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I wear a cryptic dress so that predators leave me be. I blend in with the lichen, can you find 

me on this tree? 
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Abstract 

Predation is one of the strongest and most important selection pressures to be faced in the animal 

kingdom. Indeed, it is from this central biological problem of defence and self-preservation that 

natural selection has crafted such an incredible diversity of adaptations and specialisations. In the 

constant battle for survival, many prey species have evolved various behavioural, chemical, and/or 

morphological defensive mechanisms to avoid being eaten. Of these, the expression of protective 

colouration is perhaps the most fascinating, encompassing all the extraordinary visual properties of 

animals that can deter predators through bright and conspicuous warning signals or that can conceal 

prey through resemblances to the environment. The latter refers to a form of antipredator colouration 

called camouflage, which functions to reduce the probability of a prey animal being detected or 

recognised by predators. This is achieved through a range of strategies, including background 

matching (in which the appearance of an animal matches the visual components of the background 

so that it may blend in and remain undetected), disruptive colouration (in which high contrast 

markings break up surface continuity and create false edges, effectively obscuring the animal’s 

outline and hindering detection or recognition of true shape), and masquerade (whereby an animal 

resembles an uninteresting and inedible object of the environment, such as a leaf or a twig, causing 

predators to misclassify it as something of no value, thus hindering correct recognition). These 

camouflage strategies function through different mechanisms that exploit the perceptual and 

cognitive processes of predator visual systems but are not necessarily mutually exclusive and may 

operate in tandem to enhance the protective value of camouflage. This thesis examined the idea of 

multifaceted camouflage by investigating the role of different camouflage mechanisms in an endemic 

Aotearoa | New Zealand moth.  

The North Island lichen moth, Declana atronivea (Geometridae), presents a fascinating system 

with which to explore the intricacies of camouflage. This charismatic moth possesses high contrast 

black and white forewings with discreetly textured wing scales that appear to resemble lichen. The 

wing patterns are particularly interesting in that they also exhibit marginal markings (that overlap the 

wing edge) and asymmetric elements (both among and within individuals), the latter of which is 

exceptionally rare in nature. Here, I investigated the functional significance of the forewing colour 

patterns of D. atronivea as an antipredator adaptation. Using a range of experimental methods and 

analytical tools, including lab and field predation experiments, predator vision modelling, colour 

pattern analysis, and geometric-morphometric techniques, I was able to objectively quantify whether 

D. atronivea’s colouration may contribute to camouflage through the different mechanisms of 

masquerade, background matching, and disruptive colouration. I further explored the inherent 



v 

 

variation in the pattern elements of D. atronivea to highlight this species as one of the first 

documented examples of wing pattern asymmetry in an insect, and to assess the role of such 

asymmetry for camouflage.  

I first explored whether the colouration of D. atronivea may have been adapted for lichen 

masquerade, that is, whether their colour patterns cause predators to misclassify them as lichen. Using 

laboratory predation experiments with naïve and experienced chick (Gallus gallus) predators, I 

demonstrated that the moths do not benefit from such element imitation in the absence of a matching 

lichen background. I subsequently expanded on this to examine the adaptive significance of 

background matching on lichen and the putative function of element imitation masquerade in the 

context of a matching background using field predation experiments with paper moth models and 

wild avian predators. I also objectively quantified the degree of background matching through avian 

vision modelling and colour analysis techniques. This study demonstrated that the colour patterns of 

D. atronivea confer a significant survival advantage through background matching on lichen, with an 

intermediate level of protection gained when near lichen. This suggests that D. atronivea colouration 

is likely adapted for background matching, but may provide a lower degree of benefit via element 

imitation masquerade when near to lichen patches. The colour patterns of D. atronivea were found to 

be a close match to the pattern elements of lichen but were dissimilar to the chromatic and achromatic 

properties of these substrates, indicating that it is likely the pattern elements of the forewings that are 

important for conferring protection through background matching.  Following on from this, I then 

investigated whether the colour patterns of D. atronivea may also be adapted for disruptive 

colouration; that the high contrast marginal markings on the forewings promote concealment from 

predators through edge disruption. Using vision modelling, colour analysis, and field predation 

experiments, I presented evidence to support the occurrence and functional significance of edge 

disruptive colouration in D. atronivea.  

Lastly, I examined the inherent colour pattern variation present in D. atronivea. Using geometric-

morphometrics, I determined that this species exhibits pronounced wing pattern asymmetry among 

and within individuals. I further explored the functional role of such asymmetry for antipredator 

defence using field predation experiments and demonstrated that these asymmetrical pattern elements 

enhance the protective value of their camouflage. This study represents the first documented example 

of adaptive colour pattern asymmetry in a cryptic species. 

Overall, each investigation into masquerade, background matching and disruptive colouration 

suggests that the colour patterns of D. atronivea may be adapted for a multifaceted suite of 

camouflage mechanisms. However, the relative contribution of these various camouflage strategies 
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for antipredator defence in this species is uncertain and future work is required to disentangle the 

different mechanisms and how they function to promote protection from predators. This research is, 

to my knowledge, the first study to objectively quantify and demonstrate the functional significance 

of masquerade, background matching, disruptive colouration, and colour pattern asymmetry in a 

single species, and presents a foundation for further investigation into the multifaceted nature of 

camouflage.  
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1  
Introduction 

 

In describing the challenges of self-preservation, Zoologist Hugh Cott (1940) drew upon ‘two 

primary claims of life’ and the satisfaction of ‘two vital needs’: sustenance and security. He reasoned 

that for any individual to survive in a world besieged with hunger and danger, one must be able to 

eat, and in turn, avoid being eaten. Before Cott, Charles Darwin, in his Posthumous Essay on Instinct, 

similarly remarked on such a phenomenon, describing an inherent, perpetual struggle in nature 

between the need to escape one’s enemy, and the need to secure one’s prey: “The structure of every 

organic being is related, in the most essential yet often hidden manner, to that of all other organic 

beings with which it comes into competition for food and residence, or from which it has to escape, 

or on which it preys” (Darwin, 1883). This brings us to the notion of an interspecific warfare of sorts; 

the battle between predator and prey, the hunter and the hunted. 

The relationship between predator and prey extends beyond sustenance and security, however. 

Dawkins and Krebs (1979), using foxes and rabbits as an example, rationalised that the race between 

predator and prey occurs within two different time scales. On the more immediate time scale of a 

single animal’s behaviour, an individual fox may chase an individual rabbit, with the outcome either 

resulting in the fox catching the rabbit or the rabbit escaping. On an evolutionary time scale, the fox 

population may evolve adaptations that improve their chances of catching the rabbit population, and 

correspondingly, the rabbit lineage may respond by evolving adaptations that improve their ability to 

escape. Such an evolutionary escalation is referred to as an ‘arms-race’, whereby both predator and 

prey lineages exert strong selection pressures on each other in a battle of “…ever more refined 

counter-adaptations” (Dawkins & Krebs, 1979).  

When considering the selection pressures placed upon either party by the other, one could 

consider that there may be an imbalance in the consequences of failure (Dawkins & Krebs, 1979). 

Returning to the fox and the rabbit example, as the fox gives chase and the rabbit flees, there is an 

obvious asymmetry in the possible outcomes of the encounter: for the fox, failure means a missed 

meal, whereas the penalty of failure for the rabbit is injury or death. Generally speaking, losing a 
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single race against the rabbit and missing a meal may not impede the fox from reproducing, but no 

rabbit has ever lost a race against a fox and reproduced afterwards. This is the crux of what Dawkins 

and Krebs (1979) termed the ‘Life-Dinner Principle’. Taking the philosophy from Aesops fable, ‘the 

Hare and the Hound’, the authors elucidate that selection pressures would likely be stronger on the 

rabbit because, “…it is running for its life while the fox is only running for its dinner”. Indeed, it is 

from this central biological problem of defence and self-preservation that natural selection has crafted 

such an incredible diversity of antipredator adaptations and specialisations among prey species (Cott, 

1940). 

1.1 Antipredator Adaptations 

Predation is one of the most important selection pressures to be faced in the animal kingdom 

(Stevens & Merilaita, 2009a), and many species have evolved various behavioural, chemical, and/or 

morphological defensive mechanisms to protect them against being eaten. The presence of anti-

predator adaptations in every biome and nearly every taxonomic group exemplifies the great 

ecological and evolutionary significance of predation (Ruxton, Sherratt, & Speed, 2004; Cott, 1940). 

Though broad in form and function, these anti-predator adaptations fall into two categories that relate 

to the phase of the predatory sequence at which they come into play: primary and secondary defences. 

1.1.1 Primary Defences 

Primary defences tend to be passive and operate before the initiation of prey-capturing behaviour, 

even in the absence of a potential predator, effectively serving to decrease the chance of an encounter 

or attack from occurring in the first place (Edmunds, 1974; Ruxton et al, 2004). These primary 

defensive adaptations tend to manifest along a continuum of detection and recognition: some function 

to entirely prevent detection, such as crypsis; some hinder correct recognition, as seen with 

masquerade or mimicry; and some enhance conspicuousness by advertising true or false 

unpalatability to dissuade a predator from attacking, such as with aposematism (Lederhouse, 1990; 

Stamp & Wilkens, 1993) (Figure 1.1).  
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Figure 1.1 A continuum of primary antipredator defences showing how different adaptations manifest towards preventing 

detection, preventing correct recognition, or promoting detection and recognition. A) Background matching in the 

common Baron caterpillar, Euthalia aconthea, (source: Wohin Auswandern, 2009) is an example of crypsis that functions 

to conceal the prey thereby preventing detection. B) Leaf mimicry in the giant leaf insect, Phyllium giganteum (source: 

Bernard DuPont, 2013) is an example of masquerade which functions to prevent recognition by resembling a non-

interesting object of the environment. C) The hoverfly, Ceriana vespiformis (source: Simon Oliver, 2020), has colouration 

that resembles a wasp and is an example of Batesian mimicry that causes predators to misidentify them as an unpalatable 

species. D) A paper wasp, Polistes chinensis, with highly conspicuous, aposematic black and yellow colouration which 

‘warns’ potential predators that it is unpalatable. 

Adaptation towards a particular primary defence would depend upon the life history traits and 

ecological niche of each prey species (e.g., mating behaviour, foraging activity, habitat, competition 

etc), with the costs and benefits of developing one mechanism over another a delicate evolutionary 

interplay between selection for different life requirements. For example, signals used for mate 

attraction may increase the risk of detection by predators, while adaptations that reduce predation 

could interfere with mate preference and intraspecific communication (Finkbeiner, Briscoe, & Reed, 

2014; Barry, White, Rathnayake, Fabricant, & Herberstein, 2015). Thus, in species where there is a 

sensory bias towards conspicuous colour patterns for mate attraction, for example, it would likely be 

less costly to evolve aposematism than cryptic colouration, and vice versa. Finkbeiner et al. (2014) 

demonstrated how natural and sexual selection may be acting concurrently to drive the evolution of 

conspicuous colour patterns in Heliconius butterflies which are effective for both predator avoidance 
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and mate choice. Conversely, the false garden mantis (Pseudomantis albofimbriata), a species with 

cryptic colouration, has apparently evolved a way to maintain their inconspicuousness to predators 

while still permitting intraspecific communication by sexual signalling through a ‘private’ achromatic 

visual channel (Barry et al., 2015). Other cryptic species may also rely on non-visual signals, such as 

pheromones, to aid sexual signalling while remaining undetected by predators. The type of primary 

defence employed by a particular species thus reflects a compromise between the selection pressures 

acting on colouration in that system (Théry, Debut, Gomez, & Casas, 2005). Regardless of strategy, 

the function of most primary defences is to deceive the visual systems of predators by exploiting their 

perceptual and/or cognitive processes (Ruxton, Sherratt, & Speed, 2018). The effect of antipredator 

colouration on receiver visual psychology is addressed in more detail later in the chapter.  

1.1.2 Secondary Defences 

Secondary defences form the last line of protection against being eaten, coming into play after 

detection and once the predator initiates an attack. These adaptations function to make the encounter 

unprofitable for the predator, thereby increasing the prey individual’s chance of survival (Edmunds, 

1974; Ruxton et al., 2004). Secondary defences can be important when a predator has become 

conditioned to a search image of a prey animal, rendering its primary defence (such as crypsis, for 

example) imperfect. Secondary defence mechanisms can include morphological protection or 

defensive structures, such as the spines of a porcupine or the hard exoskeletons of arthropods; 

aggressive or escape behaviours, such as retaliation, fleeing, or startle (deimatic) responses; and 

chemical defences, such as toxins and venoms. Some of these adaptations can be constitutive, being 

constantly present and active (such as the toxins in Danaus butterflies), while others are inducible, 

produced only when a potential or real threat is detected (such as the Bombardier beetles) (Ruxton et 

al., 2004).  

The remainder of this thesis focusses on primary defence mechanisms that fall under the category 

of visual camouflage; that is, colouration which is involved in preventing detection and/or recognition 

of prey to aid visual concealment from predators.  
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1.2 Camouflage 

Considering the costs and benefits of an animal’s possible defensive repertoire, it seems 

reasonable that there would be a particularly strong selective advantage to adaptations that assist an 

animal to avoid being attacked in the first place. Traits that reduce the probability of detection or 

recognition by predators, allowing prey to remain concealed, would likely be favoured by natural 

selection. This is where the phenomenon of camouflage comes into play.  

Camouflage is essentially the property of an object that allows it to remain concealed in plain 

sight by virtue of its similarity to the environment (Stevens and Merilaita, 2011). The importance and 

pervasiveness of camouflage has been understood for hundreds of years; Charles Darwin’s 

grandfather, Erasmus Darwin, commented that, “The colours of many animals seem adapted to their 

purposes of concealing themselves, either to avoid danger, or to spring upon their prey” (E. Darwin, 

1809). Charles Darwin himself drew upon the various forms of concealment and disguise to illustrate 

his theories of natural selection and adaptation (C. Darwin, 1859), though much of the discussion of 

camouflage was left up to his contemporaries, namely Alfred R. Wallace (1877), Edward B. Poulton 

(1890), and Frank E. Beddard (1892). Such discussions were largely directed towards describing 

various cryptic phenotypes and how animals could blend into their habitats (i.e., the classic example 

of camouflage, now called background matching) (Stevens & Merilaita, 2011). It was not until the 

end of the 19th century, when American artist and naturalist Abbott H. Thayer (1896, 1909, 1918) 

proposed ideas such as countershading and disruptive colouration, that the existence of other forms 

of camouflage were realised (Stevens & Merilaita, 2011). Perhaps the most exhaustive and influential 

account of the different strategies came from British zoologist Hugh B. Cott (1940). In his landmark 

book, ‘Adaptive Coloration in Animals’, he described and presented examples of many different types 

of visual deception, including differential blending, coincident disruption, and shadow concealment, 

that laid the foundations for future research. The works of both Thayer and Cott were also hugely 

influential in assisting the American and British governments to incorporate camouflage schemes in 

their uniforms and battle ships.  

1.2.1 Different Types of Camouflage 

Unfortunately, years of descriptions and discussions have seen the use of inconsistent 

terminology with regards to the different camouflage strategies; some terms, such as background 

matching and crypsis, have been used synonymously, while other terms have been given different 

meanings in different contexts (Stevens & Merilaita, 2009a). This is because there is often a lack of 

consensus among authors about how to define the various types of camouflage. Stevens and Merilaita 
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(2009a) aimed to resolve this problem by taking a function and mechanism approach, in which they 

based definitions on what the adaptation might do for the bearer (i.e., break up form) and how it 

interacts with the perceptual or cognitive processes of the receiver (i.e., exploits edge detection 

mechanisms). The authors proposed that camouflage encompasses all forms of concealment, 

including strategies that prevent detection and those that prevent recognition. Regarding the former, 

crypsis and cryptic colouration define traits that reduce the risk of an animal being detected by a 

predator while in plain sight (as opposed to hiding behind an object). Several forms of camouflage 

are categorised under crypsis, including (a) background matching (in which the appearance of the 

animal tends to match the visual components of the background such that it blends in), (b) disruptive 

colouration (in which typically high contrast markings create false boundaries and edges, obscuring 

the animals outline and hindering recognition of its true shape), (c) countershading (the gradation of 

colour over the body that reduces illumination gradients to inhibit shadow effects and obliterate 

dimensionality), (d) distractive markings (conspicuous patterns that draws a predator’s attention away 

from salient features that would otherwise allow it to distinguish the prey organism), and (e) flicker-

fusion (particular body patterns which are coupled with rapid movement to create visual illusions that 

conceal the animal). Masquerade, on the other hand, is a form of camouflage that inhibits correct 

recognition by resembling objects of no interest or value to a predator (such as a leaf or stick), while 

motion dazzle and motion camouflage involve colour patterns that impede estimates of movement 

and speed. 

For the sake of clarity and consistency, I will be following Stevens and Merilaita’s (2009a) 

classification of camouflage throughout my thesis, focussing specifically on background matching, 

disruptive colouration, and masquerade (Table 1).  
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Table 1. Relevant terminology and definitions of different strategies pertaining to visual camouflage, derived from 

Stevens & Merilaita (2009a, 2011).  

Camouflage: all strategies that are involved in concealment, including those that prevent detection 

and those that prevent recognition. 

Crypsis: camouflage strategies that prevent detection. 

a) Background matching. The appearance generally matches the colour, lightness, 

and pattern of one (specialist) or several (compromise) backgrounds. 

b) Self-shadow concealment. Directional light, which would lead to the creation of 

shadows, is cancelled out by countershading. 

c) Obliterative shading. Countershading leads to the obliteration of three-dimensional 

form. 

d) Disruptive colouration. A set of markings that creates the appearance of false edges 

and boundaries, and hinders the detection or recognition of an object’s, or part of an 

object’s, true outline and shape. 

e) Flicker-fusion camouflage. Markings, such as stripes, blur during motion to match 

the colour/lightness of the general background, preventing detection of the animal when in 

motion. 

f) Distractive markings. Markings that direct the ‘attention’ or gaze of the receiver 

from traits that would give away the animal (such as the outline). 

g) Transparency. Where part of an animal’s body is transparent, reducing the 

likelihood that it will be detected. 

h) Silvering. Common in aquatic environments and where an animal’s body is highly 

reflective (like a mirror) making it difficult to detect when light incidence is non-directional 

(such as due to strong scattering by water-borne particles). 

Masquerade: Prevents recognition by resembling an uninteresting object, such as a leaf or a stick. 

Motion dazzle: Markings that make estimates of speed and trajectory difficult by the receiver. 

Motion camouflage: Movement in a fashion that decreases the probability of movement detection. 

 

1.2.2 Mechanisms of Camouflage: Intuitively Obvious and Subjectively 

Evaluated 

Despite its pervasiveness in the animal kingdom and its long history of discussion amongst 

naturalists, research on camouflage initially progressed at a slow pace. This is perhaps in part due to 

the erroneous assessment that the functions and mechanisms of camouflage are intuitively obvious 

(Stevens & Merilaita, 2009a; Cuthill, 2019). Furthermore, although Thayer (1896, 1909, 1918) and 

Cott’s (1940) comprehensive and insightful evaluations have been invaluable for providing a 

foundation of camouflage theory, they presented largely subjective accounts of the principles of 

animal colouration based on human perception. This is because they were missing an important piece 

of the puzzle: knowledge of perceptual neuropsychology, an area of study which had not yet emerged 

(Cuthill, 2019). Thus, while the principles and functional significance of camouflage have been 

regarded for a long time, it wasn’t until the latter part of the 20th century that scientists gained a more 

thorough understanding of animal visual systems and receiver psychology, and with it, the recognition 

that animals see the world differently from us and each other (Caro, Stoddard, & Stuart-Fox, 2017). 
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Analysing animal colouration through the visual systems of relevant receivers is thus imperative 

because it is the intended viewer’s perspective that has created the selection pressures leading to the 

evolution of such colouration. While earlier research on animal colouration tended to be highly 

subjective and lacked rigorous experimentation, recent years have seen an emergence of studies 

combining what is now known about the perceptual and cognitive processes of receiver visual 

systems to gain a more objective understanding of the mechanisms of camouflage (Cuthill, 2019).  

1.3 Animal Visual Systems and Receiver Visual Psychology  

To quantify how a particular camouflage trait promotes concealment from predators, it is first 

necessary to understand the properties of the relevant predators’ visual systems. The visual sense of 

animals varies considerably among taxa (Troscianko, Wilson-Aggarwal, Griffiths, Spottiswoode, & 

Stevens, 2017); variation in eye size and shape, the number of visual pigments, the type and number 

of photoreceptors, as well as retinal and post-retinal processing, all contribute to the unique visual 

systems found across the animal kingdom (van den Berg, Troscianko, Endler, Marshall, & Cheney, 

2020). How these properties interrelate determines the ability of animals to perceive visual 

information and discriminate stimuli. For instance, the human visual system is trichromatic, with 

three cone types that have photoreceptor sensitivity peaks in blue (short wave), green (medium wave), 

and red (long wave) wavelengths which permits us to perceive in the region of the light spectrum 

between 400 and 700 nm (Figure 1.2, A) (Osorio & Vorobyev, 2008). Most other mammals are 

dichromats with only two cone types (long wavelength and short wavelength) (Osorio & Vorobyev, 

2008). Birds, on the other hand, are tetrachromats, possessing four single cones with spectral 

sensitivities in the short wavelength (SW, 410-475 nm), medium wavelength (MW, 460-540 nm), 

long wavelength (LW, 505-630 nm), and ultraviolet (UVS 355-370 nm) regions of the spectrum 

(Figure 1.2, B) (Osorio, & Vorobyev, 2005; Hart & Hunt, 2007; Osorio & Cuthill, 2015). Birds also 

have double cones which appear to be used for luminance discrimination. Most insects have UV-, 

blue-, and green-sensitive receptors (though the number of photoreceptor classes can be hugely 

variable among species, with some possessing up to 15) (Figure 1.2, C & D) (Song & Lee, 2018).  
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Figure 1.2. A comparison of the different spectral sensitivities of animals. A) Human, Homo sapiens; B) Bluetit, 

Cyanistes caeruleus, including the double cone used for achromatic perception (dashed grey line); C) Honeybee, Apis 

mellifera; and D) Jumping spider, Habronattus pyrrithrix. Derived from the receptor values in the Quantitative Colour 

Pattern Analysis Toolbox (van den Berg et al., 2020).  

Photoreceptor class, density, and sensitivity are particularly important for chromatic (colour) and 

achromatic (luminance) visual processing, as well as the perception of spatial information (Figure 

1.3). Colour vision (hue and saturation) enables the detection of spectral information, that is, 

differences in light spectra (independent of intensity) owing to the stimulation of at least two different 

photoreceptors with divergent spectral sensitivities (Figure 1.3) (van den Berg, 2020). Colour vision 

therefore permits the discrimination of objects and surfaces based on their chromatic aspect (Osorio 

& Vorobyev, 2005). More specifically, it is thought that colour vision is optimally tuned to the 

detection of larger objects, as well as short-distance recognition (Osorio, Miklósi, & Gonda, 1999a; 

Jones & Osorio, 2004; Osorio & Vorobyev 2005; Olsson, Lind, & Kelber, 2018). Conversely, 

luminance (light intensity) vision enables the perception of brightness and lightness (Figure 1.3), and 

is thought to be important for the detection of spatial details, such as motion, shape, and pattern, as 

well as long-distance recognition (Osorio & Vorobyev, 2005; van den Berg, 2020). Chromatic and 

achromatic signals are therefore likely to be used in separate visual tasks. This is particularly apparent 

in birds, which segregate colour and luminance vision through separate sets of photoreceptors, with 
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colour perception mediated by single cones and luminance mediated by double cones (Osorio & 

Vorobyev, 2005; Martin & Osorio, 2008; van den Berg, 2020). Human colour mechanisms, on the 

other hand, compare the responses of all three cones, while luminance is encoded by the combined 

output of long (red) and medium (green) wavelength photoreceptors (Osorio & Vorobyev, 2008).  

 

Figure 1.3. The chromatic (colour; hue and saturation) and achromatic components of colour patterns and the spatial 

distribution of the respective pattern elements. Below, a photo of my dog (Pippa) in colour (left) and with only luminance 

(right), shows how much spatial information is still encoded without colour. Modified from van den Berg (2020).  

Visual signals are perceived through a cascade of neural connections, and photoreceptor 

stimulation is only the first step in a complex system of detection and recognition mechanisms that 

enable the processing of visual information (Merilaita, Scott-Samuel, & Cuthill, 2017). Higher-level 

processes include the various principles of perceptual organisation which help in further decoding the 

visual scene. Perceptual grouping (sometimes called feature binding) and figure-ground segregation 



11 

 

are the processes by which the visual system identifies and discriminates an object from its 

background (Wagemans et al., 2012 a & b). Camouflage exploits weaknesses in these perceptual 

mechanisms by manipulating the visual information available to the receiver. This is primarily 

achieved through minimising the signal-to-noise ratio (SNR) of the visual scene, where the signal 

comprises of the object of interest (i.e., the camouflaged individual) and the noise is any irrelevant or 

false information that interferes with the extraction of the signal (Merilaita et al., 2017; Cuthill, 2019). 

For example, background matching functions to reduce the signal by decreasing the deviation in 

visual features between an animal and its surroundings, effectively concealing the prey within its 

background and thus preventing detection (Galloway, Green, Stevens, & Kelley, 2020). Disruptive 

colouration, on the other hand, minimises the signal of the animal’s true outline while also increasing 

noise through false edge markings (Merilaita et al., 2017). The critical function of both background 

matching and disruptive colouration is therefore to reduce the saliency of the characteristic visual 

features of the animal such that detailed inspection by predators does not occur. Masquerade, 

however, does not function to reduce the signal per se, but rather increases the noise by presenting a 

salient yet false signal of an uninteresting object (Merilaita et al., 2017). In this way, crypsis 

manipulates predators through causing failure of awareness while masquerade causes mistaken 

identity (Vane-Wright, 1976). Cryptic prey thus exploit the perceptual processes of a predator’s visual 

system, the ability to detect, whereas masquerading prey exploit the cognitive processes, the ability 

to recognise (Skelhorn, 2015). In this regard, camouflage not only manipulates the current visual 

information available to a receiver at a particular point in time, but also exploits the cognitive 

processes that rely on previous learning experiences to facilitate identification and decision-making 

(such as whether an object is edible or not) (Merilaita et al., 2017). 

1.3.1 A Quick Note on Background Complexity 

Beyond the effects of prey colouration, the complexity of the background upon which a cryptic 

animal is concealed has also been shown to be important for interfering with predator perceptual 

processes. A more complex background composed of many contrasting elements of different shapes 

and spatial frequencies can increase the noise of the visual scene (Dimitrova & Merilaita, 2012; 

Merilaita et al., 2017). Visually searching for prey is a very demanding perceptual task and the 

addition of such ‘visual clutter’ from the background can reduce the signal to noise ratio thereby 

increasing the amount of information that needs to be processed. Consequently, this has been 

demonstrated to increase prey detection times (Dimitrova & Merilaita, 2010; Dimitrova & Merilaita, 

2012), which has important implications for the optimisation of cryptic strategies (generalist vs. 



12 

 

specialist) and the evolution of cryptic colouration (Merilaita, 2003; Murali, Mallick & 

Kodandaramaiah, 2021). 

1.4 Background Matching 

The most intuitive example of camouflage is background matching, in which the appearance of 

an animal tends to match the visual components (colour, pattern, luminance, texture) of one or more 

backgrounds, allowing it to ‘blend in’ and remain undetected; in other words, it becomes visually 

indistinct from its surroundings (Stevens & Merilaita, 2011). Background matching is one of the most 

ubiquitous forms of camouflage in the animal kingdom and as such, was fundamental for early 

demonstrations of the process and function of adaptation (E. Darwin, 1809; C. Darwin; 1859; Poulton, 

1890; Wallace, 1889; Merilaita & Stevens, 2011). The adaptive significance of background matching 

has been demonstrated widely in both natural and artificial systems (e.g., Bond & Kamil, 2002; 

Merilaita, & Dimitrova, 2014; Stevens et al., 2015; Xiao & Cuthill, 2016; Michalis, Scott-Samuel, 

Gibson, & Cuthill, 2017; Price, Green, Troscianko, Tregenza, & Stevens, 2019). 

1.4.1 Examples of Background Matching 

A classic text-book example of background matching is that of the peppered moth, Biston 

betularia, in which polymorphic forms suffer differential predation based on their colouration and 

the background substrate they rest on (Figure 1.4). Prior to the Industrial Revolution (ca. 1760–1840) 

in Britain, B. betularia primarily existed as a pale typica form (white wings with black specks) which 

camouflaged well against lichen-covered trees (Kettlewell, 1955, 1956; Majerus, 1998; Stevens & 

Merilaita, 2011; Walton & Stevens, 2018). However, with the rise of atmospheric pollution that led 

to a decrease in lichen and an increase in soot particulates covering trees, a dark melanic form, 

carbonaria, emerged and became more common. The introduction of the Clean Air Acts in the 1950s 

saw a switch in the morph frequencies as pollution declined and lichen recovered. The adaptive 

significance of this dimorphism in relation to background matching was made clear from studies by 

Kettlewell (1955, 1956) which found that carbonaria had a selective advantage in the polluted 

woodland areas, whilst typica had greater survival in the unpolluted areas. Despite these earlier 

investigations coming under fire for being highly subjective (using human perception to determine 

degree of crypticity), recent studies have presented more objective and definitive evidence for the 

adaptive significance of the different colour morphs in relation to background matching. In a 

landmark study spanning six years, Michael Majerus released nearly 5000 B. betularia moths of 

typica and carbonaria forms at an unpolluted site (with trees free from soot particulates) and 

monitored their survival against natural avian predators (Cook, Grant, Saccheri, & Mallet, 2012). He 
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demonstrated strong differential predation against the melanic morphs, providing direct evidence for 

the correlation between morph colouration and survival against birds as a consequence of background 

matching. Another study used avian vision modelling and image analysis to objectively quantify 

camouflage in B. betularia and confirmed that typica forms do match more closely to lichen substrates 

than the melanic morphs (Walton and Stevens, 2018). Furthermore, field predation experiments in 

unpolluted woodland with realistic moth models demonstrated that typica forms had significantly 

greater survival against avian predators and this selective advantage was related to their background 

matching on lichen (Walton & Stevens, 2018). 

 

Figure 1.4. The peppered moth, Biston betularia, is a classic example of background matching: The pale, typica form 

blends in perfectly with lichen backgrounds (left) (Source: Kettlewell, 1956), while the darker, melanic form (carbonaria) 

is a good match to the soot-covered bark (right) (Source: Photograph of Biston betularia on soot, n.d.).   

The selective advantage of background matching has also been demonstrated in Peromyscus 

polionotus mice which show colour polymorphism across different geographic locations whereby the 

inland populations have a dark-brown or fawn pelage, and the coastal populations have a much paler 

pelage (Vignieri, Larson, and Hoekstra, 2010). The authors created plasticine models of two of the 

morphs which were placed in habitats with light and dark substrates and recorded predation statistics. 

They found that conspicuous models (those placed in a habitat that differed from their coat colour) 

suffered significantly higher predation rates, indicating a strong selective advantage for the morphs 

being colour-matched to their local background substrate. Furthermore, this background-matching 

was maintained under stabilising selection within each local habitat such that models which were 

slightly lighter or darker than their corresponding substrate were selected against.  

A similar example of background matching in spatially varied polymorphic individuals is shown 

in the sand flea, Hippa testudinaria (Stevens et al., 2015). This species is found across a range of 

beaches with high substrate (sand) diversity on Ascension Island.  The authors used calibrated digital 

photography, avian vision modelling, and image analysis to compare the colouration of sand fleas 

collected from different beaches with the different substrates found across those beaches. Their results 
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showed high phenotype-environment associations between individual colouration and local substrate, 

whereby the sand fleas had improved concealment against avian predators on their corresponding 

beach substrate but were poorly matched to other beaches. 

1.4.2 Optimising Background Matching 

Achieving visual harmony with the environment is not as simple as just wearing the colours and 

patterns of the immediate surroundings. Colouration that reduces SNR through background matching 

on one background may not provide the same level of concealment on another background. For most 

prey species, the environment in which they live is not homogeneous, instead consisting of a mosaic 

of patches with contrasting colour and pattern elements (Bond and Kamil, 2006). A forest floor, for 

example, may comprise of leaves, branches, stones, and soil of different colours and textures, making 

up a variable background with multiple surfaces (Merilaita et al., 2017). Similarly, a tree trunk may 

be dotted with patches of lichen and moss, as well as the underlying bark. Such visual variation and 

heterogeneity between substrates and habitats would greatly influence the optimal colouration of a 

prey species, and ultimately, the protective value of its background matching. Background matching 

is a background specific adaptation, so there is going to be a trade-off in the degree of crypsis achieved 

across different habitats as it is impossible to perfectly match two visually distinct templates (unless 

colour change is possible for that species) (Merilaita & Stevens, 2011). So how does a cryptic animal 

harmonise with its background and optimise background matching in the face of habitat 

heterogeneity?  

There are two main theories around the optimal colouration for background matching that reflect 

trade-offs in the degree of concealment that can be achieved across different substrates. The first, put 

forward by Thayer (1909, 1918), proposes that it is a matter of representing the average of the samples 

of the background. By approximating the average of the background as opposed to a single sample 

of the background, cryptic prey would be able to gain more protection over a range of microhabitats, 

which would outweigh the risks of any deviation from the actual sample (Merilaita & Stevens, 2011). 

