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General abstract

Many species use visual features to avoid predation by several methods, such
as concealing themselves, deceiving predators and hindering capture. One of
the most striking strategies is aposematism, or warning coloration, in which prey
use conspicuous visual signals to advertise chemical or physical defences, and
thereby deter predators from attacking. My thesis focuses on the form of these
warning signals, namely which elements of visual patterns might be most
effective in generating predator avoidance, as well as how these different visual
features relate to defence levels and ultimately to prey survival in the wild. To
address these issues, | studied the warning signals of Lepidoptera and in
particular burnet moths (Zygaenidae: Zygaeninae), day-flying moths with
distinctive red and black wings and the remarkable ability to both synthesise
defensive compounds and sequester them from their host plants. Technological
advances and a growing understanding of animal vision mean that animal
signals can be studied in an increasingly precise and ecologically-relevant way.
Throughout this thesis, | use sophisticated methods to quantify both the
defensive chemicals and wing coloration of burnet moths, as perceived by their
avian predators. | examine the key features of day-flying defended Lepidoptera,
then focus on the potential for quantitative signal honesty in burnet moths. |
explore the relationship between defence levels and measures of coloration,
both within the six-spot burnet moth, Zygaena filipendulae, and across species
in the Zygaenidae, then test the effects of variation in warning signals on
predation risk for artificial burnet-like prey in the field. My work highlights some
of the complicating factors that should be accounted for in the study of warning
coloration, especially when investigating the potential for quantitative signal
honesty. | hope my thesis will provide a basis for future research on the
defensive strategies of day-flying moths and inspire others to pursue

investigations into aposematism in the Zygaenidae.
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Chapter 1

Introduction:
Conspicuous coloration as an

anti-predator defence

Zygaenidae from France and the UK. Clockwise from top left: Zygaena rhadamanthus, Adscita mannii,
Z.filipendulae, Jordanita globulariae, Z. lavandulae, Z. transalpina. All photographs: E. S. Briolat.
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1.1 Abstract

The dazzling array of colour and patterns on display in the natural world is a
never-ending source of wonder, and offers stunning visual evidence of the
processes of evolution. A species’ appearance fulfils a multitude of functions,
both mediating its interactions with the environment, such as facilitating
thermoregulation, and enabling intra- and inter-specific communication via
visual signals. In particular, interactions between predators and prey play a
significant role in shaping visual appearance. To avoid predation, prey species
deploy a wide range of visual anti-predator strategies aimed at minimising
detection or recognition as a suitable food source, reducing the likelihood of a
successful attack, or otherwise deterring predators from selecting them. At one
end of this spectrum, unprofitable species, possessing distasteful and toxic
compounds or physical defences, advertise their aversive nature with bright and
conspicuous warning, or aposematic, signals. This intuitively paradoxical
strategy, attracting the attention of predators to deter attack, has been
extensively studied since the pioneering work of 19" century naturalists. Yet,
while the theory of aposematism is well-supported, with a wide range of
examples across taxa, there are still many active areas of enquiry. Recent
methodological advances, enabling new insights into the production and
perception of colour, have reinvigorated the study of animal coloration, including
aposematism. Questions surrounding the form of warning signals, and how
specific features can influence predator behaviour, can now be addressed with
increased relevance to natural predators and environmental conditions. The
guantitative relationship between the strength of warning signals and the
potency of the defences they advertise is an especially contentious issue, with
both theoretical and empirical studies yielding conflicting conclusions. In this
thesis, | use day-flying Lepidoptera, and especially the burnet moths
(Zygaenidae), to explore still unresolved questions surrounding the form and

function of warning signals from the perspective of their avian predators.
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1.2 Visual strategies for anti-predator defence

The physical appearance of an animal is often, at least to visually-driven
humans, its most obvious and fundamental characteristic, and studying visual
features represents one of the best opportunities for exploring a wide range of
guestions in ecology and evolution (Cuthill et al., 2017). Visual characteristics
are shaped by a multitude of selective pressures related to how animals interact
with their environment, as well as with conspecifics and heterospecifics around
them. A visual stimulus can include movement (Paluh, Hantak and Saporito,
2014) and posture (e.g. in skunks and newts; Lariviere and Messier, 1996;
Mochida, 2009), but most research has focused on either fixed or dynamic
colour patterns. These can be produced by pigments (Chittka, 2013), by
nanoscale structures scattering light, a phenomenon known as structural
coloration (Vukusic et al., 2001), or by light-emitting chemical reactions
(bioluminescence; Wilson and Woodland Hastings, 1998). A key function of
coloration in many species is to mediate thermoregulation, particularly through
the dark pigment melanin (Watt, 1968), but colour patterns have generally
attracted most attention as a medium for animal communication. Visual signals
can be used in intra-specific communication, most famously for mate choice in
sexual selection (e.g. Hill, 1990; Summers et al., 1999) but also in many other
capacities, such as to provide badges of status (Senar, 2006), facilitate parent-
offspring communication (e.g. in nestling begging behaviour; Kilner and Davies,
1998), or enable individual recognition (e.g. in paper wasps; Tibbetts, 2002).
They are similarly important for interspecific communication in a diverse range
of contexts including interactions between parasites and hosts (e.g.
Spottiswoode and Stevens, 2010), and predators and prey (Ruxton, Sherratt
and Speed, 2004).

Predation is a key selective pressure shaping many aspects of prey phenotype,
from behavioural to physical traits, including prey appearance. Prey species
possess a remarkable range of visual antipredator strategies, forming layers of
protection (Stevens, 2007). In the first instance, the most well-studied form of
protective coloration is camouflage, a strategy aiming to prevent predators from
detecting or recognising prey (Stevens and Merilaita, 2009; Skelhorn and Rowe,
2016). A cryptic appearance can be achieved in many ways, most obviously by

matching the colour and pattern of the natural environment, a technique known



as background matching, but also through disruptive coloration, in which high-
contrast markings break up the outline of the animal, countershading, and
transparency, especially in aguatic environments (summarised in Nokelainen
and Stevens, 2016). Intuitively, evading predators should select for the dull
coloration and general discretion typically associated with crypsis, while bright
colours are expected to be associated with sexual signalling. Yet, as an
alternative to crypsis, visual signalling strategies involving extravagant visual

features can be deployed to effectively deter predators.

A signal is defined as an “action or structure that increases the fitness of an
individual by altering the behaviour of other organisms detecting it", and whose
features have evolved to produce that effect (Maynard Smith & Harper, 1995).
One such tactic is to allow detection but deceive predators by masquerading as an
unprofitable item (Skelhorn et al., 2010; Skelhorn, Rowland and Ruxton, 2010);
well-known examples include stick insects, the leafy sea dragon (Phyllopteryx
eques), and many Lepidoptera, from the twig-mimicking buff-tip moth (Phalera
bucephala) to the Chinese character (Cilix glaucata), which resembles a bird
dropping. If detection is inevitable and prey are recognised as edible, other
signalling strategies can come into play. Startle, or deimatic, displays, lead to
misclassification of the prey as a potential threat (Skelhorn, Holmes and Rowe,
2016), while deflective signals function to misdirect the attention of a predator to
less valuable body parts (e.g. long wing extensions or false head patterns in
butterflies; Lopez-Palafox, Luiz-Martinez and Cordero, 2015; Barber et al., 2015).
These tactics are not mutually exclusive, and may interact to provide a flexible
defence depending on circumstances. For example, the underwing moths (Catocala
sp.) have background-matching forewings, but will reveal colourful hindwings to
startle predators who persist with their attack (Sargent, 1990). Finally, defended
species may use bright or otherwise conspicuous displays to warn predators of
their unprofitability, a strategy known as aposematism, or warning coloration
(Ruxton, Sherratt and Speed, 2004).

