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Abstract

Camouflage is a phenotypic trait that significantly impacts the likelihood of survival in predators
and prey alike. The objective of this thesis is to identify the specific attributes of background-
matching camouflage when faced by multiple, differing, backgrounds. Chapter 2 examines the
phenomenon of egg camouflage in plovers (Aves: Charadriiformes), utilising colour and texture
analysis of calibrated photographs to assess camouflage against beach and saltmarsh habitats. |
show that eggs are an excellent colour-match to the subset of backgrounds that are found in both
habitats, but the patterning of the maculation makes eggs and backgrounds reliably discriminable
at close viewing distances. Chapter 3 focuses on chick camouflage, specifically exploring possible
sex differences that might explain higher mortality in female than male chicks. | show that there
is no sex difference in plumage colouration but males are found on backgrounds to which they
are a better match. Chapter 4 examines camouflage from a different perspective, assessing the
discriminability of chicks from different backgrounds using humans as model predators. The
results are consistent with the visual modelling of chapter 3, and show that chicks are a better
match to mud than vegetated backgrounds, suggesting stronger selection for camouflage against
backgrounds where physical hiding is not possible. Chapter 5, moving away from the plovers to
ultilise an experimental paradigm of artificial moth-like prey on woodland tree bark, investigates
the phenomenon of whether to specialize on a particular background or adopt a camouflage
pattern that is a compromise between multiple substrates. | show that matching the average
colour of a background is more important than matching the visual texture, but also that a
background which has a complex texture is more ‘forgiving’ of mismatches than a texturally
simple background.
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List of Figures

Figure 1.1. Ch. alexandrinus in Spain reproduced with permission by Nuria Martin © .

Figure 1.2. Ch. pecuarius in Queen Elizabeth Il NP--Kasenyi Track by Shailesh Pinto.

Figure 2.1. Map of the site of Study in Spain. The city of Cadiz, where the fieldwork was conducted
in an area of beach and on saltmarsh ("Salina La Esperanza"), is marked with a red marker.
Figure 2.2. A photograph of a plover nest at a beach location, showing the type of image
employed in the research. The four important elements are: the nest containing three eggs, the
surrounding background, the ruler (for scale), and the colour chart (for colour calibration).
Figure 2.3. Examples of nests at the beach (a to d) and saltmarsh (e to h) sites.

Figure 2.4. Images obtained from the R program to perform the analysis. (a) Selecting one of the
three eggs; (b) randomly selecting an egg-shaped region of background. In each case, the six
panels are: top left: image as it was taken; top right: masks created manually to select sites of
interest (red: grey square; green: 40 mm of the ruler; cyan, magenta and yellow: eggs; blue:
background); middle left: grey square used to obtain an equal colour balance across R, G and B
colour channels (‘white point balancing’); middle right: selected 40 mm piece of the ruler to
standardize size; bottom left: selection of target (egg or background); bottom right: target, in
greyscale for pattern analysis, after size standardization.

Figure 2.5. The Gabor filter is a linear filter employed in texture analysis. Its primary function is
to quantify the presence of distinct frequency components inside a picture, specifically in
predetermined directions within a localized area surrounding the point or region of investigation.
Shown here are Gabor filter with 6 scales and 8 orientations, as used in this study.

Figure 2.6. (a) The eigenvalues (variance) of the first 15 (of 48) principal components derived from
Principal Component Analysis of the 48 log-Gabor filter outputs used to describe the texture
(spatial pattern) of the eggs and backgrounds. (b) The loadings of the principal components on
the original 48 variables: i.e. the contribution of the original variables to each component. The
original Gabor variables (x-axis) are named such that the first two letters (s1, s2,..., s6) describe

the spatial scale (1 is fine detail, 6 is the coarsest detail) and the second two letters (01, 02,... 08)

14



describe the orientation of the filter, from horizontal (01) turning anti-clockwise. For further help
in interpretation, refer to Figure 2.5 for images of the filters themselves.

Figure 2.7. Examples of the colours of the three eggs in each of the 28 nests, and their respective
27 background samples, based on a random sample of 20 nests from the beach and saltmarsh.
Figure 2.8. Avian-perceived colours of eggs and backgrounds in the beach (top row) and saltmarsh
(bottom row) habitats. (a) The hues of background samples represented in avian red-green (RG)
and yellow-blue (YB) opponent space. (b) The background distributions in panel (a) are
summarised by their 95% and 50% kernels, with the hues of eggs in the beach habitat
superimposed as individual points. The point colours in both panels represent the colours as seen
by humans. (c) The avian luminance (double cone catch) distribution of background samples and
eggs, represented as boxplots. The thick horizontal line is the median; the box spans the lower to
upper quartile; the ‘whiskers’ extend to the last data point within 1.5 inter-quartile ranges of the
nearest quartile; the open circles are points outside the whiskers. Panels (d) to (f) are the
equivalent plots for the saltmarsh habitat.

Figure 2.9. Colours of eggs and backgrounds in mammalian carnivore colour space, in the beach
(top row) and saltmarsh (bottom row) habitats. (a) Carnivores are dichromats, so the colours of
background samples can be fully represented in a luminance and yellow-blue (YB) opponent
colour space. (b) The background distributions in panel (a) are summarised by their 95% and 50%
kernels, with the colours of eggs in the beach habitat superimposed as individual points. The point
colours in both panels represent the colours as seen by humans. Panels (c) and (d) are the
equivalent plots for the saltmarsh habitat.