This is considered the ‘generalist’ or ‘compromise’ strategy for optimal background matching. Endler 

(1978, 1984), on the other hand, postulated that an animal’s colouration should represent a ‘random 

sample of the background on which it is usually seen by predators’, that is, to optimise the degree of 

background matching in a microhabitat where it is most likely to be preyed upon. This is the 

‘specialist’ strategy, where colouration is maximised to match one background well at the expense of 

other backgrounds.  
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So, which is the optimal strategy for maximising background matching in heterogeneous habitats; 

is it better to compromise between several patch types or specialise on one patch type? Both theories 

have received support from analytical models and experimental studies. Merilaita, Tuomi, and 

Jormalainen (1999), and Houston, Stevens, and Cuthill (2007), developed analytical models which 

demonstrated support for both strategies being favoured under certain conditions. According to their 

models, optimisation of background-matching was affected by a number of factors, including the 

relative frequency of patch types (where prey are expected to increase their level of specialisation 

toward a more common patch) and the probability of prey occurrence on those patch types (where a 

higher density of prey on a particular patch type would likely influence greater foraging on that patch 

by predators and as such, lead to an increased level of colour specialisation for that patch). The spatial 

and temporal variation of habitats was also found to have a strong effect in that more clumped patches 

with shorter travel time for predators tended to favour compromise phenotypes, while largely 

separated patches requiring further distance to travel favoured specialisation toward one patch 

(Houston et al., 2007). This effect is essentially a function of predator foraging, where the investment 

by predators of moving between patches influenced the predation pressures encountered within each 

patch. Furthermore, if the habitat types are very visually distinct to predators, then colouration that 

specialises on one type (where the prey is more likely to encounter a predator) while conferring a 

lower degree of matching in the other type is the optimal strategy for concealment; “…if the world 

consists of black and white patches, then being grey is not the answer” (Michalis et al., 2017). 

However, if the habitats are similar or share visual elements then a compromise strategy would likely 

be favoured. It is also important to take into consideration background heterogeneity at the spatial 

scale of the animal. Merilaita et al. (2017) used a checkerboard example to elucidate this idea: if a 

background consists of a repeating black and white checkerboard, then a prey animal that is smaller 

than a single square can be expected to be either black or white, whereas a prey animal that is larger 

than a single square should, in theory, bear a checkered pattern. 

There is some experimental evidence to support these analytical models, further showing the 

adaptive value of different background matching phenotypes occurring along this specialisation-

compromise continuum under different conditions. Merilaita, Lyytinen, and Mappes (2001) trained 

great tits (Parus major) to search for artificial prey on two different backgrounds (made from squares 

of white paper) that consisted of either small (100% scale) or large (200% scale) black patterns (the 

pattern was the same with only the size of the pattern changing across the backgrounds). Artificial 

prey made up of smaller squares of white paper consisting of small (100% scale), medium (150% 

scale) and large (200%) patterns were then placed individually on these backgrounds and predator 
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search time was recorded as a measure of crypsis. Results showed that the ‘specialist’ prey were most 

cryptic on their matching backgrounds (i.e., small-patterned prey were more cryptic on small-

patterned background than large-patterned prey and vice versa). The ‘compromised’ medium-

patterned prey were significantly less cryptic than small-patterned prey on the small-patterned 

background but fared better than the large-patterned prey on that background. However, there was 

little difference in search time (and thus degree of crypsis) between the medium- and large-patterned 

prey on the large-patterned background, whilst small-patterned prey were significantly less cryptic 

on this background. Overall, the compromised colouration seemed to have relatively lower predation 

risk and higher survival across the two backgrounds than the specialist types, indicating that under 

certain conditions this may be the optimal cryptic strategy.  

Michalis et al. (2017) investigated optimal background matching strategies using field 

experiments involving bird predation on camouflaged moth-like targets adhered to oak trees, and lab 

experiments with humans searching for targets on a photograph of oak bark on a computer. They 

found that in both experiments, those targets which represented the most common samples from the 

background had greater ‘survival’ and elicited a longer search time (by humans) than those targets 

which represented rarer backgrounds. Bond and Kamil (2006) conducted a controlled selection 

experiment to investigate the influence of spatial heterogeneity and predator cognition on the 

evolution of cryptic phenotypes in a virtual prey. They trained blue jays (Cyanocitta cristata) to 

search computer screens for digital moths placed on light and dark patch types which differed in the 

scale of granularity (fine-, medium, and coarse-grained). The digital moths began from an equally 

cryptic, monomorphic population. Using a developmental algorithm, the digital moths were then able 

to ‘reproduce’ and subsequently ‘evolve’ based on the selection pressures faced by, and the overall 

success of, individuals from the previous generations. Thus, the experiments were able to incorporate 

both predator preference and prey evolution to understand the optimisation of cryptic prey phenotypes 

on heterogeneous backgrounds. Bond and Kamil (2006) found that on the coarse-grained habitats 

consisting of a single patch type (light or dark), disruptive selection led to the evolution of dimorphic 

populations of specialists for either of those patches. Conversely, fine-grained habitats with both 

patch types produced monomorphic generalists. The effect of background complexity and predator 

searching was also shown to have a large effect on the development of optimal phenotypes. The more 

complex, finer-grained backgrounds elicited slower searches with selective attention by the blue jays 

which ultimately lead to increased apostatic selection and thus greater phenotypic variation. The more 

coarse-grained background, however, allowed the blue jays to focus on the patch type with the highest 

detection rate and thus reward, resulting in less apostatic selection and phenotypic variability. These 
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examples show that the evolution of specialist vs generalist background matching phenotypes in 

heterogeneous environments is conditional to certain criteria and the optimal strategy is definitely not 

a static solution (Michalis et al., 2017). They also highlight the importance of considering spatial 

scale (both of the animal and habitat) as well as the effect of predator cognition (in particular, learning 

and memory).  

1.5 Disruptive Colouration 

Characteristic features of an animal’s body plan, such as its shape and outline, present potent cues 

to visually searching predators. While matching the visual properties of the background is a powerful 

method for aiding concealment, such inherent salient signals of an animal can create a visual 

boundary between itself and the substrate it rests on, enabling predators to more easily home in on its 

presence (Thayer, 1909; Cott, 1940). The primary function of disruptive colouration is therefore to 

prevent the perception of these tell-tale signs of form. This is achieved through a set of markings that 

act to break up surface continuity and create false edges, causing a disruptive effect that hinders 

detection or recognition of true shape (Figure 1.5) (Thayer, 1909; Cott, 1940; Stevens, Cuthill, 

Windsor, & Walker, 2006a). There are multiple mechanisms by which these colour patterns function 

to obscure the true signal of form and create false salient information, described as different sub-

principles of disruptive theory.  The five primary tenets of disruptive colouration are differential 

blending, maximum disruptive contrast, disruptive marginal patterns, disruption of surface, and 

coincident disruptive colouration (Figure 1.6) (Thayer, 1909; Cott, 1940; Stevens et al., 2006a; 

Stevens & Merilaita, 2009b). Differential blending describes colour patterns in which some elements 

blend into the background while others stand out, effectively breaking up the animal’s contour and 

thus destroying shape cues (Figure 1.6, A). Maximum disruptive contrast predicts that adjacent 

colour patterns should be strongly contrasting to induce the disruptive effect by breaking up surface 

continuity and outline (Figure 1.6, B). Disruptive marginal patterns function to disrupt the boundary 

between a prey animal and its background and create discontinuity of the outline through pattern 

elements that overlap the edge margins (Figure 1.6, C). Another key element of disruptive 

colouration is the disruption of surface whereby contrasting internal markings create false edges on 

the surface of the animal, disguising the true outline (Figure 1.6, D). Lastly, coincident disruptive 

colouration encompasses disruptive pattern elements that extend over distinct morphological features 

of the body, such as limbs and eyes, obscuring the conspicuous appendages and masking the outline 

between them (Figure 1.6, E). These mechanisms of disruptive theory interact with different aspects 

of an animal’s colour, luminance, and pattern elements but often operate in tandem to create the 
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overall disruptive effect by breaking up surface continuity, create false contours within the body, and 

obliterate the animal’s true outline (Stevens & Merilaita, 2009b).  

 

Figure 1.5. Examples of how disruptive colouration functions to obscure form and outline. From left to right: Gaboon 

viper, Bitis gabonica (Source: Dick Culbert, 2009); clown tree frog, Dendropsophus leucophyllatus (Source: Andreas 

Schlüter, 2006); and clouded border moth, Lomaspilis marginata (Source: Tatiana Bulyonkova. 2009).  

 

Figure 1.6. A visualisation of the different sub-principles of disruptive colouration. A) Differential blending across both 

wings as they match the tones of the backgrounds. B) Maximum disruptive contrast in the left wing with high contrast 

internal markings that still match some tones found in the background. C) Disruptive marginal patterns on the left wing 

show how markings that overlap the edge can break up the outline, while internally placed markings of the same shape 

on the right wing make the outline more conspicuous. D) Internal markings on the left wing cause disruption of surface, 

breaking up the shape of the moth, while similarly shaped markings at the margin of the right wing do not. E) Coincident 
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markings extends across both wings, disrupting the body of the moth and creating false edges that hinder recognition of 

features. (Source: modified from Ruxton et al., 2018).  

1.5.1 How Disruptive Colouration Interferes with Receiver Visual Mechanisms  

The shape and body outline of an animal are potent cues for visually hunting predators and 

disruptive colouration primarily functions to reduce the saliency of such characteristic features. Like 

background matching, disruptive colouration exploits receiver perceptual and cognitive mechanisms 

by reducing the signal-to-noise ratio (SNR) of the object or visual scene. The noise in this instance 

are the false edges or features created through the high contrasting disruptive colour patterns which 

interfere with the perception of the signal, the true edges or features of the animal (Stevens & Cuthill, 

2006; Troscianko, Benton, Lovell, Tolhurst, & Pizlo, 2009; Merilaita et al., 2017). This is 

compounded by the differential blending of some pattern elements into the background, creating weak 

boundaries between the animal and substrate and thus acting to further reduce the edge signal 

(Merilaita et al., 2017). This effectively exploits receiver edge detection mechanisms that encode 

location, polarity, and orientation of small edges as the relevant neurons can become super-excited 

by the abrupt changes in reflectance, causing the false edges to appear more salient than the true edges 

(Osorio & Srinivasan, 1991; Stevens & Cuthill, 2006; Egan, Sharman, Scott-Brown, & Lovell, 2016). 

Furthermore, neuronal excitation by high contrast false edges can lead to lateral inhibition and 

reduced sensitivity to nearby real edges of lower contrast (Troscianko et al., 2009; Merilaita et al., 

2017). Such disruptive effects have also been shown to exploit perceptual grouping mechanisms in 

receiver visual systems. Perceptual grouping is a fundamental mid-level task of visual processing that 

functions to bind certain features of an object that ‘belong together’ to form a single percept; it 

assembles related visual elements into discrete and potentially recognisable objects (Cuthill & 

Troscianko, 2009; Troscianko et al., 2009; Espinosa, & Cuthill, 2014; Merilaita et al., 2017). 

Disruptive colouration interferes with this task through differential blending such that certain colour 

patches become erroneously grouped together with different surfaces of the background rather than 

with each other (Espinosa & Cuthill, 2014). This leads to the assimilation of these colour elements 

into distinct and apparently unrelated objects, effectively breaking up surface continuity and 

preventing the perception of form (Merilaita et al., 2017). Overall, disruptive colour patterns provide 

concealment by interfering with receiver edge detection and perceptual grouping mechanisms, thus 

impeding accurate object recognition and preventing an animal from being perceptually segmented 

from its background.  
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1.5.2 Evidence and Examples of Disruptive Colouration  

Numerous studies have lent empirical support for the different sub-principles of disruptive 

colouration. The earliest experimental research focussed on the adaptive function of disruptive 

patterns using artificial systems to confirm disruptive theory. For example, Cuthill et al. (2005) 

demonstrated the selective advantage of disruptive colouration in a pioneering field predation 

experiment using artificial moth-like targets (not representative of any particular moth species) 

against wild avian predators. They investigated the effects of pattern arrangement and colour contrast 

on target survival, predicting that pattern elements placed such that they overlapped the edge of the 

‘wings’ would confer a greater survival advantage compared to equivalent markings that were 

displaced inwards (such that there was no edge overlap). They also hypothesised that highly 

contrasting colour patterns would be more disruptive, and thus more effective at preventing predation, 

than equivalent markings of low contrast. In concordance with their predictions, the survival analyses 

determined that models with disruptive marginal markings suffered significantly less predation than 

models with non-disruptive, internally placed patterns. Furthermore, edge markings that were highly 

contrasting conferred a survival advantage over low contrast edge patterns. Similar evidence was 

presented by Stevens et al., (2006a) and Schafer and Stobbe (2006), who further found that 

disruptively coloured targets had greater survival over targets with general background-matching (but 

non-disruptive) patterns. This was especially true if the disruptive elements themselves matched the 

colour of the background to some degree, suggesting an effect of differential blending, though 

disruptive patterns still provided effective camouflage independent of background colour matching.  

While the above studies established the apparent effectiveness of disruptive colouration 

(particularly the sub-principles of maximum disruptive contrast, differential blending, and disruptive 

marginal patterns) in aiding survival against avian predators, there still remained questions regarding 

the actual mechanisms by which concealment is achieved. Stevens and Cuthill (2006) used a 

computational model parameterised to avian vision to quantify how disruptive patterns may reduce 

detectability. Results derived from the Hough transformation line detection algorithm showed that 

moth-like targets with disruptive marginal patterns had outlines that were less detectable than targets 

without edge intersecting elements, suggesting that the false edges of disruptive patterns exploit edge 

detection mechanisms of predator visual systems. Webster, Hassall, Herdman, Godin & Sherratt 

(2013) similarly examined the effects of disruptive marginal markings on human detection times of 

computer-generated moth targets. The authors found that targets which had a higher number of edge 

patches had greater survival and took longer to be detected, irrespective of whether they possessed 

background matching elements. Furthermore, eye-tracking data revealed that highly edge-disruptive 
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targets were passed over more frequently during searching and were observed for longer periods 

before final detection. Eye movements reflect internal cognitive processes (Findlay & Gilchrist, 

2003), so the data indicate that the levels of edge disruption made the targets not only more difficult 

to detect, but also to recognise. This study thus provided direct evidence that edge disruption confers 

protection from predators through impairing recognition of outline, and also that disruptive 

colouration is functionally distinct from background matching.  

All the studies presented so far investigated disruptive colouration in artificial systems, using 

generalised prey targets not necessarily intended to represent real animals. Nevertheless, they have 

contributed to a fundamental understanding of different aspects of disruptive theory and presented 

outstanding questions for further investigation. Disruptive colouration appears to be taxonomically 

widespread, likely occurring in mammals (Stoner, Caro, & Graham, 2003; Caro, 2013), insects (Théry 

& Gomez, 2010), fish (Stevens, Cuthill, Párraga, & Troscianko, 2006b), snakes (Adams, Graf, & 

Anderson, 2019), crustaceans (Merilaita, 1998; Caro, 2018), and cephalopods (Hanlon, 2007); 

however, there is a paucity of evidence for the function of this camouflage strategy in nature.  As 

such, recent research has begun to focus on identifying and quantifying disruptive colouration in real 

species. For example, Price et al., (2019) investigated the facultative expression of disruptive 

colouration and background matching in shore crabs, Carcinus maenas. Crabs from more 

heterogeneous environments often possess greater levels of carapace patterning than crabs from 

uniform habitats, with markings tending to be most prominent at the margins, suggesting a potential 

effect of disruptive colouration (Price et al., 2019). Using predator vision models and image analysis 

techniques, the authors found that crabs from the more visually complex rockpool habitats displayed 

significantly higher edge disruption than crabs inhabiting the more homogeneous mudflats, which 

instead exhibited greater levels of background matching. Furthermore, the disruptive effect of the 

rockpool crabs was slightly more pronounced on the mudflat backgrounds, indicating that disruptive 

colouration was effective across both backgrounds and thus likely intrinsic to the crabs themselves. 

This study also demonstrated how the visual environment can influence the expression of different 

camouflage strategies. Other studies have similarly implemented vision models and image analysis 

to objectively quantify the disruptive effect of colour patterns in natural systems, including spiders 

(Robledo-Ospina, Escobar-Sarria, Troscianko, & Rao, 2017), grasshoppers (Ramírez‐Delgado & 

Cueva del Castillo, 2020), and turtles (Bu, Xiao, Lovell, Ye, & Shi, 2020). Interestingly, there does 

not appear to be any research that has combined these powerful vision models with data from field 

predation experiments to quantify disruptive colouration in a real species and relate it directly to 
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survival in the wild. Such an addition to the literature would provide a more thorough understanding 

of the functions and mechanisms of this camouflage strategy in nature.  

1.6 Masquerade 

While the previously discussed cryptic strategies encompass colouration that renders an animal 

difficult to detect, masquerade constitutes a type of camouflage that makes an animal difficult to 

recognise. Masquerading prey resemble innocuous and inedible objects, such as leaves or twigs, and 

consequently avoid predation by being mistaken as these irrelevant parts of the environment (Stevens 

& Merilaita, 2009a). As such, masquerading organisms are clearly distinguishable as an object and 

may be readily detected by predators, but the inherent value of masquerade is in not being recognised 

as potential prey (Ruxton et al., 2018).  

1.6.1 Examples of Masquerade 

The notion of masquerade has been discussed for over a century (e.g., Poulton, 1890; Thayer; 

1909; Carrick, 1936; Cott, 1940; Edmunds, 1974; Endler, 1981; Robinson, 1981; Allen & Cooper, 

1985). Since its inception, this camouflage strategy has been referred to as ‘procryptic resemblance’, 

‘plant part mimicry’, ‘concealing imitation’, and ‘mimesis’ (Skelhorn, 2015). Cott (1940) used the 

term ‘special protective resemblance’ to denote organisms which possess a “…passive likeness to 

some seemingly innocuous object of no interest to enemies”. He drew upon the various disguises of 

animals, from leaf-mimicking butterflies, mantises, and frogs to caterpillars and spiders that resemble 

twigs and bird-droppings, from geckos, katydids, and moths that look like lichen and moss, to sea 

dragons that imitate seaweed (Figure 1.7, Figure 1.8). Masquerade thus appears to be taxonomically 

widespread, although the classification of such visual signals has been controversial (Skelhorn, 

Rowland, & Ruxton, 2010a). This is because distinguishing between examples of masquerade and 

other camouflage strategies, such as crypsis, is difficult without thorough investigation of the 

functions and mechanisms of such colouration.  
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Figure 1.7. Putative leaf masquerade in various animals as identified in Cott (1940) – inset of each photo are his original drawings of 

the special resemblance. A) The orange oakleaf, Kallima inachus (Source: wikimedia user Peellden, 2014). B) Katydid, Cycloptera 

arcuate (Source: Andreas Kay, 2019). C) Forest leaf grasshopper, Systella raflessii (Source: Bernard DuPont, 2015). D) Boulenger’s 

Pygmy Chameleon, Rhampholeon boulengeri (Source: Nik Borrow, 2013). E) Gloriana ornata (Source: Rachit Singh, 2014). F) 

Rhinella roqueana (Bufo typhonius) (Source: Brian Gratwicke, 2008). G) Orbicular batfish juvenile, Platax orbicularis (Source: Vimeo 

user liquidguru, 2011). H) Peruvian Shield Mantis, Choeradodis rhombicollis. (Source: Thomas Shahan, 2015).  
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Figure 1.8. Other forms of putative masquerade in various animals. A) Twig mimicry in a Geometrid caterpillar (Source: Andreas 

Kay, 2017). B) Twig mimicking spider of the Miagrammopes genus (Source: Thejasvi. M., 2014). C) Another form of twig-mimicry 

in a Miagrammopes spider (Source: Frank Starmer, 2007). D) Intriguing mossy twig masquerade in a katydid, Anaphidna sp. (Source: 

Andreas Kay, 2017). E) Bird dropping spider, Celaenia excavata (Source: Jean and Fred Hort, 2007). F) King swallowtail caterpillar, 

Papilio thoas, that resembles a bird dropping (Source: Andreas Kay, 2016). G) Lichen mimicry in the mossy leaf-tailed gecko, 

Uroplatus sikorae (Source: Charles J. Sharp, 2018). H) Impressive moss resemblance in a Saturniid caterpillar (Source: Andreas Kay. 

2016). I) Lichen mimic katydid, Dysonia simplicipes (Source: Pavel Kirillov, 2014). J) Leafy seadragon, Phycodurus eques, that 

masquerades as seaweed (Source: Graham Short, 2013).  
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1.6.2 Function and Mechanisms of Masquerade 

To determine that the appearance of an animal functions as masquerade, it needs to be 

demonstrated that a predator has detected the animal but failed to recognise it, rather than just not 

having detected it at all (Skelhorn et al., 2010a). This distinction is also important from a mechanistic 

perspective because of the different ways that crypsis and masquerade interact with receiver visual 

systems. Cryptic prey primarily manipulate the perceptual processing of visual information, the 

ability to detect, effectively causing a failure of awareness. Masquerade, on the other hand, interferes 

with the cognitive processes of the predator, the ability to recognise. Furthermore, as recognition 

relies on having a pre-conceived idea of what constitutes a prey item versus what does not, 

masquerade exploits the previous learning experiences that facilitate identification and decision-

making (Merilaita et al., 2017). Thus, to misidentify masquerading prey as the object that they 

resemble, predators must first have had experience with that model object (Skelhorn, Rowland, 

Speed, & Ruxton, 2010b). These requisites have historically made establishing the occurrence of 

masquerade in animals a methodological challenge. Skelhorn et al. (2010b), however, overcame this 

difficulty in their pioneering study of caterpillar twig-masquerade. By manipulating the previous 

experience of different chick (Gallus gallus domesticus) predators to the putative masquerade model 

(twigs) while keeping their exposure to the masquerading prey (early thorn moth, Selenia dentaria, 

and brimstone moth, Opisthograptis luteolata) the same, the authors were able to demonstrate that 

chicks who had previously encountered the twigs were slower to attack the caterpillars than those 

with no experience of the twigs. The data indicated that the experienced chicks applied their learned 

disinterest of twigs (as an inedible object) to the twig-mimicking caterpillars, demonstrating that the 

caterpillars were benefitting from being misclassified through masquerade. Perhaps most importantly, 

as the experiment was conducted against a white background, the study demonstrated that the survival 

benefit of masquerade was independent of background matching. 

Other studies have since extended on these findings and methodology to elucidate some of the 

underlying mechanisms of masquerade. Skelhorn et al. (2010c) investigated what properties of an 

animal, beyond visual similarity to its model, are important for effective masquerade. They 

specifically focussed on the influence of size and whether a masquerading prey may be more easily 

differentiated from its model if it varied in size beyond which naturally occurs in the model. As 

predicted, masquerading prey had greater protection against predator attacks when they were of 

similar size to their putative models; however, prey of different sizes to their models were still 

misclassified by predators (though to a lesser degree), indicating that even imperfect resemblance 

confers some protection through masquerade. In a follow-up study, Skelhorn and Ruxton (2013) 
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found that, when given the opportunity to learn about size cues, predators were able to discriminate 

between masquerading prey and their models and could do so more effectively when the size disparity 

was greater. Interestingly, they also found that the masqueraders were able to enhance the protective 

value of their masquerade by selecting microhabitats that contained similarly sized models.  

In a similar study system, the local density ratio of masquerading prey to their models was shown 

to influence the efficacy of masquerade. Skelhorn, Rowland, Delf, Speed, & Ruxton (2011), 

demonstrated that the selective benefit of masquerade declined when prey existed at a higher 

frequency relative to their models and vice versa. The authors suggested this was because of an 

economic disparity; predators who had recent experience of high local model density were less 

motivated to search for masquerading prey given the greater probability of not being rewarded if they 

initiated an attack on an individual within the model-masquerader complex. Furthermore, a higher 

abundance of models may have presented a more complex background against which to view the 

masqueraders, likely making them more difficult to detect and potentially prolonging search times. 

The authors further investigated the potential behavioural adaptations related to the density-

dependent properties of masquerade, showing that the masquerading prey selected microhabitats that 

optimised their protection from predators (i.e., with greater model density), but this was dependent 

on the relative opportunity costs of feeding versus predation risk. Interestingly, in a separate study it 

was found that the protective value of masquerade declined when prey were observed alongside their 

models as opposed to in isolation (Skelhorn & Ruxton, 2010). Viewing both masquerader and model 

simultaneously may provide predators with a frame of reference for a more accurate comparison 

rather than just drawing from a ‘cognitive representation’ (Skelhorn & Ruxton, 2010).  

These results have implications for understanding the ecology and evolution of masquerade, 

particularly the selective pressures on the strength of resemblance to masquerade models. Masquerade 

has previously been classified into two separate phenomena: ‘element imitation’, in which the 

resemblance is to an object that forms a common or dominant element of the environment, such as 

leaves, twigs, and lichen (Figure 1.7; Figure 1.8, A-D, G-J); and ‘object imitation’, where the 

masquerading animal resembles a more isolated object that does not form part of the regular 

environmental pattern, such a bird-droppings (Figure 1.8, E & F) (Hailman, 1977). While both forms 

of resemblance benefit from misclassification, object imitators tend to be seen in isolation of their 

models and thus may benefit from being misclassified over a range of different backgrounds 

(Skelhorn et al., 2010a; Skelhorn & Ruxton, 2010). Conversely, element imitators are more likely to 

be viewed against a background of the objects they mimic and thus potentially gain additional benefits 

of crypsis. To this regard, element imitators may be under stronger selection to look more like their 
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models (Skelhorn & Ruxton, 2010). Furthermore, the efficacy of element imitation masquerade may 

be context-dependent, as predators could learn to discriminate a masquerader from its model when it 

is observed out of context (in which the predator has no previous experience of the model) (Skelhorn 

& Ruxton, 2011a). 

1.7 The Paradox of Bilateral Symmetry in Cryptic Prey 

Visually searching predators rely on characteristic features and subtle discontinuities in colour or 

texture between an organism and its background to home in on target prey (Cuthill, Hiby, & Lloyd, 

2006a). Prey organisms can reduce this visual disparity, and thus the risk of detection, through the 

cryptic strategies of background matching and disruptive colouration. However, one of the most 

inherent and salient features of the body plan of most animals is bilateral symmetry, in which the left 

and right sides can be reflected about a symmetrical midline to present mirror images of each other 

(Figure 1.9) (Klingenberg, 2015). Bilateral symmetry is ubiquitous in the animal kingdom but 

presents a paradox for cryptic prey. Most background substrates lack such symmetry, particularly 

when considered against the spatial scale of a prey organism. The saliency of symmetrical body 

features is thus a potent cue for predators and can act to enhance conspicuousness, imposing further 

survival costs for animals relying on crypsis. Theory suggests that cryptic prey may mitigate these 

costs by evolving body pattern asymmetry; however, animals with asymmetric body patterns appear 

to be exceptionally rare in nature.  

 

 

Figure 1.9. Examples of bilateral symmetry in arthropods showing the axis of symmetry (sagittal plane) down the middle 

which divides the animal into left and right parts that are mirror images of each other.  
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1.7.1 Why Bilateral Symmetry is Such a Salient Cue  

Thayer (1909) described bilateral (‘dual’) symmetry as a potential major flaw for camouflaged 

species. While crypsis primarily functions to impede prey-background discrimination, most natural 

backgrounds do not possess the planes of symmetry and regular spatial arrangement of patterns found 

in animals (Cuthill et al., 2006a; Osorio, & Cuthill, 2015; Merilaita et al., 2017). The salience of these 

inherent symmetrical features thus compromises the efficacy of crypsis. Mechanistically, bilateral 

symmetry is an important visual stimulus for perceptual organisation. In Gestalt psychology, the law 

of symmetry states that elements which are symmetrical are perceived as being part of the same 

object; bilateral symmetry makes it easier for the brain to assemble similar objects together, thereby 

enabling effective target-ground segmentation (Wagemans et al., 2012a). Furthermore, bilateral 

symmetry informs of pattern regularity which can amplify visual signals (increase the SNR), thus 

impeding the level of concealment achieved through crypsis.  

1.7.2 Examples of How Asymmetry Provides a Selective Advantage Over 

Symmetry 

Despite the ubiquity of crypsis and bilateral symmetry in the animal kingdom, there exist few 

studies which have directly quantified the survival costs of symmetry on cryptic colouration. Field 

and lab experiments comparing attack rates on artificial moth-like targets with symmetric and 

asymmetric cryptic wings patterns have demonstrated that symmetric targets suffered significantly 

greater predation than models that had asymmetrically arranged pattern elements (Cuthill et al., 

2006a; Cuthill, Stevens, Windsor, & Walker, 2006b; Merilaita & Lind, 2006; Wainwright, Scott-

Samuel, & Cuthill, 2020). However, the relative cost of bilateral symmetry may differ between 

cryptic strategies (Merilaita & Lind, 2006) and could potentially be mitigated by placing symmetric 

pattern elements away from the symmetrical midline (Wainwright et al., 2020).  

1.7.3 Constraints on the Evolution of Asymmetry  

These studies have demonstrated that there is a clear selective advantage to possessing 

asymmetry, so why have cryptic species not evolved asymmetric colour patterns? It has been 

suggested that the evolution of surface pattern asymmetry may be tightly constrained by genetic and 

developmental factors, with linkage between colour patterns and other functional traits imposing 

indirect selection beyond that of predation (Forsman & Merilaita, 2003). For example, the wing 

patterns of Lepidoptera are developmentally coupled with wing shape, which is important for flight 

performance. As such, the fitness costs of developing linked asymmetry in wing morphology or the 

developmental costs associated with uncoupling these traits may exceed the camouflage benefits 
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obtained from having asymmetrical colour patterns (Monteiro, Brakefield, & French, 1997). Another 

opposing force to the evolution of surface pattern asymmetry is the trade-off between natural and 

sexual selection. Symmetry is thought to be a reliable indicator of quality, and as such, deviations 

from symmetry would be potentially costly for mate-choice (Møller & Thornhill, 1998). For example, 

fluctuating asymmetry, which is the measure of variation from perfect symmetry in a bilateral trait, 

has been demonstrated throughout the literature to be negatively correlated with mating success 

(Møller & Thornhill, 1998, and references therein). Fluctuating asymmetry manifests in a population 

when the natural state of a morphological trait is perfect bilateral symmetry, but small, random 

deviations attributed to individual left- and right-side differences creates phenotypic variation which 

is normally distributed around a mean of zero (i.e., symmetry). Since the development of characters 

on both sides of the body are controlled by the same genome, asymmetry in a paired trait may suggest 

an inability to maintain developmental homeostasis (Møller, 1993; Møller, & Pomiankowski, 1993). 

Fluctuating asymmetry can thus reflect developmental instability in the genome potentially arising 

from genetic or environmental stress and may therefore be a measure of reduced fitness (Swaddle, 

1999). This would be particularly important for sexual selection as fluctuating asymmetry may be 

used as a visual cue to identify low quality mates, especially if the asymmetry is present in secondary 

sexual characters. As such, sexual selection appears to have the potential to impose constraints on the 

evolution of pronounced asymmetry which is in direct conflict with the proposed natural selection 

pressures which should select for asymmetrical pattern elements due to their benefits to crypsis. 

1.8 Common Methods for Quantifying Colouration 

Identifying camouflage strategies and the underlying visual mechanisms involved is key to 

understanding the adaptive significance and evolution of animal colouration. Quantifying the 

accuracy and efficacy of such colouration further allows for a more thorough assessment of the 

relevant selective pressures and predator-prey interactions driving the design of colour patterns 

(Troscianko, Skelhorn, & Stevens, 2017). Today there are a range of tools and methods for 

investigating colour patterns, including spectrophotometry, digital photography, visual modelling, 

image analysis, and behavioural experiments. I will briefly outline these methods below. 

1.8.1 Spectrophotometry 

Reflectance spectrophotometry has become a standard tool for obtaining objective measurements 

of colour signal properties that can then be compared with known photoreceptor sensitivities of 

different animals to model colour perception in different receivers (Stevens, Párraga, Cuthill, 

Partridge, & Troscianko, 2007; Pike, 2011). Surface reflectance measurements can provide precise 
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information on the spectral profile (wavelength distribution) of an object; however, this technique is 

largely unsuitable for quantifying complex colour patterns as conventional spectrophotometers can 

only acquire single point measurements at one time. While spectrophotometry may be useful for 

spectral measurements of simple colour patches, such discrete sampling limits the spatial resolution 

that can be achieved, making it difficult to characterise heterogeneous objects, such as high-frequency 

colour patterns, and thus restricting the topographical information available (Stevens et al., 2007).  

1.8.2 Calibrated Digital Photography and Animal Vision Models 

Digital photography offers an alternative and more comprehensive method for modelling colour 

patterns and their spatial properties, as well as entire visual scenes (Stevens et al., 2007; Troscianko 

& Stevens, 2015). It has increasingly become incorporated in numerous studies for quantifying 

camouflage across a range of animals (i.e., phenotype-environment matching in sand fleas, Stevens 

et al., 2015; background matching in ground-nesting birds, Troscianko, Wilson-Aggarwal, Stevens, 

& Spottiswoode, 2016; background matching in lizards, Marshall, Philpot, & Stevens, 2016; crypsis 

in jumping spiders, Robledo-Ospina et al., 2017; background matching in the peppered moth, Walton 

& Stevens, 2018; crypsis in crabs, Price et al., 2019). Though photography has been used to study 

animal colouration since the late 1800s (Thayer, 1896), with today’s fast advancing technology, 

digital imaging now offers a rapid, flexible, accessible, and precise system for objectively quantifying 

colour and colour patterns, particularly when coupled with powerful image analysis tools (Stevens et 

al., 2007; Pike, 2011). One drawback is that most cameras are fitted with internal UV/IR-blocking 

filters that restrict light sensitivity to the visible range (400-700 nm) to be more suitable for human-

visible photography (Troscianko & Stevens, 2015). This is problematic because many animals 

perceive wavelengths below 400 nm, thus digital photography would be seemingly inappropriate for 

investigating true colour signal properties and modelling different receiver visual systems. 

