
 
 

Thermal adaptation in insects: 

Effects of inbreeding, environment and selection 

 

 

Inauguraldissertation 

zur 

Erlangung des akademischen Grades 

doctor rerum naturalium (Dr. rer.nat.) 

an der Mathematisch-Naturwissenschaftlichen Fakultät 

der 

Ernst-Moritz-Arndt-Universität Greifswald 

 

 

 

 

 

 

 

 

 

 

 

 

 

vorgelegt von  

Anneke Dierks 

geboren am 27.03.1976 

in Neunkirchen am Brand 

 

 

Greifswald, Mai 2012  



 

 

 

 

 

Dekan: Prof. Dr. Klaus Fesser 

 

1. Gutachter: Prof. Dr. Klaus Fischer 

2. Gutachter: Prof. Dr. Klaus H. Hoffmann 

 

Tag der Promotion: 12.10.2012 

 



 

 
 

Contents 

1.  Introduction ...................................................................................................................... 5 

2.  Synopsis ......................................................................................................................... 13 

2.1  Plastic responses: Environmental effects on temperature stress resistance .............. 13 

2.1.1 Environmental effects on temperature stress resistance  ................................. 13 

2.1.2 Effects of photoperiod on temperature stress resistance in a fly ....................... 17 

2.2  Effects of inbreeding on life history traits and temperature stress resistance ............. 19 

2.3  Genetic adaptation/Response to selection on cold tolerance .................................... 21 

2.3.1 Response to selection and effects of inbreeding on selection........................... 21 

2.3.2 Genetic correlations across development stages  ............................................ 24 

 

3.  References ..................................................................................................................... 27 

4.  Publication list ............................................................................................................... 43 

5.  Environmental effects on temperature stress resistance ........................................... 47 

5.1  Environmental effects on temperature stress resistance in the tropical  

butterfly Bicyclus anynana ........................................................................................ 49 

5.2  Phenotypic plasticity in temperature stress resistance is triggered by  

photoperiod in a fly .................................................................................................... 63 

 

6.  Effects of inbreeding and selection on life history traits and temperature  

stress resistance ........................................................................................................... 81 

6.1  Effects of inbreeding on life-history and thermal performance in the tropical  

butterfly Bicyclus anynana ........................................................................................ 83 

6.2  Response to selection on cold tolerance is constrained by inbreeding ...................... 93 

6.3  Does selection on increased cold tolerance in the adult stage confer  

resistance throughout development? ...................................................................... 109 

 

7.  Erklärung ...................................................................................................................... 133 

8.  Curriculum vitae .......................................................................................................... 135 

9.  Danksagung ................................................................................................................. 139 

 





 

5 
 

 

 

 

 

 

 

 

 

1. Introduction 
 

 

 

 

 

 

 

 

 

 



Introduction   

6 
 

1. Introduction 

Environmental stress and the need for (thermal) adaptation 

Biotic and abiotic conditions are not constant over time, so the long-term persistence of any 

given species or population depends on its ability to respond to environmental change 

(Bijlsma and Loeschcke 2005, 2012; Malcolm 2011). Among the associated environmental 

stressors challenging a species` survival, temperature can be considered a particularly 

important one (e.g. Hoffmann et al. 2003; Sørensen et al. 2005; Dahlhoff and Rank 2007). 

The importance of an individual’s temperature stress resistance will further increase in the 

future due to global warming, causing a raise in mean temperatures but also in temperature 

extremes, which may comprise the largest anthropogenic challenge ever placed on natural 

systems (Sala et al. 2000; Thomas et al. 2004; Diffenbaugh et al. 2005, 2007; Deutsch et al. 

2008). 

Phenotypic plasticity and/or genetic adaptation 

According mechanisms to adjust phenotypic values to environmental conditions, including 

behavioural, physiological and molecular ones, are indeed generally found (Hoffmann et al. 

2003; Sørensen et al. 2003; Chown and Terblanche 2007). Conceptually, they can be 

categorized into two classes: longer-term genetic adaptation or phenotypic plasticity 

(Bradshaw 1965; Pigliucci 2001). Phenotypic plasticity allows a quick response to different 

environmental conditions, as a genotype can produce different phenotypes (Travis 1994; 

West-Eberhard 2003), but may be alternatively a non-adaptive biochemical or physiological 

interaction of an organism with its environment (Bradshaw 1965; Pigliucci 2001). Genetic 

adaptation in contrast needs longer periods of time. Here, allele frequencies change as a 

result of the selection pressure exerted by the environment (e.g. Bijlsma and Loeschcke 

2005; David et al. 2005; Sørensen et al. 2005). However, long-term exposure to a constant 

environment may lead to fixation of alleles being favorable in that environment, while the 

same alleles may be disadvantageous in novel environments (Via and Hawthorne 2002). 

Thus, genetic variation might be reduced after a long period in this constant environment 
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preventing adaption to novel environments (Barrett and Bell 2006). Although phenotypic 

plasticity allows for maximal flexibility, plastic responses seem to involve non-trivial costs, as 

it is not generally favored by selection (DeWitt et al. 1998; Relyea 2002; Pigliucci 2005). In 

contrast, it has been repeatedly suggested that genetic adaptation may come at reduced 

costs, thus being favoured in stable environments (DeWitt et al. 1998; Relyea 2002; Aubret 

and Shine 2010). This notion, however, has been challenged by some recent findings (Meyer 

and Di Giulio 2003; Bourguet et al. 2004). Therefore, the relative importance of genetic 

adaptation versus phenotypic plasticity remains a matter of controversial discussion (e.g. 

Ayrinhac et al. 2004, Samietz et al. 2005). 

Constraints to adaptation 

Inbreeding and genetic variation 

Inbreeding, the mating between closely related individuals, exerts direct detrimental effects 

on e.g. survival rate, reproduction and development in naturally outbreeding species (Darwin 

1876; Charlesworth and Charlesworth 1987; Frankham et al. 2002; Frankham 2005). These 

detrimental effects, known as inbreeding depression, are caused by increased levels of 

homozygosity, implying either an increased expression of deleterious recessive alleles 

(partial dominance hypothesis) or an increased homozygosity at loci with heterozygote 

advantage (overdominance hypothesis; Charlesworth and Charlesworth 1999; Pedersen et 

al. 2008; Vermeulen et al. 2008; Charlesworth and Willis 2009). Because of the expected 

increase in deleterious alleles, inbred individuals are predicted to be more sensitive to 

environmental stress than outbred individuals (Lynch and Walsh 1998; Armbruster and Reed 

2005; Fox and Reed 2010; Fox et al. 2011). Indeed, experimental studies found often an 

increase in inbreeding depression in more stressful environments, although there are 

exceptions and even contrary findings as well (Bijlsma et al. 1999; Dahlgaard and Hoffmann 

2000; Keller and Waller 2002; Armbruster and Reed 2005; Martin and Lenormand 2006; 

Waller et al. 2008; Fox and Reed 2010; Fox et al. 2011). Therefore, it is important to consider 



Introduction   

8 
 

‘genetic’ and environmental stress together as both may interactively decrease population 

fitness (Kristensen et al. 2003).  

Beside the direct detrimental effects and enhanced sensitivity to environmental stress, 

inbreeding is thought to hamper the evolutionary potential, because sufficient genetic 

variation is supposed to be of crucial importance for adaptation to new environmental 

conditions (Falconer and Mackay 1996; Roff 1997; Bijlsma and Loeschke 2005; Bouzat 

2010), as the presence of beneficial variants within a population seem to play a major role 

(Blows and Hoffmann 2005; Orr and Unckless 2008; Bijlsma and Loeschcke 2012). A 

reduction in effective population size may reduce genetic variation through inbreeding or 

genetic drift and thus diminish the evolutionary potential (Bijlsma et al. 1997; Frankham et al. 

2002, Frankham 2005; Willi et al. 2006; Keyghobadi 2007; Vandergast et al. 2007; Mikkelsen 

et al. 2010; Bijlsma and Loeschcke 2012).  

Adding further complexity, survival rates of inbred populations are difficult to predict due to 

‘purging’, i.e. selection against deleterious recessive alleles (Templeton and Read 1984; 

Keller et al. 1994; Hedrick and Kalinowski 2000; Crnokrak and Barrett 2002). Nevertheless, 

the effectiveness of purging is still under debate. Beside the beneficial influence, effects of 

purging often turned out to be small or even contrary (e.g. Saccheri et al. 1996; Meffert and 

Regan 2006; Fox et al. 2008; Mikkelsen et al. 2010). This may arise from e.g. variation in the 

rate of inbreeding, stochastic effects associated with bottlenecks, the specific genetic 

background, the environment in which inbreeding occurs, immigration, mutation, and 

population size (Hedrick and Kalinowski 2000; Wang 2000; Leberg and Firmin 2008; 

Mikkelsen et al. 2010). Thus, purging may have limited success in variable environments 

when applied to small populations (Jamieson et al. 2003; Boakes et al. 2007). 

Genetic trade-offs 

Perhaps the most obvious limit to genetic adaptation are negative genetic correlations 

(caused by antagonistic pleiotropy), in which a beneficial genetic change in one trait is linked 

to a detrimental change in another (Stearns 1989; Roff 2002). Over recent decades our 
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knowledge on genetic trade-offs has much increased, especially due to the use of artificial 

selection experiments, representing the most straight-forward approach (e.g. Bell and 

Koufopanou 1986; Brakefield 2003; Czesak and Fox 2003; Bubliy and Loeschcke 2005; 

Bertoli et al. 2010 Fischer et al. 2006; Bauerfeind and Fischer 2007). For instance, artificial 

selection in Drosophila melanogaster revealed a strong trade-off between larval development 

time and adult weight (Nunney 1996), and between cold tolerance and starvation resistance 

(Hoffmann et al. 2005). In general, there is agreement that such negative genetic correlations 

among traits related to fitness have the potential to maintain genetic variation within 

populations, and more importantly to bias or constrain evolutionary change (Cheverud 1984; 

Roff 2002). While such genetic trade-offs have been quite frequently measured among 

different traits (see above), hardly any data is available on potential trade-offs across 

developmental stages (but e.g. Tucic 1979; Cheverud et al. 1983; Loeschcke and Krebs 

1996). Throughout ontogeny, though, selection at any age is expected to result in correlated 

responses in all other life-history stages. Such genetic influences may on principle yield (1) 

consistent effects throughout development, (2) divergent patterns across developmental 

stages, or (3) phenotypic effects in one or two consecutive ages only (Cheverud et al. 1983). 

Study organisms: The butterfly Bicyclus anynana and the fly Protophormia terranovae 

All studies except one used the butterfly Bicyclus anynana (Butler, 1879) (Lepidoptera 

Nymphalidae) as model organism. For studying the effects of photoperiod, the temperate fly 

Protophormia terranovae (Robineau-Desvoidy, 1830) (Diptera: Calliphoridae) has been used. 

B. anynana is a tropical, fruit-feeding butterfly distributed from South Africa to Ethiopia 

(Larsen 1991). It exhibits two seasonal morphs as an adaptation to alternate wet-dry 

seasonal environments and the associated changes in resting background and predation 

(Brakefield 1997; Lyytinen et al. 2004). Reproduction is confined to the warmer, wet season, 

when oviposition plants are available and where 2-3 generations occur. During the colder dry 

season reproduction pauses and butterflies do not start to mate before the first rains 

announce the beginning of the next wet season (Brakefield 1997; Windig et al. 1994). A 
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laboratory stock population was established at Greifswald University, Germany, in 2007. The 

origins of this population lead back to a stock population at Leiden University, The 

Netherlands. The Leiden population was founded in 1988 from 80 gravid females caught at a 

single locality in Malawi. Since then, several hundred individuals are reared in each 

generation to avoid inbreeding and to maintain high levels of heterozygosity (Van’t Hof et al. 

2005; Bauerfeind and Fischer 2007). For this study butterflies from the Greifswald stock 

population were used. 

P. terranovae is a widespread temperate-zone fly with a holarctic distribution (Byrd and 

Castner 2001). It is a multivoltine species developing up to six generations per year in 

Central Europe (Gautier and Schumann 1973). Life-cycles last between ca. 9 (35°C) and ca. 

38 (15°C) days (Grassberger and Reiter 2002). P. terranovae is considered to be the most 

cold-tolerant of all calliphorid species. It can withstand extreme temperatures and can be 

found as close as 550 miles from the North Pole (Byrd and Castner 2001). Adults feed on 

nectar, preferring flowers of Apiaceae, larvae feed on various sources of organic, protein-rich 

matter such as carcasses (Conn 2006). A stock population at Greifswald University, which 

exists for at least 200 generations, originated from wild-caught individuals caught in the 

vicinity of Greifswald. In order to avoid detrimental effects of inbreeding and laboratory 

adaptation, several 100 individuals are reared each generation and several wild-caught 

individuals are added once a year. Stock flies are bred at 20-25°C under ambient day-light 

conditions. For oviposition, flies are continuously offered fish heads. Larvae are fed with a 

mixture of bran (ca. 75%), pork blood and sawdust (the latter to maintain appropriate levels 

of humidity) ad libitum. Adults are fed with highly concentrated sugar solution and milk. 

Objective and key elements of this thesis 

Using insects as model organisms, this study focuses on thermal adaptation through plastic 

and/or genetic adjustments in ectotherms. The ability to withstand (thermal) stress is 

considered to be crucial for an individual`s fitness and a species survival, especially in times 

of global warming and the associated changes in the frequency and severity of thermal 
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stress (Wilmer et al. 2000; Bijlsma and Loeschcke 2000; Chown and Terblanche 2007; 

Marshal and Sinclair 2010). But given that temperature has always been fluctuating and 

temperature extremes occur more or less in all ecosystems, organisms needed to develop 

effective mechanisms to ensure survival under such stressful conditions. In contrast to the 

effects of ambient temperature, other environmental factors potentially affecting temperature 

stress resistance have recently received less attention (Andersen et al. 2010). Under these 

circumstances, chapter 5.1 and chapter 5.2 of this thesis investigate phenotypic adjustments 

in temperature stress resistance following different temperature- and other environmental 

manipulations (e.g. food limitation, photoperiod, time of day) in the butterfly B. anynana and 

the fly P. terranovae, addressing the following question: 

To what extent is stress resistance plastic and reversible and is there an influence of 

other environmental factors on temperature stress resistance? 

Chapter 5.1 and Chapter 5.2 

Additionally, many species are confronted with a human induced loss and fragmentation of 

natural habitats reducing population sizes. Therefore, genetic diversity might be reduced 

through inbreeding and/or genetic drift (Bijlsma et al. 1997; Frankham et al. 2002) and thus 

hamper a species ability to cope with changing conditions. This might increase the extinction 

risk of small populations (Frankham 1995; Bijlsma et al. 2000; Swindell and Bouzat 2006; 

Bouzat 2010). While the detrimental impact of inbreeding has often been documented, (e.g., 

Darwin 1876; Crnokrak and Roff 1999; Armbruster et al. 2000; Carr and Eubanks 2002) its 

consequences for the ability to cope with temperature stress are still poorly understood. 

Whereas chapter 6.1 is concerned with investigating the effect of inbreeding on acute stress 

tolerance in comparison to the effect of inbreeding on life history traits, chapter 6.2 is 

engaged in exploring the effect of inbreeding on evolutionary potential (here the ability to 

increase cold resistance). Specifically, I addressed the following questions: 
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Does inbreeding increase the thermal sensitivity to environmental stress? 

Chapter 6.1 

Is response to selection on cold tolerance constrained by inbreeding? 

Chapter 6.2 

Another, well-known limit to genetic adaptation are negative genetic correlations (caused by 

antagonistic pleiotropy). While our knowledge on genetic trade-offs has much increased, 

especially due to the use of artificial selection experiments, only a few studies have targeted 

genetic correlations across developmental stages (but e.g. Tucic 1979; Cheverud et al. 1983; 

Loeschcke and Krebs 1996). Against this background, the last chapter investigates genetic 

links between the expressions of a specific phenotype at different time points in the 

ontogeny: 

Does selection on increased cold tolerance in the adult stage confer resistance 

throughout development? 

Chapter 6.3 
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2. Synopsis 

2.1 Plastic responses: Environmental effects on temperature stress resistance 

2.1.1 Environmental effects on temperature stress resistance 

In a series of experiments we here investigated phenotypic adjustment in temperature stress 

resistance following environmental manipulations in the butterfly Bicyclus anynana. 

Therefore, organisms were acclimated to different temperatures and/or put under different 

hardening temperatures. Resistance was tested using either cold- or heat shocks. 

Additionally, the influence of other factors (larval/ adult food stress, age, time of day) on 

thermal resistance was tested. 

Chill coma recovery time is frequently used as a proxy for cold resistance. Testing different 

assay conditions of inducing a chill coma (with a temperature ranging between +1°C and -

8°C and exposure times between 15 min and 19 h) clarified that the acclamatory response is 

largely independent from the method used. Therefore, the use of rather artificial assay 

conditions may not be that critical for measuring plastic responses to different thermal 

environments. Additionally, our data show that chill coma recovery time is closely related to 

the survival rate after cold exposure (Rako and Hoffmann 2006). In nature, quick plastic 

responses to colder temperature might be related to longer activities in the evening or earlier 

activities in the morning, elongating times of mating, foraging and reproduction.  

Cooler compared to warmer acclimation temperatures generally increased cold but 

decreased heat stress resistance and vice versa. Thus, there has been an adaptive 

response to changing conditions (Rako and Hoffmann 2006; Karl et al. 2008; Rajamohan 

and Sinclair 2009). Acclamatory response to cold stress in B. anynana is fairly fast: The 

temperature experienced the last 24 hours had the dominating effect while previous 

temperatures experienced seem to have only a subtle, modulating effect. Similar to cold 

stress resistance, acclamatory response in heat stress resistance can be expected to occur 
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within 24 hours. Here, cold exposure (19 h, 1°C) can interfere with acclimation to warmer 

temperatures, but does not cause a diminishing performance in general. 

In contrast, short time hardening responses revealed more complex patterns. Cold stress 

resistance turned out to be highest at intermediate hardening temperatures. While 20°C had 

a positive effect on cold tolerance, cooler (although at least 13°C sometimes occurring in the 

field) and warmer temperatures on the contrary negatively affected cold resistance, turning 

out to be stressful for this tropical butterfly and partly reflecting results obtained in Drosophila 

(30). 20°C in contrast is well within the range of temperatures frequently experienced by the 

butterflies in the field (reflecting the daily highs during the cooler dry season (Windig et al. 

1994; Brakefield 1997).  

Only ‘hardening’ at fairly high temperature (39°C) showed a positive effect on heat tolerance 

compared to butterflies ‘hardened’ at 20°C while other ‘hardening’ temperatures within the 

range did not. Therefore, there seem to be different mechanisms between hardening 

response and (longer-term) acclimation response (Macdonald et al. 2004; Sinclair and 

Roberts 2005; Rako and Hoffmann 2006). The hardening response to heat stress appears to 

be a sort of emergency mechanism, being activated under acute heat stress only (Sejerkilde 

et al. 2003; Jensen et al. 2007; Rajamohan and Sinclair 2009). On the other hand, exposure 

time of one hour or recovery time may have been too short (Kellett et al. 2005) to induce a 

measurable response. Further, the results indicate that different mechanisms seem to 

underlie heat and cold hardening, as the same hardening temperatures (20°C, 27°C and 

34°C) produced a clear response in cold stress resistance. 

In contrast to expectations, cold resistance slightly increased during the first eight days of 

adult life. While this result is in contrast with results on heat shock survival in various insects 

(Sørensen and Loeschcke 2002; Pappas et al. 2007) and the result obtained in chapter 

2.3.2., the few data available for effects of age on chill-coma recovery time are contradictory 

and show no consistent pattern (Bowler and Terblanche 2008; Lalouette et al. 2010). 
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Adult food stress had a negative effect on heat but not on cold stress resistance. Additionally, 

larval feeding treatment showed interactive effects with adult feeding for heat but not for cold 

stress resistance, indicating that nitrogenous larval resources may set an upper limit to 

performance under heat stress. Nevertheless, best performance showed those butterflies 

that had neither suffered as larvae nor as adults. The difference between heat and cold 

resistance suggests that mechanisms increasing heat resistance may be more costly than 

those increasing cold resistance and are strikingly different (Sørensen et al. 2003; Sinclair 

and Roberts 2005; Overgaard et al. 2005 2008, Bowler and Terblanche 2008; Andersen et 

al. 2010). While the basic mechanism underlying heat stress resistance seems to be the heat 

shock response, cold stress resistance seems to involve several mechanisms including 

cryoprotectants, antifreeze proteins, glycerol, heat-shock proteins and changes in membrane 

fluidity and composition (Sinclair and Roberts 2005). 

Light cycle had marginal effects on temperature stress resistance only. While heat stress 

resistance was not affected by light cycle, cold stress resistance varied significantly across 

time of day. As cold resistance during day-time and especially in the afternoon was higher 

compared to the night, this might suggest an adaptive pattern assuring higher levels of 

activity despite unfavorably cool weather conditions (although butterflies seem to rely in the 

first place on their cryptic coloration here, thus avoiding unnecessary flight (Brakefield and 

Reitsma 1991; Brakefield 1997. 

In summary, this study clearly found evidence for environmentally induced variation in 

temperature stress resistance thus supporting the beneficial acclimation hypothesis, which 

has been repeatedly challenged over recent years (Wilson and Franklin 2002; Woods and 

Harrison 2002). Plasticity is thus an effective tool to greatly modulate temperature stress 

resistance within very short periods of time, thus increasing survival probability under 

temperature stress (Sejerkilde et al. 2003; Ayrinhac et al. 2004, Loeschcke and Hoffmann 

2007; Rajamohan and Sinclair 2008). However, resistance traits are not only affected by 

ambient temperature, but also by, e.g., food availability and age, making their measurement 

challenging. The latter effects are largely underexplored and deserve more future attention. 
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Owing to their magnitude, plastic responses in thermal tolerance should be incorporated into 

models trying to forecast effects of global change on extant biodiversity. 

Although the methods used were highly artificial, we think they have been close enough to 

resemble natural conditions: All acclimation temperatures used are within the range of 

temperatures experienced by B. anynana in its natural environment, which is also true for the 

majority of ‘hardening’ temperatures (Brakefield and Reitsma 1991; Brakefield 1997). Even 

the heat shock temperature of 45°C can be sometimes reached by solar radiation close to 

the ground. One exception is the temperatures used to induce a chill coma, but we could 

also demonstrate that the patterns obtained are largely independent from the assay 

conditions.  

Nevertheless, as plastic responses may thus modify phenotypes to environmental needs 

including thermal challenges, the potential costs associated with plastic responses or more 

plastic genotypes remains a recurrent and still largely unresolved issue in evolutionary 

biology (Auld et al. 2010). Additionally, we suggest investigating factors like limited resource 

availability should be further included in future research, as they may influence plastic 

response and might go hand in hand with climate change due to the impact of man. 

Therefore, another environmental factor which caught our interest is photoperiod, for which 

some studies suggest an important role in mediating thermal resistance (e.g. Mahoney and 

Hutchinson 1969; Ansart et al. 2001; Goldman 2001; Udaka et al. 2008) and has become the 

topic of our next study. 

 

2.1.2 Effects of photoperiod on temperature stress resistance in a fly 

Here, we again have been engaged exploring phenotypic adjustments in temperature stress 

resistance, focusing on the effects of photoperiod (and temperature) on thermal resistance 

(and life history traits). Light conditions provide a constant measure indicating the 

advancement of seasons. Thus shorter day lengths, indicating cooler seasons, should 

promote more cold-resistant phenotypes (Kimura et al. 1994; Hori and Kimura 1998) and 



Synopsis   

18 
 

vice versa. However, data on photoperiodic effects on heat resistance are still scarce (but 

e.g. Sørensen and Loeschcke 2002) and we are not aware of any study that has investigated 

the effects of different photoperiods exclusively in the adult stage in any insect.  

Photoperiod affected development time and body size, the significance of which is currently 

unclear. Variation in development times were partly contradictory (reduced larval time 

accompanied with higher growth rates versus prolonged pupal time at shorter day length) 

and thus overall negligible. Variation in body size across photoperiods and temperatures 

showed patterns according to the ‘temperature size rule’ (see also Atkinson 1994; Angilletta 

et al. 2004; Karl and Fischer 2008) meaning pupal- as well as adult mass were higher at the 

shorter day length and at the lower temperature and vice versa.  

Our study shows that variation in temperature stress resistance can be triggered by 

photoperiod, with shorter day lengths inducing more cold- and longer day lengths more heat-

tolerant phenotypes. Such plastic changes can be induced during development but also (at 

least for cold tolerance) in the adult stage. In line with this interpretation it was recently 

shown that seasonal variation in heat and cold tolerance in a slug corresponds with changes 

in ambient temperatures, and is caused by both temperature and photoperiodic cues (Udaka 

et al. 2008). We also found plastic changes to temperature happen much faster than 

changes to photoperiod. Typically, plastic responses to temperature in stress resistance 

traits can be induced within hours (rapid hardening response; e.g. Hoffmann et al. 2003; 

Loeschcke and Hoffmann 2007; Overgaard and Sørensen 2008; Rajamohan and Sinclair 

2009; Fischer et al. 2010). The fact that responses to photoperiod take longer was not 

unexpected, as photoperiod unlike temperature does not show very rapid and sometimes 

unpredictable changes, but alters exclusively in a gradual manner. Seasonal adjustment in 

contrast to buffering detrimental effects of sudden heat or cold waves simply does not require 

particularly fast responses. We suggest that this pattern represents adaptive seasonal 

plasticity. The mechanisms promoting variation in thermal resistance do not seem to be 

directly linked to the processes causing reproductive diapause as plastic changes were not 

related to different developmental pathways (reproductive activity or reproductive diapause). 
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Photoperiodic information seems to be used here as an indicator of the advancement of 

seasons very similar to life cycle decisions such as diapause induction (Denlinger 1991; 

Danks 1994, 2005; Kimura et al. 1994; Hori and Kimura 1998; Schmidt et al. 2005, 2008), 

suggesting adaptive phenotypic plasticity. As mentioned in the previous study, the adaptive 

value could be related to higher levels of activity at suboptimal temperatures, providing more 

time for essential behaviors such as foraging, mate location and reproduction (Sørensen and 

Loeschcke 2002). Moreover, both traits are closely related to survival rates following 

temperature stress (Rako and Hoffmann 2006; Fischer et al. 2010). Beside the influence of 

different environmental factors on thermal resistance, reduced genetic diversity might be 

another factor playing an important role in a species ability to cope with changing conditions. 

In the next chapter we therefore explored the influence of reduced genetic diversity on 

thermal resistance using different levels of inbreeding. 

 

2.2 Effects of inbreeding on life history traits and temperature stress resistance 

As global warming, loss and fragmentation of natural habitats will jointly challenge a species 

ability to survive, we considered genetic constraints and environmental stress (inbreeding; 

temperature shocks) together as both may interactively reduce population fitness (Bijlsma et 

al. 1997; Kristensen et al. 2003; Chown and Terblanche 2007) To understand better the 

degree to which inbreeding causes negative effects on temperature stress resistance, we 

compared the effects of inbreeding on temperature stress resistance and life-history traits. In 

contrast to other studies (using in general 4–5 full-sib matings; see also Dahlgaard et al 

1995; Pedersen et al. 2005), we decided to use low levels of inbreeding (1 and 2 full-sib 

matings) as this ought to be more ecologically relevant (Mikkelsen et al. 2010) 

We measured a total of seven traits (5 life-history traits, 2 temperature stress resistance 

traits) and found five to be negatively affected by inbreeding: Egg hatching success, larval 

time, larval growth rate, pupal mass and cold stress resistance. The results for life-history 

traits largely resemble those obtained in previous studies on various organisms like flies, 



Synopsis   

20 
 

crickets, beetles or butterflies (Roff 1998; Haikola 2001; Fox and Scheibly 2006; Mikkelsen et 

al. 2010). Especially the strong effect of inbreeding on egg hatching success demonstrates a 

large genetic load carried by B. anynana, a result also obtained in a previous experiment by 

Saccheri 1996.  

Interestingly, only cold- but not heat stress resistance was affected by inbreeding. However, 

the few studies (using Drosophila as model organism) concerned with observing variation in 

stress tolerance in relation to inbreeding did come to similar results: no effect of inbreeding 

on heat tolerance, but on cold tolerance (Dahlgaard and Loeschcke 1997; Mikkelsen et al. 

2010). Measuring the magnitude of inbreeding depression resulted in a reduction of 

performance ranging between 8 and 41% in life history traits (8% for pupal mass, 8% for 

larval time, 11% for growth rate, and 41% for egg hatching rate) and 12% for cold tolerance. 

Therefore we conclude that stress tolerance may not be generally reduced by inbreeding, at 

least when using environmental conditions which are beneficial prior to testing (Dahlgaard 

and Loeschcke 1997) and when inbreeding levels are low (2 full-sib matings). But note that 

despite the rather low levels of inbreeding we gained clear responses in cold tolerance and 

life history-traits. Consequently, regarding the results on cold tolerance, inbreeding may 

negatively affect an organism’s ability to react to changing environmental conditions and 

thereby enhancing a small population`s extinction risk.  