The theory of warning coloration was first proposed by Alfred Russell Wallace,
prompted by discussions with Darwin over the function of conspicuous
coloration in insect larvae (Wallace, 1867). They were intrigued by the bright

colours of caterpillars, which do not reproduce at that life stage, so could not be
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using their signals to attract mates. Wallace hypothesised that species which
were toxic or otherwise unprofitable might benefit from advertising their
defences, to avoid injury or death from mistaken attacks (Wallace, 1889). E. B.
Poulton further developed this theory, supported by early evidence that
conspicuous species could be distasteful and rejected by predators (Poulton,
1887). He coined the term “aposematism” to describe “an appearance that
warns off enemies because it denotes something unpleasant” (Poulton, 1890).
Aposematic signalling requires three key elements: a conspicuous signal, an
aversive or dangerous secondary defence, and predators with the ability to
learn the association between the two (Cott, 1940). The secondary defences
advertised by aposematic prey can vary widely, from toxic chemicals (e.g.
alkaloids and cyanogenic glucosides in tiger moths [Erebidae; Weller, Jacobson
and Conner, 1999]) to a pugnacious nature (Caro, 2009). In terms of the signal
itself, aposematism is not restricted to visual communication, and there is
increasing interest in other warning signal modalities, such as warning odours
(Rowe and Guilford, 1999; Rowe and Halpin, 2013) and acoustic aposematism,
most famously in the case of defended tiger moths deterring predation by bats
(Hristov and Conner, 2005; Dowdy and Conner, 2016). Nevertheless, visual
warning coloration remains by far the most well-studied type of aposematic
signal, and this thesis likewise focuses on aposematic colours and patterns.
The association of conspicuous coloration and defences is taxonomically
widespread, especially common in invertebrates, amphibians and reptiles, but
now also recognised to occur in birds (in pitohuis; Dumbacher et al., 1992) and
mammals (e.g. the striped skunk Mephitis mephitis; Lariviere and Messier,
1996; Caro, 2009). While mostly studied in the terrestrial environment, warning
colours have also been investigated in aquatic organisms, particularly
nudibranchs (e.g. Cortesi and Cheney, 2010), despite some uncertainties over
the relevant predator visual systems and lighting conditions in the marine
environment (Pawlik, 2012). Aposematic signalling has also been reported in
poisonous fungi (Sherratt, Wilkinson and Bain, 2005) and defended plants (Lev-
Yadun, 2001; Cooney et al., 2012), although these taxa have so far received

comparatively little attention.



1.3 The form and function of warning, or aposematic, signals

There are several hypotheses attempting to explain why appearing conspicuous
may be advantageous to defended prey. Drawing attention to physical defences
would be beneficial, and could be one route by which aposematic signals might
first evolve (Speed and Ruxton, 2005). In addition, cryptic strategies restrict
prey to specific backgrounds or types of behaviour, so that camouflage remains
effective, while a conspicuous strategy would free them from these “opportunity
costs” (Ruxton, Sherratt and Speed, 2004). Yet the most important implication
of conspicuous warning signals is their effect on predator behaviour. Animal
signals are thought to be shaped by two fundamental considerations: the
strategic message they aim to communicate, and the best means to effectively
convey that message, a concept known as signal efficacy (Guilford and
Dawkins, 1991). To maximise efficacy, a signal should be highly detectable,
discriminable and memorable, to facilitate predator learning (Guilford and
Dawkins, 1991; Ruxton, Sherratt and Speed, 2004). The bright and colourful
patterns of aposematic signallers stand out from other prey and natural
backgrounds, attracting the attention of predators and enhancing efficacy in a
number of ways (Stevens and Ruxton, 2012). Firstly, conspicuous signals
appear to provoke innate avoidance behaviour in predators. This may be linked
to an initial fear of novel stimuli, or neophobia, as well as to more long-term
reluctance to accept conspicuous prey even when palatable, a trait known as
dietary conservatism (Marples, Roper and Harper, 1998; Thomas et al., 2003,
2004). Even more importantly, the form of typical warning signals stimulates
predator learning. In the most basic sense, high visibility to predators will
increase the rate at which predators encounter and experience these colourful
but defended prey, speeding up the development of an association between the
signal and the defence. Conspicuousness may also facilitate learning via
several other mechanisms, including greater memorability and easier
recognition (reviewed in Speed, 2000). However, whether examining innate
responses or learned aversions, the relative importance of novelty,
distinctiveness and conspicuousness per se, defined as visibility to predators
against natural backgrounds, in determining the efficacy of warning signals, is
still unclear (Ruxton, Sherratt and Speed, 2004; Stevens and Ruxton, 2012).
While Wallace’s original idea of warning coloration was based on

distinctiveness from edible prey (Wallace, 1867), conspicuousness itself does
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appear to have specific advantages. More studies quantifying the
conspicuousness of warning colours against natural backgrounds, and
assessing the relevance of this measure to predator behaviour (e.g. Arenas,

Walter and Stevens, 2015) would contribute to resolving this debate.

Focusing on the specifics of prey patterns, it can be difficult to ascertain the
relevance of different signal features. Warning signals are composed of multiple
visual components, including colour, lightness, overall pattern and specific
pattern elements, and internal contrast between coloured patches. In general,
chromatic features are considered to be more important in avoidance learning
than achromatic information, at least for avian predators (Stevens and Ruxton,
2012), as demonstrated by many experiments in controlled conditions (Osorio,
Jones and Vorobyev, 1999; Aronsson and Gamberale-Stille, 2008) and in the
field (e.g. Finkbeiner, Briscoe and Reed, 2014). Nevertheless, there is evidence
that predators do attend to achromatic patterns (e.g. Aronsson and Gamberale-
Stille, 2012a,b). The role of specific shapes and features has also been
investigated, especially in the context of eyespots (reviewed in Stevens, 2005).
Studies of the relevance of pattern symmetry have yielded conflicting results
(Forsman and Merilaita, 1999; Stevens, Castor-Perry and Price, 2008).
Nevertheless, the arrangement of pattern elements is clearly important, as
demonstrated by the presence of high contrast markings in both conspicuous
aposematic patterns and disruptive camouflage. These two patterns have
opposite effects on predator perception due to the distribution of these patches,
either highlighting or concealing the outline of the body (Stevens, 2007). A
given pattern may also fulfil multiple roles, from crypsis to aposematism,
depending on viewing distance (Barnett, Cuthill and Scott-Samuel, 2017) or the
location and posture of an animal (e.g. in the wood tiger, Arctia plantaginis;
Honma, Mappes and Valkonen, 2015). Moreover, even for classic features of
aposematic patterns, disentangling which mechanisms are at work can be
complicated. Long wavelength colours are very common in warning signals, but
their effectiveness may be attributed to several characteristics (Stevens and
Ruxton, 2012), such as specific aversions to these colours (Roper, 1990), their
high chromatic and achromatic contrasts with melanic pattern elements, their
conspicuousness against foliage or their stability under a range of illuminations

(Arenas, Troscianko and Stevens, 2014).



Methodological breakthroughs in the fields of animal vision and image analysis
in the last 20 years present a major opportunity for researchers working on
animal communication (Cuthill et al., 2017), and will help to resolve many of the
guestions raised above, regarding the form of warning signals. Although
examining signals from the perspective of the relevant receivers is not a new
idea (Cott, 1940), the importance of this consideration has been increasingly
emphasised (Stevens, 2007), as our understanding of animal visual systems
and the differences between human and animal perception has grown (Osorio
and Vorobyev, 2008). Ambient light conditions, natural backgrounds against
which signals are displayed and receiver perception will all be critical to the
effectiveness of visual signals (Endler, 1990), so colours should be measured in
relevant natural conditions and with particular signal receivers in mind. Receiver
characteristics at all stages of visual communication will be important for signal
perception, from the design and composition of the eyes receiving the signal to
the neural networks responsible for classifying and discriminating patterns,
through processing in the retina, and there is still much to learn (Endler and
Mappes, 2017). Yet it is now possible to analyse intra- and inter-specific visual
signals based on our best understanding of animal perception, using visual
modelling techniques (Stevens, Stoddard and Higham, 2009; Stevens, 2011).
These methods are increasingly accessible, as digital photography offers a
more practical alternative to expensive spectrometry as a reliable means of
measuring colour (Stevens et al., 2007a; Pike, 2011), and more open access
tools are released to support image analysis (e.g. Troscianko and Stevens,
2015; Van Belleghem et al., 2017). Throughout this thesis, | use digital
photography and models of avian vision to quantify warning signals in an

ecologically-relevant way.

Linking the strategic and efficacy components of signalling, conspicuousness is
a uniquely appropriate property for warning signals as it provides some degree
of reliability. In the case of aposematism, both predators and prey should stand
to benefit from avoiding attack, yet their interests are not exactly aligned
(Summers et al., 2015). To a predator, the net benefit of attacking defended
prey will depend on individual traits, such as motivation, and environmental
variables, including temperature or the availability of alternative prey (reviewed

in Skelhorn and Rowe, 2016), as well as on the toxicity of the prey item.
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Unprofitability itself can be highly variable within a single population
(automimicry; Guilford, 1994; Svennungsen and Holen, 2007), and this variation
can be enhanced by the presence of palatable (Batesian) or simply less well-
defended (‘quasi-Batesian’; Speed, 1993) mimics. How warning coloration can
emerge as an evolutionarily stable strategy in these circumstances has been
hotly debated. Early interpretations of warning coloration as a handicap signal
(Zahavi, 1975, 1991) predicted honesty in aposematism, enforced by naive or
resistant predators who would attack conspicuous unpalatable prey (Grafen,
1990). Yet handicap mechanisms imply an inherent cost of producing the
signal, functionally related to the strategic message conveyed by the signal.
This concept of warning coloration was thus generally rejected, as there was no
evidence of a physiological link between colourful signals and defences. Early
models (Grafen, 1990) were further criticised for their simplistic assumptions,
ignoring predator learning (Guilford and Dawkins, 1993). An alternative concept
of warning colours as conventional signals was proposed, whereby signal form
is geared towards maximising signal efficacy, and need not be related to the
defence being advertised (Guilford and Dawkins, 1993). Nevertheless, even in
this scenario, conspicuousness will generally be disadvantageous to
undefended prey due to the high cost of greater predation risk through
increased detectability. This enforces a level of honesty in aposematic signalling
(Sherratt, 2002; Ruxton, Sherratt and Speed, 2004), such that, on average,

warning colours indicate unprofitable prey.

