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ABSTRACT 

 Adaptive phenotypic plasticity is a key mechanism by which organisms deal with 

variation in many different aspects of their environment. Adaptive plasticity can occur in 

any trait, from aspects of biochemistry and morphology to behaviors. Because so many 

different traits can be plastic, organisms often respond plastically to a given change in 

their environment, such as an increase in temperature, with adaptive changes in multiple 

traits. Nevertheless, how these different plastic responses interact with each other and 

evolve together has received little attention. My research addresses these potential 

interactions among plastic traits and proposes new hypotheses regarding the causes and 

consequences of these interactions. It does so by focusing on heat avoidance in the 

caterpillars of Battus philenor (the pipevine swallowtail) which involves two distinct 

plastic mechanisms. First, the caterpillars can change color when they molt, a form of 

morphological plasticity in which they develop a red color under high temperatures 

which cools them by absorbing less solar radiation. Second, when the caterpillars become 

too hot, they will leave their host to seek cooler thermal refuges, a case of behavior as a 

form of plasticity. In terms of function, I demonstrated through field research that these 

two responses to high temperatures are largely redundant. Behavior provides a much 

stronger and faster response than color change, and red coloration provides little 

additional cooling when on a refuge. Instead, the primary benefit of color change is that it 

reduces the use of refuge seeking behavior, allowing the caterpillars to stay on their hosts 

longer. Using laboratory experiments, I demonstrated that this change in the use of 

refuge-seeking behavior with color occurs because color changes the cue for the 
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behavior, body temperature, rather having any effect on how the caterpillar responds to 

that cue. Alternatively, similar experiments on caterpillars of varying sizes show that 

developmental size change lowers the body temperature at which caterpillars leave their 

host, demonstrating a change in the response to the cue (although larger caterpillars are 

also warmer, so both mechanisms are likely relevant for how size changes the expression 

of behavior). All of my research to this point was conducted on the local population in 

southern Arizona, which experiences quite high temperatures, but B. philenor is also 

found in much cooler environments, such as the Appalachian Mountains. Given this 

variation in their thermal environment, I used common garden experiments to compare 

the capacity for color change and refuge-seeking among B. philenor caterpillars from 

across the species range. Both color change and refuge seeking not only occurred in all 

populations, but also had the same reaction norms, occurring at the same temperatures 

and to the same degree. This is particularly notable for color change, which is not 

observed in the wild in northeastern populations, and thus has persisted despite minimal 

if any use. Overall, I have shown that studies of plasticity need to account for plasticity in 

different traits as well as the interactions between these forms of plasticity. My research 

on B. philenor provides a model for how to address these interactions, which future 

research can extend to additional organisms and environmental circumstances.
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INTRODUCTION 

 The environment of all organisms changes constantly over time and space, and in 

myriad ways.  One important means by which organisms cope with variation in their 

environment is adaptive phenotypic plasticity. Phenotypic plasticity is when a single 

genotype exhibits different phenotypes in different environments (Stearns 1989, 

Ghalambor et al. 2007), and I will consider a trait’s plasticity adaptive if the plastic 

phenotypes produced in different environments have higher fitness in their inducing 

environment than phenotypes produced in other environments have in that environment, 

resulting in increased fitness averaged across environments (Dudley 2004). Examples of 

adaptive plasticity can be found across the full diversity of life in traits of all kinds, such 

as Daphnia water fleas growing a spine or helmet in the presence of predators (Black and 

Dodson 1990), plants developing elongated stems when growing in high densities 

(Dudley 2004), or bacteria producing various amino acids only when they are not 

available in the local environment (Callahan et al. 2008). 

 Although individual plastic traits have usually been studied in isolation, 

organisms frequently respond to a change in their environment with plastic changes in 

multiple traits (Schlichting 1989a, Boersma et al. 1998, Relyea 2004, Foster et al. 2015). 

As an example, tadpoles of Hyla chrysocelis (gray treefrog) can respond to the presence 

of predators with plastic changes in their morphology, particularly the shape of their tail, 

but also by changing their behavior, reducing their overall level of activity (McCollum 

and Van Buskirk 1996, Van Buskirk and McCollum 2000). The presence of multiple 

plastic responses to an environmental change raises important questions, such as why the 
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organism changes multiple traits (instead of making a stronger change in one trait) and 

how those responses affect the expression of the other traits. 

 Previously, phenotypic integration has provided the primary lens through which 

to consider plasticity in multiple traits. Phenotypic integration occurs simply when the 

states of different traits are correlated, regardless of the underlying cause (Pigliucci 

2003). As plasticity is itself a trait, plasticity in different traits can be integrated if the 

responses of those traits to the environment are correlated (Schlichting 1989a). At the 

same time, whether two traits are phenotypically integrated can be considered plastic if 

their correlation depends on the environment (Schlichting 1989a). The majority of work 

on plasticity in multiple traits has taken this integration approach, concentrating on 

measuring the correlation among different traits in different environments (e.g. 

Schlichting 1989b, Relyea 2004, Gianoli and Palacio-López 2009). 

 While combining the study of phenotypic integration and phenotypic plasticity 

has proven valuable in evaluating the general statistical relationships among the 

expression of different traits, these studies have a fundamental constraint: phenotypic 

integration only assesses the correlation among traits. As such, phenotypic integration 

cannot by itself answer causal questions about the relationships among traits. I take an 

alternative approach in my dissertation, using the environmental dependence of plastic 

traits to manipulate their expression and thus design experiments which allow the 

inference of causation both in terms of how one trait affects the expression of another and 

how multiple traits jointly affect the organism’s performance. 
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Multiple mechanisms of thermoregulation in Battus philenor caterpillars 

 Although multiple plastic changes can occur in response to any aspect of the 

environment, temperature and thermoregulation provide an ideal context for addressing 

the interactions among these varied responses. Temperature constitutes a critical aspect of 

any organism’s environment, affecting processes ranging from biochemistry to life 

history, yet it varies on many different temporal and spatial scales, from across years to 

within days and from across continents to within centimeters (Kingsolver 2009). This 

variability favors plasticity in responses to temperature, and many thermoregulatory 

traits, including aspects of morphology, physiology, and behavior, show plasticity 

(Stevenson 1985, Kingsolver and Huey 1998). The interconnectedness among these traits 

is implicitly acknowledged by ideas such as operative temperature—a measurement 

which summarizes the effective temperature of an environment for an organism but also 

depends on multiple aspects of the organism’s morphology, such as shape and color, and 

can be readily influenced by behavior (Bakken et al. 1985, Bakken 1992). Despite this 

implicit acknowledgement of how temperature depends on interactions among multiple 

traits, these interactions have received little direct empirical investigation. 

 The caterpillars of the pipevine swallowtail butterfly, Battus philenor (Linnaeus), 

provide an ideal opportunity to investigate the interactions among multiple plastic traits. 

In the deserts and arid grasslands of the southwestern United States, B. philenor’s hosts, 

for example Aristolochia watsonii, grow close to the ground, exposing B. philenor 

caterpillars to especially high temperatures during the summer. The caterpillars mitigate 

this extreme heat using two distinct forms of plasticity: color change and thermal refuge-

seeking behavior. Regarding color change, the caterpillars develop red body coloration 
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when raised above ~36°C and black coloration at lower temperatures (Nice and Fordyce 

2006). The red caterpillars warm more slowly and remain cooler than black caterpillars 

because they reflect more solar radiation (Nice and Fordyce 2006). Both color forms also 

function aposematically to warn predators of the aristolochic acid the caterpillars 

sequester from their hosts (Sime et al. 2000). Regarding thermal refuge seeking, when 

caterpillars get too hot, they will leave their host plants and climb to a cooler location 

higher up on non-host vegetation (Nice and Fordyce 2006; Nielsen and Papaj 2015).  

 These two forms of plasticity differ in multiple key ways that may shape their 

interactions. While refuge-seeking behavior provides a near immediate response to high 

temperatures, occurring over the course of a few minutes, color change is much slower. 

Color change can only occur when the caterpillar molts, which can be as frequent as once 

per day under ideal conditions in the lab, but is typically slower in the wild (Nielsen pers. 

obs.). Despite being slower, color change might be less costly than refuge-seeking. 

Refuge seeking has a clear cost in that it requires the caterpillar to leave its host, 

preventing it from eating.  Within hours, starvation of caterpillars will slow their growth 

leading to prolonged development or decreased adult size, and ultimately death after 

multiple days (Stockhoff 1998, Tammaru et al 2004). For B. philenor caterpillars, leaving 

the host carries the additional risk of not relocating a host afterward, particularly early in 

development (Rausher 1979). Color change may have its own costs because the melanin 

used to produce dark pigmentation in insects is often also used in the immune system, 

leading to associations between color and immune function in insects (Strand and Pech 

1995, Wilson et al. 2001, Armitage and Siva-Jothy 2005, Cotter et al. 2008). 

Nevertheless, B. philenor has few if any larval parasitoids, with most parasitoids of the 
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species attacking its pupae (Sime 2000), whose color is unassociated with that of the 

larvae. The tenuous costs of color change combined with the inability to remain off the 

host indefinitely suggest that color change is less costly than thermal refuge seeking in 

the long term. 

 Both the differing rates of color change and refuge-seeking behavior and the fact 

that refuge-seeking requires an available refuge can be used to independently manipulate 

these two plastic traits and devise experiments which directly test their interactions. 

Given our strong theoretical understanding of temperature, we can also use artificial 

optimal temperature models to assess the impact of features such as color and position on 

the equilibrium temperatures of small organisms, such as caterpillars (Bakken et al 1985, 

Bakken 1992). I have combined these approaches in field and lab experiments to 

investigate the causal interactions among color change, thermal refuge seeking, and 

developmental size change, both in terms of how these traits jointly determine the 

caterpillar’s temperature and how one plastic trait can change another’s expression. I 

have also taken advantage of the wide range of thermal environments inhabited by B. 

philenor across its range to test for local adaptation of color change and refuge-seeking 

behavior, particularly in cooler regions where color change is not observed. 
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PRESENT STUDY 

 Here I briefly summarize the five chapters of my dissertation and explain how 

each fits into the overall whole. The appendices following this section provide the full 

introduction, methods, results, and conclusions for each study. I was the sole author of 

the fifth chapter, and for all others I was the primary author and contributor. 

 

Appendix A: 

 Separately, adaptive phenotypic plasticity and adaptation in multiple traits have 

received considerable attention; however, their intersection has received much less 

consideration. When plasticity in multiple traits has been considered, it has usually been 

from the perspective of correlations among the plastic responses in different traits, rather 

than experimental tests of their causal relationships and functional consequences. In this 

conceptual chapter, I provide a background on phenotypic integration of plasticity, the 

traditional, correlative approach to considering plasticity in multiple traits. I then go on to 

discuss how experimentally testing interactions between adaptive plastic responses in 

different traits can change how we think about the proximate causes and ultimate 

consequences of plasticity. I propose specific hypotheses regarding these questions, 

explain how to test them, and provide examples as available from both my own research 

and the literature. Overall, this provides a conceptual background for the rest of my 

dissertation, particularly Appendices B and C which seek to test the hypotheses outlined. 
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Appendix B: 

 One of the main questions which can be asked when an organism has multiple 

plastic responses to an environmental change is “How do the plastic traits affect each 

other’s function?” Using the answer to that question, we can gain a better understanding 

of why the organism has multiple responses, rather than just a single, stronger response. 

An organism may have multiple plastic responses because they work better when 

expressed simultaneously (synergy) or because they each provide a more effective 

response to different environmental conditions (complementarity), such as different 

durations of environmental change. I tested these hypotheses for Battus philenor 

caterpillars using field experiments with both live caterpillars and aluminum operative 

temperature models of those caterpillars. The models were painted to match red or black 

caterpillars and placed in positions which reflected either a caterpillar on a host plant or 

refuge. With these models, I demonstrated that behavior should have a much larger effect 

on caterpillar temperature than color. Further, while being red did cool models in a host 

position, color’s effect was greatly reduced in a cooler refuge position. By placing live 

caterpillars of both colors in field enclosures either with or without refuges, I showed that 

refuge-seeking alone was enough to ensure survival at almost all times of year, but red 

coloration could increase survival when refuges were unavailable. This experiment also 

demonstrated that red coloration reduced the amount of time spent off the host and on a 

refuge. These results indicate that color change and refuge seeking behavior in B. 

philenor caterpillars are complementary instead of synergistic: thermoregulatory behavior 

provides a strong, rapid response to short term temperature changes (e.g. daily 

temperature cycles), while color change provides a slower response to longer term 
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temperature change (e.g. seasonal temperature changes) that allows caterpillars to reduce 

the use of thermal refuge-seeking and thus the time spent off their host (a major cost of 

refuge seeking behavior). 

 

Appendix C: 

 The reduced use of refuge-seeking behavior by red Battus philenor caterpillars 

found in Appendix B represents an interaction among plastic traits in which a change in 

one trait changes the expression of a second. Two different mechanisms could create this 

effect: the change in the first trait could change the cue for the second (either by directly 

changing the cue, or by changing some other aspect of the environment that determines to 

the cue), or the change in the first trait could change how the second trait responds to the 

cue (as represented by its reaction norm). To determine which of these mechanisms 

created the effect of color on behavior in B. philenor, we conducted a series of 

experiments where we heated caterpillars in the lab and tested whether color affected 

their behavioral response to this warming. While red caterpillars did seek thermal refuges 

later under radiant heat (a halogen lamp), this affect disappeared when caterpillars were 

heated by conduction instead (a hot plate). Regardless of treatment, body coloration did 

not change the body temperature at which caterpillars started seeking a thermal refuge. 

The requirement of radiant heat for color to affect behavior indicates that color is 

changing the cue for refuge-seeking behavior (body temperature) because absorption of 

visible and near infrared radiation is the mechanism by which color changes body 

temperature. On the other hand, that both colors of caterpillars seek thermal refuges at the 

same body temperature indicates that color does not change how caterpillars respond 
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behaviorally to that cue. The conclusion that the response to the cue for thermoregulatory 

behavior is independent of color is further reinforced by additional experiments showing 

that body color does not change the effect of ambient temperature on a caterpillar’s 

metabolism. 

 

Appendix D: 

 While most of my dissertation has focused on how color affects temperature in 

Battus philenor, body size is another important and highly variable aspect of the 

phenotype which also affects temperature. Body size inherently increases during 

development, and while Appendix C showed that body coloration affects heat-avoidance 

behavior by changing the value of its cue, the same would not necessarily be true for 

developmental changes in body size. As such, I investigated how body size affected body 

temperature and how size interacted with both the function and expression of refuge-

seeking behavior. First, I considered data previously collected by my advisor on wild 

caterpillars to show that larger caterpillars were warmer, and confirmed this pattern with 

aluminum operative temperature models which I designed. A refuge-seeking position 

also cooled the larger models more than smaller ones. Finally, using experiments similar 

to those in Appendix C, I demonstrated that, unlike color, size does change the body 

temperature at which caterpillars begin seeking a thermal refuge (specifically, larger 

caterpillars do so at lower temperatures). Thus, this study also provides an example of a 

case where one aspect of the phenotype changes how another aspect of the phenotype 

responds to the cue that it receives. 
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Appendix E: 

 All of the research in the previous appendices was conducted in southern Arizona 

on the local population of Battus philenor, where the species uses a small host plant 

(Aristolochia watsonii) in an environment than can become extremely hot. Nevertheless, 

B. philenor also inhabits much cooler environments, such as the forests of Appalachian 

Mountains, where it can use much larger hosts (e.g. Aristolochia macrophylla). On these 

larger host plants, the need to leave the host for behavioral thermoregulation should be 

greatly reduced, while the cooler, shadier environments should likewise reduce the need 

for color change. Indeed, only black caterpillars have been observed in most of the 

species range. As such, I investigated whether refuge-seeking behavior and color 

plasticity had been retained in these other populations, and if they were, if their reaction 

norms showed any local adaptation. Despite the disuse of color change, I found that it 

persisted across the species range and its reaction norm remained nearly identical in 

northern populations as well. The temperature at which thermal refuge seeking began 

likewise remained unchanged across populations. These results in particular reinforce the 

idea developed in Appendix B that color change may be an inexpensive form of 

plasticity, facilitating its evolutionary maintenance in regions where it does not appear to 

be used. 
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APPENDIX A 

Proximate and ultimate interactions among adaptively plastic traits 

Matthew E. Nielsen and Daniel R. Papaj 

 

Abstract 

 Organisms can often respond to environmental changes via adaptive phenotypic 

plasticity in multiple traits. Historically, relationships among different plastic traits have 

usually been studied using a phenotypic integration approach: measuring the correlations 

among traits and how that correlation depends on the environment. Because of its 

reliance on correlation, however, phenotypic integration cannot establish causal 

relationships among plastic traits. We propose an alternative approach: using the ability 

to experimentally manipulate plastic phenotypes to infer causal relationships among 

different traits’ plasticity. We discuss how to apply this manipulative experimental 

approach to test to new hypotheses regarding the proximate and ultimate relationships 

among plastic traits, providing examples from our own research and other studies as 

available. Ultimately, this approach shows that we cannot assume independence of cause 

or consequence between plastic responses in different traits, and that we must consider 

multiple responses together to fully understand plasticity across the entire organism. 

While further study will be needed to fully understand the diversity and implications of 

these interactions, we also suggest some likely consequences of considering the 

interactions of different plastic traits for the evolution and ecology of plasticity. 
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Introduction 

 The habitat of any organism varies in both space and time. Phenotypic plasticity, 

when a single genotype expresses different phenotypes in different environments, is a key 

way that organisms respond to this variation (DeWitt and Scheiner 2004, Ghalambor et 

al. 2007). Phenotypic plasticity is not necessarily adaptive—it may be non-adaptive or 

maladaptive (Stearns 1989a, Ghalambor et al. 2007)—but here we focus on the adaptive 

case, which occurs when the phenotype produced in each environment results in higher 

fitness in that environment than the phenotypes produced in other environments (Dudley 

2004). Adaptive plasticity can occur in essentially any trait, from changes in gene 

expression and biochemistry to physiology and morphology to behavior and life history 

(Stearns 1989a, Foster et al. 2015). As such, the consequences of plasticity for both 

ecology and evolution have received considerable attention and discussion in recent 

decades (e.g. Stearns 1989a, Miner et al. 2005, Ghalambor et al. 2007). 

  Throughout all this, individual plastic traits have usually been studied in isolation, 

yet organisms frequently respond to a change in their environment with adaptive plastic 

changes in multiple traits (Schlichting 1989a, Relyea 2004, Foster et al. 2015). Many of 

the best studied cases of multiple adaptive plastic responses come from the study of 

induced defenses to predators in aquatic animals (Relyea 2004, Kishida et al. 2010). As a 

specific example, snails in the genus Physa can respond adaptively to the presence of 

predators by changing their behavior (hiding and reducing their overall level of activity; 

Turner 1996), changing their morphology (developing differently shaped shells to defend 

from different predators; DeWitt 1998), or in some cases changing their life history 

strategy (delaying reproduction so they grow faster and become too large to be easily 
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eaten; Crowl and Covich 1990). Many semi-aquatic plants display heterophylly, where 

their leaves above and below water are shaped differently, but they also change other 

characteristics of underwater leaves, such as reducing cuticle thickness and the density of 

stomata (Wells and Pigliucci 2000). The different plastic responses may or may not be 

made at the same time, but if they address the same function, such as avoiding predators, 

finding food, or regulating temperature, they will be likely to influence each other in a 

variety of ways. As such, to fully understand the causes and consequences of these plastic 

traits, we must consider how they affect each other, both in terms of the mechanisms 

producing each response and their ecological functions. By addressing these impacts of 

having multiple plastic traits, we will be able to better understand plasticity’s role in 

ecology and evolution as a whole. 

 

The study of multiple traits: phenotypic integration 

 To better understand why and how multiple traits change, it will help to first 

consider our understanding of multiple traits in a single environment. Phenotypic 

integration has been the primary approach used to study the relationships among traits. It 

describes the co-expression of traits; specifically, two traits are considered to be 

phenotypically integrated when their values are correlated with each other (Pigliucci 

2003). The idea of phenotypic integration has its origins in the study of morphology 

(Olson and Miller 1958, Cheverud 1996); however, it can be applied to traits of any kind. 

For example, behavioral syndromes, a major topic in contemporary behavioral ecology, 

emphasizes correlations among different behaviors in different contexts (Sih et al. 2004), 

essentially the phenotypic integration of behavior. 
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 Historically, the integration and plasticity of traits were often placed at odds with 

each other (Schlichting 1989a). Integration should constrain plasticity because the more 

closely connected a trait’s expression is to other traits, the harder it would be for that trait 

to change in response to the environment, particularly in an adaptive way (Gianoli and 

Palacio-López 2009). On the other hand, plasticity should constrain integration because 

plastic variation may obscure other sources of phenotypic variation, and correlations 

between traits should be reduced if the traits respond differently to the environment 

(Stearns 1989a). Some empirical evidence exists for this negative correlation between 

integration and plasticity (Gianoli and Palacio-López 2009); however, even if plasticity 

and integration often oppose each other, they can still occur among the same traits and 

can interact conceptually in two major ways. First, there is the plasticity of integration: in 

other words, the correlation between two traits may depend on the environment 

(Schlichting 1989a). While plasticity can interfere with and decrease integration under 

some conditions, traits can instead become more integrated under other conditions. 

Regardless of direction, the key point is that phenotypic integration can itself depend on 

the environment. Second, there is the integration of plasticity: in other words, the degree 

of plasticity of more than one trait may itself be correlated (Schlichting 1989a). 