 

2.3 Genetic adaptation/Response to selection on cold tolerance 

2.3.1 Response to selection and effects of inbreeding on selection 

Sufficient standing genetic variation is supposed to be of crucial importance for adaptation to 

new environmental conditions (Falconer and Mackay 1996; Roff 1997; Bijlsma and Loeschke 

2005; Bouzat 2010). But modern land-use practices often result in small and isolated 

populations, increasing the risk of extinction through reduced genetic diversity as a 

consequence of inbreeding or drift. Such genetic erosion may also interfere with a 

population’s evolutionary potential. 
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To explore constraints on evolution, we applied artificial selection to chill-coma recovery time, 

starting from three levels of inbreeding (outbred control, one or two full-sib matings) and 

selected 10 generations for increased cold tolerance. Our study showed a clear response to 

selection on cold stress resistance. Inbred lines showed a weaker response to selection, 

indicating reduced evolutionary potential and thereby constraints on evolution. The reduced 

response to selection could on principal be caused by either additive or non-additive 

(dominance, epistasis) genetic effects. Following the neutral quantitative genetic theory, 

inbreeding is supposed to decrease the additive genetic variance of quantitative traits (and 

thereby their evolutionary potential) proportional to the inbreeding coefficient (Falconer and 

Mackay 1996; Frankham et al. 2002; Roff and Emerson 2006; Van Heerwaarden et al. 

2008). On the other hand non-additive effects might also be involved. Here, additive genetic 

variance may actually increase rather than decrease through inbreeding (e.g. Bryant et al. 

1986; Meffert 1995; Wade et al. 1996; Saccheri et al. 2001; Van Heerwarden et al. 2008; 

Bouzat 2010). While additive effects may have caused the overall weaker response to 

selection in the inbred lines, inbreeding level 2, which showed a stronger response to 

selection than inbreeding level 1, may have partially benefitted from non-additive effects, 

releasing novel additive variance. This is particularly likely for life-history traits closely related 

to fitness, as is the case here, because they are more likely to have a non-additive genetic 

architecture than e.g. morphological traits (Roff and Emerson 2006; Van Bushkirk and Willi 

2006; Willi et al. 2006). Alternatively, the differences between inbreeding level 1 and 2 in our 

study could be caused by chance effects. Several studies reported large variation across 

inbred lines despite identical inbreeding coefficients (e.g. Fowler and Whitlock 1999; Reed et 

al. 2002; Kristensen et al. 2003; Wright et al. 2008), with some inbred lines even 

outperforming outbred controls. Such lineage effects probably result from the number of 

founding individuals carrying deleterious recessive alleles (Fowler and Whitlock 1999; Reed 

et al. 2002; Wright et al. 2008), and are an ubiquitous feature in studies on inbreeding 

depression (Armbruster and Reed 2005). 
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Correlated responses to selection in 10 different life history and stress resistance traits (egg 

number, egg hatching, larval time, pupal time, pupal mass, growth rate, heat tolerance, 

survival after heat exposure, longevity, longevity in cold-stressed animals) were essentially 

absent. In line with our findings, studies on Drosophila also yielded mainly negative or 

inconclusive results regarding correlated responses (e.g. Watson and Hoffmann 1996; 

Anderson et al. 2005; Mori and Kimura 2008; Bertoli et al. 2010). In summary, cold 

adaptation obviously operates at least largely independent from other traits including heat 

tolerance. 

Inbreeding depression was still measurable in some traits after the course of selection (Table 

1). Traits more closely related to fitness showed a clear fitness rebound, suggesting a trait-

specific impact of purging (e.g. Frankham et al. 2001; Pedersen et al. 2005; Mikkelsen et al. 

2010). Such effects should be most pronounced in traits closely related to fitness, which may 

apply here for instance to egg hatching success (Ehiobu et al. 1989; Pedersen et al. 2005). 

The prolonged negative effects of inbreeding on fecundity suggests, in line with Saccheri et 

al. (1996), that inbreeding depression is far less severe for fecundity than for fertility.  
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Table 1: Effects of inbreeding on various traits before (i.e. immediately after full-sib-matings) 

and after the selection experiment (i.e. 11-12 generations later). Complete (no effects of 

inbreeding measurable anymore after selection) and partial (effects still significant, though 

effect size has decreased) fitness rebounds are also indicated. ‘-’: negatively affected; ‘0’: not 

affected, ‘+’: positively affected (though note the very small effect size; see text); ‘*’: Not 

measured prior to selection. T: time.  

Trait Before After Rebound 

Egg hatching success - 0 Yes 

Fecundity * - 

 Larval development T - 0 Yes 

Pupal development T 0 + 

 Larval growth rate - - Partly 

Pupal mass - - Partly 

Longevity * 0 

 Heat survival * - 

 Heat knowck-down T 0 0 

 Chill-coma recovery T - 0 Yes 

 

We believe that our results have large implications for the survival of small populations in 

fragmented landscapes, and therefore for many species inhabiting cultivated landscapes. 

Small populations are evidently prone to a loss of genetic diversity through drift and/or 

inbreeding, while being at the same time under pressure through human-induced 

deterioration of their habitats. Importantly, we here experimentally demonstrate that 

increased levels of inbreeding indeed reduce evolutionary potential, and therefore the ability 

to cope with environmental change. In this context, our findings on long-lasting detrimental 

effects of relatively mild and putatively ecologically relevant levels of inbreeding seem also 

important, as this will further increase the risk of extinction. 
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2.3.2 Genetic correlations across development stages  

Perhaps the most obvious limit to genetic adaptation are negative genetic correlations 

(caused by antagonistic pleiotropy), in which a beneficial genetic change in one trait is linked 

to a detrimental change in another (Stearns 1989; Roff 2002). While such genetic trade-offs 

have been quite frequently measured among different traits, hardly any data is available on 

potential trade-offs across developmental stages (but e.g. Tucic 1979; Cheverud et al. 1983; 

Loeschcke and Krebs 1996). Against this background, we here investigated genetic links 

between the expression of a specific phenotype at different time points in the ontogeny of the 

butterfly Bicyclus anynana. We used the lines from 2.3.1, selected for decreased chill-coma 

recovery time and according controls, which had originally been set up from three levels of 

inbreeding (outbred control, one or two full-sib matings). Four generations after selection 

procedure had been terminated, a significant response to selection was still found in one 

day-old butterflies (the age at which selection took place). Seven day-old adults showed a 

very similar though weaker response, with 61% longer chill coma recovery times compared 

to one day-old butterflies. As individual performance is expected to decrease with age 

because of senescence, i.e. a decline in physiological functions (Descamps et al. 2008), this 

effect was expected. Nevertheless, previous studies on effects of age on chill coma recovery 

times though yielded contradictory results, thus challenging the notion of a linear correlation 

between age and cold tolerance (see Fischer et al. 2010; Lalouette et al. 2010). 

Cold resistance did not increase in either egg, larval or pupal stage in the selection lines. 

Note that we have necessarily measured different traits, namely cold stress survival during 

egg, larval, and pupal development, and chill-coma recovery time in the adult stage. 

However, both traits are clearly related, for which there is direct evidence in B. anynana 

(Fischer et al. 2010). While positive effects were thus lacking throughout, increased cold 

tolerance in the adult stage was even associated with reduced cold stress survival for eggs, 

with according tendencies being found in young larvae (except in the I2 treatment), and 

furthermore in all other developmental stages investigated (though not in all groups). We 

considered several explanations leading to these results: (1) the involvement of different 
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mechanisms in cold stress survival versus chill-coma recovery time, although both traits are 

related (Anderson et al. 2005; Hoffmann et al. 2002; Fischer et al. 2010); (2) the involvement 

of different mechanisms facilitating cold tolerance in the adult stage and during development 

(note that Gilchrist et al. 1997 revealed clear effects of thermal experimental evolution in the 

adult but not in the egg stage); (3) the presence of resource-allocation trade-offs with an 

enhanced investment into adult cold tolerance leaving less resources available for offspring 

provisioning. Distinguishing between these possibilities will be an important task for future 

research. However, for the time being we favor a resource-based explanation: A wealth of 

studies indicates that allocation trade-offs, with energy-demanding functions competing for 

limited energy resources, play an important role in life-history evolution (Stearns 1989, 1992; 

Roff 2002, 2007; Roff and Fairbairn 2007). Consequently, resources allocated to increased 

cold tolerance in the adult stage may not be available anymore for offspring provisioning, 

which may in turn diminish subsequent offspring performance. Such effects should be most 

pronounced in early developmental stages, which is indeed the case here. 

Our results thus highlight that increased performance in a specific trait may not only be 

traded off against other energy-demanding functions, but also against performance 

throughout ontogeny, which may substantially affect optimal responses to selection 

pressures (Marshall and Sinclair 2011; Stoks and De Block 2011). 
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Abstract

Background: The ability to withstand thermal stress is considered to be of crucial importance for individual fitness and
species’ survival. Thus, organisms need to employ effective mechanisms to ensure survival under stressful thermal
conditions, among which phenotypic plasticity is considered a particularly quick and effective one.

Methodology/Principal Findings: In a series of experiments we here investigate phenotypic adjustment in temperature
stress resistance following environmental manipulations in the butterfly Bicyclus anynana. Cooler compared to warmer
acclimation temperatures generally increased cold but decreased heat stress resistance and vice versa. In contrast, short-
time hardening responses revealed more complex patterns, with, e.g., cold stress resistance being highest at intermediate
hardening temperatures. Adult food stress had a negative effect on heat but not on cold stress resistance. Additionally,
larval feeding treatment showed interactive effects with adult feeding for heat but not for cold stress resistance, indicating
that nitrogenous larval resources may set an upper limit to performance under heat stress. In contrast to expectations, cold
resistance slightly increased during the first eight days of adult life. Light cycle had marginal effects on temperature stress
resistance only, with cold resistance tending to be higher during daytime and thus active periods.

Conclusions/Significance: Our results highlight that temperature-induced plasticity provides an effective tool to quickly
and strongly modulate temperature stress resistance, and that such responses are readily reversible. However, resistance
traits are not only affected by ambient temperature, but also by, e.g., food availability and age, making their measurement
challenging. The latter effects are largely underexplored and deserve more future attention. Owing to their magnitude,
plastic responses in thermal tolerance should be incorporated into models trying to forecast effects of global change on
extant biodiversity.
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Introduction

The ability to withstand environmental stress is of crucial

importance for any species’ longer-term survival, and the

associated stressors are consequently deemed among the strongest

forces of natural selection [1–3]. Among the large number of

stressors temperature is considered a particularly important one,

because variable thermal environments are common and may

pose substantial challenges for individual survival and reproduc-

tion [4–8]. The importance of an individual’s temperature stress

resistance will further increase in the future due to global warming,

causing a raise in mean temperatures but also in temperature

extremes, which may comprise the largest anthropogenic chal-

lenge ever placed on natural systems [9–13].

Given that variation in temperature is all pervasive and that

temperature extremes may occur in most ecosystems more or less

frequently, organisms need to employ effective mechanisms to

ensure survival under such stressful conditions. According

mechanisms to adjust phenotypic values to environmental

conditions, including behavioural, physiological and molecular

ones, are indeed generally found [5,14–15]. Conceptually, they

can be categorized into two classes: longer-term genetic adaptation

(e.g. through changes in allele frequencies) and phenotypic

plasticity [16–17]. Phenotypic plasticity, on which we will focus

here, comprises environmental effects on phenotypic expression,

being either an adaptive strategy to cope with short-term

environmental variation, or alternatively a non-adaptive biochem-

ical or physiological interaction of an organism with its

environment [16–17].

Plastic responses to temperature variation can offer quick and

effective means to cope with thermal stress, including, amongst

others, rapid hardening and acclimation. Rapid hardening refers

to an increased performance under temperature extremes after a

brief (typically 1–2 hours) pre-exposure to less extreme temper-

atures, which has been described in several insect species and some

other arthropods, e.g. [18–21]. Acclimation, in turn, is defined as a

facultative response to changes in a single environmental variable,

typically in the adult stage [1,22]. The difference to hardening is

that acclimation typically involves longer periods of time, typically

several days. Both mechanisms have been repeatedly found to
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affect temperature stress resistance in Drosophila and some other

organisms, e.g. [5,15,23–29], though still fairly little is known

especially for the effects of hardening and acclimation on chill-

coma recovery time [30]. Consequently, we mainly focus on cold

stress resistance here.

To investigate environmental effects on temperature stress

resistance, we here use two well-established proxies: chill-coma

recovery time (i.e. the time needed to regain mobility following

cold exposure) and heat knock-down time (i.e. the time until being

knocked down under heat stress). Both indices are considered

reliable proxies of climatic cold and heat adaptation, respectively,

e.g. [7,27,31–32]. We have chosen the tropical butterfly Bicyclus

anynana as model organism for this study for the following reasons:

(1) the specific population used here inhabits a seasonal

environment with an adverse (cool) dry season and a beneficial

(warm) wet season, thus promoting phenotypic plasticity [33], (2)

there is a solid knowledge on plastic responses in some life-history

traits already, e.g. [25,34–35], and (3) because of its tropical origin

[36]. The latter seems important as recent studies suggested that

tropical ectotherms, living currently close to their (upper) critical

thermal limits already, may be particularly vulnerable to global

warming [13,37], and may further show very limited evolutionary

potential to respond to future climate change [38–39].

In a series of experiments we here address the following research

questions: 1) Does temperature stress resistance in B. anynana

respond to acclimation temperature, how long does it take for an

acclimation response to occur, and to what extent is this response

reversible? 2) Does stress resistance further respond to short time

exposure to different temperatures (‘hardening’)? 3) What is the

effect of extreme cold stress on the acclimation response? 4) Does

cold stress resistance and the ability to acclimate to a novel

environment diminish with age? 5) Does the acclimation response

in cold stress resistance depend on the specific assay conditions

used? 6) Is chill-coma recovery time related to other proxies for

fitness such as survival rate? 7) Does larval and adult food stress

interfere with the ability to withstand thermal stress? 8) Does

temperature stress resistance show variation in relation to daily

light cycle?

Assuming that phenotypic changes in temperature stress

resistance are adaptive, we predict that warm acclimation and

hardening temperatures will increase heat stress resistance, while

cool acclimation and hardening temperatures will increase cold

stress resistance, e.g. [24–26,28–29]. However, how long such

responses need to take effect, whether they are readily reversible

and to what extent they depend on prior thermal experience has

thus far received little attention, while these issues may be of great

ecological importance in environments showing strong tempera-

ture fluctuations. Another largely open question is whether the

ability to acclimate to a novel environment depends on age. If such

plastic responses come at any meaningful cost (as is suggested by

theory [4,40–41]), older individuals with less resources available

should show a decreasing performance with increasing age, e.g.

[42–43]. Note in this context that butterflies, as other holometa-

blous insects, typically loose mass as they age, indicating resource

depletion [44–46). If temperature stress resistance was indeed

subject to resource-allocation trade-offs, food stress is also

predicted to negatively impact on thermal performance, as is the

case for many other traits, but is essentially unknown for

temperature resistance traits [47]. Further, resistance traits may

show variation in relation to time of day. It might be expected that

animals are more cold resistant in the morning where temperature

is typically low, thus allowing earlier activity, but more heat

resistant in the early afternoon where temperature may reach

stressfully high values. Low-altitude populations of Drosophila

buzzatti, for instance, show diel shifts in high-temperature

resistance, which is controlled by a circadian rhythm in order to

synchronize highest resistance with peak activity ([48]; see also

[49]). Finally, two of the questions addressed above (5 & 6)

concentrate more on methodological issues. When using chill-

coma recovery time as a proxy for cold stress resistance, one might

argue that the conditions used to induce a chill coma may include

highly artificial settings. We therefore decided to use a range of

different temperatures and exposure times in order to explore its

effects on the patterns found. Further, the adaptive significance of

a shorter recovery time is not always straightforward, although it

correlates with differences in the thermal niche occupied [50] as

well as geographical variation in cold stress resistance, e.g. [31,51–

52]. Therefore, we test whether cold-acclimated animals showing

shorter recovery times also show increased survival rates following

cold exposure.

Materials and Methods

Study organism
Bicyclus anynana is a tropical, fruit-feeding butterfly ranging from

Southern Africa to Ethiopia [36]. It exhibits striking phenotypic

plasticity with two seasonal morphs, which functions as an

adaptation to alternate wet-dry seasonal environments and the

associated changes in resting background and predation [53–54].

Reproduction in this butterfly is essentially confined to the warmer

wet season when oviposition plants are abundantly available, and

where 2–3 generations occur. During the colder dry season

reproduction ceases and butterflies do not mate before the first

rains at the beginning of the next wet season [53,55]. Laboratory

stock populations were established at Bayreuth University,

Germany, in 2003, and at Greifswald University, Germany, in

2008, both from several hundred eggs derived from a well-

established stock population at Leiden University, The Nether-

lands. The Leiden population was founded in 1988 from 80 gravid

females caught at a single locality in Malawi. In each generation

several hundred individuals are reared maintaining high levels of

heterozygosity at neutral loci [56]. For this study butterflies from

either the Bayreuth or the Greifswald stock population were used.

Experimental design
For all experiments outlined below, B. anynana eggs were

collected from several hundred stock females and reared at either

20uC or 27uC (depending on experiment and for purely logistic

reasons), high relative humidity (70610%), and a photoperiod of

L12:D12. The temperatures chosen reflect the daily highs in the

butterfly’s natural environment during the dry and wet season,

respectively [53]. Larvae were reared in population cages and fed

on young maize (Zea mays) plants ad libitum (except for experiment 8;

see below). Pupae were collected daily and transferred to

cylindrical hanging cages, which were checked daily for eclosed

butterflies. On their eclosion day, butterflies were randomly

allocated to different adult treatment groups as outlined below,

except for experiment 9, where individuals were allocated to

treatments as young larvae already (see below). Thus, except for

experiment 9, larvae were always reared in a common environment.

Unless otherwise stated (cf. experiment 8), adult butterflies were fed

with moist banana ad libitum.

For measuring chill-coma recovery time, butterflies were placed

individually in small translucent plastic cups (125 ml), which were

arranged on a tray in a randomized block design. The tray was

then exposed to the cold, usually using 19 h at 1uC (for exceptions

see below). This method proved to be successful in an earlier study

[25]. After cold exposure, trays were transferred to an environ-
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mental cabinet with a constant temperature of 20uC. Recovery

time was defined as the time elapsed between taking the tray out of

the cold until a butterfly was able to stand on its legs. Butterflies

were observed for a maximum of 60 min, and this maximum value

was used for all animals that had not yet recovered (excluding

those few animals from subsequent analyses would not change any

of the results presented here qualitatively). To determine heat

knock-down time, butterflies were placed in small, sealed glass

vials (40 ml), which were submerged in a water bath or transferred

to a climate cabinet (Sanyo MIR-553), both set at a constant

temperature of 45uC (again in a randomized block design). Note

that heating rates may differ between the water bath and the

climate cabinet. This, however, does not confound any result

shown, as always the same method (either water bath or climate

cabinet) was used within one experiment. Butterflies were

continuously monitored and heat knock-down time (defined as

the time until a butterfly was no longer able to stand upright) for

each individual was recorded. Throughout, there was no re-use of

any butterflies, i.e. each butterfly was tested only once. In total

nine different experiments were carried out. Differences in

experimental designs stem partly from follow-up experiments

and thus previous results, partly from logistic reasons (i.e. the

butterfly numbers available).

Effects of acclimation and hardening temperature on cold

stress resistance. To investigate effects of acclimation and

hardening temperature on cold stress resistance, five different

experiments were carried out as detailed below (for an overview of

all experiments see Table 1). In experiment 1, butterflies were

randomly divided among four treatment groups in order to assay

effects of acclimation temperature and the reversibility of the

acclimation response: exposure for 3 days to 20uC, exposure for 3

days to 27uC, exposure for 3 days to 20uC followed by 3 days at

27uC, and exposure for 3 days to 27uC followed by 3 days at 20uC.

Consequently, butterflies were tested on day 3 or 6 of adult life.

We predicted that cold-acclimated individuals show shorter

recovery times than warm-acclimated ones and that this plastic

response is reversible.

In experiment 2, butterflies from two acclimation groups (3 days at

20uC or 27uC) were compared for acclamatory responses using

different (largely arbitrarily chosen) methods to induce a chill

coma, namely 19 h at 1uC, 50 min at 23.5uC, 90 min at 23.5uC,

45 min at 25uC, and 15 min at 28uC. This experiment was

designed to investigate whether the acclimation response depends

on assay conditions. After having measured chill-coma recovery

time, butterflies were transferred to a climate cabinet set at an

intermediate temperature of 23.5uC, and survival was recorded 24

h later. We here tested the hypothesis that cold-acclimated

butterflies show a higher cold tolerance than warm-acclimated

ones regardless of assay conditions.

To further investigate how quickly butterflies with different

thermal histories are able to respond to acclimation temperature,

eight treatment groups were used in experiment 3. Butterflies were

acclimated on three consecutive days to different combinations of

20uC and 27uC prior to testing: 20-20-20uC (i.e. acclimated for 3

days to 20uC; treatment 1), 27-20-20uC (acclimated for 1 day to

27uC, followed by 2 days at 20uC; treatment 2), 20-27-20uC (3),

27-27-20uC (4), 20-20-27uC (5), 27-20-27uC (6), 20-27-27uC (7),

27-27-27uC (8). Afterwards, chill-coma recovery time was

measured after exposing the butterflies for 19 h to 1uC. We

hypothesized that the final day prior to testing has the largest

impact on cold resistance, while earlier thermal experience may

have some subtle, modulating impact.

Table 1. Overview over all experiments carried out.

Experiment Groups Factors Treatments Dependent variables

1 4 Acclimation
treatment

3 d at 20uC, 3 d at 27uC, 3 d at 20uC followed by 3 d
at 27uC or 3 d at 27uC followed by 3 d at 20uC

CCRT after 19 h at 1uC

2 2 Acclimation
temperature

3 d at 20uC or 27uC CCRT after 19 h at 1uC, 50 min at
23.5uC, 90 min at 23.5uC, 45 min at
25uC or 15 min at 28uC; survival after 24 h

3 8 Acclimation
treatment

Acclimation on three consecutive days to: 20-20-20uC,
27-20-20uC, 20-27-20uC, 27-27-20uC, 20-20-27uC,
27-20-27uC, 20-27-27uC or 27-27-27uC

CCRT after 19 h at 1uC

4 16 Acclimation
treatment & Age

Four acclimation groups acclimated to 20uC, 27uC,
27uC followed by 20uC or 20uC followed by 27uC;
each tested after 2, 4, 6 and 8 d

CCRT after 19 h at 1uC

5 5 Hardening temperature 1 h at 6uC, 13uC, 20uC, 27uC or 34uC CCRT after 19 h at 1uC or after 4 min at 220uC

6a 9 Acclimation & Hardening
temperature

Factorial design with 3 acclimation (2d) and 3 hardening
temperatures (1 h, with 20uC, 27uC, 34uC each)

HKDT at 45uC

6b 3 Hardening temperature 1 h at 20uC, 27uC or 34uC HKDT at 45uC

6c 2 Hardening temperature 1 h at 20uC or 39uC HKDT at 45uC

7a 4 Acclimation
treatment

6 d at 20uC, 6 d at 27uC, 6 d at 20uC with cold stress
on day 3, 6 d at 27uC with cold stress on day 3

HKDT at 45uC

7b 2 Acclimation temperature 24 h at 20uC or 27uC HKDT at 45uC

8 4 Larval & Adult
food stress

Factorial design with 2 larval and 2 adult feeding
treatments (stress versus control each)

CCRT after 19 h at 1uC or HKDT at 45uC

9 6 Time of day Tests at 6 different times of day CCRT after 19 h at 1uC, CCRT after 20 min
to 25uC or HKDT at 45uC

Given are number of experiment, number of treatment groups (excluding sex), factors (also excluding sex), a short description of the treatments involved, and the
dependent variables and how they were measured. For details see Experimental design. d: day; CCRT: chill-coma recovery time; h: hour; min: minute; HKDT: heat knock-
down time.
doi:10.1371/journal.pone.0015284.t001
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Experiment 4 addressed whether the ability to acclimate to a

novel environment diminishes with age. Therefore, butterflies

from four treatment groups were tested at days 2, 4, 6, and 8 of

adult life. Two control treatment groups were exposed perma-

nently to 20uC and 27uC, respectively. In the other two treatment

groups, butterflies were first exposed to the one, but for the last

two days prior to testing to the alternative acclimation temperature

(treatments 27-20uC and 20-27uC, respectively). Note that in the

transfer treatments the ‘day 2’ group did consequently not

experience an acclimation temperature change, as butterflies were

exposed to the ‘second’ temperature on their eclosion day already.

For the other groups, butterflies were exposed for 2 days to 20uC
and 2 days to 27uC (day 4 group), for 4 days to 20uC and 2 days to

27uC (day 6 group), and for 6 days to 20uC and 2 days to 27uC
(day 8 group, for the 20-27uC treatment) and vice versa (for the

27-20uC treatment). For all individuals used here, pupal mass was

measured on day 2 after pupation. After weighing, pupae were

kept singly in translucent plastic cups (125 ml) until adult eclosion,

after which all butterflies were individually marked for future

reference. We here tested the prediction that the ability to

acclimate to a novel environment diminishes with increasing with

age.

Experiment 5 investigated the response to different ‘hardening’

temperatures. Butterflies maintained at 27uC were exposed for one

hour to 6uC, 13uC, 20uC, 27uC or 34uC. Thereafter, butterflies

were either immediately exposed for 19 h to 1uC, or back-

transferred to 27uC for one hour for recovery. The latter group

was thereafter exposed for 4 min to 220uC (in order to quickly

induce a chill coma) prior to measuring chill-coma recovery time.

This treatment was included as it appeared questionable whether

hardening effects (1 hour exposure) would be measurable after a

long-term exposure (19 h) to the cold. Note that, of course,

butterflies will not equilibrate to 220uC within 4 minutes and that

the temperatures experienced by the butterflies are unknown.

However, this matter should be irrelevant for comparing different

hardening groups, as conditions were identical across treatment

groups and the specific method used to induce a chill coma seems

not crucial for such comparisons (see results of experiment 2). We

predicted that colder hardening temperatures increase but warmer

hardening temperatures decrease cold resistance.

Effects of acclimation and hardening temperature on heat

stress resistance. Two experiments focussed on temperature

effects on heat stress resistance. Experiment 6 used a full-factorial

design with three acclimation and three ‘hardening’ temperatures.

Butterflies were acclimated to 20uC, 27uC or 34uC for two days,

after which they were divided among the same three temperatures

for 1 hour (short time acclimation, here referred to as ‘hardening’).

After another two hours at the respective acclimation temperature

for recovery, butterflies were tested for heat knock-down time. As

no effect of hardening temperature was found using the above

design (see below), the experiment was repeated using only one

acclimation temperature (27uC, for logistic reasons), from which

butterflies were once again exposed for one hour to 20uC, 27uC or

34uC, but tested immediately thereafter (i.e. without a recovery

period). Additionally, butterflies (only females, for logistic reasons)

acclimated to 27uC were exposed for one hour to 20uC or a more

extreme temperature of 39uC, and tested immediately thereafter.

We hypothesized that warmer acclimation and hardening

temperatures increase heat tolerance and vice versa.

In experiment 7 the effect of a longer-term cold exposure on the

acclimation response was investigated using four treatment groups.

Butterflies were acclimated for six days to either 20uC or 27uC. Per

acclimation temperature, half of the individuals was exposed for

19 h to 1uC on day 3 of adult life, and afterwards back-transferred

to their original acclimation temperature. The other half remained

at the respective acclimation temperature throughout (control).

We additionally tested whether one day is sufficient to induce a

significant acclimation response, by dividing butterflies (only

females, again for logistic reasons) reared and maintained at

27uC among 20uC and 27uC for 24 h on day 2 of adult life, prior

to investigating heat stress resistance. We here test the prediction

that severe cold stress will decrease subsequent heat stress

resistance.

Effects of larval and adult food limitation on temperature

stress resistance. In experiment 8 a full-factorial design was used

to investigate the effects of larval and adult food limitation on

temperature stress resistance. Larvae were reared at 27uC and

either fed ad libitum (larval control) or starved two-times for 24 h

by removing any food from the rearing cages, with one day of food

access in-between. To proof that the starvation treatment was

successful in imposing stress, pupal mass was measured for all

individuals on day 2 after pupation. Upon adult eclosion,

butterflies were once again allocated to either a control (fed with

banana ad libitum) or a starvation treatment (having access to

water only). Temperature stress tolerance was assessed on day 3 of

adult life. The experiment consisted of two parts, one addressing

effects on chill-coma recovery (A), the other on heat knock-down

time (B). Both larval and adult food stress were expected to

decrease temperature stress resistance.

