest that rather than a simple cold-summing process, there 222 

are trade-offs between time and temperature at the low and high end of the thermal range, 223 

that produces a thermal landscape showing a ridge (Fig. 3) where the highest hatching 224 

propensity is seen at relatively high temperatures at start, after 14 to 16 weeks, and 225 

subsequently shifts increasingly to favour lower temperatures after 22 and 24 weeks. These 226 

data suggest that low and high temperatures incur stress that varies with time. 227 

 228 

While low temperatures (< 2°C) are associated with lowered hatching propensity, there are 229 

no apparent cost in terms of development time. In fact, the shortest development times were 230 

found in lower, rather than higher temperatures at most holding times (Fig. 1). The lowered 231 

hatching propensity is unlikely to be due to direct cold tolerance related stress for two 232 

reasons. First, since mortality during diapause is very low (0.1%) no clear association 233 

between mortality, temperature and time is suggested (data not shown). Second, unpublished 234 
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data shows that diapausing P. napi pupae survive periods of up to 30 days at -10°C and still 235 

hatch normally (Lehmann P., unpublished). 236 

 237 

In other studies low constant temperatures have been shown to disrupt diapause development, 238 

although the optimal thermal range depends on conditions that are normally faced in local 239 

habitats (Pullin & Bale, 1989; Nomura & Ishikawa, 2000). The findings of the current study 240 

are in agreement, and it seems more likely that too low and constant temperatures could 241 

disrupt time-keeping mechanisms associated with diapause development, perhaps by 242 

preventing cycling. This disruption seemed to be non-linearly compensated by spending 243 

longer time at low temperature, shown by the high hatching propensity in the 22 week pupae 244 

at -2°C. Thus since overall hatching propensity increased with time it is possible that some 245 

offset of high or low temperature could occur given enough time, but the current data 246 

suggests this is more likely to occur at the lower than upper end of the thermal range. 247 

 248 

The higher diapause temperatures (> 2°C) incur a different impact on diapause development 249 

than the lower temperatures, described above. While diapause at higher temperatures leads to 250 

a small decrease in hatching propensity, there is a much clearer detrimental effect in the form 251 

of development time extension. Both the 8 and 10°C groups had a longer mean development 252 

time (36 and 39 days respectively) than the chosen 30 day cut-off limit. Not only does high 253 

temperature lead to increasing development time, it also leads to strong desynchronization of 254 

emergence (increased variation in hatching), that was stronger in females than males (Fig. 1). 255 

Indeed, standard deviation of mean development time was lowest in the group that had the 256 

shortest development time in each time group (Fig. 1) indicating that faster development 257 

equals more synchronized emergence. This indicates that there could exist a thermal limit to 258 

diapause development that lies between 6 and 8°C within the range of diapause-durations 259 

tested here. Importantly, since pupae still developed and hatched at the high temperatures, 260 

this thermal limit reflects an extrinsic ecological rather than intrinsic physiological limitation 261 

(Hodek, 2002). 262 

 263 

The extension of development time might be due to metabolic depletion of primary energy 264 

stores during diapause at high temperature (Irwin & Lee, 2003; Lehmann et al., 2016) that 265 

either depletes energy stores, or forces pupae to switch to other energy sources. This might 266 

entail the mobilization of sub-optimal substrates both for anabolic and katabolic processes. In 267 

many diapausing insects, including P. napi (Lehmann et al., 2016), only small energy 268 
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depletion occurs during winter, and stored energy is primarily saved for post-diapause 269 

processes such as growth, migration and reproduction (Hahn & Denlinger, 2007). 270 

 271 

This study strongly suggests that diapause termination is best viewed as a period of 272 

increasing competence for, or probability of, termination, rather than a distinct population-273 

level point (Fig. 3). The thermal landscape covers a range of winter conditions, and while 274 

constant temperatures do not reflect the extent of daily, weekly and monthly variability in 275 

temperature seen in the field (Tauber et al., 1986), the current setup shows reaction norms 276 

against varying temperature sums. Since hatching occurs gradually with time towards the 277 

optimum temperatures (2 to 4°C), the notion of a distinct termination point receives weak, if 278 

any, support in the current study. 279 

 280 

A general question that arises is whether and to what extent thermal variability simply moves 281 

the termination period forward or backward, or if the actual phenotype at termination is 282 

changed? Put another way, how robust is the diapause phenotype against thermal variability 283 