Integration of plasticity is a logical consequence of the fact that plasticity is a trait in and 

of itself and implies that the capacities of different traits to respond to an environmental 

change may be inter-related. 

 The phenotypic integration approach has dominated research on how plasticity in 

different traits might interact, concentrating on measuring the correlation among different 

traits in different environments (e.g. Schlichting 1989b, Waitt and Levin 1993, Nicotra et 
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al. 1997, Boersma et al. 1998, Callahan and Waller 2000, Relyea 2001, Pigliucci and 

Hayden 2001, Pigliucci and Kolodynska 2002, Hoverman et al. 2005, Chun et al. 2007, 

Sánchez et al. 2007, Gianoli and Palacio-López 2009, Husby et al. 2010, Montague et al. 

2013). Phenotypic integration, however, only considers correlation, a major limitation to 

these studies. Correlation is not causation, which requires manipulative experiments to 

establish. Although the environment in these studies is often experimentally manipulated, 

the traits themselves are not, leaving these studies agnostic to the actual cause of co-

expression between traits, outside of a shared environment. The reliance on correlation 

also prevents these studies from answering questions about causal relationships among 

plastic traits, both proximate (do plastic traits change each other’s expression, and if so, 

how?) and ultimate (why have plasticity in multiple traits?). 

 Potential causes of correlation between non-plastic traits have been identified at 

multiple scales for the specific case of morphological integration (Cheverud 1996), and 

they can provide some insights into the potential interactions among plastic traits as well. 

The proposed proximate causes for integration are genetic integration, essentially genetic 

covariation, and developmental integration, interactions among the developmental 

processes producing the traits, including shared environmental influences (Cheverud 

1996). While genetic covariance certainly can exist between plastic traits, it is explicitly 

non-plastic and thus cannot provide a way for plastic traits to influence each other. In 

contrast, developmental integration implies that the mechanisms producing a plastic 

change are shared or otherwise interact, allowing a change in one trait to affect the other. 

The proposed ultimate causes of integration are functional integration, in which the 

functional performance of each trait depends heavily on the state of the other, and 
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evolutionary integration, in which evolutionary changes among different traits are 

coordinated, due to some combination of their genetic, developmental, or functional 

integration (Cheverud 1996). Functional integration can be an important reason for 

plasticity to occur in multiple traits, but it is not necessarily the only one. If traits are 

functionally integrated and consistently expressed together, this could lead to 

evolutionary integration of the plasticity in these traits; however, if the plastic changes 

often occur separately this may not be the case. As a note, none of these explanations can 

be distinguished simply by measuring integration among traits, plastic or otherwise. 

Instead they require tests of additional hypotheses, and ideally manipulative experiments 

which plasticity can facilitate by allowing researchers to manipulate the relevant 

phenotypes through control of the environment. 

 

Proximate interactions between plastic traits: how plasticity occurs 

 When an organism has multiple plastic traits, a change in one trait can potentially 

cause a change in the expression of another, regardless of whether their expression is 

correlated overall. So long as the plastic traits can be manipulated independently, this 

interaction can be experimentally tested by inducing a change in one trait and 

determining if a second trait’s plastic response changes. Independent manipulation will 

often be easiest for traits which vary in degree or rate of reversibility. The phenotype of a 

reversibly plastic trait can change multiple times during an individual’s lifetime, although 

exactly how quickly this can occur varies considerably among traits (Scheiner 1993, 

Doughty and Reznick 2004, phenotypic flexibility, sensu Piersma and Drent 2003, 

Piersma and van Gils 2011). If different plastic responses vary in some aspect of their 
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reversibility, the differing time scale of these responses can help distinguish between 

them, and by varying the duration over which the inducing environment is manipulated it 

becomes easier to change one trait without also directly changing the other.  

 As an example, Latrodectus hesperus (black widow) spiders balance the tradeoff 

between finding prey and avoiding predation in two ways: they can change the structure 

of their web, and they can change how fast they respond to vibrations that indicate prey. 

Spiders which have been starved for extended periods both build webs with more gum-

footed lines—which help trap prey—and respond to vibrations in the web faster; 

whereas, well fed spiders build better defended webs and respond to vibrations more 

slowly (DiRienzo and Montiglio 2016). When spiders were moved to webs made by 

other spiders, their aggression towards prey changed based in part on the structure of the 

new web (Montiglio and DiRienzo 2016), showing that plasticity in one trait, web 

structure, can cause a change in a second trait, foraging behavior. 

 Effects like the above where a plastic change in one trait alters the expression of a 

second could occur in either of two ways (Table 1; Figure 1): changing the cue for the 

second trait (a cue-mediated interaction) or changing how the second trait responds to 

that cue (a response-mediated interaction). A plastic change broadly occurs in two steps. 

First, the environment, specifically the cue for a plastic trait, changes. The cue is 

whichever aspect of the environment the plastic trait responds to (Levins 1968, Moran 

1992, Windig et al. 2004; also known as a stimulus, sensu Bradshaw 1965). The cue may 

be a direct cue (the same aspect of the environment which selects for the plasticity) or an 

indirect cue (a different aspect of the environment) (Bradshaw 1965, Levins 1968, Moran 

1992, Windig et al. 2004). For an indirect cue to be adaptive, it must be correlated with 
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the aspect of the environment which creates selection for that trait (Bradshaw 1965, 

Levins 1968, Moran 1992). After a cue changes, the individual changes its phenotype in 

response. This phenotypic response occurs via a series of internal processes: perception 

(the organism in some way detects the state of the cue), internal signaling (the perceived 

information is transferred through the organism), and phenotype formation (the signal 

leads to the creation of a new phenotype) (Windig et al. 2004). The net result of these 

internal processes can be summarized graphically as a reaction norm, a function which 

relates different values of the cue to the phenotype produced in response (Scheiner 1993). 

Even in cases where some of these steps are omitted (e.g. passive plasticity in which the 

environmental change directly creates the phenotypic change without regulation by the 

organism (Forsman 2015)), the basic division between the change in the environment and 

the response by the organism will remain relevant. 

 Another trait can change the cues for a plastic trait via any of the ways that an 

organism can alter its environment. Niche construction points out that organisms often 

physically, chemically, or otherwise alter their environment in lasting ways (Odling-

Smee et al. 2003, 2013). The changes an organism makes to its environment can then 

potentially alter the expression of plastic traits in that environment (Saltz and Nuzhdin 

2014; Moczek 2015). Even if organisms are not physically changing their environment, 

they can control which environments they experience through processes such as habitat 

selection (Donohue 2005), and this too could change the expression of plastic traits. 

Either by directly changing the cue or by changing some aspect of the environment that 

affects that cue, an organism must change a plastic trait’s cue to alter the expression of 
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that trait because the cue is, by definition, the aspect of the environment which influences 

a trait’s phenotype. 

 Independently of any effects on the cue, a change in one trait could also cause a 

change in a second plastic trait by changing how the second trait responds to its cue. This 

response-mediated interaction would reflect some form of developmental integration 

among the various physiological processes used to produce the plastic response to the cue 

(Windig et al. 2004). For example, in many organisms, particular hormones, such as 

testosterone, help to regulate the development of many different behavioral, 

physiological, and morphological phenotypes, so that changes in levels of those 

hormones can create integrated changes among many different traits (Ketterson et al. 

2009). Considering plastic traits, if changing one plastic trait involves a hormone which 

also influences the expression of a second plastic trait, the change in the first trait would 

subsequently change how the second change responds to a given value of its cue. This 

change would correspond to a change in the reaction norm of the trait. Hormones 

represent just one of many factors involved in producing plastic changes, any of which 

could be shared or otherwise connect plasticity in different traits. Interactions mediated 

by any of these factors will occur without affecting the cue received from the 

environment, and thus represent a change in the response to that cue. 

 Direct observation of the cues used for plasticity and the physiological 

consequences of plastic changes can provide insight into whether the effect of one plastic 

change on another is cue-mediated or response-mediated, but fully distinguishing these 

mechanisms will require thoughtful experimental manipulation. Because cue-mediated 

mechanisms typically involve the environment itself, they may only occur under certain 
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environmental conditions or require that an organism be able to choose between 

environments. If the ability of the phenotype to affect the cue is removed by control of 

the experimental environment, a cue-mediated interaction should likewise be removed, 

while a response-mediated interaction should remain.  Alternatively, response-mediated 

interactions typically depend on the physiological consequences of changing the 

phenotype. In some cases, a plastic phenotype can be artificially replicated in an 

experiment without producing the normal physiological consequences of changing the 

trait, which should remove response-mediated effects on other traits while preserving 

most cue-based interactions. For example, artificial manipulation of color using black 

paint or ink has been shown to alter thermoregulatory behavior in multiple insects 

(Kingsolver 1987, Karpestam et al. 2012), indicating a cue-mediated interaction.  These 

experiments, of course, require careful controls for the physiological consequences of the 

manipulation, such as stress. 

 As an example where a cue-mediated interaction has been shown, caterpillars of 

Battus philenor (pipevine swallowtail) can respond to high temperatures both by 

changing color from black to red, which absorbs less solar radiation, making them cooler, 

and also by leaving their host plant to seek cooler locations as a thermal refuge (Nice and 

Fordyce 2006). Red color has been experimentally shown to reduce the frequency of 

refuge seeking in the field (Nielsen and Papaj in review). Because color relies on solar 

radiation to change body temperature (the cue for refuge-seeking), whether color’s effect 

on behavior was cue-mediated or response-mediated could be distinguished by gradually 

heating the caterpillars using radiation (an intense light) or conduction (a hot plate) 

(Nielsen et al. in prep). In this case, color only affected the time before a refuge was 
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sought if the caterpillars were heated with radiation rather than conduction, supporting a 

cue-mediated interaction in which color changed refuge seeking behavior solely by 

changing body temperature. Further evidence for this conclusion came from how 

caterpillar color also changed neither the body temperature at which caterpillars sought 

refuges nor how their metabolic rate responded to temperature (Nielsen et al. in prep). 

 Foraging in Calidris canutus (red knots), a molluscivorous shorebird, provides 

potential examples for both mechanisms by which one trait could change another’s 

expression. These birds maximize their foraging efficiency using two forms of plasticity 

which vary in their rate of reversibility. First, each day they choose a foraging site, with 

most sites being characterized by either a high abundance of hard-shelled, hard-to-digest 

prey or a low abundance of soft-bodied, easy to digest prey (van Gils et al. 2005). Over a 

period of weeks, they can also adjust the size of their gizzard, with a larger gizzard 

allowing faster processing of hard-shelled prey (Dekinga et al 2001, van Gils et al. 2003). 

Diet provides the cue for gizzard size plasticity, such that birds experimentally fed harder 

prey develop a larger gizzard (Dekinga et al. 2001, van Gils et al. 2003). Because 

behavior heavily influences the bird’s diet in the field, behavioral changes in foraging 

should subsequently change gizzard size by changing this dietary cue if they are 

maintained long enough. At the same time, tracking of wild birds show that gizzard size 

changes their preferred foraging grounds: birds with large gizzards choose sites with 

abundant, hard prey, while birds with small gizzards choose sites with scarce, soft prey 

(van Gils et al. 2005). While this data in itself is observational and the exact cues used to 

select foraging grounds are unknown, it is most likely that gizzard size is changing how 

the birds respond to the cues used for foraging, which could be tested by laboratory 
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experiments determining whether experimentally manipulated gizzard size alters foraging 

preferences. 

  

Ultimate interactions between plastic traits: why plasticity occurs 

 For a single plastic trait to be adaptive, the organism must be exposed to 

environmental variation at some scale, and the optimal phenotype for that trait needs to 

vary among those environments (DeWitt and Scheiner 2004, Doughty and Reznick 

2004). The same basic reasoning applies to adaptive plasticity in multiple traits; however, 

their function may not be independent. If traits do function independently, providing 

separate benefits, they should have additive effects on performance (Figure 2a). 

Alternatively, the plastic responses could work better when combined (a positive 

statistical interaction, Figure 2b) or interfere with each other’s function (a negative 

statistical interaction, Figure 2c). In the case of interference, the individual responses can 

still be adaptive, but their interaction itself is not. Experimental manipulation of the traits 

can again allow us to test these hypotheses. 

 Understanding these functional interactions between multiple plastic traits can 

help us determine the ultimate reasons to have both responses. Why should an organism 

have multiple plastic responses to a given type of environmental change? This question is 

especially relevant when we consider that plasticity is not found in all traits and can be 

quite costly. Plasticity is considered costly anytime a plastic individual has lower fitness 

than a less plastic individual despite having the same trait value (DeWitt et al. 1998, Auld 

et al. 2010). So long as costs are not shared between plasticity in different traits, these 

costs should select for plasticity in as few traits as possible. Overall, plastic responses in 
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multiple traits should evolve if changing multiple traits is in some way more feasible, 

effective, or efficient than making a greater change in a single trait. Broadly, changing 

multiple traits can be an improvement over changing a single trait in two, non-mutually 

exclusive ways: the plastic responses could provide a greater overall benefit when they 

occur simultaneously (synergy) or, when changed separately, the responses could each 

provide a greater benefit than the other under different ecological circumstances, even if 

they perform the same general function (complementarity). Each of these two hypotheses 

can be fulfilled in multiple ways, outlined in Table 2. 

 The key to the synergy hypothesis is that the plastic responses provide greater 

performance and fitness when changed together than either response provides when 

changed separately. Functional integration can create synergy between plastic traits 

analogously to how it shapes the evolution of non-plastic traits. When non-plastic traits 

are functionally integrated, their performance will be greatest for a particular combination 

of phenotypes, and therefore evolution should be constrained so that a change in one trait 

is consistently associated with a change in another (Cheverud 1996, Schwenk and 

Wagner 2001). The same reasoning can be extended to plastic traits, and if a response to 

an environmental change is more effective when multiple traits are changed, plasticity 

should evolve in both of those traits. Even if traits are not fully functionally integrated, 

the synergy hypothesis can also apply if one plastic trait helps overcome a limit to the 

ability to change another plastic trait. Limitations on the phenotypic range of a plastic 

trait can create an important constraint on plasticity (DeWitt et al. 1998), and through 

plasticity or genetics the ideal phenotype for an environment can sometimes be 

impossible to achieve. When this occurs, additional change in a second trait can allow a 
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greater overall functional response and improved performance even if the benefits 

provided by the plastic changes are independent. When two plastic responses have 

synergistic effects on fitness due to functional integration, we should find a positive 

statistical interaction between them in their effect on performance, and selection should 

have favored a change in one trait increasing the expression of the other. In all cases of 

synergy, performance and fitness should be greater when the plastic changes are made 

together than when they are expressed separately, even if they are merely additive. 

 In contrast, the key to the complementarily hypothesis is that each plastic 

response functions better than the other under different conditions, so that averaged 

across these conditions fitness is increased by having the two responses. This prerequisite 

can be met because plastic responses in different traits are never identical. Different 

plastic responses can vary in their benefits, costs, and degree and rate of reversibility. If 

the responses are complementary, some combination of these differences will make each 

plastic change more effective under different conditions. If plastic responses differ in 

their overall effectiveness, this will not alone be sufficient to select for multiple plastic 

responses; however, if each response is more effective under different environmental 

conditions, this can select for plasticity in multiple traits. For example, different induced 

defensive responses often work better against different predators (Relyea 2004). Because 

it is ultimately the net benefit of a plastic response which matters, variation in the costs of 

the traits, including tradeoffs with other aspects of performance, can also favor plasticity 

in multiple traits if the importance of those costs varies among environments.  

 A special, but potentially common, source of complementarity is when plastic 

traits differ in their reversibility. Extensive variation exists in the rate of environmental 
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change; consider, for example, how weather conditions change dramatically on both daily 

and annual cycles. Slower, irreversible plasticity can be suitable for long-term 

environmental changes, specifically those occurring over multiple generations (Gabriel 

and Lynch 1992, Gabriel 1999), but frequent, within-generation environmental changes 

will favor fast, reversible plastic responses assuming equivalence of other benefits and 

costs (Padilla and Adolph 1996, Gabriel 1999, Gabriel et al 2005). In this way, plastic 

traits which vary in their reversibility can be specialized for different rates of 

environmental change: rapid plastic responses are beneficial in and of themselves when 

environmental changes occur quickly and frequently, but slower responses could provide 

a better response to slow or infrequent environmental changes if they are superior in 

some other way (such providing a greater benefit or having a lower cost). In the previous 

example of foraging in Calidris canutus, behavioral changes in foraging-site preference 

provide a rapid response which can be used as soon as the birds finish migration, but 

growing a larger gizzard allows for greater overall energy-intake in the long term despite 

taking weeks to develop (van Gils et al 2005). 

 Ultimately, the key to testing the complementarity hypothesis is identifying the 

conditions under which each plastic response performs better when expressed separately, 

keeping in mind that the important variation between plastic responses may involve a 

mixture of differences in benefits, costs, and reversibility. Unlike synergy, 

complementarity is agnostic regarding the joint performance of the traits when expressed 

together and can apply even if the responses interfere strongly with each other. When the 

traits do interfere with each other or if producing at least one of the responses is costly, 
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complementary plastic traits should also reduce each other’s expression to minimize 

interference or costs. 

 The plastic responses of tadpoles to predators provide evidence for both synergy 

and complementarity, albeit in different studies of different species. Many tadpole 

species respond to predators in their ponds, typically dragonfly nymphs, with changes in 

morphology and behavior. Specifically, when chemical cues from predators and injured 

tadpoles are present, tadpoles reduce their overall activity level to avoid detection, but 

they also develop broader, sometimes brightly colored tails which help to avoid predators 

by increasing escape speed and distracting predator attacks from the main body 

(McCollum and Van Buskirk 1996, Van Buskirk and McCollum 2000, Van Buskirk et al. 

2003, 2004). Experiments with Hyla chrysocelis (gray treefrog) tadpoles suggest synergy 

between these responses. Tadpoles exposed to cues from tadpole-fed predators developed 

appropriate tails and benefited more than tadpoles with non-induced tails from reducing 

their activity in later predator encounters (Van Buskirk and McCollum 2000). 

Experiments with Rana temporia (common frog) tadpoles indicate complementarity of 

these responses, specifically in the context of competition, due to differing costs. 

Tadpoles show a stronger behavioral response to predator cues occurs in low competition 

environments, where the greater availability of food reduces the cost of inactivity, 

whereas greater morphological plasticity occurs in high competition environments where 

the cost of inactivity is high (Teplitsky and Laurila 2007). 

 Battus philenor caterpillars can provide an example of complementarity involving 

differences in reversibility without any synergy. Synergy does not appear to occur 

between color change and refuge seeking behavior in B. philenor because manipulating 



40 

color and position of artificial models demonstrates that the cooling effects of red 

coloration and a refuge-position are largely redundant, with position having a much 

larger effect on temperature (Nielsen and Papaj in review). This redundancy extends to 

their effects on survival, with refuge-seeking alone being sufficient to ensure almost 

complete survival of live caterpillars in field experiments even at the hottest times of 

year, with the main benefit of color being for caterpillars experimentally denied access to 

refuges (Nielsen and Papaj in review). Instead, complementarity is likely between these 

plastic responses because of their differing costs and rates of reversibility. Although 

refuge-seeking behavior provides a faster, stronger response to high temperatures, it can 

also be quite costly in that caterpillars not on their host cannot eat, slowing their growth 

(Stockhoff 1998, Tammaru et al 2004), and B. philenor caterpillars that leave their host 

also risk not finding a host afterwards (Rausher 1979). Although color change can only 

occur when the caterpillar molts, which requires at least a day and often longer, it allows 

the caterpillar to reduce its use of refuge seeking and stay on its host longer. In this way, 

color change can provide a more efficient response to long term (across-day) temperature 

change while refuge seeking provides a strong response for rapid (within-day) 

temperature change, a case of complementarity (Nielsen and Papaj in review). 

 

Future directions 

 The hypotheses outlined here for both how plastic traits can change each other’s 

expression and the benefit of having multiple plastic responses have rarely been directly 

tested in the literature, although cases where they likely apply can be identified. As such, 

directly testing these hypotheses in some of the examples mentioned here as well as new 
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species and environmental contexts should be a priority for future research. The majority 

of examples in this paper involve plasticity in a behavior and some aspect of morphology. 

While some of this may be due to the authors’ own research background, this also reflects 

the advantages of working with these traits. Specifically, plasticity in morphology and 

behavior typically occur on very different timescales, with behavior usually the faster of 

the two (Foster et al. 2015). This difference in rate of reversibility helps differentiate 

plasticity in these traits and facilitates their independent manipulation. Other cases in 

which behavioral and morphological plasticity address a shared function should provide 

some of the easiest systems for further investigation of our questions. Nevertheless, the 

focus on interactions between behavior and morphology does represent a definite 

limitation to the research conducted on this topic so far, as well as a taxonomic bias 

towards animals rather than plants or taxa. While disentangling interactions involving 

other types of traits, such as physiology or life history, or multiple aspects of the same 

type of trait may prove more difficult, broadening the study of causal interactions among 

plastic traits to include these cases should provide new insights beyond those which 

would be gained by only studying morphology and behavior. 

 To provide focus, we limited our discussion to situations in which all plastic 

responses to an environmental change were adaptive, but plastic responses may often be 

non-adaptive or maladaptive instead. Rather different proximate and ultimate interactions 

may occur when not all of the traits under consideration are adaptive. Resource-based 

tradeoffs provide a clear example of this, creating a situation in which one plastic 

response is maladaptive, but plasticity overall is adaptive and selected for. A resource-

based tradeoff between two traits means that increased expression of one necessarily 
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decreases the expression of the other because they are both produced using a shared 

resource pool (Stearns 1989b). This is a common case for life history traits, where 

growth, survival, and reproduction are all competing for the same energy and thus 

tradeoff with each other (Stearns 1989b). In the case of plasticity, increasing one trait in a 

tradeoff requires a plastic decrease in the other. Functionally, the decrease in the second 

trait is in and of itself maladaptive, typically representing an important cost of the 

adaptively plastic trait, and optimizing these tradeoffs can be an important factor 

selecting for the evolution of plasticity (Callahan et al. 2008, Kishida et al. 2010). 