Effects of light cycle on temperature stress resis-

tance. In experiment 9 we investigated effects of the time of day

on temperature stress resistance. Therefore, we used six climate

cabinets (Sanyo MLR-351H) set at 27uC, 70% relative humidity,

and a photoperiod of L12:D12. Thus, conditions were the same

throughout except for the onset of the light phase, starting at 10

a.m., 2 p.m., 6 p.m., 10 p.m., 2 a.m. or 6 a.m. All individuals were

allocated to treatments as young larvae, i.e. ca. 20 days prior to

testing temperature stress resistance. This design enabled us to test

individuals from all treatments at the same time using a

randomized block design. However, the test time equalled

different time points with respect to the onset of the light phase

from the butterflies’ perspective. The experiment consisted of

three parts, investigating chill-coma recovery time after exposure

for 19 h to 1uC (A), chill-coma recovery time after exposure for 20

min to 25uC (B), or heat knock-down time at 45uC (C). During

chilling animals were kept in the dark. Part B was included as it

seemed questionable whether effects of photoperiod would be

measurable after 19 h in a common environment, after which

recovery time was eventually assayed. Butterflies were tested on

day 2 (A, C) or 4 (B) of adult life. For part A butterflies were

transferred to the cold at 3 p.m., allowing to measure recovery

time at 10 a.m. the following day, while for parts B and C

exposure to extreme temperatures started at 10 a.m. throughout.

We hypothesized that butterflies are more cold-tolerant early in

the morning, but more heat-tolerant in the early afternoon.

Data analyses
Effects of treatment (which may consist of up to two full factors;

e.g. acclimation and hardening temperature) and sex on stress

resistance traits were analysed using full-factorial AN(C)OVAs,

including all factors as fixed effects. Pupal mass was added as

covariate in experiments 4 and 8. In order to meet ANOVA

requirements, data were transformed as appropriate. To stan-

dardize between blocks, all stress resistance data were adjusted to

block means prior to analysis. Pair-wise comparisons were

performed employing Tukey’s HSD. Survival data in experiment 2

were analyzed with nominal logistic regressions on binary data

(dead or alive). When comparing two groups only, the t-test
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(experiment 6) or the Mann-Whithney U test (experiment 7, as the

requirements for parametric testing were not met) was used. All

statistical analyses were done using JMP version 4.02 (SAS

Institute, 2000) or Statistica 6.1 (StatSoft, 2003). Throughout, all

means are given 61 SE.

Results

Effects of acclimation and hardening on cold stress
resistance

Experiment 1. Chill-coma recovery time varied significantly

across acclimation groups (F3,117 = 11.7, p,0.001), but not

between sexes (F1,117 = 2.9, p = 0.090; treatment by sex

interaction: F3,117 = 0.2, p = 0.909). Three-day old butterflies

exposed to 20uC showed the shortest recovery time, followed by

the group exposed first to 27uC but afterwards to 20uC, while both

groups exposed to 27uC before testing showed considerably longer

recovery times and were statistically indistinguishable (20uC,27-

20uC,27uC = 20-27uC; Tukey HSD after ANOVA; Fig. 1).

Experiment 2. Using five different methods with a

temperature range between +1uC and -8uC and exposure times

between 15 min and 19 h yielded a consistent pattern of shorter

recovery times for animals acclimated to 20uC compared to 27uC
(Table 2A). Consequently, the general pattern of such acclamatory

responses is largely independent of the method used to induce a

chill coma. Moreover, another proxy for cold stress resistance,

mortality rate measured 24 h after cold exposure, invariably

revealed a better performance for 20uC- compared to 27uC-

acclimated butterflies (n.s. in one case; Table 2B).

Experiment 3. In the next experiment we further corrobo-

rated that B. anynana readily responds to different acclimation

temperatures, that this acclimation response is largely reversible,

and that the last 24 h prior to testing have the largest impact on

stress resistance. Chill-coma recovery time differed significantly

across acclimation groups (F7,566 = 19.4, p,0.0001) and sexes

(F1,566 = 4.9, p = 0.0280; interaction: F7,566 = 1.0, p = 0.3994). The

groups exposed to 20uC during the last 24 h prior to testing showed

much reduced recovery times compared to those exposed to 27uC,

and females showed shorter recovery times than males (1916650

sec versus 2045649 sec; Fig. 2). Note that the most extreme values

coincide with permanent exposure to 20uC and 27uC, respectively,

while the treatments 27-27-20uC and 20-20-27uC produced fairly

intermediate phenotypes.

Experiment 4. Following up on the above experiments, the

acclimation response was additionally examined in relation to age.

Chill-coma recovery time was significantly affected by acclimation

treatment, age and the covariate pupal mass (Table 3; Fig. 3).

Individuals permanently exposed to 20uC showed the shortest

recovery times followed by the group exposed to 20uC during the

last two days before testing (27-20uC), while the groups

permanently or during the last two days before testing exposed

to 27uC needed longer recovery times and were statistically

indistinguishable (20uC,27-20uC,20-27uC = 27uC; Tukey HSD

after ANOVA, combined for age groups). The age effect indicates

that recovery times slightly decreased with increasing age. The

non-significant interaction indicates that, within the age classes

investigated here, the acclimation response was not negatively

affected by age, although recovery times tended to increase at days

6 and 8 for the 27-20uC group (cf. Fig. 3).

Experiment 5. The response to different hardening

temperatures depended on methodology. Exposing butterflies for

19 h to 1uC for measuring chill-coma recovery time yielded no

significant effect of hardening temperature (hardening

temperature: F4,227 = 0.49, p = 0.7473; sex: F1,227 = 0.81,

p = 0.3701; interaction: F2,227 = 1.33, p = 0.2622). Using a four

minute exposure to 220uC to induce a chill coma, in contrast,

showed that both high and low hardening temperatures

significantly increased recovery times (6uC = 34uC$13uC = 27uC
(control) $20uC; Tukey HSD after ANOVA; hardening

temperature: F4,229 = 3.08, p = 0.0169; sex: F1,229 = 1.19,

p = 0.2763; interaction: F2,229 = 0.54, p = 0.7068; Fig. 4).

Figure 1. Chill-coma recovery time of Bicyclus anynana in
relation to acclimation treatment. Butterflies reared in a common
environment were acclimated for 3 days to 20uC (20uC), 3 days to 27uC
followed by 3 days to 20uC (27-20uC), 3 days to 27uC (27uC), or for 3
days to 20uC followed by 3 days to 27uC (20-27uC). We predicted that
cold-acclimated individuals show shorter recovery times than warm-
acclimated ones and that this plastic response is reversible. Chill-coma
recovery time varied significantly across acclimation groups
(F3,117 = 11.7, p,0.001; 20uC,27-20uC,27uC = 20-27uC; Tukey HSD after
ANOVA), with predictions being largely met. Given are means +1 SE.
Sample sizes range between 28 and 34 per group.
doi:10.1371/journal.pone.0015284.g001

Table 2. Chill-coma recovery time and mortality rates in
Bicyclus anynana.

(A) Treatment 206C [sec] 276C [sec] P

19 h at 1uC 15476114 24276114 ,0.0001

50 min at 23.5uC 1350649 1496649 0.0402

90 min at 23.5uC 1312645 1789645 ,0.0001

45 min at 25uC 1198655 1352655 0.0354

15 min at 28uC 530655 686652 0.0145

(B) Treatment 206C [%] 276C [%] P

19 h at 1uC 15.3 43.5 0.0128

50 min at 23.5uC 5.0 25.0 0.0105

90 min at 23.5uC 35.0 55.0 0.0696

45 min at 25uC 27.5 50.0 0.0342

15 min at 28uC 2.5 20.0 0.0053

Chill-coma recovery time (A, means 61 SE) and mortality 24 h after cold
exposure (B; in %) for 20uC- and 27uC-acclimated Bicyclus anynana butterflies
across five induction treatments. Significant p-values, as tested by ANOVAs (A)
and nominal logistic regressions (B), are given in bold. Sexes differed in one out
of ten analyses only, with females (47.5%) showing higher mortality rates than
males (10.5%) when exposed for 19 h to 1uC (results not shown). Sample sizes
are 39 or 40 throughout, except for recovery times in the final treatment, where
sample size is only 18 and 20, respectively.
doi:10.1371/journal.pone.0015284.t002
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Effects of acclimation and hardening on heat stress
resistance

Experiment 6. Heat knock-down time (measured two hours

after hardening) was significantly affected by acclimation

temperature (34uC.27uC.20uC; Tukey HSD after ANOVA),

but not by hardening temperature and sex (Table 4). A significant

acclimation by hardening temperature interaction indicates that

the differences among acclimation temperatures were rather

consistent throughout, except that the individuals acclimated to

27uC and hardened at 34uC showed very similar knock-down

times compared to the individuals acclimated and hardened at

34uC (Fig. 5). Testing butterflies acclimated to 27uC immediately

after hardening (for 1 hour at 20uC, 27uC or 34uC) once again did

not yield a significant effect of hardening temperature on heat

knock-down time (hardening temperature: F2,84 = 0.94,

p = 0.3934; sex: F1,84 = 0.30, p = 0.5879; interaction: F2,84 = 1.27,

p = 0.2871). However, using a more extreme hardening

temperature of 39uC revealed a significantly longer knock-down

time compared to animals exposed to 20uC (39uC: 561619; 20uC:

456619 sec; t46 = 4.0, p,0.0001, n = 48).

Experiment 7. A clear response to acclimation temperature

can be expected within one day already. Butterflies reared and

maintained at 27uC, being divided among 20 and 27uC on day

two of adult life for 24 h, differed significantly in heat knock-down

Figure 3. Chill-coma recovery time of Bicyclus anynana in
relation to acclimation treatment and age. Butterflies reared in
a common environment were acclimated for up to 8 days to 20uC, 27uC,
20uC and afterwards 27uC or to 27uC and afterwards 20uC. Butterflies of
the ‘transfer groups’ were, depending on age at testing, exposed for 0–
6 days to the first, but always for 2 days to the second temperature.
Note that accordingly day 2 butterflies did not experience a
temperature change. We tested the prediction that the ability to
acclimate to a novel environment diminishes with increasing with age,
which was not supported by empirical data (interaction between
treatment and age not significant; F1,298 = 0.7, p = 0.70). Given are
means +1 SE. Sample sizes range between 12 and 26 per group.
doi:10.1371/journal.pone.0015284.g003

Figure 2. Chill-coma recovery time of Bicyclus anynana in
relation to sex and acclimation treatment. Butterflies reared in a
common environment were acclimated on three consecutive days to
different combinations of 20uC and 27uC prior to testing: 20-20-20uC
(acclimated for 3 days to 20uC; treatment 1), 27-20-20uC (acclimated for
1 day to 27uC and then for 2 days to 20uC; treatment 2), 20-27-20uC (3),
27-27-20uC (4), 20-20-27uC (5), 27-20-27uC (6), 20-27-27uC (7), 27-27-
27uC (8). We hypothesized that the final day prior to testing has the
largest impact on cold resistance, while earlier thermal experience may
have some subtle, modulating impact. Chill-coma recovery time
differed significantly across acclimation groups (F7,566 = 19.4,
p,0.0001) and sexes (F1,566 = 4.9, p = 0.0280), with the thermal
environment experienced during the last day prior to testing having
the largest impact (1 = 2 = 3 = 4,5,6 = 7 = 8; Tukey HSD after ANOVA).
Given are means +1 SE. Sample sizes range between 31 and 46 per
group.
doi:10.1371/journal.pone.0015284.g002

Table 3. ANCOVA results for the effects of pupal mass
(covariate), acclimation treatment and age on chill-coma
recovery time. Significant p-values are given in bold.

DF MQ F P

Pupal mass 1 3882912 4.8 0.0293

Acclimation treatment 3 26150191 32.3 ,0.0001

Age 3 3312293 4.1 0.0072

Accl. treatment x age 9 576528 0.7 0.6977

Error 298 809584

doi:10.1371/journal.pone.0015284.t003

Figure 4. Chill-coma recovery time of Bicyclus anynana in
relation to hardening temperature. We predicted that colder
hardening temperatures increase but warmer hardening temperatures
decrease cold resistance. While hardening temperature indeed affected
recovery time (F4,229 = 3.08, p = 0.0169), both high and low hardening
temperatures increased recovery times (6uC = 34uC$13uC = 27uC (con-
trol) $20uC; Tukey HSD after ANOVA). Given are means +1 SE. Sample
sizes range between 47 and 48 per group.
doi:10.1371/journal.pone.0015284.g004
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time with 27uC-acclimated individuals (528687 sec, n = 20) being

much more heat resistant than 20uC-acclimated ones (209615

sec, n = 20; Mann-Whitney U-test: Z = 23.81, p = 0.0001).

However, longer exposure to extreme temperatures may impair

the acclimation response. When being subjected for 19 h to 1uC
on day three of adult life, butterflies did not regain increased heat

stress resistance after a recovery period of another three days at

different temperatures: While the 27uC control group showed a

significantly increased heat knock-down time, the 27uC group

exposed to the cold did not differ significantly from both groups

acclimated to 20uC (Tukey HSD after ANOVA; acclimation

group: F3,157 = 11.2, p,0.001; sex: F1,157 = 0.1, p = 0.7146;

interaction: F3,157 = 0.4, p = 0.7458; Fig. 6).

Effects of larval and adult food limitation on temperature
stress resistance

Experiment 8. Food stress during larval development

significantly reduced pupal mass (F1,364 = 24.2, p,0.001), and

females were significantly heavier than males (F1,364 = 59.0,

p,0.001). As indicated by a significant food stress by sex

interaction (F1,364 = 6.9, p = 0.009), females were more strongly

affected by food stress than males (food stressed males: 136.863.7

mg; control males: 143.463.0 mg; food stressed females:

151.462.4 mg; control females: 173.162.2 mg). While chill-

coma recovery time was not affected by either factor, heat knock-

down time differed significantly across adult feeding treatments

and sexes (Table 5). Butterflies deprived of adult food showed

reduced knock-down times compared to controls (326635 sec

versus 371636 sec), and females were more heat resistant than

males (406634 sec versus 326631 sec; Fig. 7). A significant

interaction between larval and adult feeding treatment indicates

that lack of adult food greatly reduced heat stress resistance

compared to controls in animals fed as larvae ad libitum (303643

sec versus 431647 sec), while it tended to increase heat stress

resistance in animals having experienced larval food stress

(352647 sec versus 313645 sec). The latter partly results from

the fact that throughout lack of adult food reduced heat knock-

down time, except for the males having experienced larval food

stress (significant three-way interaction; Fig. 7).

Note that, regarding the larval by adult feeding interaction,

there was a very similar tendency also for chill-coma recovery time

(p = 0.058; Table 5A), with a negative effect of adult food stress

(prolonged recovery times) in animals having experienced no

larval food stress (44776300 sec versus 35346254 sec), while cold

stress resistance was very similar across adult feeding treatments in

animals having experienced larval food stress (37456405 sec

versus 37726355 sec).

Effects of light cycle on temperature stress resistance
Experiment 9. Independent of the method used to induce a

chill coma, light cycle had a marginally significant effect on cold

stress resistance (Table 6). In the experiment using 19 h at 1uC to

induce a chill coma, recovery times tended to be shortest between

10 a.m. and 10 p.m. (Fig. 8A), though note that a post-hoc

Figure 5. Heat knock-down time of Bicyclus anynana in relation
to acclimation and hardening temperature. We hypothesized that
warmer acclimation and hardening temperatures increase heat
tolerance and vice versa. While this prediction was met for acclimation
temperature (F2,321 = 62.6, p,0.0001; 34uC.27uC.20uC; Tukey HSD
after ANOVA), the effect of hardening temperature was not significant
(F2,321 = 2.2, p = 0.11). Black bars: hardened at 20uC; open bars: hardened
at 27uC; hatched bars: hardened at 34uC. Given are means +1 SE.
Sample sizes range between 37 and 38 per group.
doi:10.1371/journal.pone.0015284.g005

Table 4. ANOVA results for the effects of acclimation
temperature, hardening temperature and sex on heat knock-
down time.

DF MQ F p

Acclimation T 2 0.888 62.6 ,0.0001

Hardening T 2 0.032 2.2 0.1080

Sex 1 0.021 1.5 0.2202

Accl. T x Hard. T 4 0.034 2.4 0.0478

Accl. T x Sex 2 0.002 0.2 0.8582

Hard. T x Sex 2 0.033 2.3 0.0988

Accl. T x Hard. T x Sex 4 0.017 1.2 0.3202

Error 321 0.014

Significant p-values are given in bold. T: temperature.
doi:10.1371/journal.pone.0015284.t004

Figure 6. Heat knock-down time of Bicyclus anynana in relation
to acclimation treatment. Butterflies were acclimated for 6 days
to either 20 or 27uC, with half of each acclimation group being
subjected for 19 h to 1uC after 3 days. We here test the prediction
that severe cold stress will decrease subsequent heat stress resistance,
which was confirmed by empirical data (F3,157 = 11.2, p,0.001;
27C.27S = 20C = 20S; Tukey HSD after ANOVA). 20C: 20uC control;
20S: 20uC cold-stressed; 27C: 27uC control; 27S: 27uC cold-stressed.
Given are means +1 SE. Sample sizes range between 34 and 49 per
group.
doi:10.1371/journal.pone.0015284.g006
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comparison (Tukey HSD) did not locate any significant differences

among groups. The experiment using 20 min at 25uC indicated

that chill-coma recovery time was shortest in the afternoon and

evening (Fig. 8B), with butterflies tested at 7 p.m. having a

significantly shorter recovery time than those tested at 11 a.m.

(Tukey HSD after ANOVA; all other pair-wise comparisons n.s.).

Further, here females (924629 sec) needed significantly shorter

times to recover than males (1030632 sec). Heat stress resistance,

in contrast, was neither affected by light cycle or sex (Table 6).

Discussion

Temperature effects on cold stress resistance
Throughout, cool-acclimated butterflies showed a shorter chill-

coma recovery time compared to warm-acclimated ones, meaning

that the former are more resistant to cold stress than the latter and

thus indicating an adaptive response to temperature variation (see

below; cf. e.g. [27,29–30]). Such increased performance under

stressful temperatures may on the other hand induce non-trivial

costs in other traits [4,30,57]. The relatively intermediate

phenotype of the group first exposed to 27uC and subsequently

to 20uC in experiment 1 (Fig. 1) suggests some carry-over effects of

previous thermal experience, which were still measurable after a

three-day acclimation period at another temperature. However, a

similar tendency was not obvious in the other transfer group, being

transferred from 20uC to 27uC, thus questioning the generality of

such effects. An alternative explanation would be that the poorer

performance of the 27-20uC compared to the 20uC group results

from the higher age in the former group (6 versus 3 days).

Independent of the lack of consistency in the other transfer group

(see above), experiment 4 renders this possibility unlikely, as recovery

times decreased rather than increased with age in three out of four

groups. Also, a fundamental difference between transfers from

warm to cool versus cool to warm is unsupported by additional

data (see below, experiment 3, but experiment 4; cf. [25]).

Experiment 2 clearly demonstrates that such acclamatory

responses are largely independent of the method used to induce

a chill coma (see also [30,52,58]). We therefore argue that the

specific assay conditions used may not be that critical for

measuring plastic responses to different thermal environments.

Figure 7. Heat knock-down time of Bicyclus anynana in relation
to sex, larval and adult feeding treatment. Both larval and adult
food stress were expected to decrease temperature stress resistance.
Indeed, adult food stress significantly reduced heat tolerance
(F1,227 = 4.9, p = 0.03), while larval food stress did not (F1,227 = 2.2,
p = 0.14; though note the significant interaction with adult starvation,
cf. Table 5). AS: adult starvation, AC: adult control. Given are means +1
SE. Sample sizes range between 12 and 50 per group.
doi:10.1371/journal.pone.0015284.g007

Table 5. ANCOVA results for the effects of pupal mass
(covariate), larval feeding treatment, adult feeding treatment
and sex on chill-coma recovery time (A) and heat knock-down
time (B).

(A) DF MQ F P

Pupal mass 1 1953.6 1.02 0.3142

Larval starvation 1 166.6 0.09 0.7684

Adult starvation 1 1440.2 0.75 0.3872

Sex 1 668.3 0.35 0.5556

Larv. starv. x adult starv. 1 6986.4 3.65 0.0583

Larv. starv. x sex 1 133.2 0.07 0.7924

Adult starv. x sex 1 589.0 0.31 0.5800

Larv. starv. x adult starv. x sex 1 467.7 0.25 0.6219

Error 123 1912.8

(B) DF MQ F P

Pupal mass 1 0.1 0.01 0.9150

Larval starvation 1 13.1 2.22 0.1376

Adult starvation 1 28.7 4.87 0.0284

Sex 1 29.2 4.95 0.0271

Larv. starv. x adult starv. 1 57.1 9.71 0.0021

Larv. starv. x sex 1 2.9 0.49 0.4838

Adult starv. x sex 1 ,0.1 ,0.01 0.9561

Larv. starv. x adult starv. x sex 1 32.8 5.57 0.0191

Error 227 5.9

Significant p-values are given in bold.
doi:10.1371/journal.pone.0015284.t005

Table 6. ANOVA results for the effects of light cycle and sex
on chill-coma recovery time after 19 h at 1uC (A) or after 20
min at 25uC (B), and on heat knock-down time at 45uC (C).

(A) DF MQ F p

Light cycle 5 504.4 2.3 0.0448

Sex 1 341.0 1.6 0.2136

Light cycle x sex 5 410.4 1.9 0.0990

Error 360 219.6

(B) DF MQ F p

Light cycle 5 95.1 2.3 0.0463

Sex 1 244.6 5.9 0.0160

Light cycle x sex 5 44.5 1.1 0.3782

Error 317 41.7

(C) DF MQ F p

Light cycle 5 1518.0 1.1 0.3895

Sex 1 443.0 0.3 0.5808

Light cycle x sex 5 782.4 0.5 0.7462

Error 420 1449.8

Significant p-values are given in bold.
doi:10.1371/journal.pone.0015284.t006
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The adaptive value of shorter recovery times after cold exposure

could be related to an earlier activity in the mornings following

relatively cool nights, a longer activity in the evenings and/or

generally higher levels of activity at suboptimal temperatures.

Consequently, more time would be available for essential

behaviours such as foraging, mate location and reproduction.

Note in this context that flight performance is strongly related to

ambient temperature in butterflies and other ectotherms [59,60].

Moreover, our data clearly demonstrate that chill-coma recovery

time, frequently used as a proxy for cold stress resistance, is closely

related to the survival rate after cold exposure [30].

Given that experiment 1 did not yield conclusive results on the

effects of previous thermal experience, this issue was once again

addressed in experiment 3, using a more sophisticated design. The

respective results show that the acclimation response is fairly fast,

because the temperature experienced during the last 24 hours

prior to testing had a dominating effect on thermal performance

(Fig. 2). Although post-hoc comparisons revealed little significant

variation except from the clear distinction between the above

mentioned groups (i.e. between the animals having experienced

20uC versus 27uC during the last 24 hours prior to testing), the

data suggest that the previous thermal environment does have

some subtle, modulating effects on cold stress resistance, with effect

size increasing with increasing exposure time to an alternative

temperature. Results from experiment 4 corroborate the above data,

in showing that the temperature experienced directly before

testing has the largest effect on stress tolerance, and that a previous

temperature change does modulate the acclimation response to

some extent (though significantly only in the 27-20uC group).

Further, visual inspection of figure 3 does suggest that the ability to

acclimate to another temperature does diminish with longer

exposure to a given temperature and thereby age, though this

tendency is statistically not supported.

In contrast to expectations, recovery times slightly decreased

rather than increased with age (see also [61]). Thus, at least over

the age classes tested here, age did not negatively affect recovery

times, but rather tended to increase performance. This as well as

the lack of interactive effects might be related to the fact that

exclusively relatively young butterflies were tested here (note that

B. anynana may reach substantially longer life spans in the

laboratory; [25,62]). However, we consider this time span as of

particular ecological importance, as butterflies (apart from

diapausing individuals) typically have fairly short life spans in the

field [63]. In any case our data rule out that there is a simple linear

decrease in performance with age, which contrasts with results on

heat shock survival showing in various insects a strong decline

during the early adult period [42,48]. The few data available for

effects of age on chill-coma recovery time to date revealed

contradictory evidence and thus no consistent pattern [43,61].

In addition to the acclimation temperatures discussed above,

short-time exposure to different (‘hardening’) temperatures also

affected cold stress tolerance (experiment 5). However, the response

depended on the methodology used to induce a chill coma, as

exposure for 19 hours to 1uC did not reveal any significant effect.

We assume that the exposure time to 1uC was simply too long in

order to yield a measurable effect of a 1 hour exposure to different

hardening temperatures. This notion is supported by our

additional experiment using a four minute exposure to 220uC
following hardening. Here, recovery time was shortest after

‘hardening’ at 20uC, a temperature which is well within the range

of temperatures frequently experienced by the butterflies in the

field (reflecting the daily highs during the cooler dry season

[53,55]). Interestingly though, cooler as well as warmer temper-

atures increased recovery times. Thus, higher temperatures

negatively affected cold stress resistance as expected, but the same

was true for lower temperatures of 6uC and 13uC, with at least the

latter certainly occurring occasionally in the field. These data

clearly suggest that the latter temperatures are already stressful for

this tropical butterfly, thus diminishing rather than improving

subsequent performance [22,25]. Partly similar results regarding

negative effects of hardening on chill-coma recovery time were

obtained in Drosophila [30].

Temperature effects on heat stress resistance
As with cold stress resistance, acclimation temperature induced

a significant effect on heat stress resistance, with heat knock-down

time increasing substantially with increasing acclimation temper-

ature: butterflies acclimated to 34uC resisted heat stress roughly

twice as long compared to butterflies acclimated to 20uC [27,64].

These data once again clearly indicate adaptive phenotypic

plasticity, in particular since heat coma is typically followed soon

Figure 8. Chill-coma recovery time of Bicyclus anynana in
relation to time of day and sex. We hypothesized that butterflies
are more cold-tolerant early in the morning, but more heat-tolerant in the
early afternoon. (A) Measured after 19 h at 1uC; (B) measured after 20
min at 25uC. In both cases light cycle had a marginally significant effect
(F5,360 = 2.3, p = 0.045 and F5,317 = 2.3, p = 0.046), with cold stress
resistance tending to be higher during daytime. The photo phase lasted
for 12 h from 6 a.m. to 6 p.m. Given are means +1 SE. Sample sizes range
between 22 and 41 per group for (A) and between 19 and 35 in (B).
doi:10.1371/journal.pone.0015284.g008
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by lethal stress levels. Using short-time exposure to the same three

temperatures (20uC, 27uC, 34uC; ‘hardening’), in contrast, did not

yield a significant effect, independent of whether butterflies were

left to recover for two hours or tested immediately after hardening.

These findings suggest that the hardening temperatures used were

not extreme enough to induce a rapid hardening response,

although the same temperatures were effective in inducing an

acclimation response. This notion is supported by an additional set

of data comparing hardening temperatures of 20uC and 39uC,

where a significant effect of one hour exposure showed a

significantly better performance of the latter under heat stress

(but e.g. [20] for Drosophila). Thus, the mechanisms underlying the

hardening response may differ fundamentally from those under-

lying the (longer-term) acclimation response [30,58,65]. The

hardening response to heat stress appears to be a sort of

emergency mechanism, being activated under acute heat stress

only [19,29,66]. Alternatively, the exposure time of one hour may

have been too short to induce a measurable response when using

less extreme temperatures, or the time for recovery may have been

too short [20]. Further, our results suggest that heat and cold

hardening may also differ with regard to underlying mechanisms

[29,65], as the same hardening temperatures (20uC, 27uC, 34uC)

elucidated a clear response in cold stress resistance (see above), but

not in heat stress resistance.

Similar to cold stress resistance, variation in heat stress

resistance can be expected to occur within 24 hours spent at

different temperatures. Nevertheless, exposure for many (19) hours

to 1uC clearly reduced subsequent heat stress resistance, although

butterflies spent three full days at different acclimation tempera-

tures following the cold stress. Consequently, an extreme (cold)

stress event yields longer-lasting effects on subsequent heat stress

resistance, lasting well beyond periods typically inducing a clear

acclimation response. Interestingly, the negative effect was

restricted to the group acclimated to 27uC, while there was no

obvious response to extreme cold stress across both groups

acclimated to 20uC. Thus, cold exposure interfered with

acclimation to warmer temperatures, rather than causing a

generally diminished performance.

Food access and temperature stress resistance
Our larval treatment was successful in imposing food stress, as

evidenced by a significant reduction in pupal mass by ca. 10%.

