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ABSTRACT 

 Color is a visible fingerprint of deep ecological relationships. Color traits are shaped by 

intraspecific, interspecific, abiotic, and/or physiological drivers across ontogenetic and 

evolutionary timescales. My dissertation is concerned with how organisms integrate multiple, 

often conflicting selection pressures on color, given these many functions. I specifically study 

how selection on color traits varies across development. How do individuals avoid predation 

despite temporal shifts in morphology, environmental conditions, and/or behavior? Further, are 

there general patterns in how organisms balance these constraints over time? To answer these 

questions, I combine theoretical work with field experiments using artificial caterpillars. 

 In the first chapter of my dissertation, I review common sources of conflicting selection 

pressures on color strategies, and present a mechanistic framework for how organisms integrate 

these functions. I determine that color patterns can be intermediate, simultaneous, and/or plastic 

with respect to multiple pressures. These multivariate strategies encompass a wide range of 

defensive color phenotypes (from crypsis to aposematism) and provide avenues for future 

theoretical, meta-analytical, and empirical research on animal color. 

 In my second and third chapters, I experimentally test how specific factors shape color 

plasticity in swallowtail caterpillars. Using artificial swallowtail-like prey exposed to natural 

predators in two separate field experiments, I find that size constrains the effectiveness of both 

feces masquerade and eyespots; background color does not significantly influence the 

effectiveness of either color pattern; and environmental modification (e.g., constructing leaf 

shelters) not only protects prey in general, but actively enhances the “startle” effect of eyespots. 

Overall, in these species, ontogenetic shifts in larval color are shaped by size and behavior.  
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 The study of animal coloration has a long history. My conceptual and experimental work 

builds on this history by (1) framing color patterns as functional strategies that extend beyond 

single-function phenotypes, (2) experimentally testing assumed constraints and functions of 

color, and (3) providing empirical evidence for the role of behavior in defensive color traits.  
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Chapter I. Color under pressure: how multiple factors shape defensive coloration 

Elizabeth G. Postema, Mia K. Lippey, and Tiernan Armstrong-Ingram 

Published in Behavioral Ecology Vol. 34(1) 

 

ABSTRACT 

Behavioral ecologists have long studied the role of coloration as a defense against natural 

enemies. Recent reviews of defensive coloration have emphasized that these visual signals are 

rarely selected by single predatory receivers. Complex interactions between signaler, receiver, 

and environmental pressures produce a striking array of color strategies—many of which must 

serve multiple, sometimes conflicting, functions. In this review, we describe six common 

conflicts in selection pressures that produce multifunctional color patterns, and three key 

strategies of multifunctionality. Six general scenarios that produce conflicting selection pressures 

on defensive coloration are: (1) multiple antagonists, (2) conspecific communication, (3) hunting 

while being hunted, (4) variation in transmission environment, (5) ontogenetic changes, and (6) 

abiotic/physiological factors. Organisms resolve these apparent conflicts via (1) intermediate, (2) 

simultaneous, and/or (3) plastic color strategies. These strategies apply across the full spectrum 

of color defenses, from aposematism to crypsis, and reflect how complexity in sets of selection 

pressures can produce and maintain the diversity of animal color patterns we see in nature. 

Finally, we discuss how best to approach studies of multifunctionality in animal color, with 

specific examples of unresolved questions in the field. 
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INTRODUCTION 

 Researchers are drawn to the study of color from a kaleidoscope of perspectives (Goethe 

1840; Gage 1993, 1999; Cuthill et al. 2017; Endler and Mappes 2017; Maund 2019). For 

biologists, color offers a uniquely visible lens into the inner workings of ecology and evolution. 

From Gregor Mendel’s careful observations of flower, pod, and seed colors in hybrid pea plants 

to Henry Kettlewell’s classic demonstration of industrial melanism in peppered moths, color has 

been central to some of the most iconic experiments in biology (Kettlewell 1955; Abbott and 

Fairbanks 2016). The color strategies that animals employ to thwart natural enemies, 

communicate with conspecifics, and contend with variable abiotic/physiological factors (among 

other functions) are as diverse and striking as the animals themselves (Caro et al. 2017; Cuthill et 

al. 2017; Endler and Mappes 2017).  

 Categories of coloration are generally neither exhaustive nor mutually exclusive, but 

standard lists of antipredator color include aposematism, camouflage, mimicry, masquerade 

(often considered a type of “cue mimicry”), motion dazzle, deflection, and/or deimatism (Caro 

and Allen 2017; Jamie 2017). Further subcategories have been delineated within each of these 

groups, such as the distinction between background-matching and disruptive color within 

camouflage, or between aggressive, Batesian, Müllerian and rewarding types of mimicry 

(Merilaita and Lind 2005; Dalziell and Welbergen 2016; Jamie 2017). Additionally, many 

species possess color patterns that fulfill multiple categories (Table 1.1), or that do not fit neatly 

into any one of the proposed categories. Even color strategies with seemingly opposite functions, 

such as aposematism and camouflage, can coexist on the same individual (Caro et al. 2013; 

Marshall and Stevens 2014; Barnett et al. 2018). It is likely that any given coloration will consist 
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of multiple categories that overlap in synergistic ways – particularly when we consider the color 

pattern in its natural context.  

 Color traits evolve under complex suites of selection pressures (Hebets and Papaj 2005;  

Caro et al. 2016; Cuthill et al. 2017). Organisms often need to simultaneously avoid threats from 

multiple predators and parasites; overcome the challenges of capturing a variety of prey; cope 

with changes in habitat structure, light, and temperature; and navigate a complicated web of 

relationships with conspecifics, including competitive rivals, social partners, and/or potential 

mates (Endler 1993b; Caro et al. 2016; Hebets et al. 2016). The phenotypes we observe are a 

product of balancing these various needs across shortand long-term environmental changes. 

Given this complexity, it is not surprising that visual signals have been the subject of 

considerable research, and that recent literature has called attention to the role of multiple 

interacting selection pressures in shaping these signals. Cuthill et al. (2017) observed that 

“...researchers usually try to identify single key functions of external appearances, but individual 

color patterns can experience multiple, often opposing, selection pressures.” The existence and 

influence of multiple selection pressures on color has been particularly well-documented in 

cryptic (see Stevens and Merilaita 2009; Duarte et al. 2017) and aposematic systems (see Speed 

and Ruxton 2007; Ruxton et al. 2009; Rojas et al. 2018).  

 In this review we seek to describe, in more detail, the nature of these conflicts in selection 

pressures – both when and where they arise, and how they shape the expression of defensive 

color strategies. Previous reviews of complexity in defensive coloration have mostly focused on 

one category of defense, such as camouflage (Stevens and Ruxton 2018) or mimicry (Dalziell 

and Welbergen 2016), or emphasize a limited number of possible pressures, such as change over 

time (Caro et al. 2016) or predator behavior (Endler and Mappes 2017). Others that address 
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animal signalling more broadly are oriented toward intraspecific communication (i.e., sexual or 

social contexts; Hebets et al. 2016; Patricelli and Hebets 2016) or signals that span multiple 

modalities (Rowe and Guilford 1999; Ratcliffe and Nydam 2008; Rowe and Halpin 2013). We 

aim to provide a more general framework for understanding how multiple interacting selection 

pressures can produce and maintain diversity in defensive visual signals. Our primary goals for 

this review are threefold: (I) to summarize common scenarios where “multiple, often opposing, 

selection pressures” shape defensive color patterns (Cuthill et al. 2017), (II) to delineate the color 

strategies animals exhibit in the face of those multiple pressures, and (III) to propose useful 

avenues for the future study of multifunctionality in animal coloration, informed by the current 

state of the field. We intend for this review to both organize and build upon an enormous amount 

of conceptual, observational, and empirical research that has been done on this topic. 
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Table 1.1. Sourced examples of intermediate, simultaneous, and plastic color strategies. For each 

example, we describe the proposed function(s) of the visual signal and the proposed key 

pressure(s) involved in shaping it. 
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Table 1.1. Continued 

 

MULTIPLE PRESSURES ON COLORATION 

 Defensive coloration generally involves the transmission of a signal to potential receivers 

– or, in the case of crypsis, the non-transmission of cues (Hebets et al. 2016; Merilaita et al. 

2017). As such, color is directly influenced by the animal’s capacity for signal production, the 

phylogenetic, ontogenetic, and physiological constraints on that capacity, the nature of its 

receiver(s), and the environment the signal is transmitted through (Endler 1993a; Endler 1993b; 

Hebets and Papaj 2005; Hebets et al. 2016). While these constraints may not necessarily be in 

conflict, conflicts in the function of coloration are relatively common, and often produce 

multipurpose defensive strategies (Table 1.1). In the following sections, we summarize six 

common scenarios where we expect conflicts in selection pressures to produce multifunctional 

coloration: (i) multiple antagonists, (ii) conspecific communication, (iii) hunting while being 

hunted, (iv) variation in transmission environment, (v) ontogenetic changes, and (vi) abiotic and 

physiological factors.  
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Multiple Antagonists 

 A common conflict arises when an animal uses coloration to defend against multiple 

natural enemies. The most effective deterrence strategy may differ between antagonists, as a 

result of differences in visual capacities (Fabricant and Smith 2014), experience levels (Mappes 

et al. 2014) and/or methods of attack (Touchon and Warkentin 2008; Fisher and Stankowich 

2018). Reviews of animal coloration (and signalling more generally) consistently emphasize the 

importance of receiver psychology in shaping the evolution of signals (Guilford and Dawkins 

1991; Rowe 1999; Endler and Mappes 2004; Stevens and Merilaita 2009; Rowe 2013). Color 

perception varies widely between taxa, from mono- to tetrachromacy and beyond (e.g., the 

detection of polarized light; Sontag 1971; Kamermans and Hawryshyn 2011; Honkavaara et al. 

2002; Gagnon et al. 2015; Cuthill et al., 2017). Though differences in perception are sometimes 

undetectable to the human eye, developments in visual modelling software in tandem with use of 

spectrometry and/or digital image processing have enabled researchers to test how prey species 

appear to a variety of predatory receivers (Stoddard 2012; Caro et al. 2017; Stoddard and Osorio 

2019; Nokelainen et al. 2022). For example, in modeling how a twig-masquerading orb-weaver 

(Wixia abdominalis) appears to its dichromatic hymenopteran and tetrachromatic avian 

predators, Xavier et al. (2018) show that this species is able to remain inconspicuous in the eyes 

of both.  

 Among predators with similar visual physiologies, variation in predator experience alone 

can produce conflicting selection pressures on color. For example, avian nestlings that have yet 

to learn caterpillar warning signals may kill and eat conspicuous (but toxic) prey, while more 

experienced adults forage for cryptic (nontoxic) prey instead. As a result, Mappes et al. (2014) 
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suggest that the direction of selection can shift on a seasonal axis: during times of year where 

naïve predators are common, crypsis may be favored as a strategy over aposematism, and vice-

versa. This experience-driven conflict in the direction of selection has also been proposed as an 

explanation for the fine striping in some caterpillar species: the stripes blend together cryptically 

at a distance, perhaps avoiding detection by most predators (particularly naïve predators), but 

appear aposematic at close ranges to deter predators once detected (Tullberg et al. 2005; Barnett 

et al. 2017).  

 Lastly, differences in antagonist attack method may select for distinct color strategies. 

Tadpoles of a neotropical treefrog (Dendropsophus ebraccatus), for example, face opposing 

selection pressures on color from both aquatic insect predators and fish (Touchon and Warkentin 

2008). The former are ambush hunters, whereas the latter use a chase-down strategy. While 

ambush hunters can be misdirected from vital organs with a bright red tail spot, this pattern is 

less effective in deflecting attacks during chases. In nature, the range of D. ebraccatus tail color 

– red, colorless, and in-between – reflects the gradient of selection pressures exerted by these 

two predator types (Robertson et al. 2009). Similar cases of predator-driven polymorphisms have 

been documented in shore crabs (Carcinus maenas), granular poison frogs (Oophaga 

granulifera), and some species of jumping spider (Anasaitis sp.) (Willink et al. 2013; Nokelainen 

et al. 2017; Robledo-Ospina et al. 2017). As these and other examples demonstrate, multiple 

antagonists can impose conflicting selection pressures on a number of different levels, within and 

across predator taxa.  

 The bulk of defensive coloration literature focuses on predators as the main antagonistic 

agents of selection. However, parasites, parasitoids, and pathogens may also shape defensive 

signals, either when these antagonists detect their hosts visually, or when the host’s color 
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patterns derive from pigments that are also immunologically involved. In general, there is far less 

information on parasites as a selection pressure on defensive visual signals, perhaps because 

many of these taxa rely on non-visual cues to find hosts (Turlings et al. 1993), or those that do 

use visual cues rely more on shape, size, and/or movement than color (Morehead and Feener 

2000; Stireman 2002). Still, parasites have been shown to play a major role in the evolution of 

certain color patterns (e.g. striping in zebras likely developed to deter biting flies; Caro et al., 

2019). Additionally, certain color pigments (such as melanin in insects, or carotenoids in 

songbirds) are involved in defending organisms against pathogens or microbial natural enemies 

(Smilanich et al. 2009; Sugumaran and Barek 2016; Weaver et al. 2017). How organisms 

integrate the immune function(s) of these pigments with their role in defensive color strategies is 

not well-studied (but see Nokelainen et al. 2013).  