Mechanically, this interaction is similar to the response-mediated interaction, except that 

instead of one trait changing the processes determining how the other will respond to 

environmental cues, producing of one trait directly causes an immediate change in the 

expression of the other by limiting the resources available to produce it. Tradeoffs like 

these are an important interaction between adaptive and maladaptive plasticity in 

different traits, and further consideration of non-adaptive and maladaptive plasticity in 

multiple traits may reveal additional ways that plastic traits can influence each other. 

 Understanding all these different ways plastic traits can interact with each other 

should have important implications for the role of plasticity in evolution and ecology, 

which future research can further develop and explore. When considering the evolution 

of plasticity, if we only focus on a single trait, we may miss evolutionary changes which 

occur in the plasticity of other traits, and we may reach incorrect conclusions about the 

changes we observe in the considered trait. Simply incorporating multiple forms of 

plasticity into models can change the optimal response of plastic traits to the environment 
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and the maximum fitness which can be achieved, even without any explicit interactions 

between the traits (Steiner and Pfeiffer 2007). 

 Considering multiple plastic traits can also change how we think about other 

important factors for the evolution of plasticity, such as its costs. Most research based on 

single traits has argued that maintenance costs—also known as global costs, paid in all 

environments regardless of whether plasticity is used—are the most important costs of 

plasticity, while downplaying the importance of production costs—also  known as local 

costs—which are only paid in environments where plasticity is used (Auld et al. 2010). 

Since production costs are only paid when the benefit of plasticity is also gained, they are 

expected to have less effect on plasticity’s evolution than maintenance costs, which can 

select for plasticity’s reduction or loss (Sultan and Spencer 2002, Ernande and 

Dieckmann 2004, Auld et al. 2010). Nevertheless, when multiple, independent plastic 

responses are available production costs should also be quite important. If a plastic 

change has high production costs, but a less expensive alternative is available, selection 

should act to reduce its use, either by reducing overall plasticity in that trait or by 

increasing the threshold required to induce the plastic change. Selection should 

particularly favor the reduced use of plastic responses with high production costs when 

other plastic responses have already occurred, leading to the evolution of a response-

mediated interaction and creating the potential for complementarity between these traits. 

 Regarding ecology, a major topic of current concern is the role of phenotypic 

plasticity in responses to anthropogenic change, particularly how plasticity may promote 

species invasions (Sol et al. 2002, Hulme 2008, Davidson et al. 2011, Palacio-López and 

Gianoli 2011). Invasive species can show relevant plasticity in multiple traits of different 
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kinds (Chun et al. 2007, Palacio-López and Gianoli 2011).  Thus, studying the role 

phenotypic plasticity in species invasions or other anthropogenic changes, we could miss 

important responses if only one type of trait is considered. Even when multiple plastic 

traits are considered, if the traits are functionally integrated to some degree or instead 

interfere with each other’s function, we may under- or overestimate their ability to 

functionally respond to an environmental change if we only consider their independent 

effects. 

 Another major application of plasticity to ecology has been the study of trait-

mediated effects on species-interactions, particularly predator-prey dynamics. In addition 

to the direct effects of one species on another, such as predators consuming prey, 

population dynamics of different species can also interact through the plastic changes 

species make in response to each other, such as herbivores reducing feeding rate to hide 

from predators which has cascading effects on their food source (Miner et al. 2005). 

Studies of trait-mediated effects have usually focused on behavior but trait-mediated 

effects can also occur in other aspects of the phenotype (Raimondi et al. 2000, Relyea 

2004). The consequences of multiple trait-mediated effects in the same organism ought to 

depend on how the traits interact. For example, complementary plastic responses might 

weaken trait-mediated effects. This could occur in the previous tadpole example in which 

morphological responses to predators allow tadpoles to avoid the reduced feeding rate 

associated with behavioral responses when competition is high (Teplitsky and Laurila 

2007). 
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Conclusions 

 Adaptive plastic traits can alter each other’s expression and function. In terms of 

expression, a plastic change in one trait may alter the expression of another either 

because the first change alters the cue for the second trait or how the second trait 

responds to that cue. In terms of function, multiple traits might be plastic because they 

work better when changed together (synergy) or because each provides greater benefits 

under different circumstances (complementarity). None of these hypotheses are mutually 

exclusive, but careful, manipulative experiments can be used to distinguish among these 

hypotheses and gain insight into the relationships among plastic traits beyond that which 

can be gained from correlative studies alone. Through such experiments, we can 

determine the mechanisms linking the expression of different traits and how those traits 

affect each other’s function, improving our understanding of the observed relationships 

among those traits and how phenotypic responses to environmental variation evolve. 
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Table 1. Mechanisms by which a change in one plastic trait can change the expression of 

a second plastic trait 

I. Cue-mediated Changing the first trait changes the state of the cue which 

the second trait responds to. 

(1) Niche construction: based on the first trait’s phenotype, 

the organism physically or chemically alters its 

environment, subsequently changing the cue received. 

(2) Habitat selection: based on the first trait’s phenotype, the 

organism changes what environment it is exposed to, 

subsequently changing the cue received. 

(3) Direct cue modification: based on the first trait’s 

phenotype, the organism directly changes the cue for the 

second trait, without changing the rest of the environment. 

II. Response-

mediated  

Changing the first trait changes how the second trait 

responds to its cue (reflected in a change in the reaction 

norm). 

 (1) Perception: changing the first trait changes how the 

organism detects or perceives the second trait’s cue. 

(2) Internal signaling: changing the first trait changes the 

processes by which the perceived information is transmitted 

through the organism. 

(3) Phenotype production: changing the first trait changes 
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how the second trait is formed in response to transmitted 

signals. 

 

 

Table 2. Hypotheses for the functional benefit of adaptive plasticity in multiple traits 

I. Synergy Plastic responses provide a greater benefit when changed 

together 

(1) Functional integration: traits affect each other’s 

function, such that the performance benefit of changing 

both is more than additive 

(2) Overcoming limits: changing a second trait overcomes 

limits to the expression or plasticity of another. 

II. 

Complementarity  

Plastic responses each provide a greater net benefit in 

different conditions. Will involve some combination of the 

following: 

 (1) Differing benefits: each response increases performance 

more under different environmental conditions  

(2) Differing costs: costs and tradeoffs associated with each 

trait vary, so each response is better suited to different 

environments, particularly resource availability 

(3) Differing reversibility: plastic responses vary in degree 

or rate of reversibility, so that each response is better suited 

to different rates of environmental change 
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Figure 1. Diagram showing cue-mediated and response-mediated effects of one plastic 

trait on the expression of a second. The x-axis shows the value of the cue, the y-axis the 

phenotype of the second trait, and the curve is the reaction norm relating these two. 

Arrows show a particular value of the cue and the phenotype produced. Solid and dashed 

lines represent the case for two different values of the first trait. (a) Cue-mediated 

interaction: the change in the first trait changes the cue that the second trait responds to 

(either by changing the overall environment or by directly changing the cue itself). This 

is shown by the two dots at different points on the reaction norm, indicating the 

phenotypic outcome for different values of the cue. (b) Response-mediated interaction: 

the change in the first trait changes how the second trait responds to its cue, as described 

by the reaction norm. The change in reaction norms is represented by two separate curves 

with the dots on each curve indicating the associated change in phenotype. 
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Figure 2. Potential performance outcomes of plastic responses in two different traits. The 

phenotype of trait A is represented by the x-axis (with the value in the new environment 

towards the right). The phenotype of trait B is represented by the two different lines, the 

dashed line for the value in the old environment the solid line in the new environment. 

Performance of the shared function is on the y-axis. The benefit of changing trait A alone 

is a, the benefit of changing trait B alone is b, and the benefit of changing both is c (a) 

The traits function independently. The benefit of changing both phenotypes equals the 

sum of their independent changes (c=a+b). (b) The traits work better together. The 

benefit of changing both phenotypes is greater than the sum of their independent changes 

(c>a+b). (c) The traits work worse together. The benefit of changing both phenotypes is 

less than the sum of their independent changes (c<a+b).  
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Abstract 

Having multiple plastic responses to a change in the environment, such as increased 

temperature, can be adaptive for two major reasons: synergy (the plastic responses 

perform better when expressed simultaneously), or complementarity (each plastic 

response provides a greater net benefit in a different environmental context). We 

investigated these hypotheses for two forms of temperature-associated plasticity of Battus 

philenor caterpillars in southern Arizona populations: color change (from black to red at 

high temperatures) and heat-avoidance behavior (movement from host to elevated refuges 

at high temperatures). Field assays using aluminum models showed that the cooling 

effect of the red color is greatly reduced in a refuge position relative to on a host. Field 
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assays with live caterpillars demonstrated that refuge-seeking is much more important for 

survival under hot conditions than coloration; however, in those assays, red coloration 

reduced the need to seek refuges. Our results support the complementarity hypothesis: 

refuge-seeking facilitates survival during daily temperature peaks while color change 

reduces the need to leave the host over longer warm periods. We propose that this 

combination of costly but fast short-term behavioral responses and more efficient, long-

term morphological responses may be a common feature of thermoregulation. 
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Introduction 

Adaptive phenotypic plasticity helps organisms maintain high fitness despite changes in 

their environment by allowing them to change their phenotype within their lifetimes to 

better fit this environmental variation (Ghalabmor et al. 2007). Often, though, organisms 

can respond to a change in their environment with multiple adaptively plastic responses 

in distinctly different traits, ranging from morphology to physiology to behavior 

(Schlicting 1989, Boersma et al. 1998, Relyea 2004, Foster et al. 2015). As an example, 

tadpoles of Hyla chrysocelis (gray treefrog) and many other amphibians respond to the 

presence of predators by both changing their tail shape and reducing their overall activity 

level (McCollum and Van Buskirk 1996, Van Buskirk and McCollum 2000, Kishida et 

al. 2010). Nevertheless, each form of plasticity can incur costs, not only from its use but 

also simply from having the capacity for that plasticity (DeWitt et al. 1998, Auld et al. 

2010). If so, why would an organism have multiple, independent plastic responses to 

perform the same function? Perhaps the simplest explanation is that the plastic responses 

perform their shared function better when expressed simultaneously and that the benefits 

from this combined response offset any added costs (synergy). Alternatively, different 

plastic traits that serve the same general function can differ in many ways, and these 

differences could make each perform better under different ecological circumstances 

(complementarity). For instance, traits can vary in how quickly they respond to the 

environment, in which case one trait may provide a fast response to rapid environmental 

change, while another provides a slower but stronger or more efficient response to change 

over long time scales. By comparing if and how multiple plastic traits interact with each 
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other, we can determine which of these non-mutually exclusive hypotheses are 

applicable. 

 There are two major ways in which having multiple plastic traits expressed 

simultaneously can be synergistic and lead to greater performance than when either trait 

is expressed alone. One is if the traits in question are functionally integrated. Functional 

integration occurs when the performance of a function depends on the interaction of 

multiple traits and when performance is greatest for a particular combination of the trait’s 

phenotypes (Cheverud 1996). If plastic traits are functionally integrated, then having both 

change together in response to a change in the environment will yield a greater 

improvement in performance than the sum of changing each trait alone. Alternatively, 

there may be limits on the ability to change a single trait, and thus on its performance 

(DeWitt et al. 1998), in which case additional change in a second trait can allow a greater 

overall functional response and improved performance even if the traits function 

independently. Although functional interactions between plastic traits have rarely been 

studied, the previously mentioned Hyla chrysoscelis tadpoles provide one example of 

synergy between plastic traits. Tadpoles that respond to predators both by altering their 

tail morphology and by reducing activity level survive better in the presence of those 

predators than tadpoles which only respond with a plastic change in one trait (Van 

Buskirk and McCollum 2000). 

 If multiple plastic traits do not show synergy in performance, they could still 

improve overall fitness through complementarity, with each trait providing a greater 

benefit under different conditions. In the previous tadpole example, shape change and 

activity reduction might complement each other if some predators were defended against 
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better by changing shape while others were best defended against by reducing activity. 

Even if one trait performs better unconditionally, a less effective but less costly trait 

might be more appropriate in situations where a strong response is not necessary. Plastic 

traits also vary in their reversibility, how quickly the trait value can change (Piersma and 

Drent 2003). Whereas a faster change should be better if the environment changes 

frequently (Padilla and Adolph 1996), a slower change may be more suitable for long-

term environmental changes if it is more effective or less costly. In this way, traits which 

vary in reversibility may complement each other if they each provide a better response 

for different timescales of environmental change. The behavioral change of the 

aforementioned tadpoles in response to the threat of predation is certainly faster than their 

morphological change, which could be advantageous, but reducing activity also reduces 

time spent on other behaviors, particularly foraging (van Buskirk and McCollum 2000). 

Changing shape is slower but does not compromise foraging activity and could thus 

avoid that cost (Van Buskirk and McCollum 2000). 

 Examining how a set of plastic traits interact (or fail to interact) with each other in 

the face of environmental change can help distinguish whether those traits are synergistic 

or complementary. The key distinction between these two hypotheses is whether having 

multiple plastic responses increases overall performance when the plastic changes are 

expressed simultaneously (for synergy) or expressed separately (for complementarity). 

First, we can ask about the performance of the traits when combined. If the traits are 

synergistic, the performance of the traits when expressed together must be greater than 

either alone. Functional integration in particular would be indicated if the effect on 

performance of changing both traits shows a positive statistical interaction (that is, their 
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joint effect is greater than the sum of their individual effects). Additionally, we can test 

how one change affects the other’s expression. Functionally integrated plastic changes 

should tend to be expressed simultaneously, because of their functional interdependence. 

Alternatively, if the forms of plasticity are complementary, their expression should be 

independent, or the expression of one trait change may actually decrease the likelihood of 

the other change occurring, particularly if the value of one plastic trait is that it 

circumvents the costs of the other. 

 While multiple plastic changes can occur in response to any aspect of the 

environment, how organisms respond to temperature change provides an ideal context for 

addressing the reasons for these varied responses. Temperature constitutes a critical 

aspect of any organism’s environment, affecting processes ranging from biochemistry to 

life history, yet it varies on many different temporal and spatial scales, from across years 

to within days and from across continents to within centimeters (Kingsolver 2009). This 

variability favors plasticity in responses to temperature, and in fact, many 

thermoregulatory traits, from morphology to physiology to behavior, show plasticity 

(Stevenson 1985, Kingsolver and Huey 1998). Despite the large number of potentially 

plastic traits involved in thermoregulation, interactions among plastic thermoregulatory 

traits have received little empirical investigation. A number of studies, though, have 

looked at how thermoregulatory behavior interacts with non-plastic color variation and its 

consequences for temperature in a variety of insects (Kingsolver 1985, 1987; Forsman 

2000, Forsman et al. 2002, Ahnesjö and Forsman 2006, Lindstedt et al. 2009). 

Nevertheless, of these studies, only Kingsolver (1985, 1987) characterized the functional 
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interactions between these traits, and, pertinent to our work, even that study did not 

address how distinct forms of plasticity interact in thermoregulation. 

 The caterpillars of the pipevine swallowtail, Battus philenor, are well-suited for 

investigating the interactions of multiple plastic responses to temperature change because 

they possess two distinct, plastic responses to high temperatures. First, these caterpillars 

can change colors each time they molt, developing red body coloration when raised 

above 36°C, and black coloration at or below 30°C (Nice and Fordyce 2006). Because 

red caterpillars reflect more solar radiation than black ones, red caterpillars warm more 

slowly and reach lower asymptotic body temperatures than black ones (Nice and Fordyce 

2006).  Second, these caterpillars avoid high temperatures behaviorally through a refuge-

seeking behavior. In southern Arizona, where our study is based, caterpillars frequently 

leave their procumbent host plants and climb to a higher, cooler location on non-host 

vegetation, where they can cool themselves by as much as 10°C (Nice and Fordyce 2006; 

Nielsen and Papaj 2015). This behavior ultimately reduces the variability in their 

temperatures relative to other parts of their environment (Nielsen and Papaj 2015). 

 The occurrence of multiple plastic responses in the form of color change and 

refuge-seeking behavior could be explained by either synergy or complementarity. In the 

southwestern US where both forms of plasticity are observed, high temperatures can be 

particularly extreme, potentially higher than either trait alone could compensate for. This 

degree of thermal stress may demand thermoregulatory ability beyond what a single trait 

could provide, which would be a case of synergy. Alternatively, color change and refuge-

seeking behavior have quite different costs and patterns of reversibility, which may make 

these forms of plasticity useful in different situations, and thus complementary. Larvae 
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can only change color when they molt, which occurs at most once per day under ideal 

laboratory conditions and often over longer time periods in nature (Nielsen pers. obs.). 

Hence, color change occurs too slowly to respond to daily temperature changes. On the 

other hand, refuge-seeking behavior can respond quickly, on the order of minutes, but 

exacts a potentially heavy cost in requiring caterpillars to leave their host plants. Not only 

must caterpillars stop eating while in a thermal refuge, but they incur a substantial risk of 

not locating a host after they leave one (Rausher 1979). These different constraints mean 

that color change and refuge seeking might each be better suited to responding to 

temperature variation at different time scales. 

 In this study, we tested these two hypotheses for color change and heat-avoidance 

behavior. First, we measured the temperature of painted aluminum models under field 

conditions so we could directly manipulate both color and position, and thus test for any 

functional interaction between these phenotypes in determining body temperature. Then, 

using live caterpillars in field enclosures, we tested if and how color and refuge 

availability interact to determine survival and, in particular, whether color affects the 

expression of refuge-seeking behavior. 

 

Methods 

Study organism and field site 

Battus philenor L. larvae undergo five instars during development, ranging in mass from 

~2 mg (1
st
 instar) to greater than 2000 mg (late 5

th
 instar). These caterpillars feed only on 

plants in the genus Aristolochia, from which they sequester aristolochic acids which 

defend them from vertebrate and invertebrate predators (Sime et al. 2000). Both color 



67 

forms of the caterpillar are conspicuous and thought to function as warning colors. In 

southern Arizona, Aristolochia watsonii Wooton & Standl. (Watson’s Pipevine) is the 

lone wild representative of its genus, and thus the caterpillars’ only wild host. A. watsonii 

is a small perennial with procumbent, fully deciduous vines. It grows from low to mid-

elevations, often in washes and nearby areas. In southern Arizona, B. philenor has four 

broadly-overlapping broods from March to September before overwintering as pupae; 

however, the timing and discreteness of broods varies substantially from year to year and 

site to site, and adults are occasionally observed even in mid-winter. This phenology 

exposes all life stages to a wide range of temperatures across generations. 

 All of our field experiments were conducted on a 25-ha site in Pasture 1 at the 

University of Arizona Santa Rita Experimental Range in Pima County, Arizona 

(31°47.049N, 110°49.524W). The site consists of mesquite grassland with an introduced 

grass, Eragrostis lehmanniana (Lehmann’s lovegrass) as the dominant species. 

Aristolochia watsonii is locally abundant, although often obscured by the overlaying 

vegetation. Wild caterpillars of both color forms can be observed at this site, with relative 

abundance heavily depending on time of year. Refuge-seeking behavior also occurs 

frequently, with the dominant grasses providing the usual refuge. 

Aluminum model experiment 

To test the interaction between the effects of color and position on caterpillar 

temperature, we used red and black-painted aluminum as operative temperature models 

of the caterpillars (Nielsen and Papaj 2015). Operative temperature summarizes the 

different ways the environment can affect temperature (e.g. thermal radiation, air 

temperature, wind speed), but also depends on particular eternal properties of the object 
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itself; specifically its size, shape, and color, but, importantly, not its composition (Bakken 

et al 1985, Bakken 1992). In the absence of substantial metabolic heat or evaporation, 

reasonable assumptions for a caterpillar, operative temperature will equal an organism’s 

body temperature at equilibrium (Bakken et al 1985, Bakken 1992). For our study, the 

operative temperature models were solid aluminum cylinders 48 × 7.9 mm length × 

diameter, corresponding to the size of a late fifth instar caterpillar. Black color was 

produced using black acrylic paint (Bone Black, Golden Acrylics) while the red color 

was produced using a 3:1 mixture of red acrylic paint (Red Oxide, Golden Acrylics) to 

black. Both colors we selected to resemble the spectra those of red and black caterpillars 

as closely as possible (Supplemental Figure A1). We also specifically selected high-

emissivity paints; in infrared images, the temperatures measured for both colors of paints 

were indistinguishable from masking tape (with known emissivity of 0.95) placed on the 

same model, and as such we set ε=0.95 for all analyses. Compared under full sun, models 

were only 0.54°C warmer than live caterpillars, and this difference was independent of 

color (see Online Appendix B for more details). We attached pairs of same colored 

models to 3.2-mm-diameter wooden dowels using minimal quantities of hot glue, one 

model in a position similar to a host plant (horizontal, 10 mm above the ground) and the 

other in a position similar to a thermal refuge (vertical, 248 mm above the ground, the 

median height of refuge-seeking caterpillars observed previously (Nielsen and Papaj 

2015)). 