Figure 2.10. Differences between backgrounds and eggs for the principal components describing
texture (top row: PC2 vs. PC1; bottom row: PC4 vs. PC3). (a) PC2 (relative amount of fine- to
coarse-grain patterning) plotted against PC1 (overall contrast) for background samples from the
beach (grey) and saltmarsh (red). (b) Background data summarised by their 95% and 50% kernels,
with the PC1 and 2 values of eggs in the beach habitat superimposed as individual points. (c) 95%
and 50% kernels for the saltmarsh backgrounds with the PC1 and 2 values of eggs in the beach
habitat superimposed as individual points. (d) to (f) are the equivalent graphs for PC4 plotted

against PC3; both PCs capture variation in line and edge orientations.
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Figure 2.11. (a) Overlap in the 95% (darker) and 50% (lighter) kernels of the background samples
from beach (grey) and saltmarsh (red) represented in avian red-green (RG) and yellow-blue (YB)
opponent space, with the hues of eggs superimposed as individual points. The point colours
represent the colours as seen by humans. (b) The avian luminance (double cone catch)
distribution of background samples from, left to right, beach, eggs and saltmarsh, represented as
boxplots. The thick horizontal line is the median; the box spans the lower to upper quartile; the
‘whiskers’ extend to the last data point within 1.5 inter-quartile ranges of the nearest quartile;
the open circles are points outside the whiskers. (c) Overlap in the 95% (darker) and 50% (lighter)
kernels of the background samples from beach (grey) and saltmarsh (red) represented in
mammalian carnivore luminance and yellow-blue (YB) opponent colour space, with the hues of
eggs superimposed as individual points. (d) Overlap in the 95% and 50% kernels of PC2 (relative
amount of fine- to coarse-grain patterning) and PC1 (overall contrast) for background samples
from the beach (grey) and saltmarsh (red). As with the colour space plots, the PC1 and 2 values
of eggs are superimposed as individual points.

Figure 2.12. Receiver Operating Characteristic (ROC) curves for (a) humans, (b) avian and (c)
mammalian carnivore predators, using both colour and texture information, separately plotted
for beach (orange solid lines) and saltmarsh (blue dashed lines). Sensitivity is the proportion of
eggs correctly classified as eggs; specificity is the proportion of background samples correctly
classified as backgrounds.

Figure 2.13. Receiver Operating Characteristic (ROC) curves using colour information only
(human, avian and mammalian carnivore vision plotted separately), and texture, for (a) beach and
(b) saltmarsh habitats. Sensitivity is the proportion of eggs correctly classified as eggs; specificity
is the proportion of background samples correctly classified as backgrounds.

Fig 3.1. Chick of Golden plover showing its camouflage. Image supplied by Camilo Carneiro ©
with permission for reproduction in this thesis.

Figure 3.2. Images obtained from R program to perform the analysis. A: Image as it was taken, B:
masks created manually to select sites of interest (red: greycard, green: 40 mm ruler, blue: chick

or background), C: Piece of greycard used to standardize the image to sRGB colour space , D:
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Selected piece of 40 mm ruler to standardize size, E: Selection of target (chick or background), F:
Target, in greyscale, after going through standardization.

Figure 3.3. The Gabor filter is a linear filter employed in texture analysis. Its primary function is
to quantify the presence of distinct frequency components inside a picture, specifically in
predetermined directions within a localized area surrounding the point or region of investigation.
Shown here are Gabor filter with 6 scales and 8 orientations, as used in this study.

Figure 3.4. (a) The eigenvalues (variance) of the first 15 (of 48) principal components derived from
Principal Component Analysis of the 48 log-Gabor filter outputs used to describe the texture
(spatial pattern) of the chicks and backgrounds. (b) The loadings of the principal components on
the original 48 variables: i.e. the contribution of the original variables to each component. The
original Gabor variables (x-axis) are named such that the first two letters (s1, s2,..., s6) describe
the spatial scale (1 is fine detail, 6 is the coarsest detail) and the second two letters (,01, 02,... 08)
describe the orientation of the filter, from horizontal (01) turning anti-clockwise. For further help
in interpretation, refer to Figure 3.2 for images of the filters themselves.

Figure 3.5. Examples of the average colours of female and male chicks and their respective nine
background samples, based on a random sample of 20 chicks of each sex.

Figure 3.6. Avian-perceived colours of chicks and backgrounds separated by sex; females: top row,
males: bottom row. (a) The hues of background samples (only) represented in avian red-green
(RG) and yellow-blue (YB) opponent space. (b) The background distributions in panel (a) are
summarised by their 95% and 50% kernels, with the hues of female superimposed as individual
points. The point colours in both panels represent the colours as seen by humans. (c) The avian
luminance (double cone catch) distribution of background samples and chicks, represented as
boxplots. The thick horizontal line is the median; the box spans the lower to upper quartile; the
‘whiskers’ extend to the last data point within 1.5 inter-quartile ranges of the nearest quartile;
the open circles are points outside the whiskers. Panels (d) to (f) are the equivalent plots for the
male chicks.

Figure 3.7. Colours of chicks and backgrounds in mammalian carnivore colour space; females: top
row, males: bottom row. (a) Carnivores are dichromats, so the colours of background samples can

be fully represented in a luminance and yellow-blue (YB) opponent colour space. (b) The
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background distributions in panel (a) are summarised by their 95% and 50% kernels, with the
colours of female chicks superimposed as individual points. The point colours in both panels
represent the colours as seen by humans. Panels (c) and (d) are the equivalent plots for male
chicks.

Figure 3.8. Differences between backgrounds and chicks for the principal components describing
texture (top row: PC2 vs. PC1; bottom row: PC4 vs. PC3). (a) PC2 (relative amount of fine- to
coarse-grain patterning) plotted against PC1 (overall contrast) for background samples for females
(grey) and males (red). (b) Background data summarised by their 95% and 50% kernels, with the
PC1 and 2 values of female chicks superimposed as individual points. (c) 95% and 50% kernels for
the male backgrounds with the PC1 and 2 values of male chicks superimposed as individual
points. (d) to (f) are the equivalent graphs for PC4 plotted against PC3; both PCs capture variation
in line and edge orientations.

Figure 3.9. Receiver Operating Characteristic (ROC) curves for human (black), avian (orange) and
mammalian carnivore (blue) predators, using both colour and texture information, and
separately plotted for colour (dashed lines) and pattern (dotted green) information separately.
Sensitivity is the proportion of chicks correctly classified as chicks; specificity is the proportion of
background samples correctly classified as backgrounds.

Figure 4.1. PsychoPy flow diagram representing the design of the experiments in this chapter.
Figure 4.2. The five instruction screens for the first experiment, seen in turn and needing a mouse-
click to advance to the next one.