Fortunately, this is easily overcome by removing these blocking filters through a process called Full 

Spectrum Conversion. Once converted, the camera sensor is sensitive to wavelengths ranging from 

UV up to infrared (approximately 300-900 nm), and thus be able to take images that cover the spectral 

sensitivities of many different animals. It is important to note, however, that different camera sensors 

have different spectral sensitivities and image processing algorithms. Knowledge of these properties 

is essential so that cameras can be appropriately calibrated, allowing the output of the camera sensor 

to be mapped to the photoreceptor quantal catches (cone-catch values) of the relevant receiver, 

thereby producing images that represent the visual sensitivity and acuity of the animal in question 

(Pike, 2011; van den Berg et al., 2020).  
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1.8.3 Visual Modelling and Image Analysis 

Visual data obtained through either reflectance measurements or digital imaging are often 

incorporated into psychophysical models based off receiver visual systems that allow researchers to 

explore how colour and pattern may be perceived by different animals (Pike, 2011, van den Berg et 

al., 2020). Aside from obtaining standard estimates of spectral profiles, visual models can also be 

used to measure contrast between certain patches of an animal’s colour pattern, or between an animal 

and its background (van den Berg, 2020). Such contrast is calculated in terms of perceptual or 

Euclidean distances in colour space, often using the ‘Receptor Noise Limited’ (RNL) model 

(Vorobyev & Osorio, 1998), which is based on discrimination thresholds (the point at which a 

particular visual system is able to discriminate between two stimuli after taking into account 

photoreceptor noise) (van den Berg et al., 2020).  

The spatial elements (size and position) of colour patterns are just as important as colour 

(chromatic) and luminance (achromatic) contrast for investigating visual similarity between an 

animal and its background (Merilaita & Stevens, 2011). Fourier transform analysis, and the adapted 

‘granularity analysis’, are common approaches for quantifying pattern contrast between two stimuli 

that uses bandpass filtering to decompose the spatial frequencies of the respective patterns into a 

power spectrum and differentiate between them based on the distribution of the spatial frequencies 

(Godfrey, Lythgoe, & Rumball, 1987; Barbosa et al., 2008; Stoddard & Stevens, 2010; Merilaita & 

Stevens, 2011; Stevens, Lown, & Wood, 2014). Other pattern metrics allow the for the quantification 

of disruptive edge elements, such as Canny edge detection and Gabor filtering (Troscianko et al., 

2017). The recently developed Gabor edge disruption ratio (GabRat) measures the interaction 

between outline pixels at different angles to get a ratio of true and perceived edges and was 

demonstrated to be the best predictor of human detection times (Troscianko et al., 2017).  

The combination of calibrated digital imaging and animal vision models provides a solid 

foundation for the use of further image analysis techniques. The Quantitative Colour Pattern Analysis 

(QCPA) framework (van den Berg et al., 2020) within the Multispectral Image Analysis (MICA) 

toolbox (Troscianko & Stevens, 2015) offers an integrated approach to investigating camouflage 

through a range of spatiochromatic colour pattern analyses, including visual contrast, colour 

adjacency, boundary strength, and local edge intensity. These analyses include the interaction of 

chromatic, achromatic, and spatial information, while accounting for the spatial acuity of the receiver. 
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1.8.4 Predation Experiments 

While visual modelling and image analyses provide a way to objectively measure and compare 

colour patterns through the visual systems of different receivers, these techniques only provide 

correlational evidence which is just one half of the story (Merilaita & Stevens, 2011). Empirical data 

demonstrating the functional significance of those colour patterns, achieved through predation 

experiments, is necessary to complete the whole picture. The combination of these methods allows 

researchers to quantify camouflage and relate it directly to predation risk (Walton & Stevens, 2018), 

thereby more thoroughly exploring the design, function, and evolution of cryptic colouration. 

Predation experiments, both in the laboratory and field, are powerful tools for determining the relative 

risk of detection of cryptic colouration. A common approach with predation experiments is to use 

artificial models of different phenotypes or morphs placed in the field to monitor survival over time 

(e.g., Cuthill et al., 2005; Schaefer & Stobbe, 2006; Vignieri et al., 2010; Walton & Stevens, 2018). 

Though the complexity of nature can pose difficulties when dealing with a suite of uncontrolled 

variables, few experiments can provide the same level of rigorous and objective quantification of 

predator-prey interactions that you achieve with in-situ field predation experiments (Irshick & 

Reznick, 2009). The use of artificial models allows researchers to investigate natural selection on 

particular cryptic phenotypes within natural populations, providing a means to replicate evolutionary 

forces that would otherwise be difficult, perhaps sometimes even impossible, to observe in a natural 

context (Irshick & Reznick, 2009). Furthermore, artificial models provide more control over the 

accuracy of the stimulus being tested and offers the freedom to ask a range of different questions 

concerning cryptic colouration. For example, generalised prey targets that are not intended to 

represent real animals may be useful for exploring general camouflage theory, whereas highly 

accurate models based on real species would provide more targeted information about the interactions 

of specific species. Regardless, calibrating the models to reflect the visual system of relevant 

predators, either through spectrophotometry or digital imaging analyses, is imperative to accurately 

and objectively assess the effect of colouration on detection and survival in nature. 
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1.9 The North Island Lichen Moth as a Model System for Studying 

Camouflage 

The North Island lichen moth, Declana atronivea Walker 1865, presents a fascinating system 

with which to explore the intricacies of camouflage. This endemic Geometrid is found in the North 

Island of Aotearoa | New Zealand, where it is distributed from Whangarei to Wellington. It is a 

nocturnal moth with an active season between August and April. The forewings of this moth are 

satiny white with intricate black and brown/grey markings that overlap the wing margins in some 

places (Figure 1.10). The markings on each wing tend to consist of three primary pattern elements 

of branching black transverse bands and smaller, more irregular elements distributed between them 

and on the wing edges (Hudson, 1898). These markings are particularly remarkable in that they appear 

to be asymmetric, with variation in the size and shape of pattern components occurring both between 

the wings of an individual moth, and also between different moths, such that the patterns are slightly 

different on each specimen. This asymmetry is most noticeable along the inner margin when the 

wings are folded together. Another interesting facet of the forewing markings is the presence of five 

small black triangles along the posterior margin that appear to be a more congruent pattern. 

Furthermore, raised white scales in some places give the wings an apparent ‘lumpy’ texture. The 

hindwings in comparison are drab in colouration; a gradient of grey that darkens from near white at 

the base to dark grey/brown near the posterior margins. A thin band of dull black scales snakes across 

the last quarter of the wing, and small faint black triangles appear to dot the termen, similarly placed 

but much smaller in scale than that seen on the forewing. The moth wingspan can reach 4-5 cm, with 

the females being slightly larger than the males (Figure 1.10). Sexual dimorphism is also apparent in 

their antennae and abdomen, with males having more plumose bipectinate antennae and a thinner 

abdomen with usually 8 segments, and females possessing thinner bipectinate antennae and a more 

stout abdomen with usually only 7 segments (pers. obs.).  
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Figure 1.10. The forewings of the North Island lichen moth, Declana atronivea, consist of a mosaic of intricate black 

and white markings that overlap with wing margins and exhibit asymmetrical elements. Sexual dimorphism is apparent 

in the wing and body size, as well as the antennae.  

The charismatic appearance of D. atronivea has marvelled naturalists and ecologists alike since 

its first discovery. Renowned New Zealand entomologist George Vernon Hudson (1898) regarded D. 

atronivea as a “…very handsome and conspicuous insect”, a sentiment shared with Austrian 

Naturalist Richard Sharell (1971), who called it “…a strikingly beautiful moth”. A clue as to the 

function of such colouration is perhaps depicted in its name, the Latin nomenclature ‘atro’ meaning 

black and ‘nivea’ meaning snowy. As such, this species was previously called the zebra moth owing 

to the contrasting black and white patterns which were regarded as being similar in function to zebra 

stripes, that is, to break up its outline (a mechanism of disruptive colouration) (Sharell, 1971). It has 

since been renamed the lichen moth due to its apparent behaviour of resting on lichen during the day 

(Sharell, 1971), a substrate against which it is nearly indistinguishable to human vision (Figure 1.11; 

pers. obs.).  
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Figure 1.11. To the untrained human eye, D. atronivea resting on lichen is nearly indistinguishable from its background. 

 

1.10 Thesis Outline 

The primary aim of this thesis is to investigate the functional significance of the forewing colour 

patterns of D. atronivea as an antipredator adaptation. Specifically, I focus on quantifying whether 

the colouration may contribute to camouflage through the different mechanisms of masquerade, 

background matching, and disruptive colouration. Furthermore, I examine the inherent variation in 

the pattern elements of D. atronivea to determine whether this species is one of the first documented 

examples of wing pattern asymmetry in an insect, and assess the biological relevance of such 

asymmetry for enhancing the protective value of camouflage. I explore these different mechanisms 

using relevant predator visual systems rather than human perception to present the first objective 

investigation of multifaceted camouflage and asymmetry in a natural system.  

In Chapter two, I present an investigation into the putative function of D. atronivea colouration 

for masquerade, specifically exploring whether the appearance of the moths causes them to be 

misclassified as lichen by predators. I use laboratory predation experiments with domestic chicks 

(Gallus gallus) that are either naïve or experienced to the putative masquerade model (lichen) to 

examine if D. atronivea obtain a survival benefit from this camouflage strategy. This study also has 
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important implications for understanding the mechanisms of element imitation masquerade, 

specifically whether mimicry of non-discrete elements, such as lichen, can be function independently 

of a matching background.  

Chapter three expands on the previous chapter to assess the relative contribution of element 

imitation masquerade and background matching to the antipredator defence of D. atronivea using 

field predation experiments with realistic moth models and wild avian predators. I further investigate 

the potential function of background matching in this species by measuring the degree of visual 

resemblance to different lichen and bark background substrates. This is one of the first studies to 

integrate vision modelling, quantitative image analysis techniques, and field predation experiments 

using realistic models to objectively quantify the level and functional significance of background 

matching in a real species.  

In Chapter four, I examine whether the colour patterns of D. atronivea may be adapted for 

disruptive colouration; that the high contrast marginal markings on the forewings promote 

concealment from predators through edge disruption. I again employ a combination of field predation 

experiments, avian vision modelling, and image analysis to present the first comprehensive and 

objective investigation into the occurrence and adaptive function of disruptive colouration in a real 

moth species.  

Chapter five is the final data chapter which aims to statistically quantify the degree of wing 

pattern asymmetry and variation in D. atronivea using geometric-morphometric techniques, and 

empirically test the adaptive significance of this trait through field predation experiments, specifically 

highlighting the relationship between asymmetry and camouflage. This study presents the first 

quantification of wing pattern asymmetry in an insect and provides an unparalleled opportunity to 

explore the role of asymmetry in camouflage using a real species.  

In Chapter six, I present a comprehensive evaluation of my findings from the data chapters to 

discuss the potential overall function of forewing colour patterns in D. atronivea relating to the 

different mechanisms of camouflage and the effect of asymmetry. Lastly, I suggest possible future 

research that would help contribute to a more thorough understanding of camouflage in this species 

and could inform theory about camouflage and wing pattern asymmetry in general. 

In Appendix A, I provide a brief assessment of the natural history and ecology of D. atronivea 

caterpillars, updating existing knowledge and presenting new information based on my own 

observations. The caterpillars appear to undergo ontogenetic colour changes throughout the different 
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instars which may reflect different mechanisms of camouflage, namely masquerade. Although I do 

not investigate this in the current study, this presents an interesting avenue for future research and 

would contribute to the overall story of multifaceted camouflage in D. atronivea.  
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2  
Lichen Moths do not Benefit from 

‘Element Imitation’ Masquerade in 

the Absence of a Matching 

Background 
 

Published in Evolutionary Ecology.  

“For these resemblances are no longer abstract; they are actual. They are not 

arbitrary; but elaborate and specific. And their value rests not upon the principles of 

visual concealment: but upon those of disguise. Such animals are impostors, rather 

than self-effacers.” 

Hugh B. Cott, 1940. 
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2.1 Abstract 

Predation places significant selection pressures on prey species and many have evolved incredible 

and diverse colour patterns in response. A fascinating example of such adaptive colouration and 

morphology is masquerade, a camouflage strategy in which organisms resemble innocuous and 

inedible objects, such as leaves or twigs. Masquerading prey avoid predation by being misclassified 

as irrelevant parts of the environment, rather than as food. Here we assess a putative case of 

masquerade in the North Island lichen moth, Declana atronivea (Geometridae), an endemic New 

Zealand species with intricate black and white forewings that appear to resemble lichen. Lichen 

masquerade is a type of ‘element imitation’ in which the object being mimicked forms a common 

element of the environmental pattern. However, unlike discrete objects, such as leaves and twigs, 

lichen may be difficult to distinguish as a distinct entity. This raises the question of whether D. 

atronivea can be said to look like ‘a’ lichen, or whether its body colouration appears as a component 

of a larger patch of lichen. In this case, does the lichen resemblance function as a form of masquerade, 

or is it an example of background matching? Using laboratory experiments with domestic chicks 

(Gallus gallus) as predators, we investigated whether D. atronivea moths avoid predation by being 

misclassified as lichen. We exposed naïve and experienced chicks to D. atronivea and compared their 

responses, predicting that if the moths do benefit from masquerade, chicks with previous experience 

of lichen would take longer to attack. Our hypothesis was not supported; there was no significant 

difference in predator interaction regardless of prior experience, suggesting that, in the absence of a 

matching background, D. atronivea do not benefit from masquerading as lichen. Rather, this may be 

a case of context-dependent misclassification, or perhaps the forewing colouration promotes 

concealment through crypsis.   
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2.2 Introduction 

The ways in which animals use colour patterns to avoid predation are diverse and extraordinary; 

some animals seek to completely avoid detection from predators through crypsis (Stevens & 

Merilaita, 2009a; Cuthill, 2019), while others enhance their conspicuousness by advertising their 

unpalatability through aposematism (Mappes, Marples, & Endler, 2005; Ruxton et al., 2018). In the 

middle of this continuum of defence are those animals that avoid predation by remarkable visual (and 

sometimes behavioural) resemblance to something that is unpalatable. This may involve an innocuous 

and otherwise palatable mimic that resembles a species which is harmful to potential predators, such 

as in Batesian mimicry, where the mimicking organism gains protection through deceiving predators 

into misidentifying them as the defended ‘model’ species (Quicke, 2017; Font, 2019). Other animals 

employ a similar yet distinct mechanism whereby they resemble uninteresting objects from their 

environment, such as a leaf (Kuntner, Gregorič, Cheng, & Li, 2016), twig (Skelhorn et al., 2010b), 

lichen (Toledo & Haddad, 2009), or bird droppings (Liu, Blamires, Liao, & Tso, 2014). This type of 

camouflage strategy is known as masquerade and acts to hinder correct recognition, so that while 

predators may detect the prey, they misclassify them as something of no value (Skelhorn et al., 

2010a). 

The general idea of masquerade has been acknowledged for over a century (e.g., Poulton, 1890; 

Thayer; 1909; Carrick, 1936; Cott, 1940; Edmunds, 1974; Endler, 1981; Robinson, 1981; Allen & 

Cooper, 1985), yet despite the assumed antipredatory function, this defensive strategy only recently 

received empirical attention, and definitive evidence for the adaptive value of such resemblances has 

only been demonstrated in the last decade (Skelhorn & Ruxton, 2010; Skelhorn et al., 2010b; 

Skelhorn et al., 2010c; Skelhorn & Ruxton, 2011a; Skelhorn & Ruxton, 2011b). This is perhaps 

because distinguishing between masquerade and other forms of camouflage, such as background 

matching, poses a methodological challenge (Skelhorn et al., 2010a). Unlike cryptic prey that are 

adapted to blend into the background and avoid detection, masquerading organisms are clearly 

distinguishable as an object. The inherent value of masquerade is in not being recognised as potential 

prey (Ruxton et al., 2018). Thus, to demonstrate the defensive benefit of masquerade, it must be 

shown that a predator has detected the prey item but failed to recognise it as a food resource. 

Furthermore, to be able to misidentify masquerading prey as the object that they resemble, predators 

must first have had experience with that model object. Skelhorn et al. (2010b) developed an 

experimental design to test this using twig-mimicking caterpillars (as prey) and naïve chicks (as 

predators). By manipulating the prior experiences of the predators to the putative masquerade model 

(twigs) while keeping their exposure to the masquerading prey the same, the researchers were able to 



41 

 

demonstrate that chicks who had previously encountered the twigs were slower to attack the 

caterpillars than those with no experience of the twigs or who were presented with manipulated twigs 

(that no longer resembled caterpillars). The chicks with experience of twigs applied their learned 

disinterest to the twig-mimicking caterpillars, misclassifying them as a non-food component of their 

environment and thereby demonstrating that the caterpillars were benefiting from masquerade. 

Following on from this work (Skelhorn et al. 2010b), other studies extended on these findings to 

elucidate some of the underlying mechanisms of this camouflage strategy (Skelhorn et al., 2010c; 

Skelhorn & Ruxton, 2011a, 2011b; Higginson, De Wert, Rowland, Speed, & Ruxton, 2012; Skelhorn 

& Ruxton, 2013). However, it is still uncertain how prevalent masquerade is in nature. Masquerade 

has been suggested to occur in a wide array of taxa, including potential examples from among the 

stick and leaf insects (Phasmatodea), with their uncanny stick-like appearance, and the numerous 

stick-mimicking caterpillars of geometrid moths (de Ruiter, 1951; Skelhorn et al., 2010b; Skelhorn 

& Ruxton, 2010). Other caterpillars bear striking resemblance to bird droppings (Skelhorn, 2015; 

Suzuki & Sakurai, 2015), as do some Phrynarachne crab spiders (Cott, 1940; Starrett, 1993). Various 

animals also resemble fresh or dead leaves, including the ghost mantis, Phyllocrania paradoxa 

(Edmunds, 1972; Skelhorn, 2015), the satanic leaf-tailed gecko (Uroplatus phantasticus), the 

Malayan leaf frog (Megophrys nasuta) (Quicke, 2017), and the Amazon fish, Monocirrhus 

polycanthus (Skelhorn et al., 2010a). Birds from the families Nyctibiidae (potoos) and Podargidae 

(frogmouths) have morphological and behavioural adaptations that cause them to appear remarkably 

like tree stumps or broken branches (Cott, 1940; Skelhorn, 2015; Quicke, 2017). Despite the apparent 

pervasiveness of this camouflage strategy, the use of masquerade has mostly been inferred through 

human perception and very few studies have objectively and conclusively demonstrated such adaptive 

resemblances. It is important that we continue to quantify masquerade in more systems so that we 

may gain a thorough understanding of how broadly applicable this concept is in nature.  

Masquerade has previously been divided into two separate phenomena based on the type of model 

resembled and its environmental context: ‘element imitation’ (or cryptic mimesis) and ‘object 

imitation’ (phaneric mimesis) (Hailman, 1977; Pasteur, 1982; Toledo & Haddad, 2009). The former 

denotes a resemblance to objects that form a common or dominant element of the environment, such 

as leaves and twigs, whereas object imitators resemble more isolated objects that are not part of the 

regular environmental pattern, such as bird-droppings (Hailman, 1977; Pasteur, 1982; Toledo & 

Haddad, 2009). The important distinction between the two is that element imitators are more likely 

to be viewed in association with the objects they mimic and thus potentially gain additional benefits 

of crypsis, whilst object imitators tend to be seen in isolation of their models and may be misclassified 
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over a wider range of backgrounds (Skelhorn et al., 2010a; Skelhorn & Ruxton, 2010). In this regard, 

element imitators may also be under stronger selection to look more like their models (Skelhorn & 

Ruxton, 2010).  

Many of the examples above demonstrate special resemblance to discrete objects within an 

animal’s environment, but the concept of masquerade can also be applied to animals which bear 

similarity to objects that are less discrete. For example, the idea of ‘lichen’ masquerade has been 

hypothesised in a number of groups, including katydids (Nickle & Castner, 1995; Braun, 2011), 

grasshoppers (Glime, 2017), geckos (Cott, 1940), and frogs (Toledo & Haddad, 2009; Leite, Pezzuti, 

& de Anchietta Garcia, 2012; Glime & Boelema, 2017). Lichen masquerade can be considered a form 

of element imitation, yet unlike discrete objects, such as leaves and twigs, which arguably have 

distinguishable outlines, lichen is more variable in shape and size, and thus what constitutes the 

‘edges’ of a piece of lichen may be harder to recognise. Furthermore, lichen often covers the surfaces 

of other objects in the environment, making it potentially more difficult to detect as a distinct entity. 

This raises the question of whether animals that resemble lichen can be said to look like ‘a’ lichen, or 

a component of a larger patch of lichen. In this case, does lichen resemblance then function as a form 

of masquerade, or is it an example of background matching?  

The North Island lichen moth, Declana atronivea (Walker, 1865) (Lepidoptera: Geometridae) 

offers an intriguing system to investigate defensive colouration. This endemic moth is distributed 

within pockets of native forest across the North Island of New Zealand where it is sometimes found 

resting on lichen-covered trees (Sharell, 1971). The moth itself possesses forewings with intricate 

black and white patterns and discreetly textured wing scales that to the human eye are akin to lichen 

(Figure 2.1). This resemblance to lichen, along with the moth’s apparent partiality for resting on or 

near lichen, has led to the suggestion that D. atronivea employs crypsis as a camouflage strategy; its 

colouration allows it to blend into the lichen through background matching. However, D. atronivea 

often alights on other substrates including moss, bark, leaf litter, and branches (pers. obs.), where 

they may be more obvious to predators. Camouflage theory would suggest that movement away from 

lichen and onto these backgrounds would compromise the efficacy of its camouflage, yet D. atronivea 

still prove difficult to detect to human observers. We therefore postulate that D. atronivea may 

incorporate masquerade as part of its defensive repertoire, such that the moth’s colouration allows it 

to be disguised as a distinct patch of lichen, thereby maintaining the benefits of camouflage 

independent of background matching. Lichen masquerade has been purported in various groups, as 

mentioned above, yet to our knowledge this concept has not been formally tested. Here we applied 

the experimental approach developed by Skelhorn et al. (2010b) to explore this putative masquerade 
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in D. atronivea. We pre-exposed naïve predators to unmanipulated and manipulated lichen models, 

as well as an empty arena, and subsequently recorded how they interacted with individual D. 

atronivea. We predicted that if the moths do benefit from masquerade, predators with previous 

experience of unmanipulated lichen should take longer to approach and handle the moths than chicks 

from the other treatments.  

 

Figure 2.1. Male D. atronivea moth. Photo by Cassandra Mark-Chan, 2019.  
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2.3 Methods  

2.3.1 Moth and Lichen Collection 

Declana atronivea moths (male and female) were collected at a light trap in Pureora Forest Park 

(-38.515408, 175.572307) and Tongariro National Park (-39.073694, 175.663864) during October 

and November 2019. Patches of white foliose lichen (made up of various species including 

Xanthoparmelia scabrosa, Punctelia borreri, Parmelina labrosa, Parmotrema perlatum, Punctelia 

subrudecta) that bore resemblance to D. atronivea were also collected.  

2.3.2 Chicken Husbandry  

Sixty-three female brown shaver chicks (Gallus gallus domesticus) were sourced from a 

commercial hatchery in Tuakau on day of hatch and immediately transported to the animal house 

facility at the University of Waikato in Hamilton. Forty-eight of these chicks were designated to the 

experimental treatments and housed in a large wooden pen (120 × 50 × 50 cm). The remaining 15 

chicks were designated as ‘buddy chicks’ and housed in a separate, smaller cardboard pen (90 × 40 

× 40 cm). White laminated cardboard was laid out on the floor of the pens with newspaper placed on 

top. The newspaper was changed three times a day due to soilage. All chicks were kept in a 

temperature and light controlled room maintained at 25-28 °C with a 14:10 h light:dark cycle using 

an air-conditioning unit and uncovered florescent lights with full daylight spectrum. The chicks were 

given ad libitum access to food (Topflite chick starter crumble) and water, except during training and 

experimental trials when they were temporarily food deprived for 30 minutes (in accordance with 

Animal Ethics regulations). The testing chicks were also provided with mealworms (Tenebrio 

molitor) twice a day. The chicks were left to acclimatise to the housing area for the first two days and 

were checked regularly to ensure they were consuming food and water, to change any soiled bedding, 

and to assess their general welfare. 

Chicks were colour coded for identification using pipe cleaners (chenille sticks). Pipe cleaners 

were used as they are easy to mould and place onto the chicken’s feet without causing stress and leave 

enough room for their feet to grow without becoming too tight. The pieces of pipe cleaner were cut 

to approximately 2.5 cm long and first wrapped around a pen to get the correct shape so that it could 

be slipped easily onto the chick’s foot. The bands were then pressed on gently to tighten. The pipe 

cleaner colours were used to denote the group allocation and experimental treatment of the chicks 

(placed on the right foot) and their individual identity (left foot).  
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2.3.3 Training  

On the third and fourth day, the 48 testing chicks were trained to eat starter crumbs from the floor 

of an experimental arena. The arena consisted of a wooden pen identical to that of the housing area 

with a 20 × 50 × 50 cm section partitioned off using wire mesh to create a separate ‘buddy arena’ 

which was visible to the testing chicks in the experimental area (Figure 2.2). Two ‘buddy’ chicks 

were placed in this buddy arena during all training and experimental trials to reduce any potential 

stress experienced by the testing chicks when placed alone in the arena. The buddy chicks were 

randomly chosen from the 15 individuals and rotated out every four trials. The training consisted of 

six trials per chick carried out over the two days (three trials per day). During the trials, starter crumbs 

were scattered across the arena floor and chicks were then placed in the arena for three minutes and 

allowed to explore and eat the food. For the initial two trials, the chicks were placed in the 

experimental arena in groups of three; then in groups of two; then in the final two trials they were 

placed individually in the arena. The rationale for training the chicks in progressively smaller groups 

was to gradually get them familiar with being in the arena on their own and to ensure they were 

comfortable with the surroundings and able to actively forage. By the end of the training trials, all 

chicks were eating crumbs from the arena floor.  

 

Figure 2.2. Experimental arena set-up with partitioned ‘buddy arena’. 

2.3.4 Experience Manipulation  

To be able to misidentify masquerading prey as the object that they resemble, predators must first 

have had experience with that model object (Skelhorn et al., 2010b). The rationale behind the 

following trials was to manipulate the experience of naïve chicks to the putative masquerade models 
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by exposing them to different stimuli and then observe how they interact with the masquerading prey 

in a final testing trial.  

On the fifth and sixth day, the testing chicks were divided into six groups of eight individuals. 

Two groups were presented with a lichen patch (approximately 20 cm × 7 cm); two groups were 

presented with manipulated lichen (an otherwise similar lichen patch wrapped in blue wool to change 

its visual appearance while keeping the structure and odour the same, allowing us to test whether the 

benefit of masquerade depends on chicks having previous experience with normal looking lichen that 

the moths supposedly resemble); and two groups were placed in an empty arena (Figure 2.3). The 

lichen patches were placed in the centre of the arena and chicks were individually introduced at the 

opposite side of the arena to the buddy chicks and facing the stimulus. Each chick underwent four 

separate two-minute trials. Chicks were trained in random order and were food deprived for 30 

minutes prior to entering the arena. The trials were carried out over two days (two sets of trials per 

day). 

A total of 32 lichen patches were used for the experience manipulation trials. They were split into 

8 groups of 4 (accounting for the 8 individuals within each experimental group, and the four trials 

they each received). Each group of lichen were used 4 times (once across each of the four 

experimental groups that received a lichen or manipulated lichen stimulus) and no chicks in the same 

experimental group were presented with the same patch of lichen. 

 

Figure 2.3. The testing chicks were organised into six groups of eight. During the experience manipulation trials, chicks 

from groups 1 and 2 were placed in the arena with a lichen patch, chicks from groups 3 and 4 were placed in the arena 

with a modified lichen patch, and those form group 5 and 6 were presented with an empty arena. In the final testing trial, 

one group from each experience manipulation trial regime were presented with a small piece of lichen, and the rest were 

presented with a dead D. atronivea moth. 
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2.3.5 Post-Experience Tests 

A single and final testing trial was carried out on day seven. The testing chicks were placed in 

the experimental arena for two minutes and presented with a test stimulus, either a dead Declana 

atronivea moth (that had been pinned out in a natural resting posture and dried one month prior) or a 

similarly sized small piece of lichen (approx. 4 cm × 2.5 cm). One group from each of the three 

experience manipulation treatments (lichen, modified lichen, and empty arena) received a moth, and 

one group from each received the small lichen patch (see Figure 2.3 for experimental design). The 

stimuli were positioned 15 cm away from the buddy arena and 25 cm away from the arena walls. The 

chicks were placed in the arena 15 cm away from the stimulus (30 cm away from the buddy arena) 

and facing towards the stimulus. The chicks were once again food deprived for 30 minutes prior to 

entering the arena. A different moth or lichen piece was used for each chick encounter. The latency 

to first peck at the stimulus was recorded, as well as the handling time, number of pecks, and whether 

the stimulus was consumed. Chicks that did not peck at the stimuli were recorded as having a latency 

of 125 seconds to simplify analyses. 

2.3.6 Statistical Analysis 

We used Negative Binomial Regression to test whether chicks trained with unmanipulated lichen 

would take longer to attack the moth, and handle the moth more cautiously (lower number of pecks 

and handling time), than chicks trained with manipulated lichen and the empty arena. Each response 

variable (latency, number of pecks, and handling time) was fitted with a Generalised Linear Model 

with Negative Binomial Errors to determine if there were any differences among the groups in terms 

of each respective response. Subsequently, a likelihood ratio test was performed to calculate an 

overall p-value for the group term. Analyses were done in ‘R’ (ver. 3.6.3; R Core Team, 2020).  

2.4 Results 

The latency (in seconds) of chicks to attack the test stimuli did not differ between the 

experimental groups in the final testing trials (likelihood ratio test: d.f. = 5, 𝜒2 = 0.661, P = 0.985; 

Figure 2.4a). Similarly, there was no significant difference in the number of pecks at the stimulus 

(likelihood ratio test, d.f. = 5, 𝜒2 = 2.499, P = 0.776; Figure 2.4b), or the handling time (in seconds) 

(likelihood ratio test, d.f. = 5, 𝜒2 = 2.372, P = 0.796; Figure 2.4c).  
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Figure 2.4. Chick behavioural responses: a) handling time (s); b) latency to peck (s); and c) number of pecks, to the 

different experimental treatments in the final testing trials. 

2.5 Discussion 

Our results suggest that D. atronivea do not benefit from masquerade in the absence of a matching 

background. Following the experimental design from Skelhorn et al. (2010b), it was expected that if 

the moths do employ masquerade, chicks with previous experience of the unmanipulated lichen 

patches would take longer to approach and attack the moths and lichen stimuli than those chicks 

exposed to the modified lichen or empty arena. This is based on the hypothesis that the putative 

resemblance to lichen would promote misidentification by chicks who are familiar with lichen, 

causing them to not recognise the moths as a potential food source. This was not the case; the chick 

predators did not demonstrate any significant difference in how they interacted with the moths 

regardless of their prior experience. This does not necessarily preclude that D. atronivea use 

masquerade as a camouflage strategy, but perhaps they only benefit from the misclassification when 

found in the appropriate background context (i.e., near lichen).  

Alternatively, rather than resembling a distinct object from the environment (i.e., a patch of 

lichen), the black and white forewing patterns of the moth may instead represent a sample of the 

environment, thereby promoting concealment through background matching. Background matching 

occurs when the appearance of an organism tends to match the visual components (colour, pattern, 

luminance, texture) of one or more backgrounds. This makes it visually indistinct from its 

surroundings allowing it to ‘blend in’ and remain undetected by predators (Stevens & Merilaita, 
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2011). Evidence for the adaptive value of background matching has been demonstrated across 

numerous systems as diverse as marine isopods (Hultgren & Mittelstaedt, 2015), mice (Vignieri et 

al., 2010), birds (Troscianko et al., 2016), and moths (Walton & Stevens, 2018). In these studies, 

animals which possessed colouration and patterning that more closely resembled their surrounding 

environment were found to have a greater likelihood of survival through reduced risk of detection, as 

measured via predator vision modelling or directly quantified with predation experiments. To the 

untrained human eye, D. atronivea resting on lichen is virtually indistinguishable from its background 

substrate (pers. obs.), suggesting a likely role for background matching in the evolution of these visual 

signals. 

An additional (though not mutually exclusive) hypothesis is that D. atronivea benefit from 

another camouflage strategy known as disruptive colouration, which functions via high contrast 

markings that intersect the edge of the body, creating false boundaries which hinder the ability of 

predators to detect or recognise a prey organism’s true form (Stevens & Merilaita, 2009b). The 

function of and mechanisms underlying disruptive colouration have been demonstrated in several 

studies (Cuthill et al., 2005; Merilaita & Lind, 2005; Schaefer & Stobbe, 2006; Stevens & Cuthill, 

2006; Stevens et al., 2006a; Fraser, Callahan, Klassen, & Sherratt, 2007; Webster et al., 2013; Kang, 

Stevens, Moon, Lee, & Jablonski, 2015; Price et al., 2019). It is possible that the black and white 

markings of D. atronivea serve to break-up surface continuity and obscure the moth’s body outline 

thereby promoting concealment through disruptive colouration (Sharell, 1971). Evidence suggests 

that disruptive markings may confer a survival advantage even if some pattern or colour elements are 

non-matching to the background (Schaefer & Stobbe, 2006; Webster et al., 2013), potentially 

allowing prey to exploit more environments, thus improving survival even on backgrounds with 

which they only have a partial resemblance (Stevens et al., 2006a). This may explain how D. 

atronivea remain difficult to detect on non-lichen backgrounds. One noted constraint of disruptive 

colouration is that contrasting pattern elements are often symmetric in nature, potentially reducing 

the efficacy of the camouflage (Cuthill et al., 2006a; Cuthill et al., 2006b). Interestingly, D. atronivea 

possess asymmetric pattern elements (Figure 2.1) which further suggests potential for a disruptive 

effect of this moths’ colour pattern. Lastly, disruptive colouration may work in conjunction with 

background matching through the sub-principle of differential blending whereby, in addition to the 

contrasting elements, some colour patches of the body blend into the background to further impede 

the detection of shape (Stevens & Merilaita, 2009b). 
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2.6 Conclusion 

We investigated lichen resemblance in D. atronivea and tested whether the putative lichen 

masquerade can function out of context and retain the benefits of camouflage independent of a 

matching background. Our results did not support this hypothesis; however, it is still possible that  

D. atronivea benefit from masquerade, but only when found in the appropriate context. Furthermore, 

observations of colour pattern elements, along with their apparent similarity to lichen backgrounds, 

may point towards other potential camouflage mechanisms in this species. It is possible that when it 

comes to resembling non-discrete objects such as lichen, there may be greater selection pressures to 

evolve cryptic strategies (i.e., background matching and disruptive colouration) rather than 

masquerade. Declana atronivea presents a good opportunity to develop our understanding of the 

interrelation between multiple mechanisms of camouflage and environmental context.  