1.4 Signal honesty in aposematism

This basic association between conspicuousness and some form of defence is
inherent in the definition of aposematism, and makes warning coloration a
gualitatively honest signal (Summers et al., 2015). More controversial is the
notion of quantitative honesty in aposematism, whereby signal strength would
indicate the level of an individual’s defences. In a seminal model exploring the
initial evolution of aposematism, Leimar, Enquist and Sillen-Tullberg (1986)
suggested that conspicuousness and unprofitability should be negatively
correlated in aposematic prey. They considered that predators can learn from
their previous encounters with profitable or unprofitable prey, and generalise
their experience along excitatory and inhibitory gradients. Under these

conditions, once predators have learnt to associate warning signals and



defences, signallers should reduce their investment in defences to cut the costs
of acquiring or producing defensive chemicals, leading to a breakdown of
positive correlations between conspicuousness and the level of the defences
advertised (Wang, 2011).

Yet many subsequent theoretical investigations suggest that the evolution of
guantitative honesty in aposematic signalling is possible, given specific
conditions (reviewed in Summers et al., 2015). If predators are more cautious
when attacking conspicuous prey (the “go-slow” hypothesis; Guilford, 1994),
taking more time to better evaluate their unprofitability before consuming them,
guantitative honesty can be a stable strategy (Holen and Svennungsen, 2012).
Even without assuming that predators treat conspicuous prey differently from
the outset, some models predict reliable associations between signals and
defences if unprofitable prey are more likely to survive attacks than profitable
prey (Sherratt, 2002), an assumption supported by empirical evidence (e.g.
Wiklund and Jarvi, 1982). Similarly, Speed et al. (2010) predict “more-or-less”
honest signalling within populations, whereby signal levels on average indicate
the strength of defence, if predators can assess prey defences during attacks
through taste-rejection and learn to associate their signal value with an average
measure of toxicity. Using a different approach, stochastic models suggest that
coevolutionary dynamics between prey with different defence levels within
populations (Speed and Franks, 2014), and between defended species and
their palatable mimics (Franks, Ruxton and Sherratt, 2009), may also lead to

positive correlations between signal and defence levels.

Although initially dismissed, more recent work has suggested that a strict
interpretation of aposematic signals as handicap signals may still be possible. In
their resource-allocation model, Blount et al. (2009) suggested that signals and
defences may compete for the same resources, leading to a positive correlation
between signal strength and the potency of defence when resources are limited.
They proposed that coloration and toxins might compete for energy in general,
or more specifically for antioxidant function. Many pigments, including
carotenoids and pteridines, have antioxidant properties, which would also be
needed to detoxify the by-products of chemical defences, leading to a trade-off

between producing stronger signals and accumulating more defensive
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chemicals. Building on this initial model (Blount et al., 2009), further theoretical
work suggests that resource allocation trade-offs could produce quantitative
honesty without assuming that predators are innately wary of conspicuous prey
or that conspicuousness confers additional fithess benefits (Lee, Speed and

Stephens, 2011; Holen and Svennungsen, 2012).

Positive correlations between signal and defence levels may also arise as a
consequence of other functions of coloured patches, such as thermoregulation
or mate choice (Guilford, 1988; Lee, Speed and Stephens, 2011). Without
considering the strategic message of aposematic signals, the economics of
defence and display can predict both positive and negative correlations
between these traits (Speed and Ruxton, 2007). When the fitness costs of
producing signals and defences increase in parallel, positive correlations are
expected, while disjunctions in fitness costs will lead to negative correlations.
Production costs and available resources will be critical to the relationship
between warning colours and defences, even when mechanisms of handicap
signalling are invoked. For example, in the resource allocation model, signals
and defences are expected to be negatively correlated when resources are
abundant, as very high levels of chemical defences will provide effective
protection without the need for conspicuous signals, which incur costs of
detectability to naive, highly-motivated or resistant predators (Blount et al.,
2009). To estimate these parameters, and resolve some debates surrounding
the assumptions of models of signal evolution, it is essential to study the
relationship between coloration and defences in wild populations.
Understanding how colour signals and defensive chemicals are produced is one
important objective, as seen in studies of sequestration ability in defended
newts (Mochida et al., 2013), colour production in stinkbugs (Fabricant et al.,
2013) and the relationship between alkaloid and carotenoid levels in ladybirds
(Blount et al., 2012; Winters et al., 2014). This promising avenue of research
should help determine how signals and defences are shaped by environmental
conditions and if trade-offs between them are likely. A greater appreciation of
how differences in signal and defence levels really affect predation risk would
also be useful (Summers et al., 2015), as assumptions regarding predator
responses to these two traits are critical in determining the outcomes of
theoretical models (Speed and Ruxton, 2007; Blount et al., 2009).



Existing empirical evidence of the relationship between signals and defences in
aposematic species is limited to a relatively small number of studies, primarily
focusing on poison frogs (Dendrobatidae) and ladybirds (Coccinellidae). While
many do find a positive correlation between quantitative measures of coloration
and chemical defences, there are conflicting results both within and between
populations, as well as across species (see Table 1.1). Moreover, the fairly
narrow taxonomic spread of these studies and inconsistencies in the methods
used to quantify both defences and visual signals mean caution is needed when
attempting to draw broader conclusions from this collection of research
(Summers et al., 2015). In terms of measuring coloration, it is critically important
to consider signals from the perspective of the relevant receivers (Stevens,
2007). Although visual modelling techniques accounting for predator perception
are increasingly being adopted, coloration has been assessed by human
classification or viewer-independent measures in several of these studies. The
specific signal features considered also vary: while many used contrast against
natural backgrounds as their measure of conspicuousness, others chose traits
such as the brightness or size of specific colour patches. There is as yet little
direct evidence to suggest that these features are particularly attended to by
predators, and some may be involved in other functions, potentially confounding
the results (Summers et al., 2015). For example, the yellow abdominal band in
paper wasps (Vidal-Cordero et al. 2012) may be an intraspecific signal of
dominance, and coloration in poison frogs also plays a role in mate choice
(Summers et al., 1999). Greater clarity in terms of which signal features are
used by predators to guide their foraging decisions in the wild would be helpful,
in order to test truly relevant associations between signals and defences from
the predators’ perspective (Summers et al., 2015). Currently, there is also an
imbalance between the theoretical literature, with most models addressing the
issue of signal honesty within a single population, and empirical work, which
tends to focus on inter-specific or inter-populational differences. Testing the
importance of specific signal features in aposematic patterns, and providing
more data on the relationship between colour and defence in a novel study

system, including within populations, are key aims of this PhD thesis.
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Table 1.1: Published empirical studies relating coloration and toxicity in

aposematic animals, both across and within species and populations, with

details of the metrics used, attention to predator perception and results. This

table shows the conflicting conclusions of empirical work on quantitative

honesty in aposematism, and highlights some of the key issues in this field of

research, namely the relatively narrow taxonomic focus of these studies,

primarily based on dendrobatid frogs and ladybirds, and by contrast the

diversity of methods and metrics employed when measuring coloration and

toxicity, making the results difficult to compare.