 On June 8 and July 5 and 6, 2016, we placed groups of models at eight locations 

in our field site known to have Aristolochia watsonii, with at least 0.5 m between 

locations. Each group of models consisted of a set of black models and a set of red 
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models, with the two sets of models placed ~10 cm apart. A model’s length faced south, 

minimizing shade from the dowel, and we specifically chose positions that avoided 

extensive shading by the surrounding grass. Models had at least 30 min to equilibrate, 

which preliminary trials indicated was sufficient for models to reach equilibrium (see 

Online Appendix B). Measurements were made every half hour each model between 

09:00 and 12:00. For each measurement, we recorded an infrared image with a thermal 

imaging camera (T-300, FLIR) a distance of approximately 12 cm and noted the time. 

We also recorded infrared images of two pairs of unpainted aluminum models which we 

used to estimate the effect of reflected infrared from the environment on our readings (see 

below). The weather was sunny for all measurements (i.e. clouds never obscured the 

sun), except for 11:00-12:00 on July 6 which was excluded from analysis. Models 

occasionally fell off the dowels; we excluded all further measurements of these models 

from analysis, excluding at total of 17 black measurements and 24 red, and giving us a 

final total of 447 measurements.  

 To assess model temperature, we used FLIR Quick Report (v1.2) to set each 

image’s emissivity to 0.95 and its reflected temperature to the temperature of the nearest 

aluminum model in the same position during the same round of measurements. Next, we 

estimated mean model surface temperature as precisely as possible by freehand selection 

of all but the edges of the model in ImageJ (v1.45s). The effects of model color, model 

position, time of day, and their interactions on model temperature were analyzed with a 

generalized mixed-effects model. The three-way interaction among these factors was 

non-significant (p=0.67) while the interaction between color and time of day was only 

nearly significant (p=0.08) and small (0.28°C/hr); thus both interactions were excluded 



70 

from the final analysis. As random effects we used individual model, nested within 

location, nested within day. All statistical analyses were conducted in R (v.3.1.2), and the 

lme procedure in the nlme package was used for this generalized mixed-effects analysis. 

Live caterpillar experiment 

To test the effect of color on refuge-seeking behavior, as well as the joint effect of color 

and behavior on caterpillar survival, we conducted a field experiment with lab-reared 

caterpillars. Eggs were obtained from butterflies caught directly at the field site, from 

their descendants, or from butterflies collected as caterpillars on the University of 

Arizona campus. Eggs were initially kept at 30°C. Hatchlings were raised either at 30°C 

(a black producing temperature) or 38°C (a red producing temperature). Caterpillars in 

both temperature regimes were kept in plastic boxes in stand-alone growth chambers with 

a 12h-12h light-dark cycle. They were fed freshly collected leaves of Aristolochia 

fimbriata ad libitum and upon reaching 4
th

 instar, were haphazardly selected for use in the 

field experiment. 

 For the field experiment, we located 40 wild Aristolochia watsonii hosts at our 

field site, and placed an open-top enclosure, 50 by 50 cm wide and 15 cm tall, made of 

1.6 mm thick clear acrylic sheet, around each of the plants. These dimensions were large 

enough that the A. watsonii rarely touched the edge of the enclosure. The walls were 

thinly coated with petroleum jelly ca. 3 cm above the ground to inhibit the caterpillars 

from climbing them. In all enclosures, we clipped all non-host vegetation to ground level 

so it could not be used as a thermal refuge; in half of them (chosen randomly), we placed 

four 50 cm tall wooden dowels to serve as artificial thermal refuges, two adjacent to the 



71 

plant and two at opposite corners of the enclosure ca 2 cm from the edge.  This generated 

refuge-available and refuge-unavailable treatments. 

 At the start of the experiment, caterpillars were weighed and then placed on the 

host plant inside an enclosure either between 17:00 and 18:00 the evening before or 07:00 

and 8:00 the morning of the main experiment (depending on when exactly the caterpillars 

reached the 4
th

 instar). Half of the enclosures in each refuge-availability treatment 

(chosen randomly) received a red caterpillar and half a black one, resulting in a 2 x 2 

factorial design with 10 individuals in each of the four treatment combinations. Starting 

at 08:00 and given at least 30 min to acclimate, we walked a fixed circuit of the 

enclosures every hour, until 18:00. During each circuit, we recorded the position and 

activity of each caterpillar, took thermal images of the ground, and measured ambient 

temperature with a shaded thermocouple (Omega, HH502, Type-K bead wire). Any 

caterpillars that had begun climbing the enclosure (despite the petroleum jelly) were 

returned to the host. Enclosures whose residents had died or escaped were skipped in 

future circuits. Twenty-four hours after we originally placed the caterpillars in the 

enclosures, we noted whether they had died of overheating during that time or survived, 

excluding from analysis for survival the 8 caterpillars that went missing, 12 that died of 

other causes, and 2 disrupted by external factors (e.g. cows). We presumed that death was 

due to overheating if we found a desiccated corpse; in some cases, we observed 

behavioral signs of thermal stress (rapid movement, leaving the host, uncontrolled 

spasms) prior to death.  This experiment was repeated fully on 8 days (September 2, 16, 

and 30, 2013; July 13, 2014; and May 22, June 12, 15, and 18, 2015), with an additional 

3 days (July 27, August 5 and 8, 2015) considered only for survival to better sample the 
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full range of peak daily temperatures. Host plants were reused across days within a year 

so long as they had at least two growing stems, in which case repetition of treatment 

combinations for each plant was minimized, but otherwise they were assigned a new 

treatment randomly. 

 In order to assess ground temperature from the thermal images, we averaged the 

temperatures of the vertices and midpoints of a rectangle superimposed on the ground, 

surrounding the host in imageJ (v1.45s). We used generalized mixed models with a 

binomial distribution to test effects on both refuge use and survival, calculated with the 

glmer procedure in the lme4 package. To test effects on refuge use, we considered only 

caterpillars with access to refuges and considered them to be using a refuge if they were 

above 10 cm height on it. For this analysis we used color, ground temperature, their 

interaction, and plant height as fixed effects. Caterpillar nested within date was a random 

effect. Color’s interaction with plant height was non-significant (p=0.90) and excluded 

from the final model. To test effects on survival, we used color, refuge availability, and 

their interaction as fixed effects in addition to plant height and daily high temperature as 

assessed by a weather station within 0.5 km of our field site (detailed in Scott et al. 

2009); date and enclosure were used as crossed random effects. P-values for fixed 

parameters were calculated using likelihood ratio tests and a procedure analogous to 

Type-II sums of squares, and not calculated for individual effects in cases of significant 

interaction. All interactions with daily high temperature for the survival model and all 

interactions with plant height in both models were either non-significant (p>0.40) or 

could not be estimated and were not the focus of our study, so they were excluded from 

the final models.  
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Results 

Aluminum models 

 Across three days, we recorded 447 temperature measurements from 92 models. 

Model position, color, and time of day all affected model temperature (fig. 1), with 

significant interactions between position and color and position and time. More 

specifically, the cooling effects of being on a refuge and being red were reduced 

significantly in combination, such that red models were 3.68°C cooler than black ones in 

a host position but only 1.12°C cooler in a refuge position (fig. 1; Color x Position: 

F1,63=8.57, p=0.0047). The cooling benefit of refuge-seeking increased significantly as 

the day grew hotter (Position x Time of Day: F1,356=272.5, p<0.0001); red models were 

8.18°C cooler on a refuge than on a host at 09:00 versus 20.43°C cooler at 11:45, with 

both differences 2.56°C greater for black models. This result meant that that ‘body’ 

temperatures remained nearly constant on refuges; red models ranged from a mean 

temperature of 39.52°C during the first round of measurements (09:00-09:30) to 40.89°C 

during the last round (11:30-12:00), while mean temperatures for black models ranged 

from 40.83°C to 41.96°C over the same time frame. Overall, color had a much smaller 

effect on temperature than refuge seeking, even the smallest effect of refuge seeking on 

model temperature (8.18°C for red models at 09:00) was more than double the greatest 

effect color change could produce (3.68°C on the host plant, regardless of time). 

Live caterpillars 

 Overall we tested 400 caterpillars in our field experiments. We observed the 

behavior of 148 of these caterpillars which had access to thermal refuges, for a total of 

1,281 observations. Overall, black caterpillars were found on refuges in 46.4% of 
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observations, versus only 34.1% of observations for red caterpillars. Caterpillars of both 

colors used refuges much more often with increasing ground temperature; however, there 

was a significant interaction between color and temperature in which black caterpillars 

were found more often on refuges than red caterpillars as temperatures increased (fig. 2, 

table 1). This decreased refuge seeking by red caterpillars corresponded to these 

caterpillars spending, on average, 5.15 hours during the observed time period of 8 hours, 

1.32 more hours than the 3.83 hours black caterpillars spent on their host. Finally, 

caterpillars were observed less frequently on a refuge when their host plants were taller, a 

strongly significant pattern (table 1). 

 Caterpillar survival depended significantly on the high temperature of the test day, 

caterpillar color, and refuge availability (fig. 3, table 2). Both caterpillar color and refuge 

availability were associated with higher caterpillar survival, but refuge availability had 

2.65 times larger effect size (table 2). There was no significant interaction between 

caterpillar color and refuge availability (table 2), probably because death from 

overheating was rare when refuges were available (7 out of 202 individuals, 3.5%), and 

in four of these cases the doomed caterpillar was on the ground the last time it was 

observed alive suggesting it died unable to find a refuge rather than while on one. Lastly, 

caterpillars with taller host plants also survived more frequently (table 2). 

Discussion 

 In our study, thermal refuge-seeking behavior provided a strong, rapid response to 

temperature change, while color change provided a smaller and slower but potentially 

more efficient response to longer-term changes. Although color change and refuge-

seeking behavior each helped Battus philenor caterpillars avoid overheating in our study, 
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we can reject the synergy hypothesis because the effect of color change on body 

temperature was largely redundant with the much larger effect of thermal refuge-seeking 

behavior on both temperature and survival in our experiments. The joint effect of 

changing color and position was less than the sum of their independent effects, with red 

color cooling models less when in a refuge-seeking position than when in a host position. 

Hence, not only is color change not beneficially functionally integrated with thermal 

refuge-seeking, but color change also can do little to overcome any limitations on the 

ability to reduce temperature behaviorally. This inference is reinforced by the fact that 

having access to refuges resulted in nearly complete survival, even at the hottest times of 

year. Further, red color reduced rather than increased refuge seeking behavior. If the two 

changes were synergistic, we would have expected positively correlated expression. 

 Instead, our data support the complementarity hypothesis; color change and 

refuge-seeking each work better when responding to different patterns of environmental 

change, specifically different timescales and magnitudes of temperature change. In our 

study, red caterpillars sought thermal refuges at higher temperatures than did black ones, 

resulting in less time overall on thermal refuges and more time on the host. Although this 

result could have been caused by other physiological responses to the different 

temperatures we raised caterpillars at to produce the different colors, additional work 

shows that this effect is specifically associated with the color change itself. The same 

treatments we used to produce the different colors in this study change neither the body 

temperatures at which the caterpillars seek refuges nor the sensitivity of their metabolism 

to temperature (see Appendix C). The negative effect of color on expression of refuge 
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seeking would be expected if the two responses perform best under different conditions 

(rather than when combined). 

 The advantages of thermal refuge-seeking behavior are relatively clear. We found 

that refuge-seeking behavior has the ability to create a much greater body temperature 

change than does color change and is also the faster response, occurring over minutes 

rather than the day or more required for color change. These facts suggest that thermal 

refuge-seeking behavior is a superior response to both high magnitudes and high rates of 

temperature change. However, the superiority of thermal refuge-seeking behavior comes 

with substantial costs. To seek a refuge, the caterpillar must leave its ground-hugging 

host, and cannot eat during this time. Refuge seeking can last multiple hours, a long 

enough period of starvation to slow growth in other caterpillars, leading to prolonged 

development or decreased adult size (Stockhoff 1998, Tammaru et al 2004). For B. 

philenor caterpillars, leaving the host carries the added risk of not relocating it (Rausher 

1979) and thus dying. We have shown that color change reduces this need to leave their 

host, avoiding these costs and providing caterpillars with more time to eat, which should 

facilitate faster growth.  

 Color change has its own potential limitations. Color change could have 

physiological costs associated with pigment production, particularly for melanin which is 

used to produce dark colors but is also associated with immune function in insects 

(Strand and Pech 1995, Wilson et al. 2001, Armitage and Siva-Jothy 2005, Cotter et al. 

2008). B. philenor, however, has few parasitoids, mostly in the pupal stage (Sime 2000) 

so tradeoffs between color and immunity are likely to be minor for larvae, if present at 

all. Instead, the primary disadvantage of color change is that Battus philenor can only 
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change color when it molts, which requires a day or more even under ideal lab 

conditions. Rather than providing an instant response to the environment, morphological 

plasticity often has some amount of lag-time, as does learning in behavior (Snell-Rood 

2013, Foster et al. 2015). During this lag-time between a change in the environment and 

an appropriate change in the phenotype, an organism will be expressing the wrong 

phenotype for its environment and not be gaining the benefits of plasticity, and if the 

environment changes rapidly enough, a slow plastic response may provide no benefit at 

all (Padilla and Adolph 1996, Gabriel et al. 2005). Rapid environmental changes will 

instead favor rapidly reversible plastic responses to keep up with them (Padilla and 

Adolph 1996), refuge-seeking behavior in this case. When temperature changes too 

greatly or quickly for color change to keep up with it, such as between night and day, 

refuge seeking behavior can provide this fast response, while when temperature changes 

persist for multiple days, such as seasonal changes, color change can provide a 

potentially more efficient long-term response, allowing caterpillars avoid the costs of 

refuge-seeking and stay on their hosts longer. In this way these two plastic responses to 

high temperatures can complement each other. 

 Our study has focused on heat avoidance on a short host plant in a hot, open 

habitat. Of course, the ecological context for thermoregulation, including whether an 

animal needs to warm or cool itself will vary considerably across the wide diversity of 

ectotherms but also within B. philenor itself. Battus philenor has a broad range, extending 

as far north as the Appalachian Mountains of West Virginia (Fordyce and Nice 2003). In 

a cooler environment, overheating should rarely be an issue. Instead, staying warm 

becomes important for both maximizing growth and ensuring survival (Fordyce and 
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Shapiro 2003). The anticipated consequences of a cooler environment on 

thermoregulatory behavior and color change, however, will depend on how these cooler 

temperatures interact with other aspects of the environment, such as the host plant. In 

addition to being a much cooler habitat, the primary host for B. philenor in the 

northeastern parts of its range is Aristolochia macrophylla, a tall, tree-climbing vine 

which grows in shade under forest canopy and has large enough leaves to shade 

caterpillars itself. Because color’s effect on body temperature specifically depends on the 

intensity of solar radiation (Gates 1980, Clusella Trullas et al 2007), this shaded 

environment should reduce the effect of color on temperature. On the other hand, having 

a larger host plant should greatly reduce the cost of behavioral responses to temperature 

by providing the caterpillar access to a wider range of microhabitats without needing to 

leave, and behavior can be used to seek warmer locations in addition to cooler ones. 

 Despite the potentially substantial variation in ecological circumstances even 

within one species, specialization of different plastic responses for different rates of 

temperature change, similar to the specialization found in B. philenor, should 

nevertheless be common in other ectotherms. To start with, except under extreme 

conditions, the optimal temperature is an intermediate, rather than the maximum or 

minimum that can be achieved (Huey and Stevenson 1979, Casey 1993). Thus, even if 

changing multiple traits simultaneously produced a greater temperature change, this 

would not necessarily translate into a corresponding increase in fitness since the response 

might overshoot the optimal temperature. Additionally, for both temperature and other 

environmental factors, the variation in the rate of environmental change and the plastic 

responses to that change which we found in B. philenor is not at all unusual. 
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Temperature, like most aspects of the environment, varies on many different time scales, 

from hours to days to months to years, and so does the frequency with which plastic 

changes can occur. Behavioral and physiological responses are often rapid, while 

morphological and life history changes tend to take much longer (Foster et al. 2015). 

Behavior is generally predicted to have the greatest potential to modify temperature 

(Stevenson 1985), but reliance on behavior can restrict which microhabitats an animal 

uses and how, leading to substantial costs such as reduced opportunity for foraging or 

increased exposure to predators (Huey and Slatkin 1976, Casey 1993). Morphological 

and physiological changes may be slower or of smaller effect, but can allow an organism 

to continue to use its preferred microhabitat. 

 If different plastic responses to temperature are rarely synergistic, and typically 

complement each other instead, as we believe should be the case, this will limit an 

organism’s ability to respond to thermal change. The maximum temperatures an 

organism can survive may be much less than we would predict if we simply considered 

the changes independently and assumed their effects were additive. Recent studies have 

emphasized the importance of accounting for behavioral thermoregulation in modeling 

how ectotherm species will respond to climate change and determining what species or 

regions are most vulnerable to predicted changes (Kearney et al. 2009, Huey et al. 2012, 

Sunday et al. 2014). Here we show that behavioral responses to temperature are not 

independent of other plastic responses to temperature, so these other traits and how they 

interact with behavior should also be considered when assessing the vulnerability of 

species to climate change. In addition to changes in average temperatures, daily variation 

in temperature is also changing, although in different directions in different places (Karl 
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et al. 1993, Lobell et al. 2007, IPCC 2013, Qu et al. 2014, Wang and Dillon 2014). As 

we have shown, different plastic traits respond to environmental change on different 

timescales.  Some plastic traits will be more important in responding to increases in 

average temperature (e.g. color change), while others will be more valuable in coping 

with any increases in the daily variability of temperature (e.g. thermoregulatory 

behavior). Ultimately, although these different plastic changes may not work better when 

expressed simultaneously, they will both be important in responding to different aspects 

of temperature change. Beyond temperature, whether different plastic responses to other 

environmental changes tend to be synergistic or complementary remains an open 

question. The complementarity shown here may be common in other systems, 

particularly where plastic changes vary in response speed, and future research can test 

these hypotheses in new species and contexts using an approach similar to ours. 

 

Online Appendix A 

Online Figure A1. Reflectance spectra of red (raised at 38°C; dark red line) and black 

(raised at 30°C; black line) caterpillars (4
th

 instar, same as in live caterpillar experiments) 

and red (red line) and black (grey line) painted aluminum models. Each line represents 

the average of eight individuals. For live caterpillars two measurements from different 

orientations were averaged from each to account for a small effect of the angle of the 

light source. Measurements were made with a spectrophotometer (Ocean Optics 

USB2000) and halogen light source (Ocean Optics DH-2000). 
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Online Appendix B 

To test how accurately our aluminum models represented the temperature of live 

caterpillars, compared their temperatures under full sun on two days (July and 2016). We 

tied both red and black caterpillars and models to a board with thin string (<.5 mm 

width), pairing each model with a same colored caterpillar, but otherwise placing them 

randomly 7 cm apart. Each day we tested 4 pairs of caterpillar and model of each color, 

for a total of 32 objects. Models were oriented with their long axis pointing toward the 

sun, the same position caterpillars typically adopted. After 25 and 30 min, sufficient time 

for caterpillars of both colors to reach equilibrium in previous research (Nice and 
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Fordyce 2006), we took thermal images of both models and caterpillars. These surface 

temperatures should also be representative of internal temperatures for both models and 

caterpillars under the same assumptions necessary for the use of operative temperature 

models in the first place (minimal evaporation or metabolism and thermal equilibrium; 

Bakken 1992).  Emissivity and reflected temperature were each accounted for using the 

same methods described in the main text, and we also determined temperatures from 

these images using the same methods. Temperatures of models and caterpillars were 

compared with a mixed linear model using the lme procedure in the nlme package in R. 

Color, object type (caterpillar vs model), and time until measurement (25 or 30 min) were 

included as fixed effects, with individual object nested within pair of objects nested 

within day as random effects. Importantly, color did not interact significantly with object 

type and was the interaction was thus excluded from the final analysis (F1,14=0.54, 

p=0.47). Caterpillars were 0.54°C cooler than the models, a small and not quite-

significant difference (F1,15=3.89, p=0.067). Color made a larger overall difference, with 

red models and caterpillars 1.85°C cooler under these conditions (F1,13=25.27, 

p=0.0002). Although time of measurement made a small, but significant difference for 

object temperature (F1,31=5.82, p=0.022), objects actually cooled 0.47°C during the five 

minutes between measurements, indicating that after 25-30 minutes both models and 

caterpillars were near equilibrium temperatures. 
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Tables 

Table 1. Effects of caterpillar color, plant height, and ground temperature on likelihood of 

a caterpillar being observed on a thermal refuge. 

 Coeff. SE χ
2
 P 

Color
1
 1.400 0.911 - - 

Ground temperature (°C)       0.155 0.0143 - - 

Plant Height (cm) -0.288 0.0676 18.38 0.00002 

Color
1
*Ground temperature (°C) -0.047 0.0181 6.75 0.00939 

1
red versus black. 

 

Table 2. Effects of color, refuge availability, daily high air temperature, and plant height 

on likelihood of survival of Battus philenor caterpillars in field enclosures over 24 hrs. 

 Coeff. SE χ
2
 P 

Color
1
 1.010 0.428 9.22 0.0024   
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Refuge
2
  2.685 0.601 52.15 <0.00001 

Daily high temperature (°C)      -0.274 0.106  7.64 0.0057 

Plant height (cm) 0.368 0.131 9.35 0.0022  

Color
1
*Refuge

2
 0.868 1.195 0.597 0.440 

1
red versus black. 

2
available versus unavailable. 

 

Figure Legends 

Figure 1. Effects of color, position, and time of day on the mean surface temperature of 

aluminum caterpillar models. Red (or gray) lines and points represent red models, black 

represent black models. Circles and solid lines represent models in a position similar to 

being on a host; triangles and dashed lines represent models in a typical refuge-seeking 

position. Points represent individual measurements, while lines represent predicted 

temperatures. n=447 observations of 92 models. 