 To better understand the relationship between immune pigments and defensive 

coloration, it may be helpful to look at similar cases in reproductive contexts. Several hypotheses 

concerned with immunological functioning have been proposed to explain the maintenance of 

“honest” signalling in sexual ornaments, as summarized by Weaver et al. (2017). For example, if 

certain pigments are limited (e.g., by diet), resource tradeoffs between immune health and robust 

sexual signalling could keep the display an honest indication of the signaler’s health or fitness 

(“resource tradeoff hypothesis”). Alternatively, the “shared pathway” hypothesis proposes that 

sexual color displays and immune functioning may be physiologically linked in such a way that 

the presence of one necessitates the presence of the other (Hill 2011). These hypotheses (among 

others) are readily transferable to predator-prey signalling contexts: e.g., are there resource 

allocation tradeoffs between the use of pigments for immune health versus defensive color 

patterns (and/or additional functions of color), given that pigments may be costly to synthesize 
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(Talloen 2004)? Physiologically, is the expression of immune-related pigments linked to the 

expression of certain color patterns (Mikkola and Rantala 2010), or are these pathways typically 

decoupled? Factorial experiments to test these questions - perhaps via the manipulation of 

pigment availability, combined with the presence or absence of an immune challenge and/or 

visual predator - would be useful in clarifying this relationship.  

 

Conspecific Communication 

 Animals must often communicate different information to antagonists and conspecifics. 

The differences between how natural and sexual selection act on the evolution of visual signals 

are a well-documented case of this conflict. Opposing directions of natural and sexual selection 

have been proposed as a hypothesis for why many animals (particularly birds) alternate 

plastically between “basic” and bright, showy breeding coloration throughout the year; while 

conspicuous color may be good for attracting mates, it may also inadvertently attract the 

attention of visual predators (Gluckman 2014; Pascual et al. 2014). A similar pattern is often 

expressed ontogenetically, where more conspicuous colors only develop when the individual is 

mature enough to breed (Booth 1990).  

 Communication conflicts can extend beyond sexual signalling into broader social 

contexts. For example, the Ambon damselfish (Pomacentrus amboinensis) belongs to 

hierarchical social networks that require conspicuous signals for accurate individual recognition. 

However, like many reef fish, this species must also avoid detection by predators. To effectively 

achieve both conspecific communication and camouflage against predators, the color pattern is 

high-contrast and individually recognizable to UV-sensitive conspecifics while remaining cryptic 

to UV-insensitive predators (Siebeck et al. 2010). Other forms of covert communication include 
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physically revealing and concealing ornaments (e.g., retractable dewlaps in anoles; Nicholson et 

al. 2007) and pattern partitioning (e.g., lizards with cryptic patterns on areas most visible to 

aerial predators, and social/sexual signals on areas most visible to ground-level conspecifics; 

Marshall and Stevens 2014; Smith et al. 2016). Pattern partitioning may also be enhanced by 

active modification of pigments, as in cuttlefish (Brown et al. 2012; Zylinski et al. 2011). Of the 

multiple pressures we describe in this review, conspecific communication is one of the more 

commonly studied (Table 1.1), and its ability to produce multifunctional color patterns has been 

particularly well-demonstrated in cichlid and poecilid fishes, as well as adult wood tiger moths 

(Marshall 2000; Losey 2003; Siebeck et al. 2010; Henze et al. 2018). 

 

Hunting While Being Hunted 

 Some species may experience selection on visual signals from both the “prey” and the 

“predator” perspective. Studies of color defense often focus on prey species, so research on the 

unique signalling demands of these species is minimal. Whether conflicts in these scenarios are 

rare (e.g., the need to hunt and avoid being hunted are synergistic with respect to visual signals; 

Cheney 2010) or simply understudied is unclear. However, research by Yeh et al. (2015) 

provides evidence that selection by predators and prey can indeed interact to shape the 

expression of visual signals. The oval St. Andrew’s cross spider (Argiope aemula), like other 

diurnal orb weavers, decorate their webs with zig-zagging silken structures; these decorations 

(“stabilimenta”) attract prey, particularly when their geometry is consistent throughout the day. 

The conspicuousness of these structures also attracts predators, though to a lesser degree when 

the stabilimenta’s shape is frequently changed. In natural populations, variation in design 
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consistency likely reflects the competing needs of prey attraction and predator avoidance (Yeh et 

al. 2015).  

 

Variation in Transmission Environment  

 The perception of color, at its core, hinges on interactions between the intensity/angle of 

light, the reflectance(s) of the colored object, and the background that the object appears against 

(Endler 1993a; Endler 1993b). Biological “backgrounds” are rarely simple, homogenous, or 

static; for example, the color palette of a temperate forest changes drastically from spring to fall, 

and from day to night (Kelber and Roth 2006; Xie et al. 2018). This indicates that a single color 

strategy may not be effective in all the environments an organism encounters (Caro et al., 2016). 

Beyond background color, other aspects of habitat such as leaf shape (Gaitonde et al. 2018), 

texture (Kang et al., 2012), visual complexity (Merilaita 2003), pattern heterogeneity (Kang et 

al., 2016; Michalis et al., 2017), and angle of light (Kjernsmo et al. 2020), may also constrain 

defensive color patterns in ways that select for multifunctional strategies.  

 In cryptic species where background-matching is particularly important, common 

solutions for dynamic environments include color change and/or behavioral modifications (Caro 

et al., 2016; Shapiro, 1976; Stevens and Ruxton, 2018). Several species can quickly and flexibly 

camouflage against a variety of backgrounds (Hanlon 2007; Zylinski et al 2011l; Akkyanak 

2017); other species actively select habitats they camouflage most effectively against (Camacho 

2020), with some even orienting their bodies to better match specific patterns (Kang et al. 2012; 

Webster et al. 2008), or self-decorating with camouflaging materials (Montgomerie et al. 2001; 

Hultgren and Stachowicz 2011). Cryptic species that neither change color nor optimize for a 

single microhabitat may compromise between background types in a heterogenous habitat via 
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“intermediate” color patterns (Merilaita et al. 1999). While the intermediate pattern may be less 

effective than the optimal cryptic pattern for each background type, these patterns can persist by 

matching moderately well across multiple backgrounds. This prediction is supported both 

theoretically (Merilaita et al. 1999) and empirically (Merilaita et al. 2001). Perhaps 

predictability, given its core mechanism, the effects of transmission environment on crypsis are 

relatively well-documented. Less is known about how variation in transmission environment 

influences aposematism, mimicry, masquerade, and other non-cryptic strategies (but see Prudic 

et al. 2007; Postema 2021). 

 

Ontogenetic Changes  

 Signalers themselves are often as dynamic as the environments they inhabit. Over the 

course of development, organisms may shift along physiological and/or behavioral axes that 

constrain the effectiveness of certain color signals (Booth 1990). For example, several species of 

feces-mimicking caterpillars (Acronicta alni, Papilio spp.) become larger and more active as 

they approach pupation. These changes render the masquerade less convincing to predators, as 

both size- and behavior-matching is key to the efficacy of mimetic strategies (Skelhorn et al. 

2010; Skelhorn et al. 2016; Wang et al. 2017). It is likely that these ontogenetic constraints 

contribute to A. alni and Papilio larvae changing color strategy dramatically at later instars: both 

species shift to patterns that may be more effective on larger, more active individuals, such as 

aposematism or false eyespots (Smith et al. 2014; Valkonen et al. 2014; Postema 2021; Hossie et 

al. 2015). Ontogenetic changes in vulnerability, habitat selection, reproductive status, and diet 

(discussed further in section vi) may also contribute to shifts in color pattern across development. 

Selection pressures imposed by ontogeny seem to disproportionality result in color change 
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strategies, perhaps because developmental changes can be easily paired, physiologically, with 

color expression (Booth 1990; Table 1.1).  

 

Abiotic and Physiological Factors  

 Certain abiotic and physiological factors can impose selection on animal coloration. In 

terms of abiotic factors, melanin-based color patterns offer both enhanced heat retention and 

protection from UV rays, though these functions are often balanced against the need to 

camouflage from predators (Garcia and Sih 2003; Lindstedt et al. 2009; Rajabizadeh et al. 2015). 

Conversely, lighter colors can prevent overheating via increased light reflectance (Brenner and 

Hearing 2008; Kraemer et al. 2019). For ectotherms that are more dependent on environmental 

conditions for thermoregulation, abiotic selection pressures on coloration may be particularly 

strong (Trullas et al. 2007). Among wood tiger moths (Parasemia plantaginis), for example, the 

black-and-orange caterpillars face a hard tradeoff between aposematism and thermoregulation. 

Larvae with orange and black patches of equal size exhibit a stronger aposematic signal, while 

those with larger black patches grow faster and larger in cold environments due to enhanced heat 

absorption (Lindstedt et al. 2009). These conflicting selection pressures maintain a range of 

larval color polymorphisms that vary in the size and number of black patches across geographic 

thermal clines. In some species, orientation behavior may play a key role in mediating 

interactions between crypsis, thermoregulation, and UV protection; models by Penacchio et al. 

(2015) show that certain orientations can achieve all three functions compatibly, though some 

may optimize thermoregulation and UV protection to the detriment of crypsis.  

 Temperature may also interact with humidity to influence coloration. According to 

Gloger’s rule, there is a strong correlation between dark coloration and warm/humid climates, as 
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well as between reddish coloration and warm/dry climates. This pattern is relatively consistent 

across endotherms, with some exceptions; for example, Marcondes et al. (2021) observe that 

birds in the family Furnariidae tend to have both darker and more rufous plumage in cooler, 

wetter habitats. Whether this pattern is directly influenced by color-dependent effects of heat and 

moisture, or through some combination of variables confounded with hot, humid environments 

(e.g. parasite abundance, vegetation density, light level) is unclear, though the latter appears 

more likely (Delhey 2019; Marcondes et al. 2021).   

 The role of certain pigments in tissue toughness is an important but often overlooked 

physiological factor that may shape animal coloration. In birds, melanin can help resist abrasion 

to feathers (Bonser 1995), while in insects, melanin is essential to the process of exoskeleton 

hardening (sclerotization) (Anderson 2010). To our knowledge, there are few (if any) empirical 

studies that address how organisms balance these functions with the need to avoid predation. Of 

course, the use of pigments in tissue strengthening may not result in strict resource-allocation 

tradeoffs with defensive coloration. In some cases, these functions may even be synergistic. For 

example, weevils in the genus Pachyrhynchus are both highly sclerotized and notably dark 

(melanized) in coloration, with contrasting iridescent patches that advertise their toughness 

(Wang et al. 2021).  

 Finally, how organisms produce or acquire pigments can shape the expression of 

defensive color patterns (Fabricant et al. 2013). In some systems, pigmentation is directly 

influenced by the compounds and minerals present in the organism’s food source (McGraw 

2006; Isaksson 2009). In others – particularly in aposematic organisms – variation in diet can 

indirectly produce variation in defensive coloration. For example, the nymphs of spotted 

lanternflies (Lycorma delicatula) change dramatically from black to aposematic red over 
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development; this is associated with a narrowing of the diet to more toxic host plants, from 

which they can sequester defensive chemicals (and thus “back up” the aposematic signal; Song et 

al. 2018).  

 

Interacting Constraints  

 In nature, a single species may experience many interacting selection pressures that 

change over time (Booth 1990) and/or space (Caro et al. 2016). As described in the section 

above, P. plantaginis larvae experience a color-mediated tradeoff between aposematism and 

thermoregulation. The apparent dyad of selection pressures becomes at least a triad when P. 

plantaginis larvae develop into adult moths: adults are aposematic, thermoregulate via dark 

pigmentation, and also use hindwing coloration to communicate with sexual partners (Hegna et 

al. 2013; Henze et al. 2018). Each pressure offers an opposing direction of selection. Yellow 

hindwings best advertise toxicity, highly melanized wings are most efficient at heat absorption in 

cold conditions, and white hindwings are most attractive to females. As a result, across 

geographic clines in temperature and predator community composition, we see an incredible 

diversity of adult moth phenotypes in natural populations. Beyond this triad of selection 

pressures, P. plantaginis color patterns are likely shaped by additional factors: e.g., frequency-

dependent selection, and possibly the involvement of melanin in immune functioning 

(Nokelainen et al. 2013; Gordon et al. 2015).  
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Fig. 1.1. Representations of how (A) intermediate, (B) simultaneous, and (C) plastic color 

strategies can serve multiple functions, using a hypothetical animal signaler with two possible 

functions of color. Note that for (B), the two layers represent two color patterns coexisting on the 

same individual, and that context refers to a combination of receiver and/or environmental 

characteristics that affect visual signals. 

 

MULTIFUNCTIONAL COLOR STRATEGIES 

 Achieving multifunctionality in defensive coloration can involve either an immutable 

color pattern, or a color pattern that changes over time. We refer to various color change 

strategies as plastic. Among non-changing color defenses, we delineate two main types: 

intermediate and simultaneous strategies. These differ primarily the degree of expected 
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polymorphism, as well as the exact role that transmission environment and receiver psychology 

play. Importantly, we observe a variety of defensive signals (from crypsis to aposematism) and 

possible pressures (signaler, receiver, or environmental) across all three strategies. 