Study system Measures of Measures of  Predator Correlations  References
coloration defences vision? found?
used used
INTERSPECIFIC
Coccinellidae Conspicuousness Toxicity assay  Yes (birds)  Positive for Arenas,
(ladybirds) against host in Daphnia conspicuousness Walter and
plants, internal pulex water against plants Stevens,
pattern contrast, fleas 2015
luminance,
saturation, area
of colour
Dendrobatidae Brightness Diversity, No Positive Summers
(poison frogs) contrast between  quantity and Clough,
frog and leaf litter  (concentration) 2001
(ranked by and lethality of
humans and alkaloids
computer)
Dendrobatidae Conspicuousness Presence, No Positive — Santos and
(poison frogs) to leaf litter guantity conspicuousness Cannatella,
(concentration) and chemical 2011
and diversity defences
of alkaloids associated
across
phylogeny
Epipedobates Internal Toxicity assay  Yes (birds) None Darst,
(poison frogs) chromatic and in mice Cummings
brightness and
contrast of frog Cannatella,
pattern 2006
Opistobranchs Chromatic Toxicity assay  Yes Positive Cortesi &
contrast to in brine shrimp  (damselfish Cheney,
natural and 2010
backgrounds triggerfish)
Pachycephalidae = Human Batrachotoxin No None. The two Dumbacher,
(whistlers — impression of levels most toxic Spande and
songbirds) colour pattern species are most  Daly, 2000;
brightly-coloured, Dumbacher
but other toxic etal., 2008
species are not
conspicuous
INTRASPECIFIC, BETWEEN POPULATIONS
Cynops Area of red on Tetradotoxin No None Mochida et
pyrrhogaster ventral side (TTX) & 6-epi al., 2013
(Japanese fire- TTX levels,
bellied newt) sequestration
ability
Dendrobates Colour, classified  Toxicity assay No None Daly and
pumilio by humans in mice Myers, 1967
(strawberry

poison frog)
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Study system Measures of Measures of  Predator Correlations  References
coloration defences vision? found?
used used
Dendrobates Viewer- Toxicity assay  Yes (birds,  Positive for Maan and
pumilio independent in mice crabs & brightness, and Cummings,
(strawberry overall snakes) conspicuousness 2012
poison frog) brightness, and to birds & crabs
conspicuousness
to predators
against natural
backgrounds
Oophaga Conspicuousness Toxicity assay  Yes (birds) Negative Wang, 2011
granulifera against natural in mice
(granular poison backgrounds
frog)
INTRASPECIFIC, WITHIN POPULATIONS (INCLUDING LABORATORY POPULATIONS)
Coccinella Elytra brightness  Coccinelline Yes (birds)  Positive for Blount et al.,
septempunctata and colour, and precoccinelline 2012
(7-spot ladybird) carotenoid levels  precoccinelline and carotenoid
and spot size levels levels; positive
for coccinelline
and carotenoid
levels in females,
but negative in
males; positive
for coccinelline
levels and spot
size in low-diet
treatment
Coccinella Egg and adult Coccinelline Yes (birds)  Positive for egg Winters et
septempunctata elytra saturation, and saturation, hue al., 2014
(7-spot ladybird) brightness and precoccinelline and
hue levels precoccinelline
levels, and for
elytra hue and
coccinelline
levels; negative
for elytra
brightness and
coccinelline
levels
Dendrobates Total reflectance, Concentration  Yes (birds Negative Crothers et
pumilio, Solarte longwave and diversity and frogs) between total al., 2016
population chroma, of alkaloids reflectance and
(strawberry luminance, both aggregate
poison frog) chromatic pumilotoxin
contrasts and content &
conspicuousness pumilitoxin
PTX307A levels
Harmonia Elytra redness, Concentration  No Positive for area  Bezzerides
axyridis area of red, spot of alkaloids of red; lighter et al., 2007
(harlequin colour, and spots associated
ladybird) carotenoid with higher
concentration harmonine levels
in females
Polistes dominula  Brightness of Size of poison  No Positive Vidal-
(paper wasp) yellow abdominal  gland Cordero et
band al., 2012

1.5 Aposematism in burnet moths (Lepidoptera: Zygaenidae)

Historically, Lepidoptera have been at the heart of research on warning

coloration, from the brightly-coloured caterpillars stimulating discussions

between Darwin and Wallace to the tropical butterflies inspiring the concepts of
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Batesian and Mullerian mimicry of defended species (Bates, 1862; Miiller,
1879). To this day, work on Lepidoptera continues to contribute to our
understanding of aposematism, although other species, primarily poison frogs
(Dendrobatidae) and ladybirds (Coccinellidae), have also emerged as important
model systems. Beyond the astounding diversity in colour and pattern that first
attracted the attention of naturalists, Lepidoptera possess many qualities that
make them amenable to research on visual signalling: their flat wings are ideally
suited to photography and image analysis, many species can be reared in
captivity, and their principal visual predators are birds, a group whose visual
systems are relatively well-understood (Hart, 2001a; Odeen and Hastad, 2003;
Osorio and Vorobyev, 2008). Heliconius butterflies are without doubt the most
important model for understanding the evolution of colour patterns, allowing
crucial questions to be addressed, such as how mimicry rings evolve, how
warning signals interact with sexual selection, and how diversity in warning
coloration might arise and be maintained (reviewed in Jiggins, 2017). More
recently, the wood tiger moth, Arctia plantaginis, has become established as
another key species in which to investigate warning coloration. Studies of the
wood tiger have yielded new insights into the selection pressures shaping the
form of warning signals, examining the effect of different predator communities
(Nokelainen et al., 2014), seasonality (Mappes et al., 2014), trade-offs with
sexual selection (Nokelainen et al., 2012) and functional constraints (such as
temperature; Lindstedt, Lindstrém and Mappes, 2009) amongst others.
Meanwhile, other species provide opportunities to test the roles of particular
signal properties, such as iridescence in the pipevine swallowtail, Battus
philenor (Pegram, Han and Rutowski, 2015). In this thesis, | focus primarily on a
large and diverse family of Lepidoptera, which has as yet received
comparatively little attention from researchers studying aposematism: the

Zygaenidae, commonly known as forester and burnet moths.

The Zygaenidae form a species-rich family of mostly day-flying moths, with a
worldwide distribution but especially diverse in Asia and the Palearctic region
(Naumann, Tarmann and Tremewan, 1999; Niehuis, Naumann and Misof,
2006). Approximately 1000 described species fall into four recognised
subfamilies: Callizygaeninae, Chalcosiinae, Procridinae and Zygaeninae

(Niehuis, Naumann and Misof, 2006). In the Western Palearctic 44 species of



Procridinae, known as foresters, and 70 species of Zygaeninae (burnet moths)
are found, along with a single member of the Chalcosiinae, the almond-tree leaf
skeletonizer moth, Aglaope infausta (Naumann, Tarmann and Tremewan,
1999). Species diversity is more limited in the British Isles, with only three
species of Procridinae and seven species of Zygaeninae, four of which are now
restricted to Northern Scotland. One of these, the New Forest burnet, Zygaena
viciae, is vanishingly rare, restricted to a single protected colony in Northwest
Scotland after being collected to extinction from the New Forest (Young and
Barbour, 2004).

The defining characteristic of the Zygaenidae is their ability to synthesise the
toxic cyanogenic glucosides linamarin and lotaustralin (Figure 1.1b); these
compounds have been found in every one of the 45 species tested (Davis and
Nahrstedt, 1982; Zagrobelny et al., 2004). Widespread defensive tools in plants,
cyanogenic glucosides are known as phytoanticipins, defensive compounds
constitutively expressed in plants in anticipation of herbivore attack (Pentzold et
al., 2014). They also occur in many arthropods, such as some polydesmoid
millipedes (Diplopoda), centipedes (Chilopoda), beetles (Coleoptera), true bugs
(Heteroptera) and many Lepidoptera, including Heliconius butterflies
(Zagrobelny, Bak and Mgller, 2008). Cyanogenic glucosides release cyanide
when broken down by enzymes, for example in the gut of a predator
(Zagrobelny, Bak and Mgller, 2008), and are also bitter-tasting so may deter
predation through taste-rejection (Skelhorn and Rowe, 2009). This provides an
effective defence for the Zygaenidae, and early work injecting zygaenid extracts
into mice, frogs, and more disturbingly, humans, demonstrated the toxicity of
burnet moths even before the compounds responsible were identified
(Rothschild et al., 1970; Marsh and Rothschild, 1974). Experiments with birds in
captivity have further confirmed that they are generally considered unprofitable
by avian predators (Heikertinger, 1939; Wiklund and Jarvi, 1982; Rammert,
1992), despite anecdotal records of predation in the wild (collated in Tremewan,
2006).