Similarly, adult food deprivation is known to reduce body mass in

B. anynana [46]. Despite the clear evidence for a reduction in the

amount of resources available to butterflies, cold stress resistance

was not affected by larval or adult feeding treatment. Heat stress

resistance, in contrast, was negatively affected by adult food stress,

but not (directly) affected by larval food stress (cf. [47] for effects of

different larval feeding treatments in Drosophila). The latter

indicates that the resources carried over from the larval stage

may not be that crucial for temperature stress resistance (note in

this context the non-significant effect of the covariate pupal mass

in both analyses). However, this view is challenged by the

interactive effect between larval and adult food stress for heat

stress resistance. This significant interaction suggests that only the

butterflies having experienced neither larval nor adult food stress

showed a better performance under heat stress compared to the

other three groups. In other words, butterflies having experienced

larval food stress could not take any advantage from having access

to adult food (Fig. 7; cf. [67] for reproductive traits). These findings

suggest that putatively nitrogenous larval resources, lack of which

cannot be compensated for in the adult stage, do actually play a

crucial role for stress resistance, setting an upper limit to

performance under heat stress [47,67]. Why adult food access

actually reduced heat stress resistance in males having experienced

larval food stress, thus showing the opposite pattern compared to

all other treatment groups, is difficult to explain and might reflect a

chance effect of allocation to treatments.

The discrepancy between heat and cold stress resistance, with

the former not being affected by any type of food stress, suggests

that the mechanisms involved in heat resistance (e.g. the heat

shock response [14]) might be more costly than those involved in

cold stress resistance [65,68–69]. However, regarding the above

larval by adult feeding treatment interaction for heat stress

resistance, there was an analogous statistical trend for cold stress

resistance (p = 0.058). Here, adult food stress tended to have a

negative impact on cold resistance only if individuals had

experienced no larval food stress, while all other groups performed

comparably well. Thus, these data may suggest that individuals

having been challenged during the larval stage were better

prepared to handle adult food stress compared to control

individuals [35,70–71]. In any case patterns obtained for heat

versus cold stress resistance were strikingly different, which again

suggests divergent underlying mechanisms [43,47]. While the

basic mechanism underlying heat stress resistance seems to be the

heat shock response, cold stress resistance seems to involve several

mechanisms including cryoprotectants, antifreeze proteins, glyc-

erol, heat-shock proteins and changes in membrane fluidity and

composition [65].

Light cycle and temperature stress resistance
While heat stress resistance was not affected by light cycle, cold

stress resistance did vary significantly across time of day,

independently of the method used to induce a chill coma.

However, effect size was small and significance marginal only,

which may suggest that the patterns found are biologically

irrelevant. On the other hand it is striking that two independent

experiments using different approaches yielded qualitatively fairly

similar patterns. Overall, it appeared that cold stress resistance was

slightly higher during daytime, especially in the afternoon/

evening, as compared to night time. Such a pattern could on

principle be adaptive, as it might enable higher levels of activity

during spells of unfavourably cool weather or in the cool dry

season (although butterflies seem to rely in the first place on their

cryptic coloration here, thus avoiding unnecessary flight [33,53]).

Sex differences and effects of pupal mass
In some experiments sex differences could not be investigated

due to the exclusive use of females for logistic reasons. However, in

a total of 22 statistical analyses sex was included as factor, yielding

in 18 cases a non-significant result. In the remaining cases females

showed twice a higher cold stress resistance than males, once a

higher heat stress resistance, while survival rates after cold

exposure were once lower in females than in males. These results

indicate that, overall, sexes seem to be equally stress resistant in

B. anynana [23,27,66].

In two experiments the effect of body size on temperature stress

resistance was investigated, by including pupal mass as covariate in

the statistical models. While two analyses on heat and cold stress

resistance, respectively, revealed no significant effect of pupal

mass, it did affect cold stress resistance in experiment 4. However,

this effect was marginal, and a subsequent Pearson correlation

between pupal mass and chill-coma recovery time was non-

significant (data not shown). Thus, body size is clearly of

subordinate importance for temperature stress resistance in B.

anynana, challenging the common notion of a positive association

between stress resistance and body size.
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Conclusions
Having overall found clear evidence for environmentally-

induced variation in temperature stress resistance, one crucial

question remains: Did our experimental designs resemble natural

conditions closely enough to extrapolate from our results to field

conditions? Our answer is a tentative ‘yes’. The acclimation

temperatures used are definitively within the range of tempera-

tures experienced by B. anynana in its natural environment, which

is also true for the majority of ‘hardening’ temperatures [33,53].

This is the main reason why we decided to use relatively mild

‘hardening’ temperatures throughout. Further, the temperature

used to assess heat stress resistance (45uC) will be regularly reached

during high solar radiation, at least close to the ground. More

critically seem to be the assays on cold stress resistance, as the

temperatures used to induce a chill coma were necessarily very

low, probably largely without the range of temperatures usually

experienced by the butterflies in their natural environment.

However, our results also document that the patterns obtained

are largely independent of the specific assay conditions used.

Further, both heat knock-down and chill-coma recovery time seem

to be closely related to fitness, as both correlate with survival rates.

We therefore argue that both should be considered convenient

proxies of temperature adaptation, even if the experimental

conditions chosen do not perfectly resemble natural conditions.

Overall, the measurement of acclimation responses seems much

less susceptible to assay conditions as compared to critical thermal

limits [72]. Nevertheless, we need more studies examining the

impact and consequences of using more natural versus more

artificial settings.

Our results suggest that temperature-induced plasticity in stress

resistance is a striking example of adaptive phenotypic plasticity,

thus supporting the beneficial acclimation hypothesis, which has

been repeatedly challenged over recent years [22,73]. Plasticity is

thus an effective tool to greatly modulate temperature stress

resistance within very short periods of time, thus increasing

survival probability under temperature stress [19,31,57,74]. This is

likely to be true for the vast majority of organisms, while in some

specific cases species may exhibit reduced levels of plasticity, thus

limiting quick responses to changing thermal environments

[27,38–39,75]. Such species may be exceptionally vulnerable to

the impact of global change [75]. Except from extreme events,

such plastic responses are further largely and fairly quickly

reversible, enabling adequate responses to fluctuating thermal

conditions. As plastic responses may thus fine-tune phenotypes to

environmental needs including thermal challenges, the potential

costs associated with plastic responses or more plastic genotypes

remains a recurrent and still largely unresolved issue in

evolutionary biology [41]. In any case the species’ ability to

respond plastically needs to be incorporated into models trying to

forecast effects of global change on extant biodiversity [75–76].

Further, we suggest that other factors at least potentially affecting

plastic responses, such as limited resource availability which may

well go hand in hand with climate change due to the ubiquitous

impact of man on natural systems, should not be neglected.

Especially investigating interactive effects between food availability

and temperature challenges should prove to be a fruitful and

valuable area for future research. Facing the increasing temper-

atures at the global scale, investigating genetic but also plastic

responses to temperature will be at the forefront of evolutionary

and ecological research for some time to come.
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Abstract Temperature variation poses a substantial challenge for individual survival and

reproductive success, warranting effective means to counter negative effects of tempera-

ture extremes. Phenotypic plasticity offers a particularly powerful mechanism to cope with

short-time temperature fluctuations. While temperature-induced plasticity in thermal tol-

erance has been widely explored, effects of other environmental factors have received

much less attention. Using a full-factorial design we here show that variation in temper-

ature stress resistance can be triggered by photoperiod (and temperature) in the fly Pro-
tophormia terraenovae, with shorter day lengths inducing more cold- and longer day

lengths more heat-tolerant phenotypes. Such plastic changes were not related to different

developmental pathways (reproductive activity or reproductive diapause), and can be

induced during development but also in the adult stage (at least for cold tolerance). We

suggest that short-term, photoperiod-mediated changes in insect thermal tolerance repre-

sent a mechanism of adaptive seasonal plasticity. Photoperiod further affected develop-

ment time and body size, the significance of which is currently unclear.

Keywords Cold tolerance � Heat tolerance � Life-history plasticity �
Protophormia terraenovae � Seasonal plasticity � Thermal stress

Introduction

The longer-term survival of any species and population depends on the ability to adjust

phenotypic values to environmental conditions. In particular, effective means to deal

with environmental stress are needed to buffer detrimental effects on fitness (Overgaard

and Sørensen 2008). From the various stressors affecting population viability and

individual fitness in nature, temperature stress is considered a particular important one
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(e.g. Hoffmann et al. 2003; Sørensen et al. 2005; Dahlhoff and Rank 2007). Consequently,

and because of increasing concerns about the potential effects of globally rising temper-

atures on biodiversity, factors affecting temperature stress resistance have gained

increasing attention over the last decades (Thomas et al. 2004; Deutsch et al. 2008;

Kellermann et al. 2009; Tewksbury et al. 2008).

Adaptations to thermal stress may result from longer-term genetic adaptation, pheno-

typic plasticity or both (Sørensen et al. 2003; Chown and Terblanche 2007; Karl et al.

2008; Fischer and Karl 2010). Phenotypic plasticity is a particularly effective way to cope

with short-time temperature fluctuations (Nylin and Gotthard 1998; Pigliucci 2001). Over

the last years, plastic responses in temperature stress resistance to ambient temperature

have been extensively studied in ectotherms. As a general result, cooler developmental,

adult acclimation and/or hardening temperatures were found to increase cold but decrease

heat tolerance and vice versa, though not necessarily in every study (e.g. Sejerkilde et al.

2003; Geister and Fischer 2007; Terblanche et al. 2007; Bahrndorff et al. 2009; Rajamohan

and Sinclair 2009).

In contrast to the effects of ambient temperature, other environmental factors potentially

affecting temperature stress resistance have recently received less attention (Andersen et al.

2010). One such factor is photoperiod, for which some studies suggest an important role in

mediating thermal resistance. In the land snail Helix aspersa, for instance, photoperiod

triggers supercooling ability (Ansart et al. 2001), and in a terrestrial slug seasonal changes

in heat and cold tolerance are promoted by acclimation to photoperiod (Udaka et al. 2008).

In rodents, photoperiodic acclimation results in changes in thermoregulatory mechanisms

(Haim et al. 1998; Goldman 2001), and in amphibians in adjustments of the critical

maximum temperature (e.g. Brattstrom and Lawrence 1962; Mahoney and Hutchinson

1969). These and other studies (e.g. Hoar 1956; Ballinger et al. 1969; Woiwode and

Adelman 1992) suggest that light conditions, providing a highly reliable cue indicating the

advancement of seasons, modulate thermal resistance. In general, shorter day lengths

indicative of cooler seasons promoted more cold-resistant phenotypes and vice versa.

In insects, decreasing day length indicating approaching winter conditions typically

induces diapause, and many studies have shown that diapausing insects show increased

cold resistance (e.g. increased freeze tolerance), allowing them to overwinter successfully

(Denlinger 1991; Danks 2005; Tsumuki and Hirai 2007; Bale and Hayward 2010). Such

variation is typically associated with different developmental pathways. For instance,

different species of Drosophila were found to be more cold-resistant when reared under

short-day conditions inducing reproductive diapause (Kimura et al. 1994; Hori and Kimura

1998). In contrast, data on photoperiodic effects on heat resistance are scarce (but e.g.

Sørensen and Loeschcke 2002), and we are not aware of any study that has investigated the

effects of different photoperiods exclusively in the adult stage in any insect.

Against the above background we here investigate the effects of photoperiod (and

temperature) on cold and heat stress resistance in the fly Protophormia terraenovae. We

explore whether photoperiodic effects on thermal tolerance can be exclusively induced

during development, or also within relatively short periods of time in the adult stage. As

adults of P. terraenovae may enter a reproductive diapause, we additionally investigate the

effects of reproductive status on stress resistance. Specifically we hypothesize that flies

should be more cold-resistant when experiencing short photoperiods, indicating an early or

late time point in the season and thus risk of cold stress (cf. Lanciani et al. 1990, 1992).

Long photoperiods, in contrast, indicating summer conditions and risk of heat stress,

should induce more heat-tolerant phenotypes.
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Materials and methods

Study organism

Protophormia terraenovae (Robineau-Desvoidy, 1830) (Diptera: Calliphoridae) is a

widespread temperate-zone fly with a Holarctic distribution (Byrd and Castner 2001). It is

a multivoltine species with up to six generations per year in Central Europe (Gautier and

Schumann 1973). The life cycle lasts between ca. 9 (35�C) and ca. 38 (15�C) days

(Grassberger and Reiter 2002). The fly is particularly common in cool regions and can be

found as close as 550 miles from the North Pole. It can withstand extreme temperatures

and is considered the most cold-tolerant of all calliphorid species (Byrd and Castner 2001).

While adults feed on nectar preferring flowers of Apiaceae, larvae feed on various sources

of organic, protein-rich matter such as carcasses (Conn 2006). The flies used here originated

from a laboratory stock population kept at Greifswald University for at least 200 genera-

tions. Flies were originally collected in the vicinity of Greifswald, northeast Germany.

Per generation several 100 individuals are reared. Additionally several wild-caught indi-

viduals are added once a year to the stock in order to avoid detrimental effects of inbreeding

and laboratory adaptation. Stock flies are bred at 20–25�C under ambient day–light con-

ditions. For egg-laying, flies are continuously offered fish heads. Subsequently, larvae are

fed with a mixture of bran (ca. 75%), pork blood and sawdust (the latter to maintain

appropriate levels of humidity) ad libitum. Adults are fed with highly concentrated sugar

solution and milk.

Experimental design

Four different experiments were carried out as detailed below. All eggs used for these

experiments were collected within a single photo phase from the stock population.

Throughout, four treatment groups involving a lower or a higher temperature and a short or

a long day length were used: constant temperature of 20�C and photoperiod of L:D 12:12

(treatment 1); 20�C and L:D 18:6 (2); 27�C and L:D 12:12 (3); 27�C and L:D 18:6 (4).

While the long day length indicates summer conditions, the short one indicates spring/

autumn conditions. During experiments flies were reared and maintained in climate cab-

inets (Sanyo MLR-315H) set at 60% relative humidity. Climatic conditions within cabinets

were continuously monitored by data loggers. Throughout all experiments, larvae were fed

with the above food mixture, and adults with a highly concentrated sucrose solution

ad libitum.

For experiment 1, ca. 300 eggs were collected for each of the above treatments. In order

to synchronize adult eclosion, eggs for both 20�C treatments (1 and 2) were collected

11 days earlier than the eggs for the 27�C treatments (3 and 4). The eggs were transferred

to translucent plastic pots (1 l) filled with food and covered with gauze. The pots were

checked daily for pupae, which were removed, weighed and afterwards kept individually in

small, translucent pots (125 ml) covered with gauze. For all individuals larval development

time (from egg laying to pupation, thus including egg development), larval growth rate (ln

pupal mass/larval time), pupal development time (from pupation to adult eclosion), pupal

and adult mass (to the nearest 0.1 mg; Sartorius LE225D) were recorded. For taking adult

mass, flies were chilled after temperature stress resistance had been measured (see below).

Note that all flies spent their complete life cycle (i.e. from egg stage through to adult life) at

the respective treatments.
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To assess temperature stress resistance we used chill-coma recovery time (i.e. the time

needed to regain mobility following cold exposure) and heat knock-down time (i.e. the

time until being knocked down under heat stress). Both indices are considered reliable

proxies of climatic cold and heat adaptation, respectively (e.g. Ayrinhac et al. 2004;

Castañeda et al. 2005; Sørensen et al. 2005; Karl et al. 2008). To score chill-coma recovery

time, 1–3 day-old flies from all four treatment groups, being kept individually in trans-

lucent plastic cups (125 ml), were arranged on a tray in a randomized block design (32 flies

per block). Chill coma was induced by exposing the flies for 20 h to -5�C in a climate

cabinet (Sanyo MIR-553). Preliminary studies showed that shorter exposure times caused

very quick recovery, while longer ones induced substantial mortality (data not shown).

Afterwards, the trays were transferred to a room with a constant temperature of

24.3 ± 0.7�C to score recovery time, which was defined as the time elapsed between

taking the tray out of the climate cabinet until a fly was able to stand on its legs. Mea-

surements were terminated after a maximum of 60 min, and all animals needing longer to

recover (\5% throughout) were removed from subsequent analyses (as it remained unclear

whether they needed longer times to recover or whether they had died).

Heat knock-down time was scored in a climate cabinet at 45�C (Sanyo MIR-553). Two

day-old flies were placed individually in translucent plastic cups (125 ml) in a block

design. Per block, 16 flies were placed on a laboratory shaker located within the climate

cabinet. The shaker was used to facilitate easier detection of the flies’ physical knock

down, i.e. to avoid that flies would hold on to the cup after having entered heat coma. The

time until a fly was knocked down was recorded through the glass front door of the climate

cabinet. All flies were frozen after having measured temperature stress resistance at -20�C

for later sex determination by the distance between the eyes (which is much smaller in

males compared to females; Conn 2006).

Experiments 2 and 3 investigated effects of adult acclimation. Therefore, all individuals

were raised in a common environment at intermediate conditions, i.e. at 23.5�C and L:D

15:9. On their eclosion day, adult flies were collected from the rearing pots and randomly

divided among the four treatment groups outlined above, thus including changes to both

alternative temperatures and photoperiods. Flies were placed individually in small,

translucent pots (125 ml) covered with gauze. Heat and cold stress resistance were

scored as detailed above after an acclimation period of 4 (experiment 2) or 10 days

(experiment 3).

Experiment 4. As the above conditions may result in differential proportions of

reproductively active/diapausing individuals (Numata and Shiga 1995), we dissected

females from an additional set of animals to check for fully developed ovaries indicative of

reproductive activity. We dissected females which had been reared and kept at treatments

1–4, and additionally at 23.5�C/L:D 15:9, on day ten of adult life. Additionally, we

dissected females reared at 23.5�C and L:D 15:9, being divided among treatments 1–4 on

their eclosion day, on day 13 of adult life. In the latter 4 groups we also tested for an impact

of reproductive status on chill-coma recovery and heat knock-down time. Dissections were

restricted to females as reproductive status cannot be easily investigated in males.

Statistical analyses

The effects of photoperiod, temperature and sex on life-history traits (larval and pupal

development time, larval growth rate, pupal and adult mass) and stress resistance traits

were analyzed using three-way AN(C)OVAs, with temperature, photoperiod, and sex as

fixed factors. Body mass was added as covariate as appropriate. In the analysis of
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chill-coma recovery time in experiment 1, age was included as an additional factor,

because fly age differed between 1 and 3 days at testing (note that in all other experiments

flies were of exactly the same age while being tested for stress resistance). Data on

development times were log-transformed prior to analysis to meet ANOVA requirements.

To test for the effects of reproductive status on stress resistance traits, we used two

different approaches. First, we used 3-way ANOVAs with temperature, photoperiod, and

reproductive status (reproductively active or reproductive diapause) as fixed factors. Note

that sex was not included here as reproductive status could be measured in females only

(see above). Due to the low number of reproductively active females in certain treatment

groups, this approach is a bit problematic due to highly imbalanced sample sizes. There-

fore, we additionally analyzed the effects of reproductive status within treatment groups

(i.e. separately for each temperature by photoperiod combination), using standard non-

parametric U tests.

Throughout, minimum adequate models were constructed by sequentially removing

non-significant interaction terms (if P [ 0.10). Correlations between two factors were

computed using Pearson correlations. Differences in the proportions of reproductively

active/diapausing females were explored using contingency tables. All statistical tests were

performed using STATISTICA 6.1 (StatSoft Inc. 2003). Throughout, all means are

given ± 1 SE. As significance threshold we used P \ 0.05 throughout.

Results

Life-history traits and developmental plasticity (experiment 1)

All life-history traits measured were affected by both photoperiod and temperature while

none was affected by sex (Table 1). The shorter compared to the longer day length caused

a reduction in larval development time (8.2 ± 0.2 vs. 8.5 ± 0.3 days) accompanied by

higher growth rates (6.5 ± 0.1 vs. 6.0 ± 0.2 mg/day), an increase in pupal development

time (7.6 ± 0.3 vs. 7.3 ± 0.2 days), and an increase in pupal (50.3 ± 0.6 vs.

46.2 ± 0.6 mg) as well as adult mass (27.7 ± 0.3 vs. 26.0 ± 0.3 mg, n = 94 throughout).

The cooler compared to the higher temperature induced longer larval (10.8 ± 0.1 vs.

5.9 ± 0.1 days) and pupal (9.9 ± 0.1 vs. 5.1 ± 0.1 days) development times associated

with lower larval growth rates (4.9 ± 0.1 vs. 7.6 ± 0.1 mg/day), and a higher pupal

(51.6 ± 0.1 vs. 45.0 ± 0.1 mg) as well as adult mass (27.7 ± 0.1 vs. 26.0 ± 0.1 mg;

sample size is 93 or 95 throughout). Significant temperature by photoperiod interactions

were present for larval and pupal time, larval growth rate and pupal mass, indicating that

for all those traits differences across photoperiods were more pronounced at 20�C than at

27�C (Table 2). The significant temperature by sex interaction for adult mass, finally,

reflects that males were slightly lighter than females at 20�C, but slightly heavier than

females at 27�C.

Reproductive status (experiment 4)

The proportions of reproductively active females, as measured in an additional set of

individuals, differed significantly across rearing environments (v4
2 = 162, P \ 0.0001). It

was close to 100% in the treatments involving higher rearing temperatures (27�C/18 h:

98%; 27�C/12 h: 96%; 23.5�C/15 h: 100%), but was much lower in the treatments

involving lower rearing temperatures (20�C/18 h: 60%; 20�C/12 h: 6%; n = 50
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throughout). Likewise, the adult environment, in the first place adult temperature, signif-

icantly affected the number of reproductively active females (v3
2 = 250; P \ 0.0001).

When being reared in a common environment (23.5�C/15 h) and afterwards divided among

the four adult treatments, the proportion of reproductively active females was highest in

the 27�C/18 h (83%, n = 154), followed by the 27�C/12 h (77%, n = 133), 20�C/18 h

(21%, n = 126), and finally in the 20�C/12 h treatment (5%, n = 129). However, 3-way

ANOVAs revealed that, in the females that had been reared in a common environment,

neither chill-coma recovery time (F1,344 \ 0.1; P = 0.922) nor heat knock-down time

(F1,182 = 0.2; P = 0.653) was significantly affected by the factor female reproductive

status. Reproductive status was furthermore not involved in any significant interactions.

Table 1 ANOVA results for the effects of photoperiod, temperature and sex on larval time, larval growth
rate, pupal time, pupal and adult mass in Protophormia terraenovae

df MS F P

Larval time

Photoperiod 1 1.8 4.2 0.0423

Temperature 1 1,068.0 2,495.8 <0.0001

Sex 1 \0.1 \0.1 0.8300

Temperature 9 photoperiod 1 6.2 14.4 0.0002

Error 183 0.4

Larval growth rate

Photoperiod 1 1.1 9 10-5 21.3 <0.0001

Temperature 1 34.1 9 10-5 680.9 <0.0001

Sex 1 \0.1 9 10-5 0.1 0.7486

Temperature 9 photoperiod 1 0.3 9 10-5 6.7 0.0105

Error 183 0.1 9 10-5

Pupal time

Photoperiod 1 5.1 22.8 <0.0001

Temperature 1 1,068.9 4,793.4 <0.0001

Sex 1 \0.1 \0.1 0.9609

Temperature 9 photoperiod 1 1.6 7.1 0.0086

Error 183 0.2

Pupal mass

Photoperiod 1 8.3 9 10-4 32.7 <0.0001

Temperature 1 19.6 9 10-4 77.4 <0.0001

Sex 1 0.2 9 10-4 0.9 0.3375

Temperature 9 photoperiod 1 1.2 9 10-4 4.8 0.0302

Error 183 0.3 9 10-4

Adult mass

Photoperiod 1 15.4 9 10-5 19.0 <0.0001

Temperature 1 12.0 9 10-5 14.8 0.0002

Sex 1 0.3 9 10-5 0.4 0.5217

Temperature 9 sex 1 3.3 9 10-5 4.0 0.0460

Error 183 0.8 9 10-5

Significant P values are given in bold. Minimum adequate models were constructed by sequentially
removing non-significant interaction terms
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To back up these results we additional performed U tests separately for each treatment

group (see ‘‘Materials and methods’’). Again, no indication for an effect of reproductive

status on either chill-coma recovery time (all P values [ 0.523) or heat knock-down time

(all P values [ 0.122) was found.

Temperature stress resistance and developmental plasticity (experiment 1)

Chill-coma recovery time was significantly affected by photoperiod, temperature, sex and

the control variable age (Table 3a; Fig. 1a). Flies reared at the shorter compared to the

longer day length showed reduced recovery times (1,239 ± 196 s, n = 94 vs.

1,488 ± 196 s, n = 94). Similarly, flies reared at the lower compared to the higher tem-

perature exhibited shorter recovery times (843 ± 206 s, n = 93 vs. 1,884 ± 207 s,

n = 95). Further, females were more cold-resistant than males (1,251 ± 196 s, n = 89 vs.

1,476 ± 195 s, n = 99). The significant effect of the factor age shows that cold stress

resistance decreased from day 1 to day 3 after eclosion. Adding adult mass as covariate

(F1,181 = 6.7; P = 0.010) to the statistical design presented in Table 3a revealed quali-

tatively identical results, except that the effect of photoperiod was not significant anymore

(P = 0.085). This finding indicates that the response in chill-coma recovery is at least

partly caused by photoperiod-mediated changes in adult mass (see above). Overall, larger

individuals recovered earlier from cold exposure than smaller ones (r = -0.36,

P \ 0.0001, n = 188).

Regarding heat knock-down time, flies reared at the longer day length (901 ± 16 s;

n = 127) resisted heat stress significantly longer compared to those reared at the shorter

day length (841 ± 17 s; n = 115), while all other factors were non-significant (Table 3b;

Fig. 1b). However, females tended to be more heat-resistant than males (892 ± 17 s,

n = 109 vs. 849 ± 16 s; n = 133; P = 0.058). Adding adult mass as covariate

(F1,234 = 5.0; P = 0.027) to the statistical design revealed a trend towards longer knock-

down times in flies reared at 27�C (893 ± 17 s, n = 117) than in flies reared at 20�C

(849 ± 17 s, n = 122; F1,234 = 3.3; P = 0.071), while all other results remained quali-

tatively identical. Overall, larger individuals were more heat-resistant than smaller ones

(r = 0.15, P = 0.021, n = 239).

Table 2 Life-history traits (means ± 1 SE) in relation to temperature (20�C vs. 27�C) and photoperiod
(12 h vs. 18 h photo phase) or temperature and sex in Protophormia terraenovae

20�C 27�C

12 h 18 h 12 h 18 h

Larval time (days) 10.5 ± 0.1 11.0 ± 0.2 6.0 ± 0.1 5.9 ± 0.1

Growth rate (mg/day) 5.2 ± 0.1 4.5 ± 0.1 7.7 ± 0.1 7.5 ± 0.1

Pupal time (days) 10.2 ± 0.1 9.7 ± 0.1 5.2 ± 0.1 5.0 ± 0.1

Pupal mass (mg) 54.5 ± 0.8 48.8 ± 1.0 46.3 ± 0.5 43.7 ± 0.4

20�C 27�C

Males Females Males Females

Adult mass (mg) 27.3 ± 0.5 28.1 ± 0.5 26.3 ± 0.3 25.8 ± 0.4

Data were pooled across sexes or photoperiods to illustrate significant two-way interactions (cf. Table 1).
Group sample sizes range between 38 and 57
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Temperature stress resistance and adult acclimation (experiments 2 and 3)

After an acclimation period of 4 days, chill-coma recovery time was significantly affected

by temperature and sex, but not by photoperiod in flies reared in a common environment

(Table 4a). Flies acclimated to the lower temperature (887 ± 29 s, n = 202) showed

shorter recovery times than flies acclimated to the higher temperature (1,543 ± 30 s,

n = 197), and females (1,047 ± 28 s, n = 219) showed shorter recovery times than males

(1,383 ± 31 s, n = 180). A significant temperature by sex interaction indicates that the

sex difference was slightly more pronounced at 27�C (females by 25% faster) than at 20�C

(females by 23% faster; Fig. 2a). Overall, variation in chill-coma recovery time in relation

to photoperiod was quite variable across temperature by sex groups, with recovery time

tending to be shorter at the shorter day length in two groups, longer at the shorter day

length in one group, and very similar across both day lengths in the remaining group

(significant three-way interaction; Fig. 2a).

Heat knock-down time also remained unaffected by photoperiod after 4 days of

acclimation, but varied significantly across temperatures and sexes (Table 4b). Flies

acclimated to 27�C (2,718 ± 50 s, n = 198) were more heat-resistant than flies acclimated

to 20�C (2,268 ± 49 s, n = 203), and females (2,606 ± 50 s, n = 208) were more heat-

resistant than males (2,380 ± 52 s, n = 193). The sex difference, however, was restricted

to 20�C (significant temperature by sex interaction; Fig. 2b).