 

Figure 2. Effects of color and ground temperature on thermal-refuge seeking by Battus 

philenor caterpillars. Red dashed line and red (or striped) bars represent red caterpillars; 

solid black line and gray bars represent black caterpillars. Bars represent the proportion 

of caterpillars observed on refuges at a particular ground temperature; lines represent 

predicted probabilities of being on a refuge. N=1282 observations of 148 caterpillars. 

 

Figure 3. Effects of color and daily high temperature on survival of Battus philenor 

caterpillars in field enclosures over 24 hrs, either (a) with access to refuges or (b) without 



91 

access to refuges. Red dashed lines and (open) triangles represent red caterpillars; black 

solid lines and squares represent black caterpillars. Each point represents the average 

survival of 8-10 caterpillars per treatment on each of 11 days for a total of n=400. Lines 

represent predicted survival with shaded regions representing 95% CI. 

 

Figures 

Figure 1. 
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Figure 2. 
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Figure 3. 
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APPENDIX C 

Color alters thermoregulatory behavior in Battus philenor caterpillars by modifying the 

cue received 

 

Intended and formatted for publication in Proceedings of the Royal Society B 

 

Matthew E. Nielsen, Eran Levin, Goggy Davidowitz, and Daniel R. Papaj 

 

Abstract 

 Phenotypically plastic traits could alter each other’s expression in two ways. One 

trait could change the value of the cue used by a second trait, or the first trait could 

change how the second trait responds to that cue. We tested these mechanisms for two 

thermoregulatory plastic traits, color change and refuge-seeking behavior, in pipevine 

swallowtail caterpillars (Battus philenor). In the field, black caterpillars sought thermal 

refuges at lower temperatures than red caterpillars, but in the lab this effect depended on 

how we warmed the caterpillars. When warmed with radiant heat, black caterpillars 

sought refuge sooner than red caterpillars, as occurs in nature. When warmed instead via 

conduction, color no longer affected when the caterpillars sought a thermal refuge. In 

neither case did color affect the body temperature at which refuge seeking occurred. 

Body color also had no effect on the temperature sensitivity of the caterpillar’s 

metabolism. Thus, body color changes the expression of thermoregulatory behavior 

because it alters the behavior’s cue (body temperature) rather than by changing the 

response to that cue. Similar cue-based interactions are likely to be common in 
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thermoregulation; however, both mechanisms need to be considered more broadly across 

additional species and ecological contexts. 

 

Keywords: phenotypic plasticity, cue, temperature, color, thermoregulatory behavior, 

Battus philenor 

 

Introduction 

Adaptive phenotypic plasticity allows organisms to maintain their fitness in the face of 

environmental variation by changing their phenotype in response to environmental 

changes. Although individual plastic traits have usually been studied in isolation, 

organisms frequently respond to a change in their environment by changing multiple 

traits [1-4]. Temperature provides an especially good ecological context for studying the 

plasticity of multiple traits because it is a highly variable part of any organism’s 

environment that interacts with nearly all aspects of that organism, from biochemistry to 

life history [5]. This variability has led to the evolution of adaptive plastic responses to 

temperature change in a variety of traits ranging from morphology to physiology to 

behavior [6-8]. 

 When organisms respond to environmental changes using multiple traits, they 

create the opportunity for those traits to interact and alter one another’s expression. For 

example, Battus philenor caterpillars change body color from black to red over a range of 

temperatures, which raises the ambient temperature at which they exhibit heat-avoidance 

behavior (Nielsen and Papaj in review). But how do plastic traits change each other’s 

expression? In a general sense, the expression of a plastic trait is determined by two 
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factors, a cue and a response to that cue. More precisely, the cues for a plastic trait are the 

attributes of the environment that influence the trait’s expression [9-11; also known as a 

stimulus, sensu 12]. A cue may be the same aspect of the environment which selects for 

the phenotype (a direct cue) or an entirely different, but correlated, aspect of the 

environment (an indirect cue) [9-12]. For thermoregulatory plasticity in traits such as 

color and behavior, body temperature is a common direct cue, but indirect cues, such as 

photoperiod, can also be used [7,13]. If a change in one plastic trait changes either the 

cue of a second plastic trait or the second trait’s response to that cue, the first trait will 

then change the second trait’s expression (figure 1). 

 The environment and the cues received from it can depend on the organism and 

its phenotype, enabling phenotypic plasticity to change these cues (figure 1a). Via habitat 

selection, organisms can control which environments they are exposed to [14], and via 

niche construction, they can physically alter properties of their external environment 

[15,16]. Plastic traits can then respond in turn to this new environment. Plastic traits can 

also respond to changes in an organism’s internal environment such as body temperature 

or nutritional state, and these internal cues often depend on both the external environment 

and the organism itself [16,17]. Any changes made by the organism to its external or 

internal environment can alter the expression of a plastic trait, if the change also alters the 

cue for the trait. 

 In the case of thermoregulation, a cue-mediated interaction could readily occur 

between different traits that use body temperature as their cue. At the same time that body 

temperature depends on external factors such as solar radiation, air and ground 

temperature, and wind speed, it also depends on many aspects of the organism’s 
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phenotype, such as its size, shape, color, and metabolic rate [6,18]. Many forms of 

thermoregulatory plasticity function by changing body temperature, altering either the 

external factors that the animal is exposed to or a part of the phenotype which influences 

temperature. These changes in body temperature will in turn affect the expression of 

other plastic traits using body temperature as a cue without the need for any change in 

how the traits respond to body temperature. 

 Independently of changing the cues for other traits, a change in one trait could 

instead change how other plastic traits respond to those cues. A change in a cue initiates a 

series of physiological responses in the organism which result in a change in the plastic 

trait’s expression [11]. These responses often involve components such as sensory 

receptors, neurons, hormones, and transcription factors [11]. The combined effect of 

these processes can be summarized by the reaction norm of a plastic trait. A reaction 

norm is a function which describes how a trait’s expression changes depending on the 

state of the environment [19], and is produced in response to a specific environmental 

cue. If the physiological mechanisms producing a plastic change in one trait interact with 

the mechanisms controlling a second plastic trait (or if they are shared), then the process 

of changing one plastic trait can change another independently of the trait’s cues, internal 

or external. Instead, the expression of the trait will have changed because the response to 

the cue has changed (figure 1b). 

 One important way in which thermoregulatory traits could alter each other’s 

responses to temperature is through acclimation. Acclimation refers to changes in an 

organism’s physiology and biochemistry in response to some climatic factor, such as 

temperature, that alter the sensitivity of the organism to that factor and potentially allow 
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the organism to perform better under those conditions [8,20]. These changes and the 

improved performance associated with them could then alter the subsequent plastic 

responses of other thermoregulatory traits to the same environment. For example, 

changes in metabolic rate and enzyme activity following thermal acclimation are 

associated with changes in preferred temperatures for behavioral thermoregulation in 

both saltwater crocodiles (Crododylus porosus) and red-spotted newts (Notophthalmus 

viridescens) [21,22]. 

 Thus, there are two non-mutually exclusive hypotheses for how a change in one 

plastic trait can change the expression of a second trait: the first trait can change the value 

of the cue for the second trait or it can change the response to that cue, as indicated by the 

trait’s reaction norm. The ability of a trait to affect the cue for another trait should often 

depend on the environment, and thus we can distinguish between these two hypotheses 

by ensuring that the first trait cannot alter the cue to which the second trait responds. This 

will break any cue-dependent connection between the traits, while retaining any 

associations due to changes in the response to the cue. Further insight into the relative 

roles of cues versus the responses to them can be gained by direct measurement of the 

perceived cue during experiments and by testing for changes in physiology underlying 

the plastic response of the second trait. 

 To test these hypotheses in the context of thermoregulation, we used the 

caterpillar of the pipevine swallowtail (Battus philenor L.), which possesses two distinct 

plastic traits, color change and refuge-seeking behavior, each of which responds to 

temperature and functions to change body temperature.  Battus philenor caterpillars 

develop red body coloration when raised at warm ambient temperatures (about 36°C or 
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above), and black coloration at cooler temperatures [23]. Red caterpillars warm more 

slowly and reach lower asymptotic body temperatures than black ones [23]. At 

particularly high temperatures, caterpillars also seek cooler locations. These ‘thermal 

refuges’ are typically higher above the ground on non-host vegetation where air 

temperature is cooler [23,24]. 

 We have previously shown that body coloration changes refuge-seeking behavior: 

black caterpillars in the field move to refuges at lower environmental temperatures than 

red ones and thus spend more time on refuges overall (Nielsen and Papaj, In review). 

Here, in laboratory experiments, we tested whether the effect of color on refuge-seeking 

behavior occurs because color changes the cue for refuge seeking (figure 2a) or because 

color changes the response to that cue (figure 2b). Based on previous work [24], we 

hypothesized that body temperature was either the cue for refuge seeking, or related 

closely to it.  We experimentally increased caterpillar body temperature in either of two 

ways, by use of radiant heat (a strong light) or conduction (a hot plate), and assessed the 

behavioral responses of the different color morphs. Body coloration affects body 

temperature by affecting absorption of visible and near-infrared radiation, with darker 

colors absorbing more radiation [18,25]. Thus, if body color changes the cue for refuge-

seeking behavior (i.e., body temperature), we should detect an effect of body color on 

behavior when caterpillars are warmed by radiant heat but not when warmed by 

conduction—which color does not affect. Alternatively, if body color changes how 

behavior responds to body temperature, then black caterpillars should seek refuges at a 

lower body temperature than red caterpillars, regardless of warming method. In this case, 

color would be changing the response to the cue for refuge seeking, rather than the cue 
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itself. Finally, to assess whether color change was associated with physiological 

acclimation, we measured the metabolic rate of caterpillars at two temperatures and 

looked for an effect of color on metabolic rate.  

 

Methods 

Study Organism 

 The pipevine swallowtail, Battus philenor L., is a papilionid butterfly whose 

larvae feed exclusively on members of the genus Aristolochia. In southern Arizona, there 

is a single host species, Aristolochia watsonii Woot. Standl. Aristolochia watsonii is a 

small perennial, deciduous, ground-hugging vine with multiple stems found at low to 

middle elevations, often in or near washes. This low growth pattern frequently places 

caterpillars near the hot ground, on leaves whose temperatures frequently exceed 40°C 

[24]. Caterpillars typically seek refuges from these high host temperatures on the 

surrounding grasses and other herbaceous plants. Both red and black body colors also 

serve as a warning signal of the toxic aristolochic acids sequestered from their hosts [26], 

and thus deter the majority of predators even when exposed on a thermal refuge. In 

southern Arizona, B. philenor has four broadly-overlapping broods from March to 

September; the timing and discreteness of broods varies substantially from year to year 

and site to site. This exposes the larvae to a wide range of temperatures between and 

within generations. 

The Effect of Body Coloration on Thermoregulatory Behavior 

 We raised caterpillars for our experiments from eggs laid by butterflies caught at 

the University of Arizona Santa Rita Experimental Range in Pima County, Arizona 

(31°47.049N, 110°49.524W) and the first generation of descendants from these 
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butterflies. Eggs were initially kept at 30°C, but upon hatching they were split between 

30°C (which produced a black color) and 38°C (which produced a red color). When 

conducting the behavioral experiment using a hot plate (see below), we also tested 

caterpillars raised at a third temperature, 34°C, which produces very dark red caterpillars. 

At all temperatures, caterpillars were kept in plastic cups and boxes in stand-alone growth 

chambers with a 12:12 light:dark cycle. They were fed freshly collected leaves of 

Aristolochia fimbriata ad libitum, and upon reaching 4
th

 instar, were selected 

haphazardlyfor use in experiments. 

 To distinguish whether a change in the cue or the response to the cue caused the 

effect of body coloration on thermoregulatory behavior, we performed two experiments 

using a protocol based on a previous study [24]. We placed a fresh A. fimbriata leaf in the 

center of a 28 cm by 18 cm aluminum pan filled with 2.0-2.5 cm of dry sand collected 

from the field site. Immediately adjacent to the leaf, a 0.6 cm-diameter, 30 cm-long 

wooden dowel was inserted into the sand to serve as a thermal refuge. We heated this 

setup using a different method for each experiment. For one experiment, we placed a 

500W halogen work light 42 cm from the leaf, at a 30° angle. Under these conditions, 

color would change body temperature through its effect on the absorption of radiant heat 

in the visible to near infrared range. In a second experiment, we warmed the setup by 

placing it on a hot plate. This protocol warmed the caterpillar primarily through 

conduction, minimizing the effect of color on body temperature.  Under these conditions, 

color could affect the caterpillar’s behavior only if it changed its response to body 

temperature. 
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 Before a trial, caterpillars were held at room temperature for at least 30 min to 

allow for acclimation. At the start of the trial, a red or black caterpillar was weighed and 

then placed in the center of the leaf. If the caterpillar never stopped moving after 

placement on the leaf or left the leaf, we discarded it as this typically indicated movement 

for other reasons, such as seeking a non-host substrate on which to molt. After a 

caterpillar stopped moving (usually within 20 min), the heating device for that 

experiment was turned on. A trial ended when a caterpillar had crawled completely onto 

their wooden dowel. We excluded from analysis two caterpillars that crawled onto the 

sand (both heated by hot plate). During the experiment, we used a thermal imaging 

camera (FLIR T-300) to record caterpillar temperatures. We took a thermal image of the 

caterpillar each time it started moving until it was fully on the refuge and recorded the 

time at which movement began. Specifically, we estimated the onset of refuge seeking 

behavior as the start of the instance of movement which ended with the caterpillar 

climbing the refuge because movement which did not end on the refuge was not 

necessarily refuge seeking (and typically was involved in eating). During the trial, we 

also recorded whether the caterpillar ate any of the leaf. When heating with a halogen 

light, we tested 20 red and 20 black caterpillars, with each trial lasting between 3 and 30 

min. When heating with the hot plate, 25 red, 24 dark red, and 26 black caterpillars 

completed the trial successfully, with trials lasting between 4 and 19 min. 

 To estimate body temperature, thermal images were first converted to grayscale 

using FLIR Quick Report (v1.2). Next, we estimated mean surface temperature as 

precisely as possible by averaging across the area of the caterpillar, as selected freehand 

in ImageJ (v1.45s) while taking care to avoid selecting areas outside the caterpillar. All 
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statistical analyses were conducted in R (v3.1.4). We used ANOVA to test whether body 

color affected each of two variables, the time until a caterpillar began seeking a thermal 

refuge and the body temperature at which it did so. Independent tests were performed for 

each experiment, heating with light and heating with the hot plate. For all analyses, we 

also tested the following covariates using Type-II sums of squares: the caterpillar’s mass, 

whether or not it ate during the trial, and the interactions of these factors with color. 

However, only one of these factors was significant: when a hot plate was used for 

heating, whether the caterpillar ate during the trial affected the body temperature at which 

a refuge was sought. All others were non-significant (p>0.24) and thus excluded from the 

final analysis. 

The Effect of Color on Response of Metabolic Rate to Temperature 

 Caterpillars for this experiment were raised under the same conditions as for the 

previous experiments, except that they were tested during the 5
th

 instar instead of the 4
th

. 

As before, black caterpillars were produced by development at 30°C and red caterpillars by 

development at 38°C. Metabolic rate of the larvae was measured using an open-flow 

respirometry system. Larvae (all fasted for at least 12h) were weighed using an electronic 

balance (Mettler Toledo ML54, precision: 0.1 mg) and placed in an environmental cabinet 

which used a Peltier device to control temperature via convection (PTC-1 Temperature 

Cabinet; Sable Systems International, Las Vegas, NV, U.S.A.). During the first set of 

measurements temperature was maintained at 42°C, after which the chamber was held at 

30°C for a second round of measurements of the same caterpillars. Before each round of 

measurements, caterpillars had at least 20 minutes for short-term acclimation to the current 

temperature. 
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 To measure metabolic rate, we placed each caterpillar individually into a metabolic 

chamber (20 ml syringe). Caterpillars were then left undisturbed for at least 5 min before 

metabolic rate data were collected. O2 consumption was measured by gas analyzer 

(FoxBox, Sable Systems Int., USA). Dry, CO2-free air (from a cylinder, chemically 

scrubbed of remaining CO2 and water using Ascarite and Drierite, Sigma-Aldrich, USA) 

was passed through two parallel flow controllers (Alicat Scientific Inc, USA) at a constant 

flow of 30 ml/min. One flow controller fed a constant stream of air to the metabolic 

chamber and the other flow controller fed air directly to the analyzer for calibration and use 

as a baseline reading between measurements. The air source for analysis (chamber or 

baseline) was manually operated using a three directional valve. The air from the metabolic 

chamber was scrubbed of H2O, but not CO2, before measurement. 

 After at least 5 minutes of measuring baseline concentrations, O2 concentrations 

from the metabolic chamber (with the caterpillar) were recorded at a rate of 1Hz using a 

PC and Expedata software (Sable Systems Inc.). For analysis, we averaged the first up to 

500 seconds of stable metabolic rate at each temperature, excluding any measurements 

with less than 200 seconds of stable O2 consumption. VO2 mlO2 (g
-1

h
-1

)
 
was then 

calculated according to Withers [27]. Data were analyzed with a general linear mixed 

model, using temperature, caterpillar color and their interaction as fixed effects and 

individual caterpillar as a random effect. 
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Results 

Time and Body Temperature at Onset of Thermal Refuge-Seeking 

 When warmed using radiant heat, red caterpillars sought thermal refuges 1.43 

times later than black caterpillars (F=4.49, df=1,38, P=0.040; figure 3a). Importantly, 

body coloration had no significant effect on the caterpillars’ body temperature at the time 

they began to seek a refuge (F=0.106, df=1,38, P=0.746; figure 3b). When warmed using 

a hot plate rather than radiant heat, black caterpillars did not seek thermal refuges 

significantly sooner than lighter ones, and the trend was even in the opposite direction 

with dark red and red caterpillars seeking thermal refuges 15.2% and 8.7% sooner, 

respectively (F=1.97, df=2,72, P=0.147; figure 3c). As with radiant heat, we found no 

significant effect of body coloration on the body temperature at which caterpillars sought 

a thermal refuge when warmed with a hot plate (F=1.67, df=2,71, P=0.195; figure 3d). 

Nevertheless, some of the variance in body temperature when seeking a refuge was due 

to the occurrence of feeding during the hot-plate trial: caterpillars that ate part of the 

provided leaf began to seek a refuge at a body temperature 1.81°C higher than those that 

did not, a highly significant difference (F=11.22, df=1,71, P=0.0013). 

Effect of Body Coloration on Response of Metabolic Rate to Temperature 

 Metabolic rate, measured as oxygen consumption, was 69% higher for caterpillars 

tested at 42°C than 30°C (t=4.91, df=12, P=0.0004; figure 4). Color, however, neither 

significantly interacted with temperatures’ effect on metabolic rate (t=0.068, df=22, 

P=0.95) nor had any significant independent effect (t=0.62, df=12, P=0.55; figure 4).  

 



106 

Discussion 

 How one plastic trait can alter another’s expression has received limited 

investigation, and no previous study has distinguished whether such interactions among 

plastic traits are driven by changes in the traits’ cues or the responses to those cues. We 

found that the effect of color change on thermoregulatory behavior in Battus philenor 

caterpillars is mediated purely by body coloration’s effect on the value of the cue for the 

behavior (body temperature or something closely related to it), rather than by a change in 

the response to that cue. Specifically, black caterpillars only sought refuges sooner when 

warmed by radiant heat and not when heated via conduction. Black animals absorb more 

radiant heat (i.e. light) than lighter colored ones, thus reaching higher body temperatures 

faster under the same external conditions [18,25]. This effect allows color to change body 

temperature, the cue for refuge-seeking, but it should only occur with sufficient radiant 

heat, which we found.  

 At the same time, we have evidence against a change in the response to the cue 

because color did not change the body temperature at which caterpillars started refuge 

seeking in either experiment. Previous work on B. philenor caterpillars using similar 

methods has shown that as caterpillars grow larger, the body temperature at which they 

start refuge-seeking decreases [24]. Thus, even if changes in body color do not change 

the behavioral response to body temperature, we have evidence that changes in other 

aspects of morphology can change the response to the cue. That body color does not 

change the response to the cue in the current study has additional support because body 

color did not substantially change the response of metabolic rate to temperature, 

providing no evidence for a connection between color plasticity and acclimation.   
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 The cue-based interaction between morphology and thermoregulatory behavior 

we have found in B. philenor should be widespread, potentially existing in all ectotherms. 

Any trait (plastic or otherwise) that alters an animal’s body temperature in a given 

environment (e.g. size, color, shape) should also change any behavior that uses body 

temperature or something closely related as its cue. Completely artificial manipulation of 

color with marker or paint can change thermoregulatory behavior in other animals, such 

as adult butterflies and grasshoppers, showing the potential breadth of this effect [28,29]. 

Because the manipulations in these studies were completely artificial, there was no 

opportunity for them to change the response to the cue and thus their effect had to occur 

via changing the cue instead.  In our study, we show that the same cue-based interaction 

can be due to natural changes in color, without any simultaneous change in the response 

to the cue. Thus, we show that one trait changing a second trait’s cue is sufficient to 

change the second trait’s expression.  We expect these cue-based interactions to be 

common in thermoregulation; nevertheless, we cannot rule out the possibility of 

response-based interactions among other organisms’ thermoregulatory traits, particularly 

as the two mechanisms are not mutually exclusive. Future work could use experiments 

similar to ours in a variety of species to assess how common and strong each kind of 

interaction is.  