Figure 4.3. Images seen in turn for the purpose of calibration of screen size, each and needing a
mouse-click to advance to the next one. No feedback on whether the click was accurate, but data
were analysed subsequently to check whether plausible locations had been selected.

Figure 4.4. (a) Example practice trial for the first experiment. On clicking, a feedback screen (b)
was shown with the location of the target.

Figure 4.5. (a) and (c): examples of chicks in their original locations. (b) and (d): the same chicks
digitally edited and randomly placed on the same backgrounds.

Figure 4.6. (a) Distribution of log-transformed response times (RTs). (b) Zooming in on the shorter

values (< 1500 ms), the blue arrows indicate outliers far removed from the rest of the data, likely
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representing mouse-clicks in error as soon as an image was displayed. (c) Distribution of log-
transformed RTs after the remove of these outliers (all < 300 ms). (d) Inverse (1/RT)
transformation produces a less skewed distribution.

Figure 4.7. (a) Histogram of residuals from the full model applied to log(response time). (b)
Equivalent histogram of residuals for an analysis of 1/(response time). (c) Quantile-quantile plot
of the same residuals from the analysis of log(RT) and (d) 1/RT. The reduced skew in (b) and
straighter line in (d) indicate that analysis of 1/RT better matches the assumption of normality.
Figure 4.8. Response times (logio-transformed) for detecting plover chicks against the
backgrounds against which they were found (‘original’) and random placement by digital insertion
onto the background (‘random’). Data are split by species and sex. Although an inverse transform
was used in the analyses, a logio transformation is easier to interpret because the direction of
differences matches that of the raw data.

Figure 4.9. Response times (logio-transformed) in Jorge Parra’s original experiment on the
detection of plover chicks against the backgrounds against which they were found (‘original’) and
random placement by digital insertion onto the background (‘random’). Data are split by species
and sex.

Figure 4.10. Reanalysis of Jorge Parra’s original data. (a) Histogram of residuals from the full model
applied to log(response time). (b) Equivalent histogram of residuals for an analysis of 1/(response
time). (c) Quantile-quantile plot of the same residuals from the analysis of log(RT) and (d) 1/RT.
The reduced skew in (b) and straighter line in (d) indicate that analysis of 1/RT better matches the
assumption of normality.

Figure 4.11. Examples of the four different treatments: (a) all-mud, (b) all-vegetation, (c)
structured 50:50 mix and (d) random 50:50 mix. (e) to (h) indicate the location of the plumage
square with a yellow rectangle. Participants were given (a) to (d), and a further four examples
(one of each treatment) as practice trials at the start of the experiment, with the correct answer,
(e) to (h) respectively, as feedback after they had clicked on a square, whether they were correct
or not. No feedback on target location was provided in the experiment proper.

Figure 4.12. All data: (a) proportion of misses and (b) response times, means and 95% confidence

intervals calculated from fitted models as described in the main text.

19



Figure 4.13. All data, analysing the two halves of the structured mix separately: (a) proportion of
misses and (b) response times, means and 95% confidence intervals calculated from fitted models
as described in the main text.

Figure 4.14. Calibrated-screen participants only: (a) proportion of misses and (b) response times,
means and 95% confidence intervals calculated from fitted models as described in the main text.
Figure 5.1. Blending images in Fourier space (separate averaging of amplitude and phase
components of the two constituent images). (a) beech image 1; (b) beech image 2; (c) Fourier
blend of beech images 1 and 2; (d) oak image 1; (e) oak image 2; (f) Fourier blend of oak images
1 and 2; (g) beech image 1; (h) oak image 1; (i) Fourier blend of beech image 1 and beech image
1.

Figure 5.2. Examples of the nine treatments. (a) BB (beech texture + beech colour); (b) BX (beech
texture + hybrid colour); (c) BO (beech texture + oak colour); (d) XB (hybrid texture + beech
colour); (e) XX (hybrid texture + hybrid colour); (f) XO (hybrid texture + oak colour); (g) OB (oak
texture + beech colour); (h) OX (oak texture + hybrid colour); (i) OO (oak texture + oak colour).
‘Hybrid’ indicates a blend of the beech and oak components, either colour or texture or both.
Every replicate involved different samples from different trees, varying in both colour and visual
texture. The colours were designed to match natural oak or beech in avian colour space when
printed on waterproof paper, not as printed here as viewed by humans.

Figure 5.3. (a) Relative mortality expressed as odds ratios and 95% confidence intervals, estimated
from a mixed model Cox regression using the oak-patterned oak-coloured treatment on oak bark
as the baseline for comparison. The first letter of each treatment code denotes the pattern, and
the second letter the colour, of the target (B = beech, X = beech-oak hybrid, O = oak). The mortality
of the nine treatments are separated with respect to the background (beech or oak) they were
placed on. (b) Breakdown of the statistical analysis of treatment effects, with the three-way
Tree*Pattern*Colour interaction at the top then, successively, separate analyses of the two-way
Pattern*Colour interactions for beech and oak; then separate one-way analyses of the effect of
Pattern for each of the three colours.

Figure 5.4. The expected survival, in days (with 95% confidence intervals), of the nine treatments

on beech backgrounds plotted against their respective survival on oak backgrounds. The dotted
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line represents the highest average survival observed against both backgrounds combined. Thus,
oak or hybrid beech-oak patterns, both coloured as oak, would be the optimal camouflage, on
average across both backgrounds. The first letter of each treatment code denotes the pattern,

and the second letter the colour, of the target (B = beech, X = beech-oak hybrid, O = oak).
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Chapter One: General Introduction

1.1 The importance of colouration

Apart from physically hiding, camouflage is the main way that animals avoid being detected,
either as prey or as predators. Beyond the military context (its first definition), the Oxford English
Dictionary states that camouflage is "The natural disguise or concealment of an animal (or its
nest or eggs) from predators or prey brought about by colouration, markings, features of shape

or behaviour, etc., that make it difficult to distinguish from its surroundings (www.oed.com,

accessed 05-10-2023). In this chapter, | place camouflage in the context of other functions of
colouration, outline the historical development of influential ideas in the field, then summarise
the evidence, both correlational and experimental, for the mechanisms behind camouflage.

