Animal vision and colour change

for camouflage

Submitted by James Galloway, to the University of Exeter, as a thesis for the

degree of Doctor of Philosophy in Biological Sciences, May 2022.

This thesis is available for library use on the understanding that it is copyright
material and no quotation from this thesis may be published without proper

acknowledgment.

| certify that all material in this thesis which is not my own work has been
identified and that any material that has previously been submitted and
approved for the award of a degree by this or any other University has been
acknowledged.






Abstract

Camouflage is a well-studied form of antipredator defence. A key issue is how
animals ensure camouflage effectiveness when the visual environments many
camouflage strategies rely on vary. Phenotypic plasticity allows animals to
adjust coloration to best match such environmental variation. It is assumed that
vision is used in identifying this variation and guides changes in colour.
However, questions still exist regarding the opportunities and limitations
afforded from vision-guided changes for camouflage. Carcinus maenas, the
green shore crab, already a widely used species to investigate a variety of
guestions regarding camouflage, was used to test the assumption that vision is
directly responsible for guiding (and limiting) colour change for camouflage. In
the first chapter, tests of spectral sensitivity and colour discrimination were
performed, which were then compared to colour change responses. Following
this, crabs’ spatial resolution was tested and compared to pattern change
responses on uniform and patterned backgrounds. Finally, crabs’ brightness
change responses to varying illumination and substrate brightness conditions
were recorded to examine directional light’s role in substrate perception for
plasticity. My results indicate that C. maenas colour change for camouflage is
determined and limited by their vision. First, spectral and colour discrimination
results indicate C. maenas cannot perceive differences in colour. This aligns
with colour change results, with crabs only showing significant achromatic
change despite apparently possessing the chromatophores needed for
chromatic change. Following this, crab’s changed patterning by increasing
pattern contrast proportionate to background pattern size, without changing
pattern shape or size. This change in patterning is indicative of a shift from
uniform background matching to disruptive markings. Finally, C. maenas colour
change corresponds to the relative reflectance of substrates, accounting for
illumination. This indicates some level of assessment of directional light, likely
dependent on the differential stimulation of an eye perceiving light from multiple
directions at once. These results indicate that while species’ vision can limit
colour change for camouflage, effective improvements in camouflage are still

capable within these limits.
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Defining camouflage

Animals matching their environment for protection is a concept that has been
recognised as far back as Aristotle, who noted the ability of the octopus to
change to match its background (Cresswell 1862). More recently it has been
foundational in the development of key theories in the biological sciences, such
as support for natural selection, used by both Wallace (Wallace 1877, 1867,
1889) and Poulton (Poulton 1890). However, most of the direct investigation
and research into animal camouflage occurred in the 20" Century onwards.
Thayer (Thayer and Thayer 1909; Thayer 1896) classified “background
picturing” (now background matching), countershading and disruptive markings,
whose work was expanded upon by Hugh Cott (Cott 1940). Studies that
followed became archetypal in the study of protective coloration as well as
evolution in action. For example, Henry Kettlewell performed a series of
fundamental studies on the coloration of the peppered moth, Biston betularia
that are now an axiomatic example of evolution in action. Following
observations that the industrial revolution caused a shift from the previously
dominant typica morph, Kettlewell demonstrated selection for typica in
unpolluted forest where they matched lichen present, while carbonaria had the
advantage in polluted forests against soot strained trunks without lichen
(Kettlewell 1955; Kettlewell and Conn 1977). These are valuable teaching
examples of evolution (Cook and Saccheri 2013; Majerus 2009) and have led to
the continued study of the system, both in the wake of post industrialisation
recovery of forests and the return of typica morphs (Cook, Mani, and Varley
1986; Clarke, Mani, and Wynne 1985), as well as the direct linking of coloration
and survival, quantified to predator vision (Walton and Stevens 2018). Multiple
studies have followed, classifying camouflage and testing its theoretical
effectiveness (reviewed in (Cuthill 2019; Merilaita, Scott-Samuel, and Cuthill
2017; Stevens and Merilaita 2011)). Expanding from Thayer’'s comparisons of
animal and background colour based on human vision (Thayer 1896; Thayer
and Thayer 1909), it is now standard to account for the vision of relevant
observer species (Norris and Lowe 1964; Endler 1978, 2008; Guilford and
Dawkins 1991).

Camouflage is a collection of strategies where individuals use coloration to

remove or obscure salient cues that would otherwise be used to identify them.
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Over time these have been broadly codified into discrete strategies (see Table 1
for a breakdown of the most commonly accepted, adapted from (Galloway et al.
2020), for further definition see (Stevens and Merilaita 2009a)). These discrete
definitions help to clarify the mechanisms a species is using to avoid detection
and-or recognition. Individuals can match either the generally appearance of the
background to avoid detection (background matching of both general coloration
and patterning e.g., the improved survival of ground-nesting birds that match
their environment (Troscianko, Wilson-Aggarwal, et al. 2016)), or specific
objects that may not be of interest to predators to prevent recognition as
potential prey (or predator) (masquerade/mimicry, e.g., twig mimicry seen in
caterpillars (Skelhorn 2015)). In some extreme examples, species can directly
transmit light from the background through their own bodies to match their
background (i.e. transparency (Cronin 2016)). Alternatively, coloration can act
to remove salient features of the individual without directly matching
environmental features, such as obscuring the edges of body parts or whole
bodies (disruptive markings (Stevens and Merilaita 2009b)), shadows
(countershading (Cuthill et al. 2016; Rowland et al. 2008; Stevens and Metrilaita
2009b)), or draw attention away from recognisable features without obscuring
them directly (distractive markings (Dimitrova et al. 2009), although they may
actually increase detection (Troscianko et al. 2013)).

Most of these strategies are directly related to the visual environment the
individual is in, and to the observer visual system the strategies are aimed at
(Troscianko et al. 2009; Stevens and Merilaita 2009a). The intended effect of
camouflage is often described in terms of signal and noise (Merilaita, Scott-
Samuel, and Cuthill 2017; Galloway et al. 2020). The individual is attempting to
reduce the difference between the visual cues they produce (the signal) relative
to the environmental cues around them (noise), to below the threshold an
observer can differentiate between the two. For strategies such as background
matching (Merilaita and Stevens 2011; Cuthill et al. 2005), the individual is
attempting to reduce the signal: noise ratio of their overall appearance
compared to backgrounds in terms of reflectance. Whereas disruptive markings
(Cuthill et al. 2005; Espinosa and Cuthill 2014; Stevens and Cuthill 2006;

Stevens et al. 2006) act to reduce/eliminate the cues from a specific salient
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feature acting as the signal, such as specific body shapes, by matching part of

environmental variation to break the continuous outline in question.

Table 1: Table defining the major camouflage terms, adapted from (Galloway et

al. 2020).
Strategy Mechanism
Background General appearance matches the colour, contrast,
matching lightness, and pattern of one (specialist) or multiple
(generalist) backgrounds.
Disruptive Contrasting markings that generate the appearance of
coloration false edges within the body surface and/or break up the

Countershading

Transparency

Masquerade

Distractive

markings

true body outline to thwart detection or recognition of

body shape.

Coloration of the body surface facing ambient lighting
(usually the dorsal surface) is darker than the opposite
body surface. Can either act to reduce cues from

shadows or three-dimensional structure

Part or all of body tissues rendered colourless owing to
lack of pigment expression, preventing detection.

hindering recognition after detection by resembling an
uninteresting or inedible object from within the

environment, such as a stick or leaf.

colour patches or patterns that draw the attention of
observer away from cues such as body outline that would

facilitate object detection

Environmental information is key to the success of these strategies. There is

now a growing body of work demonstrating that successful camouflage

increases survival, in virtual (Nokelainen et al. 2019; Troscianko et al. 2021;

Troscianko et al. 2017), artificial model (Vignieri, Larson, and Hoekstra 2010),

and real-world systems (Duarte, Stevens, and Flores 2018; Mynott 2019).
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Animal behaviour plays a key role in reducing the signal to noise ratio, ensuring
successful camouflage (reviewed in (Stevens and Ruxton 2019)). Research
shows animals relying on habitat matching will preferentially chose
environments which are a close match for their coloration (Allen, Mathger,
Barbosa, et al. 2010; Eacock et al. 2019; Green et al. 2019; Kang et al. 2014;
Kjernsmo and Merilaita 2012; Moles and Norcross 1995; Stevens et al. 2017,
Uy et al. 2017), and even at smaller micro-habitat scales, individuals will orient
their bodies to maximise crypsis effectiveness (e.g. resting orientation in moths
(Kang et al. 2012; Webster et al. 2009) and postural camouflage in caterpillars
(Rowland, Burriss, and Skelhorn 2020)). Some species manipulate their
environment to improve matching (e.g. in ground nesting birds (Troscianko,
Wilson-Aggarwal, et al. 2016)). In some extreme examples, individuals (often
those employing masquerade/object mimicry) may move in ways that will better
mimic the object they pretend to be (e.g. evidence of stick insects moving to

mimic wind movement (Bian, Elgar, and Peters 2016)).