 

 

Fig. 1.2. Intermediate color strategies, as demonstrated by the hibiscus harlequin bug (Tectocoris 

diophthalmus), typically occur along polymorphic spectra. The matte orange morph (left) is 

cryptic to monochromatic insect predators. The iridescent green morph (right) deters 

tetrachromatic avian predators. The intermediate morph’s combination of matte orange and 

iridescent green patches (middle) can defend against both predator types, though it is less 

effective against each. 
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(i) Intermediate color strategies satisfy conflicting pressures with a single coloration that 

represents some point between two or more optimal color strategies. This strategy has been well-

studied in the context of how organisms effectively camouflage against heterogenous habitats, 

using the same term (Merilaita et al. 1999; Merilaita et al. 2001). Evidence from both modeled 

scenarios and live predation trials suggests that, in some cases, multiple background types can 

select for intermediate levels of crypsis – i.e., patterns that compromise between two background 

types, rather than optimally matching one or the other (Merilaita et al. 2001; Houston 2007). 

Selection for intermediate patterns may also depend on aspects of predator behavior, such as 

predator travel time between background types (Houston et al. 2007).  

 Intermediates also exist in non-cryptic systems, and often occur along population-wide 

spectra (Fig. 1.1; Table 1.1). This is true of Tectocoris diophthalmus, a colorful stinkbug with 

both avian and insect predators (Fabricant and Herberstein 2015). T. diophthalmus vary in color 

considerably, ranging from matte orange to iridescent green (Fabricant et al. 2013). While 

iridescence is an effective aposematic deterrent to avian predators (more so than solid orange), 

this coloration also makes T. diophthalmus more visible to insect predators that are undeterred by 

advertisements of toxicity (Fabricant et al., 2014; Fabricant and Herberstein, 2015). Mantises, 

monochromatic predators that use luminance contrast rather than color to hunt (Sontag 1971), are 

less likely to attack solid orange individuals relative to iridescent individuals. These conflicting 

selection pressures result in intermediate T. diophthalmus morphs with varying sizes of 

iridescent and orange patches (Fabricant and Herberstein 2015; Fig. 1.2).  Geographic gradients 

in both temperature and rainfall likely play a role in shaping this species’ coloration as well 

(Fabricant et al. 2018). 
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 Both T. diophthalmus and other species (such as D. ebraccatus tadpoles) demonstrate that 

intermediates can exist along a wide spectrum of color morphs (Touchon and Warkentin 2008). 

In these scenarios, the full scale of color polymorphism across populations likely depends, to 

some degree, on the local proportions of different predator types (among other factors; Fabricant 

et al. 2018). For example, we would expect to see intermediates in areas where both predator 

types are relatively abundant and active (birds and mantids for T. diophthalmus, fish and aquatic 

insects for D. ebbraccutus; Fabricant and Herberstein 2015). This is true of male three-spined 

sticklebacks (Gasterosteus aculeatus) and Trinidadian guppies (Poecilia reticulata), whose 

sexual ornaments vary in conspicuousness depending on the local level of predation (Endler 

1983; Dick et al. 2018; Gygax et al. 2018).  

 

(ii) We consider seemingly singular color patterns that serve multiple functions, depending on 

combinations of receiver traits and/or aspects of habitat structure, simultaneous. While the 

propagation, reception, and effectiveness of any given color pattern is influenced by the nature of 

its environment and receivers (Guilford and Dawkins 1991; Endler 1993b; Caro et al. 2016; 

Patricelli and Hebets 2016), simultaneous color strategies describe a more specific phenomenon: 

when the key function of the visual signal changes as a result of variation in visual properties of 

the transmission environment and/or the characteristics of its receiver(s) (Fig. 1.1). For example, 

some reef fish possess blue and yellow patterns that are either cryptic or conspicuous depending 

on a combination of receiver distance and background color/texture. The regal angelfish 

(Pygoplites diacanthus) appears highly conspicuous, but in fact matches the spectral reflectance 

of average reef color with remarkable accuracy when the pattern’s blue and yellow components 

blend at a distance. This species can thus signal to conspecifics at close distances or against 
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open-water backgrounds, while remaining cryptic to predators from a distance or against 

variegated coral backgrounds (Cook et al. 2012). 

 Simultaneous color defenses are common in species that need to communicate with 

conspecifics without alerting visual predators, and often involve color patterns beyond the 

human-visible spectrum (Table 1.1). For example, the mottled exoskeleton of the mantis shrimp 

Gonodactylaceus falcatus blends in well with the sea floor, but its drab appearance hides a secret 

channel of communication: patterns of circularly polarized light (Gagnon et al. 2015; Fig. 1.3). 

Polarized light is not commonly visible to vertebrates, likely making these signals undetectable 

to most fish predators (Kamermans and Hawryshyn 2011). G. falcatus are able to discriminate 

circularly polarized light, however, and appear to use these patterns to covertly signal burrow 

ownership to conspecifics. Secret communication channels outside of the visual light spectrum 

have also been characterized in many lizards, Heliconius butterflies, and several species of 

damselfish (Losey 2003; Siebeck et al. 2010; Bybee et al. 2012; Marshall and Stevens 2014).  

 

 

Fig. 1.3. (A) Gonodactylaceus falcatus exhibits simultaneous coloration via circularly polarized 

light patterns. When a predatory fish (top) views this species, G. falcatus appears well 
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camouflaged against its rocky habitat. Meanwhile, conspecifics (bottom) can perceive circularly 

polarized light, potentially allowing for covert communication (Gagnon et al. 2015). (B) Several 

striped caterpillar species, such as the cinnabar moth (Tyria jacobaeae), are simultaneously 

camouflaged at a distance (left) and aposematic up-close (right). 

 Color strategies can also be simultaneous solely as a function of predator position. 

Studies of both cinnabar moth (Tyria jacobaeae) and Old World swallowtail (Papilio machaon) 

caterpillars suggest that their “aposematic” striping appears cryptic from far away (Barnett et al. 

2018; Tullberg et al. 2005; Fig. 1.3). The distance-dependent nature of this signal seems to 

satisfy a key tradeoff faced by aposematic animals: the need to have a strong enough warning 

signal to deter generalist predators, without increasing encounter rates with specialist predators 

(or naïve predators that have not learned to associate the signal with toxicity; Ruxton et al. 2009; 

Mappes et al. 2014). In contrast to intermediate strategies, we do not expect systems with 

simultaneous color patterns to commonly be polymorphic; these strategies rely on visual 

illusions, differences in receiver physiologies, and/or specific background-selecting behaviors to 

allow for the co-occurrence of remarkably different functions on a single individual. 

 

(iii) Color defenses can be plastic, morphologically and/or behaviorally, over a wide range of 

timescales (Umbers et al. 2014; Duarte et al. 2017). This type of multifunctional color is unique 

in that the organism adopts different color strategies sequentially, rather than relying on a static 

color pattern that fulfills multiple needs simultaneously (Fig. 1.1, 1.4). Plasticity can refer solely 

to color change over time, e.g. seasonal polyphenism (Mills et al. 2013; Zimova et al. 2018) or 

ontogenetic shifts (Booth 1990), but often explicitly includes a behavioral component 

(particularly in colors that change quickly) (Hanlon et al. 2008; Zylinski et al. 2011; Umbers et 
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al. 2015). Plasticity can occur over seasons, such as arctic hares that shift between summer and 

winter morphs (Mills et al. 2013); over the course of days, as in color-changing crab spiders 

(genus Misumena; Anderson and Dodson 2015); or within seconds, from deimatic mountain 

katydids (Umbers and Mappes 2015) to the impressively mutable mimic octopus (Hanlon 2007; 

Hanlon et al. 2010). Spatiotemporal variation in predation and habitat likely plays an especially 

important role in mediating the timescale over which antipredator color plasticity occurs (Caro et 

al. 2016). Experimental work with mole salamanders (Ambystoma barbouri and A. texanum) 

supports this hypothesis; each species exhibits a different degree of behavioral and/or physical 

background-matching depending on the level of predation risk, refuge availability, and UV stress 

(Garcia and Sih 2003).  
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Fig. 1.4. Plastic color defenses occur in a variety of taxa, across a range of timescales, and 

operate via several different mechanisms. From top to bottom: the common cuttlefish (Sepia 

officinalis) can change both the color and texture of their skin within seconds, perfectly matching 

a variety of backgrounds; spicebush swallowtail larvae (Papilio troilus) move through a 

predictable sequence of color defense strategies over a course of weeks as they develop; the 

pelage of arctic hares (Lepus arcticus) changes with seasonal shifts in landscape color. Double 

arrows indicate reversible color change, whereas the single arrow represents a permanent switch. 

 

 Color plasticity appears to be an effective strategy for dealing with the challenges of 

multiple selection pressures, given its inherent flexibility; however, this flexibility may come at a 

cost (Caro et al. 2016). Time lags in plasticity can increase the likelihood of phenotypic 

mismatches, if the cue for color change no longer produces the “correct” color (such as in arctic 

species faced with unusually early snowmelts) (Mills et al. 2013). Other constraints may be 

energetic or phylogenetic in nature. The mimic octopus, for example, depends on specialized 

chromatophores for its split-second, reversible color change, and its ability to mimic the specific 

behaviors and morphologies of various marine life may rely on a high degree of cognitive 

processing (Hanlon et al. 2010). Regardless of taxa or mechanism, plastic color strategies are 

some of the clearest examples of how complex constraints on coloration can result in selection 

for multiple functions, as those functions become visually distinct in time (Stuart-Fox and 

Moussalli 2008). 
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FUTURE DIRECTIONS IN MULTIFUNCTIONAL COLOR 

 The diverse color strategies we see in nature are a fingerprint of the complex signaling 

pressures that animals must often balance. As mammals with specific visual sensitivities, we 

overlook these complexities at first glance (Jacobs, 2009). However, with both technological 

(Stoddard 2012; Stoddard and Osorio 2019) and conceptual (Hebets et al. 2016; Cuthill et al. 

2017; Endler and Mappes 2017) advances in the study of animal color, the future of visual 

signalling research is rich with opportunities. In the sections below, we aim to guide this effort 

by discussing the following key questions: (i) What factors best explain variation in 

multifunctional color strategies? (ii) How do physiological processes and behavior shape 

defensive color? and (iii) What are the most effective ways to study multifunctionality in animal 

color? 

 

What factors best explain variation in multifunctional color strategies? 

 To begin to understand variation in multifunctional color strategies, researchers could 

determine when, where, and how multifunctional color types (intermediate, simultaneous, and 

plastic) most commonly appear in nature. Based on the subset of examples included in Table 1.1, 

we can suggest some potential patterns of interest. For example, balancing social/sexual 

communication needs with predator defense seems to disproportionately select for simultaneous 

strategies; both ontogenetic changes and environmental variation are often associated with 

plastic strategies; and the pressures that correlate with intermediate strategies appear more 

varied, with a slight bias toward multiple antagonists (Table 1.1). Of course, the strength of these 

predictions is limited by the small scope of these examples relative to the large volume of studies 

on animal color. As such, these patterns should serve only as starting points for further study. A 



 

 26 

well-designed meta-analytical approach would be more appropriate to determine the nature and 

effect sizes of these patterns (Stewart 2010).  

 Specifically, we ask: are certain combinations of selection pressures more likely to 

produce specific types of defensive color (crypsis, aposematism, etc.) and/or specific 

multifunctional strategies (intermediate, simultaneous, plastic)? We urge future researchers to 

explore this question by analyzing a set of defensive coloration experiments using clear, 

consistent classifications of relevant pressures, defensive color types, and multifunctional 

strategies. Additional covariates of interest might be geographic location, focal species 

taxonomic information, predator and other receiver taxonomic information, and specific color(s) 

and/or pigments involved (if known).  

 Perhaps as a subsection of the analysis proposed above, researchers could quantify which 

types of defensive color patterns are more or less represented in animal color research. To this 

end, determining an estimate of how frequently different types of defensive color appear in the 

literature would be a reasonable goal. While this aim is beyond the scope of the current review, a 

notable pattern again arises from Table 1.1. Out of the examples included in this review, the 

majority focus on either crypsis or aposematism; only 6 out of the 42 systems represented (14%) 

involve non-cryptic or non-aposematic defenses. Multiple selection pressures have been 

reviewed fairly explicitly in the context of both crypsis (Merilaita et al. 1999; Stevens and 

Ruxton 2018) and aposematism (Speed and Ruxton 2007; Ruxton et al. 2009; Rojas et al. 2018). 

Seemingly less is known on this topic for species that employ mimicry, masquerade, deflection, 

motion dazzle, and other defensive color patterns (but see Sweeney et al. 2003; Bybee et al. 

2011; Fisher and Stankowich 2018; Whiting et al. 2018; Postema 2021). Presumably these 
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defenses are equally subject to the challenges of integrating multiple functions, and are certainly 

worthy of study.  

 

How do physiological processes and behavior shape defensive color? 

 Major breakthroughs in the study of animal coloration often involve considerable 

crosstalk between physiologists, behaviorists, and ecologists. Our current understanding of the 

importance of receiver psychology, for example, was propelled by the work of neurologists, 

visual physiologists, and biophysical modelers in tandem with experts in behavioral ecology 

(Rowe 1999; Endler and Mappes 2004; Stevens and Merilaita 2009; Rowe 2013). As discussed 

in previous sections, our knowledge of how the use of pigments in physiological processes (e.g. 

immune functioning, integument strengthening) interacts with the use of pigments in external 

patterning remains limited – though some hypotheses from sexual signalling contexts may be 

helpful in elucidating these interactions (Hill 2011). We recommend that future researchers aim 

to link the fine-scale metabolic processes involved in the acquisition, production, and allocation 

of pigments with the expression and success of defensive color patterns.  