The study of camouflage has been historically significant, attracting research interest from various
fields, including biologists, psychologists, and computer scientists, among others (Cuthill &
Troscianko, 2009). Some of the most active areas of camouflage research integrate the
colouration and vision of animals, because ‘colour’ cannot be understood without reference to
the viewer (Endler, 1978; Endler, 1990; Bennett et al., 1994; Merilaita & Stevens, 2011).
Colouration has been, and continues to be, a tractable phenotype to investigate because a simple
marker such as the presence or absence of melanin (revealed as dark or light colouration) can
shed light on topics from genetics and development right through to the ecology and evolution
of species (Majerus, 1998; Cuthill et al., 2017). However, when considering patterning,
colouration can often be a complex attribute with far-reaching implications for many aspects of
an organism's biology. The study of colouration yields important insights into developmental
control and pattern formation, evolutionary processes such as sexual selection and speciation, as
well as predator-prey interactions, and ecological dynamics (Turing, 1952; Monteiro et al., 1994;
Tullberg et al., 2005; Hill, 2006; Jablonski & Chaplin, 2010; Barnett & Cuthill, 2014; Marshall &
Stevens, 2014; Cuthill et al., 2017; Brown et al., 2017). Listed below are some of the functions of

colour.
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a) Camouflage: entails the ability of organisms to merge in with their surroundings or disguise
their form, so as to remain undetected, or promoting misidentification through mimicry of
irrelevant objects; in both cases thereby protecting themselves from predators (Cuthill, 2019;

Stevens & Merilaita, 2009b).

b) Signalling: colouration is essential for intra- and inter-species communication, including mate
attraction, courtship displays, and signalling dominance or aggression. It includes sexually
selected signals, warning signals, Batesian and Mullerian mimicry, deimatic displays (refer to the
behaviour exhibited by prey when they are under attack, when they abruptly deploy surprising
defensive mechanisms to intimidate their predators and halt the attack (Umbers et al., 2015), as
well as non-sexual social signals as examples. For instance, colouration is frequently subject to
sexual selection, in which characteristics that increase reproductive success are favoured. As an
example, Endler (1983) showed that female guppies, a small topical fish, tend to favour males
with particular colour patterns, indicating that colouration plays a role in mate attraction. Males
with brighter, more elaborate colouring had a competitive advantage when attempting to attract
partners (Endler, 1983). In terms of warning signals, an organism's bright and conspicuous
colouring can serve as a warning signal to potential predators, indicating that it possesses a
particular defence mechanism, such as toxins or venom. This concept is known as aposematism,

and it is common in many venomous or poisonous species (Ruxton et al., 2018).

¢) Non-visual functions: Colour appearance can also be a by-product of functions of the colour-
producing pigments or structures that have nothing to do with the appearance itself. For example,
thermoregulation, in this non-visual function colour patterns can assist animals in regulating their
body temperature (Stuart-Fox & Moussalli, 2009). Usually, it works because black surfaces absorb
more solar energy than light surfaces, all other factors being equal (Stuart-Fox et al., 2017). For
instance, bearded dragon lizards (Pogona vitticeps) change their dorsal colouration to darker at
lower temperatures to absorb more heat (Smith et al.,, 2016). Melanin, the pigment most
common in dark browns and blacks, also increases resistance to abrasion (e.g. Bonser, 1995) and

bacterial degradation.
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As previously mentioned, one of the reasons why colouration is important is because it can
influence visual predation. To avoid becoming prey, creatures must first detect the presence of a
possible predator, then recognize it as a threat. Animals might detect and recognise predator cues
aurally, olfactorily or through other senses (Ruxton, 2009; Grieves et al., 2022), but it is vision that
is relevant to this thesis. Visual indicators, such as shape, size, colouration and movement, can
provide essential information regarding the identity and even intent of a potential predator
(Rosier & Langkilde, 2011). Colour can also act as protection post-detection and recognition,
either through facilitating recognition by the predator as potentially dangerous (aposematism or
Batesian mimicry) or more generally unprofitable (pursuit-deterrence signals), delay attack
through an unexpected display (deimatism), or interfering with targeting during attack (so-called
dazzle colouration). These can be viewed as part of a set of defence strategies, ‘the survivability
onion’, that can be employed at successive stages of the predation sequence (Lima & Dill, 1990;

Cuthill, 2019).

While the majority of research on defensive colouration concerns species-specific adaptations to
particular ecologies or life-histories, colouration can also influence differences in predation rates
between sexes. There is a strong tradition of research on sex-differences in colouration in the
context of conflicts between sexual and viability selection (e.g. Endler, 1983, 1988). This is
because it is often observed (or assumed) that males are more vulnerable to predation due to
their more conspicuous colouration (Andersson, 1994; Zuk & Kolluru, 1998), as they are often
more brightly coloured than females (Godin & McDonough, 2003). This is added to the fact that
males can frequently be more active than females and, as a result, predators are more likely to
detect them more easily (Endler, 1983). As an example of the trade-offs between mate attraction
and avoiding detection by predators, Kodric-Brown (1984) investigated how female mate
preferences for male colouration in guppies have an indirect impact on the survival rates of vividly
coloured males. The study revealed that females favour males with more intense colouring,
putting these males at a greater risk of predation. As a result, there is a balance between the

benefits of attracting partners and the costs of increased visibility to predators. Endler (1992)
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investigated the function of visual predation in the formation of colouration patterns in guppies
(Poecilia reticulata). The study revealed that male guppies, with their bright and conspicuous
colours, are subjected to a greater predation pressure than females. This difference in predation
rates between sexes has led to the evolution of sexually dimorphic colouration, in which males
exhibit bright colours to attract mates but also become more visible to predators, however, there
has been inconsistent empirical support for this hypothesis (Kemp et al.,, 2023). In contrast,
Pocklington & Dill (1995) discovered that vividly coloured male P. reticulata were subject to equal
or less predation than dull females. In lizards, population-level differences in colouration have
been attributed to variations in predation pressure, which opposes sexual selection (Baird et al.,
1997; Macedonia, 2002; Kwiatkowski, 2003; Stuart-Fox & Ord, 2004), despite the fact that these
studies used a variety of techniques to estimate predation intensity. Regardless of the significant
geographical separation of study sites, a consistent pattern emerged: increased colour contrast
between a lizard model and the rocks it was placed on corresponded to a higher incidence of
predator attacks. This observation supports the trade-off principle that, while increased

conspicuity may have benefits, it also increases the risk of predation.