One of the greatest challenges in camouflage strategies is the lack of
homogeneity in many environments, across a variety of scales and
characteristics. Given the necessity for many species to move, either in search
of food, shelter, or conspecifics there is the chance individuals will move from
an area where conditions facilitate camouflage, to one where they do not, or risk
losing access to resources by staying on matching substrates (Ruxton et al.
2019). A key division in background matching, one of the most commonly
studied strategies, is that of specialist versus generalist (Merilaita, Tuomi, and
Jormalainen 1999; Hughes, Liggins, and Stevens 2019). In the former
individuals are characterised by a close match to a specific and limited number
of environments, which while having a commensurately greater survival benefit
to individuals under those conditions, limits the effectiveness of camouflage
outside them. The latter group adopts a strategy of partial matching across a
variety of habitats, allowing for a certain amount of success on a broader range
of conditions, while losing effectiveness for any given habitat compared to a

specialist of the same location.

Colour change for camouflage

Rather than matching a limited range of backgrounds well or a broad range of

backgrounds imperfectly, species can manipulate their own coloration in
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response to changes in environmental variation. Plasticity in the features used
in camouflage — brightness, colour, and their variation over an individual —
allows individuals to improve or at least maintain matching when conditions that
camouflage is dependent on change. Individuals can change overall reflectance
(e.g. shifts in brightness in crabs (Stevens 2016; Stevens, Rong, and Todd
2013), or colour in caridean shrimp (Duarte, Stevens, and Flores 2018; Green
et al. 2019) or both in B. betularia larvae (Eacock et al. 2017)) or specific
redistribution of patterns (e.g. in cephalopods (Barbosa et al. 2008; Barbosa et
al. 2007; Hanlon, Messenger, and Young 1988) and fish (Akkaynak et al. 2017;
Healey 1999; Smithers, Wilson, and Stevens 2017; Kelman, Tiptus, and Osorio
2006; Ryer et al. 2008; Sumner 1911)).

Colour change for camouflage can be found across species, both aquatic
vertebrates (e.g. colour and pattern change in fish (Akkaynak et al. 2017; Allen
et al. 2015; Smithers, Wilson, and Stevens 2017; Stevens, Lown, and Denton
2014; Sumner 1911; Sumner and Keys 1929)) and invertebrates (e.g. in
cephalopods (Hanlon et al. 2011; Hanlon et al. 2009; Mathger et al. 2008;
Nakajima et al. 2022) and crustaceans (Brown Jr and Sandeen 1948; Duarte et
al. 2020; Hultgren and Stachowicz 2008; Nokelainen et al. 2019; Stevens 2016;
Stevens, Lown, and Wood 2014b; Stevens, Rong, and Todd 2013; Duarte,
Stevens, and Flores 2018; Green et al. 2019; Bedini 2002)), as well as
terrestrial species (e.g., mammals (Nagorsen 1983; Rothschild 1942), reptiles
(Stuart-Fox, Moussalli, and Whiting 2008; Stuart-Fox, Whiting, and Moussalli
2006; Fulgione et al. 2014), and arthropods (Buickmann 1979; Burtt 2009;
Eacock et al. 2017; Eacock et al. 2019; Filshie, Day, and Mercer 1975; Grayson
and Edmunds 1989; Kang, Kim, and Jang 2016; Valverde and Schielzeth
2015). Some species even use colour change for camouflage (combined with
other behaviours) to adapt camouflage in response to specific predator types
(e.g., dwarf chameleons (Stuart-Fox, Moussalli, and Whiting 2008; Stuart-Fox,
Whiting, and Moussalli 2006)).

In addition to adjusting appearance to better match backgrounds, change can
also result in shifts between camouflage strategies. Research shows that
cuttlefish can alter dorsal patterning in response to background conditions,
shifting from background matching to large pattering more akin to disruptive
markings (Barbosa et al. 2008; Chiao, Chubb, and Hanlon 2015; Hanlon et al.
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2011; Hanlon et al. 2009). Colour change between background matching and
disruptive markings has also been proposed as the mechanism for effective
camouflage in Carcinus maenas across mesoscale habitats (e.g.: mudflats
versus rockpools) (Nokelainen et al. 2017; Todd et al. 2012; Price et al. 2019).

Changes in appearance can vary in quality (pattern, brightness, and colour),
speed, and magnitude of change. In terms of mechanisms, colour change
(including for camouflage) is broadly split into two categories: physiological and
morphological (Duarte, Flores, and Stevens 2017; Figon and Casas 2018;
Stevens 2016). Physiological colour change is associated with the rapid
(seconds to hours) redistribution of existing pigments within chromatophores
(pigment-containing cells). By changing the distribution of coloured material
within a cell, the likelihood a pigment will be struck by and ultimately reflect light
changes, as does the overall colour of the individual/part of the individual. This
mechanism is often associated with cephalopod (Barbosa et al. 2008; Hanlon,
Messenger, and Young 1988) and rapid vertebrate colour change (Smithers,
Wilson, and Stevens 2017; Stevens, Lown, and Denton 2014, Stuart-Fox and
Moussalli 2009; Stuart-Fox, Moussalli, and Whiting 2008; Kelman, Tiptus, and
Osorio 2006; Ryer et al. 2008; Sumner 1911) but is also found in some other
invertebrates (Umbers et al. 2014). Morphological colour change is the
production, modifying, or removal of pigments and pigment containing tissues.
This process can take longer periods of time (days to months) (Bagnara and
Matsumoto 2006), and tends to be found in invertebrates (e.g. the change in
colour of caridean shrimp on novel algal substrates (Duarte, Stevens, and
Flores 2018; Green et al. 2019), or shifts in caterpillar coloration with ecdysis
(Eacock et al. 2017)), but there are multiple examples in vertebrate species
(e.g., the seasonal change in plumage of birds and coats of mammals (Zimova
et al. 2018)). These mechanisms are not mutually exclusive, with species
exhibiting short-term changes, as well as longer changes (e.g., shore crabs,
exhibiting some limited short term change (Stevens, Lown, and Wood 2014b),
with more significant changes over weeks associated with moulting (Stevens
2016)).

Colour change for camouflage does have limitations, however. It is generally
assumed that redistributing, generating, or removing pigments both have

metabolic costs (Duarte, Flores, and Stevens 2017; Stevens 2016; Stuart-Fox
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and Moussalli 2009), diverting resources from other processes. Another key
limitation is the speed at which individuals can respond to environmental
change: an individual changing physiologically may be better able to respond to
faster, unpredictable changes in environmental conditions than morphological
strategies. A prolonged period of compromised matching during change will
likely have a survival cost, given the previously mentioned benefit of
camouflage for survival. Often colour change for camouflage strategies are
associated with the predictable environmental change. Some species (e.g.,
lagomorphs and small mustelids (Nagorsen 1983; Rothschild 1942)), shift
between potential pelages associated with predictable shifts in background
conditions, which can have its own drawbacks. In an interesting case study,
anthropogenic climate change is altering the times at which habitat conditions
shift, increasing the mismatched period of species changing in response to
seasonal shifts in backgrounds, highlighting their previous dependence on the
predictable nature of these changes (Zimova et al. 2020; Zimova, Mills, and
Nowak 2016). Another example of slower change in cryptic colour associated
with (potentially) predictable changes in environmental conditions is ontogenetic
change (Booth 1990; Duarte et al. 2020; Nokelainen et al. 2019). Many species
have changes in traits associated with life history, and as such are likely to
encounter shifts in the environmental conditions they encounter over time.
Ontogenetic shifts in cryptic coloration have been documented in a variety of
species, both vertebrate (pythons shift from red/yellow coloration to green
associated with a shift to the green leaf-rich canopy (Wilson, Heinsohn, and
Endler 2007)) and invertebrate (smaller green shore crabs shift from high levels
of variation across individuals with multiple camouflage strategies, to uniform
green background matching, that best corresponds to their respective habitats
(Nokelainen et al. 2019), with similar patterns in other shore crab species
(Duarte et al. 2020)). These shifts potentially allow for camouflage to be
maintained as individuals exhibit adult behaviours or shift to habitats better
suited for older life stages. In the example of shore crabs, one proposed reason
is adult crabs are more mobile (Edwards 1958), and the uniform green
coloration provides a better match across a wider range of habitats, while
specific patterns are less likely to match in any given habitat (Nokelainen et al.
2019).
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Vision directing colour change for camouflage