Using a longer acclimation period of 10 days revealed that, in addition to temperature

and sex, photoperiod did significantly affect chill-coma recovery time (Table 4c). The

shorter compared to the longer day length was associated with shorter recovery times

(1,603 ± 48 s vs. 1,769 ± 48 s; n = 181 each). Also, the lower compared to the higher

temperature caused shorter recovery times (995 ± 45 s, n = 200 vs. 2,377 ± 51 s;

n = 162). Females (1,571 ± 44 s; n = 208) showed shorter recovery times than males

(1,801 ± 52 s; n = 154). The effect of photoperiod was more pronounced at 27�C than at

20�C (significant photoperiod by temperature interaction; Fig. 3a). Heat knock-down time,

in contrast, was still significantly affected by temperature and sex only, but not by

Table 3 ANOVA results for the effects of photoperiod, (developmental) temperature and sex on chill-coma
recovery (a) and heat knock-down time (b) in Protophormia terraenovae

df MS F P

(a)

Photoperiod 1 12,381 6.6 0.0111

Temperature 1 77,399 41.2 <0.0001

Sex 1 9,794 5.2 0.0236

Age 2 12,465 6.6 0.0051

Error 182 1,879

(b)

Photoperiod 1 218,805 7.08 0.0083

Temperature 1 35,820 1.16 0.2828

Sex 1 111,994 3.63 0.0582

Error 238 31,404

In part (a) age at test day (varying between 1 and 3 days) was added as an additional factor, as for logistic
reasons not all individuals could be measured at exactly the same age. Significant P values are given in bold.
Minimum adequate models were constructed by sequentially removing non-significant interaction terms
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photoperiod (Table 4d). The higher compared to the lower temperature induced longer

knock-down times (1,330 ± 19 s, n = 118 vs. 1,232 ± 16 s; n = 137), and females were

more heat-resistant than males (1,338 ± 16 s, n = 138 vs. 1,206 ± 17 s; n = 117;

Fig. 3b).

Discussion

Effects on life-history traits and reproductive diapause

Interestingly, photoperiod did not only affect temperature stress resistance (see below), but

also all life-history traits investigated. Shorter day lengths induced shorter larval
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Fig. 1 Chill-coma recovery (a) and heat knock-down time (b) for Protophormia terraenovae flies in
relation to temperature (20�C vs. 27�C), photoperiod (12 h vs. 18 h photo phase), and sex (black bars:
males, open bars: females). All flies had been reared at the respective treatments. Sample sizes range
between 17 and 38 individuals per sex and treatment group. Given are means ? 1 SE

Evol Ecol

123



(accompanied by higher larval growth rates) but longer pupal development times. Owing to

the opposing effects on larval versus pupal development time, effects of photoperiod on

development time were overall negligible. The higher larval growth rates found at shorter

day lengths may help compensating for environmental deficiencies in the cooler season

(Nylin 1992; Gotthard et al. 1999). Evidently, the concomitantly lower temperatures

prolong development times and reduce growth rates (Table 1), which is generally the case

in ectotherms (e.g. Sinclair et al. 2003). Temperature by photoperiod interactions were

present for all three developmental traits, indicating that differences among photoperiods

were more pronounced at the lower temperature. This can be partly explained by the longer

overall development time at lower temperatures, resulting in larger absolute differences

(Steigenga and Fischer 2009).

Variation in body size showed strikingly similar patterns across photoperiods and

temperatures: pupal as well adult mass were higher at the shorter day length and at the

lower temperature and vice versa. Thus, both factors jointly contribute to the near universal

pattern of larger body size at lower temperatures and in cooler seasons (‘temperature size

rule’; Atkinson 1994; Angilletta et al. 2004; Karl and Fischer 2008). The reasons for this

Table 4 ANOVA results for the
effects of photoperiod, adult
temperature and sex on chill-
coma recovery after 4 days of
acclimation (a), on heat
knock-down time after 4 days
of acclimation (b), on chill-coma
recovery after 10 days of
acclimation (c), and on heat
knock-down time after
10 days of acclimation
(d) in Protophormia
terraenovae

Significant P values are given in
bold. Minimum adequate models
were constructed by sequentially
removing non-significant
interaction terms

df MS F P

(a)

Photoperiod 1 75,975 0.5 0.4962

Temperature 1 41,436,688 253.0 <0.0001

Sex 1 10,775,702 65.8 <0.0001

Photoperiod 9 temperature 1 165,683 1.0 0.3151

Photoperiod 9 sex 1 80,668 0.5 0.4832

Temperature 9 sex 1 1,120,227 6.8 0.0093

Photoperiod 9
temperature 9 sex

1 753,788 4.6 0.0326

Error 380 163,759

(b)

Photoperiod 1 20,113 \0.1 0.8384

Temperature 1 20,572,810 41.5 <0.0001

Sex 1 4,508,746 9.2 0.0024

Temperature 9 sex 1 3,189,015 6.5 0.0106

Error 370 482,756

(c)

Photoperiod 1 2,794,735 7.0 0.0083

Temperature 1 164,037,518 413.2 <0.0001

Sex 1 4,624,807 11.7 0.0007

Photoperiod 9 temperature 1 1,637,631 4.1 0.0430

Temperature 9 sex 1 1,144,269 2.9 0.0904

Error 356 396,985

(d)

Photoperiod 1 72,175 2.2 0.1423

Temperature 1 565,332 17.0 <0.0001

Sex 1 875,577 26.3 <0.0001

Error 251 33,314
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recurrent pattern of phenotypic plasticity are hitherto poorly understood, and it might

reflect a physiological constraint rather than an adaptation (Karl and Fischer 2008). It is

interesting to note in this context that the developmental response to photoperiod in chill-

coma recovery time was at least partly mediated through photoperiodic effects on body

size. Thus, larger body size found at shorter photoperiods did help to increase cold stress

resistance, which may favour an adaptive explanation. However, heat stress resistance was

also positively related to body size, which was smaller at the longer day length. Conse-

quently, our data do overall not support an adaptive explanation for photoperiod-mediated

changes in body size. Generally, there is ample evidence that larger individuals are typi-

cally more stress-resistant than smaller ones, as could also be shown here (Blanckenhorn

2000; Karl et al. 2008).

The complete lack of sexual differences in life-history traits seems surprising, as in

insects males often emerge before females thus having a shorter development facilitated by
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Fig. 2 Chill-coma recovery (a) and heat knock-down time (b) for Protophormia terraenovae flies in
relation to temperature (20�C vs. 27�C), photoperiod (12 h vs. 18 h photo phase), and sex (black bars:
males, open bars: females). All flies had been acclimated to the respective treatments for 4 days. Sample
sizes range between 34 and 63 individuals per sex and treatment group. Given are means ? 1 SE
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higher growth rates, and because females are typically heavier than males (Honek 1993;

Roff 2002). While the former pattern is caused by protandry selection in order to maximize

male mating opportunities, the latter is caused by fecundity selection in females (Wiklund

and Fagerström 1977; Honek 1993; Fischer and Fiedler 2000; Karl et al. 2008). The

divergent results found here are probably related to the occurrence of multiple, overlapping

generations a year in P. terraenovae (Grassberger and Reiter 2002). Under such conditions

protandry is predicted to yield no benefits to males, as the availability of receptive females

is not restricted to limited periods of time (Wiklund and Fagerström 1977). The similar

body size across sexes suggests sexual selection on male body size as has been found for

other dipterans (Kraushaar and Blanckenhorn 2002; Blanckenhorn et al. 2004).

Our treatments also induced substantial variation in the incidence of reproductive

diapause. The lower temperature and the shorter day length strongly increased the inci-

dence of reproductive diapause, with temperature having a much larger impact than

photoperiod. These findings are in broad agreement with earlier ones using the same

species (Numata and Shiga 1995), while in other dipterans the induction of ovarian
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Fig. 3 Chill-coma recovery
(a) and heat knock-down time
(b) for Protophormia
terraenovae flies in relation to
temperature (20�C vs. 27�C),
photoperiod (12 h vs. 18 h photo
phase), and sex (black bars:
males, open bars: females). All
flies had been acclimated to the
respective treatments for 10 days.
Sample sizes range between 19
and 56 individuals per sex and
treatment group. Given are
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dormancy typically requires temperatures\15�C or day lengths\12 h (Tauber et al. 2007;

Emerson et al. 2009). Interestingly, variation in the developmental as well as in the adult

environment had very similar effects, although all latter individuals had been reared under

conditions typically preventing diapause. Consequently, the vast majority of individuals

were ‘re-programmed’ in the adult stage. Developmental programming of diapause

therefore seems to be fairly quickly and easily reversible in this species. However, our

analyses on stress resistance traits showed that differences in cold and heat stress resistance

were not related to developmental pathway, suggesting that such variation is related to the

same cues inducing variation in pathways (i.e. temperature and photoperiod), but not to

pathways per se. Note here that even within the groups having experienced conditions

producing meaningful numbers of both pathways, there was not the slightest indication of

any differences in stress resistance.

Effects on temperature stress resistance

Our study provides evidence that temperature stress resistance is affected by variation in

photoperiod in the fly P. terraenovae: when exposed to a short as compared to a longer day

length flies showed increased cold but decreased heat tolerance and vice versa. Thus, the

flies responded to the reliable cue ‘photoperiod’ in a predictable manner, with increased

cold tolerance coinciding with conditions indicating cooler seasons, while increased heat

tolerance coincided with conditions indicating the warmer season. Hence, photoperiodic

information seems to be used here as an indicator of the advancement of seasons very

similar to life cycle decisions such as diapause induction (Denlinger 1991; Danks 1994,

2005; Kimura et al. 1994; Hori and Kimura 1998; Schmidt et al. 2005, 2008), suggesting

adaptive phenotypic plasticity. In line with this interpretation it was recently shown that

seasonal variation in heat and cold tolerance in a slug corresponds with changes in ambient

temperatures, and is caused by both temperature and photoperiodic cues (Udaka et al.

2008).

Note that in our design the shorter day length may indicate either spring or autumn

conditions. Either way though temperatures will be lower during these seasons compared

to summer conditions. It is conceivable that the use of changing rather than constant

photoperiods would have yielded even larger effects, but was prohibitive in our case as we

deliberately focussed on short-term effects of photoperiod. The adaptive value of reduced

chill-coma recovery or prolonged heat-knock down times could be related to higher levels

of activity at suboptimal temperatures, providing more time for essential behaviors such as

foraging, mate location and reproduction (Sørensen and Loeschcke 2002). Moreover, both

traits are closely related to survival rates following temperature stress (Rako and Hoffmann

2006; Fischer et al. 2010).

In extension of previous studies (e.g. Lanciani et al. 1990, 1992; Kimura et al. 1994;

Hori and Kimura 1998; Duman 2001; Danks 2005; Tsumuki and Hirai 2007; Bale and

Hayward 2010) we here show a photoperiod-mediated plastic response independent of

developmental pathway in cold but also in heat stress resistance, and further that such

plastic responses cannot only be induced through developmental plasticity, but (for cold

resistance) also in the adult stage. Thus the physiological mechanisms promoting cold-

hardiness under a diapause-inducing photoperiod may not directly be linked to the process

causing reproductive diapause (see also Higuchi and Kimura 1985; Denlinger 1991).

While in experiment 1 any combination of developmental plasticity and adult accli-

mation could, on principle, be responsible for the pattern observed, experiments 2 and 3
clearly reflect adult acclimation as individuals had been reared in a common environment.
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However, an acclimation period of 4 days was obviously not enough to induce a plastic

response to photoperiod (experiment 2), demonstrating that the results obtained from

experiment 1 basically show effects of the developmental environment. After 10 days of

adult acclimation, however, a clear response to photoperiod was detected in cold tolerance

(more pronounced at 27�C), although effect size was smaller than in experiment 1
(reduction in recovery time by 10% as compared to 17%). The latter might be purely a

matter of time, which remains to be tested though. This may also explain the lack of

response in heat resistance even after 10 days. Our results demonstrate that phenotypic

adjustment to different photoperiods may occur within relatively short periods, and that

those responses are independent of reproductive activity or diapause. In so far our results

resemble those obtained from other animals ranging from snails, slugs, amphibians, and

fish through to mammals (Hoar 1956; Brattstrom and Lawrence 1962; Mahoney and

Hutchinson 1969; Woiwode and Adelman 1992; Haim et al. 1998; Ansart et al. 2001;

Goldman 2001; Udaka et al. 2008).

Consistently, higher developmental and acclimation temperatures increased heat but

decreased cold tolerance and vice versa, as has been found in a variety of other insects (e.g.

Hoffmann et al. 2003; Sørensen et al. 2005; Zeilstra and Fischer 2005; Chown and

Terblanche 2007; Karl et al. 2008; Rajamohan and Sinclair 2009). Experiment 2 clearly

shows that plastic responses to temperature happen much faster than plastic responses to

photoperiod. While there was no effect of photoperiod on temperature stress resistance

after 4 days of acclimation, temperature variation caused clear changes. Typically, plastic

responses to temperature in stress resistance traits can be induced within hours (rapid

hardening response; e.g. Hoffmann et al. 2003; Loeschcke and Hoffmann 2007; Overgaard

and Sørensen 2008; Rajamohan and Sinclair 2009; Fischer et al. 2010). The fact that

responses to photoperiod take longer was not unexpected, as photoperiod unlike temper-

ature does not show very rapid and sometimes unpredictable changes, but alters exclu-

sively in a gradual manner. Seasonal adjustment in contrast to buffering detrimental effects

of sudden heat or cold waves simply does not require particularly fast responses.

Throughout, females were more temperature stress resistant than males, which has also

been found in some other studies (e.g. Willmer et al. 2000; Zeilstra and Fischer 2005). Sex

was further two-times involved in interactions with temperature (experiment 2). Sex dif-

ferences in chill-coma recovery time were more pronounced at the higher temperature,

while the opposite was true for heat knock-down time. These data do not allow for any firm

conclusions regarding such interactive effects.

Conclusions

Our study shows that variation in temperature stress resistance can be triggered by pho-

toperiod, with shorter day lengths inducing more cold- and longer day lengths more heat-

tolerant phenotypes. Such plastic changes can be induced during development but also in

the adult stage. We suggest that this pattern represents adaptive seasonal plasticity. The

mechanisms promoting variation in thermal resistance do not seem to be directly linked to

the processes causing reproductive diapause. Note in this context that in lines selected for

increased heat stress resistance a substantial number of phototransduction genes was found

to be upregulated in Drosophila, suggesting the involvement of such genes in stress

resistance or at least stress sensing (Nielsen et al. 2006; Sørensen et al. 2007). In P. ter-
raenovae clock genes might be involved in the control of seasonal adaptation, especially

with regard to the induction of reproductive diapause (Muguruma et al. 2010).
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We therefore speculate that photoperiodic acclimation independent of developmental

pathways might be a more general phenomenon in insects. While the effects of temperature

for mediating plastic responses in stress resistance are becoming increasingly well

understood (e.g. Hoffmann et al. 2003; Sørensen et al. 2003; Ayrinhac et al. 2004; Deere

et al. 2006; Chown and Terblanche 2007; Marais et al. 2009; Fischer and Karl 2010),

studying the impact of other environmental factors still deserves more future attention.
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Abstract Human-induced loss and fragmentation of

natural habitats reduces population size and thereby pre-

sumably genetic diversity through inbreeding or genetic

drift. Additionally, many species are confronted with

increased temperature stress due to climate change, with

reduced genetic diversity potentially interfering with a

species’ ability to cope with such conditions. While in

general the detrimental impact of inbreeding has often been

documented, its consequences for the ability to cope with

temperature stress are still poorly understood. Against this

background we here investigate the effects of inbreeding

on egg hatching success, development and temperature

stress tolerance in the tropical butterfly Bicyclus anynana.

Specifically we test for an increased sensitivity to envi-

ronmental stress in inbred individuals. Our results revealed

that even comparatively low levels of inbreeding yield

negative consequences for reproduction and development

under beneficial conditions. Inbreeding also reduced cold

tolerance in adult butterflies, while heat tolerance remained

unaffected. We therefore conclude that acute stress toler-

ance may not be generally impaired by inbreeding.

Keywords Cold stress resistance � Heat stress resistance �
Inbreeding depression � Life-history traits �
Temperature stress tolerance

Introduction

Inbreeding, the mating between closely related individuals,

has long been known to cause negative effects on fitness-

related traits like reproduction, development and survival

in both plants and animals (Darwin 1876; Charlesworth and

Charlesworth 1987; Frankham et al. 2002). Such detri-

mental effects, known as inbreeding depression, have

prompted research attention ever since the first detailed

description in early 1876 by Charles Darwin (e.g., Darwin

1876; Crnokrak and Roff 1999; Armbruster et al. 2000;

Carr and Eubanks 2002). Inbreeding depression is caused

by increased levels of homozygosity, implying either an

increased expression of deleterious recessive alleles (par-

tial dominance hypothesis) or an increased homozygosity

at loci with heterozygote advantage (overdominance

hypothesis; Charlesworth and Charlesworth 1999; Peder-

sen et al. 2008; Vermeulen et al. 2008; Charlesworth and

Willis 2009).

Despite the substantial knowledge on inbreeding in

general, some issues have remained underexplored. For

instance, due to an expected increase in the expression of

deleterious recessive alleles under stress, inbred individuals

are predicted to be more sensitive to environmental

stress than outbred individuals (Lynch and Walsh 1998;

Armbruster and Reed 2005; Fox and Reed 2010; Fox et al.

2011). Increased sensitivity to environmental stress in

inbred individuals has been mainly investigated by com-

paring inbreeding depression between benign and stressful

environments. Such experimental studies have indeed often

found an increase in inbreeding depression in more

stressful environments, though there are exceptions and

even contrary findings (Bijlsma et al. 1999; Dahlgaard and

Hoffmann 2000; Keller and Waller 2002; Armbruster and

Reed 2005; Martin and Lenormand 2006; Waller et al.
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2008; Fox and Reed 2010; Fox et al. 2011). In contrast,

surprisingly few studies are available on inbreeding effects

on stress resistance traits such as heat or cold tolerance (but

Maynard Smith 1956; Ehiobu et al. 1989; Dahlgaard and

Loeschcke 1997), at least in taxa other than Drosophila

(Fox et al. 2011).

Studying the interplay between inbreeding and stress

resistance is for the following reasons of crucial impor-

tance. If inbreeding depression is particularly pronounced

under environmental stress, this will affect extinction risk

in natural populations (Bijlsma et al. 2000). Moreover,

inbreeding may limit evolutionary potential (Zhong et al.

2005; Liao and Reed 2009), thus reducing the ability to

adapt to changing environments which is pivotal for the

long-term persistence of any given species or population

(Bubli et al. 1998; Bijlsma and Loeschcke 2005). While

historically ecological factors were assumed to be of

overwhelming importance for extinction risk in natural

populations, a growing number of laboratory but also field

studies suggests that the impact of inbreeding should not be

ignored (Saccheri et al. 1998; Keller and Waller 2002;

Kristensen et al. 2003).

The importance of the above considerations is likely to

increase in the future, due to (1) a human-induced loss and

fragmentation of natural habitats reducing population size

and thereby increasing inbreeding and genetic drift in many

threatened species (Bijlsma et al. 1997; Frankham et al.

2002), and (2) global warming and the associated changes

in the frequency and severity of thermal stress (Chown and

Terblanche 2007). Therefore, it is important to consider

genetic and environmental stress together as both may

interactively decrease population fitness (Kristensen et al.

2003), and to further examine such patterns in an array of

plants and animals (Fox and Reed 2010; Fox et al. 2011).

Against this background we here study the effects of

inbreeding on life-history traits and temperature stress

resistance in the tropical butterfly Bicyclus anynana

(Butler, 1879) under laboratory conditions. We therefore

used three levels of inbreeding: two full-sib matings in two

consecutive generations, one full-sib mating and an outbred

control.

Materials and methods

Study organism

Bicyclus anynana (Butler, 1879) is a tropical, fruit-feeding

butterfly ranging from southern Africa to Ethiopia (Larsen

1991). Adults feed on a variety of fallen and decaying

fruits (Larsen 1991; Brakefield 1997). This species exhibits

two seasonal morphs adapted to the wet and dry season,

respectively, in its natural habitat and the associated

changes in resting background and predation (Brakefield

1997; Lyytinen et al. 2004). Reproduction is basically

limited to the warmer wet season, when oviposition plants

are abundantly available and in which 2–3 generations

occur. Reproduction finally ceases during the colder dry

season and the butterflies do not mate before the first rain

announces the beginning of the next wet season (Windig

1997; Brakefield 1997). A laboratory stock population was

founded at Greifswald University, Germany, in 2008 from

several thousand eggs derived from a well-established

stock population at Bayreuth University, Germany. This

population in turn originated from a stock population at

Leiden University, The Netherlands, which was established

in 1988 from 80 gravid females caught at a single location

in Malawi. In total, our stock population has spent roughly

160 generations in the laboratory prior to the start of this

experiment. 500–1000 individuals are reared in each gen-

eration, maintaining high levels of heterozygosity at neu-

tral loci (Van’t Hof et al. 2005).

Experimental design

To investigate the effects of inbreeding on an array of

traits, three levels of inbreeding were established using a

full-sib breeding design: outbred controls (C) resulting

from matings between random butterflies (F = 0),

inbreeding 1 (I1) resulting from matings between full sibs

(F = 0.25), and inbreeding 2 (I2) resulting from matings

between full sibs in two consecutive generations

(F = 0.375). Assuming that the base population has an

inbreeding level of zero, we calculated the expected

inbreeding coefficients using the equation Ft = (1 ? 2

Ft-1 ? Ft-2)/4 as a measure of coancestry for full-sib

matings (Falconer and Mackay 1996; Bijlsma et al. 2000;

Kristensen et al. 2003). The different levels of inbreeding

were established from the stock population as follows.

Several hundred virgin stock butterflies, being initially kept

separated by sex, were allowed to mate randomly in

cylindrical hanging cages (30 9 38 cm) on day 4 after

adult eclosion. Mating pairs were placed individually in

translucent 1L plastic containers. After mating males were

removed from the containers, while females were provided

with fresh maize leaves for oviposition. The eggs produced

by individual females over the following 10 days were

transferred on a daily basis to elongated, sleeve-like cages

containing a young maize plant for further development.

Consequently, each ‘sleeve’ cage represented one full-sib

family. Density per cage was standardized to 20–30 larvae,

and maize plants were replaced as necessary. Unless

otherwise stated, rearing took place in a climate room at

27�C, high humidity (ca. 70%) and a photoperiod of

L12:D12. In order to synchronize adult eclosion, resulting

pupae were temporarily transferred to 20�C (high humidity
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and L12:D12 throughout) until all larvae had pupated.

Resulting butterflies were used to set up the ‘I2’ treatment

by mating one brother to one sister per full-sib family.

Following full-sib matings, the above procedure was

repeated once. Inbreeding effects were scored in the sub-

sequent generation, i.e., after two full-sib matings in suc-

cessive generations. Parallel to the second generation of the

‘I2’ treatment, the ‘I1’ treatment was set up as outlined

above. Finally, the control treatment was set up by mating

random stock individuals. This staggered design enabled us

to compare all three inbreeding levels at the same time.

Data acquisition

Reproduction

Per inbreeding level 108 (C), 120 (I1) and 137 (I2) females

were placed individually in 1L plastic containers and

allowed to oviposit on fresh maize leaves for up to four

days. Eggs laid on day 1 were removed, counted and placed

into petri dishes lined with moist filter paper and containing

a small cutting of maize for hatching caterpillars. This

procedure was repeated until ca. 30 eggs per female had

been collected. Petri dishes were checked daily for hatch-

lings, which were counted and subsequently transferred,

using a fine paintbrush, for further development to trans-

lucent plastic boxes (125 ml) containing moistened filter

paper and fresh cuttings of maize leaves in ample supply.

Egg hatching success was determined as the proportion of

eggs that hatched.

Development

Upon reaching the second instar, the above larvae were

transferred, to sleeve-like rearing cages containing a young

maize plant each. Larval densities were standardized to ca.

20 larvae per cage. A cage contained only larvae produced

by single female and that had hatched on the same day. We

kept 81 (C), 90 (I1), and 62 (I2) families, being reared at

27�C, L12:D12, and ca. 70% relative humidity, for scoring

developmental traits. All cages were arranged within a total

of six blocks, within which cages of all three inbreeding

levels were represented and placed randomly. Blocks were

used to account for slight temperature and humidity vari-

ation within the climate chamber. Cages were checked

daily for pupae and pre-pupae, which were removed and

placed individually into translucent plastic pots (125 ml)

containing filter paper. Pots were again arranged on trays in

a randomized block design. Every day pots were inspected

for enclosed butterflies. We scored larval development time

(from hatching to pupation), pupal development time (from

pupation to adult eclosion), pupal mass (on the day fol-

lowing pupation, Sartorius LE225D), and larval growth

rate (calculated as quotient of pupal mass and larval

developmental time) for all individuals.

Temperature stress resistance

Temperature stress resistance was measured in an addi-

tional set of 53 (C), 68 (I1) and 53 (I2) families, having

been set up in exactly the same way as outlined above. We

used chill-coma recovery time (i.e., the time needed to

regain mobility following cold exposure) and heat knock-

down time (i.e., the time until being knocked down under

heat stress). Both indices are considered reliable proxies of

climatic cold and heat adaptation, respectively, and have

been extensively used in B. anynana before (e.g., Geister

and Fischer 2007; Fischer et al. 2010). For measuring cold

resistance, 2–4 day old, virgin butterflies were placed

individually in plastic cups and arranged on a tray in a

randomized block design (maximum of 36 butterflies).

Butterflies were then exposed for 19 h to 1�C in a climate

cabinet (Sanyo MIR-553), inducing a chill coma. Pre-

liminary studies showed that shorter exposure times lead to

very quick recovery and longer ones to substantial mor-

tality (data not shown). Afterwards the plastic boxes were

transferred to a climate cabinet (Sanyo MIR-553) with a

constant temperature of 20�C to determine recovery times

while looking through the glass front door. Recovery time

was defined as the time elapsed between taking the box out

of the 1�C climate cabinet until a butterfly was able to

stand on its legs. Only butterflies that had recovered within

1 h were included in further analyses, as most butterflies

not recovering within this time period are dead (typically

\1%). Heat stress resistance was determined by using a

knock-down assay. Again, 2–4 day old, virgin butterflies

were arranged on a tray using a randomized block design

(maximum of 20 butterflies per block). They were exposed

to 45�C and continuously monitored. Heat knock-down

time (defined as the time until a butterfly was no longer

able to stand upright) for each individual was recorded.

Throughout there was no re-use of butterflies, i.e., indi-

viduals were either used to measure heat or cold stress

resistance.

Statistical analyses

Egg hatching success was analyzed using a one-way

ANOVA. To investigate the effects of inbreeding on life-

history traits (larval time, growth rate, pupal time, pupal

mass) and thermal performance (chill-coma recovery time,

heat knock-down time) general linear models were used

with inbreeding level and sex as fixed factors, and family

nested within inbreeding level as random factor. Block was

included as additional factor when analyzing life-history

traits. For temperature stress resistance traits, pupal mass
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was added as covariate, and age at testing (day 2, 3, or 4 of

adult life) was included as additional control factor. Sig-

nificant differences between inbreeding levels were located

with a Tukey HSD post hoc test. All statistical tests were

performed by using JMP (4.0.0) or Statistica (6.1).

Throughout, all means are given ±1 SE.

Results

Egg hatching success was significantly affected by

inbreeding level, being highest in controls followed by

inbreeding 1 and finally inbreeding 2 (C [ I1 [ I2; Tukey

HSD after ANOVA; Fig. 1). Inbreeding level further sig-

nificantly affected larval time, larval growth rate, pupal

mass, and cold stress resistance, but not pupal time and

heat stress resistance (Table 1; Fig. 2). Higher levels of

inbreeding were associated with longer larval development

times (C \ I1 \ I2; Tukey HSD after ANOVA), lower

larval growth rates (C [ I1 [ I2, Tukey HSD), lower

pupal mass (C [ I1 [ I2; Tukey HSD), and longer chill-

coma recovery times (C \ I1 = I2). Similarly, there was a

slight tendency (P = 0.07) for an increase in pupal time

with increasing inbreeding level (C: 7.29 ± 0.05 days, I1:

7.37 ± 0.04 days, I2: 7.42 ± 0.05 days).

Significant sexual differences were found in larval

development time, larval growth rate, pupal mass, pupal

development time, and cold stress resistance, but not in

heat stress resistance (Table 1). Males compared to females

showed shorter larval times (24.3 ± 0.2 vs. 26.7 ± 0.2

days), higher growth rates (0.21 ± 0.0021 vs. 0.19 ±

0.0019 mg/day), reduced pupal mass (149.7 ± 1.7 vs.

182.3 ± 1.6 mg), longer pupal times (7.5 ± 0.04 vs.

7.2 ± 0.3 days), and longer chill-coma recovery times

(1216 ± 39 vs. 1137 ± 36 s). The latter variable was

additionally affected by the covariate pupal mass (linear

regression ns). Interactions between inbreeding level and

sex were non-significant throughout (Table 1).