A Note on Ethics: 

This research was approved by the University of Waikato Animal Ethics Committee (Protocol 

no. 1076) and conducted according to the guidelines set out by the Code of Ethical Conduct of the 

University of Waikato and in compliance with the Animal Welfare Act 1999. All chicks were 

rehomed after this study. 
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3  
Background Matching in the 

North Island Lichen Moth 

 

“…innumerable animals, inhabiting all kinds of surroundings, tend to wear on 

their bodies a cryptic dress.” 

Hugh B. Cott, 1940.  
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3.1 Abstract 

Background matching is perhaps the most ubiquitous form of defensive camouflage in the animal 

kingdom, an adaptive strategy that relies on the visual resemblance between a prey organism and its 

background to promote concealment from predators. The importance of background matching has 

been acknowledged for over a century, yet despite its renown and apparent pervasiveness, few studies 

exist that have objectively quantified the occurrence and functional significance of background 

matching in real prey organisms. The North Island lichen moth, Declana atronivea, presents a 

fascinating system to investigate such anti-predator colouration. This species possesses high contrast 

black and white forewings that appear to resemble lichen. Here, I assess the relative contribution of 

background matching and element imitation masquerade to the antipredator defence of D. atronivea 

using field predation experiments with realistic models. I found that D. atronivea colouration confers 

a significant survival advantage against native avian predators when on lichen backgrounds compared 

to bark backgrounds, with an intermediate level of predation occurring when models were near, but 

not on lichen. This suggests that D. atronivea colouration is an adaptation for background matching, 

but that this species may gain some benefit from element imitation masquerade when in the vicinity 

of a matching background. I subsequently used calibrated digital photography, avian vision 

modelling, and image analysis techniques to objectively quantify the level of background matching 

and assess the contribution of different visual elements (colour, luminance, and pattern) to 

camouflage in this species. Only the pattern elements of D. atronivea presented a close match to that 

of the lichen backgrounds, with both chromatic and achromatic cues found to be poor predictors of 

background matching in this species. This study is one of the first to integrate vision modelling, 

quantitative image analysis, and field predation experiments using realistic models to objectively 

quantify the level and functional significance of background matching in a real species, and presents 

an interesting system for further investigating the interrelation between multiple mechanisms of 

camouflage. 
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3.2 Introduction 

The most common conception of camouflage is that of an animal blending into its surroundings; 

a visual harmony between prey and background that promotes concealment from predators. This 

principal of camouflage has previously been called ‘general resemblance’ (Wallace, 1889), 

‘background picturing’ (Thayer, 1909), ‘cryptic resemblance’ (Cott, 1940), and ‘crypsis’ (as adopted 

from Endler’s (1978) definition of crypsis), though is now more commonly referred to as ‘background 

matching’ (Endler, 1978; Merilaita & Stevens, 2011). More specifically, background matching 

defines a camouflage strategy in which the appearance of an animal matches the visual components 

(colour, luminance, pattern, and texture) of one or more backgrounds such that it becomes visually 

indistinct from its surroundings, allowing it to blend in and remain undetected from predators 

(Merilaita & Stevens, 2011).  

The idea of background matching has been acknowledged for over two centuries (e.g., Darwin, 

1809; Poulton, 1890; Wallace, 1889), and was a fundamental phenomenon for early demonstrations 

of the process and function of adaptation (Merilaita & Stevens, 2011). While these historical works, 

and those by contemporaries (e.g., Thayer, 1896, 1909, 1918; and Cott, 1940), have been invaluable 

for providing a foundation of camouflage theory, they presented largely subjective accounts of the 

function of animal colouration based on human perception. It wasn’t until the latter part of the 20th 

century that scientists gained a more thorough understanding of animal visual systems, and with it, 

the recognition that animals see the world differently from us and each other (Caro et al., 2017). 

Analysing animal colouration through the visual systems of relevant receivers is thus imperative 

because it is the intended viewer’s perspective that has created the selection pressures leading to the 

evolution of such colouration. 

Variation in eye size and shape, the number of visual pigments, the type and number of 

photoreceptors, as well as retinal and post-retinal processing, all contribute to the unique visual 

systems found across the animal kingdom (van den Berg et al., 2020). For instance, the human visual 

system is trichromatic, with three cone types that have photoreceptor sensitivity peaks in blue (short 

wave), green (medium wave), and red (long wave) wavelengths of the visible region of the light 

spectrum (Osorio & Vorobyev, 2008). Most other mammals are dichromats with only two cone types. 

Birds, on the other hand, possess ultraviolet cone sensitivity (can perceive UV) and are tetrachromats 

(Osorio & Vorobyev, 2005; 2008; Osorio & Cuthill, 2015), while most insects have UV, blue, and 

green receptors (though the number of photoreceptor classes can be hugely variable among species, 

with some possessing up to 15) (Song & Lee, 2018).  
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Photoreceptor class, density, and sensitivity are particularly important for chromatic (colour) and 

achromatic (luminance) visual processing, as well as the perception of spatial information (patterns). 

Chromatic perception (hue and saturation) enables the detection of spectral information, that is, 

differences in light spectra (independent of intensity) owing to the stimulation of at least two different 

photoreceptors with divergent spectral sensitivities (van den Berg, 2020). Colour vision therefore 

permits the discrimination of objects and surfaces based on their chromatic aspect (Osorio & 

Vorobyev, 2005). More specifically, it is thought that colour vision is optimally tuned to the detection 

of larger objects, as well as short-distance recognition (Jones & Osorio, 2004; Osorio & Vorobyev, 

2005; Olsson et al., 2018). Conversely, luminance (light intensity) vision enables the perception of 

brightness and lightness, and is thought to be important for the detection of more detailed spatial 

information, such as motion, shape, texture, and pattern, and may mediate long-distance recognition 

(Osorio et al., 1999a; Osorio, Vorobyev, & Jones, 1999b; Osorio & Vorobyev, 2005). Chromatic and 

achromatic signals are therefore likely to be used in separate visual tasks, though the relative 

importance of each to background matching is unclear. Some studies have suggested that luminance 

may be a more critical cue than colour in terms of background matching since, as mentioned above, 

it is assumed that predators rely on achromatic contrast to discriminate small objects and resolve finer 

spatial details, such as patterns (Osorio et al., 1999a; Jones, & Osorio, 2004; Stuart-Fox, Whiting, & 

Moussalli, 2006; Kang, Kim, & Jang, 2016). Other studies, however, indicate that both chromatic and 

achromatic information are equally important, and the combination of these cues aids in visual 

discrimination (e.g., Stobbe, Dimitrova, Merilaita, & Schaefer, 2009). Perhaps the relative 

importance of these visual characteristics for background matching differs between species and 

ecological context (Stuart-Fox et al., 2006).  

The functional significance of background matching has been demonstrated in both natural and 

artificial systems (e.g., Bond & Kamil, 2002; Merilaita & Dimitrova, 2014; Stevens et al., 2015; Xiao 

& Cuthill, 2016; Michalis et al., 2017; Price et al., 2019). The most famous example of background 

matching is perhaps the peppered moth, Biston betularia. This species exists as two different coloured 

morphs: typica, with pale wing colouration and carbonaria, the dark melanic form. The adaptive 

significance of this dimorphism in relation to background matching was first demonstrated in studies 

by Kettlewell (1955, 1956). He found that typica had a selective advantage in unpolluted woodland 

areas where lichen-covered trees were common and effective substrates for concealment, whilst 

carbonaria had greater survival in polluted areas where lichen was replaced with soot particulates. 

Evidence of the adaptive value of this camouflage system was more recently presented by Walton & 

Stevens (2018), who further quantified the level of background matching of B. betularia against its 
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different substrates through avian vision models and image analysis, and related this directly to 

survival against avian predators in controlled field experiments with realistic models. The adaptive 

value of background matching has also been demonstrated in Peromyscus polionotus mice which 

show colour polymorphism across different geographic locations; inland populations have a dark-

brown or fawn pelage that were shown to provide better concealment against the agricultural fields 

they inhabit, while the coastal populations have a much paler pelage which offer greater background 

matching against their sand dune habitats (Vignieri et al., 2010).  

The North Island lichen moth, Declana atronivea, is so named because upon looking at the 

intricate black and white forewing patterns one can’t help marvel at the striking resemblance to lichen 

(Figure 2.1). This resemblance is such that, to the untrained human eye, D. atronivea resting on 

lichen is virtually indistinguishable from its background substrate (pers. obs., Figure 3.1). The 

previous chapter investigated this resemblance in terms of element imitation masquerade, 

hypothesising that D. atronivea colouration promotes misidentification by predators through 

disguising the moth as a distinct patch of lichen (Mark, Painting, O’Hanlon, & Holwell, 2021). 

Evidence from laboratory experiments using naïve and experienced domestic chicks (Gallus gallus) 

as predators suggested that this was not the case; in the absence of a lichen background, D. atronivea 

do not benefit from element imitation masquerade as a camouflage strategy. This result presented 

some important outstanding questions; namely, whether such lichen resemblance may instead 

function as a form of crypsis through background matching, and if so, whether D. atronivea might 

then also gain protection from element imitation masquerade if in proximity to a matching lichen 

background. The current study thus follows on from the previous masquerade experiment and aims 

to assess the relative contribution of background matching and element imitation masquerade to the 

antipredator defence of D. atronivea. Empirical evidence for the functional significance of these 

different camouflage mechanisms in this species was obtained from field predation experiments using 

moth models based on the actual colour patterns of D. atronivea as calibrated through avian vision. 

To assess the selective advantage of background matching and element imitation masquerade in  

D. atronivea, models were placed on either lichen substrates, near lichen substrates, or on plain bark 

backgrounds on trees with no lichen. It was predicted that if the colour patterns of D. atronivea 

function to provide concealment through background matching, then models placed on lichen should 

be attacked less often than the other treatments. Furthermore, if D. atronivea also benefit from 

element imitation masquerade, then models placed near lichen should also have a survival advantage 

compared to the bark treatment. A further aim for this study was to objectively quantify the 

occurrence and degree of background matching in D. atronivea using calibrated digital photography, 
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receiver vision models, and quantitative image analysis techniques. By measuring the colour, 

luminance, and pattern properties of the moths in conjunction with different background substrates 

as modelled under avian vision, I was able to estimate how D. atronivea appear against natural 

backgrounds to an ecologically relevant visual system. It was predicted that if the colouration of  

D. atronivea has an adaptive function for background matching on lichen, then the colour, luminance, 

and pattern contrasts between moth and background should be lowest on the lichen substrates, thus 

providing greater background matching, as compared to the plain bark backgrounds. This research is, 

to my knowledge, one of only two studies that integrate vision modelling, image analysis techniques, 

and predation experiments using realistic models to objectively quantify the level and functional 

significance of background matching colouration in a real moth species (Walton & Stevens, 2018), 

and the first study to examine the interrelation between background matching and element imitation 

masquerade in a natural context.  

 

 

Figure 3.1. To the untrained human eye, D. atronivea resting on lichen is virtually indistinguishable from its background. 
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3.3 Methods 

3.3.1 Field Survival Experiments with Artificial Models 

Field predation experiments were carried out using paper moth models to examine the potential 

survival benefit of background matching and element imitation masquerade in D. atronivea. The 

artificial models represented a natural (unmanipulated) D. atronivea specimen and were placed on 

three different backgrounds: lichen, bark, and near lichen (i.e., on bark but in close proximity to a 

lichen patch). Lichen patches consisted of various assemblages that primarily included Parmelia, 

Parmotrema, Flavoparmelia, and Hypotrachyna species.  

Developing the Artificial Models 

The models were produced from a photograph of a single, fresh, intact specimen using Adobe 

Photoshop (ver. 22.4.2). As D. atronivea can be highly variable in their wing colour pattern, 

geometric-morphometric analysis was first used to determine which specimen best represented the 

‘average’ of the population (see Section 5.3.1 and Figure 5.4 for more detail). This allowed me to 

control for this variation while keeping the colour patterns within a natural range. To ensure that the 

resulting artificial models were appropriately calibrated to bird vision and reflected as close to real 

D. atronivea as possible (Merrill et al., 2012), spectrophotometry was then used to quantify the wing 

colouration of the moth. Spectral reflectance values of D. atronivea wing colour patterns were 

measured using the Ocean Optics USB2000+ spectrometer with a PX2 (Pulsed Xenon Lamp with a 

wavelength range of 220-750 nm) light source fitted with a Lab-grade Reflection Probe (numerical 

aperture of 0.22 ± 0.02; Ocean Optics, FL). The probe was fitted into a RPH Reflection Probe Holder 

(Ocean Optics, FL) such that illumination and detection of reflected light were performed 45 degrees 

to the surface of the wing. A white Spectralon standard (99% reflectance; Labsphere) was used to 

calibrate the spectrometer. Spectral measurements were taken from three randomly positioned points 

per colour patch (white, black, and grey-brown) on the forewings of five male and five female D. 

atronivea moths. From these, an average reflectance was obtained which was used to generate 

reflectance curves for each colour. Preliminary analysis of the reflectance curves revealed that the 

white wing scales of D. atronivea reflect in the UV part of the spectrum. As such, I removed the white 

pixels from the models using Adobe Photoshop (ver. 22.4.2) to render the white sections transparent 

so that only grey-brown and black colour patches were printed directly onto white UV reflecting 

paper. To ensure the spectral output of the printing paper was matched closely to that of the white 

wing scales, I sampled reflectance measurements across a range of paper brands. Spectra were taken 
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from three randomly positioned points on a representative piece of each paper brand and the average 

was used to generate reflectance curves for each type. Measurements were also taken after applying 

a layer of Plasti-Kote Clear Acrylic spray paint. Acrylic spray is often used to make artificial models 

waterproof (Finkbeiner, Briscoe, & Reed, 2012; Walton, & Stevens 2018), and it did not affect the 

spectral profile of the papers.  

The spectral data were analysed in the ‘R’ package, ‘PAVO’ (Maia, Gruson, Endler & White, 

2019), allowing me to compare the reflectance curves of the different paper types to that of the white 

wing scales. Colour distances and just noticeable differences (JNDs) (as modelled through bluetit 

(Cyanistes caeruleus) vision) were also calculated for these comparisons. From these analyses, I was 

able to confirm that Whatman Filter Paper was the closest match to the white wing patches (Figure 

3.2), being within the conservative threshold of three JND and thus likely not discernible by avian 

vision as being different to the actual moths. This corresponded to what has been found in other 

studies (Finkbeiner et al., 2012; Walton & Stevens, 2018). 

The ink for the black and grey-brown wing colour patches was calibrated in an iterative process 

by printing the models onto the Whatman filter paper using different tones of the coloured inks and 

measuring and comparing the spectra as described above. 

 

Figure 3.2. Reflectance spectra comparison of Whatman Filter Paper and D. atronivea white wing patches. Shaded areas 

indicate standard deviation of mean spectral reflectance. 
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Creating the Models 

The models were scaled to match the average size of real D. atronivea specimens (22 mm resting 

wingspan as calculated from n = 30 moths) and then printed at 1200 dpi using a RICOH MP C4504 

colour laser printer onto Whatman filter paper (No.1 12.5 cm) that had been glued to standard white 

A4 card. The models were made waterproof by coating them with Plasti-Kote Clear Acrylic spray 

paint. Moth bodies were made using pastry: an edible, non-toxic mixture of lard and plain flour in a 

1:3 ratio. They were rolled into small cylinders approximately 15 mm long and left to freeze 

overnight. Once hardened, a small pin was placed through the bodies and then glued to the paper 

models using non-toxic PVA glue. The moth bodies were small enough that they were only just 

visible beneath the model so as to not present a salient target that may inadvertently attract avian 

predators, while still providing space for attack marks to be observed.  

Field Survival Experiments 

The paper models of D. atronivea were used to determine the survival rate of the models on 

different backgrounds against avian predators in a field predation experiment. The experiment was 

conducted at two locations in West Auckland: Oratia Reserve (36°55'01.3"S 174°36'11.5"E), which 

is a podocarp, broadleaf, and kauri forest; and Matuku Reserve (36°51'40.3"S 174°28'55.8"E), which 

is predominately a lowland broadleaf and kanuka forest with ridges of emergent tanekaha and kauri. 

These sites were selected for their native forest habitats, populations of native insectivorous birds (tui 

(Prosthemadera novaeseelandiae), pīwakawaka (New Zealand fantail - Rhipidura fuliginosa), and 

miromiro (North Island tomtit - Petroica macrocephala)), and abundance of foliose lichen (including 

Parmelia, Parmotrema, Flavoparmelia, and Hypotrachyna species). The survival data for this 

experiment was collected in January 2021 to coincide with the active season of D. atronivea. The 

experiments at each site were carried out over separate weeks. A sampling transect was established 

at both locations, running approximately 200 m long and 40 m wide. A total sample of 150 models 

were placed over two blocks at each site, with 25 replicates pinned on each substrate type (lichen 

patches, off-lichen patches, or plain bark) per block, placed on individual tree trunks that were at least 

5 m apart. Patches of foliose lichen measuring at least 5 × 5 cm in area were selected for the lichen 

treatment to ensure that the models were encompassed within the substrate (Figure 3.3, A). For the 

off-lichen treatment, the models were placed on bark but approximately 5 cm away from a lichen 

patch (Figure 3.3, B). The criteria for the plain bark treatment were that the substrate only consisted 

of bark and the tree was devoid of any moss or lichen elements (Figure 3.3, C). The placement of the 

models on the trees was randomised so that they were pinned at different heights and compass 
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directions. This was to standardise for the irregular occurrence and positioning of foliose lichen on 

the trees. Care was taken to ensure all models were pinned in the same orientation, at 0° of the vertical 

plane. Models were chosen at random when pinning to avoid any selection bias and were designated 

an individual ID (substrate type and replicate number) for ease of monitoring. Pinning height, 

compass direction, and tree type were also recorded. Models were checked at three different time 

intervals (24, 48, and 72 hours) for any evidence of predation and any clear indication of avian attack 

(i.e., visible beak marks, part or all of the body missing, or wings partly or entirely removed) was 

recorded. For statistical analysis, the results were subsequently censored as 1 for ‘attacked’ and as 0 

if the models ‘survived’ until the end of the experiments (at 72 hours). 

 

Figure 3.3. Placement of the artificial moth models for the (A) lichen treatment, (B) off-lichen treatment, and (C) bark 

treatment. The bark backgrounds for the off-lichen and bark treatments were randomised to account for variation in the 

native tree species’ assemblages within the field sites.  

Survival Analyses 

The predation data was analysed in ‘R’ using a Cox proportional hazards regression model 

(‘coxph’ function in the ‘survival’ package (Therneau, 2021)). This analysis allows us to compare the 

‘hazards’ or ‘risks’ of different treatment groups to a particular event, which in this case is the 

predation risk (or risk of attack) over time for the models placed on lichen, off-lichen, or bark 

substrates. The time to attack (recorded as 24, 48, or 72 [hours]) and the risk of attack (with data 

censored either 1 or 0 as described above) were the response variables, with treatment (background 

type), block number (1 or 2), and location (Oratia or Matuku) as the predictor variables. The resulting 

Wald statistic was used to assess statistical significance. The exponentiated coefficients of the 

covariates explained the hazard ratios (or effect sizes), and the regression coefficients denoted 

whether the hazard (risk of attack) was higher (positive value) or lower (negative value) for each 

variable. Pairwise comparisons using the Log-Rank test were computed using the ‘pairwise_survdiff’ 
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function of the ‘survival’ package. Survival estimates of the different treatments were derived from 

the ‘survfit’ function and subsequently used to produce a plot of survival curves.  

3.3.2 Colour Analyses  

Calibrated digital photography and image analysis techniques were used to objectively quantify 

the level of background matching in D. atronivea moths. By measuring the colour and pattern 

properties of the moths in conjunction with different background substrates as modelled under avian 

vision, I was able to estimate how D. atronivea appear against natural backgrounds to an ecologically 

relevant visual system. This provides a perspective for understanding the function of the colouration 

in this species.  

Study Site and Image Acquisition 

Digital photographs of D. atronivea moths were taken on the bark of native trees (kohekohe, 

Dysoxylum spectabile; kowhai, Sophora microphylla; puriri, Vitex lucens; taraire, Beilschmiedia 

taraire; titoki, Alectryon excelsus; totara, Podocarpus totara) and on lichen substrates that were found 

on kauri (“kauri-lichen”, which primarily consisted of a mixture of Parmotrema, Hypotrachyna, 

Heterodermia species) and titoki (“titoki-lichen”, including species of the Parmelia, Flavoparmelia, 

and Punctelia genera) located in the grounds of The University of Auckland (between 36°50'59.0"S 

174°46'10.2"E and 36°51'00.0"S, 174°46'16.0"E) during January 2020. These substrates were 

selected because they were found to be common in the forests of Oratia and Matuku reserves where 

the field-predation experiments took place. The species variability of the lichen substrates also 

reflects the natural assemblages found in those forests. Photographs were captured during the day and 

under cloudy conditions to ensure more even and diffuse lighting.  

To avoid the risk of moths moving or flying away during photography, I used dead specimens 

that had previously been dried out into a natural resting position. The moths were mounted onto pins 

for ease of placing them on the various background substrates. Specimens were prepared in this way 

by gluing the underside of the body to a small square of cardboard which was then glued to the flat 

head of a sturdy dressmaker pin. For ease of pinning the moths to each background, I pre-emptively 

pierced a small hole into the substrates using a thumbtack before placing the mounted specimen pin 

in the hole. This also prevented any damage to the specimen by trying to force the pins into the bark. 

All moth specimens were photographed on the same individual tree of each tree species. Care was 

taken to ensure the specimens were all pinned at the same orientation (0° of the vertical plane), though 

the position of the specimens on each substrate was randomised in terms of height and placement 
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around the tree trunk so that the images did not represent the same patch of background. All photos 

were taken at a distance of 0.5 metres from the substrate. A white Spectralon standard (99% 

reflectance; Labsphere) attached to a scale bar was placed at the side of each photo.  

Acquisition of digital images was carried out following the protocols described in Troscianko & 

Stevens (2015) and corresponding Image Calibration and Analysis Toolbox user guide. Photographs 

were taken on a Sony A7 DSLR fitted with a Nikon El-Nikkor 80 mm enlarging lens and attached to 

a tripod. The camera was modified through quartz conversion to allow for full-spectrum sensitivity 

(Nikon on Broadway, NSW, Australia), including UV wavelengths important for avian vision. The 

spectral sensitivities of the camera are as follows: UV: 340–400 nm (peak 380 nm), SW: 410–550 

nm (peak 460 nm), MW: 420–630 nm (peak 540 nm), LW: 570– 690 nm (peak 650 nm). Two sets of 

images, photographed in RAW format, were taken for every specimen and background combination: 

one using a visible pass filter (Baader UV/IR Cut filter) which blocks UV and infrared wavelengths 

allowing for only human-visible images; and another using a UV pass filter (Baader Venus U filter) 

which allows only the transmission of UV wavelengths (300-400 nm) for the acquisition of UV 

images. Xume magnetic lens adapters were attached to the camera lens and the two filters to allow 

for easier transition between the filters during photography. Exposure bracketing was used to obtain 

the best exposure for the images. 

Image Processing and Vision Modelling 

Visual modelling and analysis of the images were conducted using the open-source Multispectral 

Image Calibration and Analysis (MICA) toolbox (Troscianko & Stevens, 2015) and the integrated 

Quantitative Colour Pattern Analysis (QCPA) Framework (van den Berg et al., 2020) for ImageJ (ver. 

1.5.3; Schneider, Rasband, & Eliceiri, 2012). Images were first screened to check for overexposure 

and then a RAW image in both the visible and UV spectrum for each specimen and background 

combination were selected for the following image processing and analyses. Each pair of photographs 

were then converted into a multispectral image, which consists of a stack of images captured at 

different wavelengths (Troscianko & Stevens, 2015). This generated five image channels 

corresponding to long wavelength (LW), medium wavelength (MW), and short wavelength (SW) 

(i.e., the visible red (vR), green (vG), and (vB) blue acquired through the visible pass filter), and UV 

(ultraviolet red (uR) and ultraviolet blue (uB) from the UV pass filter). Regions of interest (ROIs) 

were then selected for measurement, using the polygon tool to carefully draw around the outline of 

the moth ROI and then the rectangle tool to specify the background ROI. As the moth was centred in 
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the image it was initially encompassed within the background region, so the XOR function was used 

to exclude the moth from the background ROI.  

To objectively assess the colour pattern properties of D. atronivea, each multispectral image was 

converted to animal-vision cone-catch quanta. Cone-catch images are based on the spectral 

sensitivities and photoreceptor responses of a particular visual system. As D. atronivea reflect in the 

UV, it was important to model a receiver with the correct spectral sensitivities. Unfortunately, there 

are currently no complete vision models for New Zealand passerines, and the retinal properties of 

relevant avian predators of D. atronivea, such as tui (P. novaeseelandiae) and pīwakawaka (R. 

fuliginosa), are unknown. However, photoreceptors and spectral sensitivities of birds tend to be 

phylogenetically conserved (Hart, 2001), so here I modelled the visual system of the bluetit 

(Cyanistes caeruleus) as a proxy for native avian predators. 

Image Analyses 

Background Matching: Colour and Luminance Discrimination  

I used the receptor noise-based visual discrimination model to quantify the level of chromatic 

and achromatic distinguishability between the moths and different background substrates (Vorobyev 

& Osorio, 1998). This model predicts the perception of contrast between the ROIs based on the 

respective signal to noise ratios of each channel under the bluetit visual system by reconstructing the 

colour distances (ΔS) between the two spectra (Troscianko & Stevens, 2015; Price et al., 2019). The 

output is a calculation of ‘just noticeable difference’ (JND), where values less than one are considered 

indiscriminable and values above three suggest the ROIs can be easily discriminated and thus indicate 

a low level of background matching (Siddiqi, Cronin, Loew, Vorobyev, & Summers, 2004; 

Troscianko & Stevens, 2015).  

To account for the spatial resolution of the receiver, cone catch images were first run through 

Gaussian Acuity Control using a spatial acuity value of 6 cycles per degree (CPD) and rescaled to 5 

px per minimum resolvable angle (MRA). This was done for the whole image (i.e., not the separate 

ROIs) and was run separately for viewing distances of 500 mm and 1000 mm (0.5 and 1 metre). 

Acuity control effectively removes any information that would not be available to bluetits viewing 

the scene at each set distance. As the digital photos of the moths on the different tree substrates were 

taken at 0.5 metres away, it was important to control for the bluetit’s visual acuity at this distance; 

however, I was also interested in comparing how the available spatial information might change when 

this distance was doubled (1 metre).   
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Colour and luminance measurements of each ROI were then run on the acuity-controlled images, 

with luminance based on the bluetit double cone channel. JND values were subsequently calculated 

for the chromatic and achromatic contrasts between the moths and backgrounds across the two 

viewing distances. The chromatic and achromatic JND values were analysed as separate metrics in 

subsequent statistical analyses.  

Background Matching: Pattern 

Background pattern matching was quantified via a similar protocol as described above, though 

an additional granularity analysis was performed. This type of analysis is based on early-stage spatial 

filtering and low-level neuro-physiological image processing (Troscianko & Stevens, 2015) and has 

been widely used for measuring animal markings, such as in cuckoo-host eggs (Spottiswoode & 

Stevens, 2010; Stoddard, Hogan, Stevens, & Spottiswoode, 2019), fish (Watson, Siemann, & Hanlon, 

2014; Tyrie, Hanlon, Siemann, & Uyarra, 2015), and cephalopods (Hanlon et al., 2009). During 

granularity analysis, Fast Fourier Transform bandpass filtering is applied to each image, resulting in 

the image being filtered across a ‘granularity spectrum’ of multiple spatial frequency scales. The 

pattern ‘energy’ of the image is measured at each scale as the standard deviation of the pixel values 

(Price et al., 2019). The measurement scale used here was a step multiplier of two, beginning with 

two pixels and ending at 1200 pixels. The resulting data was used to directly compare the pattern 

energy difference between the moth and background ROIs using the ‘pattern energy difference’ 

(PED) calculator within the MICA toolbox, giving a measure of background pattern matching. Pattern 

energy difference is a value of absolute difference between the pattern spectra of the two ROIs across 

all spatial scales. Low values indicate similarity in pattern energy between the moths and respective 

backgrounds, suggesting a greater level of background pattern matching than higher values. Overall, 

a PED value for each moth on each background at each of the viewing distances was derived from 

the granularity analysis.  

Statistical Analysis 

Colour JND, luminance JND, and PED data were all separately analysed in 'R' (ver. 4.1.0; R Core 

Team, 2021) using a linear mixed-effects model (lmer function of the lme4 package (ver. 1.1-27.1; 

Bates, Mächler, Bolker, Walker, 2015) and lmerTest package extension for obtaining p-values (ver. 

3.1-3; Kuznetsova, Brockhoff, & Christensen, 2017)). This model was chosen to account for the 

repeated measurements on each individual moth as a random effect, and using background, viewing 

distance, and visual perception as fixed effects. For each of the camouflage metrics, the model was 
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performed in a stepwise manner to determine which fixed effects or combination of fixed effects 

presented the greatest predictive power for that model. The initial model always included the 

interaction term (i.e., background * distance) and was then compared to a model without the 

interaction term (background + distance) using a likelihood ratio test (LRT) for significance testing 

(using the generic anova function where test = “LRT”). If the LRT p-value was non-significant then 

it was determined that the interaction term did not improve the predictive power of the model and 

could be removed. Further iterative comparisons between the new full model (including all fixed 

effects) and reduced models (where the variables were removed one at a time) determined whether 

the removal of these terms decreased the predictive power of the model. Once the parameters for the 

models were determined, post-hoc tests of multiple comparisons were conducted using the emmeans 

function of the emmeans package (ver. 1.6.2-1; Lenth, 2021). This function obtained the estimated 

marginal means (or least-squares means) of the model factors, allowing for pairwise comparisons 

between the levels of the fixed effects.  

3.4 Results 

3.4.1 Predation Experiments 

Survival of the moth models was measured over 72 hours across the two study sites. The initial 

Cox proportional hazards model revealed no significant (2- or 3-way) interaction between location, 

block, and background substrate (all p-values>0.1), so the interaction terms were removed from the 

model. A second model with all terms as main effects showed that location and block were not 

significant (location p =0.106; block p =0.1) so they were also removed from the model. The final 

Cox proportional hazards model was run with only treatment as the main effect, which was found to 

be statistically significant (overall model Wald test = 6.31, d.f = 2, p=0.04). Models placed on the 

bark backgrounds were predated at a significantly higher rate compared to those on lichen (p = 

0.0121) (Figure 3.4). Overall, the regression coefficients of the model indicate that both lichen (coef 

= -0.5487) and off-lichen (coef = -0.2448) presented a lower risk of predation compared to those on 

bark. The effect size or hazard ratio, as determined by the exponential coefficients, show that lichen 

backgrounds reduced the risk of predation by a factor of 0.57, or 43%, compared to bark, while the 

off-lichen backgrounds reduced the hazard by only 0.78, or 22%. There was, however, no overall 

significant difference in predation rate between off-lichen and bark (p = 0.2294), or off-lichen and 

lichen (p = 0.1775). 
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Figure 3.4. Survival curves of moth models on the bark (solid purple line), lichen (dashed orange line), and off-lichen 

(dashed blue line) backgrounds. The curves represent the probability of surviving predation by avian predators as a 

function of time and are based on Kaplan-Meier survival estimates that account for censoring due to survival to the end 

of the study. Overall, models on bark had significantly lower survival (0.48 ± 0.0500) compared to those on lichen  

(0.65 ± 0.0477) (p = 0.0121) at the end of the 72-hour period, whereas the survival rate of off-lichen (0.55 ± 0.0497) did 

not differ significantly from bark (p = 0.2294) nor lichen (p = 0.1775).  

3.4.2 Colour Analyses 

Colour and Luminance Matching 

For assessing the colour (chromatic) and luminance (achromatic) match between the moths and 

the backgrounds, I obtained discrimination metrics known as just noticeable difference (JND) values. 

These values determine the deviation or ‘distance’ between the moths and the different substrate types 

in colour space as measured through the bluetit vision model. JND values <1 are considered 

indistinguishable, while values >3 suggest the different spectra are increasingly more discriminable 

and thus indicate a low level of background matching (Siddiqi et al., 2004; Troscianko & Stevens, 

2015). Here I used a conservative threshold of 3 JND (and below) to describe spectra that are likely 

not distinguishable by avian vision.  

Chromatic Matching 

The level of chromatic matching, as based on the colour JND values, was significantly predicted 

by background type, but there was no effect of viewing distance nor any significant interaction 
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between background type and viewing distance. This is displayed graphically in Figure 3.5. Bark of 

kowhai was found to be significantly different to all other background types (all p-values < 0.005), 

and interestingly, was the closest chromatic match to the moths (mean JND ± standard error = 2.09 ± 

0.091). Such low chromatic differences suggest that moths resting on this background substrate would 

not be easily distinguishable to avian predators under the current vision model. Lichen-titoki was the 

next closest chromatic match (mean JND = 3.63 ± 0.245) and was significantly different to kohekohe 

(p = 0.0093), kowhai (p = 0.0056), lichen-kauri (p< 0.001), and totara (p< 0.001). The poorest colour 

match (with the highest JND values) was on totara bark (mean JND = 7.44 ± 0.249), closely followed 

by the lichen-kauri substrate (mean JND = 6.79 ± 0.527). These two backgrounds were significantly 

different to all other substrates (all p-values < 0.0001) apart from each other (p = 0.7645). Both lichen-

kauri and titoki bark presented quite large confidence intervals (95% CI = 1.10, and 0.976, 

respectively). Overall, colour background matching was only ‘good’ on the kowhai substrate, with 

all other backgrounds presenting levels of chromatic contrast that cause the moths to be easily 

distinguishable under the bluetit vision model.  