 We also encourage researchers to include relevant behaviors in experimental tests of 

color multifunctionality whenever possible. The efficacy of a given defensive color pattern 

usually hinges on specific behaviors (Stevens and Ruxton 2018); examples include microhabitat 

selection, adjusting orientation, matching wind- or current-induced motion in vegetation, self-

decorating with environmental debris, behavioral mimicry in mimetic species, and suddenly 

revealing bright patterns or body parts when threatened (Stachowicz and Hay 2000; Hanlon 

2007; Kitamura and Imafuku 2010; Bian et al. 2016; Wang et al. 2017). Furthermore, behavioral 

flexibility often allows organisms to successfully integrate multiple selection pressures (Garcia 
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and Sih 2003; Umbers and Mappes 2015). Despite much observational support for the role of 

behavior in defensive coloration, experimental work that includes behavior (and particularly 

motion) is less common (but see Hämäläinen et al. 2015). In systems where appropriate 

behaviors are difficult to include in experimental settings, video playbacks and/or robotics may 

prove useful as alternatives to live animals (Pruden and Uetz 2004; Romano et al. 2019).  

 

What are the most effective ways to study multifunctionality in animal color? 

 One goal of this review is to recognize that the factors that shape animal color patterns 

are often complex, variable, difficult to detect, and/or unintuitive. Given these inherent 

challenges, how can researchers of animal color best proceed? While there is no universal 

answer to this question and the study of coloration will necessitate a variety of methods, one 

basic approach we propose is to start small. Experiments that aim to address all relevant 

pressures at once will likely be infeasible, if not impossible. A more successful approach seems 

to be the accumulation of smaller studies in a single system, dealing with only two or three 

selection pressures at a time. This strategy has been well-implemented in the wood tiger moth 

system (P. plantaginis), and has gradually revealed the intricate network of selection pressures 

that shapes this species’ color patterns as larvae and as adults (Lindstedt et al. 2009; Hegna et al. 

2013; Nokelainen et al. 2013; Henze et al. 2018).  

 On a more basic methodological level, we reiterate what other reviews have emphasized: 

that studies of animal visual signals benefit from the careful documentation and testing of 

relevant pressures, as opposed to assuming functions based solely on observation (Hegna et al. 

2013; Nokelainen et al. 2013; Henze et al. 2018). Whenever possible, spectral data should be 

acquired and modeled from the perspectives of relevant predatory and/or conspecific receivers, 
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as this can reveal hidden axes of multifunctionality (Nokelainen et al. 2022). Specific functions 

of a color strategy should be either empirically supported or noted as an assumed (but untested) 

function, as effectively demonstrated by Guerra-Grenier (2019) in a review of insect egg 

coloration. When considering the potential for aposematism in each species’ eggs, the author 

lists the exact state of knowledge (hypothesized, hypothesized and indirectly supported, or 

hypothesized and directly supported) with supporting references. This degree of transparency – 

in terms of assumed versus empirically supported functions – should be standard in future studies 

of animal coloration. 

 

CONCLUSION 

  Multiple interacting selection pressures can produce and maintain diversity in defensive 

color signals, both within (Hegna et al. 2013; Henze et al. 2018) and across species (Allen et al. 

2013; Gaitonde et al. 2018). Conflicting constraints on color are common (Table 1.1) and often 

necessitate multiple functions - whether those functions are expressed in an intermediate 

combination (Fig. 1.2), become apparent across different conditions (Fig. 1.3), or change 

sequentially over time (Fig. 1.4). By reframing defensive visual signals as intermediate, 

simultaneous, or plastic strategies, we encourage the explicit consideration of how color is 

shaped by complex suites of selection pressures. Research that seeks only to “identify single key 

functions of external appearances” may paint an incomplete picture of how defensive color 

patterns evolve in nature, and in some cases may fail to explain diversity and/or apparent 

suboptimality in these signals (Cuthill et al. 2017). For example, the existence of “weak” 

aposematic signals can be understood in light of variation in predator physiologies, experience 

levels, and/or hunting methods (Endler and Mappes 2004; Mappes et al. 2014).  
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 From protection against natural enemies (Wilson et al. 2001; Caro and Allen 2017) and 

environmental factors (Garcia and Sih 2003; Clusella Trullas et al. 2007) to communication with 

sexual and social partners (Hebets et al. 2016), color plays several key roles in natural systems. 

Given this multiplicity of function, compounded with signaler, receiver, and environmental 

constraints on signalling that may shift over space and time, we expect diversity in defensive 

coloration as a rule rather than an exception.  
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ABSTRACT 

When constraints on antipredator coloration shift over the course of development, it can 

be advantageous for animals to adopt different color strategies for each life stage. Many 

caterpillars in the genus Papilio exhibit unique ontogenetic color sequences: for example, early 

instars that masquerade as bird feces, with later instars possessing eyespots. I hypothesize that 

larvae abandon feces masquerade in favor of eyespots due to ontogenetic changes in signaler 

size. This ontogenetic pattern also occurs within broader seasonal shifts in background color and 

predator activity. I conducted predation experiments with artificial prey to determine how 

potential signaling constraints (specifically size and season) shape predation risk, and 

consequently the expression of ontogenetic color change in Papilio larvae. Seasonally, both 

predation and background greenness declined significantly from July to September, though there 

was little evidence that these patterns impacted the effectiveness of either color strategy. 

Caterpillar size and color strongly affected the attack rate of avian predators: attacks increased 

with prey size regardless of color, and eyespotted prey were attacked more than masquerading 

prey overall. These results may reflect a key size-mediated tradeoff between conspicuousness 

and intimidation in eyespotted prey, and raise questions about how interwoven aspects of 

behavior and signal environment might maintain the prevalence of large, eyespotted larvae in 

nature. 
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INTRODUCTION 

Animal coloration is diverse in both form and function (Caro et al. 2016; Caro and Allen 

2017; Cuthill et al. 2017). This diversity reflects the complex evolutionary landscape 

experienced by visual signals: color patterns are shaped by proximate constraints on the signals 

themselves (e.g., aspects of signal production, propagation, and perception) as well as multiple, 

sometimes competing selection pressures on ultimate function (Guilford and Dawkins 1991; 

Hebets and Papaj 2005; Hebets et al. 2016; Patricelli and Hebets 2016). Additionally, these 

constraints and selection pressures may be temporally dynamic. Organisms move, grow, and 

experience changing life history needs as they age (Werner and Gilliam 1984; Valkonen et al. 

2014; Nakazawa 2015); they encounter different abundances, compositions, and experience 

levels of predators over time (Endler and Mappes 2004; Nokelainen et al. 2014; Mappes et al. 

2014); and the visual conditions of their habitats may shift on daily, weekly, or seasonal bases 

(Mills et al. 2013; Zimova et al. 2018). One way that animals contend with temporal changes in 

themselves, their receivers, and their environments is to adopt distinct color patterns at different 

life stages (“ontogenetic color change”; Booth 1990). For example, many insects are cryptic at 

more vulnerable, immature stages, but aposematically colored as larger and/or more toxic adults 

(Boege et al. 2019). Ontogenetic color change is especially common in insects (Booth 1992; 

Grant 2007; Valkonen et al. 2014; Gaitonde et al. 2018), but also occurs in other invertebrates 

(Todd et al., 2009), amphibians (Bulbert et al. 2018), reptiles (Hawlena et al. 2006; Wilson et al. 

2007), birds (Iverson and Karubian 2017), and mammals (Caro 2005). Though this strategy is 

taxonomically wide- spread, adaptive hypotheses for this phenomenon are rarely tested 

experimentally (but see Wilson et al. 2007; Valkonen et al. 2014; Bulbert et al. 2018). 
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Swallowtail butterflies in the genus Papilio express a diversity of ontogenetic color 

sequences, including species whose larvae masquerade as bird feces at early instars, whereas 

later instars possess eyespots and green countershading (Wagner 2005; Shapiro and Manolis 

2007; Gaitonde et al. 2018; Figure 2.1A). Other swallowtail species are aposematically patterned 

at later instars (e.g., Papilio zelicaon, P. polyxenes, P. machaon), and a small number of citrus- 

feeding species (e.g., P. cresphontes, P. thoas) retain feces coloration throughout larval 

development. In the evolutionary history of the swallowtail family (Papilionidae), the 

ontogenetic switch from feces masquerade to eyespots is the ancestral state (Gaitonde et al. 

2018). Late-instar aposematic striping evolved primarily in species with toxic hostplants, 

presumably to warn predators of sequestered chemical defenses while remaining cryptic at a 

distance (Tullberg et al. 2005). Although the individual color strategies of swallowtail larvae are 

relatively well-characterized from mechanistic, ecological, and evolutionary perspectives, it 

remains unclear why the majority of swallowtail larvae switch away from feces masquerade as 

they age (Futahashi and Fujiwara 2008; Hossie and Sherratt 2012, 2013; Gaitonde et al. 2018). 

In other insect species, mimetic strategies are most effective when the mimic and its 

model are similar in size and behavior (Suzuki and Sakurai 2015). For example, avian predators 

are more likely to attack twig-mimicking caterpillars when those larvae are larger or smaller than 

model twigs (Skelhorn et al. 2010b). Feces masquerade in swallowtails, similarly, may become 

less convincing as larvae exceed the size of common bird feces (Valkonen et al. 2014). 

Additionally, as bird feces are immobile, feces masquerade may be less effective in older larvae 

that are more active (Valkonen et al. 2014). Conversely, eyespots are generally associated with 

larger lepidopteran larvae; this is likely because larger eyespots are more intimidating to 

predators (Hossie et al. 2015) or because they bear greater resemblance to putative snake models 
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(Hossie and Sherratt 2014). It is also unlikely that eyespots are rendered ineffective by 

movement in the way feces masquerade might be, as model eyes are found on active, mobile 

animals (Stevens 2005; Skelhorn et al. 2016b). The intimidation effect of eyespots may even be 

enhanced by movements that suddenly reveal the eyespots when threatened (“deimatic displays”; 

Umbers et al. 2015, 2017), and/or specific snake-like defensive behaviors that increase model 

fidelity (Hossie and Sherratt 2013, 2014). Together, these patterns suggest a plausible adaptive 

mechanism for the switch from masquerade to eyespots: a decrease in effectiveness of 

masquerade against predators as larvae become larger and more active, combined with an 

increase in the effectiveness of eyespots along the same ontogenetic axis. 

In multivoltine swallowtail species (such as P. rutulus, which produces up to 3 

generations from early spring to late fall), these individual-level ontogenetic shifts are nested 

within broader seasonal shifts. Aspects of both the visual environment and an organism’s 

predators may be seasonally dynamic. Seasonal changes in predator experience (i.e., the 

abundance of young, naïve predators vs. older, experienced predators) have been shown to select 

for distinct color strategies: when naïve predators are abundant, cryptic strategies are more 

successful than aposematic strategies, and vice versa (Mappes et al. 2014). Prey may also be 

exposed to changing abundances of certain predators on a seasonal basis, with some taxa (e.g., 

birds) being more dependent on visual hunting strategies than others (Guilford and Dawkins 

1991; Mason et al. 2018). For example, many avian species forage more heavily on insects 

during the spring and summer months as they breed, nest, and provision new offspring 

(Yoshikawa and Osada 2015). Lastly, as the perception of animal coloration depends on 

signaling environment (including color, lighting, and heterogeneity), seasonal shifts in substrate 

have the potential to make certain colorations more or less salient to predatory receivers (Endler 
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1993; Merilaita 2003). Seasonal effects on color have been primarily studied in cryptic species 

that change color to match seasonally variable landscapes (Mills et al. 2013; Caro et al. 2016; 

Zimova et al. 2018), as well as in aposematic species to a lesser extent (Mappes et al. 2014); 

whether seasonal changes influence the effectiveness of other protective color patterns, such as 

mimicry and masquerade, are not well-known. 

I conducted artificial prey experiments to answer 2 main questions about ontogenetic 

color change in swallowtail larvae, given this range of dynamic signaling constraints.               

(1) How do changes in body size and color traits affect predation risk? Based on the hypothesis 

that color may change over the course of development due to the size-dependent nature of 

antipredator color signals, I predicted that eyespots would most effectively deter predators in 

large (late-instar) prey, whereas feces masquerade would be most effective in small (early-instar) 

prey. (2) Does the effectiveness of feces masquerade and/or eyespots vary across seasons? Color-

specific patterns of predation may be seasonally variable if feces masquerade and/or eyespots 

depend on background-matching or predator experience to function effectively. Alternatively, 

exposure to dynamic seasonal conditions might select for color patterns that function 

independently of background color/predator experience, leading to similar seasonal patterns of 

predation across color strategies. 

 

MATERIALS AND METHODS 

Study Locations – For field predation experiments, I established 5 200-m long linear transects (at 

least 150m apart) in and around Davis, California, USA (Transects A and B: Russell Ranch, 

38°32’17.9” N 121° 52’07.3” W; Transects C and D: Putah Creek Riparian Reserve, 38°31’24.8” 

N 121°47’01.4” W; Transect E: riparian land near the Center for Aquatic Biology and 
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Aquaculture, 38°31’43.0” N 121°46’55.6” W; Figure S2.1). I conducted 2 predation trials with 

artificial prey between July 13–19 and September 11–16 2019. Larvae of both P. rutulus and P. 

eurymedon are present at various stages of development during these months (Shapiro and 

Manolis 2007). Transects A–D are similar in habitat type, composed of heterogeneous patches of 

dense riparian vegetation, and oak savannah along stretches of Putah creek. Transect E lays 

along a shallow drainage ditch and is far drier and grassier. I observed adult swallowtails of 

various species (P. rutulus, P. eurymedon, P. zelicaon) at all 5 locations throughout the 

experiment. I also observed an abundance of potential predators: particularly small- to medium-

sized insectivorous/omnivorous birds (species list in Table S2.1), groups of wild turkeys 

(Meleagris gallopavo), ground squirrels (Otospermophilus beecheyi), and western fence lizards 

(Sceloporus occidentalis; Postema EG, personal observations). 