 The potential for traits to affect each other’s expression by changing the values of 

the cues they receive from their environment should not be limited to thermoregulation, 

but could occur in many other ecological contexts. The study of niche construction has 

explored many ways an organism’s environment can depend on the organism itself, but 

has typically emphasized trans-generational and other long-term environmental changes 
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and their consequences for natural selection [30,31]. More recent work, however, has 

considered phenotypic plasticity alongside niche construction to emphasize that this 

interdependence between an organism and its environment can be relevant on much 

shorter timescales [14-16]. Our work provides a clear example of this feedback where an 

organism can change the environment it experiences which then changes plastic aspects 

of the organism’s phenotype. Moreover, we demonstrate that physically changing the 

external environment is not necessary for one trait to change another’s expression. 

Instead what matters is that the value of the cue for the plastic trait changes, even if that 

cue is internal to the organism, such as body temperature. Whether or not the rest of the 

environment, including selection on the trait, changes is irrelevant to the trait’s 

expression [9,10]. For B. philenor’s refuge-seeking behavior, the cue for the trait and 

selection on the trait are likely closely related, since both depend on body temperature; 

however, this may not be the case for other traits in other organisms. If one plastic trait 

changes the cue for a second trait, but not selection on the second trait, it might create a 

mismatch between the second trait and the optimal value for its environment, an 

interesting direction for future research. 

 While research has traditionally focused on cues as part of an organism’s external 

environment, our work shows that cues are not necessarily independent of the organism 

itself. When cues for phenotypic plasticity are largely internal to the organism, as in our 

study, the line of demarcation between the organism and its environment can become 

blurred. At the same time, the ability of one trait to affect another’s expression may itself 

depend on the environment. We see this in our study of B. philenor, where the effect of 

color on behavior depended on whether light was a primary source of heat, a factor which 
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should also vary in nature due to shade and cloudy weather. Ultimately, our research 

illustrates the point that to fully understand phenotypic plasticity we need to consider the 

organism, its various traits, and its environment not as separate elements but as an 

integrated whole [16]. 
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Figure 1. Hypothetical case of two, non-mutually exclusive mechanisms by which one 

plastic trait could change the expression of a second trait. The x-axis shows the value of 

the cue, the y-axis the value of the phenotype, and the curve is the reaction norm relating 

these two. Arrows show a particular value of the cue and the phenotype produced. Solid 

and dashed lines represent the difference when the value of the first trait changes. (a) The 

change in the first trait could change the cue that the second trait responds to (either by 

changing the overall environment or by directly changing the cue itself). This is shown 

by the two dots at different points on the reaction norm, indicating the phenotypic 

outcome for different values of the cue. (b) Alternatively, the change in the first trait 

could change how the second trait responds to that cue, as described by the reaction 

norm. The change in reaction norms is represented by two separate curves with the dots 

on each curve indicating the associated change in phenotype. 

 

Figure 2. The two hypotheses for how color plasticity could affect thermoregulatory 

behavior in Battus philenor. The x-axis shows the value of the cue, body temperature, 

and the y-axis shows the phenotypic response, refuge-seeking behavior (either at rest or 

refuge seeking). Because this trait has two discrete states, the key feature of the reaction 
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norm (represented by the curve) is the threshold at which the change occurs. Arrows 

show a particular value of the cue and the associated behavioral response. (a) The color 

change could change the body temperature, the cue for refuge-seeking behavior. This is 

shown by a dashed red arrow showing the lower body temperature of red caterpillars 

relative to the solid black arrow for a black caterpillar’s body temperature. (b) 

Alternatively, the color change could alter the behavioral response to body temperature. 

This is shown by having different reaction norms for the different colors, with black 

caterpillars (solid black line) having a lower threshold for the behavior than red 

caterpillars (dashed red line). 

 

Figure 3. Effect of color (as determined by developmental temperature) on refuge seeking 

behavior when heated by a halogen light in the lab (a,b) or using a hot plate (c,d). Error 

bars represent 95% confidence intervals, and sample sizes are given at the base of each 

bar. (a,c) Effect of color on mean time until start of refuge seeking. (b,d) Effect of color 

on mean body temperature at the start of refuge seeking. The effect of color is significant 

only for time until refuge is sought and then only when caterpillars are warmed by light 

(P=0.020). 

 

Figure 4. Mean metabolic rate (measured as rate of oxygen consumption) of red and 

black caterpillars at two different environmental test temperatures. Error bars represent 

95% confidence intervals and sample sizes are given at the base of each bar. Only the 

overall effect of temperature on metabolism was significant (P=0.0004) 
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Abstract 

Ectotherms increase in size dramatically during development, and this growth should 

have substantial effects on their body temperature and ability to thermoregulate. To better 

understand how this change in size affects temperature, we examined the direct effects of 

body size on body temperature in Battus philenor caterpillars, and also how body size 

affects both the expression and effectiveness of thermal refuge-seeking, a 

thermoregulatory behavior. Field studies of both live caterpillars and physical operative 

temperature models indicated that caterpillar body temperature increases with body size. 

The operative temperature models also showed that thermal refuges have a greater 

cooling effect for larger caterpillars, while a laboratory study found that larger 

caterpillars seek refuges at a lower temperature. Although the details may vary, similar 

connections between developmental growth, temperature and thermoregulation should be 

common among ectotherms and greatly affect both their development and thermal 

ecology.  

 

Key-words Battus philenor, body size, body temperature, growth, thermoregulatory 

behavior 

 

Introduction 

Temperature has strong and well-studied effects on the development and growth of 

ectotherms, with both development rate and growth rate increasing with temperature and 

the balance of the two determining how adult size changes (Atkinson 1994, Huey and 

Kingsolver 2008, Forster and Hirst 2012, Zuo et al. 2012). At the same time, however, 
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ectotherms undergo extensive growth during development, and some, such as caterpillars, 

increase in mass more than one thousand fold during development (Reavey 1993). This 

growth should in turn have a considerable impact on the ectotherm’s body temperature 

because not only does body size directly affect body temperature (Stephenson 1985, 

Woods 2013), but size should also alter thermoregulatory behavior, with subsequent 

indirect changes in body temperature. 

 The direct effects of body size on body temperature are fairly well understood.  

As ectotherms increase in size, solar radiation will raise their body temperature further 

above the ambient temperature due to the reduced effect of convection on larger 

organisms (Porter and Gates 1969, Stevenson 1985a). Although in particularly large 

ectotherms the reduction in heating rate with size may mitigate this increase in body 

temperature, below ~1 kg the effects of heating rate are small enough to have negligible 

effect on body temperature (Stevenson 1985a). In adults, the prediction of increased body 

temperature with increased size has been confirmed by comparison across many different 

insect species (Willmer and Unwin 1981). As for developmental size change, early work 

in the desert locust, Schistocerca gregaria, suggests increased temperature between the 

first and last instars (Stower and Griffiths 1966), and more recent work on Manduca 

sexta clearly demonstrates this pattern across all larval stages (Woods 2013). 

 Additionally, developmental change in body size could affect body temperature 

by altering thermoregulation. Most ectotherms regulate body temperature to some extent 

using mechanisms such as changes of posture, body coloration, blood flow, and 

microhabitat selection (Bogert 1949; Stevenson 1985b).  Of these, microhabitat selection 

is predicted to have the greatest effect on an ectotherm’s temperature (Stevenson 1985b). 
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Body size might influence the costs of changing microhabitats, which include increased 

energy use, increased exposure to predators, and constraints on feeding opportunities 

(Huey and Slatkin 1976). For example, the lizard Lacerta monticola basks in warm, 

sunny locations to raise its body temperature; however, the smaller juveniles must bask 

more often but for shorter durations than the larger adults because their small size 

increases both the rate of heat gain during basking and the rate of heat loss afterwards 

(Carrascal et al. 1992). This more frequent activity forces younger lizards to invest more 

time and energy in movement to achieve the similar thermoregulatory benefits (Carrascal 

et al. 1992). The costs of thermoregulatory movement may be compounded early in 

development because movement will often be slower and more difficult for smaller 

organisms, as is the case for caterpillars (Weiss and Murphy 1988, Reavey 1993). 

Alternatively, body size can determine what thermal microhabitats are accessible to a 

given organism. For example, the tiny size of Manduca sexta moths’ eggs allows them to 

remain within the cool boundary layer of air created by evapotranspiration from their host 

plant and thus avoid overheating (Potter et al. 2009). Once they hatch, however, M. sexta 

caterpillars benefit less and less from this boundary layer as they grow larger (Woods 

2013).   

 To test how size affects body temperature and its regulation, we focused on 

caterpillars of the pipevine swallowtail, Battus philenor (Linnaeus). In addition to any 

potential direct effects of body size on temperature in these caterpillars, there is also 

potential for size to affect their thermoregulatory behavior. In the American southwest, 

these caterpillars behaviorally avoid overheating by leaving their host to seek a thermal 

refuge. As temperatures increase during the day, caterpillars leave their low-growing 
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Aristolochia host plants and climb to a cooler location higher up in non-host vegetation; 

they subsequently return to their host plant as daily temperature falls (Nice and Fordyce 

2006). This behavior should be highly effective because daytime temperature decreases 

rapidly with height above from the ground in arid environments, making climbing a 

highly effective cooling behavior (Porter et al. 1973). Refuge seeking has only been 

observed in later-instar caterpillars (M. Nielsen and D. Papaj, pers. obs.), raising the 

possibility that refuge-seeking may be rare in younger, smaller caterpillars. This 

developmental increase in thermal refuge-seeking could be caused by large size directly 

making large caterpillars hotter, as is predicted for the lizard Agama agama by detailed 

heat-balance models (Porter and James 1979). However, it could also be driven by how 

size interacts with the costs of refuge-seeking behavior. The potential costs of leaving 

their host plant for a thermal refuge include reduction in food intake and the risk of 

failing to locate a host plant again. Failing to relocate a host plant poses a particularly 

substantial risk for small caterpillars; in a field assay, earlier instars of B. philenor 

displaced from their host were far less likely to find host plants than later ones (Rausher 

1979). This higher cost of refuge seeking could drive smaller caterpillars to seek refuges 

only at higher temperatures, or not at all. 

 To examine the direct effects of body size on body temperature, we conducted a 

field survey examining the relationship between body temperature and body size, as well 

as a field experiment measuring the temperature of model caterpillars of varying sizes. 

We predicted that larger caterpillars (and larger models) would be warmer on average 

than smaller ones. To examine how body size affected behavioral thermoregulation, we 

measured the temperature at which differently sized caterpillars would start seeking a 
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thermal refuge in the lab, testing the prediction that larger caterpillars would seek thermal 

refuges at higher body temperatures. 

 

Materials and Methods 

Study Organisms 

The pipevine swallowtail, Battus philenor L. (Fig. 2), is a specialist papilionid butterfly 

whose larvae feed exclusively on members of the genus Aristolochia. In southern 

Arizona, there is a single host species, Aristolochia watsonii Woot. Standl. A. watsonii is 

a small perennial, deciduous, procumbent vine with multiple stems that is abundant in 

washes and bordering areas at low to middle elevations. In southern Arizona, the 

butterfly has four broadly-overlapping broods from March to September; the timing and 

discreteness of broods varies substantially from year to year and site to site. Adults are 

occasionally observed even in mid-winter.  

 The caterpillars vary plastically in color between black and red depending on 

developmental temperature, having a red color above about 30°C and black below (Nice 

and Fordyce 2006). The red coloration reduces the caterpillars heating rate and 

temperature, and thus seems to serve a thermoregulatory function (Nice and Fordyce 

2006). At our field site, caterpillars of both colors can be found with relative abundance 

of morphs depending heavily on time of year. We accounted for this coloration in each of 

the subsequent studies either by including it as a factor in our statistical models or 

controlling for it. 
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Field Surveys of Caterpillar Size and Temperature 

 We conducted field surveys to assess caterpillar temperature and 

thermoregulatory behavior in relation to body size. Surveys were made on a 25-ha site in 

Pasture 1 on the University of Arizona Santa Rita Experimental Range in Pima County, 

Arizona (31°47.049N, 110°49.524W). The site consists of mesquite grassland; the 

dominant plant species is a grass, Eragrostis lehmanniana (Lehmann’s lovegrass). The 

surveys were conducted on 11-Apr-2007, 27-Apr-2007, 1-May-2007, and 3-May-2007, 

days with abundant caterpillars. Peak horizontal solar radiative heat flux at the site for 

these days was 994 W/m
2
, 1053 W/m

2
, 970 W/m

2
, and 1053 W/m

2
, respectively, as 

measured by a 4-component radiometer (Model CNR 1, Kipp and Zonen, Delft, The 

Netherlands; see Scott et al. 2009 for more details; data from R. Scott pers. comm.). 

For surveys, from 8:00-14:00, we walked a standard route throughout the field 

site until a caterpillar was observed. Most caterpillars were observed either feeding on the 

host plant or on a thermal refuge in non-host vegetation (often E. lehmanniana). The few 

caterpillars observed in transit between host plants or from host plant to thermal refuge 

were excluded from further observation. We restricted observations to caterpillars that 

were at least 10 mm long because our temperature probe did not permit accurate 

measurement of temperature of smaller caterpillars. 

 We recorded the position of each caterpillar either on the host plant or off, in 

addition to its height above the ground. We measured each caterpillar’s body temperature 

using a Digi-Sense thermocouple (type T probe, 0.1°C resolution, 5 second response 

time, ~0.1 mm diameter, Eutech Instruments), and inserting the probe into the caterpillar 

along its length (this did not kill the caterpillar). Using the same probe, we measured the 
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temperature of the soil beneath the caterpillar, the temperature of the host plant surface 

(either the leaf the caterpillar was found on or, if it was off the host, a haphazardly 

selected leaf of the host plant nearest to it), and the temperature of the air next to where 

the caterpillar was found. The probe was not shaded during these measurements; 

however, its thin diameter ensured that solar radiation had minimal effect on its readings. 

We also recorded the cloud cover when the measurements were made as either entirely or 

partly sunny. Finally, we recorded the length of the caterpillar and the color of the 

caterpillar as red or black.  

 We used a mixed-effects model to analyze the effects of caterpillar body length, 

caterpillar color, presence on a refuge, degree of cloud cover, adjacent air temperature, 

nearest host plant temperature, and nearest ground temperature on caterpillar body 

temperature with date included as a random variable. First order interactions among 

caterpillar length, color, and position were non-significant and thus excluded from the 

final model. We used logistic regression to determine separately how well time of day 

and host plant temperature predicted refuge-seeking behavior. To compare overall 

variation in caterpillar, adjacent air, host plant, and ground temperatures as well as 

between caterpillars on and off of refuges, we used F-tests for comparison of variances. 

All statistical analyses were conducted in R (v2.14.0) using the lme procedure in the nlme 

package for the mixed-effects analyses. 

 

Field Experiment on Effect of Size and Position on Model Caterpillar Temperature  

 We conducted a field experiment using aluminum caterpillar models to evaluate 

the operative temperature of the environment for the caterpillars.  Operative temperature 
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is defined as “the temperature of an isothermal blackbody enclosure with the same 

convection (wind) conditions as the actual environment, which would result in the same 

net sensible heat flow to or from the same animal with the same surface or body core 

temperature” (Bakken et al. 1985). Operative temperature integrates the effects of 

external factors such as sun, air, and wind on an object’s temperature and is often used to 

evaluate the effects of an environment on the temperature of an animal while controlling 

for aspects such as the physiology and behavior of the animal (Bakken et al. 1985; 

Bakken 1992).  In our study, the use of models allowed us to control for any 

developmental changes in behavior or physiology that might have influenced the size-

temperature correlations observed in live caterpillars.  Operative temperature is 

influenced by the size, shape, and color of the model, but not by its composition as long 

as the model is in thermal equilibrium with its environment (Bakken et al. 1985; Bakken 

1992). Our models consisted of solid aluminum cylinders of five sizes (5 x 0.8, 10 x 1.6, 

14 x 2.4, 19 x 3.2, and 48 x 7.9 mm length x diameter), corresponding to the five instars 

observed in B. philenor. Model dimensions approximated mean length and diameter for 

the five instars of lab-reared caterpillars (see Laboratory Assay). We painted models 

using black acrylic paint (Bone Black, Golden Acrylics), previously shown to 

approximate the reflectance spectrum of black Battus philenor caterpillars (Papaj and 

Newsom 2005). We found similar results using red models as well, without significant 

interactions between color and size or color and the size-position interaction (Nielsen and 

Papaj, unpublished data). Pairs of same size models were then attached using minimal 

quantities of hot glue to 3.2 mm diameter wooden dowels, one horizontal and 10 mm 

from the ground to represent a caterpillar on its host and the other vertical and 248 mm 
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from the ground, the median distance of caterpillars in the field (N=77), to represent a 

caterpillar on a refuge. 

 On 28-Jun-2013, 3-Jul-2012, and 5-Jul-2012, models were placed in sets of one 

pair of each size at locations known to have Aristolochia watsonii at the same site where 

the earlier caterpillar surveys had been conducted (peak incoming radiation for these days 

was 946 W/m
2
, 1080 W/m

2
, and 788 W/m

2
, respectively; R. Scott, pers. comm.). Within 

each location, paired models of each size were randomly assigned to haphazardly chosen 

positions at least 1m from each other and positioned so that their length faced south. 

Before measurements began, models had at least 30 min to equilibrate (in separate tests, 

when the largest models were moved from refrigeration at 6°C to full sun, they heated to 

an equilibrium temperature within 15 minutes). On each day, measurements were taken 

2-3 times for each model between 9:30 and 12:30, resulting in a total of 290 

measurements. Measurements consisted of infrared pictures taken using a thermal 

imaging camera (T-300, FLIR) using a macro lens at a distance of 10 to 20 cm and 

recordings of the ambient air temperature from a shaded electronic thermometer. 

 To analyze caterpillar temperature, thermal images were first converted to 

grayscale using FLIR Quick Report (v1.2). Next, we estimated mean model surface 

temperature as precisely as possible by freehand selection of all but the edges of the 

caterpillar in ImageJ (v1.45s). The effects of model size, model position, their interaction, 

and ambient shade temperature on model temperature were analyzed with a mixed-effects 

model using specific pairs of models nested within location as a random effect. 
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Laboratory Experiment on Body Temperature at Onset of Thermal Refuge-Seeking 

 For the laboratory experiment, we reared caterpillars in plastic boxes in a walk-in 

growth chamber (Lab-Line Environeers, Inc.) with a 12-12 light-dark cycle and a 

constant temperature of 27°C, which produced the black morph. Eggs came from 

butterflies either caught at the field site or reared from caterpillars collected on the 

University of Arizona campus. Caterpillars were fed freshly excised leaves of 

Aristolochia fimbriata ad libitum and haphazardly selected for testing. 

 To assess how the temperature at which a caterpillar began thermal refuge-

seeking related to its size, we used the following experimental setup. We placed a 28 cm 

by 18 cm aluminum pan filled with 20-25 mm of dry sand collected from the field site 

onto a hot plate. An A. fimbriata leaf was inserted into a water-filled aquapic and laid flat 

on the sand in the center of the pan. Immediately adjacent to the leaf, a 6 mm-diameter, 

300 mm-long wooden dowel was inserted into the sand to serve as a thermal refuge. The 

thermal imaging camera without a macro lens was set up 20-40cm from the caterpillar to 

record temperatures. 

 Caterpillars had access to food for at least 30 min prior to the start of the trial. At 

the beginning of the trial, the caterpillar was placed in the center of the Aristolochia leaf. 

We tested enough caterpillars to ensure an approximately even distribution of completed 

tests across all five instars. If the caterpillar never stopped moving after placement on the 

leaf or left the leaf, it was not tested further as this typically indicated movement for other 

reasons, primarily seeking a non-host substrate on which to molt. After a caterpillar 

stopped moving (usually within 5 min), the hot plate was turned on to begin warming the 

sand. A trial ended when the caterpillar either crawled completely onto the wooden dowel 
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or died. Nine caterpillars which left the host plant for the sand instead of the thermal 

refuge at any point during the trial and six caterpillars which died without moving were 

excluded from analysis. Forty-nine caterpillars completed the trial successfully, with 

trials lasting between 6 and 75 min. Over the course of the experiment, thermal images of 

the caterpillar were taken each time the caterpillar started moving until it was either fully 

on the refuge or died. We analyzed the image of the time the caterpillar started moving 

before it either reached the refuge or died because this point in time is mostly likely to 

represent the onset of refuge seeking behavior, and this way the caterpillar’s temperature 

would not be affected by the time required for the caterpillar to reach the refuge. 

 We used the same methods to derive caterpillar surface temperatures from the 

thermal images for this experiment as we did with the aluminum models in the field. We 

used linear regression to evaluate the effect of size on the surface temperature at which 

thermal refuge-seeking began, both including and excluding caterpillars that died while 

refuge-seeking. 

   

Results 

Field Surveys of Caterpillar Size and Temperature 

 We gathered data on 113 caterpillars in the field, which ranged in length from 

10mm to 47mm, with complete data for 94 of them. Caterpillars were found on refuges 

significantly more often later in the day during the surveyed time period, although refuge-

seeking frequency began to decline after 13:00 (Figure 1a; quadratic logistic regression,  

df=103, linear term: z=3.5, P=4.8*10
-4

, quadratic term: z=-3.4 P=6.9*10
-4

). Body 

temperature in the field was significantly positively related to caterpillar length (Table 1; 
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Figure 2a). Additionally, caterpillars were significantly more likely to be on a refuge the 

warmer the nearest host plant was (Figure 1b; logistic regression, df=94, z=4.2, 

P=2.6*10
-5

), while color did not significantly affect whether caterpillars were on a refuge 

(Fisher’s exact test, n=111 P=0.461). For caterpillars that sought thermal refuges, the air 

temperature at the level of the refuge was on average 6.6°C cooler than the surface 

temperature of the nearest host plant (Figure 3; paired t-test, t=8.54, df=59, P=6.6*10
-12

). 