Since the identification of linamarin and lotaustralin in the six-spot burnet,
Zygaena filipendulae (Davis and Nahrstedt, 1979), the chemistry of this species

has been thoroughly investigated. The larvae of Zygaena species are
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apparently unique in their ability to both synthesise cyanogenic glucosides de
novo, from the amino acids valine and isoleucine, and sequester the same
compounds from their host plants at the same time (Zagrobelny et al., 2014a).
De novo synthesis of cyanogenic glucosides is ancestral in the Zygaenidae but
served as a pre-adaptation for some Zygaeninae to feed on cyanogenic plants.
The evolution of sequestration ability then allowed these species to accumulate
toxins more economically. Retaining the capacity for de novo synthesis enables
fine-tuning of the ratios of linamarin and lotaustralin, compensating for the
variability in toxin content in their host plants (Zagrobelny et al., 2014a). Z.
filipendulae feeds on cyanogenic Bird’s foot trefoil (Lotus corniculatus), yet can
almost completely compensate for a lack of cyanogenic glucosides in its diet,
albeit at the cost of slower and reduced growth (Zagrobelny et al., 2007a).
Uncovering the genetic pathway for the synthesis of linamarin and lotaustralin
revealed a remarkable convergence between the herbivore and its host plant,
with both species following the same steps and using similar classes of
enzymes, but derived independently, to produce the cyanogenic glucosides
(Jensen et al., 2011). These toxins play a crucial role throughout the life cycle of
Z. filipendulae and are present at every stage (see Figure 1.1a; Jones,
Rothschild and Parsons, 1962). Beyond protection from predators, cyanogenic
glucosides also provide a store of nitrogen to fuel metamorphosis and serve as
a nuptial gift from males to females during courtship (Zagrobelny et al., 2007b).

Although primarily based on cyanogenic glucosides, the defensive arsenal of
burnet moths is complex and multimodal. Effective at all life stages and against
a range of predators, their defences include pyrazine warning odours
(Rothschild, Moore and Brown, 1984), which enhance the aversiveness of
visual warning signals (Rowe and Guilford, 1996; Lindstrom, Rowe and
Guilford, 2001), as well as bitter-tasting fluids, and compounds that are toxic if
ingested. For example, when disturbed, both larvae and adults release
defensive droplets, aversive to many invertebrate and vertebrate predators
(Jones, Rothschild and Parsons, 1962; Franzl and Naumann, 1985). lllustrating
the multiple layers of their defences, the larval fluid’s viscosity provides
protection from ants, while the presence of bitter cyanogenic glucosides and the
neurotoxin B-cyanoalanine should deter vertebrates. If predators continue to

attack and the droplets come into contact with B-glucosidases in the Zygaena



haemolymph, cyanide will be released as a further step in their defence
(Pentzold et al., 2016). These sophisticated defences are also advertised to
predators with unmistakeable, conspicuous warning signals, especially in the

adult stage.
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Figure 1.1: The life cycle of the six-spot burnet moth, Zygaena filipendulae (a,
clockwise from top left: eggs, larva, cocoon and adult) and its defensive
chemicals (b). Egg photograph: © Harald Supfle, Wikimedia Commons; all other
photographs E. S. Briolat. Chemical diagrams produced by Mika Zagrobelny.

While the Procridinae are generally brown or green in colour, and discreet in
their behaviour, the Zygaeninae are classic examples of aposematic animals.
They are characterised not only by toxicity in all life stages but also by sluggish
behaviour, high local abundance and conspicuous wing patterns (Hofmann and
Tremewan, 2017). The typical appearance of a burnet moth features red spots
on black forewings and red hindwings, but four main phenotypes can be found:
red and black, yellow and black, dichromatic (yellow, red and black), and a
darker melanistic type (Figure 1.2). Moreover, these wing patterns can be
extraordinarily diverse, both within and between populations of the same
species. Variation in adult phenotype can take many forms, from changes in
spot colour, replacement of black scales with colour and increased melanism to

spot confluence and changes in abdominal pattern (Figure 1.3; Hofmann and
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Tremewan, 2017). The most famous example of polymorphism in the
Zygaeninae is found in Z. ephialtes, which possesses two pattern types (known
as “peucedanoid” and “ephialtoid”), both occurring in red or yellow forms. In
some locations, the prevalence of these pattern types is thought to be linked to
mimicry of another distasteful moth, the nine-spotted, Amata phegea (Sbordoni
et al., 1979). Polytypisms, or differences between populations, can also be
spectacular; for example, Z. carniolica, which typically has a dark background
colour, displays white wings with red spots in Cappadocia (Turkey). Zygaenidae
larvae are also highly variable both within and between species, and can be
cryptic or conspicuous (Hofmann and Tremewan, 2017). Despite considerable
interest in their diverse patterns from the entomological community, relatively
little work has been done on the function of burnet moth coloration, and none
with sophisticated modern methods accounting for predator vision. With the
exception of work on mimicry in Z. ephialtes, and some experiments on mate
choice (Zagatti and Renou, 1984; Toshova, Subchev and Toth, 2007), the
Zygaenidae are a relatively untapped resource for researchers working on

visual signals.



a. b. C. d.
e.g. Z. filipendulae e.g. Z. transalpina e.g. Z. nocturna e.g. Z. lonicerae
tilaventa extremata

Figure 1.2: The four main phenotypes found in the Zygaeninae: (a) red-black,
(b) yellow-black, (c) dichromatic and (d) melanistic, with example species.
This figure is based on Figures 1323 - 1334 in Hofmann and Tremewan (2017);

the original image has been removed from this thesis for copyright reasons.
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Figure 1.3: Types of variation in the phenotype of adult Zygaeninae. This figure
was created by E.S. Briolat, based on Table 70 in Hofmann and Tremewan
(2017).

The ability to identify and accurately quantify the chemical defences of the
Zygaenidae, combined with the diversity of conspicuousness and other visual
features seen in their wing patterns, makes them an attractive system in which
to explore the relationship between coloration and defences. In this thesis, |
explore the form of lepidopteran warning signals and how their characteristics
relate to the presence and potency of defences, as well as to predation risk in
the wild, using the Zygaenidae as my principal study system. | begin by
presenting a detailed explanation of the photography and image analysis

technigues used throughout this thesis in Chapter 2, illustrating them with some



preliminary experiments on Z. filipendulae. In Chapter 3, | test for broad trends
in the visual features of day-flying defended Lepidoptera with a comparative
analysis of museum specimens of British moths. | then focus on the six-spot
burnet, Z. filipendulae in Chapter 4, and measure the colour and cyanogenic
glucoside levels of specimens from Denmark, France and the UK to test for
guantitative signal honesty in this species. In Chapter 5, | extend this study to
address the question of signal honesty across species in the Zygaenidae.
Finally, in Chapter 6, | test whether variation in several signal properties affects
predation risk for burnet-like prey, by conducting artificial predation experiments
in a natural habitat of Z. filipendulae. Throughout my work, | consider the
perspective of relevant visual predators by analysing the warning signals of
Lepidoptera as perceived by the avian visual system. In Chapter 7, | discuss the
implications of my findings and the many outstanding questions that could be
addressed by further research on signalling in burnet moths. Bringing these
insights together, this thesis should serve to develop our understanding of the
relationship between coloration and defences in aposematic animals, and
highlight the great potential of burnet moths as a promising study system for

researchers in the field of animal communication.
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Chapter 2

Methods for measuring warning colours —
an illustration with preliminary experiments
on the six-spot burnet moth
(Zygaena filipendulae, L.)

The Provence burnet, Zygaena occitanica, as perceived by human vision (left)
and as a false-colour image (right; blue, green and red colours represent the ultraviolet-,
short wavelength- and medium wavelength-sensitive channels of avian perception).
Photographs: Jolyon Troscianko
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2.1 Abstract

Investigating the form and function of animal signals requires techniques to
guantify colour, brightness and pattern in a reliable and biologically-relevant
way. In this thesis, | use digital photography as a means to measure warning
colours and other wing patterns in Lepidoptera. This increasingly popular
method in the study of animal coloration presents numerous advantages over
more traditional spectrometry, yet several precautions must be taken to ensure
that it yields accurate and repeatable measures of colour and pattern. These
include considerations regarding the equipment and experimental set-up used
for photography, as well as protocols for subsequently processing the images
and extracting meaningful metrics of coloration from them. In addition, the
accuracy and relevance of measurements obtained from digital photography will
largely depend on having adequate specimens to photograph, kept in
appropriate conditions. Burnet moths (Lepidoptera: Zygaenidae) are an
attractive family in which to explore warning coloration and signal honesty within
and between species, yet some preliminary experiments were required to verify
that the six-spot burnet, Zygaena filipendulae (L.), would be amenable to my
investigations. In particular, | established that the wing markings of this species,
which, to human observers, seem relatively uniform among individuals, do
appear variable to avian predators, legitimising the study of differences in
coloration between individuals. Another important methodological concern, dealt
with in a second experiment, was the repeatability of measurements over time
under my experimental conditions. Using these two preparatory tests as
examples, this chapter describes and explains the techniques | have used to
guantify warning colours throughout this thesis, and presents important results

underpinning the rest of my work on burnet moths.