 

Artificial Prey Construction – I constructed artificial prey with the combined coloration features 

of 2 local Papilio species, the western tiger (P. rutulus) and pale (P. eurymedon) swallowtail in 

order to provide a generalized prey model. The larvae of these species both exhibit an 

ontogenetic switch from feces masquerade to eyespots after the 3rd molt. These species are also 

nontoxic, increase dramatically in size as they develop, and, in the case of P. rutulus, produce 2 

to 3 generations from February to November (Shapiro and Manolis 2007). Although the patterns 

of the artificial prey were generalized, the body shape was derived specifically from an artist’s 

3D rendering of a swallowtail larva. I created 3D-printed molds for 3 artificial prey lengths: 2, 4, 

and 6 cm. I then created “blank” artificial prey by pressing white, non-air-drying plasticine clay 

(VanAken Plastalina Modeling Clay) into the molds, trimming any excess clay, and smoothing 

out the seams. To create feces masquerade and eyespot color morphs for each size class, I used a 
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combination of alcohol-based airbrush inks for the base pattern and acrylic paints for fine details 

(Figure 2.1B). For the eyespotted prey, I created a countershaded effect by first applying a light 

green basecoat and then painting a coat of darker green on the dorsal side; research by Hossie 

and Sherratt (2012) emphasizes the importance of countershading to effective background 

matching in these species. Using this method, I created 960 artificial caterpillars: 480 per trial, 60 

per size–color combination. Finally, to standardize prey presentation, I affixed the models to thin 

25-cm-long wooden stakes by pressing the tip of the stake into the middle of each model’s 

ventral side. 

 

Fig. 2.1. (a) Live larvae of the western tiger swallowtail (Papilio rutulus). Top: an early-instar 

larva masquerading as bird feces. Bottom: a 5th instar larva with prominent eyespots. (b) Three 

sizes of plasticine swallowtail larvae (2, 4, and 6 cm) painted to resemble either the younger 

feces-masquerading morph or the older eyespotted morph. (c) Reflectance measurements of 
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larval color elements, taken from live and artificial larvae of both morphs: black-brown (feces 

masquerade), white (feces masquerade), and green (eyespots). Curves represent the average 

percentage of reflectance of 300- to 700-nm wavelengths across 3 measurements. 

 

Field Experiment – To test the effects of size, color, and season on the survival of artificial 

caterpillars, I conducted field predation trials with 6 categories of artificial prey: (1) 6 cm with 

eyespots; (2) 6 cm feces masquerade; (3) 4 cm with eyespots; (4) 4 cm feces masquerade; (5) 2 

cm with eyespots; and (6) 2cm feces masquerade (Figure 2.1B). I set out the artificial prey along 

5 200 m transects in each trial (Figure S2.1). I deployed 96 artificial caterpillars per transect, ~5 

m apart and randomly interspersed, with equal numbers of each color–size treatment: 16 each of 

the 6 color–size combinations per transect. I took photographs of each prey item immediately 

after deployment (prior to predator exposure) to distinguish new predator damage from marks 

made during construction, transport, or set-up. Using those pictures, I was also able to visually 

estimate background greenness (from 0%, bare ground or dry plant material, to 100%, full 

vegetation cover; Figure S2.2). I collected the prey models after approximately 48 h (mean = 

48.6 h, SD = 1.8 h). 

 During collection, I checked for evidence of predation and scored these marks as avian, 

mammal, or unknown based on the shape of the indentation (Figure S2.3). If models were moved 

from their original position, I searched an area of ~5 m to locate evidence of each missing model. 

If I did not find the model after searching, I recorded it as preyed on by an unknown predator. 

Some models had melted in the sun (N = 19) and were excluded from the analysis. Additionally, 

models that were damaged or lost in transit (N = 22) were not included. In total, 919 artificial 

caterpillars of the 960 were included in the analysis. 
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Color Measurement – I collected spectral data from both live P. rutulus and artificial prey using 

an Ocean Optics JAZ spectrometer and deuterium–tungsten halogen light source. The 

spectrometer was calibrated to an Ocean Optics WS-1 diffuse reflectance standard and recorded 

wavelengths from 300 to 700 nm. I took measurements on 3 color areas of interest: the green of 

eyespotted larvae, the black of feces masquerade larvae, and the white of feces masquerade 

larvae. Three measurements were taken for each color. From these data, I generated mean 

reflectance curves to compare color values (green, black, and white) between live and artificial 

caterpillars (Figure 2.1C). 

 

Analyses – To analyze these data, I used binomial generalized linear mixed models with a 

cloglog-link function in R (package lme4). The first model pooled data across predator types, 

with the independent variable set as a binary measure of predation: “attacked” as 1, “not 

attacked” as 0. I set transect as a random effect with 5 levels, and size (2, 4, or 6 cm), color 

(eyespot, feces masquerade), season (July, September), percent background greenness (from 0% 

to 100%), and relevant 2-way interactions (size*color, color*background greenness) as fixed 

effects. I also included exposure time, in days, as an offset term. Finally, I constructed separate 

but otherwise identical models for each predator attack type (avian, mammal, and unknown) to 

investigate differences in predation patterns between taxa. I used likelihood ratio tests with and 

without the variable of interest to determine significance, and compared the fit of my models 

using second-order Akaike information criterion (package AICcmodavg). 

RESULTS 
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Predation and Predator Identity – Over the course of both trials, predators attacked an average 

of 20.5% of the artificial caterpillars. Of these attacks, 55.8% were carried out by avian 

predators, though models were also attacked by unknown predators (27.2%), and occasionally by 

small mammals (17.0% of attacks). Taxa-specific attack rates (average number attacked/total 

prey deployed) were as follows: 11.5% for avian, 3.5% for mammalian, and 5.6% for unknown 

predators. 

 

Fig. 2.2. Proportion (mean ± SE) of each artificial prey type attacked by predators (out of n = 

916 models), faceted by predator identity: (A) all types of predation included; (B) proportion 

attacked by avian predators; (C) proportion attacked by mammalian predators; and (D) 

proportion attacked by unknown predators. 

 

Effects of Size and Color – Pooled across predator type, predation increased significantly with 

size (c2=11.16, df =1, P < 0.001; Figure 2.2A). Additionally, predation was influenced by color; 
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eyespotted prey were attacked significantly more than feces masquerade prey (c2 =17.51, df =1, 

P<0.001; Figure 2.2A). When avian predation was analyzed separately, there was a similar 

pattern of increased predation on larger models (c2=22.87, df =1, P < 0.001; Figure 2.2B) and 

eyespotted models (c2 =15.33, df =1, P < 0.001; Figure 2.2B). In both pooled and avian-specific 

analyses, the influence of color on predation was not size-dependent (pooled: c2=0.09, df =1, P 

=0.77; avian: c2=1.81, df =1, P=0.18). In mammal-specific analyses neither size (c2=1.21, df =1, 

P=0.27) nor color (c2=0.62, df =1, P=0.43) influenced predation. For unknown predators, smaller 

prey were marginally more likely to be attacked (c2=3.72, df =1, P=0.05), whereas color had no 

effect on predation (c2=0.98, df =1, P=0.32) 

 

Effects of Season – Background greenness decreased significantly across the season (from 18.7% 

to 9.5%; F1,913 =36.6, P < 0.001; Figure 2.3A). Overall predation was significantly higher 

(c2=14.09, df =1, P < 0.001) in the July trial (24.7% attacked) compared with the September trial 

(16.3% attacked). From mid-summer to early fall, the proportions of avian and mammal attacks 

did not change significantly (avian: c2=2.99, df =1, P=0.08; mammal: c2=0.61, df =1, P=0.43), 

whereas unknown predator attacks decreased significantly (c2=20.41, df =1, P < 0.001). 

There was no effect of percent background greenness on predation in both pooled (c2=2.40, 

df=1, P=0.12) and predator-specific analyses (avian: c2=2.19, df=1, P=0.14; mammal: c2=1.71, 

df =1, P=0.19; unknown: c2=0.02, df=1, P=0.90). Additionally, the relationship between 

predation and model color did not differ significantly by background greenness across predator 

types (c2=0.16, df =1, P=0.69). Although there appears to be a slight trend of increased avian 
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predation on eyespotted prey against less green backgrounds, this is not supported statistically 

(c2= 0.20, df=1, P=0.66; Figure 2.3B). 

 

 

Fig. 2.3. (a) The effects of season (months: July and September) on average background 

greenness (left) and proportion of each artificial prey attacked by predators overall (right). 

Greenness is a visual estimate from 0.0 = 0% green to 1.0 = 100% green. (b) The average 

proportion of model larvae attacked by avian predators across different background greenness 
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levels. The green line represents attacks on eyespotted prey, whereas the brown dotted line 

represents attacks on feces-masquerading prey. There was no significant relationship between 

predation and background greenness, regardless of color morph. 

 

DISCUSSION 

 Life stage-specific aspects of the signaler, such as size and color, had the greatest impact 

on the risk of predation by visual predators (Figure 2.2). Avian predation was highest on the 

largest size category of each color morph, and significantly higher on eyespotted prey than 

masquerading prey (Figure 2.2B). These results beg the question of why a number of Papilio 

species adopt eyespots only at later, larger instars—or why larvae abandon masquerade at all, if 

large feces masqueraders experience less predation than their eyespotted counterparts. The 

counterintuitive nature of these results may reflect a key tradeoff faced by eyespotted species: the 

balance between conspicuousness and intimidation. The contrasting yellow and black eyespots of 

many Papilio species are likely conspicuous to avian predators, as these same colors are 

common in aposematic patterns (Stevens 2005; Prudic et al. 2007; Arenas et al. 2014). 

Aposematic species are known to experience tradeoffs between signal conspicuousness and 

efficacy: large, bright, high-contrast patterns are most effective at advertising toxicity, but also 

result in increased detectability to naïve or specialist predators (Ma ̈nd et al. 2007). Similarly, 

eyespots that are large and boldly colored may be more effective at startling predators (Hossie et 

al. 2015), at the cost of being detected more easily and/or habituated to more quickly (Stevens 

2005).  

Some species resolve this tradeoff behaviorally (Umbers et al. 2017). It is common to see 

eyespots paired with specific movements to create “deimatic” or startle effects: for example, 
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otherwise cryptic moths flashing eyespotted hindwings only when threatened (Stevens 2005; 

Umbers et al. 2015), or Eumorpha caterpillars physically “blinking” eyespots open and shut via 

muscle contractions (Hossie et al. 2013). Live swallowtail larvae, unlike artificial prey, may be 

able to hide or reduce the conspicuousness of eyespots when not imminently threatened by 

predators, maintaining a startle effect without attracting unwanted attention at a distance (Hossie 

et al. 2013; Umbers et al. 2015). Swallowtail larvae exhibit a variety of defensive behaviors and 

movements that could contribute to this effect, including thorax-puffing, assuming a reared 

posture, swaying, and hiding in leaf-rolls when at rest (Postema EG, personal observations; 

Wagner 2005; Hossie and Sherratt 2013). It would be worthwhile for future studies to tease apart 

the relative contributions of short-term defensive behaviors (e.g., thorax-puffing, swaying, leaf-

rolling) vs. broad movement patterns (e.g., activity level, microhabitat selection) to the 

effectiveness of eyespots in large insect prey. 

Overall, the size and color-dependent patterns of predation I observed are consistent with 

the hunting strategies of avian predators (Figure 2.2). Insectivorous birds mainly rely on vision to 

find prey, and are physiologically well-equipped for color discrimination (Robinson and Holmes 

1982; Jones et al. 2007). By comparison, most small mammal predators have poor color vision 

and are often nocturnal, and thus may be less likely to be attracted or deterred by particular color 

patterns (Jacobs 2009; Figure 2.2C). Differences in size may have also been more detectable by 

avian predators than terrestrial mammals (Figure 2.2B and C). Birds likely approached artificial 

prey from above, where large prey become more visible as targets, whereas small mammals 

likely encountered prey incidentally while moving across the landscape (Robinson and Holmes 

1982; Jones et al. 2007). Predation by “unknown” predators was similar to that of mammalian 

predators, with no significant effect of coloration (Figure 2.2C and D). Small prey were slightly 
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more likely than large prey to be attacked by unknown predators—this is likely because small 

prey are more easily removed and transported away from their original location (Figure 2.2D). 

These results, in agreement with previous studies using artificial swallowtails, suggest that avian 

predators are likely the primary receivers that shape these species’ color patterns (Hossie and 

Sherratt 2012, 2013). 