 

 

 

 



68 

 

 

Figure 3.5. Chromatic (colour) discrimination values (JNDs) for moths on the different background substrates as 

modelled under bluetit vision. Moths placed on kowhai had the lowest JND values (mean JND = 2.09 ± 0.091), suggesting 

that they would be indistinguishable from the background under the current avian vision model. All other substrates 

presented poor colour matches to the moths, particularly totara (mean JND = 7.44 ± 0.249) and lichen-kauri (mean JND 

= 6.79 ± 0.527). Boxplots show median values (middle line), interquartile range (box), and the range values including 

some outliers (dots). 

Achromatic Matching 

There was a significant effect of background type and viewing distance on luminance JND, 

though the interaction term between these variables was not significant. The variation in JND values 

across the background types was ineffably large (Figure 3.6), especially compared with the colour 

comparisons, and none of the substrates produced a reasonable achromatic match (all above 3 JND), 

suggesting the moths are clearly distinguishable on all backgrounds when it comes to luminance. The 

‘closest’ luminance matches, however, were from moths placed on lichen-kauri (mean JND = 6.31 ± 

0.766) and lichen-titoki (mean JND = 6.99 ± 0.473). Luminance JND values of moths on these 

backgrounds did not differ from one another (p = 0.99), nor were they significantly different to puriri 

(both p-values>0.83). Moths on lichen-titoki were statistically similar to kowhai bark (p = 0.2347) in 

terms of luminance JND, but lichen-kauri and kowhai differed (p = 0.0338). There were significant 

differences in luminance JND between the two lichen substrates and the rest of the bark background 

types (all p-values <0.004). Moths on titoki bark had the highest JND values (mean JND = 28.3 ± 
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0.602) followed by taraire (mean JND = 16.9 ± 0.645) and both showed the greatest difference from 

all other substrates (all pairwise contrast p-values <0.001). Luminance JND was also found to be 

influenced by viewing distance, irrespective of background, with mean JND values at 0.5 metres 

(12.7 ± 0.831) differing significantly from that at 1 metre (11.6 ± 0.809) (p=0.0082) (Figure 3.7).  

 

Figure 3.6. Achromatic (luminance) discrimination values (JNDs) for moths on the different background substrates as 

modelled under bluetit vision. All moth and background combinations presented poor achromatic matches (all above 3 

JND), suggesting that D. atronivea would be easily distinguishable from the substrates under the current avian vision 

model. Moths on lichen-kauri and lichen-titoki had the lowest JND values (mean JND = 6.31 ± 0.766 and 6.99 ± 0.473, 

respectively), and titoki presented the highest JND values (mean JND = 28.3 ± 0.602). Boxplots show median values 

(middle line), interquartile range (box), and the range values including some outliers (dots). 
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Figure 3.7. Luminance JND values at 0.5 metre (12.7 ± 0.831) and 1 metre (11.6 ± 0.809) viewing distances were 

significantly different, suggesting an effect of spatial acuity on luminance perception. Boxplots show median values 

(middle line), interquartile range (box), and the range values including some outliers (dots). 

Pattern Energy Difference 

Pattern energy difference (PED) values obtained from the granularity analysis were used to assess 

the degree of background pattern matching between moths and the various substrates at the different 

viewing distances. This camouflage metric measures the absolute difference in pattern spectra 

between respective samples at various spatial scales. Patterns which display similar energy across 

these spatial scales will have lower PED values, indicating a closer degree of background pattern 

matching. There was found to be significant main effects of background type and viewing distance 

on PED, but no interaction effect between the two terms. This suggests that the level of background 

pattern matching is dependent on the substrate the moths are viewed on and the distance they are 

viewed from (i.e., the spatial acuity of the receiver), however, viewing distance does not influence 

the effect of background on PED and vice versa.   

The closest pattern match to the background (with the lowest PED values) was found in moths 

placed on the two lichen substrates (lichen-kauri PED = 0.033 ± 0.003, and lichen-titoki PED = 0.033 

± 0.003) (Figure 3.8). The PED of moths on these backgrounds did not differ from one another  
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(p = 1) but were significantly different to all other bark background types (all p-values <.0001) which 

presented much higher PED values (taraire PED = 0.049 ± 0.003; puriri PED = 0.05 ± 0.004; 

kohekohe PED = 0.052 ± 0.004; kowhai PED = 0.053 ± 0.003; totara PED = 0.053 ± 0.004; titoki 

PED = 0.056 ± 0.004). There were no significant differences in PED values between the rest of the 

bark backgrounds (all p-values>0.5). Overall, this indicates that D. atronivea moths have much 

greater background pattern matching to lichen substrates than bark. Regarding viewing distance, PED 

values were significantly lower at 1 metre (0.035 ± 0.001) compared to 0.5 metres (0.059 ± 0.002)  

(p <.0001; Figure 3.9), suggesting that visual acuity may be an important factor for the degree of 

background pattern matching in D. atronivea in terms of how the patterns are perceived by avian 

predators.  

 

Figure 3.8. PED values for moths on the different background substrates. Lower values indicate a closer match and thus 

better background pattern matching. Here, moths had the lowest PED values on the two lichen substrates (both PED ± se 

= 0.033 ± 0.003), while all of the bark substrates presented significantly higher differences in pattern energy, suggesting 

much better background pattern matching on lichen compared to bark backgrounds. Boxplots show median values (middle 

line), interquartile range (box), and the range values including some outliers (dots). 
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Figure 3.9. PED values were significantly higher at 0.5 metre (0.059 ± 0.002) than 1 metre (0.035 ± 0.001) viewing 

distances were significantly different, suggesting a possible effect of spatial acuity on pattern perception. Boxplots show 

median values (middle line), interquartile range (box), and the range values including some outliers (dots). 

3.5 Discussion 

The results from the field predation experiments show that the moth models placed on lichen 

substrates were attacked less often than those placed on the bark backgrounds, which is consistent 

with my prediction that the colour patterns of D. atronivea provide a survival advantage against avian 

predators through background matching. Furthermore, it was found that the models placed near lichen 

survived at an intermediate rate, albeit were not significantly different from either of the other 

treatments, but this may suggest that D. atronivea gain additional benefits from element imitation 

masquerade when in proximity to matching lichen backgrounds. Interestingly, the quantification of 

colour and luminance contrasts was not consistent with the survival data; under both camouflage 

metrics, D. atronivea moths were above the threshold of discrimination for bluetits on nearly all 

backgrounds, including the lichen substrates. This indicates poor background matching for colour 

and luminance on lichen, which contrasts with the results of the predation experiments. Conversely, 

the pattern contrast data shows that D. atronivea have much lower pattern energy differences on 

lichen compared to the bark substrates, indicating better background matching with lichen under this 

camouflage metric. Considering the survival experiments and image analysis data together, the results 
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seem to suggest that chromatic and achromatic cues are perhaps not as important for providing 

protection to D. atronivea through background matching. Rather, the reduction in pattern contrast 

that occurs when these moths settle on lichen is what provides them with a survival advantage. 

Declana atronivea models placed on lichen had a 43% higher overall survival rate compared to 

those placed on the bark backgrounds. The greater level of predation on the bark background 

treatment indicates that the models were more easily detected on this substrate, whereas being on 

lichen significantly reduced model conspicuousness to native avian predators. Given that the moth 

models had the exact same colouration and only differed in their background, it can be inferred that 

the survival advantage of the lichen treatment is due to similarity between the models and lichen 

substrates. This data therefore provides empirical support for the hypothesis that D. atronivea 

colouration is adapted for background matching on lichen. Similar differential survival on matching 

and non-matching backgrounds has been demonstrated in the tiger beetle, Chaetodera laetescripta. 

Yamamoto & Sota (2020) found that there was a strong selective advantage for artificial beetle 

models that were placed on colour matching substrates, whereas the models on the non-matching 

backgrounds suffered significantly higher predation.  

The intermediate survival rate of moth models placed near lichen indicates that D. atronivea may 

gain some protection from another form of camouflage in addition to background matching. The 

previous chapter investigated whether the colouration of D. atronivea may function as element 

imitation masquerade. I tested whether the resemblance to lichen promotes misidentification by 

predators through disguising the moth as a distinct patch of lichen, so that while predators may detect 

the moth, they fail to recognise it as prey. The experiment was conducted in an isolated arena and on 

a visually contrasting background to assess the potential function of lichen masquerade in the absence 

of background matching (Mark et al., 2021). We demonstrated that under these conditions,  

D. atronivea does not benefit from element imitation masquerade as a camouflage strategy; however, 

this raised the question of whether the putative masquerade may function when in the vicinity of 

lichen. The current predation experiment presented the opportunity to further investigate this in a 

more natural setting, and thus the off-lichen treatment was included to assess the possibility that  

D. atronivea may benefit from element imitation masquerade when the moth is near a matching 

background. It was found that off-lichen models had an overall survival rate of 55%, suffering an 

intermediate level of predation between bark (survival rate of 48%) and lichen (survival rate of 65%). 

Though there was found to be no statistically significant difference between the off-lichen models 

and the other treatments, the fact that there was a significant difference between the lichen and bark 
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treatments perhaps suggests that this form of protection is secondary to background matching but 

may still confer a fitness advantage compared to moths on the bark of trees with no lichen.  

Background matching and masquerade are two logically distinct mechanisms; the former exploits 

the sensory processes of predators and functions to prevent detection, while the latter exploits the 

predator’s cognitive processes to impede recognition (Skelhorn, 2015). However, these camouflage 

strategies are not necessarily mutually exclusive and often operate in association with one another. 

For example, prey employing element imitation masquerade are often viewed against a background 

of the object they are mimicking and are thus likely to gain additional benefits of crypsis (Skelhorn 

et al., 2010a). As such, element imitators would likely be under greater selection pressure to more 

closely resemble their models (Skelhorn & Ruxton, 2010). Thus, it is possible that the colouration of 

D. atronivea is adapted to exploit both camouflage mechanisms; the cohesion between background 

matching and element imitation masquerade would allow D. atronivea moths to remain undetected 

on lichen but still be moderately protected when near lichen. 

Despite the clear selective advantage of background matching demonstrated through the 

predation experiments, D. atronivea was shown to be a poor chromatic and achromatic match on both 

lichen and bark backgrounds under avian vision modelling. The only exception was the chromatic 

match of moths on kowhai bark, which was below the discrimination threshold of bluetit vision (2.09 

± 0.091 JND). The assessment of these camouflage metrics was thus contrary to my prediction that 

colour and luminance contrasts should be lowest on lichen to reflect the adaptation for background 

matching. Stobbe et al. (2009) found that both achromatic and chromatic cues were important to 

bluetits when visually searching for prey, and the chromatic differences between prey and background 

were particularly important for increasing predation risk. The apparent high saliency of the chromatic 

and achromatic properties of D. atronivea compared with the bark and lichen backgrounds should 

therefore make the moths equally conspicuous to predators on both substrates, yet models placed on 

lichen had significantly higher survival during the predation experiments. This seems to suggest that 

colour and luminance do not accurately predict survival through background matching in this species. 

While resemblance to a given background is important for background matching, an exact colour 

match may not be strictly necessary to reduce the probability of detection (Merilaita & Lind, 2005). 

As such, D. atronivea may only need to approximate the pattern of stimulation of a predator’s 

photoreceptors to attain a level of concealment that confers a survival advantage (Endler, 1978, 1987, 

2012; Endler & Mielke, 2005; Endler, Westcott, Madden, & Robson, 2005; Cuthill, 2019).  
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Numerous studies have shown that background matching may not need to be as accurate to confer 

a survival advantage, particularly when on a visually complex substrate (e.g., Dimitrova & Merilaita, 

2010; Dimitrova & Merilaita, 2012; Xiao & Cuthill, 2016; Hughes et al., 2019; Murali et al., 2021; 

Rowe et al., 2021). This is because increased heterogeneity of substrates can interfere with predator 

perceptual processes. A more complex background composed of many contrasting chromatic and 

achromatic elements, as well as different shapes and spatial frequencies, can increase the noise of the 

visual scene through introducing ‘visual clutter’ (Dimitrova & Merilaita, 2010; Merilaita et al., 2017; 

Xiao & Cuthill, 2016; Rowe et al., 2021). Visually searching for prey is a very demanding perceptual 

task for predators and the addition of such feature congestion from the background can reduce the 

signal-to-noise ratio, thereby increasing the amount of information that needs to be processed and 

potentially relaxing the requirement for more precise background matching (Merilaita, 2003; 

Dimitrova & Merilaita, 2010; Dimitrova & Merilaita, 2012). It is possible that the visual complexity 

of the lichen backgrounds mitigates the poor levels of chromatic and achromatic matching in D. 

atronivea, allowing the moths to have greater survival on these substrates compared to the seemingly 

more homogeneous bark backgrounds, as demonstrated in the predation experiments.  

In contrast to the colour and luminance metrics, background pattern matching appears to be a 

much better predictor of moth survival. The granularity analysis presented pattern energy differences 

between the moths and the backgrounds that were significantly lower on the lichen substrates 

compared to bark, indicating a greater level of camouflage on lichen, which corresponds with the 

field survival data. Lichen presents a more visually complex background than plain bark substrates 

and as such, may be a better match to the intricate wing pattern elements of D. atronivea. Furthermore, 

the combined spatial information of the moth on a lichen background could act to reduce the signal-

to-noise ratio, making it more difficult for predators to visually segment the two stimuli. The 

importance of pattern elements for background matching can be seen in studies which have 

investigated moth behaviour of background choice and body orientation to optimise concealment, 

which have shown that moths orient their bodies to better match the pattern elements of bark 

backgrounds and thus maximize their concealment (Webster, Callahan, Godin, & Sherratt, 2009; 
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Kang, Moon, Lee, & Jablonski, 2012). Pattern matching has similarly been shown to be a significant 

predictor of survival in ground-nesting birds (Troscianko et al., 2016). 

Pattern perception in birds is thought to be mediated by the double cones, so the pattern energy 

difference in this study was quantified using the luminance channel of the bluetit vision model. In 

this way, pattern and luminance perception of D. atronivea colouration by avian predators are likely 

to be connected, which presents a conundrum given that the moths displayed a close pattern match 

with lichen but were achromatically divergent. This may be further evidenced by fact that both 

luminance JND and pattern energy difference were influenced by viewing distance, with overall 

contrasts significantly lower at 1 metre compared to 0.5 metre. This suggests that visual acuity is 

important for the perception of these visual cues; luminance is thought to mediate long-range 

detection (Osorio et al., 1999a; Osorio et al., 1999b; Osorio & Vorobyev, 2005), so perhaps at greater 

distances the moths would appear a better achromatic match to the lichen backgrounds.  Another 

possible explanation for this deviation between luminance and pattern perception is that the colour 

patterns of D. atronivea may actually function to reduce predation via a different perceptual rather 

than background matching. The combination of pattern similarity, high contrast markings, and the 

fact the D. atronivea did not match the chromatic or achromatic properties of either lichen or bark 

backgrounds yet still had a survival advantage on lichen, suggests this species may instead (or perhaps 

additionally) be adopting disruptive colouration as a camouflage strategy (Merilaita & Lind, 2005; 

Robledo-Ospina et al., 2017). Disruptive colouration comprises of typically high contrast markings 

which create false edges and break up surface continuity, thereby hindering detection or recognition 

of animal’s true form. It has been shown to function independently of background matching (Schaefer 

& Stobbe, 2006; Stevens et al., 2006a), so the selection pressure for visual similarity with the substrate 

may be reduced, which may explain the lack of chromatic and achromatic coherence with the lichen 

backgrounds. The contribution of disruptive colouration as a camouflage mechanism in D. atronivea 

is investigated further in the following chapter.  

3.6 Conclusion 

To summarise, D. atronivea colouration confers a significant survival advantage against native 

avian predators when on lichen backgrounds compared to plain bark, with an intermediate level of 

protection gained when near lichen. This suggests that D. atronivea colouration is adapted for 

background matching, but that this species may also benefit from element imitation masquerade when 

in the presence of a matching background. This data was supported by the granularity analysis which 

showed the lowest pattern energy differences between moths and lichen, indicating that the pattern 
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elements of D. atronivea are important for background matching. However, the lack of consistency 

between the survival data and the chromatic and achromatic contrasts on lichen suggests that these 

visual cues do not predict background matching well in this species. Rather, these high contrast 

markings may potentially contribute to camouflage in D. atronivea through disruptive colouration. 

This study is one of the first to integrate vision modelling, quantitative image analysis, and field 

predation experiments using realistic models to objectively quantify the level and functional 

significance of background matching, and presents an interesting system for further investigating the 

interrelation between multiple mechanisms of camouflage.  
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4  
Disruptive Colouration in the 

North Island Lichen Moth 

 

“It is this continuity of surface, bounded by a specific contour or outline, which 

chiefly enables us to recognize any object with whose shape we are familiar.” 

Hugh B. Cott, 1940. 
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4.1 Abstract 

An animal’s outline can be a potent cue to visually hunting predators. While many prey organisms 

may employ background matching to reduce their risk of detection by predators, such characteristic 

features of an animal body plan can limit the efficacy of this crypsis by presenting a clear boundary 

between the target and its background. Disruptive colouration is another form of crypsis which is 

thought to alleviate these constraints and optimise concealment by disguising the body outline. Highly 

contrasting markings, placed either internally or on the periphery, create false edges and act to break 

up surface continuity, giving the impression of distinct and apparently unrelated objects and thus 

hindering detection or recognition of true shape. Disruptive colouration has been demonstrated to 

confer survival advantages in numerous artificial and natural systems, and can function exclusively 

or in conjunction with background matching. The contrasting black and white forewings of Declana 

atronivea have previously been shown to provide a survival advantage against avian predators 

through background matching on lichen. Here, I investigated whether the colour patterns of  

D. atronivea may also be disruptive and tested whether the high contrast marginal markings on the 

forewings promote concealment from predators through edge disruption. The level of edge disruption 

in D. atronivea was quantified across different lichen and bark backgrounds using avian vision 

modelling and the image analysis technique, GabRat, which estimates the ratio of true to false edges 

around the target outline. Field predation experiments with moth models based on the actual colour 

patterns of D. atronivea were also used to assess the functional significance of edge disruption in this 

species. Here I hypothesised that the disruptive marginal markings of D. atronivea would be more 

effective at preventing predation by wild native birds compared to similarly coloured patterns that do 

not overlap the edge margins (i.e., simply background-matching). The results from the colour analysis 

revealed that D. atronivea exhibit intermediate levels of edge disruption on all backgrounds tested 

but were especially disruptive on the lichen substrates. As predicted, this edge disruption conferred a 

significant survival advantage in the field, with the natural edge disruptive models having a much 

greater survival rate compared to all other morphs. Furthermore, this selective advantage persisted 

across both lichen and bark backgrounds, suggesting that the protective value of disruption in  

D. atronivea may be independent of background matching. This study is one of the first to combine 

avian vision modelling, quantitative image analysis, and field predation experiments with realistic 

prey models to objectively quantify the occurrence and adaptive function of disruptive colouration in 

a real moth species. Further research into the contribution of different disruptive mechanisms and the 

interrelation between background matching and disruptive colouration would provide a more 

thorough understanding of camouflage in this species. 
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4.2 Introduction 

Camouflage through background matching is a powerful method for reducing the risk of detection 

by predators and the selective advantage of such visual harmony with the surrounding environment 

has been demonstrated widely across the animal kingdom (e.g., crustacea (Hultgren & Mittelstaedt, 

2015; Stevens et al., 2015), mice (Vignieri et al., 2010), birds (Troscianko et al., 2016), and moths 

(Walton & Stevens, 2018)). However, despite the apparent ubiquity and functional significance of 

this camouflage strategy, the level of concealment that can be achieved through background matching 

alone may be limited. This is because characteristic features and inherent salient signals of an animal 

body plan, such as its outline, can create local discontinuities and visual disparity by forming a clear 

boundary between a prey organism and its background, thereby revealing its presence (Thayer, 1909; 

Cott, 1940). To overcome these limitations and optimise concealment it is therefore necessary to 

prevent the perception of the body outline, or as Cott (1940) described, “… for effective concealment, 

it is essential that the tell-tale appearance of form should be destroyed”. This can be achieved through 

the cryptic strategy of disruptive colouration.  

Disruptive colouration effectively functions by obscuring characteristic features of an animal, 

such as its body outline, by creating false edges or boundaries (Stevens & Merilaita, 2009). Highly 

contrasting markings, placed either internally or on the periphery, act to break up surface continuity 

and give the impression of distinct and apparently unrelated objects, thereby hindering detection or 

recognition of true shape (Thayer, 1909; Cott, 1940; Stevens et al., 2006). Disruptive colouration was 

first alluded to by Poulton (1890), with Thayer (1909) later defining this type of camouflage as 

‘ruptive’ and ‘secant’ patterning. Cott (1940) further developed and formalised the principle, laying 

down the foundations regarding the appearance and apparent function of disruptive colouration 

(Stevens & Merilaita, 2009). Cott (1940) considered disruptive coloration to be, “…perhaps the most 

interesting, and certainly the most important, set of principles relating to concealment”. It has been 

suggested to occur across numerous taxonomic groups, including insects, birds, fish, amphibians, 

reptiles, and mammals (Cott, 1940; Stevens et al., 2006). Accordingly, there has been considerable 

research carried out on this subject, predominantly in artificial systems using human-made targets or 

virtual prey (e.g., Cuthill et al., 2005; Merilaita & Lind, 2005; Schaefer & Stobbe, 2006; Stevens & 

Cuthill, 2006; Stevens et al., 2006; Fraser et al., 2007; Stevens, Winney, Cantor, & Graham, 2009; 

Webster et al., 2013; Egan et al., 2016; Troscianko et al., 2017; Sharman, Moncrieff, & Lovell, 2018).  

 



81 

 

Thayer (1909) and Cott (1940) presented various sub-principles of disruptive theory, which 

Stevens and Merilaita (2009) later reassessed to conform with updated knowledge on the subject and 

reduce conceptual ambiguity. Two primary tenets of disruptive colouration are differential blending 

and maximum disruptive contrast (Figure 1.6, A & B) (Thayer, 1909; Cott, 1940; Stevens et al., 

2006b). The former relates to a body pattern in which some colour patches stand out from the 

background while others blend in (Cott, 1940). The second tenet refers to the incidence of strongly 

contrasting adjacent pattern elements across the body surface, causing these patches to be perceived 

as separate objects (Stevens et al., 2006b). Stevens and Merilaita (2009) further highlighted three 

other sub-principles, derived from Thayer (1909) and Cott (1940), which they consider directly 

relevant to disruptive theory: disruptive marginal patterns (Figure 1.6, C), where markings intersect 

the edge of the body so that a pattern does not conform to its margin, obscuring the boundary between 

animal and background, and creating the illusion of discontinuity; disruption of surface (Figure 1.6, 

D), where markings create false internal edges on the surface of the animal that do not correspond to 

the true outline; and coincident disruptive colouration (Figure 1.6, E), in which patterns extend over 

different parts of the body, masking the outline between them and obscuring conspicuous appendages, 

such as limbs or eyes, that may reveal the animal. One other sub-principle Cott (1940) described was 

that of constructive shading, now defined as edge enhancement, in which contrasting patches of a 

disruptive pattern transition in tone through local luminance gradients at the point of convergence, 

such that light patches are bounded by lighter regions and dark patches are bounded by darker regions. 

Cott (1940) believed this would imitate light over a curved surface, creating a sense of pictorial relief 

and the illusion of depth to disguise the animal’s true shape and dimensions (Henderson, 2021). 

Stevens and Merilaita (2009) argue that such gradual changes in colouration are perhaps 

counterintuitive to disruptive patterns which tend to select for sharp contrasts to create false edges; 

however, there is evidence that edge enhancement also acts to emphasise the false edges within a 

disruptive pattern, creating higher saliency as compared to real edges (Egan et al. 2016).  

These sub-principles of disruptive colouration help achieve the disruptive effect through different 

mechanisms: differential blending and maximum disruptive contrast (and I would argue also edge 

enhancement) function through the chromatic and achromatic elements of the disruptive pattern; 

marginal patterns and coincident colouration deal with the geometry or spatial distribution of the 

pattern elements; and disruption of surface integrates both pattern colouration and geometry (Stevens 

& Merilaita, 2009). These mechanisms are not mutually exclusive and often operate concurrently to 

break up surface continuity, create false contours within the body, and obliterate the animal’s true 

outline (Stevens & Merilaita, 2009).  
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Numerous studies have lent empirical support for these sub-principles and disruptive colouration 

in general (e.g., Cuthill et al. 2005; Stevens et al. 2006a; Schafer & Stobbe, 2006; Fraser et al., 2007; 

Cuthill & Székely, 2009; Egan et al., 2016; Sharman et al., 2018; Sharman & Lovell, 2019). In a 

pioneering field study of disruptive colouration using artificial targets and wild avian predators, 

Cuthill et al. (2005) demonstrated that disruptive marginal markings (those that intersected the edge 

of the target) provided a survival advantage over non-disruptive, internally placed patterns (that did 

not overlap the margin) of equivalent background-matching, especially if the markings were highly 

contrasting. Similar evidence was presented by Stevens et al. (2006a) and Schafer and Stobbe (2006), 

who further found that disruptively coloured targets had greater survival over targets with general 

background-matching (but non-disruptive) patterns. This was especially true if the disruptive 

elements themselves matched the colour of the background to some degree, suggesting an effect of 

differential blending, though disruptive patterns still provided effective camouflage independent of 

background colour matching. Interestingly these disruptive effects may be compromised when 

mismatching the achromatic elements of the background (Stevens et al., 2006a; Fraser et al., 2007). 

With regard to the spatial distribution of pattern elements, Webster et al. (2013) found that survival 

in artificial targets against human observers was greater in models with a higher number of disruptive 

edge markings, even when they did not match the background.  

Here I present a study of disruptive colouration in the North Island lichen moth, Declana 

atronivea. In the previous chapter, it was demonstrated that this species benefits from background 

matching on lichen and that the achromatic and pattern elements of their forewing markings provide 

a closer match to lichen than most bark substrates, as modelled under bluetit (Cyanistes caeruleus) 

vision. However, this does not entirely explain why D. atronivea are so often found on other, 

seemingly non-matching substrates, such as bark, leaf litter, and moss, or why they are just as difficult 

to detect (to human observers, pers. obs.) on these backgrounds as they are on lichen. The answer 

may not just be in the degree of visual correspondence between the colour patterns of D. atronivea 

and its background, but perhaps also in the spatial arrangement of the colour patterns. The high 

contrast black and white forewing markings of D. atronivea dissect the surface and intersect the wings 

at all edge margins (Figure 4.1). Sharell (1971) noted that this appears to divide the shape and surface 

of the moth into separate parts such that it is difficult to perceive as a whole object. This observation 

matches predictions of disruptive theory as described above and suggests that in addition to 

background matching, D. atronivea may also be employing disruptive colouration as a cryptic 

strategy for antipredator defence.  
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In this study, I aim to identify and quantify the potential use of disruptive colouration as an 

antipredator strategy in D. atronivea. Using calibrated digital photography and a quantitative image 

analysis technique (GabRat), I evaluate the level of edge disruption on different backgrounds as 

modelled under avian vision and compare this to predictions of disruptive theory to determine the 

extent of disruptive colouration in D. atronivea. I hypothesise that the colour patterns of D. atronivea 

will promote edge disruption on all surfaces but will be stronger on the background matching lichen 

substrates. I also examine the adaptive function of disruptive colouration in this species via field 

predation experiments using moth models based on the actual colour patterns of D. atronivea as 

calibrated through avian vision. Here, I predict that the edge intersecting disruptive colour patterns 

of D. atronivea will be more effective at preventing predation by native birds compared to similarly 

coloured patterns that do not overlap the edge margins (i.e., simply background-matching). 

Furthermore, I test whether any fitness advantage occurs on both background-matching lichen 

substrates and non-matching bark backgrounds. This research is possibly one of the first studies to 

integrate vision modelling, quantitative image analysis, and field predation experiments using 

realistic models to objectively quantify the level and functional significance of disruptive colouration 

in a real moth species.  

 

 

Figure 4.1. Declana atronivea have high contrast markings that bisect the surface and overlap the wing margins.  
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4.3 Methods 

4.3.1 Field Survival Experiments with Artificial Models 

Field predation experiments were carried out using paper moth models to examine the potential 

survival benefit of disruptive colouration in D. atronivea. The artificial models were designed as six 

different colour pattern treatments (based on experiments described in Cuthill et al. (2005), Figure 

4.2): morph 1 = ’edge’ model, an unmanipulated D. atronivea moth with natural high contrasting 

edge elements (markings overlap the wing edges); morph 2 = ‘inside 1’, the same patterning as morph 

1 but with the markings displaced inwards to remove the edge elements; morph 3 = ‘inside 2’, 

inwardly displaced markings that were randomised to alleviate the potential saliency of the outline 

created by the non-edge markings in morph 2; morph 4 = ‘monochrome white’; morph 5 = 

‘monochrome grey/brown’; morph 6 = monochrome black’. The three monochrome treatments were 

derived from the main colours found on D. atronivea wings. They were created as controls to assess 

the interaction of avian predators with models which have a clear moth outline and the colour 

components of D. atronivea but are devoid of the complex pattern elements found on the moth. All 

models within each treatment were identical (i.e., each morph represented a single phenotype) so that 

any differences found between treatments could be attributed to the variation in disruptive elements 

across the morphs and not confounded by individual variation within the morphs. Each morph type 

was placed on two different background treatments: plain bark, or lichen (Figure 4.3). The lichen 

patches consisted of various assemblages that primarily included Parmelia, Parmotrema, 

Flavoparmelia, and Hypotrachyna species. This allowed me to examine the effect of disruptive 

colouration in conjunction with and independent of background matching.  

 

Figure 4.2. Example of realistic D. atronivea models used in the field predation experiments. Colouration and patterns 

derived from an actual specimen.  
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Figure 4.3. Example of the different model morphs on different backgrounds (lichen top row, bark bottom row). From 

left to right: edge morph, inside 1 morph, inside 2 morph, white morph, grey morph, black morph. The bark backgrounds 

were randomised to account for variation in the native tree species’ assemblages within the field sites. 

4.3.2 Developing the Artificial Models 

The morphs were produced from a photograph of a selected D. atronivea specimen (which was 

chosen based on its quality of being entirely intact) using Adobe Photoshop (ver. 22.4.2) in an attempt 

to create models that were as realistic (in terms of colour and pattern) as possible. For morph 1, the 

model remained as just the unmanipulated image, with all natural colour pattern elements. For morph 

2, I used the lasso and clone stamp tools to replicate the white pixels of the moth wings and paint 

them over the edge markings so that there were no overlapping edge elements. I used a similar method 

for morph 3, though I further altered the arrangement of the colour patterns by cloning various 

markings and randomly painting them over different areas of the wings, ensuring there were no 

straight lines between the markings and the moth outline as in morph 2. The three monochromatic 

morphs were also made using the lasso and clone stamp tools by cloning only the corresponding 

colour pixels over the entire moth.  

Calibrating the Models to Bird Vision 

The colour calibration and printing of the moth models followed the same methods as outlined in 

the previous chapter (3.3.1). 

Field Survival Experiments 

The paper models of D. atronivea were used to determine the survival rate of the different morphs 

on different backgrounds against avian predators in a field predation experiment. The experiment was 
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conducted at two locations in West Auckland: Oratia Reserve (36°55'01.3"S 174°36'11.5"E), which 

is a podocarp, broadleaf, and kauri forest; and Matuku Reserve (36°51'40.3"S 174°28'55.8"E), which 

is predominately a lowland broadleaf and kanuka forest with ridges of emergent tanekaha and kauri. 

These sites were selected for their native forest habitats, populations of native insectivorous birds (tui 

(Prosthemadera novaeseelandiae), pīwakawaka (New Zealand fantail - Rhipidura fuliginosa), and 

miromiro (North Island tomtit - Petroica macrocephala)), and abundance of foliose lichen. The 

survival data for this experiment was collected in January 2021 to coincide with the active season of 

D. atronivea. The experiments at each site were carried out over separate weeks. A sampling transect 

was established at both locations, running approximately 200 m long and 40 m wide.  

A total sample of 192 models were placed at each site (384 in total), with 16 replicates of each 

morph pinned on each substrate type (plain bark or lichen patches) of individual tree trunks that were 

at least 5 m apart. The placement of the models on the trees was randomised so that they were pinned 

at different heights and compass directions. This was to standardise for the irregular occurrence and 

positioning of foliose lichen on the trees. Care was taken to ensure all models were pinned in the 

same orientation, at 0° of the vertical plane. Models were chosen at random when pinning to avoid 

any selection bias and were designated an individual ID (morph type, substrate type, and tree number) 

for ease of monitoring. Pinning height, compass direction, and tree type were also recorded. Models 

were checked at three different time intervals (24, 48, and 72 hours) for any evidence of predation 

(i.e., visible beak marks, part or all of the body missing, or wings partly or entirely removed). For 

statistical analysis, the results were subsequently censored as 1 for ‘attacked’ and as 0 if the models 

‘survived’ until the end of the experiments (at 72 hours).   

Survival Analyses 

The predation data was analysed in ‘R’ using a Cox proportional hazards regression model 

(‘coxph’ function in the ‘survival’ package (Therneau, 2021)) as described in the previous chapter. 

The time to attack (recorded as 24, 48, or 72 [hours]) and the risk of attack (with data censored either 

1 or 0 as described above) were the response variables, with treatment (morph type), background 

substrate (bark or lichen), and location (Oratia or Matuku) as the predictor variables.  