A major assumption is that reversible colour change for camouflage is directed
by vision (Duarte, Flores, and Stevens 2017; Stevens 2016). Given that
camouflage is generally associated with reducing visual cues as a result of
differences between the individual and backgrounds (e.g., visible outlines, or
differences in brightness, colour, or pattern) (Cuthill 2019; Galloway et al. 2020;
Merilaita 2003; Merilaita, Lyytinen, and Mappes 2001; Merilaita, Scott-Samuel,
and Cuthill 2017; Stevens and Merilaita 2011; Troscianko et al. 2009; Stevens
and Merilaita 2009a), animals should be relying on the same visual cues to
direct the change and ensure matching. Animals detect changes in the visual
environment (from movement or external factors) and respond to them through
colour change. It is crucial that differences are correctly identified so
subsequent change is accurate, and camouflage is effective at reducing
predation. An exception could be if these specific cues correlate with other
aspects of vision (for example colour and brightness, proposed as a potential
means of colour matching whilst colourblind in cuttlefish (Marshall and
Messenger 1996)), or other sense entirely (e.g., chemosensory cues from algal
grazing substrates of caridean shrimp, that also act as backgrounds to be
matched (Gamble and Keeble 1900; Green et al. 2019; Keeble, Gamble, and
Hickson 1900)).

Assuming vision is used in colour change for camouflage, it carries its own set
of factors to consider alongside colour change mechanisms. First, perhaps the
key aspect of vision for colour change is spectral sensitivity and colour
discrimination. The assumption being that to match chromatic elements of
backgrounds, individuals need to be able to perceive difference between body
colour and background colour. While a visual system capable of efficient colour
discrimination may logically be the most useful if used for guiding colour
change, it will potentially come at a cost. By allocating some portion of
photoreceptors to different spectral sensitivities, the overall sensitivity of the eye
to certain wavelengths of light may be reduced, especially in systems such as
compound eyes where photoreceptor numbers (and sensitivity to their
respective wavelengths of light) are space limited (Land and Nilsson 2012;
Warrant and Nilsson 2006). This gives rise to another generalist versus

specialist trade-off, where colour sensitivity is weighed against overall light
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sensitivity, both of which may be important to change. Finally, colour change will
not be the only behaviour guided by vision, and there for providing pressure for
certain sensitivities. There will have to be trade-offs between the selective
pressures acting on visual systems. Using the previous issue of the space trade
off in colour vision, while sacrificing overall sensitivity for colour discrimination
may benefit a species presented with habitats of varying colour it could

ultimately disadvantage behaviours requiring low light vision.

Camera type eyes, compound eyes, and simple photoreceptive systems such
as ocelli each have their own advantages and disadvantages (Land and Nilsson
2012; Cronin et al. 2014) that can affect colour change. Camera types tend to
have greater resolving power at distance compared to compound eyes (Caves,
Brandley, and Johnsen 2018), but the latter often allow wider focal ranges
(Land and Nilsson 2012) useful for viewing at close range e.g. viewing resting
substrates. Individuals attempting to match the background of spatially complex
environments, will potentially need to not only match the general brightness
and-or colour, but also any patterning present on said background. If vision is
the cue, then logically they will also need sufficient acuity to resolve the spatial
information to change patterns accordingly. This will also be true when

changing to different camouflage strategies, specifically for disruptive coloration.

Most of the studies linking vision to colour change for camouflage involve
manipulating the qualities of substrates and recording colour change responses
(Akkaynak et al. 2017; Carter, Tregenza, and Stevens 2020; Duarte, Stevens,
and Flores 2018; Eacock et al. 2017; Fulgione et al. 2014; Green et al. 2019;
Kang, Kim, and Jang 2016; Siegenthaler et al. 2018; Stevens 2016; Stevens,
Lown, and Denton 2014; Stevens, Rong, and Todd 2013). This allows for
inferences for the role of vision, especially if the characteristics of the vision of
the species in question is analysed. In these studies, a “correct” response, i.e.,
change to match the novel substrate, is indicative of perception of the
differences. But the direct linking of the visual characteristics to colour change,
to identify causality is limited in the literature, especially outside a few specific
case studies (e.g.: cephalopods (Allen, Mathger, Barbosa, et al. 2010; Allen,
Mathger, Buresch, et al. 2010; Barbosa et al. 2007; Chiao, Chubb, and Hanlon
2015; Chiao and Hanlon 2001a, 2001b; Chiao, Kelman, and Hanlon 2005;
Kelman, Osorio, and Baddeley 2008; Mathger et al. 2006; Zylinski et al. 2011,
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Zylinski, Osorio, and Johnsen 2016; Zylinski, Osorio, and Shohet 2009b))
(reviewed in (Chiao, Chubb, and Hanlon 2015)). However, research in these
study systems has directly investigated multiple aspects of vision and their roles
in colour change for camouflage, especially the visual processing of spatial
information (Barbosa et al. 2008; Barbosa et al. 2007; Chiao, Chubb, and
Hanlon 2007; Chiao and Hanlon 2001a, 2001b; Chiao, Kelman, and Hanlon
2005; Zylinski, Osorio, and Johnsen 2016; Zylinski, Osorio, and Shohet 2009b).
It has also raised questions about the assumptions regarding vision and colour
change. For example, behavioural assessments of one species of cuttlefish’s
vision corresponded to a single photoreceptor type and theoretically no means
of colour discrimination (Mathger et al. 2006). However, on naturally coloured
substrates they successfully adjust coloration, not just brightness as would be
expected, to improve crypsis (Mathger et al. 2008). A variety of potential
mechanisms could be allowing chromatic colour change responses in cuttlefish
despite their lack of colour vision, ranging from approximating chromatic cues
from intensity information paired with chromatophores similar to natural colours
(Méathger et al. 2008), to photoreception outside of the eye (recorded in other
cephalopods (Ramirez and Oakley 2015)), to novel mechanisms for detecting
colour altogether (Stubbs and Stubbs 2016) (although such mechanisms are
contested (Gagnon et al. 2016)). Despite this, there still lies the question of role
of vision in colour change for camouflage in different contexts: are all species
limited by vision in similar ways? For example, does a lack of colour vision
inhibit chromatic matching, and are those species that are apparently not

inhibited in such away exceptions (e.g.: cuttlefish (Mathger et al. 2008))?

Outside of the properties of a species visual system, external factors will also
affect the perception of their visual environment. One factor that will play a part
in substrate perception but has not recently been considered in relation to
colour change for camouflage is illumination. lllumination will dictate what light
is available to be reflected, and therefore influence what the substrate reflects
(Troscianko et al. 2009). Various factors can influence the qualities of substrate
illumination, both atmospheric conditions and the physical properties and
topography of the environment, and these effects can change in both relatively
short and long timescales. Ideally individuals changing colour would match the

“actual” reflectance properties of the substrate, rather than the apparent
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reflectance that varies with illumination. This would mean individuals would
continually match the substrate reflectance regardless of changes in
illumination. Perceptual mechanisms like luminance and colour constancy
(Foster 2011) allow for the detection of actual reflectance presumably based on
apparent substrate radiance relative to illumination, ensuring matching
regardless of illumination. This is assumed to be based on the relative
stimulation by directional light — illumination from above, reflectance from below
the individual (thought to be used in substrate perception for colour change,
based on the limited testing to date (Brown Jr and Sandeen 1948; Blickmann
1979; Sumner and Keys 1929)).