In terms of seasonal effects on predation risk, predator attacks declined by almost a third 

from July to September (Figure 2.3A). This pattern is primarily driven by a significant seasonal 

drop-off in attacks by unknown predators; meanwhile, both mammal and avian attacks remained 

consistent across the experiments. There are several possible explanations for this apparent drop-

off in predation pressure. First, certain predators may have simply been less active or abundant in 

September when compared with July. The transition from July to September in northern 

California marks the end of the summer growing period, and corresponds to a general decline in 

the activity of plants and animals. By the end of September, the majority of low-lying plants and 

deciduous trees are dry and/or leafless, and insects are markedly less active in the cooler, drier 

weather (Postema EG, personal observations). Predators may have also learned to avoid 

unprofitable prey. As I conducted the 2 experimental trials at roughly the same locations, ~8 

weeks apart, it is likely that many of the predators in the first trial were also present in the 

second. Of these overlapping predators, those who attacked models in the first trial may have 

remembered that the artificial prey were not edible in the same way that predators can quickly 

learn to avoid aposematic prey (Speed 2000; Mappes et al. 2014; Skelhorn et al. 2016a). To 

avoid possible effects of predators learning that artificial prey are inedible, some studies use 

edible pastry for their models (Hossie and Sherratt 2012, 2013). Clarifying which of these 

explanations best account for the observed seasonal decline in “unknown” predation would 
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require a more detailed record of both predator behavior at the individual level and predator 

abundance or activity. 

The color of the background vegetation became significantly less green from summer to 

fall, in line with the seasonal drying and senescing of plants at the end of the California growing 

season (Figure 2.3A). However, I found little evidence that background color influenced predator 

perception of larval coloration (Figure 2.3B). For the feces-masquerading models this is not 

surprising. The protection awarded by masquerade depends primarily on misclassification, rather 

than a lack of detectability, though there are certainly examples of patterns that benefit from both 

(Skelhorn et al. 2010a). The effects of background color on eyespots are slightly harder to 

predict, as these are not well-documented, though one can make inferences from both aposematic 

and cryptic patterns. In conspicuous species, higher contrast between the animal’s body color 

and the background tends to make the warning signal more effective, whereas the opposite is true 

of background-matching species (Merilaita and Lind 2005; Aronsson and Gamberale-Stille 2009; 

Michalis et al. 2017). Past researchers have classified the eyespotted instars of swallowtail larvae 

as cryptic, given their solid green bodies and association with green foliage (Gaitonde et al. 

2018). However, eyespots are a functionally distinct category of color defense that may or may 

not include elements of crypsis in addition (Stevens 2005). Tree-feeding Papilio larvae present 

an interesting case of combined (while seemingly contrasting) color defenses, and it is most 

likely that their method of avoiding visual predators is a combination of context-dependent 

strategies (Tullberg et al. 2005; Hossie and Sherratt 2012). 

In this experiment, I found little evidence of crypsis as background color had no effect on 

the predation of eyespotted prey (Figure 2.3B). However, these results were likely influenced by 

the method of prey presentation: artificial prey were affixed to stakes of a standard height, and 
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placed relatively low to the ground, rather than attached directly to vegetation. The larvae of 

local eyespotted Papilio species (P. rutulus, P. eurymedon) are tree-feeding species, and 

generally rest on the leaves of their host plants during the day (Shapiro and Manolis 2007). In 

this habitat, larvae would be flush with the surface of green leaves as well as surrounded by 

green foliage—2 aspects of signal environment that would likely enhance the effectiveness of 

background matching in the green eyespotted prey, but might not significantly affect the 

visibility and/or signal efficacy of masquerading prey (Merilaita and Lind 2005; Prudic et al. 

2007). In addition, background matching in swallowtail larvae may be further improved via 

behavioral mechanisms (particularly those that conceal eyespots) that artificial prey were unable 

to express (Stevens and Ruxton 2018). These potential methodological limitations are 

highlighted by a slight, but non-statistically significant increase in predation risk for eyespotted 

prey on non-green backgrounds in July (Figure S2.4). Given that predation was higher in July 

than September, the penalty for having improperly concealed eyespots (or being unnaturally 

exposed) may have been correspondingly higher. 

Although the relationship between color and predation risk is mediated by multiple 

constraints (Endler 1993; Caro et al. 2016; Cuthill et al. 2017), both the expression and the 

relative importance of each constraint may change over time. In a swallowtail larva’s shift from 

masquerade to eyespots, size and color had the greatest impact on predation risk (Figure 2.2), 

whereas seasonal changes in background color did not seem to strongly influence prey 

perception (though this was likely impacted by prey not being affixed directly to host plant 

foliage; Figure 2.3). The switch away from masquerade is likely mediated by upper size limits on 

larval resemblance to bird feces, but the switch from masquerade to eyespots specifically 

remains a more complicated question. There are likely important larval behavior(s) that help to 
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resolve the unexpectedly high predation on large eyespotted prey—particularly those that reduce 

eyespot visibility to avian predators at a distance but increase their saliency up close—but this 

hypothesis requires experimental testing in the swallowtail system (Stevens 2005; Umbers et al. 

2017). Future studies using artificial prey should carefully consider how the absence of 

movement and/or behavior, in combination with aspects of signal environment, might influence 

how the study species’ color patterns are perceived (Paluh et al. 2014; Hossie et al. 2015; 

Stevens and Ruxton 2018). 
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 Chapter III.  Eyespot peek-a-boo: environmental deimatism in a leaf-rolling caterpillar 

Elizabeth G. Postema 

 

ABSTRACT 

Animal color patterns often require synergistic behaviors to create effective defenses 

against visual predators. For example, deimatic displays involve body parts that can actively 

conceal or reveal bright color patches, potentially reducing detectability at a distance while 

startling predators up close. Some species may achieve this “conceal-then-reveal” effect by 

modifying aspects of their environment (environmental deimatism hypothesis). The larvae of 

spicebush swallowtail butterflies (Papilio troilus) possess large eyespots, but hide in rolled leaf 

structures during the day. Using artificial swallowtail larvae, I tested the hypothesis that these 

structures simultaneously reduce eyespot visibility and increase their effectiveness at startling 

visual predators. I compared wild avian predation rates on 659 artificial larvae from four 

treatments groups: eyespotted and non-eyespotted, presented in leaf rolls or on open leaves. Leaf 

rolls reduced predation regardless of color pattern, likely by concealing prey identity. Eyespots 

also reduced predation, but only for artificial prey in leaf rolls; on open leaves, eyespots neither 

increased nor decreased predation. These results support the environmental deimatism 

hypothesis, and suggest that this strategy may have evolved to enhance the protective effect of 

leaf rolls, rather than to reduce costs of prey conspicuousness. 
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INTRODUCTION 

Bright, high-contrast color patterns have well-known advantages in social, sexual, and 

antipredator contexts (Prudic et al., 2007; Stuart-Fox & Moussalli, 2008; Aronsson & 

Gamberale-Stille, 2009; Caro & Allen, 2017). However, strong signals may also attract the 

attention of unwanted receivers, e.g., predators (Endler, 1983; Marshall, 2000; Halfwerk et al., 

2014; de Lira et al., 2018). Even in aposematic species, high detectability can result in high 

mortality through the attraction of naïve, specialist, or otherwise undeterred predators (Ruxton et 

al., 2009; Mappes et al., 2014; Fabricant & Herberstein, 2015; Umbers et al., 2015). The inbuilt 

tradeoffs of detectability are cited as potential drivers for the evolution of intermediate 

aposematic signals (Ruxton et al., 2009), distance-dependent crypsis (Barnett et al., 2017, 2018), 

and even seasonal trends in proportions of aposematic versus cryptic species (Mappes et al., 

2014). Beyond color traits alone, deimatic displays may allow organisms to resolve detectability 

tradeoffs behaviorally (Umbers et al., 2015, 2017; Umbers & Mappes, 2015; Badiane et al., 

2018). 

Deimatic displays are broadly defined by Umbers and Mappes (2016) as “momentary, 

transient, conspicuous” signals that induce “a startle response” or overload “the senses of an 

attacking predator, such that the predator pauses, slows or stops the attack.” Deimatism generally 

occurs late in the predation sequence – i.e., when the initial defense(s) have failed – and may or 

may not involve honest advertisements of toxicity (Umbers et al., 2015, 2019). These displays 

often cross traditional categories of antipredator signalling, combining distinct types of visual 

defenses (aposematism, crypsis, masquerade, and/or mimicry) and sometimes additional 

modalities (e.g., acoustic, chemical) in a single complex display (Drinkwater et al., 2022). 

Deimatic displays thus offer ecologists a way to study (1) how behavior intersects with 
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morphology to shape the perception of color traits, (2) what conditions select for the evolution of 

multicomponent and/or multimodal defenses, and (3) how evolutionary tradeoffs can produce 

and maintain diversity in traits (Rowe, 1999; Cuthill et al., 2017; Stevens and Ruxton, 2018; 

Postema et al., 2022). Despite a surge of theoretical interest in the past 10 years, the ecology and 

evolution of deimatic displays remains poorly understood relative to other forms of visual 

defenses (e.g., aposematism, crypsis; Umbers et al., 2015, 2017, Skelhorn et al., 2016b, Umbers 

and Mappes 2016). In particular, experimental evidence for the fitness consequences of deimatic 

displays is lacking – and, even more so, how these displays function under natural conditions 

(but see Umbers et al., 2019).  

The caterpillars of swallowtail butterflies (family Papilionidae) exhibit a wide variety of 

defensive color strategies (Gaitonde et al., 2018) and complementary defensive behaviors 

(Hossie & Sherratt, 2012, 2013, 2014; Hossie et al., 2013, 2015). Many species possess eyespots 

in the final instars (Wagner, 2005), presumably to deter predators by mimicking the eyes of more 

threatening animals (Hossie & Sherratt, 2013; De Bona et al., 2015; Skelhorn et al., 2016a). 

Spicebush swallowtail (Papilio troilus) eyespots are large compared to other North American 

species in the same genus, such as P. eurymedes, glaucus, or rutulus (Wagner 2005). Like other 

eyespotted Papilio larvae, spicebush swallowtails inflate their thoraxes in response to agitation 

(Hossie & Sherratt, 2013). This reflex increases the size of the eyespots, and may heighten the 

larva’s resemblance to a snake (Hossie & Sherratt, 2014). However, even at rest, P. troilus  

eyespots may still be conspicuous to predators unless the larvae are otherwise concealed (Fig. 

3.1a). Unlike most Papilio species, P. troilus larvae construct shelters from the leaves of their 

host plant. They rest in these leaf rolls during the day (Fig. 3.1d), emerging at night to feed 

(Wagner, 2005). Larvae in leaf rolls point their heads up towards the leaf petiole, generally 
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making their eyespots partially visible at the small opening at the top of the roll (Wagner, 2005; 

Fig. 3.1f). 

I hypothesize that the combination of eyespots and leaf rolls in P. troilus larvae creates 

the same antipredator effect as a deimatic display. I refer to this potential defensive strategy as 

“environmental deimatism”: the use of environmental materials to create a sudden, startling 

visual signal that stops or slows predation. Similar to other deimatic displays, P. troilus eyespots 

are concealed at rest, but may become suddenly apparent once a predator opens or looks into the 

leaf roll (Fig. 3.1a,d). This effect would fulfill the definition of a “momentary, transient signal” 

that startles a predator enough to slow or halt its attack (Umbers & Mappes, 2016). Additionally, 

leaf rolls may offset potential detectability costs of large, conspicuous eyespots (Hossie et al., 

2013, Postema, 2022). While the startling “conceal-then-reveal” effect of eyespots within leaf 

rolls has been presumed for both P. troilus larvae and other lepidopteran species (Wagner, 2005; 

Janzen et al., 2010), this assumption remains untested. In other arthropod systems, leaf rolls have 

been shown to play a role in predator defense (Murakami, 1999; Tvardikova & Novotny, 2012) 

among other functions (Kobayashi et al., 2015; Romero et al., 2022), but their influence on the 

perception of prey color patterns is not well-known. I expect that environmental deimatism may 

be a widespread (but not well-characterized) defensive strategy among shelter-building species – 

e.g., spiders that spring out suddenly from leaf rolls (Postema personal observations), or other 

leaf-sheltering caterpillars with conspicuous markings, as observed by Janzen et al. (2010). 

To test the environmental deimatism hypothesis, I conducted an artificial prey experiment 

using a combination of eyespotted and non-eyespotted clay caterpillars presented on either open 

or rolled host plant leaves (Fig. 3.1b-e). I predicted an overall protective effect of leaf rolls, as 

well as interactions between prey presentation (roll vs. open leaf) and color (eyespots vs. no 
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eyespots). Specifically, I expected eyespots to decrease predation on leaf-rolled prey. For prey on 

open leaves, I predicted that eyespots would either increase or have no effect on predation – 

depending on how well eyespots deter predators without additional defensive components 

(Hossie & Sherratt, 2013; Postema, 2022). My primary aims for this experiment were (1) to 

conduct a test of the environmental deimatism hypothesis in the field, and (2) to quantify the 

potential costs of conspicuous color signals that lack additional behavioral components. 

 

 

Figure 3.1. (a) A live spicebush swallowtail (Papilio troilus) larva on sassafras (Sassafras 

albidum). Its leaf roll is held open, with strands of silk visible above the head. Eyespotted (b) and 

non-eyespotted (c) artificial larvae on open S. albidum leaves. (d) A true leaf roll with a live P. 

troilus larva inside. (e) An artificial leaf roll with an artificial larva inside. (f) A live P. troilus 

larva in a leaf roll, its eyespots partially visible up-close. Photographs by EGP. 