Discussion

Inbreeding is known to have detrimental effects on fitness,

especially so under stressful conditions (Dahlgaard and

Hoffmann 2000; Armbruster and Reed 2005; Fox and Reed

2010). However, the degree to which inbreeding exerts

negative effects on stress resistance traits per se, is cur-

rently largely unclear. We have therefore investigated

effects of inbreeding on life-history as well as on stress

resistance traits. Out of the seven traits measured, five were

negatively affected by inbreeding, namely egg hatching

success, larval time, larval growth rate, pupal mass, and

cold stress resistance. These results are in broad agreement

with earlier ones on various organisms, for instance longer

development times (associated with reduced growth rate)

in crickets, butterflies or beetles or reduced stress resistance

in flies (Roff 1998; Haikola 2001; Fox and Scheibly 2006;

Mikkelsen et al. 2010). Our results also confirm, that

B. anynana carries a large genetic load (Saccheri et al.

1996, 2005; Van Oosterhout et al. 2000). Especially egg

hatching rate has been shown to be extremely susceptible

to inbreeding depression in B. anynana (Brakefield and

Saccheri 1994; Saccheri et al. 1996, 2005; Van Oosterhout

et al. 2000).

Regarding stress resistance traits, cold but not heat stress

tolerance was affected by inbreeding, with control individ-

uals recovering much faster from cold exposure compared to

individuals from either inbreeding group. Thus far, very few

studies have addressed variation in stress tolerance in rela-

tion to inbreeding. Similar to our findings, Dahlgaard and

Loeschcke (1997) found no effect of inbreeding on heat-

shock tolerance in Drosophila embryos. Mikkelsen et al.

(2010) reported the same pattern found by us in Drosophila

melanogaster, namely inbreeding depression in chill-coma

recovery time but not in heat knock-down resistance. These

and our findings indicate that stress tolerance may not be

generally reduced by inbreeding, at least not if the environ-

ment experienced prior to testing was beneficial (as is also

the case in our experiment). Note that the above negative

results in other studies were obtained despite typically using

much higher levels of inbreeding (4–5 full-sib matings; see

also Dahlgaard et al 1995; Pedersen et al. 2005) compared to

our study (1–2). Nevertheless, the rather moderate level of

inbreeding used here, which ought to be ecologically more

realistic, did negatively affect cold tolerance (and life-his-

tory traits, see above). Given the clear response even to

moderate levels of inbreeding, there is essentially no evi-

dence for confounding effects of laboratory adaptation on

our results, despite a relatively long culture history of our
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Fig. 1 Mean values (±1 SE) for egg hatching success across different

inbreeding levels in Bicyclus anynana (C control, I1 one full-sib mating,

I2 two full-sib matings). Different letters above bars indicate significant

differences between inbreeding levels
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stock population. Possible effects of laboratory adaptation

include genetic drift and inbreeding, which may result in

reduced inbreeding depression because controls are already

inbred to some extent, or because deleterious alleles have

been purged already (Matos et al. 2000; Crnokrak and Barrett

2002; Meffert et al. 2006; Swindell and Bouzat 2006).

The sex differences found in life-history traits gener-

ally revealed expected patterns in line with previous

findings (cf. Fischer et al. 2003, 2004, 2010). Females

also showed a higher cold tolerance than males, while

there was no sex difference in heat tolerance. A recent

study on B. anynana involving 22 sex comparisons

showed that, despite a few significant results, both sexes

are in general equally stress-resistant in this species

(Fischer et al. 2010; cf. Gilchrist et al. 1997; Jensen et al

2007; Karl et al. 2008). Interestingly, we could not detect

any significant interactions between sex and inbreeding,

indicating that inbreeding has very similar effects on

males and females. Similar findings were obtained by

Mikkelsen et al. (2010), who could not find significant

interactions between sex and breeding regime for either

heat, cold, or desiccation resistance.

Table 1 ANOVA results for

the effects of inbreeding level

(control, one or two consecutive

full-sib matings), family

(random factor, nested within

inbreeding level), sex and block

(the latter for life-history traits

only) on life-history and stress

resistance traits in Bicyclus
anynana

Pupal mass and age at testing

were added as covariates in the

analyses of stress resistance

traits. P \ 0.05 in bold

Trait Factor MS df F P

Larval time Inbreeding 206.6 2,214 10.5 <0.0001

Family (inbreed.) 7575.1 214,1104 3.6 <0.0001

Sex 1255.6 1,1104 127.4 <0.0001

Inbreed. 9 sex 36.8 2,1104 1.9 0.1551

Block 163.3 5,1104 3.3 0.0056

Error 9.8546 1104

Growth rate Inbreeding 0.019 2,214 12.9 <0.0001

Family (inbreed.) 0.531 214,1104 3.4 <0.0001

Sex 0.027 1,1104 37.1 <0.0001

Inbreed. 9 sex 0.002 2,1104 1.5 0.2186

Block 0.021 5,1104 5.9 <0.0001

Error 0.0007 1104

Pupal mass Inbreeding 9520 2,227 8.8 0.0002

Family (inbreed.) 337331 227,115 2.7 <0.0001

Sex 264302 1,115 488.5 <0.0001

Inbreed. 9 sex 1460 2,115 1.3 0.2599

Block 21474 5,115 7.9 <0.0001

Error 541.03 1150

Pupal time Inbreeding 2.8 2,227 2.7 0.0706

Family (inbreed.) 23.2 227,1146 0.2 0.9999

Sex 19.5 1,1146 37.6 <0.0001

Inbreed. 9 sex 0.7 2,1146 0.6 0.5339

Block 4.7 5,1146 1.8 0.1069

Error 0.5184 1146

Cold tolerance Inbreeding 1486625 2,72 5.4 0.0063

Family (inbreed.) 284406 42,316 1.2 0.2287

Sex 2816248 1,316 11.6 0.0008

Inbreed. 9 sex 391045 2,316 1.6 0.2021

Mass 1627117 1,316 6.7 0.0102

Age at test 277454 1,316 1.1 0.2864

Error 243307 316

Heat tolerance Inbreeding 148029 2,91 0.3 0.7705

Family (inbreed.) 567768 42,189 1.0 0.4659

Sex 408133 1,189 0.7 0.3956

Inbreed. 9 sex 262984 2,189 0.5 0.6276

Mass 232444 1,189 0.4 0.5213

Age at test 1439563 1,189 2.6 0.1115

Error 561870 209
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Conclusions

Our results revealed that even comparatively low levels of

inbreeding exert negative effects on various traits. However,

we found no evidence for particularly pronounced inbreed-

ing effects on temperature stress tolerance. Only one out of

two stress resistance traits showed a significant response to

inbreeding. The magnitude of inbreeding depression (mea-

sured as d = 1 - wI2/wC, where wI2 and wC are average

values for I2 and the outbred controls, respectively; Radwan

and Drewniak 2001, cf. Charlesworth and Willis 2009)

ranged between 8 and 41% reduction in performance for the

life-history traits (8% for pupal mass, 8% for larval time,

11% for growth rate, and 41% for egg hatching rate) and was

12% for cold tolerance. It should be noted in this context that

our assays to measure stress tolerance evidently involved

severe stress: exposure to 1�C for 19 h and to 45�C until

physical knock-down. We therefore conclude that acute

stress tolerance may not be generally reduced by inbreeding,

as long as the conditions experienced prior to testing did not

involve stress (Dahlgaard and Loeschcke 1997). Neverthe-

less inbreeding may negatively affect an organism’s ability

to cope with thermal stress (cf. results on cold tolerance),

which may additively contribute to the extinction risk of

small populations in the coming decades for which the fre-

quency and intensity of extreme weather events is predicted

to strongly increase (Diffenbaugh et al. 2005, 2007).

This notion, however, depends on the ecological relevance of

our results, being obtained under laboratory conditions.

Investigating inbreeding effects under such conditions has

been repeatedly criticized for not reflecting variable natural

environments (Chen 1993; Pray et al. 1994; Kristensen et al.

2008). Further, the importance of inbreeding in natural

populations is generally somewhat controversial, amongst

others due to purging (Crnokrak and Barrett 2002). However,

accumulating evidence suggests that genetic factors are also

involved in the extinction risk of natural populations (e.g.,

Saccheri et al. 1998; Keller and Waller 2002; Kristensen

et al. 2008).
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The evolutionary potential of any given population is of fundamental importance for its longer term prospects. Modern land-

use practices often result in small and isolated populations, increasing the risk of extinction through reduced genetic diversity

as a consequence of inbreeding or drift. Such genetic erosion may also interfere with a population’s evolutionary potential.

In this study, we investigate the consequences of inbreeding on evolutionary potential (the ability to increase cold resistance)

in a laboratory population of the tropical butterfly Bicyclus anynana. To explore constraints on evolution, we applied artificial

selection to chill-coma recovery time, starting from three levels of inbreeding (outbred control, one or two full-sibling matings). Ten

generations of selection produced highly divergent phenotypes, with the lines selected for increased cold tolerance showing about

28% shorter recovery times after cold exposure relative to unselected controls. Correlated responses to selection in 10 different

life-history and stress-resistance traits were essentially absent. Inbred lines showed a weaker response to selection, indicating

reduced evolutionary potential and thereby constraints on evolution. Inbreeding depression was still measurable in some traits

after the course of selection. Traits more closely related to fitness showed a clear fitness rebound, suggesting a trait-specific

impact of purging. Our findings have important implications for the longer term survival of small populations in fragmented

landscapes.

KEY WORDS: Artificial selection, evolutionary potential, extinction risk, genetic load, purging, stress resistance.

Biotic and abiotic conditions are not constant over time, so the

long-term persistence of any given species or population depends

on its ability to respond to environmental change (Bijlsma and

Loeschcke 2005, 2012; Malcolm 2011). In particular, thermal

stress often imposes severe challenges through negatively af-

fecting fitness-related traits, warranting phenotypic adjustment

(Frankham 1995; Hoffmann et al. 2003; Umina et al. 2005). Re-

sponses to environmental challenges may occur quickly through

phenotypic plasticity, that is, within a set genotype, or through

genetic adaptation needing longer periods of time. Here, allele

frequencies change as a result of the selection pressure exerted by

the environment (e.g., Bijlsma and Loeschcke 2005; David et al.

2005; Sørensen et al. 2005).

Sufficient standing genetic variation is supposed to be of cru-

cial importance for adaptation to new environmental conditions

(Falconer and Mackay 1996; Roff 1997; Bijlsma and Loeschke

2005; Bouzat 2010). This is because adaptation primarily seems

to rely on the presence of beneficial variants within populations

rather than the production of new variants by mutation (Blows and

Hoffmann 2005; Orr and Unckless 2008; Bijlsma and Loeschcke

2012). However, in modern landscapes, evolutionary adaptation

may be hampered by an increasing loss and fragmentation of nat-

ural habitats (Saunders et al. 1991; Watling and Donnelli 2006;

Fischer and Lindenmayer 2007). The concomitant reduction in

effective population size may result in reduced genetic variation,

and thus evolutionary potential through reduced gene pools, in-

breeding, and/or genetic drift (Bijlsma et al. 1997; Frankham

et al. 2002, Frankham 2005; Willi et al. 2006; Keyghobadi 2007;

Vandergast et al. 2007; Mikkelsen et al. 2010; Bijlsma and

Loeschcke 2012). Indeed, several studies have shown that

1
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increased fragmentation may increase the incidence of inbreeding

in natural populations (Saccheri et al. 1998; Lennartsson 2002;

Andersen et al. 2004; Leimu et al. 2010).

Apart from interfering with a population’s evolutionary po-

tential, inbreeding exerts direct detrimental effects on, for exam-

ple, survival rate, reproduction, and development (Darwin 1876;

Charlesworth and Charlesworth 1987; Frankham et al. 2002;

Frankham 2005). Consequently, inbreeding is expected to in-

crease the extinction risk of small populations (Frankham 1995;

Bijlsma et al. 2000; Swindell and Bouzat 2006; Bouzat 2010).

Although the importance of ecological factors has been empha-

sized in the past (Lande 1988; Lynch et al. 1995), new evidence

suggests that genetic factors (e.g., inbreeding, drift) may also be

involved in the extinction of natural populations (Saccheri et al.

1998; Crnokrak and Roff 1999; Hedrick and Kalinowski 2000;

Keller and Waller 2002; Bouzat 2010).

Adding further complexity, survival rates of inbred popula-

tions are difficult to predict due to "purging," that is, selection

against deleterious recessive alleles (Templeton and Read 1984;

Keller et al. 1994; Hedrick and Kalinowski 2000; Crnokrak and

Barrett 2002). Though beneficial effects of purging have been

repeatedly documented (e.g., Saccheri et al. 1996; Meffert et al.

1999; Van Oosterhout et al. 2000; Swindell and Bouzat 2006;

Fox et al. 2008), such effects are often small and also contrary

results are known (e.g., Van Oosterhout et al. 2000; Frankham

et al. 2001; Reed et al. 2003; Meffert and Regan 2006; Mikkelsen

et al. 2010). Therefore, our understanding of the effectiveness

of purging is still limited. Some recent studies actually indi-

cate that purging may have limited success in variable environ-

ments when applied to small populations (Jamieson et al. 2003;

Boakes et al. 2007). Differences in the effectiveness of purging

may arise from, for example, variation in the rate of inbreeding,

stochastic effects associated with bottlenecks, the specific genetic

background, the environment in which inbreeding occurs, immi-

gration, mutation, and population size (Hedrick and Kalinowski

2000; Wang 2000; Leberg and Firmin 2008; Mikkelsen et al.

2010).

Against the above background, we here explore the con-

sequences of inbreeding on evolutionary potential, measured as

response to selection. Although a negative impact of genetic ero-

sion on evolutionary potential is predicted by theory (e.g., through

inbreeding), empirical evidence for such effects seems to be ex-

ceedingly scarce (Keyghobadi 2007; Anderson et al. 2010). This

is despite the fact that many studies have investigated effects of

inbreeding (and bottlenecks) on genetic and phenotypic variance,

as only a few studies have assessed the consequence thereof for

changes in adaptive potential (Turelli and Barton 2006; Bouzat

2010). Especially studies investigating effects of inbreeding on

evolutionary responses are largely absent (but see Wade et al.

1996), whereas a few more have investigated the impact of bot-

tlenecks (e.g., Lopez-Fanjul and Villaverde 1989; Swindell and

Bouzat 2005; Van Heerwaarden et al. 2008). This is unfortunate

as, due to this, we (1) know very little about the strength of the

constraints imposed by genetic erosion on adaptive evolution,

and (2) as inbreeding may affect genetic variance in a way not

predicted by additive theory (Wade et al. 1996; Bouzat 2010).

For instance, heritability of several traits was found to increase

rather than decrease after inbreeding or population bottlenecks

(Bryant et al. 1986; Lopez-Fanjul and Villaverde 1989; Meffert

1995; Wade et al. 1996; Van Heerwaarden et al. 2008). Conse-

quently, nonadditive effects may play a crucial role. Furthermore,

the assessment of genetic variation and its reduction is frequently

based on neutral genetic markers, although correlations between

molecular genetic diversity and quantitative genetic variation may

be weak, and although heterozygosity of such markers may show

weak correlations with inbreeding coefficients (Hedrick 2001;

Pemberton 2004; Gilligan et al. 2005; Bijlsma and Loeschcke

2012).

We therefore measured evolutionary potential here as a re-

sponse to artificial selection on cold stress resistance, namely

chill-coma recovery time. Artificial selection provides a powerful

tool to identify constraints on short-term evolutionary change

(Brakefield 2003), which is the principal aim of our study.

Selection was started from three ecologically relevant levels of

inbreeding, caused by full-sibling matings (F = 0.00/0.25/0.375;

cf. Mikkelsen et al. 2010). In parallel, we test for longer lasting

effects of inbreeding depression and for effects of purging, by

measuring inbreeding depression in several fitness-related traits,

such as fecundity, development time, longevity, and temperature

stress resistance after the course of selection. We used the tropical

butterfly Bicyclus anynana (Butler, 1879) as a model organism,

as it has been intensively used in studies using artificial selection

and on inbreeding (e.g., Brakefield and Saccheri 1994; Saccheri

et al. 1996; Beldade et al. 2002; Joron and Brakefield 2003;

Fischer 2006; Bauerfeind and Fischer 2007; Dierks et al. 2012;

Prudic et al. 2011).

Material and Methods
STUDY ORGANISM

Bicyclus anynana is a tropical, fruit-feeding butterfly distributed

from southern Africa to Ethiopia (Larsen 1991). The adults

feed on a diversity of fallen and decaying fruits (Larsen 1991;

Brakefield 1997). This species exhibits two seasonal morphs as

an adaptation to the wet and dry season in its natural environment,

and the associated changes in resting background and predation

(Brakefield 1997; Lyytinen et al. 2004; Bauerfeind and Fischer

2007). As morphs are gradually replaced during seasonal tran-

sitions, both phenotypes may occur simultaneously (Brakefield

and Reitsma 1991). A laboratory stock population was founded at
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Greifswald University (Germany), in 2007 from several thousand

eggs derived from a well-established stock population at Bayreuth

University (Germany). This population in turn originated from a

stock population at Leiden University (the Netherlands), which

was established in 1988 from 80 gravid females caught at a single

location in Malawi. Several hundred individuals are reared in each

generation, maintaining high levels of heterozygosity at neutral

loci (Van’t Hof et al. 2005; Bauerfeind and Fischer 2007).

SELECTION PROCEDURE

Selection lines for increased cold tolerance (CT) and according

unselected control (UC) lines were derived from three groups dif-

fering in the level of inbreeding, using the above-mentioned out-

bred laboratory stock throughout. The three levels of inbreeding

were established using a full-sibling breeding design (cf. Dierks

et al. 2012, also for further details): outbred controls (C) result-

ing from random mating, inbreeding 1 (I1) resulting from mating

between full-siblings, and inbreeding 2 (I2) resulting from mat-

ing between full-siblings in two consecutive generations. To set

up the inbreeding treatments, several hundred virgin stock butter-

flies were allowed to mate randomly in cylindrical hanging cages

(30 × 38 cm) on day 4 after adult eclosion. Mating pairs were

removed and placed individually in translucent 1L plastic con-

tainers, where females were allowed to lay eggs on fresh maize

leaves for 10 days. The eggs produced by individual females were

afterwards transferred to elongated, sleeve-like cages containing

a young maize plant for further development. Consequently, each

“sleeve” cage represented one full-sibling family. Density per

cage was standardized to 20–30 larvae, and maize plants were re-

placed as necessary. Resulting butterflies were used to set up the

“I2” treatment by mating one brother to one sister, per full-sibling

family. Following this first full-sibling mating, the above proce-

dure was repeated once. Parallel to the second generation of the

“I2” treatment, the “I1” treatment was set up as outlined above.

Finally, the control treatment was set up by mating random vir-

gin males and females from the stock population. This staggered

design resulted in a synchronized eclosion of butterflies from all

three inbreeding levels, with about 120 full-sibling families each.

To initiate artificial selection, butterflies were pooled across

families within inbreeding levels. Four groups were set up per

inbreeding level, two for selection on increased CT, and two as

UCs. This design resulted in a total of 12 lines (3 inbreeding

levels × 4; see Table 1). To set up the six UC lines, two times

40 males and 40 females were randomly selected per inbreed-

ing level. To set up the six selection lines, between 448 and 492

individuals per inbreeding level (1416 individuals in total) were

scored in the F0 generation for cold stress resistance on day 1

following adult eclosion (for details see below). Prior to test-

ing, butterflies were marked individually by writing a number on

both hind wings. Following testing, butterflies were transferred to

20◦C to keep them in good shape (instead of 27◦C; see below) un-

til all butterflies had been measured. Per inbreeding level, the 80

males and 80 females being most cold tolerant were selected and

randomly divided between two groups to establish the CT lines.

After all CT measurements had been completed, selected males

and females were allowed to mate randomly within their lines,

having been kept separated by sex before. In subsequent genera-

tions, about 300 individuals were reared per line and generation,

from which 120 males and 120 females were scored for CT in

the selection lines, and 40 males and 40 females in the UC lines.

Throughout, 40 males and 40 females were selected to found the

next generation per line, being either the most cold tolerant ones

(CT lines) or being selected at random (UC lines). Selection was

continued for 10 generations.

Unless otherwise stated, butterflies were reared in a single cli-

mate room at 27◦C (exclusively inducing wet season phenotypes),

Table 1. Overview over the 12 selection lines with codes indicating inbreeding level (C, I1, I2), selection regime (CT, UC), and replicate

number (1, 2).

Line Code Inbreeding level Selection regime Replicate

1 C-CT1 Outbred control Cold tolerance 1
2 C-CT2 Outbred control Cold tolerance 2
3 C-UC1 Outbred control Unselected control 1
4 C-UC2 Outbred control Unselected control 2
5 I1-CT1 Inbreeding 1 Cold tolerance 1
6 I1-CT2 Inbreeding 1 Cold tolerance 2
7 I1-UC1 Inbreeding 1 Unselected control 1
8 I1-UC2 Inbreeding 1 Unselected control 2
9 I2-CT1 Inbreeding 2 Cold tolerance 1

10 I2-CT2 Inbreeding 2 Cold tolerance 2
11 I2-UC1 Inbreeding 2 Unselected control 1
12 I2-UC2 Inbreeding 2 Unselected control 2
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high relative humidity (70%), and a photoperiod of L12:D12 (24-h

light cycle). Larvae were reared in population cages (50 × 50 × 50

cm), being fed on potted maize plants provided in ample supply.

Plants were replaced as necessary. Adults were kept in cylindrical

hanging cages (30 × 38 cm), being fed on moist banana. Through-

out, cages were arranged in a randomized block design within the

climate cabinet in order to balance potential slight temperature

and humidity variation (Bauerfeind and Fischer 2007; Fischer

et al. 2010).

CT ASSAYS

To score cold stress resistance, we used chill-coma recovery time,

which is the time needed to regain mobility following cold ex-

posure. This trait is considered a reliable proxy of climatic cold

adaptation and has been used successfully in B. anynana before

(e.g., Geister and Fischer 2007; Fischer et al. 2010). For measur-

ing chill-coma recovery time, one-day old butterflies were placed

individually in translucent plastic cups (125 mL) and arranged

on a tray in a randomized block design (maximum of 72 butter-

flies per block). Butterflies were then exposed to 1◦C in a climate

cabinet for 19 h (Sanyo MIR-553), inducing a chill coma. Pre-

liminary studies have shown that results are largely independent

of the method used to induce a chill coma, and that the above

method produced highly repeatable results (Fischer et al. 2010).

After cold exposure, the trays were transferred to a room with a

constant temperature of 20◦C to determine recovery times. Re-

covery time was defined as the time elapsed between taking the

trays out of the 1◦C climate cabinet until a butterfly was able to

stand on its legs (Geister and Fischer 2007; Fischer et al. 2010).

Blocks were observed for a maximum of 60 min. Butterflies that

did not regain mobility within this time span were either given the

maximum recovery time of 60 min (if still alive) or were excluded

from further analyses (if dead; typically < 1%). CT was always

scored one day after adult eclosion.

CORRELATED RESPONSES TO SELECTION

To score responses and correlated responses to selection, as well

as whether effects of inbreeding are still measurable after the

course selection, we analyzed reproductive traits (generation 11),

cold and heat stress resistance, developmental traits, longevity

and survival rates (all generation 12, i.e., after two generations

without selection), as detailed below.

Reproductive traits
Fecundity and egg hatching success were measured in about

50 females per line. On day 2 after adult eclosion, females were

mated to random males within lines. Mating couples were trans-

ferred individually to translucent plastic pots (1L) containing a

fresh leaf of maize for oviposition. After mating, males were re-

moved and females were allowed to oviposit for four days, being

fed with moist bananas. Typically, during this period of time,

35–40% of the lifetime fecundity is realized (Bauerfeind and

Fischer 2005). On days 2 and 4 of oviposition, all eggs laid were

removed, counted and about 30 eggs per female were placed into

a petri dish lined with moist filter paper and a maize leaf for

hatchlings to feed on. The numbers of hatchlings and unsuccess-

ful eggs were counted over the following eight days (note that egg

development at 27◦C is typically four days).

Developmental traits
Developmental traits were measured using 10 replicate cages per

line, resulting in a total of 120 cages. All eggs within one cage

were collected within a single 12-h light period from at least

100 fecund females. Maize plants were replaced as necessary,

and densities within cages were standardized to 30–35 larvae

per line on day 12 of larval development (thus aiming at 300

individuals per line). Cages were once again arranged in a ran-

domized block design within the climate cell. They were checked

daily for pupae and prepupae, which were removed and placed

individually into translucent 125-mL plastic pots containing fil-

ter paper. We scored larval development time (from egg laying

to pupation, thus including egg development), pupal develop-

ment time (from pupation to adult eclosion), pupal mass (mea-

sured on the day following pupation, Sartorius LE225D), larval

growth rate (pupal mass/larval developmental time), and sex for all

individuals.

Cold and heat stress resistance
Cold stress resistance was measured as described above. Heat

stress resistance was determined by measuring heat knock-down

time, which is a widely used and well-established proxy of heat

adaptation (e.g., Huey et al. 1992; Sørensen et al. 2005; Karl et al.

2008; Fischer et al. 2010). One day after eclosion, butterflies

were placed in translucent cups (60 mL), being arranged on a

tray in a randomized block design (maximum of 40 butterflies

per block). They were afterwards exposed to 45◦C in a climate

cabinet (Sanyo MIR-553). To measure heat knock-down time,

which was defined as the time until a butterfly was not able to

stand upright anymore, butterflies were continuously monitored

through the glass doors of the cabinets. Throughout, there was no

reuse of animals, that is, individuals were used for measuring cold

or heat stress resistance. Chill-coma recovery time was measured

in 91–116, and heat knock-down time in 73–103 individuals per

line.

Survival and longevity
The animals exposed to heat stress during heat knock-down assays

were also used to score survival rates 48 h after heat exposure.

Longevity was scored in the animals that had been used for mea-

suring CT as well as in an additional group of untreated animals
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(having experienced neither cold nor heat stress). Three differ-

ent treatments were applied to both of the latter groups, namely

a control group (being fed with banana ad libitum), a starvation

group (being provided water only), and a desiccation group (being

provided neither food nor water). Cages (1 per line) were checked

daily for dead butterflies.

STATISTICAL ANALYSES

Realized heritabilities (h2) were calculated by fitting least square

regressions to chill-coma recovery time (relative to UCs) on cu-

mulated selection differentials, with heritabilities being estimated

as the slope of the regression lines. Analyses of covariance were

used to compare the slopes of regression lines, using selection

regime as a fixed factor, replicate line as a random factor, and cu-

mulated selection differential as covariate. General linear models

were used to test for differences in fecundity, egg hatching success,

chill-coma recovery time, heat knock-down time, and life-history

traits (larval time, growth rate, pupal time, pupal mass). Selection

regime and inbreeding level were used as fixed factors through-

out, and replicate line (nested within selection regime) as random

factor. Sex was added as a fixed factor when appropriate. Sig-

nificant differences between groups were located with the Tukey

honestly significant difference (HSD) posthoc test. Survival rates

after heat exposure were analyzed using a nominal logistic regres-

sion on binary data (dead or alive). Longevity data were analyzed

separately for cold-stressed and unstressed butterflies using Cox

proportional hazards. All statistical tests were performed by us-

ing JMP (4.0.0) or Statistica (6.1). Unless otherwise stated, least

square means ± 1 standard error (SE) are given throughout.

Results
All data are available from the Dryad data repository

(doi:10.5061/dryad.vj86fq35).

RESPONSE TO SELECTION

After 10 generations of selection, a significant response to se-

lection was observed with the lines selected for increased CT

showing an on average by 28.9% shorter chill-coma recovery

time compared to UCs (CT: 1527 ± 15 sec < UC: 2148 ±
33 sec; F1,2 = 41.4, P = 0.036; Fig. 1). Realized heritabilities

(h2) ranged between 0.01 and 0.16 (mean 0.07 ± 0.02) and were

significant in seven of 12 line by sex combinations (Table 2). The

outbred control lines showed the highest values (0.098 ± 0.03;

three out of four significant), followed by the I2 lines (0.083 ±
0.03; three out of four significant), and finally the I1 lines

(0.035 ± 0.02; one out of four significant). Furthermore, real-

ized heritabilities were on average higher in females (0.10 ±
0.02) than in males (0.05 ± 0.02), being significant in five of six
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Figure 1. Response to selection on reduced chill-coma recovery

time (CCRT) in Bicyclus anynana over 10 generations. Note that

unselected control lines were set to 100%, and that the data

for all other lines are presented relative to the unselected con-

trols. Population means (±SE) are given for each generation. Re-

sponses are shown separately for replicate lines 1 (A) and 2 (B; cf.

Table 1). Data are pooled across sexes. Unselected control (UC)

lines: black diamonds. Selected noninbred lines (C-CT): black

squares. Selected inbred lines 1 (1 full-sibling mating, I1-CT): white

triangles. Selected inbred lines 2 (2 full-sibling mating, I2-CT):

white squares.

Table 2. Realized heritabilities (h2) of chill-coma recovery time

for replicated selection lines of Bicyclus anynana, being set up

from different inbreeding levels. Least square regressions were

fitted to trait values (relative to unselected controls) on cumulated

selection differentials, with heritabilities being estimated as the

slope of the regression lines. Significant P-values are given in bold.