1.2 The importance of camouflage as a defence against predation

Since it enables creatures to blend in with their surroundings and so reduce detectability, or
disguise their true form and so remain unidentified, camouflage is essential to many animal’s
survival (Merilaita & Stevens, 2011; Diamond & Bond, 2013; Caro, 2014; Cuthill, 2019). Animals
that are camouflaged decrease their chance of being discovered or identified as prey, thus
improving their odds of surviving and procreating. However, camouflage can also be an effective
way for predators to get within striking range of prey, either passively (sit and wait predators) or
through stealthy approach (Merilaita & Stevens, 2011; Diamond & Bond, 2013; Caro, 2014;
Cuthill, 2019). However, camouflage is not a single strategy or form of colouration; it is a suite of
adaptations. Several are commonly grouped together as ‘crypsis’ — strategies to reduce detection
or ‘hide in plain sight’ (Sherratt et al., 2005) — while masquerade relies on misidentification as an
irrelevant object (Skelhorn et al., 2010b). Currently described camouflage techniques include the

following:
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a) One of the most prevalent varieties of animal camouflage is background matching, a form of
crypsis. It entails an organism's capacity to blend in with its surroundings through the use of
colour schemes and textures that resemble the elements found in its ecosystem. Cryptic
camouflage, according to Merilaita et al. (2017) framework, enables animals to evade detection
through minimizing the signal to noise ratio, where the ‘signal’ is the pattern of the animal and
the 'noise’ is the pattern of the background. The camouflage of cuttlefish (e.g. Shohet et al., 2007,
Barbosa et al., 2008; Zylinski et al., 2011) and the fur of arctic animals (Mills et al., 2013; Zimova
et al., 2016) are two noteworthy examples. Background matching is discussed in greater detail

later, as this is the type of camouflage most relevant to this thesis.

b) Transparency, like background matching, minimizes the visual difference between the organism
and its background and allows organisms to virtually disappear, but by allowing light to pass
through the body rather than concealment through colour and pattern. As such, unlike other
types of camouflage, transparency affects the entire body, not just the exterior (Johnsen, 2001;
Stevens & Merilaita, 2008). Jellyfish and various other marine organisms are among the most
known examples of transparency in animals, probably because the refractive indices of tissue and

water are more similar than tissue and air (Johnsen, 2001; Stevens & Merilaita, 2008).

c) Disruptive colouration employs high contrast patterns near to body’s edge to break up the
organism's contour and shape (Thayer, 1909; Cott, 1940) or other distinctive features such as eyes
(Cott, 1940; Cuthill & Szekely, 2009). Viewed in the framework of reducing the signal-to-noise
ratio (Merilaita et al., 2017), by making the shape and silhouette of the organism harder to see,
the signal is reduced, while the strong contrast between internal colour patches increases the
noise through ‘false edges’ (Stevens & Cuthill, 2006). The effectiveness of disruptive colouration
above and beyond background matching has been experimentally verified with artificial prey
(Cuthill et al., 2005; Stevens et al., 2006), and the panda’s black-and-white patterns are a striking
example of how camouflage can only be understood with knowledge of the background against

which it is seen (Caro et al., 2017; Nokelainen et al., 2021).
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c¢) Countershading — darker pigmentation on the side of the body facing the light (Poulton, 1890;
Thayer, 1896) allows camouflage by more than one potential mechanism (Kiltie, 1988; Ruxton et
al., 2004; Rowland, 2009; Ruxton et al., 2018) but, for simplicity, is discussed under one heading.
The original hypothesis of Poulton (1890) and, independently, Thayer (1896) was that the gradient
of its skin tones counteract the shadows created by directional ambient lighting. Thus, the sun
above creates a dorso-ventral gradient from light to dark on an animal’s body and the dorso-
ventral gradient in pigmentation from dark to light counteracts this (Penacchio et al., 2015a).
Consistent with this is the more intense countershading of ungulates in open habitats near the
equator (Allen et al.,, 2012) and the illumination-dependency of the effectiveness of
countershading as camouflage has been experimentally verified (Cuthill et al., 2016). Self-shadow
concealment through countershading is thus an example of disguising 3D shape-from-shading
cues (Penacchio et al.,, 2015a) and thus shares with disruptive colouration the function of
disguising shape. However, countershading can also act as camouflage through simple
background matching, if the darker side of the animal is consistently seen against a darker
background and the lighter side against a light background (Kiltie, 1988; Ruxton et al., 2018).
Countershading in pelagic fish and seabirds are the most frequently discussed example here, the
ocean depths being dark and the sky light, although supporting evidence is lacking (Kelley &
Merilaita, 2015).

e) Masquerade occurs when an organism takes on the appearance of an irrelevant object,
potentially causing its predators or, in the case of predators, their prey to mistake it for something
of no interest (Skelhorn & Ruxton, 2010; 2014; Skelhorn et al., 2010a; 2010b; 2011). The
aggressive masquerade hypothesis states that predators can also use disguise to draw in prey or
to hide themselves from them. Crab spiders are one example, which use their appearance as bird

droppings to trick their victims (Yu et al., 2022).
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1.3 Background matching

The term "background matching" refers to how well the animal's body pattern and colour match
the hue and texture” of the environment in which it is situated. Numerous studies have
emphasised the value of background matching as an adaptive feature (reviewed in Merilaita &
Stevens, 2011). Our understanding of this phenomenon has been enhanced by a combination of
comparative studies that show a correlation between animal colours and their backgrounds (e.g.
Endler, 1984; Allen et al., 2009; Nokelainen et al., 2020), investigations of the underlying genetics
of coat colouration (e.g. Harris et al., 2020), field studies that relate colour matching to fitness
(e.g. Troscianko et al., 2016a; Wilson-Aggarwal et al., 2016) and laboratory studies with artificial
prey (e.g. Sherratt et al., 2007). Of major significance has been the incorporation of models of
colour vision in the evolutionarily relevant species, rather than relying on human judgements of
colour match (Endler, 1984; Sherratt et al., 2007; Allen et al., 2011; Troscianko et al., 2016a;

Wilson-Aggarwal et al., 2016).