 

MATERIALS AND METHODS 

Site Description and Host Plant Selection – I conducted field predation trials at two sites in Ann 

Arbor, MI, approximately 4km apart (Bird Hills Nature Area, “Bird Hills”: 42°18'09.1"N 

83°45'37.9"W; Nichols Arboretum, “Arboretum”: 42°16'48.9"N 83°43'20.5"W; Figure S3.1). 
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Both sites were composed of mixed coniferous-deciduous forest, and contained host plants of P. 

troilus caterpillars such as sassafras (Sassafras albidum) and tulip tree (Liriodendron tulipifera). 

I selected individual plants haphazardly across subsites, with at least 5m between each plant. All 

plants were checked for P. troilus larvae before the start of each trial and previously occupied 

plants (n = 17; Figure S3.1) were not used. Potential predators of P. troilus were present at the 

sites throughout the experiment (Table S3.1), as well as live P. troilus larvae (Table S3.2) and 

adults. I ran two predation trials at these sites, from July 3rd to 12th, and July 20th to 30th, 2021. 

 

Surveys of Naturally Occurring Leaf Rolls  – To characterize the overall community of leaf-

sheltering organisms at my study site, I conducted surveys of naturally occurring leaf rolls at 

Bird Hills from August 23rd-27th, 2022. Surveys were conducted along five 50m linear transects 

that overlapped with areas previously used for the predation experiment. I pre-established each 

transect on a digital map of the study site, and used GPS points from the map to start and end the 

physical transects on-site. I surveyed all plants of a specific height range (over 0.5m and under 

2m tall) within one meter of the transect for rolled or folded leaf structures; plants were marked 

as having either 0, 1, 2, or >3 leaf rolls. Leaf rolls varied in structure but were counted in the 

survey as long as they were (a) at least partially enclosed, and (b) clearly constructed by an 

animal. Leaves that were curled due to desiccation or disease were not considered leaf rolls, as I 

was primarily interested in intentionally constructed rolls that resembled P. troilus leaf rolls. 

I recorded the contents of up to 3 leaf rolls per plant by carefully opening each structure 

by hand. Organisms were visually identified to broad taxonomic groups (e.g., spiders, springtails, 

beetles). Rolls with either non-living debris or nothing inside were recorded as “empty.” As 

some organisms immediately jumped or dropped out of the rolls, I also recorded the escape 
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behavior of all observed organisms: jumping, dropping, or no response. In total, I surveyed 464 

leaf rolls across 457 individual plants. Of these plants, ~10% were also host plants of P. troilus, 

including spicebush (Lindera benzoin), sassafras, and tulip tree. 

 

Host Plant and Habitat Measurements  – Background color, texture, complexity, and lighting 

can impact the perception of visual signals (Endler, 1993). To account for the influence of 

background on artificial prey detection and perception, I measured two key habitat 

characteristics: canopy openness and plant size. I anticipated that more open canopies would 

increase avian attack rates (Blake & Hoppes, 1986; Richards & Coley, 2008), possibly by 

providing better lighting conditions for prey detection. For plant size, I expected that individual 

prey items would be easier to find on smaller plants, resulting in higher avian predation. I took 

plant height measurements (in cm) from ground-level at the base of the stem to the tip of the 

uppermost leaf. Plants used in the experiment were an average of 124.9cm tall (SD: 60.1cm). I 

measured canopy openness by taking upward digital photos with a 180° hemispheric lens at plant 

height directly above each plant, with the camera held level with the ground. I then processed 

these photos using ImageJ (version 1.53) to calculate the proportion of open sky relative to 

vegetative cover in each image.  

 

Artificial Prey Construction  – I constructed artificial P. troilus larvae by pressing white 

modeling clay (Van Aken Plastalinaâ) into 3D-printed molds. The resulting unpainted prey were 

4cm long, approximately the size of a 4th or 5th instar larva. Larvae have eyespots at this point in 

development (Fig. 3.1a). To attach prey to host plants, I inserted a short loop of 26-gauge 

flexible craft wire into each clay caterpillar, leaving the two ends of the loop exposed from the 
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ventral side. I applied three layers of acrylic airbrush paint (CREATEX tan, yellow-green, and 

dark green) to create the appearance of green countershading, which is an important aspect of 

visual defense for many swallowtail species (Rowland et al., 2007). Using yellow and black 

acrylic paint, I hand-painted eyespots on half of the prey (“eyespotted”, Fig. 3.1b), while leaving 

the rest blank (Fig. 3.1c). I preserved the paint with one coat of Krylonâ matte finish spray. 

Finally, I measured the reflectances of both real and artificial P. troilus caterpillars using an 

Ocean Optics Flame Miniature (FLAME-S-UV-VIS-ES) spectrometer with Ocean Optics PX-2 

Pulsed Xenon light source, calibrated with a 99% Labsphere reflectance standard (Figure S3.2). 

 

Predation Experiment  – For the predation trials, I deployed four different treatments of artificial 

larvae in a 2 x 2 factorial design: eyespotted in leaf rolls, eyespotted on open leaves, non-

eyespotted in leaf rolls, and non-eyespotted on open leaves. I affixed prey to individual host 

plants, interspersed by both treatment and host plant species (S. albidum or L. tulipifera). I 

generated unique treatment assignments for each trial. During deployment, I selected the 

artificial prey’s location on the plant haphazardly and measured its height (in cm) from the 

ground. Prey were placed 11.0-281.0 cm high on plants (mean: 83.5, SD: 44.1cm), comparable 

to the heights of live P. troilus prey I observed in the field (25-164cm, mean: 83.8, SD: 40.5cm; 

Table S3.2).  

For the open leaf treatment group, I attached artificial prey to the upper side of fully 

expanded host plant leaves. I did this by poking the loose wire-ends of each prey through the 

leaf, then twisting them tightly around the midrib. For the prey in leaf rolls, I attached them to 

the leaf in the same way, then folded the leaf over the artificial prey and secured it shut with a 

strip of Scotchâ double-sided tape (Fig. 3.1e). I positioned all prey with the “head” pointed up 
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towards the leaf petiole, which reflects this species’ typical resting position (Fig. 3.1a,f). During 

Trial 2, I also included a fifth treatment group of eyespotted prey in leaf rolls, oriented down 

away from the petiole, to test the effect of eyespot orientation on predator perception. However, 

as I was unable to confidently determine whether predators perceived this treatment group as 

eyespotted or not, I excluded data on these prey from the final analysis. Before the start of the 

trial, I took a photo of each artificial caterpillar in place. 

I collected artificial prey after approximately 5 days of exposure (mean: 121 hours, SD: 8 

hours). At the end of each trial, I visually inspected prey for evidence of predation, using the pre-

trial photographs as a baseline for non-attacked prey. Avian and mammalian attacks are clearly 

distinguishable by the shape of the bite-marks in the clay (Figure S3.3). I recorded any missing 

prey items (that could not be found after carefully scouring a 1m2 area around the original 

location) as attacked by an unknown predator. I photographed all recoverable prey with visible 

attack marks. In a few cases (n = 9), either the artificial caterpillar or the entire leaf roll fell from 

the plant with no sign of predator damage; these prey were excluded from analysis. I also 

excluded one artificial caterpillar in which a live P. troilus caterpillar had crawled into a leaf roll, 

and three artificial prey where the plant could not be found (and thus the clay caterpillar could 

not be recovered). In total I deployed 809 artificial caterpillars. Of those, I included data from 

659 artificial caterpillars in the analysis, excluding prey attacked by non-avian predators. Birds 

are common visual predators of insects (Nyffeler et al., 2018), making avian predation patterns 

the most informative (relative to mammalian or unknown predators) for the goals of this study 

(Hossie and Sherratt 2012, 2013). Additionally, as expected, mammalian and unknown predators 

showed little variation in predation between experimental treatments (Figure S3.4). As it is 
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difficult to detect evidence of arthropod attacks using clay caterpillars, these types of predators 

were not considered in this experiment. 

 

Statistical Analysis  – To analyze these data, I used binomial generalized linear models with a 

with a complementary log-log link function in R (ver. 1.1.463). For all models, I set avian 

predation as the binomial response variable (0 = not attacked, 1 = attacked) and included days 

exposed as an offset term. For the primary model, I included the following independent 

variables: trial, location, leaf roll treatment (rolled, open), color treatment (eyespotted, non-

eyespotted), canopy openness (a proportion, from 0 = sky fully obscured to 1 = sky not obscured 

by anything), and plant height (in cm). I also tested for an interaction between the roll treatment 

and color treatment. To determine the statistical significance of each independent variable across 

the model, I compared the full model to models lacking the term of interest using likelihood ratio 

tests (package lmtest). To determine the simple effects of eyespots and leaf rolls, without the 

interaction effect, I constructed 4 additional models using data from (1) only eyespotted prey, (2) 

only non-eyespotted prey, (3) only leaf-rolled prey, and (4) only open-leaf prey. For models (1) 

and (2), I compared full models to models without the leaf roll treatment; for models (3) and (4), 

I compared full models to models without the color treatment. These comparisons were also 

made using likelihood ratio tests. 

 

RESULTS 

The overall avian predation rate was 13.4% of artificial caterpillars over a 5-day period. 

Predation did not vary significantly by trial (c2 = 0.79, df = 1, p = 0.38), location (c2 = 0.55, df = 

1, p = 0.46), canopy openness (c2 < 0.01, df = 1, p = 0.95), or plant size (c2 = 0.71, df = 1, p = 



 

 82 

0.40). Leaf rolls significantly reduced predation relative to prey on open leaves (12.9% 

reduction, c2 = 24.43, df = 1, p < 0.001). This was true of both eyespotted (17.3% reduction, c2 = 

25.77, df = 1, p < 0.001) and non-eyespotted (8.4% reduction, c2 = 4.54, df = 1, p < 0.05) prey. 

Eyespots alone had no significant effect on predation (c2 = 0.91, df = 1, p = 0.34), though this 

was only true for prey on open leaves (c2 = 0.13, df = 1, p = 0.72). There was a significant 

interaction between leaf rolls and eyespots (c2 = 5.96, df = 1, p < 0.05): in leaf rolls, eyespots 

reduced the probability of predation (7.1% reduction, c2 = 6.98, df = 1, p < 0.01).  

 

 

Figure 3.2. Mean proportions of artificial prey in each treatment group attacked by avian 

predators, ± SE (n = 659). Yellow points represent eyespotted prey, while green points represent 

non-eyespotted prey. Illustrations by Mia Lippey. 
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DISCUSSION 

In this study, leaf rolls not only protected prey in general, but also increased the 

effectiveness of eyespots at deterring visual predators (Fig. 3.2). This result supports the 

environmental deimatism hypothesis, i.e., the active use of objects in the environment to create a 

deimatic display. Similar to the mounds built by bowerbirds for sexual communication (Endler et 

al., 2010), leaf rolls are not just passive “backgrounds,” but an integral part of the visual signal’s 

success. While environmental modification has been shown to effectively complement (or serve 

as) visual camouflage in several systems (Canfield, 2009; Hultgren & Stachowicz, 2011), these 

behaviors are not well-documented in other categories of visual defense. Environmental 

deimatism may be a common strategy among other leaf-sheltering organisms, such as eyespotted 

hesperiid caterpillars (Janzen et al., 2010) or spiders that abruptly jump out of rolls when 

disturbed (Postema pers. observations, Fig. 3.3). Beyond leaf rolls, environmental deimatism 

may exist as a more general strategy for shelter-using or -building species.  

The protective effect of leaf rolls I observed aligns with past research on these structures’ 

role in predator defense (Murakami, 1999; Tvardikova & Novotny, 2012). However, the 

mechanism of protection is somewhat unclear. One possibility is that leaf rolls physically hide 

the organism from detection. However, folded leaves are relatively noticeable against non-folded 

foliage; in some systems, leaf rolls may even act as a target for visually-oriented predators 

(Kobayashi et al., 2020). Naturally occurring leaf rolls in the study area were common, and often 

occupied by living organisms: over half (56%) of surveyed plants had at least one leaf roll, and 

over a third (34%) of rolls were occupied. Given their frequency and apparent profitability, it 

seems advantageous for avian predators to learn to search for prey in leaf rolls. However, the 

organisms inhabiting leaf rolls were not necessarily desirable prey items (Fig. 3.3). Surveyed 
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rolls most commonly contained small, fast-moving spiders (49% of occupied rolls). Spiders often 

jumped from the roll immediately when disturbed, potentially making prey startling, hard to 

catch, or both. Other common prey items included very small organisms (e.g. springtails) and 

small weevils that often dropped to the ground when disturbed. Larger, less mobile, and more 

profitable prey – e.g. caterpillars – were rare (found in only ~4% of occupied rolls). The main 

defensive function of the leaf roll, then, may be to conceal prey identity. The added ambiguity 

and handling time of leaf rolls may make them relatively low-value foraging microhabitats, 

though this likely depends on the predator community’s degree of specialization, and perhaps 

temporal shifts in leaf roll abundance and occupancy. Predator uncertainty could further enhance 

the effectiveness of unexpected or startling visual signals. 

 

 

Figure 3.3. (Left) Total counts of each organism type found in surveys of naturally occurring 

leaf rolls (n = 464). Within each organism category, counts of individuals that displayed escape 

behaviors in response to the leaf roll being disturbed (dropping, jumping, or no response) are 
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represented in yellow, red, and brown, respectively. (Right) Examples of naturally occurring leaf 

rolls I observed in the field; leaf rolls varied in size, structure, and plant species. Photographs and 

illustrations by EGP. 