Body temperature was only 1.2°C cooler in caterpillars on a thermal refuge than those on 

their host, a non-significant difference, (Table 1), but this small difference can be 

explained by how refuge-seeking’s thermoregulatory function causes it to occur more 

often under warm conditions. Overall, host plant and ground temperature were 

significantly more variable than caterpillar temperature, but adjacent air temperature was 

not (Table 2). Caterpillars on host plants likewise showed significantly greater variation 

in body temperature than did caterpillars on refuges (F-test for comparison of variances, 

F=1.73, df=35,76, P=0.048). 

 

Field Experiment on Effect of Size and Position on Model Caterpillar Temperature  

 We took 290 temperature measurements of the model caterpillars, 29 of each 

model size and refuge/non-refuge position. As with live caterpillars, temperature 

increased significantly with size (Table 3; Figure 2b). As expected, models placed on 

refuges were significantly cooler than those closer to the ground (Table 3; Figure 2b), 

such that 85.5% of model temperature measurements 10 mm above the ground exceeded 

the 40°C previously shown to be lethal to Battus philenor caterpillars over long time 

periods (Nice and Fordyce 2006), while only 35.2% of measurements exceeded this 
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temperature at 348 mm above the ground. Further, the magnitude of the decrease in 

temperature when on a refuge increased significantly with model size (Table 3; Figure 

2b). 

 

Laboratory Experiment on Body Temperature at Onset of Thermal refuge-seeking 

 The 49 caterpillars used in the laboratory experiment spanned all five instars and 

ranged in length from 3 mm to 52 mm (by instar: 1
st
 3-5 mm, 2

nd
 5-9 mm, 3

rd
 10-14 mm, 

4
th

 13-25 mm, 5
th

 33-52 mm). Larger caterpillars began seeking a thermal refuge at 

significantly lower mean surface temperatures (Figure 4; linear regression, a=-0.12, 

df=47, P=1.9*10
-5

, r
2
=0.32). This relationship remained highly significant when 12 

caterpillars that died during the experiment were excluded (Figure 4; linear regression, 

a=-0.11, df=35, P=6.8*10
-5

, r
2
=0.37).  Caterpillars that died were 8 mm or less in length, 

significantly shorter than caterpillars that survived (Welch’s t-test, t=6.47, df=39.6, 

P=1.1*10
-7

). Caterpillars behaved similarly during refuge-seeking independently of 

whether it ended with them reaching the refuge or dying during the process, apparently 

from heat stress; however, refuge-seeking lasted significantly longer in caterpillars that 

died than those which reached the refuge (Mann-Whitney U test, U=384, Z=3.87, 

P=2.98*10
-5

). 

 

Discussion 

 Our results provide evidence that the body size of a caterpillar influences its body 

temperature in multiple ways. First, larger caterpillars are warmer simply due to their 
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larger body. Second, larger caterpillars seek thermal refuges at lower body temperature 

and are cooled more by being on a refuge.  

Effect of Size on Temperature 

 In the field, we observed that large caterpillars tend to be warmer than small ones 

across a range of conditions. We found the same relationship using physical operative 

temperature models, suggesting that size itself, independent of behavioral or 

physiological correlates of size, can generate the size-temperature pattern observed in live 

caterpillars.  These results agree with the theoretically predicted positive relationship 

between body size and temperature for ectotherms due to reduced effects of convection 

(Porter and Gates 1969; Stephenson 1985a). Similar results were also found comparing 

body temperatures of first and fifth instar locusts (Stower and Griffiths 1966) and first 

through fifth instar Manduca sexta caterpillars (Woods 2013), as well as comparing 

across a variety of arthropod species (Willmer and Unwin 1981). 

 

Effect of Size on Thermal Refuge-Seeking 

 Nice and Fordyce (2006) proposed that refuge-seeking in Battus philenor had a 

thermoregulatory function based on findings that the air at locations of refuges was 

cooler than air near host plants. We have shown that refuges’ operative temperatures, 

which more accurately reflect the actual temperature experienced by the caterpillar, are 

also cooler than that of the host plant. Further strengthening this conclusion, heating the 

host and ground in our laboratory experiment induced caterpillars to seek a thermal 

refuge, and caterpillars in the field are more likely to be on a refuge when their host is 

warmer. This positive correlation between warm environmental temperatures and refuge-
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seeking, which cools the caterpillars, accounts for why we found little temperature 

difference between caterpillars observed in the field on refuges and on their hosts.  

Finally, Battus philenor caterpillars show highly reduced temperature variation relative to 

their host plants, as would be expected if caterpillars are using refuge-seeking to avoid 

extreme high temperatures. 

 Thermal refuge-seeking in Battus philenor caterpillars provides a striking 

example of how size can influence both the expression and effectiveness of 

thermoregulatory behavior. Larger caterpillars seek thermal refuges at a lower body 

temperature. Because they are also physically warmer, they should spend more time on 

thermal refuges. Furthermore, the greater cooling effect of thermal refuges for our larger 

operative temperature models means that thermal refuges could provide a greater benefit 

for larger caterpillars. 

 Several not mutually exclusive mechanisms could drive larger caterpillars to seek 

thermal refuges at lower body temperatures. From a physiological perspective, 

bioenergetic models predict that optimal temperature for ectotherms decreases with body 

size (Morita et al. 2010), and the temperature sensitivity of growth rate varies with 

developmental stage  in other caterpillars (Berger et al. 2011). In Pacific salmon, such 

changes lead to a preference for cooler habitats with age and growth (Morita et al. 2010). 

In a similar way, small caterpillars may not leave until warmer because they can better 

tolerate the higher body temperature than large caterpillars (even if the higher 

temperatures are not optimal for them). Although it is possible that the effect of size on 

desiccation resistance rather than thermal tolerance could cause refuge seeking behavior 

to change with size, this appears unlikely from our results because larger insects are 
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typically more desiccation resistant (e.g. Lighton et al. 1994, Le Lagadec et al. 1998), 

which would produce the opposite pattern from our findings. 

The apparently high costs of leaving their host for small Battus philenor 

caterpillars could also explain their higher threshold for leaving their host. Early instar B. 

philenor caterpillars experience a much greater risk of mortality when dispersing from 

their host plant (Rausher 1979). Even if they survive, small caterpillars may pay much 

greater costs moving to and from a thermal refuge because not only do small caterpillars 

move slower, but they also must move a larger distance due to the effectively increased 

complexity of their environment (Weiss and Murphy 1988, Reavey 1993). These costs of 

refuge-seeking would select for smaller caterpillars to stay on their host until a higher 

temperature, and could also potentially select for increased thermal tolerance early in 

development, the previously mentioned mechanistic explanation for this pattern. 

 

Consequences of the Effects of Size on Body Temperature 

 In this study, we found evidence of multiple ways in which the body size of an 

ectotherm can influence its temperature. The implications for caterpillar temperature are 

relatively straightforward: larger caterpillars should be warmer and spend more time 

thermoregulating. These effects of temperature on size, however, also have important 

implications for understanding how environmental temperature should affect ectotherm 

size. As noted in the introduction, the developmental effect of temperature on size is well 

established; warmer temperatures generally produce a faster growth rate unless they 

exceed the organism’s thermal tolerance (Atkinson 1994; Huey and Kingsolver 2008; 

Zuo et al. 2012). In this study we found that larger caterpillars are warmer but potentially 
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better at avoiding overheating via thermal refuge-seeking. These two interacting patterns 

should lead to a positive feedback loop in B. philenor between size and temperature that 

amplifies any initial differences in size. 

 The precise effect of size on an organism’s temperature will depend on the details 

of its natural history, and the specific effects of size on temperature that we found in 

Battus philenor are unlikely apply to all ectotherms. The direct effect of size on 

temperature should vary among ectotherms because although equilibrium temperature 

increases with size, the rate of heating decreases with size such that ectotherms larger 

than ~10 kg should no longer reach equilibrium temperature over the course of a day and 

maximum temperature should decline above this mass (Stephenson 1985a). The effect of 

size on thermoregulation ought to show even more variation. Hyles lineata and Manduca 

sexta, two other caterpillar species in the same habitat as B. philenor, use entirely 

different thermoregulatory strategies; H. lineata engages in extensive behavioral 

thermoregulation by manipulating position and location while M. sexta rarely leaves 

shade and lets its temperature conform to the surrounding air (Casey 1976). In other 

habitats and taxa we should expect even more differences in thermoregulation. In some 

cases, the relationship between size and thermoregulation will even be reversed, as when 

smaller insects take advantage of the cool layer of air produced by evapotranspiration 

from a leaf, which is not accessible to larger insects (Pincebourde and Woods 2012, 

Woods 2013). 

 Incorporating the effect of developmental size change on temperature can 

considerably alter our understanding of the conditions under which organisms can 

survive (Woods 2013), and acknowledging size’s additional effect on thermoregulation 
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should further improve this. Ultimately, investigating how temperature and 

thermoregulation change with growth and development in a wide variety of ectotherms 

will be crucial to understanding how ectotherms actually experience their thermal 

environment, how this changes over their lifespan, and how they may respond when their 

thermal environment itself changes.  
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Table 1. Effects of caterpillar size and additional factors on body temperature (°C) in the 

field 

                 Coeff. SE df t P 

Caterpillar length (mm) 0.08 0.03 83 2.95 0.0041 

Red color
1
 -0.45 0.75 83 -0.60 0.55 

On Refuge
2 

-1.24 0.65 83 -1.92 0.058 

Sunny conditions
3
 1.71 0.57 83 3.00 0.0036 

Adjacent air temperature (°C) 0.34 0.09 83 4.03 0.0001 

Host plant temperature (°C) 0.06 0.07 83 0.90 0.37 

Ground temperature (°C) 0.06 0.05 83 1.25 0.21 

1
In comparison to black coloration 

2
In comparison to being on host plant 

3
In comparison to partially cloudy conditions 
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Table 2. Comparison of variance of caterpillar temperature with variance of temperature 

of adjacent air, host plants, and nearby ground. 

 Mean Variance n F
1
 P

1 

Caterpillar body temperature (°C) 33.5 12.3 113  

Adjacent air temperature (°C) 28.2 15.1 109 0.81 0.27 

Host plant temperature (°C) 32.5 49.3 96 0.25 <0.0001 

Ground temperature (°C) 48.6 125.7 113 0.10 <0.0001 

1
 F-test for comparison of variances between caterpillar body temperature and other 

variables 
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Table 3. Effects of model caterpillar length, position, and ambient temperature on model 

temperature (°C) 

 Coeff. SE df t P 

Caterpillar length (mm) 0.19 0.02 59 8.28 <0.0001 

On refuge
1
  -9.10 0.68 222 -13.39 <0.0001 

Ambient shade temperature (°C) 1.76 0.09 222 19.80 <0.0001 

Caterpillar length*On refuge
1
 -0.12 0.03 222 -4.25 <0.0001 

1
 In comparison to being placed at the level of the host 
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Fig. 1 Proportion of Battus philenor caterpillars found on a thermal refuge by (a) hour 

and (b) host plant temperature at the Santa Rita Experimental Range during April and 

May. Numbers on each bar represent sample size. Bold lines represent logistic regression 

of presence on a refuge (a) over time with linear and quadratic terms, n=106, 

P(linear)=4.8*10
-4

, P(quadratic)=6.9*10
-4

, or (b) by host plant temperature, n=96, 

P=2.1*10
-5

; narrow lines represent 95% CI. 

Fig. 2 Temperature (°C) versus length (mm) for (a) daytime body temperature of live 

caterpillars at the Santa Rita Experimental Range during April and May. Triangles 

represent caterpillars on the host plant while circles represent caterpillars on thermal 

refuges. Line represents a linear regression for caterpillars in both locations. n=113; see 

Table 1 for statistics; or (b) mean surface temperature (°C) of black-painted aluminum 

models at the Santa Rita Experimental Range in June and July. Triangles represent 

models 1 cm from the ground (height of host plant), whereas circles represent models 

24.8 cm from the ground (median height of refuge-seeking caterpillars). The solid line 

represents linear regression for the lower models, the dashed line for the higher. n=145 

for each position; see Table 3 for statistics 

Fig. 3 Plot of temperature of leaf surface temperature of nearest host plant versus 

temperature of air adjacent of caterpillars on refuges. Dashed line represents the 

expectation if host plant and refuge air temperatures were equivalent. n=60 

Fig. 4 Plot of mean caterpillar surface temperature (°C) when the caterpillar began 

seeking a refuge during the laboratory experiment against its body length. Filled circles 

represent caterpillars which successfully reached the thermal refuge, whereas empty 
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circles represent caterpillars that died while refuge-seeking. Line represents linear 

regression including all points, n=49, P=1.9*10
-5
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APPENDIX E 

Thermoregulatory color plasticity and behavior are maintained unaltered across the range 

of Battus philenor 

 

Intended and formatted for publication in Evolutionary Ecology 

 

Matthew E. Nielsen 

Keywords: Phenotypic plasticity, temperature, local adaptation, color, behavior 

 

Abstract 

 Phenotypic plasticity can help organisms cope with variation in their current 

environment, including temperature variation, but not all environments are equally 

variable. In the least variable or extreme environments, plasticity may no longer be used. 

In this case, the plasticity could be lost all together, or it could persist with either the 

same or an altered reaction norm, depending on factors such as the plasticity’s costs. In 

the pipevine swallowtail (Battus philenor), I tested for changes in two forms of heat-

avoidance plasticity, color change and refuge-seeking behavior, in the cooler eastern 

parts of its range where color change in particular is unlikely to be needed. I found that 

both heat-avoidance behavior and temperature-dependent color change persisted 

unchanged in all surveyed populations. These results suggest that the costs of these 

plastic traits are low enough for them to be maintained by whatever minimal gene flow 

the population receives or by rare events that require their use. I discuss the potential 

consequences of this persistence for both the ecology and evolution of plasticity. 
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Introduction 

 Temperature is a critical aspect of any organism’s environment, affecting 

processes at virtually all levels of biological organization, from biochemistry and 

metabolism to life history and population dynamics (Kingsolver 2009). At the same time 

temperature varies extensively across nearly all temporal and spatial scales (Kingsolver 

2009), from within hours to across decades and from opposite sides of a rock to opposite 

sides of the planet. Changes in a wide variety of traits, from physiology to morphology to 

behavior, can help organisms regulate their temperature in the face of this variation 

(Stevenson 1985; Kingsolver and Huey 1998; Angiletta 2009). Although over long time 

periods and distances this phenotypic variation may be genetically fixed, adaptive 

phenotypic plasticity provides an important way for organisms to deal with temperature 

variation, especially on shorter time scales and smaller spatial scales. 

 Temperature, however, is not equally variable in all places or times. This 

variation in temperature variation may change the importance of thermoregulatory 

plasticity for an organism’s fitness, and over large spatial or temporal scales result in 

evolutionary changes in the plasticity itself. In particular, reduced environmental 

variation can create conditions where the full range of a plastic response is neither used 

nor needed. At the extreme, plasticity may not be needed at all, a case which is 

particularly likely for polyphenisms. A polyphenism is a type of phenotypic plasticity in 

which two or more distinct alternative phenotypes (“morphs”) are produced under 

different conditions (Nijhout 2003). Because polyphenisms are characterized by 

relatively discrete phenotypes rather than continuous change in the phenotype, it is quite 
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possible to have conditions under which the environmental threshold to change between 

morphs is never crossed and thus only a single phenotype is ever produced. Whether 

plasticity in a trait is used will also depend on the availability of alternative plastic 

responses in other traits. Organisms often can respond to an environmental change, such 

as an increase in temperature, with plastic changes in a variety of traits (Schlicting 1989; 

Relyea 2004; Foster et al. 2015). Depending on the interactions among these different 

plastic responses and the environment, a change in one plastic trait can reduce the need 

for change in another (e.g. Nielsen and Papaj in review). 

 What happens, however, to this thermoregulatory plasticity when it is no longer 

needed? The evolutionary fate of unused plasticity has been the subject of considerable 

discussion (Crispo 2007; Pfennig et al 2010), which has identified multiple factors that 

should influence the answer to this question. There may be selection against the plasticity 

if it is costly. Plasticity is costly when an organism which produces a phenotype 

plastically has lower fitness than an organism that produces the same phenotype 

constitutively (DeWitt et al 1998). Maintenance costs—which reduce the fitness of 

plastic genotypes regardless of whether plastic changes occur—are particularly likely to 

generate selection against unused plasticity (also known as global costs, DeWitt et al 

1998; Auld et al 2010). If plasticity is costly, while it may be advantageous as an 

immediate response to a new environment, it will then be reduced over longer time 

periods in a less variable environment and the trait’s expression will become fixed at the 

new value, a process called genetic assimilation (Waddington 1953; Crispo 2007; Lande 

2009; Pfennig et al 2010). For example, tiger snakes (Notechis scutatus) have ancestral 

plasticity for jaw size depending on diet, but in island populations where only large jaws 
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are needed, this phenotype has become fixed because of its cost, the increased 

development time required to produce large jaws plastically (Aubret and Shine 2009, 

2010). Even if the plasticity is not entirely lost, selection to reduce or avoid these costs 

may change the shape of the reaction norm—a function relating a trait’s expression to the 

state of the environment (Scheiner 1993)–reducing either the degree of plasticity or the 

range of conditions under which it is expressed. Alternatively, if plasticity has minimal 

cost, there will be little or no selection against it. The fate of plasticity will also depend 

on additional factors such as the amount of gene flow between populations (Crispo 2008). 

Gene flow can counteract local adaptation in traits, plastic or otherwise, and may be 

particularly important for the maintenance of plasticity (Sultan and Spencer 2002; Crispo 

2008). 

 We can assess the fate of unused thermoregulatory plasticity by testing for the 

local adaptation of plastic traits, particularly changes in the shape of the reaction norms, 

between populations in which plasticity is currently used and populations in which it is 

not. These cases should be particularly common for polyphenisms. For example, in the 

butterfly family Pieridae, many polyvoltine species have seasonal polyphenisms which 

help regulate temperature, but these species can also have univoltine populations which, 

of necessity, only display one seasonal morph (Shapiro 1976). In two of these species, 

Pontia occidentalis and Pieris napi, at least some of these univoltine populations 

nevertheless retain the capability to produce multiple forms under lab conditions (Shapiro 

1974, 1975a,b). By determining whether thermoregulatory plasticity still persists in 

populations where it is not needed, and as importantly by further characterizing any 
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differences between populations in the shape of the reaction norm, we can assess the 

evolutionary fate of unused plasticity. 

 While thermoregulatory plasticity is ubiquitous, the caterpillar of the pipevine 

swallowtail (Battus philenor L.) provides an ideal animal in which to test for changes in 

unused plastic traits.  In the Southwestern U.S., specifically Texas and Arizona, B. 

philenor caterpillars avoid overheating using two distinct plastic traits, color change and 

refuge-seeking behavior. Two body color morphs occur depending on developmental 

temperature , red at warm ambient temperatures (about 36°C or above), and black at 

cooler temperatures (both with small orange spots);  caterpillars can change between 

them each time they molt (Nice and Fordyce 2006; Nielsen and Papaj in review). Because 

the red individuals absorb less solar radiation, they warm more slowly and reach lower 

asymptotic body temperatures than black caterpillars (Nice and Fordyce 2006). In terms 

of behavior, caterpillars seek cooler locations if they become too hot. In the southwestern 

United States, these thermal refuges are typically found high on non-host vegetation 

where air temperature is cooler and are sought on a near daily basis during summer (Nice 

and Fordyce 2006; Nielsen and Papaj 2015).  

 Prior to this study, color change and refuge-seeking behavior in B. philenor had 

only been studied in Texas, Arizona, and California (Nice and Fordyce 2006; Nielsen and 

Papaj 2015 and in review); however, the species range extends further north into much 

cooler habitats in the eastern U.S., including the Appalachian Mountains of West 

Virginia and Maryland (Fig. 1). In these parts of the species range, only the black morph 

has been reported from the wild (D. Papaj, B. Helm, W. Hazel, and J. Fordyce, pers. 

comm.). The warming effect of black coloration should be particularly important in these 
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cooler regions, because low temperatures slow and even immobilize B. philenor larvae, 

reducing growth at best and potentially killing them (Fordyce and Shapiro 2003). At the 

same time, caterpillar hosts in these regions are found predominantly in shaded forests, 

which should further lower caterpillars’ temperatures while also reducing the importance 

of color for determining their temperature. Given the relatively high threshold to produce 

the red form, the observation of only the black form is not surprising; however, it remains 

untested whether this difference is because the plasticity of color has been lost or simply 

is not used. 

 Color plasticity is likely the ancestral state for B. philenor. The genus is otherwise 

neotropical, including B. philenor’s sister lineages (Racheli and Oliverio 1993; Silva-

Brandão et al 2005), and likely spread north to its current distribution from South 

America (Condamine 2012). Based on mitochondrial data, B. philenor itself likely 

expanded to its current range from populations in the southern U.S. within the last two 

million years (Fordyce and Nice 2003). Whether color plasticity exists in B. philenor’s 

sister species is unknown; however, because this species spread north from regions where 

color change would be useful, the most likely direction of change in plasticity (if there is 

any) would be for its reduction or loss rather than its gain. 