In particular, Endler (1978, 1980, 1983, 19874, b, 1991) has studied the mechanisms underpinning
background-matching camouflage, and trade-offs with other functions of colour, in great detail.
His work underlines the importance of vision in other species, the light environment, and how to
guantify the relevant colour and pattern information (Endler, 1984, 1993; Endler & Thery, 1996;
Endler & Mielke, 2005; Kemp et al., 2015).

Studies on camouflage included observations of actual animals in their natural environments in
addition to studies with artificial prey. In one study, Stevens et al. (2017) showed an improvement
of individual nest camouflage through background choice by parent ground-nesting birds. The
colour of the bird's eggs and their own plumage matched the background colour of an individual’s
own nesting place better than the nest-sites of other individuals, suggesting active background
choice with respect to personal appearance. Further research on some of the species (coursers
and plovers; Glareolidae) showed that the eggs' pattern, such as speckling, increased the

camouflage's efficiency, with higher survival in clutches that better matched the background

* In the vision sciences, ‘texture’ is used to describe the 2D pattern that is seen, rather than the 3D texture itself.
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(Troscianko et al., 2016b). Further work suggested that individuals had some awareness of their
own degree of camouflage, as incubating plover and courser parents fled the nest sooner, in the
face of an approaching threat, when their eggs were a poorer match to the background (Wilson-

Aggarwal et al., 2016).

Studies with artificial prey, paper ‘moths’ or pastry ‘caterpillars’, have been particularly useful in
understanding the different mechanisms of camouflage, particularly when combined with visual
modelling of the colours as seen by avian predators. Experiments such as this have provided
evidence for the importance of background matching (Michalis et al., 2017), disruptive
colouration (e.g. Cuthill et al., 2005; Stevens & Cuthill, 2006; Stevens et al., 2006) coincident
disruptive colouration (Cuthill & Szekely, 2009), disguise of 3D shape through countershading, the
costs of body symmetry (Cuthill et al., 2006a,b) and evidence against other mechanisms such as
distraction marks (Stevens et al., 2008; Stevens et al., 2013a). Understanding these systems can
help us better understand how colouring has evolved in various contexts and the selection

pressures that have influenced this development.

1.4 History of camouflage research: Darwin, Wallace, Thayer, Poulton, Cott

The theories and achievements of various significant individuals in the realms of biology,
evolution, and art are closely related to the history of camouflage. Charles Darwin, Alfred Russel
Wallace, Abbott Handerson Thayer, Edward B. Poulton, and Hugh Cott are notable names among
them. These people had a huge impact on how people understood both the mechanisms and
evolution of camouflage and its importance as a defence against predators. In Cott’s case, the
influence extended to the military as well as biology, as he served as a camouflage adviser to the

British Army in the Second World War (Forsyth, 2014).

Natural selection was discussed in depth by renowned naturalist Charles Darwin in his influential
book “On the Origin of Species” (1859). Although he did not address the mechanisms by which
camouflage works specifically, his concepts created the groundwork for its comprehension.

Darwin argued that individuals would pass on features that helped them reproduce and live to
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their offspring, causing populations to gradually adapt to their environments. Darwin provided
evidence for natural selection and adaptation, and some of these examples included animal
camouflage. While travelling on the HMS Beagle, Darwin gathered a vast amount of empirical
data and noted in "On the Origin of Species" different types of animal mimicry and protective

colouration.

Alfred Russel Wallace, a much younger contemporary of Charles Darwin, developed the theory
of evolution through natural selection on his own. He understood how crucial camouflage is to a
species' ability to survive and reproduce. In his book "Darwinism" (1889), Wallace emphasised
the significance of protective colouration and the capacity of animals to mimic their surroundings
in order to evade notice. He also emphasised how animal behaviour and interactions between
predators and prey are affected by camouflage. Wallace, like Darwin, used his excursions abroad
to collect empirical data. His study of camouflage was influenced by his observations of diverse
animals in Southeast Asia and the Malay Archipelago, examining various instances of disruptive
colouring, mimicry, and protective resemblance. To demonstrate the value of camouflage tactics
in deterring predators or boosting hunting success, he provided in-depth descriptions and images

of many species, including butterflies and beetles.

The concept of camouflage was further refined by British entomologist and evolutionary biologist
Edward B. Poulton. Poulton examined the many shades of animal colour and their significance in
terms of adaptation in his book "The Colours of Animals" (1890). As well as coining terms like
“crypsis” and “aposematism”, Poulton divided camouflage into various categories of what he
called “protective resemblance”, distinguishing between “general resemblance” (background
matching) and “special resemblance” (what we would now call masquerade). To demonstrate
how well camouflage works in boosting survival, Poulton's research depended on comprehensive

observations of animals and their surroundings.

After the biologists of Darwin’s era, significant contributions were made by artists, perhaps not

surprising because of their familiarity with the use of colour to influence a viewer’s perception
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(Cuthill & Troscianko, 2009). American artist and naturalist Abbott Handerson Thayer made
substantial early contributions to the field of camouflage research. In his work "Concealing
Coloration in the Animal Kingdom" (1909), Thayer put out several influential ideas: camouflage
as “sampling the background”, the principles of disruptive colouration (although he called it
“ruptive”) and the obliteration of shape-from-shading cues through countershading. In his view,
an animal's colouring and patterning help to conceal it from predators and prey by sampling the
colours and patterns in its surroundings and by breaking up its silhouette. With the help of several
examples and drawings, Thayer supported his arguments and incorporated his artistic expertise

into his work.

Furthermore, aside from a successful career as a biologist (lectureships at Bristol, Glasgow and,
finally, Cambridge), Hugh Cott became a military advisor who worked on camouflage research
both during and after World War |l, making significant contributions to the field. His book
"Adaptive Coloration in Animals" (1940) is regarded as a classic on the subject. Cott broadened
the definition of camouflage to include other adaptive strategies outside animal colouring, such
as mimicry, behaviour, and postures. He offered samples from a variety of species and thoroughly
documented numerous camouflage techniques. Cott's research into the application of
camouflage in military settings had an impact on the creation of military camouflage tactics

(Forsyth, 2014).