Line Sex R2 h2 P value

C-CT1 Male 0.16 0.037 0.2258
C-CT1 Female 0.77 0.159 0.0004
C-CT2 Male 0.59 0.104 0.0058
C-CT2 Female 0.55 0.093 0.0088
I1-CT1 Male 0.01 0.007 0.8315
I1-CT1 Female 0.11 0.034 0.3230
I1-CT2 Male 0.00 0.006 0.8592
I1-CT2 Female 0.42 0.093 0.0302
I2-CT1 Male 0.59 0.079 0.0061
I2-CT1 Female 0.74 0.141 0.0007
I2-CT2 Male 0.10 0.017 0.3429
I2-CT2 Female 0.71 0.096 0.0012
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Figure 2. Least square means (−1 SE) for chill-coma recovery

time (CCRT, relative to unselected controls set to 100%) in Bicy-

clus anynana across different inbreeding levels (C: control; I1: one

full-sibling mating; I2: two full-sibling matings) and replicate lines

(gray bars: replicate 1; white bars: replicate 2).

and two of six line by sex combinations, respectively. The slopes

of regressions fitted to chill-coma recovery time on cumulated se-

lection differentials differed among inbreeding levels (interaction

between inbreeding level and cumulated selection differential:

F2,116 = 4.9; P = 0.0090), but not among replicate lines

(F1,116 = 0.4; P = 0.53).

CORRELATED RESPONSES TO SELECTION AND

EFFECTS OF INBREEDING AND SEX

Stress resistance, reproductive, and developmental
traits
After two generations without selection, CT (1490 ± 50 sec)

and UC (2046 ± 51 sec) lines differed still significantly with

the CT lines showing a by 27.2% reduced chill-coma recovery

time (Table 3). The response to selection was strongest in the C

lines (by 34.6% reduced chill-coma recovery time), followed by

the I2 (25.3%), and finally the I1 (17.2%) lines (significant se-

lection regime × inbreeding level interaction; Fig. 2). Correlated

responses to selection were largely absent, as indicated by a lack

of significant main effects of selection regime on heat tolerance,

egg number, egg hatching success, larval time, pupal time, pupal

mass, and growth rate (Table 3 and Fig. 3). Selection regime was,

however, involved in interactions for larval time, pupal time, and

growth rate. The significant interaction between selection regime

and inbreeding level for larval time indicates that CT lines had

longer larval times than UC lines in the inbreeding treatment I2,

with the opposite pattern being found in inbreeding treatments

C and I1 (Fig. 3D). Longer larval times in the I2-CT lines were

evident in I2 females only (CT: 28.2 days > UC: 27.5 days), but

not in I2 males (CT: 26.6 days = UC: 26.7 days; Tukey HSD after

analysis of variance; significant selection regime × inbreeding

level × sex interaction). Pupal time was longer in the CT than in

the UC lines in the noninbred controls, with the opposite pattern

being found in the two inbreeding treatments (significant selection

regime × inbreeding level interaction; Fig. 3E). Finally, although

larval growth rate decreased with increasing inbreeding level in

the CT lines, there was no such tendency in the UC lines (signifi-

cant selection regime × inbreeding level interaction; Fig. 3G). The

rather constant growth rates across inbreeding levels in the UC

lines are caused by females (C: 18.9% days−1; I1: 18.8% days−1;

I2: 19.0% days−1), whereas in UC males growth rates tended to

decrease with increasing inbreeding level (C: 18.8% days−1; I1:

18.8% days−1; I2: 18.6% days−1; significant selection regime ×
inbreeding level × sex interaction).

Inbreeding level, in contrast, significantly affected egg num-

ber, pupal time, pupal mass, and larval growth rate, but not chill-

coma recovery time, heat knock-down time, egg hatching success,

and larval time (Fig. 3). Inbreeding was associated with lower

egg numbers (C: 45 ± 2 > I1: 40 ± 2 > I2: 34 ± 2; Tukey

HSD), shorter pupal times (C: 6.7 ± 0.03 days > I2: 6.6 ± 0.03

days > I1: 6.4 ± 0.03 days; Tukey HSD), lower pupal masses

(C: 172.4 ± 0.9 mg = I1: 171.6 ± 0.9 mg > I2: 161.0 ± 0.9

mg; Tukey HSD), and lower larval growth rates (C: 18.9 ± 0.05%

days−1 = I1: 18.9 ± 0.05% days−1 > I2: 18.7 ± 0.05% days−1;

Tukey HSD).

Significant sex differences were present in all traits investi-

gated, except growth rate and heat tolerance, with males showing

shorter chill-coma recovery times compared to females (males:

1702 ± 34 sec < females: 1834 ± 34 sec), shorter larval times

(males: 26.7 ± 0.06 days < females: 27.8 ± 0.04 days), longer

pupal times (males: 6.8 ± 0.03 days > females: 6.4 ± 0.02 days),

and lower pupal masses (males: 149.1 ± 0.9 mg < females:

187.6 ± 0.6 mg). The sex differences in chill-coma recov-

ery time were restricted to the UC lines (UC: males 9.8%

faster than females; CT: males 0.2% slower; significant selec-

tion regime × sex interaction). The general pattern of shorter

recovery times in males than in females persisted throughout, ex-

cept in the C-CT lines (significant selection regime × inbreeding

level × sex interaction; Fig. 4). Variation between replicate lines

was nonsignificant throughout, although there were significant

differences among replicate cages for larval time, pupal time,

pupal mass, and larval growth rate.

Heat stress survival and longevity
Inbreeding level, replicate line, and sex, but not selection regime,

significantly affected survival rates after heat exposure (Table 4).

Survival rates were highest in the outbred control lines (29.1%,

n = 374) followed by inbreeding levels I2 (22.4%, n = 371)

and finally I1 (18.0%, n = 311). Further, survival rates were

higher in females compared to males (26.2%, n = 557 vs.

20.4%, n = 499), except for a higher survival rate in I2 males
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Table 3. Nested analyses of variance for the effects of selection regime (fixed), inbreeding level (fixed), and replicate line (random) on

stress resistance and life-history traits in Bicyclus anynana. Replicate line was nested within selection regime throughout. Sex (fixed) and

cage (random effect, nested within replicate line and selection regime) were added as factor when appropriate. Significant P-values are

given in bold.

Trait Factor df MS F P value

Cold tolerance Selection regime 1,2 282,228.0 73.3 0.0134
Replicate [Sel. Reg.] 2,1242 3847.6 2.6 0.0718
Inbreeding level 2,1242 861.5 0.6 0.5539
Sex 1,1242 7175.1 4.9 0.0267
Sel. Reg. × Inbr. Lev. 2,1242 8781.5 6.0 0.0025
Sel. Reg. × Sex 1,1242 7787.0 5.3 0.0210
Inbr. Lev. × Sex 2,1242 224.6 0.2 0.8752
Sel. × Inbr. × Sex 2,1242 4747.7 3.3 0.0388
Error 1242 1457.5

Heat tolerance Selection regime 1,2 80.0 2.1 0.2749
Replicate [Sel. Reg.] 2,1029 36.9 0.1 0.9129
Inbreeding level 2,1029 112.1 0.3 0.7584
Sex 1,1029 53.9 0.1 0.7154
Sel. Reg. × Inbr. Lev. 2,1029 61.3 0.2 0.8596
Sel. Reg. × Sex 1,1029 92.4 0.2 0.6331
Inbr. Lev. × Sex 2,1029 60.6 0.2 0.8611
Sel. × Inbr. × Sex 2,1029 169.7 0.4 0.6579
Error 1029 405.2

Egg number Selection regime 1,2 293.7 0.2 0.6746
Replicate [Sel. Reg.] 2,559 1240.8 1.7 0.1903
Inbreeding level 2,559 4969.3 6.7 0.0014
Sel. Reg. × Inbr. Lev. 2,559 1169.5 1.6 0.2093
Error 559 745.5

Egg hatching Selection regime 1,2 1963.9 3.4 0.2057
Replicate [Sel. Reg.] 2,540 575.4 1.0 0.3708
Inbreeding Level 2,540 845.6 1.5 0.2330
Sel. Reg. × Inbr. Lev. 2,540 326.3 0.6 0.5695
Error 540 578.9

Larval time Selection regime 1,2 3.4 0.4 0.6063
Replicate [Sel. Reg.] 2,36 10.9 0.3 0.7281
Cage [Sel. & Repl.] 36,1855 38.6 18.6 <0.0001
Inbreeding level 2,1855 0.8 0.4 0.6960
Sex 1,1855 463.3 223.2 <0.0001
Sel. Reg. × Inbr. Lev. 2,1855 14.2 6.9 0.0011
Sel. Reg. × Sex 1,1855 2.1 1.0 0.3153
Inbr. Lev. × Sex 2,1855 1.8 0.9 0.4108
Sel. × Inbr. × Sex 2,1855 8.3 4.0 0.0183
Error 1855 2.1

Pupal time Selection Regime 1,2 0.1 0.1 0.8784
Replicate [Sel. Reg.] 2,38 1.8 1.3 0.2867
Cage [Sel. and Repl.] 36,1852 36.2 3.7 <0.0001
Inbreeding level 2,1852 9.7 23.3 <0.0001
Sex 1,1852 59.8 143.2 <0.0001
Sel. Reg. × Inbr. Lev. 2,1852 8.6 20.6 <0.0001
Sel. Reg. × Sex 1,1852 0.4 1.0 0.3097
Inbr. Lev. × Sex 2,1852 0.1 0.2 0.7884
Sel. × Inbr. × Sex 2,1852 0.4 1.1 0.3429
Error 1852 0.4

Continued.
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Table 3. Continued.

Trait Factor df MS F P value

Pupal mass Selection regime 1,2 4308 3.4 0.1923
Replicate [Sel. Reg.] 2,42 1433 1.9 0.1605
Cage [Sel. and Repl.] 36,1855 795 1.9 0.0013
Inbreeding level 2,1855 21,475 50.7 <0.0001
Sex 1,1855 568,263 1342.0 <0.0001
Sel. Reg. × Inbr. Lev. 2,1855 829 2.0 0.1416
Sel. Reg. × Sex 1,1855 271 0.6 0.4240
Inbr. Lev. × Sex 2,1855 1200 2.8 0.0590
Sel. × Inbr. × Sex 2,1855 550 1.3 0.2733
Error 1855 424

Growth rate Selection regime 1,2 74 <0.1 0.9697
Replicate [Sel. Reg.] 2,36 46,860 0.3 0.7559
Cage [Sel. and Repl.] 36,1854 187,693 14.9 <0.0001
Inbreeding level 2,1854 77,166 6.1 0.0022
Sex 1,1854 29,541 2.3 0.1259
Sel. Reg. × Inbr. Lev. 2,1854 52,093 4.1 0.0162
Sel. Reg. × Sex 1,1854 12,354 1.0 0.3222
Inbr. Lev. × Sex 2,1854 1074 <0.1 0.9183
Sel. × Inbr. × Sex 2,1854 63,650 5.1 0.0065
Error 1854 12,601

MS = mean squares

compared to I2 females (significant inbreeding level × sex inter-

action; Fig. 5).

Longevity was significantly affected by selection regime in

untreated animals, being longer in CT (8.7 ± 0.3 days; n = 502)

than in UC lines (8.0 ± 0.3 days, n = 485; Table 5). This effect,

however, was restricted to banana-fed individuals from the I1 and

I2 groups. Longevity was even shorter in CT than UC butterflies

in the outbred control group, and while there was essentially no

difference in relation to selection regime in the starvation and des-

iccation groups (significant selection regime × inbreeding level ×
feeding regime interaction; Fig. 6A). Furthermore, a similar ef-

fect was absent in the animals exposed to cold stress. In untreated

animals, a significant selection regime × sex interaction indicated

that CT males lived longer than UC males (6.3 ± 4.2 days, n =
85 > 5.4 ± 3.0 days, n = 69), which was not the case in females

(8.1 ± 5.7 days, n = 144 = 8.1 ± 4.7 days, n = 171).

Longevity in both un- and cold-stressed individuals differed

significantly across feeding treatments and sexes. Banana-fed

control butterflies lived significantly longer (unstressed: 11.9 ±
0.5 days, n = 147; cold-stressed: 14.9 ± 0.45 days, n = 304)

than butterflies exposed to starvation (unstressed: 6.7 ± 0.2 days,

n = 160; cold-stressed: 6.7 ± 0.14 days, n = 327) and finally

desiccation (unstressed: 3.9 ± 0.1 days, n = 162; cold-stressed:

4.2 ± 0.05 days, n = 356). Females lived longer than males (un-

stressed: females 8.1 ± 0.3 days, n = 315 > males 5.9 ± 0.3

days, n = 154; cold-stressed: females 8.7 ± 0.2 days, n = 513 >

males 8.0 ± 0.3 days, n = 474). However, a significant interaction

between sex and feeding regime in cold-stressed butterflies indi-

cates wide variation in sex differences across feeding treatments,

being smallest in the banana-fed control group (3%; females:

14.7 ± 6.1 days, n = 148; males: 15.1 ± 9.1 days, n = 156),

largest in the starvation group (36%; females: 8.1 ± 2.5 days,

n = 173 > males: 5.2 ± 1.4 days, n = 154), and intermediate

in the desiccation group (17%; females: 4.6 ± 1.0 days, n =
192 > males: 3.8 ± 0.7 days, n = 164). Although the pattern of

longer female life span was consistent across inbreeding levels in

both latter groups mentioned above, this was not the case in the

banana-fed control animals (significant inbreeding level × sex

× feeding regime interaction; Fig. 6B). Here, males lived longer

than females in the I2 but shorter in the I1 group, while there was

no difference in the outbred control group. In unstressed butter-

flies a different pattern emerged, with sex differences being least

pronounced in the desiccation group (significant sex × feeding

regime interaction; banana-fed control: females: 13.1 ± 5.9 days,

n = 101 > males: 9.3 ± 5.0 days, n = 46; starvation: females: 7.5

± 2.2 days, n = 106 > males: 5.0 ± 1.1 days, n = 54; desicca-

tion: females: 4.0 ± 1.1 days, n = 108 > males: 3.8 ± 1.2 days,

n = 54).

Discussion
RESPONSE TO SELECTION

As expected, based on studies using Drosophila (e.g.,

Anderson et al. 2005; Mori and Kimura 2008; Bertoli et al. 2010;
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Figure 3. Least square means (+1 SE) for heat knock-down time (HKDT; A), egg number (B), egg hatching success (C), larval time (D),

pupal time (E), pupal mass (F), and larval growth rate (G) in relation to inbreeding level (C: outbred control; I1: one full-sibling mating;

I2: two full-sibling matings) and selection regimes (CT: lines selected for increased cold tolerance; UC: unselected control lines) in Bicyclus

anynana.

Udaka et al. 2010), artificial selection on increased cold stress

resistance yielded a significant response in B. anynana. However,

the response to selection differed across inbreeding levels, with

the outbred control lines showing a stronger response (a 35%

quicker recovery from chill coma) than the inbred lines (I2: 25%;

I1: 17%). Apart from the significant interaction between selection

regime and inbreeding level, this conclusion is further supported

by lower realized heritabilities in the inbred lines, and by signif-

icant differences in the slopes of regressions fitted to chill-coma

recovery time on cumulated selection differentials (significant
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Figure 4. Least square means (+1 SE) for chill-coma recovery

times (CCRT) across different inbreeding levels (C: outbred control;

I1: one full-sibling mating, I2: two full-sibling matings), sexes, and

selection regimes (CT: lines selected for increased cold tolerance;

UC: unselected control lines) in Bicyclus anynana.

Table 4. Nominal logistic regression for the effects of selection

regime, replicate line, inbreeding level, and sex on survival rates

after heat exposure in Bicyclus anynana. Replicate line was nested

within selection regime. Significant P-values are given in bold.

Factor df χ2 P value

Selection regime 1 1.8 0.1797
Replicate [Sel. Reg.] 2 18.2 0.0001
Inbreeding level 2 11.7 0.0028
Sex 1 5.6 0.0181
Sel. Reg. × Inbr. Lev. 2 3.2 0.2057
Sel. Reg. × Sex 1 0.2 0.6944
Inbr. Lev. × Sex 2 8.0 0.0183
Sel. Reg. × Inbr. Lev. × Sex 2 1.5 0.4747

interaction term). Such detrimental effects of inbreeding on adap-

tive potential have been predicted by theory, but remained experi-

mentally largely untested (but see Wade et al. 1996, who detected

a reduced response to selection for increased pupal weight fol-

lowing inbreeding).

The reduced response to selection could on principal be

caused by either additive or nonadditive (dominance, epistasis)

genetic effects. On the one hand, neutral quantitative genetic the-

ory predicts that inbreeding will decrease the additive genetic

variance of quantitative traits (and thereby their evolutionary po-

tential) proportional to the inbreeding coefficient (Falconer and

Mackay 1996; Frankham et al. 2002; Roff and Emerson 2006; Van

Heerwaarden et al. 2008). In line with these predictions, realized

heritabilities were lower in the inbred compared to the outbred

control groups, suggesting a contribution of additive effects re-

ducing trait heritability (e.g., Saccheri et al. 2001; England et al.

2003; Kristensen et al. 2005; Swindell and Bouzat 2005; Bakker

et al. 2010). Note in this context that our design, through de-
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Figure 5. Mortality rates after heat exposure across different in-

breeding levels (C: outbred control; I1: one full-sibling mating; I2:

two full-sibling mating) and sexes in Bicyclus anynana.

liberately mitigating the effects of inbreeding by random mating

in subsequent generations (thus mimicking a short-term popula-

tion bottleneck), should have restored additive genetic variance to

large extents, especially because a rather large number of fami-

lies was involved. Nevertheless, significant inbreeding depression

was still measurable after the course of selection (see Table 6 and

below).

Thus, on the other hand, nonadditive effects might also be

involved. This notion is supported by the fact that the weakest

response to selection was found in inbreeding treatment 1 but

not 2, as would have been predicted by additive theory. Some

empirical and theoretical studies suggest that, if nonadditive ge-

netic effects are present, additive genetic variance may actually

increase rather than decrease through inbreeding (e.g., Bryant

et al. 1986; Lopez-Fanjul and Villaverde 1989; Meffert 1995;

Wade et al. 1996; Saccheri et al. 2001; Turelli and Barton 2006;

Van Heerwaarden et al. 2008; Bouzat 2010). Such patterns are

likely caused by chance increases in the frequencies of recessive

deleterious alleles, and/or by the release of additive (co)variance

as the number of polymorphic loci and thereby potential interlocus

interactions decline (Lopez-Fanjul et al. 2002; Van Bushkirk and

Willi 2006; Van Heerwaarden et al. 2008; Anderson et al. 2010).

This is particularly likely for life-history traits closely related to

fitness, as is the case here, because they are more likely to have a

nonadditive genetic architecture than, for example, morphological

traits (Roff and Emerson 2006; Van Bushkirk and Willi 2006; Willi

et al. 2006). Accordingly, a recent meta-analysis found strong

support for nonlinear changes in genetic variation with increasing

inbreeding levels in life-history traits (Van Bushkirk and Willi

2006). Heritability and additive variance increased with increas-

ing levels of inbreeding by a factor up to 4, with a maximum at

F = 0.4 (Van Bushkirk and Willi 2006). Note that the latter

value is virtually identical to our inbreeding level 2, which might

explain its stronger response to selection compared to inbreed-

ing level 1. Thus, although additive effects may have caused the
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Table 5. Cox Proportional Hazards for the effects of selection

regime, replicate line, inbreeding level, sex, and feeding regime

on longevity in unstressed (A) and cold-stressed (B) Bicyclus any-

nana butterflies. Throughout, replicate was nested within selec-

tion regime. Significant P-values are given in bold.

(A) Factor df χ2 P value

Selection regime 1 1.8 0.1816
Replicate [Sel. Reg.] 2 0.2 0.9161
Inbreeding Level 2 2.8 0.2467
Sex 1 42.6 <0.0001
Feeding Regime 2 233.9 <0.0001
Sel. Reg. × Inbr. Lev. 2 2.8 0.2509
Sel. Reg. × Sex 1 8.0 0.0047
Inbr. Lev. × Sex 2 0.8 0.6688
Sel. × Feed. Reg. 2 2.0 0.3612
Inbr. Lev. × Feed. Reg. 4 2.5 0.6400
Sex × Feed. Reg. 2 15.3 0.0005
Sel. × Inbr. × Fed. Reg. 4 1.6 0.8172
Sel. × Inbr. × Sex 2 3.4 0.1824
Sel. × Sex × Feed. 2 3.3 0.1948
Inbr. × Sex × Feed. 4 4.7 0.3222
Sel. × Inbr. × Sex × Feed. 4 3.3 0.5080

(B) Factor df χ2 P value

Selection regime 1 4.1 0.0431
Replicate [Sel. Reg.] 2 3.0 0.2312
Inbreeding level 2 3.6 0.1674
Sex 1 77.5 <0.0001
Feeding regime 2 784.9 <0.0001
Sel. Reg. × Inbr. Lev. 2 5.7 0.0593
Sel. Reg. × Sex 1 0.0 0.8772
Inbr. Lev. × Sex 2 1.8 0.4007
Sel. × Feed. Reg. 2 1.8 0.4162
Inbr. Lev. × Feed. Reg. 4 3.4 0.4942
Sex × Feed. Reg. 2 68.6 <0.0001
Sel. × Inbr. × Fed. Reg. 4 15.4 0.0039
Sel. × Inbr. × Sex 2 1.2 0.5410
Sel. × Sex × Feed. 2 0.2 0.8886
Inbr. × Sex × Feed. 4 9.6 0.0476
Sel. × Inbr. × Sex × Feed. 4 2.2 0.6910

overall weaker response to selection in the inbred lines, inbreed-

ing level 2 may have partially benefitted from nonadditive effects,

releasing novel additive variance.

Whether changes in additive variance or trait heritabil-

ities induced by nonadditive effects might confer enhanced

adaptability is currently debated. Note that essentially all em-

pirical studies having investigated such changes did not address

the issue of the consequences for adaptive capacities. Moreover, a

recent study showed statistically detectable increases in additive

genetic variance after a bottleneck, caused by both dominance and

epistatic effects. However, this change did not affect the response
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Figure 6. Means (+1 SE) for longevity across selection regimes

(CT: lines selected for increased cold tolerance; UC: unselected con-

trol lines), feeding regimes (control: banana-fed; starvation: water-

fed; desiccation: neither food nor water) and different inbreeding

levels (C: control, I1: one full-sibling mating, I2: two full-sibling

mating; A), and across sexes, selection, and feeding regimes (B)

after cold exposure in Bicyclus anynana.

to selection, which was essentially absent (Van Heerwaarden et al.

2008). Reasons underlying this finding may be that the novel ad-

ditive variance released through dominance and epistatic effects

is (1) dependent on genetic background, and therefore vulnera-

ble to rapid elimination by natural selection (Van Heerwaarden

et al. 2008), and that it (2) relies on the action of rare alleles

likely to be deleterious, thus being accompanied by inbreeding

depression, which has indeed generally been found (also in our

study; cf. Lopez-Fanjul and Villaverde 1989; Wade et al. 1996;

Lopez-Fanjul et al. 2000). In summary, these findings question

a positive role of increased additive variance after inbreeding or

bottlenecks for the rate of adaptive evolution. However, based

on the paucity of data available to date, it is premature to draw

any general conclusions regarding the effects of nonadditive ef-

fects on evolutionary potential (Van Bushkirk and Willi 2006; Van

Heerwaarden et al. 2008).

Alternatively, the differences between inbreeding level 1 and

2 in our study could be caused by chance effects. Several stud-

ies reported large variation across inbred lines despite identical
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inbreeding coefficients (e.g., Fowler and Whitlock 1999; Reed

et al. 2002; Kristensen et al. 2003; Wright et al. 2008), with some

inbred lines even outperforming outbred controls. Such lineage

effects probably result from the number of founding individuals

carrying deleterious recessive alleles (Fowler and Whitlock 1999;

Reed et al. 2002; Wright et al. 2008), and are an ubiquitous fea-

ture in studies on inbreeding depression (Armbruster and Reed

2005). The twofold higher realized heritabilities for females com-

pared to males should also be noted. Although formal testing is

not possible, the pattern is striking. Such sexual differences in

the evolution of CT have also been found in a few other studies,

although heritabilities were lower rather than higher in females

(Krebs and Loeschcke 1997; Vermeulen et al. 2008).

CORRELATED RESPONSES TO SELECTION

Out of 10 traits investigated, only a single one showed at least

some evidence for a correlated response to selection: longevity

after cold exposure. Although this trait does reflect a measure of

cold stress resistance, and might therefore be closely related to

the trait under selection (chill-coma recovery time), the overall

evidence is weak. This is because positive effects of selection

were restricted to inbred, banana-fed butterflies. Note in this con-

text that the significant interactions involving the factor selection

regime also did not show conclusive evidence for any correlated

responses. In line with our findings, studies on Drosophila also

yielded mainly negative or inconclusive results regarding corre-

lated responses (e.g., Watson and Hoffmann 1996; Anderson et al.

2005; Mori and Kimura 2008; Bertoli et al. 2010). For instance,

although in some selection studies, there was a positive genetic

correlation between CT and longevity, others found no associa-

tion (Norry and Loeschcke 2002; Bubliy and Loeschcke 2005) or

opposite patterns (Anderson et al. 2005; Mori and Kimura 2008).

Furthermore, the lack of a correlated response in heat resistance

is consistent with some studies on Drosophila, suggesting that

different mechanisms are involved in cold versus heat tolerance

(Anderson et al. 2005; Mori and Kimura 2008; Bertoli et al. 2010).

In summary, cold adaptation obviously operates at least largely

independent from other traits including heat tolerance.

EFFECTS OF INBREEDING

Interestingly, effects of inbreeding were still measurable after

the course of selection, that is, 11–12 generations following the

full-sibling mating, a time period during which butterflies were

allowed to mate randomly (thus outbreeeding). Although egg

number, pupal mass, larval growth rate, and survival after heat

exposure were all negatively affected by inbreeding, suggesting

enduring inbreeding depression, pupal time was shorter rather

than longer in inbred individuals. However, make note of the

overall small differences of 0.3 days across inbreeding levels in

this trait. The other traits, including cold and heat tolerance, larval

Table 6. Effects of inbreeding on various traits before (i.e., im-

mediately after full-sibling matings) and after the selection exper-

iment (i.e., 11–12 generations later). Complete (no effects of in-

breeding measurable anymore after selection) and partial (effects

still significant, though effect size has decreased) fitness rebounds

are also indicated. "−": negatively affected; "0": not affected, "+":

positively affected (though note the very small effect size; see

text); "∗": Not measured prior to selection. T: temperature.

Trait Before After Rebound

Egg hatching success − 0 Yes
Fecundity ∗ −
Larval development T − 0 Yes
Pupal development T 0 +
Larval growth rate − − Partly
Pupal mass − − Partly
Longevity ∗ 0
Heat survival ∗ −
Heat knock-down T 0 0
Chill-coma recovery T − 0 Yes

time, egg hatching success, and longevity showed no inbreeding

depression. Therefore, the results obtained still reflect some of

the patterns obtained immediately after inbreeding (Dierks et al.

2012; Table 6). In the earlier study egg hatching success, larval

time, larval growth rate, pupal mass, and cold stress resistance

were negatively affected by inbreeding, while heat stress resis-

tance, and pupal time remained unaffected. Thus, two of the traits

having been also examined in the earlier study were still neg-

atively influenced by inbreeding (larval growth rate and pupal

mass, though effect size was smaller now), whereas inbreeding

depression was not measurable anymore in cold stress resistance,

larval time, and egg hatching success. Note that egg number

and survival after heat exposure, which were also negatively af-

fected by inbreeding after selection, were not measured in the first

experiment.

Bicyclus anynana, and especially its egg hatching success,

has earlier been found to be extremely susceptible to inbreeding

depression, suggesting that this species carries a large genetic

load (Saccheri et al. 1996; Dierks et al. 2012). This may explain

why inbreeding effects were still measurable after 12 generations

of random mating. Nevertheless, clear fitness rebounds were ob-

served in cold stress resistance, larval time, egg hatching success,

and, to a lesser extent, in growth rate and pupal mass. Saccheri

et al. (1996) also discovered a rapid fitness rebound in the aver-

age egg hatching rate following inbreeding. The trait specificity

of fitness rebounds may suggest a contribution of purging (e.g.,

Frankham et al. 2001; Pedersen et al. 2005; Mikkelsen et al. 2010).

Such effects should be most pronounced in traits closely related

to fitness, which may apply here for instance to egg hatching suc-

cess (Ehiobu et al. 1989; Pedersen et al. 2005). The prolonged
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negative effects of inbreeding on fecundity suggests, in line with

Saccheri et al. (1996), that inbreeding depression is far less severe

for fecundity than for fertility.