 

Eyespots did not significantly increase predation risk on open leaves relative to non-

eyespotted prey on open leaves (Fig. 3.2). This could suggest that prey with large eyespots are 

not more detectable to visual predators than prey without eyespots. Given that birds are highly 

attuned to eye-like stimuli, this seems unlikely (De Bona et al., 2015). Alternatively, readily 

visible eyespots may be more detectable to predators, but simultaneously function to deter 

predators at a distance. In this scenario, the combined effects of eyespots (increased detection 

and predator deterrence) may be counterbalanced. This hypothesis is supported by the fact that 

the majority of Papilio species that possess eyespots rest on open leaves (Wagner, 2005; 

Gaitonde et al., 2018), as well as the general positive association between body size and presence 

of eyespots in lepidopteran larvae (Hossie et al., 2015). The fear of paired, eye-like patterns 

appears to be relatively innate for avian predators (Merilaita et al., 2011). This contrasts with 

other conspicuous color strategies, such as aposematism, where learning is more central to the 

pattern’s antipredator effect (Hämäläinen et al., 2020). If eye mimicry does not require predators 

to have prior negative experience with the “model” organism, then costs of being conspicuous 

due to encounters with naïve predators may be minimal.  

Habitat characteristics may have also played a role in the perception and effectiveness of 

eyespots in this study. Both field sites were densely vegetated, with an average canopy openness 

of 14.3% (SD: 8.3%) – i.e, ~86% of the area above each artificial caterpillar was covered by 

vegetation. In complex, highly vegetated, and low-light environments, it may be difficult for 
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predators to distinguish between real and fake eyes, or it may be too risky to spend a long time 

investigating (Janzen et al., 2010). This may also help to explain why eyespots did not 

significantly increase predation, despite presumably higher predator detection, compared to non-

eyespotted prey on open leaves (Fig. 3.2). While there was no direct support for the influence of 

background conditions (such as canopy openness and plant height) on avian predation in this 

study, I did not experimentally manipulate these characteristics. In other studies of visual 

signalling, habitat heterogeneity, vegetation density, and lighting conditions have had effects on 

the perception of animal color patterns (Gotceitas & Colgan, 1989; Endler, 1993; Coker et al., 

2009; Seymoure et al., 2018). To better understand the effect of environmental context on the 

perception of eyespots, it would be useful to directly observe predator responses to eyespotted 

and non-eyespotted prey across various habitat types. 

It may be useful to consider P. troilus leaf rolls as an example of Dawkin’s (1999) 

“extended phenotype.” There are clear consequences of the leaf roll on caterpillar fitness, as well 

as synergistic interactions between the leaf rolling behavior and color traits (Fig. 3.2). In this 

system, selection is acting on multiple interacting levels: on the structure of the roll, the 

expression of leaf-rolling behavior, and the organism’s color patterns (Laland, 2004; Hunter, 

2018). This makes the evolution of environmental deimatism a question of both morphology and 

behavior. Umbers et al. (2017) suggest two potential pathways for how deimatic displays evolve: 

the “defense-first” and “startle-first” hypotheses. In the former, initially cryptic prey gain 

constitutive defenses (e.g., toxins), which then selects for conspicuous color patterns to advertise 

toxicity, and finally a concealing mechanism to create the “startle” effect. In the latter, initially 

cryptic prey develop a sudden movement that deters predators, which is later enhanced by a 

conspicuous visual component (and additional chemical defenses, in some species). Given that 
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P. troilus larvae are generally considered non-toxic (Wagner, 2005), the “startle-first” hypothesis 

may be more likely. Via this pathway, we would expect larvae to have evolved the leaf-rolling 

behavior (a proxy for the “sudden movement”) before the development of large, conspicuous 

eyespots. It is less likely that leaf-rolling developed simply as a way to conceal conspicuous 

eyespots, as there were no obvious detectability costs of eyespots for prey on open leaves (Fig. 

3.2). This aligns with Schaedlin and Taborsky’s (2009) observation that external structures 

involved in signalling often provide an initial, direct fitness benefit to the signaler, that then 

selects for a progressively stronger signal. A phylogenetic comparative study, tracking both color 

traits and deimatic behaviors across the evolutionary history of swallowtails and/or other relevant 

lepidopteran groups, could potentially clarify when and how the behavior-morphology pairing 

arose (Janzen et al., 2010; Vidal-García et al., 2020).  

Given that leaf-rolling is an effective antipredator strategy for P. troilus larvae, and 

appears to work synergistically with the species’ defensive color strategy (Fig. 3.2), why is leaf-

rolling not observed more generally across swallowtails? One possible constraint is the time and 

energy investment involved in constructing multiple leaf rolls over the course of larval 

development. After larvae lay down layers of silk, leaves may take over an hour to fully fold into 

a roll (Video S1). These periods of high activity and potential exposure to predators are not 

accounted for in this study, but may temper the antipredator benefit of leaf rolls. Secondly, some 

host plants may not be conducive to the formation of leaf rolls. The leaves of common P. troilus 

host plants are relatively thin, wide, and flexible compared to common host plants of other 

eyespotted swallowtail species (e.g., Populus spp., Salix spp.; Wagner, 2005). While many 

Papilio larvae form Velcro-like silk pads to rest on, the leaves of their host plants may be too 

stiff, thick, or narrow to easily fold into full leaf rolls. Larvae in the swallowtail family 
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(Papilionidae) use a diverse array of host plants, and their later-instar color defenses correspond 

closely to evolutionary shifts in host plant usage – e.g., aposematism has mainly evolved in 

larvae that use narrow-leafed, toxic plants, while cryptic or mimetic strategies are associated 

with more dense, nontoxic plants (Gaitonde et al., 2018). It would be worth investigating how 

other aspects of host plant morphology (particularly leaf width and thickness) may have shaped 

the evolution of leaf-rolling, deimatism, and color traits among insects (Janzen et al., 2010). 

The results of this study provide support for the environmental deimatism hypothesis, 

and, more generally, the key role of behavior in defensive visual signals (Ruxton et al., 2009; 

Cuthill et al., 2017; Stevens & Ruxton, 2018). They also suggest that deimatic displays can arise 

without strong costs to conspicuousness, though this likely depends on the mechanism of 

predator deterrence (learned vs. reflexive avoidance). To better understand the ecology and 

evolution of defensive visual signals, it is essential to consider color patterns less as static 

characters, and more as “multivariate optima”; i.e., complex strategies that may involve selection 

on morphology, behavior, and/or extended phenotypes beyond the body of the organism 

(Dawkins 1999; Laland, 2004; Cuthill et al., 2017; Stuart-Fox, 2022; Postema et al., 2022).  
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SUPPLEMENTARY INFORMATION FOR CHAPTER II 

 

Table S2.1. Avian species visually observed at study sites during the experimental trials. 

Bird Species Locations Observed 

Agelaius phoeniceus All 

Aphelocoma californica All 

Buteo jamaicensis A, B, C, D 

Buteo lineatus C, D, E 

Colaptes auratus A, B 

Corvus brachyrhynchos C, D, E 

Meleagris gallopavo E 

Melospiza melodia C, D 

Mimus polyglottos A, B, C, D 

Molothrus ater C, D 

Myiarchus cinerascens A, B 

Pica nuttalli A, B 

Picoides nuttallii C, D, E 

Pipilo maculatus C, D 

Sayornis nigricans All 

Sitta carolinensis A, B, E 

Sitta pygmaea A, B 

Spinus psaltria All 

Tachycineta bicolor  All 

Troglodytes aedon A, B, C, D 

Zenaida macroura A, B, C, D 
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Figure S2.1. Map of the five creek-side transects in Davis, CA used for the field predation 

experiment. Transects are each 200m long and separated by at least 150m. 
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Figure S2.2. Examples of visual scoring of background greenness, from 100% green (far left) to 

0% green (far right). 
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Figure S2.3. Examples of marks made by avian (top) and mammal (bottom) predators. 
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Figure S2.4. Comparison of the average proportion of model larvae attacked by avian predators 

across different background greenness levels (a visual estimate from 0.0 = 0% green to 1.0 = 100% 

green) between (a) July and (b) September.  
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SUPPLEMENTARY INFORMATION FOR CHAPTER III 

 

Table S3.1. Bird species surveys conducted at Bird Hills Nature Area (BH) and Nichol’s 

Arboretum (Arb) directly after each Trail (post-trial 1: 7/14, post-trial 2: 7/30). EGP conducted 

30-minute visual and aural surveys for 5 total subsites (200m2 rectangles; 3 in BH, 2 in Arb). 

Counts for each species are recorded below, but are a rough estimate, as it was not always 

possible to tell if individuals had been repeatedly observed. *Plausible predators of P. troilus, 

based on size and diet information listed on allaboutbirds.org. 

Common Name  Scientific Name BH 7/14 Arb 7/14 BH 7/30 Arb 7/30  

*American robin Turdus migratorius 11 11 7 8 

*Black-capped chickadee Poecile atricapillus 15 2 6 4 

*Blue jay Cyanocitta cristata 7 4 10 3 

*Cedar waxwing Bombycilla cedrorum 0 0 0 1 

*Eastern towhee Pipilo erythrophthalmus 0 2 0 0 

*Eastern wood-peewee Contopus virens 8 2 4 2 

*European starling Sturnus vulgaris 2 0 0 0 

*Gray catbird Dumetella carolinensis 0 1 0 0 

*Northern cardinal Ailuroedus jobiensis 3 1 9 4 

*Scarlet tanager Piranga olivacea 2 0 0 0 

*Song sparrow Melospiza melodia 0 1 0 0 

*Tufted titmouse Baeolophus bicolor 1 0 0 0 

*Yellow warbler Setophaga petechia 0 1 0 0 

American goldfinch Spinus tristis 2 3 9 6 

Chimney swift Chaetura pelagica 0 1 0 0 

Downy woodpecker Dryobates pubescens 4 0 3 1 

Field sparrow Spizella pusilla 0 1 0 0 

House finch Haemorhous mexicanus 1 0 1 0 

Northern flicker Colaptes auratus 3 0 4 0 
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Pileated woodpecker Dryocopus pileatus 1 1 0 0 

White-breasted nuthatch Sitta carolinensis 3 2 0 2 

Tree swallow Tachycineta bicolor 0 0 1 1 

Red-bellied woodpecker Melanerpes carolinus 0 0 0 1 

Red-tailed hawk Buteo jamaicensis 0 0 4 0 
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Table S3.2. Observations and measurements of live P. troilus larvae and their host plants. In 

total, I observed n = 17 live larvae throughout the experiment. I observed some larvae multiple 

times; date observed is recorded in parentheses within the column. *Height is measured from the 

ground to the position of the larva in its host plant. **Larval orientation within the leaf roll: up = 

towards leaf petiole, down = away from leaf petiole, towards the ground. 

 

ID  Host Plant  *Height 
(cm) 

Larva Length (cm) **Orientation 

1 spicebush 121 2.5 (6/17), 3.5 (6/24) up (6/17) 

2 sassafras  - - up 

3 sassafras  164 3.4 (6/24) up (6/24) 

4 sassafras  54 2.45 (6/26), 3.3 (6/28), 4.3 (7/2) up (6/26), up (6/28), up (7/2) 

5 sassafras  136 0.7 (6/28) up (6/28) 

6 sassafras  103 0.5 (6/28), 1.7 (7/7) up (6/28), up (7/7) 

7 sassafras  70 3.0 (6/28) up (6/28) 

8 sassafras  35 1.7 (6/28), 2.0 (7/2) up (6/28) 

9 sassafras  71 2.4 (6/28) up (6/28) 

10 sassafras  34 3.0 (6/28), 3.5 (7/2)  up (6/28), up (7/2) 

11 sassafras  35 1.0 (6/28), 2.1 (7/2), 2.2 (7/7) down (6/28), up (7/2), up (7/7) 

12 sassafras  69 0.8 (6/28), 1.9 (7/7) up (6/28), up (7/77) 

13 sassafras  96 0.8 (6/28) up (6/28) 

14 sassafras  25 4.0 (7/8) up (7/8) 

15 sassafras  119 2.0 (7/11), 2.8 (7/19), 1.2 (7/26) up (7/11) 

16 sassafras  99 1.2 (7/11) up (7/11) 

17 sassafras 91 2.1 (7/12) up (7/12) 
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Figure S3.1. A map of the locations used in the field predation trials. On the left, individual 

plants used at Bird Hills Nature Area; on the right, plants used at Nichol’s Arboretum. Individual 

host plants are marked with yellow-green (L. tulipifera) or dark green (S. albidum) circles. 

Below each map are close-up sections with circular icons. Each of these represents the locations 

of a live P. troilus caterpillar observed just before and during the experiment. 
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Figure S3.2. Reflectance curves of five different materials. On the left, the green areas of an 

artificial caterpillar, a real P. troilus caterpillar, and a sassafras leaf. On the right, an artificial 

caterpillar’s eyespot and a real P. troilus caterpillar’s eyespot. Each curve represents the average 

of three spectrometer measurements, taken from three different spots on the same object. Data 

collected by EGP and Hayley Crowell. 
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Figure S3.3. Locations of observed predator (avian, mammalian, and unknown) attacks on 

artificial prey at Bird Hills (left panels) and Nichols Arboretum (center panels), for trial 1 (top 

panels) and trial 2 (bottom panels). Panels on the right show examples of avian (top) versus 

mammalian (bottom) predation marks. Photographs by EGP.  
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Figure S3.4. Proportion of rolled and unrolled artificial prey attacked by mammal (left) and 

unknown (right) predators, ± SE (n = 725). Yellow points represent eyespotted prey, while green 

points represent non-eyespotted prey.  

 

 

 

 

 

 