With regards to colour change outside of the camera type eye and physiological
colour change pairing, a large number of species changing colour potentially for
camouflage lie within the arthropods (Umbers et al. 2014). This group is often
characterised by a lack of camera eyes, and both physiological and
morphological colour change (e.g.: lepidopteran larvae (Eacock et al. 2017;
Grayson and Edmunds 1989), crustaceans (Bedini 2002; Duarte, Stevens, and
Flores 2018; Green et al. 2019; Siegenthaler et al. 2018; Stevens 2016;
Stevens, Lown, and Wood 2014b; Stevens, Rong, and Todd 2013),
orthopterans (Tanaka, Harano, and Nishide 2012; Burtt 2009; Filshie, Day, and
Mercer 1975; Peralta-Rincon, Escudero, and Edelaar 2017; Valverde and
Schielzeth 2015), and phasmids (Blickmann 1979, 1977)). These colour change
behaviours vary from changes between discrete phenotypes (e.g., red versus
green phenotypes of Hippolyte varians based on algal substrate (Green et al.
2019)) or variation along a continuum (e.g., luminance in crabs in response to
background intensity (Stevens 2016; Stevens, Lown, and Wood 2014b)).
Indeed, recent experiments have highlighted further examples of colour change
occurring despite limitations in vision that would be thought to equally limit
change. One major example is that larvae of the lepidopteran Biston betularia
are not only capable of colour change for camouflage (both brightness and
chromatic matching) when their ocelli are obscured, but that the tissues
containing the chromatophores themselves detect and respond to light (Eacock
et al. 2019). It is evident that continued study of vision’s role in colour change is

needed, and specifically the roles of less complex systems of vision.

26



While vision is the main sense thought to be used when changing colour, other
senses may be used to obtain the information needed for accurate colour
change. In many species using camouflage, the backgrounds they rest on are
also their main food source, and therefore dietary cues could be used instead of
vision. This has been proposed as a mechanism of colour change in Hippolyte
shrimp (Duarte, Stevens, and Flores 2018; Gamble and Keeble 1900; Green et
al. 2019; Keeble, Gamble, and Hickson 1900), marine isopods (Hultgren and
Mittelstaedt 2015; Lee 1966), and in certain caterpillars (Greene 1996). In this
case, whether dietary substrates provide information that stimulates colour
change, or whether these individuals simply express materials or pigments from
the substrates directly (as proposed in the colour change in certain spiders
(Gillespie 1989)) is less clear. It raises the question of whether vision is even
used in certain species changing colour, or if other modalities provide the

information needed for matching.

Shore crabs as a model

The green shore crab, Carcinus maenas is an ideal candidate for continuing the
investigation of vision’s role in colour change for camouflage. It is an intertidal
decapod crustacean, and while its native range is the west coast of Europe and
Africa, it has spread as an invasive species to most coastal regions of the globe
(Neal and Pizzolla 2008; Le Roux, Branch, and Joska 1990). Its life history can
broadly be grouped into three distinct stages. First, it exists as free floating,
planktonic larvae, which are transparent, potentially as a camouflage strategy in
the open ocean (Cronin 2016). Following settlement and upon reaching adult
morphology, subadults occupy intertidal environments (Crothers 1968; Amaral
et al. 2009; Young and Elliott 2020). These are often visually diverse, both
within and between environments. Subadult C. maenas can be found in
spatially and spectrally uniform mudflats, in more spatially complex
environments such as sand, kelp, and mussel beds, and the heterogenous
rockpool environments (Crothers 1968; Hogarth 1978, 1975; Nokelainen et al.
2017; Price et al. 2019; Stevens, Lown, and Wood 2014a; Todd et al. 2006;
Todd et al. 2012). At this stage they exhibit strong phenotype — environment
associations. Individuals in more uniform environments tend to be more uniform
in coloration, both within and between individuals, while individuals from

heterogenous environments tend towards high levels of polymorphism and
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individual patterning (Nokelainen et al. 2017; Stevens, Lown, and Wood 2014a,;
Todd et al. 2006; Todd et al. 2012). Finally, as previously noted, individuals lose
a large amount of their variation with age, in an ontogenetic shift to more

uniform green coloration (Nokelainen et al. 2019).

C. maenas has been demonstrated to use both background matching and
disruptive marking camouflage strategies, with strategies being associated with
habitat types: background matching in uniform habitats, and disruptive markings
in heterogenous ones (Price et al. 2019). Their camouflage is under pressure
from a range of potential predator visual systems (Crothers 1968). Common
predators include tetrachromatic avifauna (e.g., gulls (Hastad, Partridge, and
Odeen 2009)), di- and trichromatic fish predators (e.g. gobies (Utne-Palm and
Bowmaker 2006) and pollack (Shand et al. 1988)), as well monochromatic
species including cephalopods (Mathger et al. 2006) and elasmobranchs (Gacic¢
et al. 2006). They are also subject to predation from larger conspecifics
(Moksnes 2004), and may have to rely on camouflage to deceive their own
visual system. Given their free floating planktonic life stage, it is unlikely they
have fine control over the habitat type they settle upon, in fact C. maenas in the
south west of England have been identified as a single genetic population (Silva
et al. 2010) indicating a high level of intermixing. If coloration is entirely fixed
individuals risk mismatching their eventual habitat. While there is the potential
from movement to new habitats following settlement (Nokelainen et al. 2017;
Price et al. 2019), there will be a significant risk of predation, both from the initial
mismatch (as seen in other crustaceans (Duarte, Stevens, and Flores 2018;
Mynott 2019)) and the required movement leading to increased
conspicuousness (Rushton, Bradshaw, and Warren 2007). With the
unpredictable nature of the habitat, the ability to change colour to match
settlement site is likely to provide a significant survival benefit, and this has
been proposed as a key mechanism for the phenotype-environment association
in the species (Nokelainen et al. 2017; Price et al. 2019; Todd et al. 2012).

In terms of potential colour change C. maenas possess at least three
chromatophore types, identified by Poulton as red, black, and white, distributed
across the sub-carapace tissue (Powell 1962b; Powell 1962a). While some
physiological colour change has been documented (Powell 1962b; Stevens,

Lown, and Wood 2014b), the most noticeable changes in colour are discrete
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shifts associated with moulting (Stevens 2016; Carter, Tregenza, and Stevens
2020; Mynott 2019). Following moulting, crabs can undergo significant changes
in colour, most noticeable are changes in brightness although some evidence
for chromatic change has been presented (Stevens 2016). The specifics of
pigment changes are less clear, although hormone-stimulate changes in
chromatophores has been recorded (Alexander et al. 2020). Potentially, short
term changes are facilitated by the redistribution of pigments within
chromatophores in response to external stimuli (Powell 1962b; Powell 1962a;
Stevens, Lown, and Wood 2014b).

The more visible changes in coloration following moulting (Stevens 2016) could
be a result of multiple mechanisms. It may be that coloration change is
chromogenic, as pigments are generated or lost slowly when backgrounds
change, and the pigmentary change is obscured partially or fully by a well-
established carapace. These could be incorporated into the newly forming
carapace and then become visible when the old carapace is shed. Alternatively,
there could be a rapid physiological change immediately following moulting,
potentially in a primary response as chromatophores are (more) exposed to
direct light. The former may be more likely, given the scale of changes with
moulting seem to be beyond recorded physiological changes (e.g., the moulting
based change seen in (Carter, Tregenza, and Stevens 2020; Mynott 2019;
Stevens 2016), versus the physiological change seen in (Stevens, Lown, and
Wood 2014b)). In either case, these subcuticular pigments presumably become

part of the developing carapace

While these changes are reversible, especially in smaller/younger crabs, the
ability to change colour reduces with age, alongside the ontogenetic shifts
towards uniform green coloration (Nokelainen et al. 2019). While there is little
evidence that individuals’ body markings are plastic, there is some anecdotal
evidence that contrast between elements of patterns can change, both from
reversible colour change in subadults, as well as the previously mentioned
ontogenetic shift (Nokelainen et al. 2019). This shift may also involve changing
priorities in antipredator strategies (as seen in other crustaceans (Anderson et
al. 2013)): larger adults possess thicker carapaces and larger claws, and may

rely more on physical defences, as oppose to camouflage and colour change.
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Regarding C. maenas vision, certain aspects have already been documented.
They possess compound, apposition eyes, with short eye stalks and lacking
pronounced acute zones, characteristic of species in less flat habitats (Zeil,
Nalbach, and Nalbach 1986). There are two investigations of their spectral
sensitivity from the mid-20" century. Both used electroretinography measures to
characterise photoreceptor sensitivity, the first finding a single photoreceptor
with a Amax 0of 498 nm (Bruno, Mote, and Goldsmith 1973) while the later paper
identifying two photoreceptor classes. The majority possessed a Amax of 508 nm,
while a single photoreceptor from a single individual (out of 108 cells measured)
recorded a Amax 0f 440 nm (Martin and Mote 1982). These values follow a trend
in intertidal crab species, with many possessing a mediumwave sensitive
photoreceptor (Forward, Cronin, and Douglass 1988) (with the potential for
other photoreceptor sensitivities e.g., (Bruno and Goldsmith 1974; Martin and
Mote 1982)). While this evidence is by no means definitive, C. maenas may
possess multiple photoreceptors of differing sensitivities, and therefore the
potential for colour vision. This, as well as behavioural thresholds of spectral
sensitivity, have not yet been identified though. Beyond that, their spatial acuity
has also been characterised, with an acuity of 0.51 cycles per degree (CPD),
(calculated in (Feller et al. 2021), using data from (Zeil, Nalbach, and Nalbach
1986)). This is low compared to human vision, for example, at around 30 CPD
but expected for compound eyes of their size (Caves, Brandley, and Johnsen
2018).