4.3.3 Colour Analysis 

The protocol for image acquisition, processing, and avian vision modelling follows the methods 

reported in the previous chapter (3.3.2).  
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GabRat Edge Disruption Analysis 

The level of edge disruption in D. atronivea moths was quantified using the Gabor Edge 

Disruption Ratio (GabRat) which has been shown to be a significant predictor of human detection 

times of targets displaying disruption colouration (Troscianko et al., 2017). This method uses angle-

sensitive Gabor filters to measure the ratio of true to false boundary edges. GabRat takes into account 

the direction of perceived edges against the true body outline so that these false edges (markings that 

run orthogonal to the body outline) can be distinguished from the coherent edges (those [potentially 

salient] markings that match the body outline).  

For the GabRat analysis the bluetit cone-catch images of each moth and background combination 

were first scaled to 5 px per MRA using the Gaussian acuity control with an acuity value of 6 CPD. 

This was run on the whole image (including moth and background ROIs) and at both 0.5 and 1 metre 

viewing distances. GabRat was then performed using the recommended sigma level (filter size) of 5 

(to match the px/MRA value). The sigma level specifies the scale of the Gabor filters thereby 

controlling the size of the markings that are detectable. During the process, the image was initially 

converted to a binary mask and the Gabor filter was applied to each of the pixels around the outline 

of the moth across four different angles to obtain a measure of the true outline. Each point around the 

moth’s outline in the original image was subsequently measured using the Gabor filter at parallel and 

orthogonal angles to the moth’s edge (Troscianko et al., 2017; Price et al., 2019). The disruption ratio 

at each of the points around the moth’s outline was calculated and the mean of these ratios across the 

whole outline was taken to be the final GabRat value. GabRat values range from 0 to 1, with higher 

values (>0.4) estimating greater levels of disruption against the background (and thus more difficult 

to detect), and lower values (<0.2) indicating less edge disruption (Troscianko et al., 2017; Price et 

al., 2019).  

GabRat values were obtained for the moth ROI in each image slice (i.e., LW, MW, SW, UV, 

DBL (luminance)) across the two viewing distances. Subsequently, I calculated the mean GabRat 

value across the LW, MW, SW, and UV channels to get a measure of chromatic disruption, and used 

the DBL channel as the value for achromatic disruption for every image. The resulting GabRat values 

therefore measured the level of chromatic and achromatic edge disruption for each moth on each 

background across the two viewing distances.  
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Statistical Analysis 

The mean GabRat values were analysed in 'R' (ver. 4.1.0; The R Foundation for Statistical 

Computing, 2021) using a linear mixed-effects model (lmer function of the lme4 package (ver. 1.1-

27.1; Bates et al., 2015) and lmerTest package extension for obtaining p-values (ver. 3.1-3; 

Kuznetsova et al., 2017)) as reported in the previous chapter (3.3.2).  

4.4 Results 

4.4.1 Predation Experiments 

The initial Cox proportional hazards model revealed no significant (2- or 3-way) interaction 

between location, morph, and background substrate (global significance Wald = 22.12, d.f. = 23,  p 

= 0.5), so the interaction terms were excluded from the model. A second model with all terms as 

covariates was found to be significant (global significance Wald = 16.56, d.f. = 7,  p= 0.02), but 

neither location nor background presented a significant effect, so the variables were also removed 

from the model. A final Cox proprtional hazards model was run with only morph as the main effect. 

Morph ‘edge’ had the highest survival rate (Figure 4.4) and was found to be significantly different 

from all other model types (‘inside’ morph p-value = 0.011; ‘inside 2’ p-value = 0.024; ‘white’ p-

value = 0.0004; ‘grey’ p-value = 0.0107; ‘black’ p-value = 0.0016), while pairwise comparisons 

revealed that the other morphs did not differ from one another (all p-values>0.3). The regression 

coefficients of the model indicate that the other morph types all had a higher risk of predation 

compared to the ‘edge’ morph: ‘inside’ morph coef = 0.8606; ‘inside 2’ coef = 0.7712; ‘white’ coef 

= 1.1555; ‘grey’ coef = 0.8671; ‘black’ coef = 1.0488. The corresponding hazard ratios, as determined 

by the exponential coefficients, show that the ‘white’ morph had the highest risk of predation 

compared to the ‘edge’ morph (an increased hazard factor of 3.1756 or 217%), followed by the ‘black’ 

morph (hazard factor: 2.8541, 185%), ‘grey’ (hazard factor: 2.3799, 138 %), ‘inside’ (hazard factor: 

2.3646, 136%), and ‘inside 2’ (hazard factor: 2.1624, 116%).  
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Figure 4.4. Survival curves of the different model morphs: ‘Edge’ morph (solid purple line), ‘Inside’ morph (dashed light 

blue line), ‘Inside 2’ morph (dashed green line), ‘White’ morph (dashed yellow line), ‘Grey’ morph (dotted dark blue 

line), and ‘Black’ morph (dashed pink line). The curves represent the probability of surviving predation by avian predators 

as a function of time and are based on Kaplan-Meier survival estimates that account for censoring due to survival to the 

end of the study. Overall, the ‘Edge’ models had a significantly higher survival rate at the end of the 72-hour period (0.797 

± 0.05) compared to the other morphs: ‘Inside’ (0.594 ± 0.0614), ‘Inside 2’ (0.609 ± 0.061), ‘White’ (0.50 ± 0.062), 

‘Grey’ (0.594 ± 0.06140), and ‘Black’ 0.531 ± 0.062).  

4.4.2 GabRat Edge Disruption Analysis 

GabRat was used to quantify the level of edge disruption of the moth wing patterns by calculating 

the average ratio of false to coherent edges around the outline of the moth. A high GabRat value  

(> 0.4) indicates that an object has a higher ratio false edges and is therefore more disruptive, while 

lower values (< 0.2) indicate a low level of edge disruption.  

GabRat values were found to be significantly predicted by background type and viewing distance, 

but there was no main effect of visual perception (achromatic vs chromatic vision), nor any interaction 

effect between these three variables. With regards to background type, all mean GabRat values were 

between 0.2 and 0.33, indicating that the moths are relatively disruptive on all substrates, though they 

had the highest level of edge disruption on lichen-kauri (0.327 ± 0.01) and kowhai (0.321 ± 0.012), 

followed by lichen-titoki (0.297 ± 0.008) and puriri (0.291 ± 0.013) (Figure 4.5). There was no 

significant difference in GabRat values between lichen-kauri and kowhai (p = 0.998), or lichen-kauri 

and lichen-titoki (p = 0.07), but lichen-kauri differed significantly from puriri (p = 0.0129) and all 

other substrates (p<0.0001). Likewise, kowhai and lichen-titoki did not differ from each other (p = 
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0.3012) or from puriri (kowhai:puriri p = 0.0869, lichen-titoki:puriri p = 0.9993), but were 

significantly different from the rest of the backgrounds (all p - values<0.02). The lowest level of edge 

disruption was on titoki (0.211 ± 0.004) and then taraire (0.227 ± 0.006). Overall, D. atronivea moths 

appear to have intermediate levels of disruptive edge elements and comparatively greater edge 

disruption on the lichen backgrounds and the kowhai and puriri bark substrates than the other 

background types. In terms of the effect of viewing distance, moths were significantly more disruptive 

at 0.5 metre (mean GabRat 0.28 ± 0.005) compared to 1 metre (mean GabRat 0.26 ± 0.077) (p – value 

= 0.0016), suggesting that there may be an influence of visual acuity on the perception of false and 

coherent edges (Figure 4.6).   

 

Figure 4.5. GabRat values for moths on different background substrates as modelled under bluetit vision, where larger 

values indicate a greater degree of disruptive edge pattern elements. Here, moths on lichen-kauri, kowhai, and lichen-

titoki substrates presented much higher levels of disruptive colouration, especially compared to taraire, titoki, and totara. 

Boxplots show median values (middle line), interquartile range (box), and the range values (dots).  
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Figure 4.6. GabRat values across the two viewing distances (accounting for visual acuity under the bluetit vision model). 

Disruption scores were significantly higher at 0.5 metres than 1 metre, suggesting an effect of visual acuity on the 

perception of disruptive edge elements.  

4.5 Discussion 

The results from this study provide support for the occurrence and adaptive significance of 

disruptive colouration in D. atronivea. Quantitative colour analysis (GabRat) revealed that  

D. atronivea exhibit intermediate levels of edge disruption on all backgrounds but were the most 

disruptive on the two lichen substrates, as well as on kowhai and puriri bark. Empirical evidence from 

the field predation experiments established the functional effect of such edge disruption in this 

species, with edge disruptive models (representing natural D. atronivea colour patterns) having the 

highest survival rate compared to all the other morphs, including the otherwise similarly coloured, 

non-disruptive ‘inside’ morphs. Interestingly, the apparent influence of background type on the 

degree of disruption as presented from the GabRat results was not demonstrated in the field predation 

experiments, which revealed no comparative effect of the lichen or bark substrates on model survival. 

Overall, the results indicate that disruptive colouration is likely to be an important camouflage 

mechanism in D. atronivea that promotes concealment from predators.  
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The quantitative colour analysis technique, GabRat, was used to assess the degree of edge 

disruption in D. atronivea based on the ratio of true to false edges on the forewings. GabRat has 

previously been shown to be the most effective predictor of prey capture times by humans 

(Troscianko et al., 2017), and has been used to quantify edge disruption in various natural study 

systems (e.g., in crabs, Price et al., 2019; turtles, Bu et al., 2020; and grasshoppers, Ramírez‐Delgado, 

& Cueva del Castillo, 2020). This camouflage metric estimates that colour patterns with GabRat 

values <0.2 have low levels of edge disruption, while values >0.4 exhibit high edge disruption.  

Declana atronivea was found to have intermediate levels of edge disruption (between 0.21 and 0.33) 

on all background types, indicating that the colour patterns of this species do have disruptive 

properties. Values were highest on the two lichen substrates and on kowhai and puriri bark, which 

may infer that these backgrounds offer higher visual complexity, thereby creating a greater disruptive 

effect which could further reduce detectability. Interestingly, viewing distance was found to influence 

the overall degree of edge disruption for D. atronivea, with the disruptive effect decreasing 

significantly at 1 metre compared to 0.5 metres. Perhaps at greater distances the visual acuity of the 

avian predators causes the forewing patterns of the moth to appear blurred, thus impeding the 

disruptive effect (refer to Figure D.1 of Appendix D for a visual representation of this effect).  

The functional effect of edge disruption in D. atronivea was demonstrated by the field predation 

experiments in which the ‘edge’ morphs were shown to have a significant survival advantage over all 

other treatments, including the non-disruptive ‘inside’ morphs with similarly coloured patterns. The 

edge morph differed from the inside models in the placement of pattern elements which suggests that 

it is the natural edge intersecting markings, not necessarily the colouration of the moth, that confers 

the protection from predators. This corresponds to what has been found in previous studies (e.g., 

Cuthill et al., 2005; Stevens et al., 2006a; Schafer & Stobbe, 2006) which have demonstrated the 

adaptive significance of edge disruption in similar predation experiments with artificial prey targets, 

though here I have been able to provide support for this theory using accurately calibrated models of 

a real-life species. Such disruptive marginal markings in D. atronivea would likely confer protection 

by interfering with the edge detection mechanisms of relevant predators, giving the impression of 

multiple false edges that prevent the moth from being perceptually segmented from its background 

(Merilaita et al., 2017). It is important to note that by manipulating the pattern elements between the 

edge and two inside morphs, the ratio of black to white pixels may have been altered, potentially 

influencing the mean luminance and/or levels of internal pattern contrast of inside 1 and inside 2 

compared to the edge morph. This may have inadvertently had an effect on the degree of background 

matching between these models, which could explain some of the differences seen in the survival 
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rates. However, considering the evidence of disruptive colouration derived from the GabRat results, 

it seems conceivable that the edge disruptive elements of the edge morph is the predominant factor 

contributing to the observed survival differences between these morphs.   

An additional finding of the field experiments with artificial models was that the edge disruptive 

models had a selective advantage irrespective of background substrate. The protective value of 

disruption in D. atronivea thus appears to be independent of background matching, which would have 

important implications for the range of substrates that the moths can alight on while still maintaining 

the benefits of effective camouflage. Though in the previous chapter (Chapter 3.4) lichen 

backgrounds were shown to confer a greater degree of protection, disruptive colouration may allow 

the moths to exploit a greater range of microhabitats, effectively reducing any potential opportunity 

costs associated with being restricted to backgrounds that are compatible with their crypsis (Ruxton 

et al., 2018). However, it is also possible that the lack of background effect in the current study may 

be a result of sample size. The background-matching predation experiments involved only one colour 

morph (natural D. atronivea) placed on lichen, bark, and near-lichen substrates. The overall sample 

size for each treatment was 100 models compared to only 32 models for each treatment (6 morphs 

over 2 background types) in this experiment, due to the larger number of treatments. It is possible 

that if the sample size for each treatment in this experiment was increased, I may have had greater 

statistical power and begun to see an effect of background type, though this is entirely speculative. 

Regardless, the data seem to agree that the colouration of D. atronivea does present a disruptive 

effect, and furthermore, highlights the importance of the marginal pattern elements for concealing 

this species from avian predators. Whether this disruptive colouration can truly function 

independently of background matching requires further investigation. Research into the contribution 

of the different disruptive sub-principles, such as maximum disruptive contrast, differential blending, 

and disruption of surface, may also help to further elucidate the mechanisms of disruptive colouration 

in this species.  

4.6 Conclusion 

In summary, this study has confirmed that the colour patterns of D. atronivea do present a 

disruptive effect and that the level of edge disruption, as perceived by the bluetit avian visual system, 

differs between background substrates. Moreover, the selective advantage of the disruptive marginal 

patterns was supported by the greater survival of edge morphs in the field. However, there appeared 

to be no differential fitness effect of the edge morphs between lichen and bark substrates, which may 

indicate that disruptive colouration in D. atronivea can function independently of background 



94 

 

matching. Overall, the results indicate that disruptive colouration is likely to be an important 

camouflage mechanism in D. atronivea that promotes concealment from predators. This is one of the 

first studies to use a combination of avian vision modelling, quantitative image analysis, and field 

predation experiments with realistic prey models to objectively investigate the occurrence and 

adaptive function of disruptive colouration in a real moth species. Furthermore, the results presented 

here provide a foundation for further research into the contribution of different disruptive mechanisms 

and the interrelation between different camouflage strategies in this species.   



95 

 

5  
The Functional Significance of 

Rare Wing Pattern Asymmetry in 

the North Island Lichen Moth 
 

“The symmetry of an animal body is one of its most salient features.” 

Gabor Holló. 
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5.1 Abstract 

Bilateral symmetry is ubiquitous in the animal kingdom but presents a paradox for defensive 

camouflage as symmetrical patterns can be a potent cue for visually searching predators. Most 

background substrates lack such symmetry, particularly when considered against the spatial scale of 

a prey organism. The salience of symmetrical body features may therefore enhance conspicuousness, 

imposing further survival costs for animals relying on camouflage. Theory suggests that cryptic prey 

may mitigate these costs by evolving body pattern asymmetry; however, animals with asymmetric 

body patterns appear to be exceptionally rare in nature. The North Island lichen moth, Declana 

atronivea, may be an exception. This endemic New Zealand moth possesses intricate black and white 

forewing patterns that have been demonstrated to have an adaptive function for background-matching 

and disruptive colouration. Furthermore, there are differences in the position, shape, and size of these 

colour patterns among individuals, and most interestingly between left and right wings of the same 

individual. Here, I used geometric-morphometric analyses to quantify the level of wing pattern 

asymmetry and phenotypic variation in D. atronivea, and in-field predation experiments with paper 

moth models to empirically test the hypothesis that asymmetric morphs would have greater survival 

against avian predators than symmetric morphs. My results offer evidence that D. atronivea possess 

pronounced asymmetry in wing pattern elements, and that this variation is significant both within and 

between individuals. Furthermore, this asymmetry was found to provide a significant survival 

advantage against avian predators in the field, suggesting that this trait may enhance the protective 

value of camouflage in this species. Interestingly, models with artificially exaggerated super-

asymmetric wing patterns did not receive any greater survival benefit than those with the natural 

degree of asymmetry. Overall, this work presents perhaps the first quantification of wing pattern 

asymmetry in an insect and demonstrates a camouflage function of these asymmetrical surface 

elements leading to reduced predation.  
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5.2 Introduction 

Reducing the visual disparity between oneself and the background is one way that prey organisms 

can minimise this risk of detection by predators. As I have presented in earlier chapters, cryptic 

colouration, or camouflage, is a defensive strategy that functions to evade predator perception. 

Camouflage can promote concealment through matching the visual components of the background 

such that an organism is indistinguishable from its surroundings (i.e., background matching; see 

Chapter 3), or by creating false boundaries that prevent the detection of body outlines and shapes  

(i.e., disruptive colouration; see Chapter 4). While these strategies have been shown to provide 

significant survival advantages in many animal taxa (e.g., Vignieri et al., 2010; Troscianko et al., 

2016; Walton & Stevens, 2018; Price et al., 2019), they are not ‘perfect’ mechanisms. The efficacy 

of cryptic colouration may be compromised through the inherent saliency of morphological structures 

and predator cognitive (perception and learning) processes. Visually hunting predators rely on salient 

features, such as body outlines, appendages, and surface elements, to home in on target prey; those 

subtle discontinuities in colours, shapes, patterns, and textures that make a prey item stand out from 

its background (Cuthill et al., 2006b). Such defining elements and key pieces of distinct information 

facilitate prey detection and recognition, and over time (and with experience) can lead to the 

formation of search images (Ishii & Shimada, 2010; Troscianko, Lown, Hughes, & Stevens, 2013; 

Skelhorn & Rowe, 2016).  

Predators can develop search images of a particular visual stimulus, or prey type, as they become 

familiar with relevant salient features of that stimulus over successive encounters. Such learning 

enables predators to more easily discriminate prey from the background, thereby potentially reducing 

the protective value of camouflage (Skelhorn & Rowe, 2016). Moreover, predator search images can 

impose further selection pressures on the evolution of cryptic colouration. As search image formation 

relies heavily on the rate of prey encounter, prey phenotypes that are more common tend to be 

encountered and attacked at a disproportionate rate, leading to frequency-dependent or apostatic 

selection (Bond, 2007; Franks, & Oxford, 2011). In the ever-escalating arms race of predator vs prey, 

such interactions may eventually lead to adaptive responses by prey species to evolve variation in 

their body patterns. Intraspecific body pattern variation and polymorphisms have been shown to 

improve survival by impairing the search efficiency of predators (Karpestam, Merilaita, & Forsman, 

2014; 2016). Visually searching for prey can be a very demanding perceptual task, so predators may 

limit the amount of information processed by selectively focussing their attention on particular stimuli 

to optimise their rate and success of foraging, such as through search images (Dukas & Kamil, 2001). 

Prey displaying colour pattern variation and polymorphisms can saturate the sensory information 
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available to predators by providing a wider range of stimuli, dividing the predator’s visual attention 

over several morphs which can reduce predator performance (Karpestam et al., 2014).  

One of the most salient features of the animal body plan is bilateral symmetry (Holló, 2015). 

Organisms with bilateral symmetry possess left and right sides that can be reflected about a 

symmetrical midline (axis of symmetry) to present mirror images of each other (Klingenberg, 2015). 

Bilateral symmetry is ubiquitous in the animal kingdom but presents a paradox for defensive 

camouflage as symmetrical patterns can be a potent cue for visually searching predators (Wainwright 

et al., 2020).  

Bilateral symmetry, in both body outline and surface patterning, is a Gestalt cue for perceptual 

organisation (Osorio & Cuthill, 2015), a visual stimulus that allows the brain to assemble similar 

objects together, and is thus a crucial factor in grouping mechanisms that influence target-ground 

segmentation (van der Helm, 2013). Bilateral symmetry draws attention to pattern elements arranged 

near the symmetrical midline, driving a visual saccade that enables predators to compare 

neighbouring symmetrical patterns more easily, allowing for more rapid processing of visual 

information (Wainwright et al., 2020). This not only aids in the detection, recognition, and 

discrimination of objects and patterns, but also effectively increases the accuracy of targeted attacks 

to the centre of the prey (Wainwright et al., 2020). Furthermore, bilateral symmetry informs of pattern 

regularity which can amplify visual signals, thus increasing the risk of detection. Symmetry in cryptic 

colour patterns thus presents a fitness cost to prey relying on camouflage to reduce the risk of 

predation.  

Many animals are perceptually sensitive to bilateral symmetry and studies have shown that 

several vertebrate and invertebrate groups exhibit either an innate preference for symmetrical signals 

or an ability to learn, discriminate, and generalise symmetric features. For example, in a series of 

experiments by Swaddle, Clelland, and Che (2004), starlings (Sturnus vulgaris) were presented with 

either left- or right- biased asymmetric images, or both. During the testing trials the birds were found 

to display a preference for novel stimuli that represented the arithmetic mean of the images they were 

trained on. In particular, those trained on both left- and right- biased images demonstrated a 

preference for novel symmetrical images in the testing trials. This suggests that the birds show a 

degree of stimulus generalisation, and that their preference for symmetry arises as a by-product of the 

cognitive process. Pigeons (Columba livia) and domestic chickens (Gallus gallus) were similarly 

found to have the perceptual ability to recognise and discriminate between symmetric and asymmetric 

signals, and can generalise characteristic symmetric features to novel stimuli (pigeons - Delius & 
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Habers, 1978; Delius, & Nowak, 1982; Delius, Delius, & Lee, 2017; chickens - Clara, Regolin, & 

Vallortigara, 2007; Mascalzoni, Osorio, Regolin, & Vallortigara, 2012). Møller and Eriksson (1995) 

documented preferences for symmetrical flowers in a variety of insect pollinators and suggested this 

may reflect a sensory bias which is possibly reinforced by higher pollinator rewards in some 

symmetrical flowers. Møller and Sorci (1998) further demonstrated that this preference for symmetry 

holds even in the absence of pollinator rewards, which lends credence to the suggestion of an inherent 

sensory bias towards symmetrical features in some taxa. Flower-naïve bumblebees (Bombus 

terrestris) have also been shown to exhibit innate preferences for bilateral symmetry in food-related 

searching (Rodríguez, Gumbert, de Ibarra, Kunze & Giurfa, 2004). Lastly, studies done on honeybees 

(Apis mellifera) found that these insects display a predisposition towards bilaterally symmetrical 

stimuli, can discriminate between symmetrical and asymmetrical patterns, and furthermore, can learn 

the symmetrical features of different patterns and generalise them to novel stimuli (Giurfa, Eichmann 

& Menzel, 1996; Horridge, 1996).  

These studies suggest that symmetrical patterns are easier to detect and learn than asymmetrical 

patterns (Forsman & Herrstrom, 2004), and as such would be easier to reproduce from memory and 

to apply to novel signals. This perceptual sensitivity and apparent preference of animals towards 

symmetry has two possible (though not necessarily mutually exclusive) explanations. Firstly, 

symmetry may function as a reliable indicator of quality, and as such, preferences for symmetrical 

signals may have evolved and are maintained by fitness benefits associated with identifying high 

quality food or mates (Møller & Thornhill, 1998). Alternatively, symmetry preference may be a 

product of visual mechanisms in the cognitive process that are inherently sensitive to pattern 

regularity, allowing for perceptual grouping that facilitates image segmentation and object 

recognition (Mascalzoni et al., 2012). The latter theory is particularly pertinent for describing the role 

of symmetry in the formation of search images and enhanced prey-background discrimination, and 

the subsequent implications for camouflage.  

Background-matching colour patterns function to impede target-background discrimination by 

reducing the signal-to-noise ratio through resembling visual elements of the surrounding environment 

(Merilaita et al., 2017). However, most natural background substrates lack the simple planes of 

symmetry and regular spatial arrangement of patterns found in animals, particularly when considered 

against the spatial scale of prey organisms (Cuthill et al., 2006a; Osorio & Cuthill, 2015). This visual 

incongruity brought about by the saliency of the inherent symmetrical features of animals may thus 

act to enhance conspicuousness and allow predators to more efficiently segment targets from the 

background, imposing further survival costs for organisms relying on background matching.  
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Bilateral symmetry is thought to be particularly costly in disruptive patterns. Contrasting animal 

colour patterns, such as those seen in disruptive colouration, are typically symmetric, potentially 

reducing the efficacy of the camouflage (Cuthill et al., 2006a; Cuthill et al., 2006b). Disruptive 

colouration aims to break up surface continuity by creating false edges, effectively interfering with 

object recognition by working against mechanisms of feature binding in the visual process of 

predators. However, symmetry in these high contrast pattern elements might act in antithesis to this 

by perceptually ‘binding’ the colour patches that disruption would otherwise render separate (Cuthill 

& Troscianko, 2009).  

Despite the extensive literature on the saliency and perceptual value of symmetry among different 

taxa, there is a relative paucity of research quantifying the effects of symmetry on cryptic colouration. 

Evidence for the survival cost of symmetry in crypsis has been documented in only four studies. 

Cuthill et al. (2006a), were the first to investigate the role of bilaterally symmetric patterns in 

camouflage. Using field experiments with wild avian predators, the researchers demonstrated that 

predation rates on artificial moth-like targets with edge-disruptive, background-matching wing 

patterns were significantly higher in models that had symmetrically arranged pattern elements 

compared to an otherwise identical asymmetrical treatment. Another study investigating the effects 

of symmetry on background matching targets with colour patterns arranged disruptively or non-

disruptively also found that models with bilateral symmetry had overall lower survival against avian 

predators (Cuthill et al., 2006b). Merilaita and Lind (2006) similarly demonstrated an effect of 

symmetry for cryptic, artificial targets; using captive great tits (Parus major) as predators, the 

researchers found that detection time for prey with background-matching, symmetric patterns was 

significantly shorter compared to the asymmetric morphs. Interestingly, they found no difference in 

detection time between asymmetric and symmetric disruptively patterned targets, which also did not 

differ from that of the asymmetric background-matching targets. This suggests that the relative cost 

of bilateral symmetry may be different among cryptic colour patterns and mechanisms. However, the 

authors note that they may have inadvertently merged together pattern elements not present in the 

background when creating the symmetric, background-matching targets, possibly further increasing 

the conspicuousness of those targets. An additional explanation they posit is that the increased 

detection may have been due to the arrangement of pattern elements near the axis of symmetry. This 

theory was investigated by Wainwright et al. (2020), who explored the effect of colour pattern 

arrangement on the detection time of symmetric and asymmetric moth-like targets in field predation 

studies. They found that asymmetrical targets suffered less predation overall, but also predation rates 

were lower for prey that had symmetry in pattern elements which were placed away from the 
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symmetrical midline. Overall, these studies suggest that symmetry does impose fitness costs on 

cryptic prey by reducing the efficacy of disruptive and non-disruptive background-matching colour 

patterns, but also imply that the arrangement of cryptic pattern elements is important.  

It seems paradoxical that, given the negative survival implications of bilateral symmetry on 

camouflage, so many cryptic animals retain symmetrical surface features. Theory denotes that cryptic 

prey may mitigate the survival costs imposed by symmetry by evolving asymmetrical surface patterns 

(Cott, 1940; Møller and Swaddle, 1997); however, animals with asymmetric pattern elements appear 

to be exceptionally rare in nature. With the exception of the mantis, Tithrone. Roseipennis (which are 

thought to use wing colour asymmetry in deimatic and mating displays), asymmetric surface features 

on bilaterally symmetric morphologies have, to my knowledge, not been further documented in 

insects. Here, I present the only other insect species, and perhaps the first documented cryptic insect, 

with possible adaptive wing pattern asymmetry. 

The North Island lichen moth, Declana atronivea, possesses intricate black and white forewing 

patterns composed in a mosaic of high contrasting elements that comprises an underlying ‘blueprint’ 

of white wing scales with a variable arrangement of black patches interspersed throughout (Figure 

5.1). This is particularly apparent when viewing the moth as a whole and both wings are in resting 

position; the inner margins of the forewings that converge along the midline display very clear 

asymmetries in the black patterns, with the size, shape, and distribution of these pattern elements 

differing between the left and right wings. Renowned Aotearoa | New Zealand entomologist, George 

Vernon Hudson, described this morphological variation back in 1898, stating that, “this species varies 

considerably in the size and shape of the black markings on the forewings, which are often slightly 

different on the opposite sides in the same specimen”. These pattern irregularities are not only present 

within an individual but are exceedingly variable between conspecifics (Figure 5.1). Furthermore, 

the degree of variation within and among individuals is so pronounced that to my knowledge, no 

specimen has been found or observed with symmetrical wing patterns. Thus, it seems possible that 

for D. atronivea, perfect bilateral symmetry in the wing patterns may be the exception rather than the 

rule, making it a truly unique species and a perfect model for studying the role of wing pattern 

asymmetry in cryptic colouration.  

The aim of this study is two-fold; to statistically quantify the degree of wing pattern asymmetry 

and variation in D. atronivea, and to evaluate the functional significance of asymmetry for this 

species. Specifically, I present the hypothesis that wing pattern asymmetry in D. atronivea is an 

adaptive feature of their cryptic colouration to reduce the predation costs inherent in bilaterally 
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symmetrical morphologies. Using geometric-morphometric analyses, I was able to characterise wing 

pattern shape and obtain a measure of asymmetry and variation in this trait. This also allowed me to 

determine the natural range of asymmetry and variation among specimens from which I developed 

paper moth models. These were based on real colour pattern elements for use in field predation 

experiments to assess the survival of symmetric and asymmetric morphs against wild avian predators. 

This experiment allowed me to empirically test the adaptive significance of asymmetry and how it 

may enhance the protective value of camouflage in D. atronivea, making this study, to my knowledge, 

the first to explore the biological relevance of natural wing pattern asymmetry for an actual species. 
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Figure 5.1. Showing the degree of wing pattern variation within and between individuals of D. atronivea. 
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5.3 Methods 

5.3.1 Geometric Morphometrics of Declana atronivea Wing Pattern Asymmetry 

Specimen and Photograph Collection 

Digital photographs were taken of 80 D. atronivea specimens using a Canon EOS 800D (with a 

Canon EFS 18-135 mm lens) attached to a tripod and from a set distance of 30 cm. All specimens 

used in this study had either been collected directly from the field (Pureora Forest Park (-38.515408, 

175.572307; n = 8) and Tongariro National Park (-39.073694, 175.663864); n = 22) or were from the 

New Zealand Arthropod Collection (Ko te Aitanga Pepeke o Aotearoa), Auckland (n = 50).  

The forewings of D. atronivea are made up of high contrasting black and white markings that 

vary within and between individuals (Figure 5.1). They appear to encompass an underlying 

‘blueprint’ of white wing patches that are separated into five discrete pattern segments based on the 

placement of the black wing markings (Figure 5.2): a basal pattern segment, an antemedial pattern 

segment, a medial/postmedial pattern segment, a costal-subterminal pattern segment, and a terminal 

pattern segment. The basal and costal-subterminal pattern segments show little variation and as such 

were not relevant to this study. Though the terminal pattern segment shows high variation, we chose 

not to use patterns that intersect the apex of the wing as these were sometimes degraded on specimens 

due to wing damage. The antemedial and medial/postmedial pattern segments appear to have the 

highest variation, so we selected these patterns for subsequent geometric morphometric analyses and 

designated them as pattern 1 and pattern 2, respectively (Figure 5.2). Interestingly, on some wings 

these two patterns are clearly delineated by the band of black scales between them, whereas on other 

wings this black band is incomplete, and the two patterns appear to form a single pattern (Figure 5.2). 

To standardise the measurement of these patterns across all specimens, we decided to treat all wings 

as having these segments separated.  
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Figure 5.2. Distinct pattern segments on the forewings of Declana atronivea. I chose to focus on the antemedial and 

medial/postmedial pattern segments (designated as pattern 1 and pattern 2, respectively) for the geometric morphometric 

analyses. 

Morphological data acquisition 

Landmark-based geometric morphometrics were used to characterise the wing pattern variation 

and asymmetry in Declana atronivea.  

Image and File Preparation Prior to Landmarking 

Moth wings are an example of matching symmetry; the left and right wings are separate copies 

of a structure that are effectively mirror images of each other, with the axis of symmetry passing 

between them (Klingenberg, 2015). Determining asymmetry in such morphological structures 

requires comparing the left and right sides by matching them together and assessing any differences 

in shape or size. Thus, to allow for correct morphological correspondence during analyses, it was 

necessary to reflect all of the right wing images relative to the left wing images (by flipping them 

horizontally) so that each specimen had a left- and right-wing pair of images that were in the same 

orientation. These images were then collated into a TPS file using 'tpsUtil' (Rohlf, 2015) where there 

were 160 images corresponding to the left and right wings of each of the 80 specimens. Separate TPS 
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files were created for patterns 1 and 2, and a replicated file was also made for each (to allow me to 

assess repeatability and account for measurement error).  

Digitising Landmarks 

Wing patterns 1 and 2 were digitised using 'tpsDIG2' (ver. 2.31; Rohlf, 2015) by obtaining 

landmark configurations around each pattern. Landmarks correspond to anatomical loci that are 

present in the morphological feature of interest across all specimens and represent x-,y- coordinates 

in 2D or 3D Cartesian space (Mitteroecker & Gunz, 2009; Webster & Sheets, 2010; Savriama, 2018). 

Landmarks effectively encode geometric information; sets of landmarks describe shape and size and 

can provide an overall summary of variation in the morphological feature.  

A total of 126 landmarks were applied to the images of each wing for pattern 1 (Figure 5.3, A). 

Of these, four were homologous fixed landmarks as their location could be reliably found on each 

wing. The remaining 122 points were designated as sliding semi-landmarks which were placed along 

the pattern outlines between fixed landmarks. For pattern 2, I applied 94 landmarks on each wing 

(Figure 5.3, B), with three designated as fixed landmarks and 91 designated as sliding semi-

landmarks. The digitisation of landmarks was done twice for each pattern across all wings so that I 

had replicated data sets, allowing me to account for measurement error in later analyses.  
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Figure 5.3. Digitised landmark configurations (marked in red) and corresponding consensus plots derived from GPA for 

pattern 1 (A & C) and pattern 2 (B & D).  