Cott's proof of camouflage covered a variety of species and consisted of both field observations
and real-life demonstrations. Cott provided a thorough review of camouflage tactics, including
colour, markings, and behaviours in "Adaptive Coloration in Animals". He discussed how animals'
adaptive colouring relates to their settings using images and illustrations of creatures from various
habitats. Cott supported his beliefs with evidence based on comparative research and, although
we do not today describe them as true experiments, demonstrations of how colour and shading

could produce misleading effects on the human viewer have been used to this day.
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1.5 The Endler 'random sample' definition

Following Hugh Cott, arguably the most significant contributions to our understanding of animal
camouflage and the function of colouration more generally, has been the work of John Endler,
from the late 1970’s onwards. | have already discussed his influential work on the conflicts
between sexual and viability selection, and on the measurement of colouration. Here | focus on
his definitions, as they have both guided the field and, in relation to the term crypsis, provoked
some disagreements. Endler (1981) defines different relationships between mimicry and crypsis.
In this paper, and others before and since (Endler, 1978, 1983, 1988), he tells us that an individual
is cryptic if it resembles a random sample from the background. In the context of the discussions
in Endler (1981), he was concerned with species that are cryptic to hide from their predators, but
the same principles apply to predators hiding from their prey. After his 1978 paper, many
investigators adopted Endler's crypsis definition; however, today the most widely adopted

definition is broader, so it is important to understand why.

First, and probably uncontroversially, crypsis involves many more features than just physical
appearance (e.g. colouration), as it may also involve behavioural traits, or both together, to avoid
detection (Merilaita & Stevens, 2011; Cuthill et al., 2019; Stevens & Ruxton, 2019). A stick insect
not only looks like part of its background, it moves like it (Bian et al., 2016). Endler might argue
that ‘random sample’ should include the temporal characteristics of the background as well as its

colouration, which is why | consider this extension of the term crypsis to be uncontroversial.

Note also that it could be easy to confuse crypsis and concealment; however, Merilaita and
Stevens (2011) mention that the second corresponds to the fact of simply being hidden (including
behind an object in the environment), whereas crypsis is ‘hiding in plain sight’. Hiding does not
constitute crypsis (see also Edmunds, 1974) since there is no possibility that the receiver detects
the animal. Crypsis must be considered to be the animal's characteristics that reduce the risk of

detection when the animal is in sight (Stevens & Merilaita, 2008).

The main reason to have concerns with Endler's definition is that it implicitly assumes that all

random samples in the background will be equally cryptic. This is not only unlikely on logical
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grounds (random samples include rare samples that are necessarily going to be different from
many backgrounds an animal might be viewed against; Cuthill & Troscianko, 2009), it has been
shown empirically not to be the case (Merilaita & Lind, 2005). There may even be spatial
mismatches in simple random backgrounds where an animal can be seen as a result of its
characteristic features, such as its edges (Kelman et al., 2007). In addition, matching a random
sample from one type of background (for Endler (1978) “the time and place at which the prey are
most vulnerable to predation”) will not necessarily minimise the risk of detection when an animal
can be seen against multiple backgrounds (Merilaita et al., 2001; Houston et al., 2007; Sherratt et
al., 2007). In other words, although Endler (1978) helped to promote research on the subject, the
definition should be updated (Merilaita & Stevens, 2011). Once the specification that the sample
be random has been removed, Merilaita & Stevens (2011) and Ruxton et al., (2018) argue that
there are good reasons to see ‘crypsis’ as all strategies for avoiding detection ‘in plain sight’.
However, strategies for avoiding recognition (masquerade or Poulton’s ‘special resemblance’)
should not be included under crypsis because, as Ruxton et al., (2018) argue, otherwise ‘crypsis’
and ‘camouflage’ would mean the same thing and the term crypsis would be redundant. Because
the risk of detection can be reduced in ways other than matching the background, for example
by hiding one's shadow (Rowland, 2009) or through disruptive markings that break the animal’s
contour (Thayer, 1909; Cott, 1940; Stevens & Merilaita, 2009b), strategies such as countershading

and disruptive colouration can be included under crypsis.

1.6 Evidence from natural systems

1.6.1 How colouration varies with habitat/background, suggestive of background-matching
camouflage

One would think that background matching would be a phenotypic characteristic that is distinct
and simple to recognise and, when it is, such as in those arctic animals that change colour to
white in time for winter snows, background matching has considerable, quantifiable effects on
fitness (Zimova et al., 2016). With climate change leading to delayed and/or less predictable
snowfall, Zimova, Mills and colleagues have documented how snowshoe hares (Lepus

americanus) are under strong selection for changes in the timing of moult to the white winter
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coat, and even in some populations remaining brown year-round (Mills et al., 2013, 2018; Zimova
et al., 2014, 2016). Thus, when the animal’s and the background’s colours are simple to quantify,
camouflage is a perfect subject for researching the evolutionary processes that underlie
adaptation (and maladaptation). Indeed, probably the most well-known example of evolution by
natural selection concerns background matching: industrial melanism in peppered moths of the
genus Biston (Kettlewell, 1955; Cook & Saccher, 2013). The classic story is that the pale-coloured
wild type was camouflaged against lichen but, due to the darkening of previously light-coloured,
lichen-covered, trees brought on by coal soot of the Industrial Revolution in Britain, peppered
moths were given a fresh environmental niche. The darker moths in this new environment had
lower detectability, which resulted in lower predation and greater survival rates than the pale
wild-type; with reduced pollution through the Clean Air Acts of the mid-20th century, the wild
type moth again became more frequent (Majerus, 1998; Cook & Saccher, 2013). The true pattern
of selection on Biston is more complicated but, despite accusations of fraud on the part of the
original scientist, Kettlewell (Hooper, 2002), selection on colouration in relation to camouflage
against bird predators has been proven to be a core part of the explanation for the rise and fall of
melanic forms (Cook & Saccher, 2013). The missing part of the jigsaw has always been that the
degree of background matching has been judged based on subjective human criteria (or simply
assumed). Background matching in the eyes of avian predators, and how this affects predation in
the field, was only quantified recently (Walton & Stevens, 2018). This is the reason for the
cautious wording at the start of the paragraph: one would think that background matching would
be simple to quantify but, because it is appearance in the eyes of other species that matters, it

may not be.