Research Questions

Using C. maenas as a model, my thesis investigates the associations between
vision and colour change responses, to identify the specific roles vision and
perceptual processes play in colour change for camouflage, and whether
features of vision lead to relative limitations in colour change. This will help
broaden the existing knowledge of colour change for camouflage and the role of
vision, to determine whether there are general causal trends in this relationship,

or if there is a need to account for case by case variation according to species.

To that end, the following questions will be answered:
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1. What roles do intensity and spectral information play in C. maenas colour
change? Does the presence or absence of colour discrimination transfer
similar abilities or constraints on C. maenas colour change?

2. Does C. maenas use spatial information when changing colour, and if so,
does its vision limit its ability to match complex backgrounds?

3. How does C. maenas obtain information about substrate appearance
under different lighting conditions? Is information being obtained via

ocular photoreception, and if so, what information is being used and
how?

Answering these questions will provide a greater understanding of vision’s role
in colour change for camouflage. They will not only show how compound eyes
affect colour change compared to camera type eyes, but also provide insight
into how animals depend on and are limited by vision, as well as how these

limitations can potentially be mitigated.
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Chapter 2: Colour vision and
chromatic change for
camouflage
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Abstract

The ability to discriminate colour is thought to be crucial in animals that can
change their own appearance to chromatically match backgrounds. When
changing to match a substrate, substrate colours are assumed to be identified
along with differences between individual and substrate colour. It is less clear if
a lack of chromatic vision and colour discrimination limits chromatic change for
camouflage. Recent examples show that mechanisms allow colourblind animals
to successfully match the colours of natural backgrounds. To test if colour vision
can limit chromatic change, | compared the two in Carcinus maenas. |
developed tests of colour vision based on measurements of the C. maenas
photoreceptor system. | then compared how individuals performed in these
visual tests with their colour change responses. | confirmed the number of
photoreceptors with differing spectral sensitivity via optokinetic responses. |
used this information to generate stimuli discriminable only via chromatic cues
for tests of colour discrimination. Finally, | recorded the species’ ability to
change colour over eight weeks, both chromatically and achromatically, and
related this to visual data. Behavioural measures identified a single group of
photoreceptors with a maximum sensitivity of Amax = 496nm, which corresponds
well to past research. Crabs showed selection between black and white stimuli,
with marked preference for black over white. This preference reduced when
black stimuli were associated with an aversive result however, indicating
avoidance based on visual cues. When achromatic stimuli were replaced with
isoluminant (matching brightness to crab perception) coloured stimuli, with only
chromatic cues available, this differentiation was lost. While not definitive, this
indicates of a lack of colour discrimination. Finally, while some chromatic colour
change occurred, it did not uniformly result in an improvement of camouflage.
The greater part of appearance change recorded was achromatic, which
significantly improved matching on substrates where crabs initially mismatched.
I conclude that while some chromatic change may occur, potentially stimulated
outside the eyes, or caused by unrelated metabolic processes, the majority of
C. maenas colour change for camouflage is achromatic and directed by
apparently colour-blind eyes. In this instance, a lack of colour vision seems to

limit chromatic change for camouflage.
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Introduction

Cryptic coloration is an archetypal example of natural selection driving
appearance (Wallace 1889, 1867; Cott 1940). Individuals match features of
their habitat, to avoid being detected or recognised as viable prey, or potential
predators (Stevens and Merilaita 2009a). Multiple visual characteristics
influence the success of cryptic coloration. One of the strategies most
associated with camouflage is background matching (Cuthill 2019; Merilaita and
Stevens 2011; Stevens and Merilaita 2011). Matching the habitat in brightness,
colour, the degree and size of patterning, as well as orientation of patterning
have all been identified as influencing detectability (and recognisability) of
camouflaged individuals (Cuthill 2019; Galloway et al. 2020; Merilaita, Scott-
Samuel, and Cuthill 2017; Skelhorn and Rowe 2015; Troscianko, Skelhorn, and
Stevens 2017; Troscianko et al. 2009; Stevens and Merilaita 2009a).

Colour matching is a key parameter when deciding if an individual is
camouflaged (Cuthill 2019; Stevens 2007; Stevens and Merilaita 2011;
Edmunds 1974; Norris and Lowe 1964; Stevens and Merilaita 2009a). Initially
judgements on whether animals matched habitats were made based on human
colour sensitivity (Thayer and Thayer 1909; Cott 1940). It is now expected that
studies of animal coloration account for the visual systems of observers (Norris
and Lowe 1964; Endler 1978, 2008; Guilford and Dawkins 1991). Visual
information can be compared from either spectrophotometric measurements
(Akkaynak 2014) (used in (Akkaynak et al. 2017; Spottiswoode and Stevens
2010; Stoddard and Stevens 2010) for example), or digital images of subjects of
interest (Stevens et al. 2007; Troscianko and Stevens 2015) (used in (Duarte,
Stevens, and Flores 2018; Green et al. 2019; Nokelainen et al. 2017,
Nokelainen et al. 2019; Price et al. 2019; Smithers, Wilson, and Stevens 2017,
Stevens 2016; Stevens, Lown, and Denton 2014; Stevens, Lown, and Wood
2014b, 2014a) for example), converted to account for various spectral
sensitivities . This understanding has allowed virtual experiments to apply these
variations in sensitivity to virtual prey, to help understand the variation in
predation on cryptic species (Fennell et al. 2019; Niu, Stevens, and Sun 2021,
Troscianko et al. 2021; Troscianko et al. 2017).

However, camouflage will not always be solely dependent on the visual system

of the observer. Cryptic species’ habitats are unlikely to be uniform, either
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because of variation within habitats, or between various habitat types occupied
by the species (Stevens and Merilaita 2009a). These variations can result in
mismatching, as individuals may be viewed against backgrounds of a colour
more different than their own (Ruxton et al. 2019; Stevens and Merilaita 2009a).
Given individuals need to move within and between habitats to access various
resources or because of changes in life history (Stevens 2016; Booth 1990),
mismatching moves from the possible into the probable. Multiple adaptations
have been found that can alleviate this problem. When considering static
coloration, generalist coloration (matching an average of the coloration of the
habitat) is a potential counter to this, where individuals match common aspects
of the habitat that are less likely to be affected by variation in background. This
strategy’s effectiveness has been repeatedly demonstrated using model
experiments (Briolat et al. 2021; Houston, Stevens, and Cuthill 2007; Merilaita,
Lyytinen, and Mappes 2001; Walton and Stevens 2018; Toh and Todd 2017).
Alternatively, behavioural responses can allow for improvement matching.
Background selection (Allen, Mathger, Barbosa, et al. 2010; Eacock et al. 2019;
Kettlewell and Conn 1977; Kjernsmo and Merilaita 2012; Stevens et al. 2017,
Uy et al. 2017) and modification (Troscianko, Wilson-Aggarwal, et al. 2016), as
well as orientation to align body coloration with that of the habitat (Kang et al.
2014; Kang et al. 2012) have all been demonstrated to improve camouflage.
While other sensory cues could guide behaviours that improve (visual)
camouflage (e.g. chemical cues, as seems to be the case with colour change in
some caridean shrimp (Duarte, Stevens, and Flores 2018) and lepidoptera
(Poulton 1903; Noor, Parnell, and Grant 2008; Greene 1996) for example),
vision may be the most direct channel. The behavioural change should be
directed based on the visual cues, resulting in initial mismatch and ultimate

improvement.