Morphometric and Statistical Analysis 

I used the 'Geomorph' package (ver. 4.0; Adams et al., 2021) in 'R' (ver. 4.1.0; R Core Team, 

2021) and 'tpsRELW' (ver.1.74; Rolf, 2015) to visualise and statistically quantify shape variance and 

asymmetry in the wing patterns based on the acquired landmark configurations. Wing patterns 1 and 

2 were analysed separately.  

The first step to quantifying wing pattern shape was to superimpose the landmark configurations 

by a Generalised Procrustes Analysis (GPA). Procrustes superimposition is a fundamental method 

for analysing landmark data and evaluating shape variation. By translating, scaling, and rotating the 
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landmarks, GPA eliminates extraneous, non-shape information such as size, position, and orientation 

to produce a consensus configuration based on the mean coordinates of the corresponding aligned 

landmarks (Klingenberg & McIntyre, 1998; Klingenberg, 2015; Savriama, 2018). In 'R', GPA was 

performed using the function 'gpagen' from the 'Geomorph’ package on the landmarks and sliders 

files. The aligned Procrustes coordinates (shape variables) and centroid sizes (size measurements) of 

the corresponding landmarks obtained from this analysis were used for all subsequent multivariate 

analyses. 

Quantifying Shape Variation and Wing Pattern Asymmetry 

The ‘bilat.symmetry’ function of the ‘Geomorph’ package was used to evaluate the different 

components of shape and size variation in the wing patterns of D. atronivea by analysing variation 

among individuals (variation in the averages of left and right wing pattern configurations across 

specimens), mean variation between wing sides among specimens (directional asymmetry), and 

variation accounting for within-individual wing differences (fluctuating asymmetry/antisymmetry). 

The function statistically evaluates these components by a Procrustes ANOVA, a two-factor ANOVA 

where individuals and sides (directional asymmetry) are the main effects, with fluctuating 

asymmetry/antisymmetry determined by the interaction term individuals × sides. The replicated data 

sets were used here to account for measurement error. In attempt to distinguish between possible 

fluctuating asymmetry and antisymmetry components, I examined the frequency distribution of left-

right differences and performed an Anscombe-Glynn test of kurtosis using the ‘moments’ R package 

(Komst & Novomestky, 2015). 

Visualisation of Wing Pattern Variation in Shape Space 

Generalised Procrustes Analysis was also done in ‘tpsRELW’ by inputting the TPS files 

containing the digitised landmarks and corresponding sliding landmarks (sliders) file for each pattern, 

and then computing the pattern consensus. Partial and relative warps were subsequently computed in 

this workflow. From this I was able to obtain consensus plots of the mean shape configuration for 

each pattern (Figure 5.3, C & D), as well as matrices and corresponding ordination plots of the partial 

and relative warp scores for each wing. The relative warps were of most interest to me as they 

represent a principal components analysis of the covariance matrix of the partial warp scores and 

summarise the variation in pattern shape across the wings (and specimens). Relative warp scores 

(RWS) are linear combinations of the x- and y- coordinates for each wing (Rohlf, 1993), so can be 

used to calculate the relative distances between wings and gain an overall measure of mean and 

standard deviation of the sample variance.  This also enabled me to explore the shape deformations 
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of the landmark configurations of each wing relative to the consensus by visualising the 

corresponding points in shape space.  

5.3.2 Field Survival Experiments with Artificial Models 

Predation experiments were carried out using moth models to examine the potential survival 

benefit of wing pattern asymmetry in D. atronivea. The artificial models represented symmetric, 

asymmetric, and ‘super’ asymmetric morphs, and were based off natural levels of wing pattern 

variation in this species as determined by evaluating the relative warp plots and scores.  

Determining the Model Morphs Based on Natural Wing Pattern Variation 

Preliminary data from a smaller sample size of specimen images were used to obtain an ordination 

plot of relative warp scores for pattern 1 (Figure 5.4). This plot allowed me to visualise deviations 

from the mean pattern configuration and explore the shape deformations along RWS1. Using the 

associated RWS1 values, I was able to calculate the relative distances between the wings of each 

specimen and establish a mean level of sample asymmetry in RWS1 of 82.32 ± 65.23 (individual 

asymmetry is visually represented in Figure 5.5). This then allowed me to determine which wings 

(and which specimens) displayed the least and most variation around the sample mean and would 

thus best represent the symmetric, asymmetric, and ‘super’ asymmetric morphs for our models. The 

asymmetric morph was chosen based on several criteria: the difference in RWS1 values between the 

left and right wing was within the mean ± standard deviation range of differences of the sample (82.32 

± 65.23), the difference between the wings was relatively small and close to the average for RWS2, 

and the wings themselves were intact (for modelling purposes). Specimen 157 (wings 59 (left) & 60 

(right)), which showed an average level of left-right wing pattern variation with a RWS1 difference 

of 173, was designated as the ‘natural’ asymmetric morph (Figure 5.4, A). The wing which was 

located closest to the centre of the ordination plot (wing 21 - left wing of specimen 2579), suggesting 

that it approximated the mean shape configuration for the pattern, was chosen to represent the 

symmetric morph (Figure 5.4, B). The wings which were at the extreme ends of the ordination plot 

along RWS1 (wing 53 from specimen 2811 and wing 57 from specimen 155), and thus deviated the 

most from the mean shape configuration (while still representing actual wings from real individuals), 

were used as a reference for the ‘super’ asymmetric morph (Figure 5.4, C). These demonstrated a 

degree of asymmetry in RWS1 which was far greater than natural but was made up of actual wing 

patterns that were still part of the natural range of pattern shapes. Thus, the patterns are natural for D. 

atronivea, but the extreme asymmetry was not. 
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Figure 5.4. Relative warp plot of preliminary data for pattern 1 used to determine which wings/specimens best represent the symmetric, asymmetric, and ‘super’ asymmetric morphs for creating 

artificial models. This ordination is based on the first two relative warps which explain a cumulative total of 56.35% variation in this pattern, with RW1 alone accounting for 46.62% variation 

and RW2 explaining 9.73%. I used RWS1 values to calculate relative distances between wings of each specimen and establish a mean level of asymmetry (shown as the red scale bar) around 

which to compare wing (and specimen) variation. The individual points represent the wings of different specimens, with each corresponding 1-2 pair representing a single specimen. Wing pair 

59 and 60 (left and right wings of specimen 157, as shown in A) had a RWS1 difference value of 173 and was used as the model for the ‘natural’ asymmetric morph. Wing 21 of specimen 2759 

(shown in B) was chosen to represent the ‘symmetric’ morph as it most closely matches the mean shape configuration for pattern 1 and has a RWS1 difference value of 0 once reflected on itself. 

Wings 53 and 57 (of specimens 2811 and 155, respectively – shown in C) deviate the most from the average configuration and have a RWS1 difference of 1564, so were chosen to represent the 

‘super’ asymmetric morph.  
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Figure 5.5. A qualitative representation of wing pattern asymmetry in individual specimens. Relative warp ordination plot of preliminary data for pattern 1 overlaid with arrows to visually 

represent the variation between the left and right wings of individuals. Mean level of individual asymmetry for the sample shown as the red scale bar.
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Developing the Model Morphs 

The morphs were produced from photographs of the selected specimens and wings using 

Adobe Photoshop (ver. 22.4.2). For the naturally asymmetric morph, I just used the original 

image of specimen 157 (Figure 5.6, A). For the symmetric morph (Figure 5.6, B), I wanted to 

create matching symmetry across the wings. This was done by taking the image of specimen 

2759, cropping the left wing, making a copy of the crop, flipping the crop horizontally so that 

the left wing was reflected, and then superimposing the two cropped images together. The 

‘super’ asymmetric morph was created by reflecting wing 57 (left wing from specimen 155) to 

the right and using the lasso and clone stamp tools to replicate the pixels and paint them over 

the right wing of specimen 2811. The resulting morph had the left wing of 2811 and the right 

wing of 155 (Figure 5.6, C).  

 

Figure 5.6. The resulting morphs used for the artificial models. A) The asymmetric morph based off specimen 

157; B) the symmetric morph modelled from the left wing of specimen 2759; C) the ‘super’ asymmetric morph 

created by combining the left wing of 2811 and the right wing of 155.  

Calibrating the Models to Bird Vision 

The colour calibration and printing of the moth models followed the same methods as 

outlined in 3.3.1. 

Field Survival Experiments 

The paper models of D. atronivea were used to determine the survival rate of the different 

morphs against avian predators in a field predation experiment. The experiment was conducted 

at two locations in West Auckland: Oratia Reserve (36°55'01.3"S 174°36'11.5"E), which is a 

podocarp, broadleaf, and kauri forest; and Matuku Reserve (36°51'40.3"S 174°28'55.8"E), 

which is predominately a lowland broadleaf and kanuka forest with ridges of emergent 

tanekaha and kauri. These sites were selected for their native forest habitats, populations of 

native insectivorous birds (tui (Prosthemadera novaeseelandiae), pīwakawaka (New Zealand 
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fantail - Rhipidura fuliginosa), and miromiro (North Island tomtit - Petroica macrocephala)), 

and abundance of foliose lichen. The survival data was collected in March 2021 to coincide 

with the active season of D. atronivea. The experiments at each site were carried out over 

separate weeks. A sampling transect was established at both locations, running approximately 

200 m long and 40 m wide. A total sample of 192 models were placed at each site, with 32 

replicates of the three morphs (symmetric, asymmetric, and super-asymmetric) pinned on both 

plain bark and lichen patches of individual tree trunks that were at least 5 m apart. These 

different backgrounds were selected to examine whether any potential survival advantage of 

wing pattern asymmetry may be influenced or reinforced by background matching against 

lichen. The placement of the models on the trees was randomised so that they were pinned at 

different heights and compass directions. This was to standardise for the irregular occurrence 

and positioning of foliose lichen on the trees. Care was taken to ensure all models were pinned 

in the same orientation, at 0° of the vertical plane. Models were chosen at random when pinning 

to avoid any selection bias and were designated an individual ID (morph number and replicate 

number) for ease of monitoring. Pinning height, compass direction, and tree type were also 

recorded. Models were checked at three different time intervals (24, 48, and 72 hours) for any 

evidence of predation. Any clear indication of attack was recorded at these times  

(i.e., visible beak marks, part or all of the body missing, or wings partly or entirely removed). 

For statistical analysis, the results were subsequently censored as 1 for ‘attacked’ and as 0 if 

the models ‘survived’ until the end of the experiments (at 72 hours).  

Survival Analyses 

The predation data was analysed in ‘R’ using a Cox proportional hazards regression model 

(‘coxph’ function in the ‘survival’ package (Therneau, 2021)), as described in 3.3.1.  
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5.4 Results 

5.4.1 Geometric Morphometrics Results of Wing Pattern Variation and 

Asymmetry 

Pattern 1 Analysis 

Procrustes ANOVA of pattern 1 shape revealed no main effect of individuals emphasising 

that the variation among individuals in the average of left and right wing pattern shape was 

highly non-significant (F = 1.604, d.f. = 79, p = 0.988; Table 2). This demonstrates a high 

degree of overall asymmetry and shows that an individual moth’s left wing pattern is not more 

similar to its right wing pattern (as would be expected for symmetrical patterns) than it is to 

the other wing patterns among the population. 

There was also no main effect of sides, suggesting no directional asymmetry in pattern 1 

shape (F = 1.139, d.f. = 1, p = 0.174) (Table 2). 

However, analysis of pattern 1 shape data revealed statistically significant within-

individual wing pattern shape variation (individuals × sides) showing that this pattern shape 

exhibits fluctuating asymmetry/antisymmetry (F = 1.521, d.f. = 79, p = 0.001) (Table 2).  

The frequency histogram of left-right differences for pattern 1 (Figure 5.7) shows a 

deviation from the strict unimodal, normal distribution expected for pure fluctuating 

asymmetry. In fact, the variation appears to be trending towards multi-modal, with potentially 

four peaks forming in the data. The measure of kurtosis supports this deviation from normality 

(kurtosis = 2.2304, z = -38.4857, p-value < 2.2e-16, where kurtosis = 3 is considered normally 

distributed or mesokurtic) and suggests the data is platykurtic.  

The Procrustes ANOVA on the centroid sizes (pattern size) data revealed statistically 

significant effects of individuals (F = 27.006, d.f. = 79, p = 0.001), and individuals × sides  

(F = 4.363, d.f. = 79, p = 0.001), but no effect of sides (F = 0.145, d.f. = 1, p = 0.732) (Table 

2). This suggests that there is individual variation in pattern size and variation due to fluctuating 

asymmetry/antisymmetry in pattern size, but no directional asymmetry.  
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Table 2. The results of Procrustes ANOVAs on shape and size variation around the mean landmark configuration 

for pattern 1. The main effect of ‘Ind’ refers to variation in the left-right wing pattern averages among all 

specimens. ‘Side’ represents directional asymmetry and describes the average difference in the wing pattern 

between left and right wings. The ‘Ind:Side’ interaction accounts for left-right wing pattern asymmetries within 

individuals and reflects fluctuating asymmetry/antisymmetry. 

 

 

Figure 5.7. Frequency distribution of left-right differences in pattern 1 shape. 
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Pattern 2 Analysis  

Procrustes ANOVA of pattern 2 shape again revealed no main effect of individuals  

(F = 1.4388, d.f. = 79, p = 1.000) and demonstrated a high degree of overall asymmetry. Again, 

there was no evidence of directional asymmetry (side) (F = 0.7397, d.f. = 1, p = 0.930)  

(Table 3). 

As for shape pattern 1, the shape variation of pattern 2 revealed a significant effect of 

asymmetry within individuals (individual × side) (F = 1.5499, d.f. = 79, p = 0.001) (Table 3) 

suggesting a degree of fluctuating asymmetry/antisymmetry. The frequency histogram of the 

left-right differences for pattern 2 also reveals a significant departure from normality, with 

apparent multi-modal distribution in the data (Figure 5.8). The test of kurtosis suggests that 

the shape of the distribution is platykurtic (kurtosis = 2.7861, z = -5.9816, p-value = 2.209e-

09).  

Individual variation (individual) and variation due to fluctuating asymmetry/antisymmetry 

(individual × side) were found to be statistically significant for pattern 2 centroid sizes  

(F = 9.0255, d.f. = 79, p = 0.001, and F = 2.2477, d.f. = 79, p = 0.001, respectively), but there 

was no effect of directional asymmetry (side) on this pattern element (F = 0.9690, d.f. = 1, p = 

0.331) (Table 3).  

Table 3. Procrustes ANOVAs of shape and size variation around the consensus landmark configuration for pattern 

2. The main effect of ‘Ind’ refers to variation in the left-right wing pattern averages among all specimens. ‘Side’ 

represents directional asymmetry and describes the average difference in the wing pattern between left and right 

wings. The ‘Ind:Side’ interaction accounts for left-right wing pattern asymmetries within individuals and reflects 

fluctuating asymmetry/antisymmetry. 
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Figure 5.8. The frequency distribution of left-right side differences in shape for wing pattern 2.  

 

5.4.2 Field Survival Experiments with Artificial Models 

Survival of the paper models was measured over a 72-hour period across the two sites. The 

initial Cox proportional hazards regression showed no significant effect of location (Wald = -

1.258, d.f. = 3, p = 0.208) or background substrate (Wald = -1.633, d.f. = 3, p = 0.102) on 

survival, so the terms were removed from the model. There was, however, a statistically 

significant effect of morph type (Wald = -2.742, d.f. = 1, p = 0.006), with the symmetric 

treatment being predated at a higher rate than both asymmetric treatments (Figure 5.9). The 

regression coefficient from the Cox model shows that both asymmetric morphs have a lower 

risk of predation than the symmetric morph (coef = -0.2935). The exponential coefficients from 

the regression, denoting the hazard ratios or effect size, indicate that having asymmetric wing 

patterns reduces the risk of predation by a factor of 0.746, which reflects a 25% higher survival 

rate/lower risk of predation than the symmetric models. Further pairwise comparisons revealed 

there was no difference in overall predation rate between the asymmetric treatments  

(p = 0.900). 
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Figure 5.9. Survival curves of the symmetric (solid pink line), asymmetric (dashed blue line), and super-

asymmetric (dashed green line) models. Note that the asymmetric and super-asymmetric lines merge between 48 

and 72 hours. The curves represent the probability of surviving predation by avian predators as a function of time 

and are based on Kaplan-Meier survival estimates that account for censoring due to survival to the end of the 

study. Overall, symmetric morphs had significantly lower survival (0.531 ± 0.044) than asymmetric (0.698 ± 

0.0409) and super-asymmetric (0.708 ± 0.0399) forms over the 72-hour study period. 

5.5 Discussion 

The Survival Advantage of Asymmetrical Wing Patterns 

The results from the field survival experiments clearly show that having asymmetric 

cryptic colour patterns provides D. atronivea with a significant survival advantage against 

avian predators, compared with similar symmetrically patterned wings. Both asymmetric and 

super-asymmetric morphs had a 25% higher overall survival rate compared to the symmetric 

models. This suggests that bilateral symmetry in an otherwise highly cryptic prey significantly 

reduces the efficacy of that crypsis, concurring with evidence found in other studies (e.g., 

Cuthill et al., 2006a; Cuthill et al., 2006b). However, unlike previous studies, I have been able 

to demonstrate this functional effect in the actual wing patterns of a real species, using 

realistically cryptic prey-models accurately calibrated to bird vision with biologically relevant 

levels of asymmetry as measured from natural wing pattern variation.  
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Interestingly, there was no overall difference in survival between the asymmetric and 

super-asymmetric morphs, which suggests that there may be a threshold above which there is 

no additional benefit to developing more extreme asymmetry across the wings. Perhaps this is 

an effect of receiver visual discrimination and the perceptual ability of predators to distinguish, 

or rather, not distinguish, deviations from symmetry that occur above a certain level of 

asymmetry. This idea of an asymmetry detection threshold has been investigated in several 

studies. For example, Swaddle, Ruff, Page, Frame, and Long (2008) used captive European 

starlings (Sturnus vulgaris) to assess receiver perceptual performance in the context of 

intraspecific communication and found that the birds were able to discriminate between 

symmetry and 15-25% asymmetry in chest plumage. Swaddle and Johnson (2007) 

demonstrated that starlings could also distinguish size differences between symmetry and  

5-10% asymmetry in paired, discrete images. Stevens, Castor-Perry, and Price (2009), similarly 

noted asymmetry detection limits of 10-25% in wild avian predators when presented with 

conspicuous artificial targets. These studies suggest that birds may have a perceptual threshold 

for symmetry discrimination, below which pattern elements would be perceived as equally 

symmetric. Though the findings were interpreted within the context of visual signalling for 

intraspecific and interspecific interactions, they may also provide an interesting perspective for 

predator perception of asymmetry in cryptic colouration. If avian predators can only detect 

symmetry within a limit, then anything above this threshold is going to be perceived as 

asymmetric. This is particularly relevant in mate-choice scenarios and signalling of 

conspicuous colour patterns in which there may be greater selection for detecting small 

deviations from symmetry (Møller & Thornhill, 1998; Forsman & Merilaita, 2003). However, 

theory and empirical evidence suggests that avian predators cannot readily detect asymmetric 

cryptic patterns (Forsman & Merilaita, 1999, 2003; Cuthill et al., 2006a; Cuthill et al., 2006b). 

It would therefore stand to reason that they may also not be able to discriminate between levels 

of asymmetry in this instance. Thus, rather than viewing the threshold as a limit below which 

everything is equally symmetric, it may also be the case that for cryptic patterns, everything 

above this limit is equally asymmetric. If this is true, then one might expect there to be little to 

no selection to evolve more asymmetry above this limit because it would be equally 

undetectable to predators, especially when crypsis inherently reduces the risk of detection 

anyway.  
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Despite the clear survival advantage of background matching for D. atronivea (as 

presented in in Chapter 3.4, there was surprisingly no effect of background substate on the 

survival of models in this experiment. Though this was not strictly part of my hypothesis for 

this particular study, it does warrant some attention. My initial thought is that this may be an 

effect of sample size. The background-matching predation experiments involved only one 

colour morph (natural D. atronivea) placed on lichen, bark, and near-lichen substrates. The 

overall sample size for each treatment was 100 models compared to only 32 models for each 

treatment in this current study. It is possible that if the sample size for each treatment in this 

experiment was increased, I may have begun to see an effect of background, though this is 

entirely speculatory (this is discussed further in Chapter 6.1.2).  

Evidence of Wing Pattern Asymmetry and Variation 

There is clear evidence of wing pattern asymmetry in D. atronivea, making this one of only 

two insect species that have been documented so far (the other being the mantis, T. roseipennis, 

(refer to Appendix B Figure B.1- Barabás & Hancock, 1999)) and perhaps the only known 

example of asymmetrical cryptic colouration in insect wings. Geometric morphometrics and 

multivariate analyses for both pattern 1 and pattern 2 revealed a significant effect of within-

individual shape and size variation (as determined by the interaction term ind × sides). This 

variation is not a component of directional asymmetry, that is, there is no consistent, 

unidirectional difference between the left- and right-wing patterns. Rather, the asymmetry 

reflects non-directional deviations across both sides of the wings. This measure describes a 

degree of fluctuating asymmetry or antisymmetry in the pattern shapes (Graham, Raz, Hel-Or, 

& Nevo, 2010). Fluctuating asymmetry encompasses subtle, random deviations from what is 

expected to be perfect bilateral symmetry in the trait (Palmer & Strobeck, 1997). Pure 

fluctuating asymmetry is often associated with a normal distribution, where left-right 

differences are distributed around a mean of zero, with zero being the symmetrical phenotype 

(Klingenberg, 2015). Antisymmetry, on the other hand, represents the condition where 

asymmetry is considered the natural state of the phenotype in the population (i.e., most 

individuals are asymmetric), and the direction of the left- and right-side differences is random 

(Palmer, 2005). The frequency distribution of variation in antisymmetric traits is therefore 

often platykurtic or bimodal with two peaks forming on either side around a mean of zero, 

though multi-modality can occur (e.g., as seen in Cichlids; Van Dooren, Van Goor, & Van 

Putten, 2010). Visual assessment of the frequency histograms of left-right shape differences 
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for pattern 1 and pattern 2 (Figure 5.7, Figure 5.8), as well as the respective tests of kurtosis, 

shows that wing pattern variation in D. atronivea does not follow the strict normal, unimodal 

distribution typically expected for fluctuating asymmetry. It appears that the distribution of 

variation is multi-modal, with the divergence from symmetry appearing to cluster in four peaks 

(this is particularly apparent for pattern 2 (Figure 5.8). This suggests that there are elements of 

antisymmetry in wing pattern shape. This differentiation between the two types of symmetry 

can have important implications for understanding the development of asymmetry in D. 

atronivea. Because fluctuating asymmetry is a measure of deviation from the ideal state of 

bilateral symmetry, it is considered to reflect developmental instability due to environmental 

or genetic stress (Swaddle, 1999), or at the very least, just random variation (Palmer & 

Strobeck, 1992). Antisymmetry, however, is more likely to be genetically controlled and 

adaptive (Palmer & Strobeck, 1992). Though it is speculative to make any conclusions about 

the developmental process of asymmetry in this trait from these analyses alone, I have 

demonstrated with field predation experiments that wing pattern asymmetry in D. atronivea 

provides a significant survival advantage against predators and is therefore likely to be of 

functional significance. Furthermore, the apparent rarity of symmetric individuals in this 

species supports the notion that asymmetry may be the optimal natural state of this trait.  

In addition to the asymmetry present within individuals, the data demonstrate that there is 

a significant amount of variation between individuals in terms of overall colour pattern. This 

may have important implications for the survival value of their crypsis; such phenotypic 

diversity in a cryptic colour pattern can function to impede the formation of predator search 

images by increasing the number of potential salient features available to visual predators 

(Karpestam et al., 2014, 2016). Successful search image formation occurs when predators 

repeatedly encounter the same prey type as this reinforces object recognition and learning 

(Troscianko et al., 2013). By maintaining high levels of colour pattern variation in the 

population, D. atronivea would be able to more effectively exploit the sensory constraints of 

their visual predators, impairing predator search efficiency and thus reducing the risk of 

predation. That D. atronivea display such extensive within- and between-individual variation 

suggests that there is strong selection for further enhancing their cryptic colouration. The 

combined effects of crypsis, asymmetry, and phenotypic variation in D. atronivea may 

therefore function to exploit the perceptual and cognitive processes of relevant predators by 

preventing initial detection and impeding subsequent predator learning.  
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Why is Asymmetry So Rare When it Presents a Survival Benefit?  

Here, I have presented evidence of asymmetrical wing patterns in a cryptic prey species 

and demonstrated the survival advantage that such asymmetry offers. Given the clear adaptive 

significance of asymmetry in this context, this once again begs the question of why so many 

cryptic species have symmetrical colour patterns?  

One explanation is that the evolution of surface pattern asymmetry may be tightly 

constrained by genetic and developmental factors (Forsman & Merilaita, 2003). Moreover, 

there may be pleiotropic effects or linkage between colour patterns and other traits that impose 

indirect selection pressures beyond that of predation (Forsman & Merilaita, 2003). For 

example, in Lepidoptera, the bilateral symmetry of surface patterns is linked with symmetry in 

the underlying wing morphology. Monteiro et al. (1997), demonstrated that in the African 

nymphalid butterfly, Bicyclus anynana, colour patterns (eyespots) were developmentally 

coupled with wing shape. If wing shape is selected to be symmetrical for flight performance, 

then the developmental cost of uncoupling these traits may exceed the camouflage benefits 

obtained from developing asymmetrical colour patterns. Evidence of epistatic interactions 

potentially favouring the evolution of wing colour pattern asymmetry has been documented in 

only one other insect, the praying mantis, T. roseipennis, which displays red/green forewing 

colour asymmetry that appears to be genetically linked to wing-folding mechanisms (Barabás 

& Hancock, 1999). Individuals of this species are predominately green and appear cryptic at 

rest but possess patches of red colouration on both hindwings and frequently on part of one 

forewing. These red patches, which are thought to function in deimatic responses or mating 

displays, remain hidden while at rest due to the arrangement of ‘scissor-type’ wing-folding, 

where one forewing (the green one) covers the other (the red one). This colour asymmetry 

between the forewings also varies between individuals, such that some possess right-red, left-

green phenotypes, while others have the opposite arrangement. The arrangement of the wing-

folding similarly varies between individuals and wing-folding preference appears to be 

associated with forewing colour asymmetry, possibly as a behavioural response for maintaining 

defensive startle effects while remaining camouflaged. It is possible that there are similar 

genetic interactions in D. atronivea that permit the uncoupling of wing pattern and wing 

morphology, or perhaps the survival benefits of having asymmetrical wing patterns lessen the 

constraints on the development of asymmetry in this species. Regardless, D. atronivea presents 
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an ideal model to investigate the evolutionary and developmental interactions that permit wing 

pattern asymmetry in Lepidoptera.  

A more recent theory that may explain the persistence of symmetry in cryptic colouration 

is that animals relying on concealment may be able to mitigate the costs of symmetrical 

saliency by optimising their surface patterning, possibly by orienting pattern elements away 

from the symmetrical midline. Wainwright et al. (2020), investigated the saliency of cryptic, 

moth-like targets in which the symmetrical patterns were placed at different distances from the 

midline. The researchers found that there existed a ‘critical zone’ near the midline and targets 

with symmetrical patterning placed outside this region were less conspicuous to humans and 

avian predators than models that displayed pattern symmetry near the midline. Furthermore, 

they assessed the positioning and saliency of cryptically coloured symmetrical wing pattern 

elements in real Lepidopteran species and discovered that saliency was indeed greatest in 

markings placed away from the axis of symmetry. Their work suggests that cryptic prey may 

evolve morphologies that reduce pattern saliency near the midline. The positioning of 

symmetrical elements near the midline can attract a saccade which would increase receiver 

attention and the chances of being detected. By displacing salient markings away from this 

critical region, prey can potentially mitigate the costs of symmetry in cryptic colouration 

without having to evolve asymmetrical patterns (Wainwright et al., 2020). If this phenomenon 

is seen across a range of Lepidoptera as purported by the authors, then this raises an interesting 

question of why D. atronivea have needed to evolve wing pattern asymmetry at all? This is 

particularly pertinent when considering the fact that the closest relative to D. atronivea,  

D. egregia, do not appear to have such distinct elements of asymmetry (refer to Appendix C 

Figure C.1) and in fact may match the criteria for displaced symmetrical saliency as defined 

by (Wainwright et al., 2020). A study comparing these two species may shed light on why D. 

atronivea is such an exception.  

5.6 Conclusion and Future Work 

Here, I have presented evidence of rare wing pattern asymmetry and variation in a cryptic 

moth and demonstrated that these asymmetrical pattern elements significantly reduce the risk 

of predation as compared to symmetric patterns. This work is possibly the first to quantify wing 

pattern asymmetry in an insect, using geometric-morphometric analyses to obtain measures of 

pattern shape and size for comparison within and between individuals. Furthermore, my data 

suggest that this is not just subtle deviations from symmetry arising from random mutations or 
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developmental instability, but rather pronounced and adaptive asymmetry that has evolved for 

a functional purpose. The adaptive value of this asymmetry was determined through field 

survival experiments with wild avian predators using artificial moth targets that were 

accurately calibrated to bird vision and modelled using biologically relevant levels of 

symmetry, asymmetry, and super-asymmetry as measured from natural wing pattern variation 

found within this species. The use of a real-life species to create models for survival studies 

has not been attempted in this context before, namely because wing pattern asymmetry is so 

rare in nature. This study system thus presented an unparalleled opportunity to investigate wing 

pattern asymmetry in a model species and further our understanding of the adaptive 

significance of asymmetric colour patterns. The findings from this research additionally present 

a unique opportunity to investigate a wider range of questions around the evolution and 

development of asymmetry in D. atronivea, as well as the implications this has on natural and 

sexual selection. In particular, what are the genetic and developmental factors that give  

D. atronivea this predisposition for asymmetry that is apparently absent in other Lepidoptera, 

including its closest relative, D. egregia? Furthermore, how has this influenced/been influenced 

by selection pressures pertaining to mate choice and predation? A more thorough 

understanding of the ecological and evolutionary drivers of asymmetry in this species may help 

to shed light on why wing pattern asymmetry is so exceptionally rare in Lepidoptera and the 

rest of Insecta in general.  

 

.  
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6  
General Discussion 

 

6.1 Key Findings 

This thesis has presented a comprehensive investigation into the fascinating colouration of 

the North Island lichen moth, Declana atronivea, using a range of experimental methods and 

analytical tools to gain an understanding of the role of different antipredator camouflage 

mechanisms in a real species. Furthermore, this study system has provided an unparalleled 

opportunity to explore rare colour pattern asymmetry in a real species, and the implications of 

such on survival against predators in relation to camouflage. This research, to my knowledge, 

represents the only known attempt to identify and objectively quantify masquerade, 

background matching, disruptive colouration, colour pattern asymmetry, and the interrelation 

between these antipredator adaptations in a single species. 

Element imitation masquerade appears to exist across numerous taxonomic groups but to 

date has only been empirically investigated in twig-mimicking caterpillars (Skelhorn et al., 

2010a, 2010b, 2011). In Chapter 2, I presented the first formal test of lichen masquerade, 

exploring whether the colouration of D. atronivea confers a survival advantage against 

predators by causing the moth to be misclassified as lichen. I demonstrated that D. atronivea 

do not, in fact, benefit from element imitation masquerade as a camouflage strategy; however, 

as the experiment was conducted in an isolated arena and on a visually contrasting substrate, 

this raised the question of whether the putative masquerade could possibly function when in 

association with a matching lichen background. Unlike other forms of element imitation 

masquerade that resemble discrete objects, such as twigs or leaves, lichen often forms part of 

larger assemblages, which may make it difficult to distinguish as a distinct entity. Thus, what 

constitutes as lichen imitation may be a delicate interplay between masquerade and background 

matching. Perhaps the function of masquerade in D. atronivea is only conducive when in 

proximity to lichen, or perhaps the colouration is adapted for other forms of camouflage, such 

as crypsis.  
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Chapter 3 explored whether the colouration of D. atronivea may be adapted for 

background matching on lichen and expanded on the putative function of lichen masquerade 

in the context of a matching background. I conducted field predation experiments using wild 

avian predators and realistic moth models placed on different background substrates to examine 

the relative contribution of background matching and element imitation masquerade to 

survival. I found that models placed on lichen had a significant survival advantage over models 

placed on bark, but models placed near lichen survived at intermediate rates (but were not 

statistically different from either the on-lichen nor bark treatments), suggesting a strong effect 

of background matching but also a potential function for masquerade. However, colour 

analyses revealed that D. atronivea moths did not match the colour or luminance properties of 

the photographed lichen backgrounds, indicating that chromatic and achromatic cues are not 

good predictors of survival through background matching in this species. Conversely, D. 

atronivea were shown to be a good pattern match to the lichen substrates. Perhaps native bird 

predators rely more on pattern elements as visual cues when searching for D. atronivea and the 

moths have therefore adapted to match the spatial properties of the background. Nevertheless, 

this study demonstrated that the colour patterns of D. atronivea confer a significant level of 

protection against avian predators through background matching.  

In Chapter 4, I presented evidence for the occurrence and functional significance of 

disruptive colouration in D. atronivea. Using field predation experiments, I found that edge 

disruptive moth models had significantly greater survival against wild avian predators than all 

other morphs, including the otherwise similarly coloured, non-disruptive morphs. Interestingly, 

there was no survival difference in these ‘edge’ models against the lichen and bark 

backgrounds, possibly suggesting that disruptive colouration can function independently of 

background matching in this species. Furthermore, GabRat analysis showed that D. atronivea 

exhibited intermediate levels of edge disruption on all tested lichen and bark backgrounds but 

were the most disruptive on lichen substrates as well as puriri and kowhai bark. Colour analysis 

data thus confirm that the survival advantage observed in the predation experiments is likely 

due to disruptive colouration, however, the relative influence of background matching 

substrates on this disruptive effect requires further investigation.  