 As with color change, thermoregulatory behavior of B. philenor caterpillars has 

been mainly studied in the southwest U.S., where its host plants, such as Aristolochia 

watsonii, often grow in hot microclimates and have a short or low-lying herbaceous 

growth form which forces the caterpillars to leave them to thermoregulate (Nice and 

Fordyce 2006; Nielsen and Papaj 2015). Leaving the host is costly because it reduces the 

opportunity to feed and also increases the risk of failing to get back to a host (Rausher 
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1979). Across its range, B. philenor uses a variety of different hosts in the genus 

Aristolochia which have a wide variety of growth forms. In particular, the primary host in 

the Appalachian Mountains, among the coolest parts of the B. philenor’s range, is 

Aristolochia macrophylla, a tall, tree-climbing vine (Papaj 1986). Because of its height, 

this plant should provide a greater variety of easily accessed thermal microclimates, 

reducing the need to leave the host and thus alleviating a major cost of thermoregulatory 

behavior on procumbent hosts. As such, if heat-avoidance behavior persists across the 

species range, it may actually occur at a lower temperature threshold than in southwestern 

populations. Additionally, because the main benefit of color change is to reduce the need 

to leave the host (Nielsen and Papaj, in review), the varied microclimates already 

available on tall host plants will further lower the importance of color change in these 

regions. 

 These conditions all suggest that color change is neither needed nor used in 

eastern populations; thus I predicted that it would be lost or at least diminished in these 

locations. Thermoregulatory behavior, on the other hand, may still be useful across the 

species range; thus I predicted that refuge seeking behavior would be seen in all 

populations, and might even occur at a lower temperature threshold in eastern 

populations because of the behavior’s potentially lower costs.  

 I performed a common garden experiment to test whether plasticity of body color 

and refuge seeking behavior persist across the range of B. philenor in the United States 

and whether the reaction norms for these traits have changed. I collected wild butterflies 

from sites across the range of B. philenor and reared their offspring in the lab under a 

range of temperatures spanning those at which the color change has been observed in 
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southwestern populations. I also tested the thermoregulatory behavior of caterpillars to 

determine whether heat avoidance behavior occurs in all populations and, if so, whether 

the temperature threshold for heat avoidance varies across this same range. 

 

Materials and Methods 

Field Sites 

 To study local adaptation in both color plasticity and thermoregulatory behavior 

of Battus philenor, I collected butterflies from ten locations across two years, spanning 

most of the species range in the United States (Table 1, Fig. 1). In 2014, I conducted a 

broad survey, collecting butterflies from locations in Arizona (AZ), Indiana (IN), West 

Virginia (WV), Virginia (VA), North Carolina (NC), and Georgia (GA) (Table 1). In 

2015, I focused on a subset of sites, collecting only from the AZ and VA sites, but also 

obtained butterflies from an additional site in Texas (TX). Locations within 15 km of 

each other were considered as the same site for analysis. Wild females have nearly 

always mated, so no males needed to be collected. 

Rearing conditions 

 After adult females were captured, they were mailed overnight, chilled, to the 

laboratory in Tucson, Arizona. The females were given the opportunity to lay eggs 

individually, and these eggs were then placed at 30°C. Within 24 hours of hatching, 

caterpillars from each family were divided among plastic cup cages for each 

developmental temperature to be tested. These cages consisted of a 265 mL clear plastic 

cup nested inside a 475 mL cup. The larger cup was filled with water, and a hole drilled 

in the smaller cup allowed a leaf of the host to be inserted into the water and thus remain 
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fresh for multiple days. The top was then covered with mesh to prevent escape of 

caterpillars. Cups were placed in incubators held at a constant experimental temperature 

with a 12-12 hr light-dark cycle. Caterpillars were fed Aristolochia fimbriata, with new 

food provided twice a day as needed. Initial density of larvae varied from 2-20 per cup 

depending on clutch size; however, upon reaching the 3rd instar this was reduced to 10 or 

fewer.  

Thermoregulatory Behavior 

 In 2014, I compared thermal-refuge seeking behavior of the first-generation 

descendants from females caught in WV, VA, NC, IN, GA, and AZ. I tested caterpillars 

raised at 30°C, testing one arbitrarily selected individual per family. 

 To assess thermal-refuge seeking behavior, I used a set up similar to that used by 

previous studies (Nielsen and Papaj 2015; Nielsen et al in prep). I placed a 28 cm by 18 

cm aluminum pan filled with 20-25 mm of dry sand onto a hot plate. An A. fimbriata leaf 

was laid flat on the sand in the center of the pan. Immediately adjacent to the leaf, a 6 

mm-diameter, 30 cm-long wooden dowel was inserted into the sand to provide a thermal 

refuge. 

 At the beginning of the trial, I placed a caterpillar in the center of the A. fimbriata 

leaf, and allowed it to settle down and stop moving. If the caterpillar left the leaf during 

this time, it was not tested further because this typically indicated movement for other 

reasons (primarily seeking a non-host substrate on which to molt), and another caterpillar 

from the same family was selected for testing instead. After a caterpillar stopped moving 

(usually within 10 min), the hot plate was turned on to warm the sand. A trial ended when 

the caterpillar either crawled completely onto the wooden dowel or died. Ultimately, 96 
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caterpillars successfully completed the experiment, while five additional individuals 

moved to the sand instead of the refuge, and were thus excluded from analysis. During 

the experiment, I used a thermal imaging camera (FLIR T-300) to record the temperature 

of the caterpillar each time it started moving until it was fully on the refuge. Specifically, 

I used the last image taken before the caterpillar reached the refuge as an estimate of the 

onset of refuge seeking behavior. I also recorded whether the caterpillar ate any of the 

leaf. 

 To analyze caterpillar temperature, thermal images were first converted to 

grayscale using FLIR Quick Report (v1.2). Next, I estimated mean caterpillar surface 

temperature as precisely as possible by freehand selection of all but the edges of the 

caterpillar in ImageJ (v1.45s). Whether location pooled by state affected the body 

temperature at which caterpillars sought a thermal refuge was tested using ANOVA in R 

(v3.1.2). I also repeated this analysis dividing the caterpillars by individual collection 

locations and into northern (IN, WV, VA, NC, GA-Chatahoochee NF) and southern (GA-

Silver Lake WMA, AZ) regions based on geography and temperature. 

Color Change 

 In 2014, I conducted a broad survey to establish the presence/absence of color 

change across the species range, using the same families tested for refuge-seeking 

behavior above. In addition to 30°C, I also raised offspring from these families at 34°C 

and 38°C. These temperatures were selected based on the temperatures at which each 

color occurred in earlier reports (Nice and Fordyce 2006). Upon reaching the fourth 

instar, the caterpillars in each cup were scored visually as either red or black. Each family 
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from each population was thus assessed as to whether it produced black body coloration 

at, relatively, low temperatures, and red coloration at high temperatures. 

 In 2015, a more focused survey was conducted to compare detailed reaction 

norms for color between populations. I collected butterflies from one southern and one 

northern population each from the previous survey, AZ and VA (near Mountain Lake 

Biological Station) respectively, as well as from a Texan population in the region where 

the color change was originally described. For the first generation, caterpillars were 

raised to pupation at 34°C. Then after allowing first generation adults to mate within their 

population, we collected eggs laid by the females. This second generation consisted of 

descendants from 24 families for Arizona, 22 families for Texas, and 19 families for 

Virginia. Testing a second generation of caterpillars allowed us to control for any 

potential parental effects on the reaction norm for color change. 

 Upon hatching, second generation caterpillars were distributed among incubators 

at 30°C, 34°C, 35°C, 36°C, 37°C, 38°C, and 40°C. Because separate lineages could not 

be tracked at this point, the offspring of the different families within a population were 

raised in a mixed group divided across multiple cups. When the caterpillars reached 

fourth instar, I measured the reflectance spectrum of 528 caterpillars in total: 19 to 37 

caterpillars per population per treatment, with the exception of only measuring 6 

individuals from Arizona at 35°C due to an incubator malfunction. Measurements were 

made using a spectrophotometer (Ocean Optics, USB-2000; DH-2000 light source, 

halogen only) and white standard (Labsphere, SRS-99-010) to quantitatively assess body 

color, and the analysis focused on the range from 650-700 nm in which there was a clear 

difference between morphs. The probe was held at a 45° angle from the posterior of the 
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caterpillar and centered on its back while avoiding the small orange spots. To prevent 

movement during measurement, caterpillars were placed in a tightly fitting cavity in a 

piece of foam and under a glass slide. The slide was also used when standardizing the 

spectrophotometer measurements. Two measurements were taken of each caterpillar and 

averaged for the final analysis. Because of regional differences in phenology, not all 

populations could be tested at the same time. To accommodate this, I monitored the 

temperature of each incubator using a pair of iButton thermochron temperature loggers 

(Maxim Integrated DS1921G-F5), which were averaged across the week during which I 

measured each caterpillar to estimate its actual developmental temperature. 

 To analyze potential changes in the shape of the thermal reaction norm for color, I 

used generalized non-linear regression with the equation 

 

where y is the response variable (mean percent reflectance from 650-700 nm), x is the 

dependent variable (developmental temperature), yo gives the minimum value of the 

response variable, a gives the potential range of the response variable, b represents a 

slope coefficient (i.e. how steeply color changes with temperature), and c gives the value 

of the dependent variable at the inflection point. This equation has been used in previous 

studies of evolutionary changes in the shape of polyphenic reaction norms, particularly 

for changes in the threshold at which plastic changes occur (Moczek et al 2002). 

Statistical analyses were conducted using the nlme package in R. I created models for all 

potential combinations of population effects on each of the four model parameters, and 

compared them based on their Akike Information Criterion (AIC), retaining the model 

with the lowest AIC and all models within 2 AIC of it (ΔAIC ≤2).  
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Results 

Thermoregulatory Behavior 

  All caterpillars from all populations demonstrated some degree of heat avoidance 

behavior during the behavioral trial, with 95 of 101 caterpillars moving to a refuge, and 

no more than two caterpillars in each population not doing so (either moving to the sand 

or dying). Moreover, caterpillars from each state sampled did not significantly differ in 

the body temperature at which they began refuge seeking (F5,90=1.04, P=0.40; Fig. 2), 

nor was there any significant difference when caterpillars were compared among 

collection localities (F8,87=0.67, P=0.71) or divided into northern and southern regions 

(F1,94=1.89, P=0.17). 

Body color plasticity 

 All surveyed populations demonstrated plasticity of color in all years; all fourth 

instar caterpillars were visibly black at 30°C and some degree of red at 38°C. In 2015, 

when I raised caterpillars at a greater range of temperatures to determine their reaction 

norm, the nonlinear model used to estimate the reaction norm color (measured as 

reflectance) to developmental temperature fit well overall (Fig. 3).  The model with the 

lowest AIC only allowed for an effect of population on a (the range of colors produced) 

(AIC = 2613.723, ΔAIC=0.000); however, the model in which population did not affect 

any parameter had nearly as low a value (AIC=2614.300, ΔAIC=0.577; Table 2). All 

other models had ΔAIC >2. Moreover, the estimated difference in a between populations 

was small (both Texas and Virginia had values of a within 1% reflectance of Arizona), 

and the model including this difference was not significantly better than one without an 
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effect of a according to a likelihood ratio test (χ
2
=4.58, d.f.=2, p=0.101). Thus, overall 

differences among populations were minimal (Fig. 3).  

 

Discussion 

 My results indicate that the thermoregulatory plasticity of both color and behavior 

in Battus philenor has been retained across the species’ range.  Not only do these forms 

of plasticity persist, but they both occur at the same temperatures in all populations with 

the nearly identical reaction norms. Color change is retained despite not being 

ecologically relevant in large parts of that range. While color change has important 

effects on body temperature in the southwestern US (Nice and Fordyce 2006; Nielsen and 

Papaj in review), it should have minimal effect on body temperature in the shaded forests 

that eastern populations primarily inhabit. Moreover, these populations rarely exceed the 

temperatures at which the color changes, indicating minimal potential benefit of 

possessing plasticity in this trait. Thus, I show that a plastic trait can persist unchanged in 

a population despite its lack of utility. 

 The lack of change in refuge-seeking behavior is perhaps not surprising given that 

the same mechanisms underlying heat-avoidance may also underlie basking or other 

cold-avoidance behaviors. In Arizona populations, heat-avoidance behavior alone is 

usually sufficient to survive high temperatures, and the primary benefit of color change is 

to reduce the need to leave the host to seek a refuge (Nielsen and Papaj in review). In 

eastern populations, however, the primary host plant, Aristolochia macrophylla, is a large 

tree-climbing vine, which should greatly reduce the need to leave the host to 

thermoregulate and thus further reduce the importance of color change in these 
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populations. The idea that behavioral thermoregulation can shield other traits from 

temperature-related selection is well established, potentially reducing the need for genetic 

changes in those traits (Huey et al 2003). For example, in Sceloporus undulatus lizards, 

thermoregulatory behavior shields physiological thermal tolerance from selection, 

preventing local adaptation of thermal tolerance except in locations where the behavior’s 

effectiveness is limited (Buckley et al. 2015). In B. philenor caterpillars, the same effect 

should instead reduce the utility of plastic changes in other traits—color in this case, 

which future research could test by comparing the temperatures that black and red 

caterpillars would have in different microclimates across the species range. 

 The persistence of color change when unused suggests that the plasticity has 

minimal, if any, costs, particularly in terms of the maintenance costs paid even when the 

plasticity is not used. While multiple potential costs could be associated with color 

change, they all either would only occur when color change is used or would be 

associated with the phenotype itself rather than its plasticity, and thus none of them 

would create selection against unused plasticity. For example, melanin, in addition to 

producing dark colors, is also used in the insect immune system (Strand and Pech 1995). 

As such, dark colors and immune response are linked in a variety of insects, but whether 

positively or negatively depends on species and context (Wilson et al. 2001; Armitage 

and Siva-Jothy 2005; Cotter et al. 2008). Regardless of the direction of the association in 

Battus philenor, most costs associated with melanin in the species would be costs of 

having one of the color phenotypes, rather than having the plasticity itself, and thus not 

select for its loss. Because B. philenor caterpillars sequester toxic aristolochic acids from 

their host (Sime et al 2000), both color morphs almost certainly serve an aposematic 
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function. Although having multiple color forms should slow avoidance learning by 

predators—the opposite of Müllerian mimicry in which individuals of different 

aposematic taxa benefit from looking similar by sharing the cost of learning (Müller 

1879; Kapan 2001; Rowland et al 2010)—this cost would only be paid in populations 

where both color morphs are expressed. Another cost of color change comes from the 

time lag required to change color. Since temperature changes on a daily basis and B. 

philenor can only change color when it molts, there is potential for a mismatch between 

color and the thermal environment during this lag time. Lag times like this can be a 

substantial cost of plasticity (Padilla and Adolph 1996; Aubret and Shine 2010), but again 

they are only paid when the plastic change occurs. None of these costs have been 

thoroughly documented in B. philenor, but even if they exist, they are all costs that would 

only create selection on plasticity that is used.  

 The maintenance of color change may also be mediated by two additional forces: 

gene flow and rare selection events; however, both of these factors are likely limited for 

B. philenor and thus insufficient to prevent local adaptation of color change and refuge-

seeking behavior on their own. In terms of gene flow, mitochondrial DNA from B. 

philenor does not indicate any genetic structure across the species range; however, these 

results likely reflect deeper patterns on the scale of a few million years and before B. 

philenor reached its present range (Fordyce and Nice 2003). More detailed studies using 

nuclear DNA will be needed to understand the contemporary population genetic structure 

of B. philenor. Nevertheless, the Texas and Virginia populations of B. philenor, two of 

the same regions considered in my study, have diverged, likely adaptively, in initial host 

preference (Papaj 1986), and larvae in California are heritably and adaptively larger than 
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those from Texas (Fordyce et al 2010). These other cases of local adaptation indicate that 

whatever patterns of gene flow exist in B. philenor have not been sufficient to prevent 

natural selection from creating local adaptation in other traits. Any substantial 

maintenance costs of color plasticity would likely have done the same if they existed. 

Rare high temperatures could also maintain color change in northern populations by 

providing occasional selection for it; however, unescapable temperatures high enough to 

be lethal should be extremely rare for northern populations and would need to last 

multiple days for color to change to occur and help cope with them. 

 Ultimately, our work shows that thermoregulatory plasticity is not necessarily lost 

even within more stable environments where it is no longer used, and it can persist 

effectively unchanged. This finding has considerable relevance to the ongoing discussion 

of how plasticity can influence evolution. Plasticity’s immediate effect on evolutionary 

by natural selection should depend on how close that plasticity brings the organism to the 

optimal phenotype and how plasticity changes variation in fitness (Price et al 2003; 

Ghalamobor et al 2007; Paenke et al 2007). Over many generations, however, those 

effects will become less important and instead the influence of plasticity on evolution 

should depend more on other factors, particularly its costs, argued to be the primary 

factor driving the loss of plasticity through genetic assimilation (Pigliucci et al 2006; 

Crispo 2007; Lande 2009). It follows that in the alternate case where plasticity has 

relatively low costs—as appears to be the case for color change in B. philenor—the 

replacement of adaptive plasticity by genetic adaptation to the altered conditions should 

be unlikely, and instead the plasticity may prevent adaptation that would otherwise occur.  

In the absence of gene flow, inexpensive but unused plasticity may still be lost over 
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extremely long time scales due to mutation accumulation or genetic drift (Pfennig et al 

2010; Snell-Rood et al. 2010), but it will remain present on shorter timescales and is less 

likely to promote divergence itself. 

 Regardless of the long term outcome of the evolution of plasticity, whether 

unused plasticity is currently present has important implications for a species’ ecology, 

particularly its responses to anthropogenic environmental change. For thermoregulation, 

these unused plastic responses should be particularly relevant given predicted climate 

change. If a species encounters a hotter or more variable thermal environment in the 

future, as is predicted for many regions under climate change (Lobell et al 2007; IPCC 

2013), having plasticity already present that can produce an appropriate response to those 

changes will be highly beneficial, even if that plasticity is currently unnecessary. We do 

not know how common un- or under-utilized thermoregulatory plasticity is; however, 

future research may find more cases in populations which themselves show little 

phenotypic variation in the wild but have additional populations or sister species with 

known plasticity. Nevertheless, color plasticity in B. philenor provides at least one 

example that disuse will not always remove or alter plastic responses to temperature, and 

these unused responses could be quite important for both the evolution and ecology of 

species as they encounter altered or new environments. 
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Table 1. Collection localities for Battus philenor caterpillars, sample sizes, and high 

temperatures. 

 Site Name State Latitude 

(°) 

Longitude 

(°) 

Families 

Sampled 

(2014) 

Max 

Temperature 

of Warmest 

Month (°C)
a 

1 Santa Rita 

Experimental 

Range 

Arizona N 31.784 W 110.825 27 33.3 

2 Personal Residence Indiana N 39.572 W 86.960 6 30.1 

3 Fernow 

Experimental 

Forest 

West 

Virginia 

N 39.042 W 79.686 8 26 

4 Near Cranberry 

Glades 

West 

Virginia 

N 38.195 W 80.244 8 24.1 

5 Near Mountain 

Lake Biological 

Station 

Virginia N 37.33  W 80.65 16 29 

6 Caldwell Fields Virginia N 37.329 W 80.347 5 29 

7 Personal Residence North 

Carolina 

N 36.208 W 81.836 9 24.2 

8 Chatahoochee NF Georgia N 34.950 W 83.531 4 27.6 

9 Silver Lake WMA Georgia N 30.804 W 84.705 13 33.3 

10 University Camp Texas N 29.986 W 98.428 -
b 

34.4 
a 
Estimate of bio05 from Worldclim data for current climate, averages over last 50 years 

(Hijmans et al 2005). Note that body temperatures of caterpillars in the field typically 

exceed ambient air temperatures by about 5°C in sunny environments (Nice and Fordyce 

2006; Nielsen and Papaj 2015). 

b 
Only collected from in 2015. 
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Table 2. Parameter estimates by generalized non-linear regression for reaction norm of 

body color (measured as mean % reflectance between 650 and 700 nm) as a function of 

developmental temperature, shown for the two models favored by AIC (population has 

no effect on any parameter, and population only affects a). n=528. 

 No effects of 

population 

Population only 

effects a 

Model 

Parameters 

Coeff. SE Coeff. SE 

A
 

13.60 0.602 13.70 0.750 

a (Texas)
a 

  0.74 0.663 

a (Virginia)
a 

  -0.61 0.617 

B 40.01 4.139 39.66 4.124 

C 36.59 0.112 36.61 0.114 

y0 3.288 0.242 3.285 0.242 

a
Modifying a, which is calculated for Arizona. 
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Figure 1. Map of Battus philenor’s range in the United States (modified from Glassberg 

2012). Grey area indicates permanent range. Numbers indicate locations sampled in this 

study (see table 1). 
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Figure 2. Absence of variation among surveyed states (Arizona, Georgia, Indiana, North 

Carolina, Virginia, West Virginia) in mean temperature at which caterpillars start seeking 

thermal refuges. Error bars represent 95% confidence intervals and no differences are 

significant (p=0.40). 
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Figure 3. Absence of variation among populations in the reaction norm for color change 

between 30 and 40°C. Color was quantified as mean % reflectance between 650 nm and 

700 nm. Red represents the Arizona population, orange Texas, and blue Virginia. Points 

represent mean color measurements for each population and temperature treatment 

combination with error bars for ±1 standard error. Line represents best fit by generalized 

nonlinear squares using the equation in the text and allowing all parameters except for b 

(steepness of slope) to vary by population; ultimately, no differences between lines were 

significant by likelihood ratio test (see text for more detail). n=528. 

   

 