Another behaviour where vision is potentially crucial is colour change for
camouflage (Stevens and Ruxton 2019). Rather than rely on finding the
optimum conditions for matching, individuals adjust part or all their coloration to
match changes in the environment (Duarte, Flores, and Stevens 2017; Stevens
2016; Stuart-Fox and Moussalli 2009). Colour change for camouflage can be
split into two broad categories: non-reversible and reversible. Non-reversible

changes are often associated with ontogenetic changes in ecology, and habitats
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specifically. Ontogenetic changes in camouflage are seen in multiple species
(Booth 1990) including butterfly larvae changing from crypsis to
conspicuousness as adults (Medina et al. 2020) , and shifts in cryptic coloration
strategies in snakes (Wilson, Heinsohn, and Endler 2007), frogs (Bueno-
Villafafie et al. 2020; Bulbert et al. 2017), fish (Cortesi et al. 2016), crabs
(Nokelainen et al. 2019) and other intertidal crustaceans (Lee 1966). These
changes could be guided by vision, but given the timescales and life history
tending to be pre-determined, changes may be a result of other factors (as seen
in the loss of plasticity and tendency to uniform coloration of C. maenas with
age (Nokelainen et al. 2019)). Changes that are most likely to be guided by
vision (or at least sensory information in general) are reversible changes in
coloration within an individual’s life stage. While some reversible changes in
coloration are in response to predictable events (e.g. seasonal changes in coat
colour in response to changes in snowpack cover, seen in mammals
(Rothschild 1942; Nagorsen 1983; Mills et al. 2013) and birds (Hewson 1973;
Jacobsen Jr, White, and Emison 1983)) most are likely to be in response to
unpredictable changes (e.g., random movement of individuals by external
forces, or shifts in habitat make up from unpredictable events for example a
heatwave wiping out a specific of algae used as a background for camouflage)

in visual backgrounds.

Non-seasonal reversible colour change for camouflage has been shown across
a large array of species; including reptiles (Stuart-Fox, Moussalli, and Whiting
2008; Stuart-Fox, Whiting, and Moussalli 2006), amphibians (Kang, Kim, and
Jang 2016), fish (Allen et al. 2015; Kelman, Tiptus, and Osorio 2006; Smithers,
Wilson, and Stevens 2017; Stevens, Lown, and Denton 2014; Ramachandran
et al. 1996; Tyrie et al. 2015; Akkaynak et al. 2017), cephalopods (Allen,
Méathger, Barbosa, et al. 2010; Barbosa et al. 2008; Hanlon 2007; Hanlon et al.
2009), gastropods (Manriquez et al. 2009), and both terrestrial (Burtt 2009;
Eacock et al. 2017; Eacock et al. 2019; Filshie, Day, and Mercer 1975; Peralta-
Rincon, Escudero, and Edelaar 2017; Théry and Casas 2009) and marine
arthropods (Duarte, Stevens, and Flores 2018; Green et al. 2019; Hultgren and
Mittelstaedt 2015; Hultgren and Stachowicz 2008; Lee 1966; Stevens, Lown,
and Wood 2014b; Stevens, Rong, and Todd 2013; Keeble, Gamble, and

Hickson 1900) (reviewed in (Umbers et al. 2014)). These colour changes tend
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to be split based on the mechanisms by which they are achieved, with rapid
physiological colour change occurring as existing pigments are redistributed
over seconds to hours, and morphological changes as pigments and pigment

containing tissues are metabolised or lost over days to months.

Visual information is the assumed cue for physiological colour change, given
the allowance for rapid acquisition and application of information (Duarte,
Flores, and Stevens 2017; Stevens 2016). With regards to morphological colour
change and slower chromatophore responses, there has been less study
relating vision (and other sensory inputs) to colour change for camouflage,
despite the diversity and abundance of these changes (see (Umbers et al.
2014) for a review of arthropods alone). These longer changes reduce the value
of the immediacy of visual information, but not the value of accurate background
identification for matching. Experimental evidence of vision guiding these colour
change behaviours is found in the responses to manipulated visual
backgrounds and lighting (e.g. in crabs (Hultgren and Stachowicz 2008;
Stevens, Lown, and Wood 2014b; Stevens, Rong, and Todd 2013) and other
arthropods (Eacock et al. 2017; Eacock et al. 2019; Burtt 2009; Filshie, Day,
and Mercer 1975; Peralta-Rincon, Escudero, and Edelaar 2017; Wiklund 1972;
Smith 1980)). Direct investigation of the specific roles of visual information and
colour sensitivity, as well as ocular/non-ocular photoreception are less common.
Outside of rapidly changing species, there is evidence of vision influencing
chromatophore responses via the hormonal transmission of information from
eye stalks of Uca crab species (Fingerman and Yamamoto 1967) and Carcinus
maenas (Alexander et al. 2020), as well as the control of extraocular hormones
via the optic nerve in Cancer magister (Shibley 1968). Alongside effecting
colour change via information gathered by eyes then relayed to sites of colour
change, these sites can respond directly to light. In multiple species,
chromatophores respond directly to light (e.g. crabs (Brown Jr and Sandeen
1948; Powell 1962b), cephalopods (Ramirez and Oakley 2015), and lepidoptera
(Eacock et al. 2019)), and can even allow for accurate colour matching without

colour vision

C. maenas is a model species for camouflage and colour change. It exhibits
significant variation in phenotypes (Brian et al. 2006; Hogarth 1978, 1975;

Stevens, Lown, and Wood 2014a). There is a strong association between
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phenotype and environment, with a focus on pattern and achromatic matching
(Nokelainen et al. 2017; Price et al. 2019; Todd et al. 2006; Todd et al. 2012),
but also evidence that chromatic matching is still useful (Nokelainen et al.
2019). The crab has been recorded as possessing three types of
chromatophore, containing either red, black, or white pigments (Powell 1962b;
Powell 1962a). This implies the possibility of some chromatic change, at least in
terms of relative longwave reflectance. In addition, early work has highlighted a
primary response in chromatophores when eyes were covered (Powell 1962b).
Most documented colour change is in terms of brightness however, with some
small change immediately post moulting (Stevens, Lown, and Wood 2014b),
that cumulatively results in significant change with repeated moulting over
weeks and months (Carter, Tregenza, and Stevens 2020; Stevens 2016). Little
chromatic change in response to background change has been recorded,
although this has focussed primarily on the short term (Stevens, Lown, and
Wood 2014b). Whether any significant change occurs over longer periods is

less clear.

Shore crab vision has had some characterisation. Mid-20" century studies
classified it as possessing at least one mediumwave sensitive photoreceptor,
both via microspectrophotometry (Bruno, Mote, and Goldsmith 1973), and
electroretinography (Martin and Mote 1982). Of these, the latter identified a
second class of photoreceptor maximally sensitive to shortwave light (Martin
and Mote 1982), indicating a potential for opponent colour vision (although only
one photoreceptor from one individual was identified). Outside of this, little is
known about their ability to discriminate colour. Colour discrimination is found in
other brachyurans (Takeda 2006; Bursey 1984; Detto 2007), and may be
present in C. maenas as well (given the second photoreceptor found in (Martin
and Mote 1982)). Taking all this into consideration, there is clear value in both
characterising C. maenas colour discrimination, and subsequently relating it to

its colour change abilities.

In this chapter, | had three aims. The first was to confirm the spectral sensitivity
of C. maenas. This was done using behavioural measures. Given colour
change for camouflage is a behavioural response, behavioural thresholds (i.e.,
stimuli thresholds that generate a behavioural response) may be more relevant,

as absolute measures of stimulation/absorbance (while detectable) may not
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elicit a response. To that end, | used the well-established technique of the
optomotor response (Baldwin and Johnsen 2011; Groeger, Cotton, and
Williamson 2005; Krauss and Neumeyer 2003; Schaerer and Neumeyer 1996;
Utne-Palm and Bowmaker 2006; Yamaguchi et al. 2008) where eyes or the
whole body track features of the environment moving relative to the individual.
This can be used to assess whether stimuli are visible under specific conditions,
based on its presence or absence. The responses to specific colours at varying
intensity were then used to create spectral sensitivity curves based on the
intensity of various colours that caused a response. While there are limitations
of this method (detailed further in the discussion), the rapid and non-invasive
measurements along with the existing electrophysiological data provide a

valuable insight into C. maenas vision.