In Chapter 5, I presented the first documented example of adaptive colour pattern 

asymmetry in a cryptic species. Using geometric-morphometric analyses coupled with field 

predation experiments, I quantified the degree of wing pattern asymmetry in D. atronivea and 

examined the role of the asymmetric wing markings for enhancing the protective value of 
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camouflage. Geometric-morphometric analyses revealed that the colour patterns of  

D. atronivea are, in fact, asymmetric, with statistically significant wing pattern variation 

occurring within and among individuals. Predation experiments further demonstrated that this 

asymmetry confers a survival advantage against symmetric morphs with similar cryptic 

colouration, indicating that asymmetry is likely adaptive and functions to enhance the efficacy 

of camouflage in this species.   

6.1.1 Masquerade and Background Matching 

In Chapter 2, I demonstrated that D. atronivea does not benefit from element imitation 

masquerade in the absence of a matching lichen background. I further expanded on this in 

Chapter 3, where I used artificial models placed near lichen (as well as on lichen and on bark) 

to explore whether the moths may gain a potential survival benefit from masquerade if in 

proximity to a matching background. I found that there was no survival difference between the 

models placed near lichen compared to those placed on lichen or isolated from lichen (on bark); 

however, there was a significant difference between the on-lichen and bark treatments which 

may indicate that the near lichen treatment provided an intermediate level of protection. 

Masquerade in this species may therefore be context-dependent and moths may gain some 

protection via element imitation when near lichen. Contrary to this, Skelhorn and Ruxton 

(2010) found that the protective value of element imitation masquerade declined when twig-

mimicking caterpillars were observed alongside their twig models as opposed to when viewed 

in isolation, as this could potentially provide predators with a more accurate frame of reference 

for comparison. They subsequently predicted that there would likely be greater selection 

pressure for masquerading prey to reduce the risk of being viewed simultaneously with their 

models, or where this is not possible, to resemble their model more closely. Declana atronivea 

were in fact found to be a close pattern match to lichen (Chapter 3), so perhaps they have 

achieved enough accuracy of lichen resemblance to lead to the intermediate levels of predation 

observed when models were placed near a patch of lichen.  

How element imitation might function is also complicated when the putative masquerade 

model is a non-discrete element that can form part of a larger background component or occur 

as multiple, adjacent patches of various sizes, such as lichen. What constitutes as a lichen 

‘model’ can be difficult to define when in most instances the ‘model’ is, in itself, also a 

potential background. Masquerade is thought to provide camouflage independently from 

background matching as its primary function is to hinder recognition rather than detection 
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(Endler, 1981; Skelhorn et al., 2010a; Skelhorn et al., 2010b). Perhaps in D. atronivea, 

masquerade functions mutually with background matching, coming into play once the moths 

have become perceptually segmented from their background. It could also be that there is an 

effect of viewing distance and spatial distribution. For instance, a bird predator flying from tree 

to tree may overlook a moth resting near a patch of lichen as this approximates the spatial 

distribution of lichen. Furthermore, the visual acuity of the bird may limit the amount of detail 

able to be resolved at this distance such that, if the moth is positioned near enough to a lichen 

patch, the visual system of the bird may not be able to spatially distinguish between the two 

objects, effectively perceiving them as a single entity. This is plausible given that the visual 

resemblance of D. atronivea moths to lichen was shown to be influenced by viewing distance, 

with achromatic and pattern contrasts reducing significantly at 1 metre compared to 0.5 metres, 

suggesting a closer perceived match at greater distance (Chapter 3). This effect may not have 

been enough of an advantage to drive a significant difference between the off-lichen and other 

treatments, but perhaps further replication of the experiment may lead to a greater divergence 

among the treatments.  

Regardless, it seems that element imitation masquerade of a non-discrete object is not a 

straightforward process to isolate. Further investigation using more controlled settings would 

help elucidate the interplay between masquerade and crypsis in this species. A future study 

could incorporate the same experimental set-up with naïve and experienced chicks but instead 

compare chick behaviour between moths placed on non-matching and matching lichen 

backgrounds to confirm whether moths on or near lichen are simply not being detected or 

whether the chicks are observing the moths but not recognising them, as would be expected 

with masquerade.  

6.1.2 Disentangling the Relative Importance of Background on Cryptic 

Strategies in D. atronivea 

The functional significance of background matching and edge disruption in D. atronivea 

was demonstrated in the respective field predation experiments (Chapters 3 and 4). In the 

former, background matching on lichen was found to confer a significant survival advantage, 

whereas there was no effect of background on the protective value of edge disruption. This was 

also found in the asymmetry field predation experiments (Chapter 5), where asymmetric 

morphs survived better than symmetric morphs irrespective of background. Though these data 

can be interpreted independently as they were derived from separate studies with different 
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hypotheses, it is important to address these conflicting results as they can impact our 

understanding of the mechanisms of camouflage in D. atronivea. Firstly, it is conceivable that 

disruptive colouration could function independently of background matching in this species 

(Stevens et al., 2006a; Schafer & Stobbe, 2006). Although the GabRat analyses showed an 

apparent effect of background substrate on the level of disruption in D. atronivea, it is possible 

that the low-intermediate disruption seen on the other bark substrates still confers a survival 

benefit, as reflected in the predation experiments. Furthermore, the moths were found to have 

comparably high levels of disruption on kowhai and puriri bark as on lichen, so perhaps the 

overall functional effect of disruptive colouration irrespective of a matching background is 

context/substrate dependent. It is also possible that the lack of background effect in the 

disruptive colouration (and asymmetry) predation experiments was confounded by sample size. 

The background-matching predation experiments involved only one colour morph (naturally 

patterned D. atronivea) placed on lichen, bark, and near-lichen substrates. The overall sample 

size for each treatment was 100 models compared to only 32 models for each treatment in the 

disruptive colouration and asymmetry studies. It is possible that if the sample size for each 

treatment in those experiments were increased, I may have had greater statistical power and 

detected an effect of background type, though this is entirely speculative. Furthermore, it 

should be noted that while I was able to assess the effect of disruptive colouration 

independently from background matching by placing the different morphs on both lichen and 

bark backgrounds as well as including the non-disruptive but similarly coloured morphs, I 

could not examine background matching independently from disruptive colouration in the 

background matching predation experiments. This is because the priority of these studies was 

to assess the true patterns of D. atronivea rather than general camouflage theory, and these 

moths inherently possess marginal markings. Regardless, the experiment specifically focused 

on background matching (Chapter 4) and allowed me to demonstrate that naturally coloured 

D. atronivea models received fewer attacks when on a lichen background compared to those 

on trees without lichen. Whether disruptive colouration can truly function independently of 

background matching and vice versa requires further investigation. Future research into the 

contribution of the different disruptive principles, such as maximum disruptive contrast, 

differential blending, and disruption of surface, may help to further elucidate the mechanisms 

of disruptive colouration in this species.  
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6.1.3 The Relative Importance of Pattern Over Colour and Luminance 

The spatial elements of the colour patterns in D. atronivea appear to be more important 

than the chromatic and achromatic properties for determining the level of concealment and 

survival against avian predators. This is not only clear from the granularity analysis presented 

in Chapter 3 which showed that moths closely matched the pattern energy of the lichen 

substrates (but not colour or luminance), but also when considering the results of field predation 

experiments investigating disruptive colouration and asymmetry. Regarding the former, it was 

shown that the colour patterns of D. atronivea promote concealment through edge disruption. 

Edge disruption relates to the sub-principle of marginal pattern elements which is concerned 

with the geometry or spatial distribution of the markings (Stevens & Merilaita, 2009). The 

functional effect of such edge disruption in D. atronivea was demonstrated in the field 

predation experiments in which the edge morphs were shown to have a significant survival 

advantage over all other morphs, including the non-disruptive ‘inside’ morphs with similarly 

coloured patterns. That the edge morphs only differed from the inside models in the 

arrangement of the pattern elements suggests that it is the edge intersecting markings, not 

necessarily the colouration of the moth, that confers the protection from predators, and this 

corroborates with the high chromatic and achromatic contrast values presented in Chapter 3. 

The colour patterns of D. atronivea may therefore primarily function to interfere with feature 

detection and recognition through the geometry and spatial attributes of the wing markings 

rather than reducing the chromatic and achromatic disparity between moth and background.  

This is further evidenced by the clear wing pattern asymmetry in D. atronivea. Asymmetry 

reduces pattern regularity, impeding the saliency of inherent visual signals and making it 

difficult for predators to perceptually organise patterns into a cohesive object. Asymmetry 

coupled with background pattern matching and edge disruption in D. atronivea would therefore 

compound to exploit predator visual systems by reducing the saliency of boundaries, edges, 

and patterns, thereby hindering detection, recognition, and discrimination of the spatial 

properties of the moth. 

A potential explanation for the apparent precedence of pattern in D. atronivea may relate 

to the visual complexity of the lichen backgrounds. A lichen represents a symbiotic relationship 

between a fungus and a photobiont (an alga and/or cyanobacterium). These mutualisms are 

exceptionally species rich, with almost 2000 species discovered in Aotearoa | New Zealand 

alone, and that vary in morphology and colouration (Knight, 2014). Lichen often forms 

components of larger multispecies assemblages which can create a visually complex and 
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heterogeneous environment. Furthermore, the moisture content of lichen can cause changes in 

the spectral reflectance of the substrate, particularly after rainfall when the lichen becomes 

hydrated and the photobiont is more exposed, an effect which differs between lichen species 

(Knight, 2014; Barták et al., 2015; Barták, Hájek, Amarillo, Hazdrová, & Carreras, 2016; 

Granlund, Keski-Saari, Kumpula, Oksanen, & Keinänen, 2018). The UV reflectance 

capabilities of lichen also appear to differ between types; foliose species tend to absorb UV, 

while parts of crustose species are UV absorbent and others UV reflective (Majerus, Brunton, 

& Stalker, 2000). As such, matching the colour and luminance properties of lichen would 

potentially prove difficult under these variable conditions. Unless D. atronivea is specialised 

to a particular lichen, which does not seem likely given these moths have been observed on a 

range of substrates, a seemingly more optimal strategy would be to prioritise pattern properties 

for concealment. Matching the pattern elements of the lichen substrates, rather than the specific 

chromatic or achromatic reflectance, would also allow the moths to gain protection over a wider 

range of backgrounds, which may reflect a ‘generalist’ or ‘compromise’ strategy. Likewise, the 

disruptive patterning of D. atronivea may be adapted to deal with these more complex 

backgrounds. For example, Price et al., (2019) similarly found that crabs from more 

heterogeneous habitats (rockpools) matched their backgrounds less closely but possessed 

greater levels of edge disruption. Such optimisation of pattern and disruptive elements could 

provide concealment irrespective of background patches encountered.  

Pattern appears to be a better predictor of camouflage and thus survival in D. atronivea; 

however, this is not to say that colour and luminance are not important for camouflage in this 

species. In fact, the black and white markings are suggestive of maximum disruptive contrast 

which functions through the chromatic and achromatic elements of the disruptive pattern 

(Stevens & Merilaita, 2009). Furthermore, pattern perception is thought to be mediated by 

luminance, so these two cues are likely to be connected (Osorio et al., 1999b; Osorio et al., 

1999a; Osorio & Vorobyev, 2005). This may be apparent when considering the effect of 

viewing distance; both luminance JND and pattern energy difference were significantly lower 

at 1 metre compared to 0.5 metres, indicating that at greater distances the moths appear to be a 

better achromatic and pattern match to the backgrounds (Chapter 3). This suggests an 

influence of pattern spatial frequency and predator visual acuity. Luminance is important for 

long-range detection and recognition, so perhaps the achromatic features of the forewings aid 

the decomposition of patterns at greater distances to blend more with the substrate, reducing 

the signal and preventing the moth from being segmented from its background (Barnett & 
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Cuthill, 2014; Cuthill, 2019). Conversely, the edge disruptive effect of the colour patterns 

decreased at greater viewing distance, such that the moths were found to be less disruptive at 

1 metre compared to 0.5 metres (Chapter 4). Disruptive patterns, such as marginal markings, 

promote concealment through minimising the signal of the animal’s true outline while also 

increasing noise through creating false salient signals (Merilaita et al., 2017). If patterns 

become less discernible at greater distances, as the data from Chapter 3 suggests, then the role 

of the false markings may be diminished since these features merge with the background. As 

such, this may indicate that at greater distances, the achromatic and pattern properties of the 

forewing markings function to optimise concealment through background matching, but upon 

closer viewing, the disruptive patterning is more important for preventing detection through 

creating false edges and obscuring true features (refer to Figure D.1 & Figure D.2 in Appendix 

D).  

6.1.4 Implications of this Research and Future Work 

This thesis has presented the first comprehensive and objective investigation of 

multifaceted camouflage and wing pattern asymmetry in a real species. Declana atronivea is 

an excellent model system to explore further questions regarding the different mechanisms of 

these camouflage strategies and how they interact with relevant predator visual systems in 

terms of the perceptual and cognitive processes that they exploit. More work is required to 

disentangle the relative contribution of these different camouflage mechanisms in this species, 

particularly the interplay between background matching and element imitation masquerade, 

and background matching and disruptive colouration. This would be important for informing 

theory about the mutual functionality of different camouflage mechanisms in a single species.  

A more thorough understanding of what constitutes lichen as a masquerade model would 

be helpful for future research on such element imitation masquerade. For example, to reconcile 

lichen as a model versus lichen as a background by determining if there is a perceptual or 

cognitive threshold between the two, how this is perceived by predator and prey organisms, 

and what the implications are for species relying on lichen masquerade or background 

matching. Moreover, this would inform theory regarding whether element imitation 

masquerade of a non-discrete object can function independently from background matching or 

whether it may instead be a form of crypsis.  
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Regarding lichen as a background, it would be useful to investigate how the variable 

conditions of this substrate interact with or influence camouflage in different species. Many 

other New Zealand Lepidoptera, including various Izatha species, have evolved white, green 

and black colour patterns that resembles lichen (Hudson, 1928; Hoare, 2010). Using 

spectrophotometry and vision models to explore the different spectral properties, including UV 

reflectance, and how these can be altered via rainfall which can shift lichen colour from white 

to green, may elucidate important ecological and evolutionary pressures behind lichen 

resemblance, particularly how different species have diverged to exploit the colour properties 

of different lichen in Aotearoa | New Zealand.  

Declana atronivea represents the first quantified example of functional wing pattern 

asymmetry in a cryptic insect. The findings from this research therefore provide a crucial 

foundation for exploring further questions about the evolution of such asymmetry. In particular, 

what are the genetic and developmental factors that give D. atronivea this predisposition for 

asymmetry that is apparently absent in other Lepidoptera, including its closest relative,  

D. egregia? A more thorough understanding of the ecological and evolutionary drivers of 

asymmetry in this species may help to shed light on why wing pattern asymmetry is so 

exceptionally rare in nature.  

Beyond this current study, little is actually known about the ecology of D. atronivea. 

Further research into the mating behaviour and activity of the moths, for example, would be 

valuable for filling this knowledge gap and for understanding the potential implications of 

camouflage on intraspecific communication, such as sexual selection. Lastly, the apparent 

ontogenetic colour change and camouflage in the caterpillars presents an interesting avenue for 

future study and would contribute to the overall story of multifaceted camouflage in  

D. atronivea. 

6.2 Concluding Remarks 

This thesis provides empirical evidence for the role of camouflage and rare wing pattern 

asymmetry for antipredator defence in D. atronivea. While background matching and 

disruptive colouration – and potentially masquerade – appear important, it is still uncertain 

whether the colour patterns of this species have been selected for one particular camouflage 

strategy over another, and how these different mechanisms may interrelate remains unclear. 

That pattern appears to be more important than colour and luminance for concealment may 

lean towards the idea of disruptive colouration being a primary strategy in this species; the high 
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contrast and edge disruptive markings are diagnostic of disruptive colouration and the 

asymmetrical wing patterns are likely to aid the disruptive effect. Furthermore, edge disruption 

was shown to confer a significant survival advantage for moth models against wild avian 

predators, thus demonstrating the adaptive function of such camouflage. However, the high 

degree of pattern matching and the significant survival advantage of moth models on lichen in 

the background matching experiments also implies an important role of background matching. 

Furthermore, the apparent inverse effect of viewing distance on both background matching and 

edge disruptive elements suggests that background matching may be more important for 

concealment at greater distances, while disruptive colouration functions more effectively at 

closer range. Element imitation masquerade may also serve to promote misclassification in the 

presence of lichen, though further investigation is required to establish the significance of this 

effect. Overall, the colour pattern properties of D. atronivea appear to represent elements of 

disruptive colouration, background matching, and perhaps to a lesser extent, masquerade, and 

it is entirely possible that this species incorporates multi-modal camouflage and wing pattern 

asymmetry as part of its defensive repertoire.  
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Appendices 

APPENDIX A  

On the Natural History and Ecology of Declana atronivea 

Larvae 

The North Island lichen moth, Declana atronivea (Walker, 1865) is an endemic Geometrid 

found in the North Island of Aotearoa | New Zealand. This species presents a fascinating system 

for studying antipredator colouration because it appears to be employing diverse camouflage 

strategies within and across the different life stages. Adult moths, for instance, possess black 

and white forewing markings that resemble lichen and may be adapted for camouflage through 

the different mechanisms of masquerade, background matching, and disruptive colouration 

(Figure 2.1). Although not discussed so far in this thesis, the larvae similarly appear to possess 

a variable defensive repertoire; caterpillars have a mottled brown and white appearance that, 

when adopting particular body postures, resembles twigs or bird-droppings. As such, Declana 

atronivea larvae may be employing a combination of disruptive colouration and masquerade. 

Furthermore, this colouration changes throughout the instars and appears to reflect shifts in 

their size, habitat, feeding activity, and vulnerability to predation. While the primary aim of 

this thesis is to examine the different camouflage mechanisms of the moth, I do believe the 

intriguing colouration and defensive behaviour of the caterpillars warrants a brief assessment, 

if only to update existing information and present an avenue for future research into the 

multifaceted camouflage of D. atronivea.  

Methods 

Rearing and Husbandry 

Declana atronivea caterpillars were reared from eggs of moths that I collected at light traps 

in Pureora Forest Park (-38.515408, 175.572307) and Tongariro National Park (-39.073694, 

198 175.663864) during October and November 2019. Eggs were laid in mesh cages and once 

hatched, caterpillars were fed on leaves from their hostplants; Pseudopanax species 

(Araliaceae), including P. arboreus and P. lessonii (Hudson, 1898; Sharell, 1971) and provided 
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with moistened paper towel. The leaves and paper towels were changed every second day due 

to soilage and to prevent any mould from forming. As the caterpillars grew and the density 

became too high for the single cages, the caterpillars were moved into numerous plastic 

takeaway containers (Figure A.1). The containers were poked with airholes and had paper 

towel placed on the bottom along with a moistened cotton wool ball. A maximum of five 

caterpillars were placed in each container. Once the caterpillars reached the fifth and final 

instar, I provided them with a ‘pupation station’ made of bark and leaf litter, which they used 

to form their cocoon (Figure A.2). 

 

Figure A.1. Rearing set-up with mesh cages and plastic containers. 
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Figure A.2. The ‘pupation stations’ consisting of bark and leaves for the caterpillar to bury itself under. Left 

image - caterpillar is just visible under the leaf in the middle. 

Observations 

The caterpillars were observed daily. I photographed each caterpillar and recorded various 

information about their instar, size, colouration, resting posture, feeding activity, and general 

behaviour. I also noted the length of each instar in terms of how long it took between moults, 

their pupation behaviour, and duration of the pupal stage.  

Life History 

Eggs 

Declana atronivea eggs were laid between October and December from gravid female 

moths that had been caught directly from the field and those that had mated during rearing. The 

eggs were typically deposited on the roof of the mesh cages (Figure A.3, A) or on the underside 

of Pseudopanax leaves. They are initially a light blue-green colour (Figure A.3, B) but became 

darker and speckled with red dots over time towards hatching, which occurs between 8 and 11 

days (Figure A.3, C). 
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Figure A.3. A) Female D. atronivea laying eggs on the top of a mesh cage. See how they are light blue when first 

laid (B) but become darker and speckled with red spots towards hatching (C). Images by Cassandra Mark-Chan. 

First Instar 

The first instar caterpillar appears tiny and thread-like, measuring 3-5 mm long. They are 

brownish-black in colouration, with a creamy-white stripe running laterally down both sides of 

the body and have similarly coloured legs and prolegs. The head is reddish-brown and knobbly. 

The caterpillar is covered in setae that protrude from small, white pinacula (Figure A.4, A). 

First instar caterpillars were usually observed on the abaxial side of the Pseudopanax leaves. 

This first instar lasts approximately 6 days.  
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Second Instar 

After the first moult, the top half of the body becomes slightly lighter brown in colour as 

the lateral stripe widens across these mid-abdominal and thoracic segments towards the head, 

which is now dark brown (Figure A.4, B). The bottom half retains the brownish-black 

colouration with the stripe becoming almost absent with the exception of the anal segment and 

prolegs. A pair of yellow dorsal tubercles begin to form on the second abdominal segment at 

the zone of colour division. The setae are still apparent over the body, though these have 

become shorter and the pinacula are now dark brown. The caterpillar measures approximately 

7-8 mm in size and remains at this instar for approximately 6 days. Like the previous instar, 

second instar caterpillars also have a tendency to remain on the underside of the leaves. 

Third Instar 

With the second moult, the third instar caterpillars now reach 8-12 mm. The colour division 

between the top and bottom half of the body remains, although the colouration starts to take on 

a more mottled appearance; thin, lateral lines and specks of varying brown, black, and white 

colouration form across the dorsal surface (Figure A.4, C). The anal segment is mostly creamy-

white now. The first pair of dorsal tubercles are now fully developed, and a second, smaller 

pair are starting to form on either side of these. A third and fourth set of tubercles are also 

beginning to appear on the fifth and sixth abdominal segments. The first three thoracic 

segments have started to swell and flatten, forming a hood-like appendage. The third instar 

lasts approximately 9 days. At this stage, the caterpillars appear to be more exploratory, moving 

and feeding on both sides of the leaves.  

Fourth Instar 

The fourth instar caterpillar measures 13-15 mm in length and is even more variable in its 

colour and patterning (Figure A.4, D). The dorsal surface is covered with numerous lateral 

stripes in different shades of brown, black, and white that extend from the thoracic ‘hood’ to 

the anal segment and is granulated with small white flecks throughout. The central portion of 

the first and second segments along with the entire sixth and seventh segments tend to be much 

darker than the rest of the body. The penultimate segment ends in a creamy-yellow ridge that 

blends into the final anal segment. The tubercles are fully formed and the effect of these 

protrusions along with the mottled colouration give the caterpillar a ‘lumpy’ appearance. Bright 

orange spiracles are apparent on each side of the body segments. The thoracic ‘hood’ is now 
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creamy white and bespeckled with symmetrical black spots of various sizes, the larger ones of 

which have white flecks dotting the middle. This penultimate instar lasts for roughly 10 days 

before moulting into the final instar.  

 

Figure A.4. Colour variation in the larval instars of D. atronivea. A) A first instar caterpillar, notice the white 

‘racing’ stripe that runs down the length of the body. B) A second instar caterpillar. The lateral stripe has extended 

on the upper portion of the body but is now absent from the lower segments. C) A third instar caterpillar showing 

a more mottled colouration. The first pair of yellow tubercles are fully formed, and more are beginning to develop 

on the lower segments. The thoracic segments are starting to form a hood-like appendage. D) Fourth instar 

caterpillars show a dramatic change in appearance, namely in the development of the thoracic hood and the 

tubercles which give a ‘lumpy’ texture. The colouration is also a lot more striking. Photographs by Cassandra 

Mark-Chan. 
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Fifth Instar 

The fifth and final instar doubles in size, reaching up to 30 mm (Figure A.5). The colour 

and patterns are much more striking at this larger scale (Figure A.6, A). The thoracic ‘hood’ 

is hugely swollen and often extends over the head (which appears to be tucked underneath) 

(Figure A.6, B). Like the fourth instar, this segment is cream coloured with numerous black 

spots dotted across, those in the centre forming an almost cohesive cluster with granulated with 

white speckles in the middle (Figure A.6, C). The effect of this thoracic segment is quite 

remarkable, and it is often easily mistaken (by humans) for the head of the caterpillar, with the 

black markings resembling eye spots or possibly a fungal fruiting body. The posterior of the 

body is now creamy/light brown coloured, with back lateral lines and tiny white speckles all 

over. The last body segment is now lighter coloured with more prominent black lateral 

markings, and the anal segment by the prolegs is fully cream coloured (Figure A.6, A & E). 

The red/orange spiracles and the dorsal tubercles are much more pronounced (Figure A.6, A 

& D). The caterpillar remains at this instar for approximately 13 days before beginning to 

search for a pupation site in the leaf litter.  

 

Figure A.5. A comparison of a fifth instar caterpillar (left) and a third instar caterpillar (right). Photograph by 

Erin C. Powell. 
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Figure A.6. Colouration and morphology of the fifth instar caterpillars. A) The caterpillar in its entirety is a 

fascinating looking creature, with more complex colour patterns and texture, and extended tubercles that give it a 

‘lumpy’ appearance. B) A close-up image of the head and thoracic segments showing how the caterpillar folds its 

head in and exposes the thoracic hood. C) A more detailed view of the thoracic hood which could easily be 

mistaken for its head. Notice the many dark spots that resemble eyes or possibly a fungal fruiting body. D) A 

close-up of the tubercles. E) A closer view of the anal segment and prolegs. All photographs (except C) by Erin 

C. Powell. 
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Pupation 

During pupation, the caterpillar half buries itself under loose bark and soil, spinning a 

cocoon that it then covers in pellets of surrounding dirt it has chewed. The whole pupation 

process takes about 5 days to complete (Figure A.7). After three days, the caterpillar has 

discarded its final skin and the pupal casing begins to form. At first formation the pupa is green, 

but this becomes a dark brown at the final stage of development. The length of the pupal stage 

can vary between 20 to 30 days, though Hudson (1939) noted that D. atronivea can overwinter 

as pupa and imago.  

 

Figure A.7. The pupation process of a D. atronivea fifth instar larva. This caterpillar had escaped its container 

and began pupating under the transparent sleeve of my dissection kit. From left to right, the whole process took 

five days. The final moult occurred on the third day (image 3) and the pupal casing began to form. Note that it is 

initially green in colouration but darkens to a browny-red which may help it remain camouflaged amongst the 

bark and leaf litter of its natural habitat. 

Colouration, Posturing Behaviour, and Camouflage 

At all stages, the caterpillars can be found curled up on themselves or standing erect from 

the leaf surface (Figure A.8, Figure A.9). The effect of their posturing behaviour coupled with 

their colouration and ‘lumpy’ texture at different instars is quite remarkable and may be 

suggestive of camouflage through masquerade. For instance, Hudson (1939) noted that when 

the larvae rest closely appressed to the leaf, with their prolegs extended but the rest of the body 

curled up, they closely resemble bird droppings. Sharell (1971) found this equally intriguing, 

stating how, when curled up in such a position, the darker parts of the body become coiled 

while the white parts of the first and last segments become more prominent, such that they 

“look exactly like bird droppings”. He additionally observed that the caterpillars have a 

tendency to stand stiff and motionless from the plant, the effect of which makes them look like 

small branches or twigs. Another observational account noted, quite specifically, that earlier 
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instars resemble bird droppings when curled up on the leaves, or in some cases the dorsal 

tubercles might resemble the top of fruiting bodies, while the fourth and fifth instars resemble 

shoots of Pseudopanax that have been “attacked by scale insects and coated with a white 

fungus” (Kuschel, 1975). It is also possible that the abrupt colour division of brown to white 

along with the lateral lines and mottled appearance of the caterpillars may serve a disruptive 

function (Hudson, 1898).  Lastly, Sharell (1971) further suggested that the swollen thoracic 

hood of the later instars might function as aposematism, with the false eye markings being used 

to frighten predators. In line with this sentiment, this structure could possibly be used for 

deimatic display, particularly as the thoracic hood appears to be ‘inflatable’; sometimes it is 

wrinkled up behind the head and other times it swells and extends over the head (Figure A.10).  
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Figure A.8. Various instars assuming the ‘curly wurly pooper’ position. A) First instar B) Second instar C) Third 

instar. D) Fourth instar. E) Fifth instar. F) Actual bird poop on a lemon. Images by Cassandra Mark-Chan. 

 



167 

 

 

Figure A.9 A fifth instar caterpillar assuming the ‘stiggy wiggy twiggy’ position shown at different angles. 

Photographs by Cassandra Mark-Chan. 

 

Figure A.10 The thoracic hood of the fifth instar caterpillar can be pulled back behind its head or inflated. 

Photographs by Erin C. Powell. 

Examples of twig and bird-dropping masquerade 

Twig masquerade is thought to be fairly common among Geometrid caterpillars, which are 

typically characterised by a reduced number of prolegs that gives them their distinctive ‘looper’ 

gait (Quicke, 2017). These prolegs appear to permit the larvae to clasp onto the substrate while 

the rest of the body is held firmly erect in the mimicking pose of a twig. Putative bird-dropping 

masquerade has also been reported in numerous insects and arachnids (e.g., moths and 

caterpillars, Boardman, Askew, & Cook, 1974; Minno & Emmel, 1992; Suzuki & Sakurai, 

2015: crab and orb-web spiders: Cott, 1940; Starrett, 1993; Liu, Blamires, Liao, & Tso, 2014). 

In caterpillars, bird-dropping masquerade is primarily found in smaller species or younger 
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instars, possibly because increased size and activity levels render such camouflage less 

effective (Quicke, 2017). Conversely, twig-mimicry may favour larger body sizes to more 

closely approximate the size of the twig models (Skelhorn et al, 2010c; Higginson et al., 2012; 

Skelhorn & Ruxton 2013). As such, caterpillars relying on masquerade may undergo 

ontogenetic colour change due to the different requirements and restrictions at each life stage. 

The diverse colouration seen across the instars in D. atronivea caterpillars may therefore reflect 

these altering conditions and optimisation toward a particular mode of masquerade. For 

instance, the refinements in colour, shape, and texture of the fourth and fifth instar caterpillars 

seems more conducive to twig masquerade as they would be more similarly sized to their twig 

models, whereas earlier instars would potentially benefit more from bird-dropping masquerade 

due to their smaller size.  

Potential Future Work 

The intriguing colouration and behaviour of D. atronivea caterpillars provide a fertile 

avenue for future research into camouflage and ontogenetic colour change in this species. Lab-

based studies following the experimental paradigm set out by Skelhorn and colleagues (2010a, 

2010b, 2011, 2013 – methodology as in Chapter 2.3) would be a useful starting point to 

ascertain whether the caterpillars are actually employing and benefiting from twig and bird-

dropping masquerade. Furthermore, to establish the role of posturing, it may be informative to 

record caterpillar reactions to simulated predator attacks or perceived vulnerability to see if 

their behaviour reflects the different modes of masquerade and if this changes throughout the 

instars. This could also help elucidate whether the later instar caterpillars utilise their thoracic 

hoods in deimatic displays. Additionally, colour analysis could be carried out to quantify 

possible disruptive elements of their colour patterns (van den Berg et al, 2020). Lastly, field 

predation experiments using artificial caterpillars would provide further empirical evidence for 

the functional significance of the putative masquerade in a natural context. Various treatments 

of different coloured morphs arranged in different positions (bent, straight, curled) could be 

used to examine how caterpillar morphology in conjunction with adopting particular postures 

may enhance resemblance to the relevant masquerade models (Suzuki & Sakurai, 2015). Such 

a comprehensive investigation into the colouration of the caterpillars would greatly contribute 

to the overall story of multifaceted camouflage in D. atronivea. 
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APPENDIX B  

 

Figure B.1. Tithrone roseipennis is the only other documented example of wing colour pattern asymmetry in 

insects. These mantises are cryptically green at rest but are thought to use their asymmetric wing colours in 

deimatic or mating displays. The wing colouration appears to be genetically linked with their wing folding 

mechanisms (Barabás & Hancock, 1999). (Source: Wikimedia user Archaeodontosaurus, 2011). 
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APPENDIX C  

 

Figure C.1. A comparison of the North Island lichen moth, D. atronivea, and its closest relative, the South Island 

lichen moth, D. egregia. These species are geographically separated and display very different forewing colour 

patterns. While D. atronivea have distinct asymmetric pattern elements, D. egregia colour patterns appear to be 

more consistent, with any small deviations possibly due to natural variation rather than adaptive differences as in 

its North Island counterpart, though this remains to be tested. 
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APPENDIX D  

 

Figure D.1. Visual acuity modelling of bluetit vision shows the effect of viewing distance on background 

matching and disruptive colouration in D. atronivea. A) at 0.5 metre viewing distance, the pattern elements of the 

moth blend in well with the lichen through background pattern matching, reducing the signal-to-noise ratio of the 

focal object against the rest of the visual scene. Edge disruption further aids this concealment by reducing the 

signal through obscuring the true outline and increasing the noise by creating false salient edges. B) at 1 metre 

viewing distance, the moth is virtually indistinguishable from the lichen through background pattern matching, 

but the visual acuity of the bird seems to reduce the functionality of disruptive colouration as the edge and surface 

patterns are not as discernible. Vision modelling and colour analysis run through the QCPA framework (van den 

Berg et al., 2020). 
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Figure D.2. Local Edge Intensity Analysis (LEIA) showing the intensity of the marginal and surface pattern edges 

of D. atronivea on lichen at A) 0.5 metre and B) 1 metre viewing distance as modelled through bluetit vision. The 

patterns are most intense at 0.5 metres, thus disruptive colouration would likely be more relevant at this distance 

for obscuring the true outline and creating false edges than at 1 metre where the edges are less intense and the 

patterns are less discernible. 
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Did your human eyes succeed in spotting my cryptic cloth? I hope you enjoyed this 

study of a fascinating moth! 