2.2 Introduction

Coloration in the natural world has long been a subject of fascination to
naturalists, scientists and artists alike. Yet, by its very nature, colour is an
elusive concept and a difficult subject to study, as it depends on the perception
of the observer and the lighting conditions under which it is seen (Endler, 1990,
1993). The critical importance of considering the observer’s perspective is

increasingly apparent as we learn more about the visual systems of other
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animals with capabilities very different from those of humans. In this context,
devising tools and methods to quantify the colours and patterns seen in nature

iS not necessarily straightforward.

The use of photography as a means of studying animal coloration has a long
history, with Abbott Thayer’s illustration of the principles of protective coloration
and countershading one of the most famous early examples (Thayer, 1896).
Yet, for accurate quantification of colour, the preferred method of researchers
interested in animal coloration has long been spectrometry, measuring the
spectrum of light reflected from a point sample. More recently, the explosive
increase in the quality and availability of digital cameras is modernising the
study of animal coloration, with digital photographs replacing spectrometry to
investigate colours in a range of contexts, from aposematism and camouflage to
sexual signals and maternal investment (Stevens et al., 2007a; recent examples
include Winters et al., 2014; Arenas, Walter and Stevens, 2015; Troscianko et al.,
2016). Digital photography has several significant advantages compared to
spectrometry, previously reviewed in Stevens et al. (2007a) and Troscianko

and Stevens (2015). These include practical considerations, as good quality
cameras are more easily accessible to researchers than expensive spectrometers,
as well as different capabilities for analysis. One important benefit of photography
is the ability to measure whole patterns with multiple colour patches at once.
Spectrometry is limited to point measures of very small areas, which are
vulnerable to changes in the distance and angle of the probe with respect to the
focal sample, while photographs can efficiently provide information about natural
scenes and complex objects. Several methods, such as granularity

analyses (Chiao et al., 2009), have also been developed to enable pattern

analyses from digital images.

Nevertheless, several issues must be dealt with in order to generate objective
and repeatable measurements from digital photographs, yet these are not
always considered or appropriately addressed, leading to incomplete or
erroneous results (Stevens et al., 2007a). Firstly, most cameras respond to
differences in light levels across wavelengths in a non-linear way (Stevens et
al., 2007a): this means that the Red, Green, and Blue (RGB) pixel values

recorded from a digital image may not be equally influenced by changes in light



intensity. Non-linearity occurs because digital cameras are designed to optimise
the perceived quality of photographs to human observers and for the wide
range of printers and monitors used to display them, which themselves possess
inherent non-linearities (Westland and Ripamonti, 2004), rather than to provide
accurate measurements. To complicate matters, each camera brand and model
may behave in a unique way, preventing comparisons between photographs
taken with different equipment. As such, methods must be implemented to
linearise the camera’s responses before the photographs can be used (Stevens
et al., 2007a; Troscianko and Stevens, 2015). Moreover, ambient light is likely to
differ in intensity and colour in both natural environments (Endler, 1993), as well
as in the laboratory. Lighting conditions during photography will affect
measurements taken from a photograph, so these must be normalised with
respect to light levels. This can be done by simultaneously measuring
reflectance standards, which reflect a known percentage of light across all
wavelengths, and using those to standardise the pixel values obtained from the
photographs (Stevens et al., 2007a). The rapid development of methods
implementing these processes facilitates accurate and robust analyses based
on digital photography, unlocking its full potential as a tool for research (Stevens
et al., 2007a; Pike, 2011; Akkaynak et al., 2014; Troscianko and Stevens, 2015).

Beyond obtaining reliable and objective values, measurements of animal
coloration are far more relevant to natural situations if they take into account the
visual systems of the species paying attention to these stimuli (Stevens and
Ruxton, 2012). When studying warning coloration, understanding how potential
predators perceive the signals of aposematic species is crucial to assessing the
effectiveness of the displays or the relevance of variation in colour and pattern.
Fortunately, techniques exist to convert the information gained from digital
photographs to the visual systems of many well-studied species (Stevens et al.,
2007a; Stevens, Stoddard and Higham, 2009; Stevens, 2011; Troscianko and
Stevens, 2015). Throughout this thesis, | have mapped my wing photographs to
avian vision, as birds are the most likely visual predators of day-flying
Lepidoptera. Birds are tetrachromatic, possessing four types of single cones
determining colour vision. Although they can all perceive ultraviolet
wavelengths, the sensitivity of their most shortwave-sensitive cone type does

vary, separating avian visual systems into two broad categories: an ultraviolet-
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sensitive (UVS) group, with a peak sensitivity Ayys ranging from 355 to 380 nm
in measured species, and a violet-sensitive (VS) group, in which Ays ranges
from 402 to 426 nm (Hart, Partridge and Cuthill, 1999; Hart et al., 2000; Odeen
and Hastad, 2003; Hart and Hunt, 2007). For adult Zygaenidae, anecdotal
reports of avian predation implicate multiple species, including blackbirds and
skylarks, passerine species falling into the UVS category (Odeen and Hastad,
2003), and corvids, belonging to the VS group (Odeen and Hastad, 2003;
Hastad, Victorsson and Odeen, 2005; Tremewan, 2006). Therefore, | chose to
model warning signals primarily as perceived by the UVS visual system, but
also to check my conclusions with the VS system.

The bulk of the experimental work in this thesis focuses on the Zygaenidae, a
family of day-flying moths chosen as a study system because of existing
literature concerning their phylogeny and chemical defences, as well as for their
interesting variation in coloration between and within subfamilies (see Chapter
1). To ensure that these species were amenable to this investigation and to the
digital photography methods | would be using, | conducted two preliminary
experiments. These were carried out under the same conditions and using the
same techniques as all my work on burnet moth coloration in the subsequent
chapters of this thesis. As such, describing these preliminary tests provides an
opportunity to delve deeper into the rationale behind the methods | have used
throughout my thesis for measuring and analysing colour data. Firstly, while
different species in the Zygaena genus are identifiable based on their wing
pattern, there appears to be little variation to the human eye within my principle
study species, the six-spot burnet, Zygaena filipendulae (with the exception of
rare aberrant orange, yellow or black morphs; Tremewan, 2006). | therefore
measured variation in colour among my samples of Z. filipendulae, to determine
whether the species was sufficiently variable for avian predators to discriminate
between individual colours. In addition, due to the timings of field collections for
different species or populations in different localities, not all specimens included
in my analyses of colour and toxicity could be photographed with the same
delay after emergence. | thus conducted a second experiment, repeatedly
photographing a subset of specimens, to verify that wing colour did not

significantly change over time under the experimental conditions. The protocols



| used for photographing specimens and analysing photographs in these

experiments address the methodological concerns raised above.

2.3 Methods
2.3.1 Experimental set-up

To ensure that my measurements remained as consistent as possible
throughout the experimental period, all photographs of burnet moths used in
this thesis were taken in the same controlled conditions, inside a darkroom. The
specimens were illuminated by an EYE Color Arc® MT70 bulb (Iwasaki Electric
Co. Ltd.), its UV-blocking coating removed by lightly scrubbing the bulb with a
steel brush (Troscianko and Stevens, 2015). After this treatment, it emits a light
spectrum close to D65 daylight irradiance, including UV wavelengths. The
wings of most Zygaenidae are iridescent, so the angle of incident light reaching
the wing will influence colour measurements (Meadows et al., 2011). To
account for this, only the colours of the right-hand wings were measured, as the
direction of the wing scales will affect iridescence. The light source was also
kept at a constant 50° angle relative to each wing and the specimens were

photographed directly from above, at a 90° angle to the wings.

Photographs were taken with a Nikon D7000 camera, which had previously
undergone a quartz conversion enabling it to be sensitive to UV wavelengths
(Advanced Camera Services, Norfolk). The camera was fitted with a 105mm
CoastalOptics quartz lens (Jenoptik, Jena, Germany), also sensitive to UV. In
addition, a set of filters was attached to the lens, and each specimen was
photographed twice: once restricting wavelengths of light to the human-visible
spectrum, using a UV/infrared (IR) blocking filter (Baader UV/IR Cut Filter,
transmitting between 400 and 700 nm) and once under ultraviolet wavelengths
alone, using a UV pass and IR blocking filter (Baader U filter, transmitting
between 300 and 400 nm). These two images per individual were then
combined during image processing to cover the range of wavelengths relevant
to avian visual systems. All images were taken in RAW format, with manual
white balance (“cloudy” setting) and a constant ISO (typically ISO 400) and
aperture (f8). Compressed image formats, such as JPEG, cannot be used, as

in-camera processing and compression create irreversible artefacts, making
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subsequent linearisation of pixel values unreliable (Akkaynak et al., 2014).
Exposure length was adjusted according to light levels and was always
considerably longer for photographs taken with the UV pass and IR blocking
filter than for the human-visible ones, as camera sensitivity in UV wavelengths
is approximately 100 times lower than in the human-visible spectrum
(Troscianko and Stevens, 2015).