Following this, the novel behavioural data along with the combined prior
knowledge of C. maenas spectral sensitivity was used in the creation of
isoluminant stimuli for tests of colour discrimination. Traditionally, alongside
inferences from molecular (e.g. (Rajkumar et al. 2010))/electrophysiological
measures, behavioural choice tests have been used to identify colour
discrimination (as reviewed in (Kelber, Vorobyev, and Osorio 2003)).
Preferential selection of a training colour is indicative of colour vision.
Presentational studies have demonstrated colour vision in crustaceans (Daly et
al. 2017; Detto 2007; Marshall, Jones, and Cronin 1996; Kawamura et al. 2020),
and were therefore applied to C. maenas. Initial attempts using appetitive
stimuli were unsuccessful, and trials swapped to aversive stimuli, as this has
been shown to produce a learnt response in the species (based on directional
cues (Magee and Elwood 2013)). Initial training was tested using black and
white stimuli (that should be discriminable regardless of colour vision) before
testing using coloured stimuli. Dominant wavelengths of the stimuli were
selected based on equidistance either side of the peak sensitivity of C. maenas
calculated in the prior experiments, in a patchwork of varying intensities, seen in
previous studies (e.g. (Roth and Kelber 2004)) to remove intensity/brightness as

a cue.

Finally, crabs’ ability to chromatically change colour was tested, using methods
previously applied to the species (Carter, Tregenza, and Stevens 2020;
Nokelainen et al. 2019; Stevens 2016; Stevens, Lown, and Wood 2014b).
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Crabs were placed on various coloured backgrounds, and colour change
responses were quantified over six to eight weeks (sufficient time for moulting to
occur), both in brightness (luminance to predator vision) and colour (hue, the
ratio of longwave and mediumwave to shortwave reflectance), as well as
matching success in both. Colour was measured using digital image analysis
(Stevens et al. 2007; Troscianko and Stevens 2015), as this has been an
effective tool in studying camouflage in this (Nokelainen et al. 2017; Nokelainen
et al. 2019; Price et al. 2019; Stevens, Lown, and Wood 2014b, 20144a;
Troscianko et al. 2021; Carter, Tregenza, and Stevens 2020), and other species
(Duarte, Stevens, and Flores 2018; Green et al. 2019; Smithers, Wilson, and
Stevens 2017; Stevens, Lown, and Denton 2014; Stevens, Rong, and Todd
2013; Stevens et al. 2017; Troscianko, Wilson-Aggarwal, et al. 2016).

| predicted that if C. maenas was found to be monochromatic (possessing only
the mediumwave sensitive photoreceptor), then it should not display any ability
to discriminate between stimuli that differ only in dominant wavelength, not
perceived brightness. Following this, if colour discrimination is not evident then
little to no colour change resulting in improved matching in the colour change
experiments is expected. If there was evidence of photoreceptors of differing
sensitivity, and subsequent colour discrimination, then | expect some chromatic
change in coloration, most likely in the ratio of longwave reflectance (given the

red chromatophore).

This experiment contributes to the nascent field of study combining visual and
camouflage metrics in the study of animal colour change for camouflage
(Eacock et al. 2019; Barbosa et al. 2007; Zylinski, Osorio, and Shohet 2009b;
Marshall and Messenger 1996). Specifically, it will be to my knowledge the first
to investigate, in the same study, the colour change behaviour and vision of a
marine species changing appearance predominantly though morphological
colour change and possessing a compound eye. This will also be one of the first
studies combining and directly relating visual metrics of both the species

changing colour and multiple theoretical predators.

40



Methods

Identifying spectral sensitivity

Sample Collection

Carcinus maenas were collected from Littleharp Bay, a region of shoreline
comprised of mud/silt flats with rocky outcrops and some algal (predominantly
Fucus sp.) cover, in Clevedon, United Kingdom (Long/Lat: 51.439354, -
2.864936). Crabs were collected using collapsible net traps that were left for
two tide cycles, then retrieved approximately 24 hours after traps were set.
Crabs were transported back to the University of Bristol Life Sciences Building
(in individual containers to prevent conflict), and individually housed with
constantly cycling salt water and rocks for shelter. The water was regularly
tested for salinity and maintained at ~ 32%.. Crabs were fed twice weekly with
commercially sourced, frozen, cold-water prawns. For this experiment, fully
adult crabs (cephalothorax diameter >50mm) were used, as there were the

easiest size classes to collect efficiently.

Optokinetic Experiments

Optokinesis experiments were conducted using an in silico optomotor drum
produced using MATLAB software (The MathWorks 2018), with code provided
by Dr Martin J How. Optomotor and optokinetic responses have been seen in
multiple crustacean species (Baldwin and Johnsen 2011; Barnatan, Tomsic,
and Sztarker 2019; Drerup and How 2021), and C. maenas specifically
(Horridge, Sandeman, and Callan 1964), They have also been used in the
assessment of behavioural spectral sensitivity in species outside crustaceans
(e.g., (Utne-Palm and Bowmaker 2006)). The drum was constructed using four
Samsung LCD screens arranged to form a cube (Figure 1). The grid was
produced as a sinusoidal wave between an RGB pixel value of 0, 0, 0 (black) at
one extreme and an RGB pixel value of either red, blue, or green (RGB)
resulting in a smooth transition between black and coloured stripes. The RGB
pixel increased by one value per second, starting at a value of zero (black) and
increasing up to 255 (full saturation). Absolute irradiance measurements were
taken from the screens (using an Ocean Optics Flame Spectrophotometer and
200um fibre optic cable) to obtain spectral/wavelength values of the red, green,
and blue stimuli. The wavelength values used to quantify stimulus colours were

the peak values on the absolute irradiance curves recorded. The grid was then
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displayed on each of the four screens with six stripes (three black, three
coloured) per screen. Stripes were rotated across each screen, broadening at
edges of the screens to create the perspective of a rotating cylinder to the

observer.

Figure 1: Diagram of the virtual optomotor drum set up.

i: External view. A: the video camera, held directly above the drum in a retort
stand. B: the cover placed over the top of the drum to prevent external stimuli
from affecting the experiment, with a hole to film through. C: the four LCD
screens arrange to form a cube around the crab. ii: Internal view. D: the virtual
grid, rotating clockwise with a black horizontal bar used to create a horizon line
to aid in stabilization behaviour. E: the tripod with metal support to attach to the

crab.

The drum moved in a clockwise direction at a speed of 3.5 degrees per second,
and a horizon line of black opaque card was placed at the bottom of the screen
to aid in visual stabilisation of the individual in the trial. Crabs had white marks
placed on the back of each eye stalk to aid in tracking movement from video,
and a third mark placed on the carapace behind and between the eyes. The
third point acted as a means of stabilisation to allow any movement by the crab
not related to optokinesis to be removed during analysis. Crabs were fixed to a
metal harness via cyanoacrylate adhesive (sufficient to fix the crab in place

while still allowing safe removal at the end of the experiment) which was then

42



attached to a tripod behind the individual’s field of view. Individuals were placed
into the virtual drum with each screen displaying stripe pixel values of 0, 0, O,
and 0, 0, 0 (black screens). A cover was placed over the top of the drum to
prevent conditions outside the chamber affecting the experiment, with a hole in
the centre to allow filming. The trials were recorded on a Panasonic HC-X900M
High-Definition Video Camera in 1080p resolution, and filming was started five
seconds prior to the start of each trial and ended five seconds after each trial
finished. Once an RGB pixel value of 255 for the coloured stripe was reached,
the drum stopped moving and the trial was considered finished. Each crab was
run through each colour trial once (red, blue, and green stimuli) in succession,
with the order being randomised for each crab. During the experiment, tones
were produced at intervals of 40-pixel values starting at zero and increasing to
240 with a final tone at 255. These were transmitted directly to the recorder PC
running MATLAB and acted as synchronisation points between the video file
and the tabulated file containing intensity values at each time-point generated
by the MATLAB program, as well as drum rotation speed and direction. Intensity
of the coloured stripe was recorded as the chromatic contrast relative to black,
on a scale of zero (black) to one (fully saturated/pixel value = 255) calculated by
dividing the stripe’s pixel value by 255 (the maximum value achievable). This
project was a novel part of a set of experiments being run in the Visual Ecology
research group at Bristol, and as such any ethical approval was arranged prior

to my arrival via research governance by the Research and Enterprise Division.