For background matching to be effective, there must of course be a correlation between the
animal’s colouration and its background’s. This can be generated by active choice or colour
change, as discussed later, or natural selection in combination with a stable environment. For
example, in the snowshoe hare example discussed above, the hares show no evidence of selecting
backgrounds on the basis of their own colour (e.g. white hares selecting snow, brown hares

selecting earth; Zimova et al., 2014) so, to be adaptive, their colour change has relied on snowfall
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being temporally predictable; which is why they are at risk now. For most animals, successful
evasion of predator detection by a match between their body colours and those of the
background relies on past selection having created the phenotype-environment correlation
(Endler, 1986). This has led to multiple studies using the comparative method to link variation in
species appearance to variation in the appearance of the background. For example, a study by
Ortolani & Caro (1996), later verified by Ortolani (1999), showed that camouflage, not
communication or physiological reasons such as thermoregulation, is the primary driver of
species differences in cat coat patterns. Allen et al. (2011) took this further; rather than relying
on simple subjective categorisation of coat appearance (‘spotted’, ‘striped’, etc.), they matched
coat patterns to realistic models of pattern development. Cats with plain coat patterns are found
in evenly coloured, textured, and lit surroundings, whereas species of cat with pattern coat

patterns are found in areas with plenty of trees, shrubs, and intricate shadows (Allen et al., 2011).

Important early examples of coat colouration in the wild and its connection to natural selection
were provided by studies on colour matching in Peromyscus mice. Early studies, like as those by
Dice (1940) and Haldane (1948), showed that there were significant relationships between the
dorsal coat colour of Peromyscus populations and the colour of the nearby soil (albeit judged by
human eye), indicating the importance of spatially variable selection in the emergence of locally
adapted phenotypes. These results provided early evidence that colour matching can be
influenced by selection in several species. In Florida's coastal sand dunes and abandoned
agricultural lands, for example, certain subspecies of Peromyscus polionotus have distinctive
colour adaptations (Sumner, 1929) although, again, colour was judged by their appearance to a
human observer. Sahara-Sahelian rodent species offer a more robust example of how camouflage
adaptation has emerged in response to strong and varied selection pressures brought on by
dryness and temperature. Using visual models of their predators’ colour vision, Nokelainen et al.
(2020) showed that the fur of most species matched their background colours at a large
geographical scale, suggesting a generalist matching strategy. Some species matched
backgrounds at even a relatively local scale, although Nokelainen et al. could not determine

whether this was through active choice by the animals or local adaptation.
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In order to link evolution to the mechanisms underlying development (‘evo-devo’), investigations
into the genetic causes of crypsis in vertebrate systems have drawn more and more attention
(Harris et al., 2020). In order to avoid predators that hunt by sight, melanin-based colouration has
evolved in animals as a result of the geographic patterns that create diverse selective settings
(Protas & Patel, 2008). As a result, numerous studies have been conducted to examine genetic
variation within the same melanin pathway, comparable ecological stresses, and adaptation that
takes place in close physical and temporal proximity. All of this offers a rare chance to evaluate
and contrast the results of evolution in multiple vertebrate species (Harris et al., 2020) and
provides further evidence of the utility of studying colouration for integrating different biological

guestions (Cuthill et al., 2017).

1.6.2 Crypsis through background choice

Animal concealment is greatly aided by the choice of appropriate backgrounds, particularly when
the habitat is heterogeneous, so it is natural to assume that many species have evolved the
capacity to do so in order to increase their crypticity. However, as we have already seen with
snowshoe hares failing to choose backgrounds that match their white or brown fur (Zimova et al.,
2016), not all animals show camouflage-optimising choices even when it might seem obviously
adaptive to do so. There are also cases where a visual match to the background is achieved using
other sensory cues. For example, in an elegant experiment where the clear acetate sheet was
used to block tactile but not visual cues, Sargent (1969) showed that two striped species of moth
orient to their striped background using touch. The development of prey or predators'
concealment tactics therefore depends critically on our understanding of predators' sensory
abilities particularly, if vision is the sense used, their retinal sensitivities, visual acuities, and

cognitive processing (Stoddard, 2012; Skelhorn & Rowe, 2016).
Trying to better understand this phenomenon, Kang, Stevens, Moon, Lee, and Jablonski have

focused on moths and their camouflage behaviour (Kang et al., 2012, 2013a, 2014). Their research

reveals the complex interaction between moths and the substrates on which they rest. Moths
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actively choose places that enhance their concealment and lower their danger of predation.
These results suggest that the degree of crypticity in a moth's pattern also influences how it
behaves. Moths that land in locations with high crypticity tend to stay put, whereas moths that
first land in locations with poor crypticity move around to improve their camouflage (Kang et al.,
2013a). However, in some cases a generalist technique may perform better than specialisation,
minimising conflicts in matching various backgrounds, if many habitat types show enough

similarity (Merilaita et al., 2001; Houston et al., 2007; Hughes et al., 2019).

1.6.3 Crypsis through colour change

Some animals also use colour change to reduce their conspicuousness. Duarte et al. (2017) and
Umbers et al. (2014) reviewed colour change in a wide variety of species, shedding light on the
tempo and relevance of this facultative response where animals can adapt to environmental
changes by changing their colour, which enables them to adjust their appearance to match their
habitat. In cuttlefish and other cephalopods, colour change is under neural control and can
happen in fractions of a second (Hanlon, 2007); in others, such as crabs, it may take hours or days
(Stevens et al., 2013b); and in some the change is an irreversible part on an ontogenetic process
where the adult and larval strategies differ. While the chameleon is probably the best-known
colour changer to the general public, in fact the colour change is less associated with the capacity
to blend in with different backgrounds for concealment purpo