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Introduction
Insects withstand the cold of winter by entering diapause, a state in which their metabolism slows, they are resistant to freezing, and live off of energy reserves acquired during the larval stage.  In swallowtail butterflies in Indiana, which produce multiple sequential generations during the summer, pupae enter diapause (or not) depending on photoperiodic cues assessed at the end of the larval stage. The timing of diapause induction, relative to the onset of winter, is expected to have a significant effect on individual survival and reproductive success (fitness) (Table 1). 

Table 1.  Factors Influencing Timing of Diapause
	Factors favoring later entry into diapause
	Factors favoring earlier entry into diapause

	Lost opportunities for reproduction
	Death due to onset of freezing

	Metabolic loss of stored energy reserves
	Decreasing food quality prior to freezing


The resulting strong natural selection should produce an evolutionary optimum in the timing of diapause that might be expected to vary among species.  For example, if diapause were to occur more than one generation before the onset of winter then an additional opportunity for reproduction would be lost.  Therefore, all else being equal, the optimum time for entry into diapause should be one generation before the onset of winter and should covary with generation lengths when sympatric species are compared.  
Here we report what we believe is the first attempt to test this expectation in a natural setting.  In addition, we report estimates of the one of the costs of early entry into diapause by quantifying the metabolic loss of stored energy reserves in diapausing pupae.

Data collection
· Caterpillars of five swallowtail butterfly species were reared in mesh bags along trails in the Nature Park.  They were reared on their natural food plant throughout the summer 

· For each individual length of the egg, larval stage, and pupal stage (generation length), we recorded pupation date and pupal weight.

· After three weeks, pupae still alive were classified as diapausing.

· In late October, diapause pupae were again weighed and the fraction of their original weight was recorded. 

Data analysis
· Differences among species in the timing of diapause were assessed using multiple logistic regression.

· The resulting logistic curves were used to estimate the average time of entry into diapause for each species.

· The expected covariance between generation length and timing of diapause was assessed by estimating the correlation between average timing of diapause and generation length in the five species.
· To estimate the time-dependent metabolic loss of stored energy reserves in diapausing pupae, we regressed the fraction of remaining pupal mass on the time interval between when the pupae were weighed for each species. 
Results and Discussion
Figure 1 illustrates the classification of pupae as either diapausing or non-diapausing as a function of when pupation occurred.  To determine where species differed from one another in their likelihood of diapause we analyzed the data set using multiple logistic regression.  Our results indicate that both species and time of pupation had significant effects on the probability of entering diapause.  We then analyzed the data for each species separately to derive probability of entering diapause as a function of time.  
Figure 1.  Day of pupation during the summer for five 
species of swallowtail butterflies.  

[image: image1.emf]Figure 3.  Entry into diapause during the summer in five species

of swallowtail butterflies as a function of when pupation occurred.
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Our results show that for each species of butterfly, the probability of a pupa entering diapause increases as the pupation occurs later during the summer.  The logistic curves for the five species vary in two ways (Figure 2).  First, the mean date for diapause entry (where probability of entering diapause is 0.5 or 50%) is different.  Papilio glaucus, for example, has a relatively late average date of diapause entry, while the other species enter diapause earlier on average.  Second, the variance in timing of diapause entry differs.  For example, P. glaucus shifts from the non-diapausing to diapausing over a relatively short time interval, while B. philenor shifts over a much wider range of times.  

Figure 2.  Probability of entry into diapause as a function of pupation 
date.  Diapause is more likely as the summer progresses.  Species 
differ in their diapause response curves.

[image: image2.emf]Figure 4. Probability of entry into diapause as a function of pupation
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If a larva enters diapause too early in the summer season they lose the opportunity to produce subsequent generations that season.  Also, a larva entering diapause early in the season will lose more pupal mass than a larva entering diapause later in the summer (Figure 3). This effect will be exacerbated if temperatures are high. Diapause is expected to be most advantageous late in the summer when the probability of successfully producing another generation that can enter diapause is low.  These arguments suggest that as the summer progress selection shifts from favoring the non-diapause tactic to favoring the diapause tactic.  For any given year, the time that this shift occurs will be the optimum time for entry into diapause.  All else being equal, a species-specific optimum time for entry into diapause will be one generation before the end of the summer season.  

We used multiple linear regression (species and days in diapause as independent variables) to estimate how much mass is lost per day in diapausing pupae of the five species.  Pupae of all five species lost weight at the same rate. Our results show that timing of entry into diapause will affect pupal mass.  The significant effect of days since pupation on fraction of pupal mass remaining yields an estimate of 0.0012 grams of pupal mass lost per day for a pupa in diapause (Figure 3).  
 

Figure 3.  Pupae entering diapause too early pay a fitness 
cost due to daily loss of body mass, estimated as 0.0012 
grams per day.  The result is a smaller adult eclosing during 
the following spring.
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Our data fail to support the prediction that the timing of diapause is strongly related to generation time.  This prediction relies on the assumption that all other factors affecting selection on the timing of diapause are the same for all the species.  For example, P. glaucus and E. marcellus have similar generation times, but P. glaucus enters diapause approximately ten days earlier than does E. marcellus showing that other factors play a stronger role than predicted (Figure 4).  In the case of E. marcellus, late summer larvae not only grow slowly, but have poor survival relative to early summer larvae.  Thus, the “onset of the end of the season” may not be the same for all species and the relative costs and benefits of the diapause and non-diapause tactics may vary over the summer in different ways in different species.  

Figure 4.  The relationship between average time of entry into diapause and 
generation length at the end of the summer in five species of swallowtail butterflies.  
All else being equal, species with longer generations are expected to enter diapause 
earlier in the summer (more days prior to the equinox).
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A pupa that enters diapause relatively early in the season is therefore expected to produce a smaller adult than a pupa entering diapause later.  Early entry into diapause therefore results in a fitness cost to the pupa, which is why an optimum date of diapause entry exists for each species where fitness is maximized, as shown in Figure 5. 

Figure 5.  A graphical model for the timing of diapause.  The different 
colored curves represent the pupation times for successive generations 
during the summer.  Survival is not possible until after the red arrow unless 
pupation has occurred and a pupa is in diapause.  At some time during the 
third generation (dark blue curve), selection should favor diapause.
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