(Hodek, 2002; Koštál, 2006; Williams et al., 2012)? Further studies need to target fluctuating 284 

temperatures and cold as well as heat shocks experienced during diapause. These further 285 

experiments hinge critically on obtaining better estimates on microclimate variability in the 286 

field. Current models are generally based on air temperature measurements that likely 287 

correlate poorly with sheltered microhabitats (Lenoir et al., 2016). Also, while the current 288 

study suggests that diapause can be terminated under a range of temperatures and conditions, 289 

it says nothing about adult viability and fecundity that might be compromised especially at 290 

higher diapause temperatures (Andrewartha, 1952). 291 

 292 

In conclusion, the current study shows that there are large and idiosyncratic effects of 293 

nonlethal thermal stress on diapause development in P. napi. Low temperatures lead to 294 

decreased hatching propensity while high temperatures lead to slowed development and 295 

emergence desynchronization. Studies investigating diapause ecophysiology often focus on 296 

the effect of temperature on direct thermal or energetic stress (Irwin & Lee, 2003, Williams et 297 

al., 2012, Koštál et al., 2014, Lehmann et al., 2015b, Marshall & Sinclair, 2015). The effect 298 

of temperature on diapause development per se is less studied (Xiao et al., 2013), partially 299 

due to lack of good model systems where diapause termination is well characterized. The 300 

current study suggests that the effects of temperature on diapause development can be subtle 301 

but of large impact and should be included in projections on post-winter phenology models 302 
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(Tauber et al., 1986; Stålhandske et al., 2015) of for instance pest species. Further, this study 303 

also shows that predicting the consequences of climactic variability and climate change is 304 

difficult since small differences in the thermal landscape can have large consequences on 305 

diapause- and thus post-diapause development and ultimately spring phenology of temperate 306 

insects. 307 
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Figure legends 399 

 400 

Fig. 1. The developmental time in days of Pieris napi pupae until adult hatching as a factor of 401 

diapause holding temperature (°C) and time in diapause (weeks). For each combination, the 402 

median and interquartile range are shown by a circle and line. Additionally, the kernel density 403 

estimates are shown as split violins for each sex. That is, the deviation (height) of the filled 404 

curves approximates the number of observations for that developmental time. A more narrow 405 

peak indicates that individuals are more synchronous in their development. Generally, males 406 

emerged earlier and were more synchronous in their emergence than females. The area of the 407 

violins is scaled proportionally to the total number of observations within that group. For 408 

some groups (-2°C, 10 to 15 weeks) very few individuals hatched, for these only the median 409 

and quartiles are plotted. 410 

 411 

Fig. 2. The amount of Pieris napi adults hatching after diapausing for different amounts of 412 

time (weeks) at different diapause holding temperatures (°C). The current figure only 413 

includes individuals that hatched without apparent flaw in under 30 days. Note that the 414 

statistical model described in the text was run only on the -2 to 6°C and 10 to 22 week 415 

groups. The 24 week group is included only for visual comparison. N = 36-40 per point. 416 

 417 

Fig. 3. Summary figure of the diapause thermal landscape in Pieris napi from southern 418 

Sweden modeled on the hatching percentages (excluding malformed individuals and using a 419 

developmental cutoff of 30 days). The smooth surface was estimated by fitting a generalized 420 

additive model (GAM) with penalized thin plate regression splines to the available data, and 421 

generating predictions from this model for the complete time by temperature grid. The 422 

analysis was performed in R (v3.3.2, R Core Team 2016), using the mgcv package for GAM 423 

estimation (v1.8-15, Wood, 2011) and the ggplot2 (v2.2.0, Wickham, 2009) package for 424 

visualization. Note the areas with lacking data.  425 
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Table 1 Final GLM models of the effect of time and temperature on the (a) malformation 426 

propensity (b) development time and (c) hatching propensity of Pieris napi pupae in 427 

diapause. In (c) the effect of time and temperature on the hatching propensity of pupae that 428 

developed normally and hatched in under 30 days can be seen. 429 

 430 

Effect Wald Chi-Square df Sig. 

(a) Malformation propensity 

Intercept 8.447 1 0.004 

Temperature 7.977 1 0.005 

b) Development time 

Intercept 997.228 1 < 0.001 

Time 66.192 1 < 0.001 

Temperature 17.317 1 < 0.001 

Sex 2.152 1 0.142 

Temperature * Time 12.919 1 < 0.001 

Sex * Temperature 13.719 1 < 0.001 

(c) Hatching propensity 

Intercept 240.689 1 < 0.001 

Time 196.374 1 < 0.001 

Temperature 160.215 1 < 0.001 

Sex 69.941 1 < 0.001 

  431 

Page 17 of 20 Physiological Entomology



For Review
 O

nly

17 

 

Table 2 Coefficients for cubic regressions on hatching propensity of Pieris napi as a function 432 

of temperature on the data split by week. Cubic regressions consistently showed the best fit 433 

(full data not shown). B
1
 is the linear, B

2
 the quadratic and B

3
 the cubic polynomial 434 

coefficient. Malformed adults and adults hatching after 30 days have been removed. 435 

 436 

Week R
2
 Intercept B

1
 B

2
 B

3
 

10 0.99 0.22 2.59 0.88 -0.17 

12 0.95 8.85 7.64 0.85 -0.26 

13 0.95 27.51 8.86 -1.39 0.08 

14 0.99 27.14 12.56 0.33 -0.27 

15 1.00 39.99 16.66 -1.34 -0.16 

16 0.98 53.32 15.03 -2.43 0.03 

22 0.91 84.53 9.29 -3.43 0.28 

24 0.99 100.50 -6.63 0.84 -0.10 

 437 
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