SEX DIFFERENCES AND EFFECTS OF FEEDING

REGIME ON LONGEVITY

With one exception (larval growth rate), the sex differences found

in life-history traits are in agreement with earlier findings (Fischer

et al. 2003, 2004, 2010; Dierks et al. 2012). Although larval

growth rate though is typically higher in males than in females, we

found no significant difference here. This most likely reflects an

experimental artifact, as growth rates were measured in a subset

of animals only, including a disproportionally high number of

individuals with a relatively long development (thus, we missed

the fastest males). Regarding stress resistance traits, males showed

a higher CT than females, which is the opposite of the pattern

found prior to selection (Dierks et al. 2012). We assume this to

be a chance effect, as a study on B. anynana, including 22 sex

comparisons in temperature stress resistance, showed a significant

result in only four cases, indicating that both sexes are equally

stress resistant in general (Fischer et al. 2010).

Food stress reduced life span in B. anynana as expected

(Bauerfeind et al. 2009). Females were, in general, the longer

lived sex (with one exception in the cold-stressed, banana-fed

I2 group), as has been demonstrated in B. anynana before

(Bauerfeind et al. 2009). The sex difference became larger when

cold-stressed butterflies were exposed to food stress, but smaller

in unstressed butterflies. We suppose that these differences are a

result of different reproductive and activity patterns of males and

females (see also Brakefield and Reitsma 1991; Bauerfeind and

Fischer 2005; Fischer et al. 2008; Bauerfeind et al. 2009).

Conclusions
Our study shows a clear response to selection on cold stress

resistance, which was smaller in inbred compared to outbred pop-

ulations. Correlated responses to selection were essentially absent.

We believe that our results have large implications for the survival

of small populations in fragmented landscapes, and therefore for

many species inhabiting cultivated landscapes. Small populations

are evidently prone to a loss of genetic diversity through drift

and/or inbreeding, and are at the same time under pressure

through human-induced deterioration of their habitats. Impor-

tantly, we here experimentally demonstrate that increased levels

of inbreeding indeed reduces evolutionary potential, and therefore

the ability to cope with environmental change. In this context,

our findings on long-lasting detrimental effects of relatively mild

and putatively ecologically relevant levels of inbreeding seem

also important, as this will further increase the risk of extinction.
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Abstract 

Artificial selection is a powerful approach to unravel constraints on genetic adaptation. While 

it has been frequently used to reveal genetic trade-offs among different fitness-related traits, 

only a few studies have targeted genetic correlations across developmental stages. Here we 

test whether selection on increased cold tolerance in the adult stage increases cold 

resistance throughout ontogeny in the butterfly Bicyclus anynana. We used lines selected for 

decreased chill-coma recovery time and according controls, which had originally been set up 

from three levels of inbreeding (outbred control, one or two full-sib matings). Four 

generations after having terminated selection, a significant response to selection was found 

in one day-old butterflies (the age at which selection took place). Older adults showed a very 

similar though weaker response. Nevertheless, cold resistance did not increase in either egg, 

larval or pupal stage in the selection lines, but was even lower compared to control lines for 

eggs and young larvae. These findings suggest a cost of increased adult cold tolerance, 

presumably reducing resource availability for offspring provisioning and thereby stress 

tolerance during development, which may substantially affect evolutionary trajectories.  

 

Key words: artificial selection; cold resistance; genetic correlation; inbreeding depression; 

resource allocation; survival rate 
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Introduction 

At least at evolutionary time scales, all organisms are faced with environmental change such 

as e.g. climatic alterations, new diseases or new predators (Frankham & Kingsolver 2004; 

Frankham 2005). Therefore, the ability to respond to such changes is of crucial importance to 

ensure a species’ longer term persistence. This can be either achieved through phenotypic 

plasticity, i.e. quick environmentally-induced adjustments within a set genotype, or through 

genetic adaptation involving changes in allele frequencies (Bijlsma & Loeschcke 2005; David 

et al. 2005; Sørensen et al. 2005). Though phenotypic plasticity allows for maximal flexibility, 

it does not seem to be generally favoured by selection, suggesting that plastic responses 

involve non-trivial costs (DeWitt et al. 1998; Relyea 2002; Pigliucci 2005). In contrast, it has 

been repeatedly suggested that genetic adaptation may come at reduced costs, thus being 

favoured in stable environments (DeWitt et al. 1998; Relyea 2002; Aubret & Shine 2010). 

This notion, however, has been challenged by some recent findings (Meyer & Di Giulio 2003; 

Bourguet et al. 2004).  

Perhaps the most obvious limit to genetic adaptation are negative genetic correlations 

(caused by antagonistic pleiotropy), in which a beneficial genetic change in one trait is linked 

to a detrimental change in another (Stearns 1989; Roff 2002). Over recent decades our 

knowledge on genetic trade-offs has much increased, especially due to the use of artificial 

selection experiments, representing the most straight-forward approach (e.g. Bell & 

Koufopanou 1986; Brakefield 2003; Czesak & Fox 2003; Bubliy & Loeschcke 2005; Bertoli et 

al. 2010 Fischer et al. 2006; Bauerfeind & Fischer 2007). For instance, artificial selection in 

Drosophila melanogaster revealed a strong trade-off between larval development time and 

adult weight (Nunney 1996), and between cold tolerance and starvation resistance 

(Hoffmann et al. 2005). In general, there is agreement that such negative genetic correlations 

among traits related to fitness have the potential to maintain genetic variation within 

populations, and more importantly to bias or constrain evolutionary change (Cheverud 1984; 

Roff 2002).  
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While such genetic trade-offs have been quite frequently measured among different traits 

(see above), hardly any data is available on potential trade-offs across developmental stages 

(but e.g. Tucic 1979; Cheverud et al. 1983; Loeschcke & Krebs 1996). Throughout ontogeny, 

though, selection at any age is expected to result in correlated responses in all other life-

history stages. Such genetic influences may on principle yield (1) consistent effects 

throughout development, (2) divergent patterns across developmental stages, or (3) 

phenotypic effects in one or two consecutive ages only (Cheverud et al. 1983).  

Against this background, we here investigate genetic links between the expression of a 

specific phenotype at different time points in the ontogeny of the butterfly Bicyclus anynana. 

To this end we used lines artificially selected for an ecologically important trait (Kristensen et 

al. 2011), increased cold tolerance in the adult stage and according control lines (Dierks et 

al. 2012a, 2012b). We predict that increased cold tolerance should prevail throughout 

development (i.e. also in the egg, larval, and pupal stage; cf. Tucic 1979). This prediction 

rests on the straight-forward assumption of genetically positively correlated gene expression, 

which should be beneficial throughout ontogeny if cold tolerance is selected for in the adult 

stage. Note in this context that at least some studies indicate that the costs involved in 

thermal adaptation may be minor (Anderson et al. 2005; Bertoli et al. 2010; Dierks et al. 

2012b). On the other hand, thermal sensitivity and tolerance may change during ontogeny, 

as morphology and physiology will undergo fundamental changes (Chen et al. 1987; Block et 

al. 1990; Tsutsayeva & Sevryukova 2001; Jensen et al. 2007). For instance, Krebs and 

Loeschcke (1997) found that pupae of Drosophila buzzatii were most heat-resistant, followed 

by eggs, first- and finally third-instar larvae. Furthermore, using selection for increased heat-

shock resistance in adult and larval Drosophila buzzatii, Loeschcke & Krebs (1996) found no 

evidence for correlated responses across developmental stages.  

The selection lines used here were initially set up from different levels of inbreeding (F = 0.00 

/ 0.25 / 0.375), in order to investigate effects of selection regime and inbreeding on the 

response to selection (Dierks et al. 2012b). Although inbreeding effects are beyond the 
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scope of this paper and although lines went through several generations of outbreeding prior 

to our current experiments, we nevertheless also report the respective results here for 

completeness.  

Material and Methods 

Study organism 

We used the butterfly Bicyclus anynana Butler, 1879 (Lepidoptera, Nymphalidae), a species 

that is distributed in the tropical areas of Southern Africa up to Ethiopia (Larsen 1991), for 

this study. Adults feed on a diversity of fallen and decaying fruits (Larsen 1991; Brakefield 

1997). This species exhibits two seasonal morphs as an adaptation to the wet and dry 

season in its natural environment, and the associated changes in resting background and 

predation (Brakefield 1997; Lyytinen et al. 2004; Bauerfeind & Fischer 2007). Due to its 

amenability to experimental manipulations B. anynana has been used frequently in studies 

on life-history evolution and developmental plasticity before (e.g. Brakefield & Mazzotta 

1995; van Oosterhout et al. 2000; Bauerfeind et al. 2009; Fischer et al. 2010). The origins of 

our laboratory stock population, which has been founded at Greifswald University, Germany, 

in 2007, lead back to a stock population at Leiden University, The Netherlands. The latter 

population has been established in 1988 from over 80 gravid females, collected at Nkatha 

Bay, Malawi. Since then, several hundred individuals are reared in each generation to avoid 

inbreeding and to maintain high levels of heterozygosity (Van’t Hof et al. 2005; Bauerfeind & 

Fischer 2007).  

Inbreeding treatments and selection regime 

To investigate effects of selection in the adult stage throughout development, we used in 

total 12 selection lines, which had been selected for increased cold stress tolerance starting 

from different levels of inbreeding (cf. Dierks et al. 2012a, 2012b; also for further details). 

First, three levels of inbreeding had been established using a full-sib breeding design: 

inbreeding 1 (I1) with individuals resulting from matings between full sibs, inbreeding 2 (I2) 
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resulting from matings between full sibs in two consecutive generations, and outbred controls 

(C) resulting from random mating. To initiate artificial selection, butterflies within inbreeding 

levels were pooled across families (120 each). Per inbreeding level, four groups were set up, 

two for selection on increased cold tolerance, and two as unselected controls , resulting in a 

total of 12 lines (3 inbreeding levels x 4). Per generation and line 40 males and 40 females 

were selected to found the next generation, being either the most cold-tolerant ones or being 

selected at random (Control lines). Selection was applied to chill-coma recovery time, i.e. the 

time needed to regain mobility following cold exposure, on day 1 following adult eclosion. 

This trait is considered a reliable proxy of climatic cold adaptation, and has been used 

successfully in B. anynana before (e.g. Geister & Fischer 2007; Fischer et al. 2010). 

Selection was continued for 10 generations, yielding highly divergent phenotypes with the 

lines selected for increased cold tolerance showing a by 28 % shorter chill-coma recovery 

time compared to unselected controls (Dierks et al. 2012b). Lines had been kept without 

selection under standard rearing conditions (see below) for 4 generations prior to this 

experiment. Several hundred butterflies were reared per line in each generation.  

General rearing 

Unless otherwise stated, butterflies were reared in a climate room at 27°C, high relative 

humidity (70%), and a photoperiod of L12:D12 (24-h light cycle) throughout. Larvae were 

reared in population cages (50 x 50 x 50 cm) and fed on young maize plants. Adults were 

kept in cylindrical hanging cages (30 x 38 cm) and provided with banana and moist cotton 

wool. Cages were arranged in a randomized block design within the climate cabinet in order 

to balance potential slight temperature and humidity variation (Bauerfeind & Fischer 2007; 

Fischer et al. 2010; Dierks et al. 2012a).  

Experimental design 

The effects of (inbreeding and) selection on increased cold tolerance in the adult stage was 

tested in various developmental stages, specifically in (1) eggs (tested one day after 

oviposition), (2) second and fourth instar larvae, (3) one and five day-old pupae, and (4) one 
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(control) and seven day-old adults. As proxies of cold tolerance we used chill-coma recovery 

time for adults, and survival rates for the other developmental stages (see further below). 

Adequate cold stress conditions were selected based on pilot experiments on each 

developmental stage (data not shown), aiming at survival rates of ca. 50 %. Throughout, 

each individual was tested only once. Eggs for the experiments outlined below were 

collected from 100 males and 100 females per line, which were allowed to mate randomly.  

Experiment 1: Egg stage. Two-hundred eggs per line were collected, being randomly 

distributed over 10 replicate petri dishes (20 eggs each) containing moistened filter paper. 

The petri dishes were exposed to -1°C for 90 minutes on the day following oviposition, and 

were afterwards returned to 27°C. Unsuccessful (dead) eggs were counted six days after the 

cold shocks had been performed (note that egg development is ca. 4 days at 27°C). 

Throughout petri dishes containing eggs from the different lines were arranged in a 

randomized block design.  

Experiment 2: Larval stage. For measuring survival rates of larvae, second and fourth instar 

larvae were placed individually in translucent plastic cups (125 ml), and were exposed for 9 

hours to -5°C in a climate cabinet (Sanyo MIR-553). Twenty-four hours after their return to 

27°C, during which larvae had access to a fresh leaf of maize for feeding, surviving larvae 

were counted. 60 second and 50 fourth instar larvae were tested per line. 

Experiment 3: Pupal stage. One or five days after pupation, pupae were individually placed in 

translucent plastic cups (125 ml), and were exposed for 2 hours to -3.5°C in a climate cabinet 

(Sanyo MIR-553). After their return to 27°C, cups were checked daily for eclosed butterflies. 

We scored the number of successfully eclosed individuals. We tested 28-39 male and 31-37 

female one day-old pupae, and 30-48 male and 30-48 female five day-old pupae per line. 

Experiment 4: Adult stage. We used chill-coma recovery time for measuring cold tolerance of 

butterflies. This method produces highly repeatable results, has been used successfully in B. 

anynana before, and is considered a reliable proxy of climatic cold adaptation (e.g. Geister & 
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Fischer 2007; Fischer et al. 2010). Unmated one and seven day-old butterflies were placed 

individually in translucent plastic cups (125 ml) and arranged on a tray in a randomized block 

design (maximum of 72 butterflies per block). We exposed them for 19 hours to 1°C in a 

climate cabinet (Sanyo MIR-553) to induce a chill coma. Afterwards they were transferred to 

a room with a constant temperature of 20°C to determine recovery times. Recovery time was 

defined as the time elapsed between taking the trays out of the 1°C climate cabinet until a 

butterfly was able to stand on its legs (Geister & Fischer 2007; Fischer et al. 2010). 

Observation time was restricted to a maximum of 60 minutes. Butterflies, which did not 

recover within this time span, were given the maximum recovery time of 60 minutes (if still 

alive) or were excluded from further analyses (if dead; typically < 1%). We tested 30-45 

males and 30-40 females per line and treatment. 

Statistical analyses 

Survival rates of eggs, larvae and pupae were analyzed using nominal logistic regressions 

on binary data (dead or alive). Selection regime, inbreeding level, and sex (only for pupae) 

were used as fixed factors, and replicate (nested within selection regime and inbreeding 

level) as random factor. Similar general linear models were applied to test for differences in 

chill-coma recovery time in the adult stage. Significant differences between groups were 

located with the Tukey HSD posthoc test. Throughout, means are given ± 1 SE. All statistical 

tests were performed by using JMP (4.0.0) or Statistica (6.1). 
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Results 

Survival rates 

Selection regime significantly affected survival rates of eggs, and tended to affect survival 

rates of young larvae, but did not influence survival rates of pupae or older larvae (Table 1; 

Fig. 1). Contrary to expectations, though, survival rates after cold exposure of eggs (Control 

lines: 57.3 ± 2.1 % > Cold-tolerant lines: 43.7 ± 2.3 %) and young larvae (Control lines: 58.6 

± 2.0 %; Cold-tolerant lines: 53.9 ± 4.4 %) were higher in the control lines than in the cold-

tolerant lines. Inbreeding level significantly affected survival rates of eggs, young larvae and 

young pupae, but not of old larvae and old pupae. Egg survival rate was highest in the I1 

followed by the I2 and finally the C treatment (I1: 56.9 ± 2.4 %; I2: 53.9 ± 2.8 %; C: 40.8 ± 2.9 

%). Like in eggs, young larvae survival was highest in the I1 followed by the I2 and finally the 

C treatment (I1: 59.6 ± 2.8%; I2: 57.5 ± 2.6%; C: 51.7 ± 6.3%). Pupal survival was also 

highest in the I1, followed by the C and finally the I2 treatment (I1: 76.0 ± 4.4 %; C: 71.0 ± 3.0 

%; I2: 59.4 ± 4.5 %). Variation between replicate lines was significant in eggs, 2nd instar 

larvae, 4th instar larvae and five day-old pupae. The significant interaction between selection 

regime and inbreeding level for 4th instar larvae reflects that negative effects of selection 

were confined to the I1 and I2 treatments, while an opposite pattern was found in the outbred 

controls (Fig. 1c). Additionally, a significant interaction between inbreeding level and sex for 

one day-old pupae indicates that survival rates of males compared to females were higher in 

the I1 and I2, but lower in C treatment (I1: 82.6 % > 68.9 %; I2: 63.4 % > 55.3 %; C: 67.9 % < 

74.2 %).  
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Table 1: Nominal logistic regressions for the effects of selection regime and inbreeding level 

on survival rates after cold exposure in Bicyclus anynana. Throughout, replicate line (random 

factor) was nested within selection regime and inbreeding level. Sex was added as factor in 

the analyses of pupal survival rates only (note that sex determination of eggs and larvae was 

not possible). Significant P-values are given in bold. 

Developmental stage Factor df Chi² P 

Eggs Selection regime 1 26.35 <0.0001 

 

Inbreeding level 2 41.36 <0.0001 

 

Replicate [Sel., Inbr.] 6 12.84 0.0457 

  Sel. x Inbr. 2 5.47 0.0649 

Larvae (2nd instar) Selection regime 1 3.65 0.0561 

 

Inbreeding level 2 9.91 0.0070 

 

Replicate [Sel., Inbr.] 6 12.70 0.0481 

  Sel. x Inbr. 2 3.89 0.1429 

Larvae (4th instar) Selection regime 1 1.88 0.1705 

 

Inbreeding level 2 0.58 0.7502 

 

Replicate [Sel., Inbr.] 6 15.91 0.0142 

  Sel. x Inbr. 2 10.23 0.0060 

Pupae (day 1) Selection regime 1 0.01 0.9452 

 

Inbreeding level 2 7.68 0.0215 

 

Sex 1 3.21 0.0734 

 

Replicate [Sel., Inbr.] 6 11.84 0.0656 

 

Sel. x Inbr. 2 4.47 0.1077 

 

Sel. x Sex 1 0.00 0.9820 

 

Inbr. x Sex 2 8.61 0.0135 

  Sel. x Inbr. x Sex 2 2.08 0.3534 

Pupae (day 5) Selection regime 1 0.14 0.7122 

 

Inbreeding level 2 4.68 0.0963 

 

Sex 1 0.37 0.5419 

 

Replicate [Sel., Inbr.] 6 24.59 0.0004 

 

Sel. x Inbr. 2 2.46 0.2930 

 

Sel. x Sex 1 0.22 0.6414 

 

Inbr. x Sex 2 3.73 0.1553 

 

Sel. x Inbr. x Sex 2 2.71 0.2580 
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Fig. 1: Survival rates of eggs (a), 2nd instar larvae (b), 4th instar larvae (c), one day-old pupae 

(d), and five day-old pupae (e) in Bicyclus anynana in relation to inbreeding level (C: outbred 

control; I1: one full-sib mating; I2: two full-sib matings) and selection regime (CT: lines 

selected for increased cold tolerance; UC: unselected control lines). 
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Chill-coma recovery time 

After 4 generations without selection, chill-coma recovery time was significantly shorter in 

one day-old cold-tolerant than in one day-old control butterflies (by 15.7 %; 1152 ± 24 s < 

1366 ± 25 s; Table 2). Despite similar effect size (recovery time by 15.0 % shorter in cold-

tolerant lines than in control lines), there was no significant effect of selection regime in 

seven day-old butterflies (1864 ± 42 s = 2191 ± 40 s, note the increase in SEs; Fig. 2). The 

latter pattern is at least partly caused by males, in which cold-tolerant and control individuals 

had similar recovery times (Cold-tolerant lines 1857 ± 65.1 s = Control lines 2042 ± 51.3 s), 

whilst the difference was still significant in females (Cold-tolerant lines 1870 ± 55.0 s < 

Control lines 2336 ± 58.6 s; Tukey HSD after ANOVA; significant selection regime by sex 

interaction). For one day-old butterflies, the significant inbreeding treatment by sex 

interaction indicates that recovery times tended to decrease with increasing inbreeding level 

in males, but to increase in females (males: C: 1291 ± 44.5 s, I1: 1251 ± 48.2 s, I2: 1181 ± 

46.6 s; females: C: 1161 ± 46.3 s, I1: 1209 ± 49.5 s, I2: 1308 ± 48.9 s).  

  

 

Fig. 2: Means (+ 1 SE) for chill-coma recovery time (CCRT) in one (a) and seven day-old (b) 

Bicyclus anynana butterflies in relation to inbreeding level (C: outbred control; I1: one full-sib 

mating; I2: two full-sib matings) and selection regime.  
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Table 2: Nested analyses of variance for the effects of selection regime (fixed), inbreeding 

level (fixed), sex (fixed), and replicate line (random) on cold stress resistance in one and 

seven day-old Bicyclus anynana butterflies. Throughout, replicate line was nested within 

selection regime and inbreeding level. Significant P-values are given in bold. 

Age Factor MS df F P 

One day-old Selection regime 
49354.4 

1,6 20.55 0.0037 

 

Inbreeding level 319.5 2,6 0.13 0.8780 

 

Replicate [Sel., Inbr.] 2418.9 6,889 1.52 0.1688 

 

Sex 323.9 1,889 0.20 0.6522 

 

Sel. x Inbr. 1694.6 2,6 0.71 0.5301 

 

Sel. x Sex 108.6 1,889 0.07 0.7941 

 

Inbr. x Sex 9231.8 2,889 5.80 0.0032 

 

Sel. x Inbr. x Sex  683.2 2,889 0.43 0.6513 

  Error 1593.0 889     

Seven day-old Selection regime 5401.3 1,6 2.50 0.1648 

 

Inbreeding level 1043.5 2,6 0.48 0.6391 

 

Replicate [Sel., Inbr.] 2161.6 6,753 1.59 0.1459 

 

Sex 1339.5 1,753 0.99 0.3206 

 

Sel. x Inbr. 89.7 2,6 0.04 0.9596 

 

Sel. x Sex 9066.4 1,753 6.69 0.0099 

 

Inbr. x Sex 2783.6 2,753 2.05 0.1291 

 

Sel. x Inbr. x Sex  541.2 2,753 0.40 0.6710 

 

Error 1356.0 753 

  

 

Discussion 

Response to selection on increased cold tolerance in the adult stage 

In line with studies using Drosophila (e.g. Anderson et al. 2005; Mori & Kimura 2008; Bertoli 

et al. 2010; Udaka et al. 2010), artificial selection on increased cold tolerance yielded a 

significant response in B. anynana (Dierks et al. 2012b). When measured directly after the 

course of selection, however, chill-coma recovery time was by 28.9% shorter in the selection 

as compared to the control lines (Dierks et al. 2012b), while the difference was only 15.7% in 
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the current study undertaken four generations later (as measured in one day-old butterflies, 

the age at which selection was carried out). This rather rapid convergence towards control 

line levels indicates that the selected genes and alleles had not yet become fixed in the 

selection lines, and furthermore (for obvious reasons) a lack of a selective pressure 

maintaining increased cold tolerance under laboratory conditions. Perhaps, there was even 

selection against increased cold tolerance, which would be expected if significant costs were 

involved (Marshall & Sinclair 2010; Duncan et al. 2011; Stoks & De Block 2011). However, a 

previous study could not detect any such costs in an array of traits (Dierks et al. 2012b).  

In seven as compared to one day-old butterflies, a similar pattern was observed (by 15.0% 

faster recovery in the selection lines), though the difference between selection and control 

lines was here significant in females only. The lack of a significant main effect of selection 

regime thus seems to be caused by a differential response across the sexes in combination 

with an increase in variance and the low statistical power of ANOVAs involving random 

factors (Charmantier et al. 2006; Descamps et al. 2008). Note in this context the striking 

effect of age, with chill-coma recovery time being 61% longer in seven day-old than in one 

day-old butterflies. As individual performance is expected to decrease with age because of 

senescence, i.e. a decline in physiological functions (Descamps et al. 2008), this effect was 

expected. Under laboratory conditions, B. anynana typically lives and reproduces for 3-4 

weeks (Ferkau and Fischer 2006, Fischer 2007), but survival in the field can be expected to 

be much shorter, averaging at around 10 days in many butterfly species (Brakefield and 

Reitsma 1991; Fischer and Fiedler 2001). Therefore, a difference in 6 days is considered to 

be ecologically highly relevant. Previous studies on effects of age on chill coma recovery 

times though yielded contradictory results, thus challenging the notion of a linear correlation 

between age and cold tolerance (Fischer et al. 2010; Lalouette et al. 2010). In summary, 

artificial selection applied in the adult stage clearly increased cold tolerance in this stage. 

However, does this also confer increased cold tolerance in other developmental stages?  
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Effects on cold tolerance during development 

In our study, we found no evidence for increased cold tolerance in either the egg, larval or 

pupal stage as a consequence of selection on shorter chill-coma recovery time in the adult 

stage. Note that we have necessarily measured different traits, namely cold stress survival 

during egg, larval, and pupal development, and chill-coma recovery time in the adult stage. 

However, both traits are clearly related, for which there is direct evidence in B. anynana 

(Fischer et al. 2010). While positive effects were thus lacking throughout, increased cold 

tolerance in the adult stage was even associated with reduced cold stress survival for eggs, 

with according tendencies being found in young larvae (except in the I2 treatment), and 

furthermore in all other developmental stages investigated (though not in all groups). 

Similarly, Watson & Hoffmann (1996) found a negative effect of selection for increased cold 

tolerance in Drosophila, with selected lines having a lower fecundity compared to control 

lines. In our study, increased cold tolerance in the adult stage seems to come at a cost in 

terms of a reduced cold tolerance during development.  

In another study using Drosophila, in contrast, positive correlated responses to selection on 

increased cold tolerance were found, with an increase in cold tolerance across 

developmental stages after 52 generations of selection (Tucic 1979). Note though that in this 

study selection was applied to all stages (eggs, larvae, pupae, adults) using pre-defined 

survival rates. Effects were strongest in the adult stage and moreover more pronounced in 

the stages closer to the ones in which selection took place (Tucic 1979). Against this 

background our results seem counter-intuitive, which might be caused by: (1) the 

involvement of different mechanisms in cold stress survival versus chill-coma recovery time, 

although both traits are related (Anderson et al. 2005; Hoffmann et al. 2002; Fischer et al. 

2010); (2) the involvement of different mechanisms facilitating cold tolerance in the adult 

stage and during development (note that Gilchrist et al. 1997 revealed clear effects of 

thermal experimental evolution in the adult but not in the egg stage); (3) the presence of 
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resource-allocation trade-offs with an enhanced investment into adult cold tolerance leaving 

less resources available for offspring provisioning.  

Distinguishing between these possibilities will be an important task for future research. 

However, based on the (at least partly) negative effects of increased adult cold tolerance on 

offspring performance during development, being most pronounced in early developmental 

stages, we favor for the time being a resource-based explanation. A wealth of studies 

indicates that allocation trade-offs, with energy-demanding functions competing for limited 

energy resources, play an important role in life-history evolution (Stearns 1989, 1992; Roff 

2002, 2007; Roff & Fairbairn 2007). Consequently, resources allocated to increased cold 

tolerance in the adult stage may not be available anymore for offspring provisioning, which 

may in turn diminish subsequent offspring performance. Such effects should be most 

pronounced in early developmental stages, which is indeed the case here.  

Effects of inbreeding 

As mentioned above, results on inbreeding are included here because of the initial set up of 

the selection experiment, which had included effects of inbreeding on the response to 

selection (Dierks et al. 2012b). After 14 generations of random mating, we found significant 

differences between inbreeding groups in the survival rates of eggs, 2nd instar larvae and one 

day-old pupae. While in pupae survival rates were significantly lower in the I2 compared to 

the other treatments, egg and 2nd instar larvae survival was lower in the control compared to 

the inbred groups. Whether these differences reflect effects of initial inbreeding though is 

questionable, given the rather long period of random mating which should on principle set off 

any inbreeding effects (see also Phillips et al. 2001). Therefore, it seems more likely that the 

above differences result from random genetic drift within lines.  

Note in this context that inbreeding yielded pronounced negative effects on e.g. egg hatching 

success immediately after full-sib matings (Dierks et al. 2012a), but that such effects were 

not detectable anymore after the course of selection (Dierks et al. 2012b). Additionally non-
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additive effects may play a major role in inbreeding depression of B. anynana (Dierks et al. 

2012b).  

Conclusions 

Our study shows that, despite a significant response to selection on increased cold tolerance 

in the adult stage, there was no correlated positive response in other developmental stages. 

In contrast, increased adult cold tolerance tended to decrease cold tolerance during 

development, especially so during early development. This finding suggests a cost of 

increased adult cold tolerance, presumably reducing resource availability for offspring 

provisioning and stress tolerance in other developmental stages. Our results thus highlight 

that increased performance in a specific trait may not only be traded off against other energy-

demanding functions, but also against performance throughout ontogeny, which may 

substantially affect optimal responses to selection pressures (Marshall & Sinclair 2011; Stoks 

& De Block 2011).  
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