Moth wings were dissected from frozen specimens, and placed flat on a
background of grey ethylene-vinyl acetate (EVA), more commonly known as
craft foam, for photography. Previous work in our research group investigating
the properties of background materials for photography found that, of the test
samples, black EVA had the lowest reflectance across all wavelengths
(approximately 5% reflectance), so was most suitable to be used as a
background substrate (Arenas, 2015; Arenas, Walter and Stevens, 2015).
However, my pilot experiments revealed that the outline of the burnet moth
wings was too difficult to distinguish from the black EVA background during
image analysis, so grey EVA was substituted to facilitate wing selection.
Background reflectance was especially problematic for previous work on
ladybird elytra, as the light appeared to “bounce off” the translucent chitin
structures making up the elytra (Arenas, 2015). This is not the case for
zygaenid wings, which, in addition, do not appear transparent in most species,
including Z. filipendulae, so the background colour should not affect
measurements. For the few species with more fragile wings (see Chapter 5),
additional care must be taken when interpreting the results, but keeping a
consistent uniform background should enable robust comparisons, at least
between individuals of these species. Each photograph also included an
individual label, a scale bar and a set of reflectance standards, reflecting all
wavelengths of light equally between 300 and 750 nm. These were used to
standardise light levels between photographs, eliminating any residual variation
in lighting arising even in these controlled conditions, and making my results
comparable to measurements taken in other settings. For most of my
experiments, including those presented in this chapter, | used a pair of
standards reflecting 93% and 7% of light respectively, cut from Zenith Lite

Diffuse Target sheets (SphereOptics, Pro-Lite Technology, Cranfield, UK). The



standards were placed in the same plane as the moth wings, an important

condition for accurate measurements (Troscianko and Stevens, 2015).

2.3.2 Image processing and mapping to animal visual models

Processing digital images for analysing coloration requires a number of steps,
which are now easily implemented in the open-access multispectral image
analysis toolbox, run in ImageJ (Schneider, Rasband and Eliceiri, 2012) and
developed in our research group (Troscianko and Stevens, 2015). Prior to
analysis, the human-visible and ultraviolet photographs of each specimen must
be checked to ensure they are appropriately exposed, either by inspecting the
image histogram or with image processing tools in the software toolbox
(Troscianko and Stevens, 2015). Over-exposure, quashing variation among
high values, would especially prevent correct interpretation of measurements.
The chosen images must then be linearised, using an ImageJ plugin (13-
DCRAW; Sacha, 2013) importing images via DCRAW (Coffin, 2015), a software
package which extracts pixel values from RAW camera files in a linear way
(Chakrabarti, Scharstein and Zickler, 2009). The validity of this method of
linearisation has previously been verified, including with the camera set-up |
used for photography (Troscianko and Stevens, 2015). Finally, selecting and
measuring the reflectance standards in each image as it is imported enables the
software to normalise pixel values with respect to light levels. As alternating
between UV/IR-blocking and UV-pass filters can cause the camera to move
slightly between shots, | used automatic alignment tools to accurately merge the
human-visible and ultraviolet photographs for each sample wing. The toolbox
software ultimately imports the combined picture as a multispectral image, a 32-
bit stack with 5 layers, corresponding to different channels, or images taken in a
specific range of wavelengths: three in the human-visible spectrum (VR, vG, vB)

and two in the ultraviolet (UR and uB).

The next step in the analysis process is to map the camera pixel values onto
the visual system of the potential predators of day-flying Lepidoptera, namely
birds in both the UVS and VS groups. To do this, | used previously published
data on the spectral sensitivities of model species for the US and VS systems,
the blue tit Cyanistes caeruleus (Hart et al., 2000) and the Indian peafowl Pavo

cristatus (Hart, 2002) respectively. Camera sensitivities in the five wavelength
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channels (UB, uR, VR, vG, vB), in the presence of the lens and filters, have also
been measured previously (Figure 2.1) and are highly repeatable between
camera set-ups of the same type (Troscianko and Stevens [2015], using
methods similar in principle to Lovell et al. [2005] and Garcia et al. [2013]).
Nevertheless, to ensure maximum consistency at all stages in the process, all
photographs analysed together as part of the same experiment were taken with
the same camera. Converting pixel values in these five camera-vision channels
to cone catch values for avian photoreceptors was achieved via a polynomial
mapping technique (Troscianko and Stevens, 2015). This is essentially a
multiple regression calculating the cone catch value for each photoreceptor type
(ultraviolet/violet-sensitive [UVS/VS], short wavelength-sensitive [SWS],
medium wavelength-sensitive [MWS] and long wavelength-sensitive [LWS])
based on the camera values for each channel; for tetrachromatic visual
systems, the mapping algorithm allowed two-way interactions between
channels. Cone catches are then standardised so that a grey stimulus has
equal values in all cone types. The quality of this modelling technique was
tested with a database of reflectance spectra from natural stimuli (Arnold et al.,
2010) and revealed a very high match between camera values and
photoreceptor cone catches (R?>0.996) (Stevens and Cuthill, 2006; Pike, 2011;

Troscianko and Stevens, 2015).
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Figure 2.1: Standardised spectral sensitivities of the camera set-up, for

wavelengths of light between 300 and 700 nm.

2.3.3 Quantifying colour and lightness, as perceived by relevant signal receivers

Once the images have been converted to cone catch values, useful
measurements can be taken from areas of interest in the photographs. | also
scaled the images using the scale bar in each photograph; although the camera
is held at a fixed distance from the specimens, any slight differences in the
height of the wings would otherwise affect the accuracy of measurements of
wing length and area. For experiments with Zygaenidae, the images were
scaled at 100 pixels/mm. On each image, | selected wing markings and
background areas using the freehand tool in ImageJ (Figure 2.2), following a
specific protocol for the zygaenid wings used in the experiments described here
and in Chapters 4, 5 and 6. Each forewing spot was precisely outlined to allow
for accurate measurements of area, and if the spot was damaged, separate
measurements of undamaged sections were taken for spot colour. For the
background and hindwing regions, areas as large as possible were selected,
while avoiding any rubbed scales. The cone catch values for every

photoreceptor type were measured, then averaged over the selected areas to
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obtain a single set of values for the marking and background colours on each
wing. These numbers are the raw data, from which a series of more easily

interpretable metrics was subsequently calculated for each wing area.

Figure 2.2: Example wing photograph, showing patch selection, scale bar

(30mm) and reflectance standards. FW_b = forewing background, FW_m =
forewing markings, HW_b = hindwing background, HW_m = hindwing markings.

Achromatic, or lightness, information is perceived and processed in different
ways across animal taxa. While humans and primates with similar vision gain
achromatic information by combining the input to their long wavelength and
medium wavelength photoreceptors (Osorio and Vorobyev, 2005), and bees
use signals from their long wavelength photoreceptors (Giurfa et al., 1997),
other species, such as flies and birds, use separate photoreceptors to code
achromatic and chromatic information (Osorio and Vorobyev, 2005). In birds,
experiments on chicks (Gallus gallus) detecting pattern differences (Osorio,
Mikl6 and Gonda, 1999; Jones and Osorio, 2004) and on motion detection in
pigeons (Campenhausen and Kirschfeld, 1998), suggest that special types of
photoreceptors, known as double cones (Anax=565nm) are responsible for
detecting lightness cues (Jones and Osorio, 2004; Osorio and Vorobyev, 2005,



2008). | therefore used luminance values equal to the cone catch values for the

double cones as an avian visual system-dependent measure of lightness.

To describe the colour of wing markings in a meaningful way, | used two
additional metrics: saturation, a measure of colour intensity compared to white
light (for example, saturation increases from pink to red), and hue, which
provides a sense of the shade of the colour (Stevens, Stoddard and Higham,
2009; Stevens, 2011). Saturation (sometimes referred to as chroma, e.g. in
Stoddard and Prum, 2008) is determined by plotting each colour of interest in a
tetrahedral colour space. First suggested by Burkhardt (1989) and Goldsmith
(1990), this approach has more recently been revived by Kelber, Vorobyev and
Osorio (2003), Endler and Mielke (2005) and Stoddard and Prum (2008). It
provides a standardised way of measuring the colours of a range of different
biological objects, including those with complex reflectance spectra, such as
bird plumage, as perceived by tetrachromatic visual systems (Stevens,
Stoddard and Higham, 2009). Following the methods of Goldsmith (1990) and
Stoddard and Stevens (2011), cone catch values for each photoreceptor type
(UVS/VS, SWS, MWS, LWS) were standardised to the total cone catch value to
remove overall differences in brightness, then converted to Cartesian X, Y, Z
coordinates to form a tetrahedral colour space (after Endler and Mielke, 2005).
The centre of the tetrahedron corresponds to equal stimulation of each
photoreceptor type — a grey, black or white colour - and saturation can be
measured as the Euclidean distance between this central point and the colour
of interest (a value between 0 and 0.75). This method of calculating saturation
has been used in several recent studies of animal coloration (e.g. Stevens,
Lown and Wood, 2014a,b; Winters et al., 2014; Arenas, Walter and Stevens,
2015).

Hue can also be assessed using the tetrahedral colour space, by converting
Cartesian to polar coordinates to define colour vectors (Endler and Mielke,
2005; Stoddard and Prum, 2008; Stevens, Stoddard and Higham, 2009), but
these can be difficult to analyse and especially to interpret (Stevens, 2011). An
alternative method, used here and throughout this thesis, is to estimate hue
values based on the principal of colour opponent channels. Colour opponency

is crucial to neural processing of colour in animals, with colour vision depending
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on the comparison of inputs to photoreceptor types with different but
overlapping sensitivities. The blue-yellow and red-green opponent channels in
humans and trichromatic primates are relatively well-understood, so can be
used to calculate physiologically relevant measures of hue (Lovell et al., 2005;
Stevens, Stoddard and Higham, 2009). While opponent processing
mechanisms are also important in other species, including birds and their close
relatives, turtles, the exact channels are not clearly known (Ammermdller,
Muller and Kolb, 1995; Osorio, Vorobyev and Jones, 1999; Twig and Perlman,
2004). In the absence of this information, ratios representing hue in the form of
opponent-style colour channels can be designed based on a priori expectations
about the principal direction of variation in colour. These colour channels are
not intended to mimic actual opponent channels but rather to describe colours
in an intuitive and biologically relevant manner. Komdeur et al. (2005) pioneered
this approach in a study of plumage colour in European starlings, Sturnus
vulgaris. Predicting that females would prefer males with more purple feathers
(reflecting more strongly in the red and blue parts of the visual spectrum), they
calculated a measure of hue that would explicitly test this idea:

LW+SW
MW+UV

Hue = (2.1)

Hue values can also be determined by using principal component analysis
(PCA) to reveal the main axes of variation in colour in the samples of interest, a
method developed to quantify egg colour among the hosts of the African cuckoo
finch, Anomalospiza imberbis (Spottiswoode and Stevens, 2011; Stevens,
2011) and since used to investigate both camouflage and warning colours (e.g.,
Stevens, Lown and Wood, 2014a,b; Winters et al., 2014; Arenas and Stevens,
2017). Applying the methods of Spottiswoode and Stevens (2011) to my
measures of wing colour, | performed PCA on the standardised cone catch
values for UV/V-, SW-, MW- and LW-sensitive photoreceptors, and used the
first two components, which cumulatively explain over 99% of variance in the
data, to define two hue channels, ratios of the standardised cone catch values
(see specific equations for Experiment 2 below). This process was always run
on a single signal type (e.g. forewing markings, hindwing markings, forewing
background areas), to ensure that the hue channels were representative of

variation between similar colours.



Luminance, saturation and hue do not have any specific units of measurement,
S0 no units are included on figures representing these metrics throughout the
thesis. Luminance values correspond to standardised cone catch values for the
double cones (a proportion of these cone catch values to total reflectance), so
are positive values, between 0 and 1. Saturation is represented by the distance
between the origin and a point plotted in a tetrahedral colour space (Stoddard
and Stevens, 2011), so is given by positive values between 0 and 0.75. Hue
values are based on a ratio of standardised cone catch values, and are always
positive.

2.3.4 Calculating visual contrasts

The colour of each part of a warning signal pattern may not necessarily be that
informative per se, compared to the perceived difference, or contrast, between
the signal and the natural background against which it is seen (Arenas,
Troscianko and Stevens, 2014; Arenas, Walter and Stevens, 2015). Equally,
contrast between different components of the colour pattern may also play an
important role in determining the salience and effectiveness of aposematic
signals (Aronsson and Gamberale-Stille, 2012b; Stevens and Ruxton, 2012;
Barnett, Scott-Samuel and Cuthill, 2016). To calculate contrasts between
colours measured from photographs, | used the Vorobyev-Osorio receptor
noise-limited model (Vorobyev and Osorio, 1998), which estimates the
discriminability of two colours for a specific visual system. In this model, the
visual contrast between two stimuli is determined by unspecified colour
opponent mechanisms and is primarily limited by the amount of noise in each
photoreceptor channel. It assumes that, for n photoreceptor types, there are n-1
opponent channels, and that, for each one, discriminability depends on the
difference in the cone catch values of the photoreceptors and on an estimate of
noise in this channel. The standard Vorobyev-Osorio model ignores achromatic
information, providing only a measure of how different two colours appear in a
chromatic sense; for a tetrachromatic avian visual system, it makes use of the
cone catch values for all the single cones (LWS, MWS, SWS and UVS/VS).
Noise itself is determined by the relative abundance of each cone type in the
retina, and a Weber fraction, an estimate of the smallest detectable change in
stimulus intensity dependent on the initial magnitude of a stimulus, following

Weber’s law. In all my calculations, | chose a widely-used and conservative

57



58

estimate of the Weber fraction (w=0.05), deemed conservative as lower values
of w would result in higher contrast values (Stevens, Lown and Wood, 2014a).
Cone ratios for the blue tit (UVS=1, SWS=1.92, MWS=2.68, LWS=2.7) and
peafowl (VS=1, SWS=1.9, MWS=2.2, LWS=2.1) visual systems were taken
from Hart et al. (2000) and Hart (2001b) respectively.

The Vorobyev-Osorio model yields contrast values measured as “just-
noticeable differences” (JNDs), whereby colours with JND<1 are not
discriminable, those with 1<JND<3 are likely to be only perceptibly different
under good lighting conditions, and those with IND>3 should be increasingly
easy to tell apart even in poor conditions (Siddigi et al., 2004). A JND of 1 is
typically considered the limit for differentiation between two colour stimuli (e.qg.
in Stobbe and Schaefer, 2008; Stevens, 2011; Cibulkova, Vesely and Fuchs,
2014), and behavioural tests on domestic chickens (Gallus gallus) showed that
stimuli with JND>1 could easily be discriminated under bright lighting conditions
(Olsson, Lind and Kelber, 2015). Yet several studies adopt a more conservative
threshold of JIND>3 for two colours to be discriminable under most natural
conditions (e.g. Nokelainen et al., 2012; Hegna et al., 2013; Stevens, Lown and
Wood, 2014a; Arenas et al., 2015), based on the precedent of work by Siddiqi
et al. (2004). Recent behavioural tests with domestic chickens (Olsson, Lind
and Kelber, 2015) provide some support for the idea that stimuli with IND>3 are
more likely to be discriminated in all conditions. In their experiments, successful
discrimination of stimuli separated by small chromatic differences was reduced
with increasingly dim lighting, and the level of light intensity at which
discriminability was compromised depended on the magnitude of the difference
between the colours. However, from a JND of around 3, increasing differences
between stimuli had a reduced impact on the likelihood of correct discrimination

under low light conditions.

To quantify the achromatic differences between stimuli, the principle of the
Vorobyev-Osorio model can be adapted to measure differences between the
double cone catch values, using the same Weber fraction (w=0.05) to estimate
noise (Siddiqi et al., 2004). Throughout this thesis, | used these calculations to
determine the chromatic and achromatic contrast between the wing colours of

different individuals (see Experiment 1 below), but also to investigate contrasts



between patches in multi-coloured wings and their visibility against different

plant types, to provide a measure of signal detectability in natural conditions.

2.3.5 Experiment 1: Individual variation in wing colour in Z. filipendulae

| first carried out this test on a pilot dataset at the very beginning of my research
project, but the results presented here are based on the entire collection of six-
spot burnets, Z. filipendulae, photographed throughout my PhD (N=115). The
specimens were collected, as larvae or pupae, in 2015 and 2016, at several
locations in France, the United Kingdom and Denmark, by myself and other
entomologists (see Appendix 2.1 for details of locations and collectors).
Similarly to methods previously used for this species (Zagrobelny et al., 2007a),
the insects were housed individually in plastic boxes with air holes, inside an
incubator maintained at 20°C, with a 16:8hr day:night cycle, until the emergence
of the adults. Larvae were fed ad libitum with their natural host plant (Lotus
corniculatus, Dorycnium pentaphyllum or Hippocrepis comosa). Chapter 4
provides more information about rearing conditions and diet for these moths,
most of which were used <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>