Analysis of video files

Once trials were completed, each video file was analysed using a second
MATLAB program (also created by Dr Martin J How) that synchronised the
video files and the output files from the grid generating software. The video file
was then analysed by isolating the eye and stabilisation markers placed on the
individual being recorded and tracking the change in position of these markers
for each frame of the video. These changes were output directly to the file table
in the form of three sets of x-y coordinates (corresponding to the three paint

marks on the crab) at each video frame.

Calculation of gain and optokinesis start
Eye tracking data was converted from the MATLAB output file to tab
delaminated text and then analysed using R statistical software (ver. 3.5.1 (R
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Development Core Team 2020), using RStudio interface (RStudio Team 2020)).
The x-y coordinates for each eye marker were adjusted by subtracting the x-y
values of the stabilisation marker to remove any movement of the markers not
caused by eye movement. A straight vector between the two eye markers at
each frame was calculated, and the change in the angle between this vector
and the x-axis was used to calculate eye rotation. This was then divided by the
rotation speed of the drum, to produce a value of gain used to measure the
accuracy of optokinesis. These values of gain at each time frame were then
simplified to only record motion relevant to drum movement by taking any
values greater than two, and less than zero, and making them equal to zero.
This was done to remove the extreme positive values of gain resulting from
rapid non-tracking eye movement, or from the saccadic return of eyes to their
original position during optokinesis.

To objectively isolate the start of optokinesis, the values of gain for each
individual were smoothed using a loess regression via the loess() function with
a span of 0.1 in base R (R Development Core Team 2020). This removed much
of the noise from the data, whilst preserving the change in gain with increasing
intensity, as well as removing any remaining spikes in gain resulting from non-
saccadic eye movement. The data was then transformed to a binary on-or-off
format, where values of gain greater than 50% of the maximum gain for the
individual were assigned a value of one, and those lower being assigned a
value of zero. Video frames with a value of one were conservatively assumed to
contain optokinesis, and those with zero were not. For the above to occur, the
maximum gain of the individual undergoing thresholding had to reach more than
50% of the populations maximum gain (0.478). This was done to isolate
samples where optokinesis did not occur. The intensity value of the first video
frame with a value of one was considered the start of optokinesis. The
maximum gain reached was also recorded. If optokinesis did not occur, a value
of 1.1 was assigned to allow these samples to be examined alongside those

with optokinesis.

Statistical Analysis

The data was then fitted to spectral sensitivity curves calculated using the
template from Stavenga et al. 1993 [36], alongside curves fitted to the Amax
values obtained from Bruno et al 1973 (505nm) [31], and Martin and Mote 1982
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(508nm) [32]. The relative sensitivities for this experiment were calculated by
inverting the colour contrast values recorded for the start of optokinesis. Values
of 1.1 (where no optokinetic response was recorded) were converted to zero, as
the absolute minimum of sensitivity is the inability to detect stimuli. The data
was fitted to mixed effect models using the Ime4 package [37] in R, comparing
the optokinesis start threshold (lowest value of chromatic contrast where
optokinesis was recorded) and maximum gain achieved to fixed effects of drum
colour, crab size, and crab sex, with the interaction effects between colour and
all other fixed effects to check for the impact of individual size and sex on colour
sensitivity. Crab ID was included as random effects to account for the repeat
measurements taken from each crab. The two full models were then simplified

based on AIC comparison and effect significance.

Model: Imer(Optokinensis.Start/Max.Gain ~ Colour*Size + Colour*Sex +

(1|Crab.ID), na.action = na.omit, data = Opt.Full)

Following the spectral sensitivity optomotor experiments conducted at Bristol,
colour discrimination and colour change experiments were carried out at the

University of Exeter's Penryn campus.

Testing for colour discrimination

Sample Collection

Colour discrimination experiments took place at the Sensory Ecology
laboratory, at the University of Exeter’'s Penryn Campus, Cornwall, United
Kingdom, TR10 9FE. These followed the basic associative training as those
past experiments listed in (Kelber, Vorobyev, and Osorio 2003). Individuals
were trained to associate a specific stimulus (in this case a colour) with an
outcome (usually positive). Individuals were presented with a choice of the
positively associated colour and alternatives that were isoluminant, to remove
brightness information as a reliable cue. Noise could be introduced to stimuli’s
brightness by either presentation of multiple shades of a given wavelength (e.g.,
(Kelber, Yovanovich, and Olsson 2017)) or presentation of colours alongside
grey stimuli of multiple brightness levels (e.g., (Olsson, Lind, and Kelber 2015)).
Selection of the positively associated stimulus colour is taken as evidence of
discrimination. This general methodology was applied to test Carcinus maenas

colour discrimination.
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Crabs were collected from the mudflats at Penryn, Cornwall (Lat/Long:
50.1697,-5.0989) for both the initial appetitive pilots, and the ultimate aversive
trials. This stretch of the Penryn River is characterised by fine silt mud, with
some dark gravel cover closer to the town, with significant flotsam from the
moored and abandoned boats along the sample site. Individuals were collected
by hand by lifting flotsam used as cover along the tideline and stored
individually in empty plastic containers (Figure 5) before being transported
directly back to the Sensory Ecology and Evolution Research Group (MS) lab.
Individuals were preferentially selected based on size, with individuals’ size
being approximately 15mm to 20mm. This larger size class was used based on
the assumption of increased robustness, given the increased handling during
experiments (and the shift to aversive stimulus). Once in the lab, crabs were
cleaned using freshly made salt water (Aquarium Systems Instant Ocean) to
remove any residual mud/detritus. While such material could augment
camouflage by creating an exact match between the body of crabs and the
environment, it obscured evidence of colour change, and was removed. Crabs
were then housed in a 45cm by 120cm tank filled with ~150 litres of freshly
made saltwater (to a depth of ~20cm), separated in individual plastic containers
(Figure 5) filled with a neutral grey substrate, with adequate water flow and
overhead light exposure, and were fed three times a week using Hikari Crab
Cuisine pellets. Diet can have an impact on coloration (Duarte, Flores, and
Stevens 2017), including in crustaceans (D'Abramo et al. 1983; Hultgren and
Mittelstaedt 2015), but given food (both quality and quantity) remained constant
across this and all other colour change experiments, it was not deemed as a
factor in analysis. Crabs were housed under a 12-hour light regime (light 0700-
1900, dark 1900-0700) and placed on a black gravel substrate for burying that
was close enough to their habitat to prevent significant colour change. Tank
salinity was maintained at 31%., measured following feeding, water was
replaced weekly (50% tank water replaced with freshly mixed salt water), and
water quality (nitrite, nitrate, and ammonia content) was recorded weekly.
Individuals were housed for a minimum of 48 hours, or until the experiment

started.
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Discrimination Trials

Initial pilot attempts at colour discrimination trials, conducted across September
2018 to May 2019 using food reward stimuli proved inconclusive both using
colour cues (blue and yellow, selected based on rough position on the spectrum
relative to C. maenas maximum spectral sensitivity assuming monochromacy),
and maximally contrasting achromatic stimuli (black and white). In this case, the
coloured stimuli had yet to be absolutely matched in terms of brightness, as this
was a test of initial methods. In both cases crabs failed to show the ability to
discriminate based on visual cues, but this was eventually thought to be due to
experimental design. Crabs were originally presented with stimuli in binary, y-
choice chamber experiments (shown to be effective in other colour choice
experiments in crustaceans (Green et al. 2019)). These ultimately proved
unsuccessful, with crabs showing selection only when food rewards were
present, and therefor were likely using chemical cues. Details of the initial trials

are in Appendix 1A.

Magee and Elwood (Magee and Elwood 2013) found that crabs learned to avoid
potential refuges (covered portions in an arena) that delivered a shock upon
entry, and this shock avoidance learning appeared to be based on directional
cues. Further consideration of C. maenas ecology raised the issue of appetitive
rewards in training. C. maenas is an opportunistic scavenger, likely using
chemosensory cues to find food in its habitat, many of which may have poor
visibility resulting in olfacto-gustatory cues being more reliable than vision. Their
low acuity especially at distance ((Feller et al. 2021), see Chapter 2) also
reduces the likelihood of dependence on visual hunting/foraging. As such the
likelihood of successfully forming associations about food rewards based solely
on vision is potentially low/non-existent. Considering this ecological context, and
the success of Magee and Elwood’s methodology, colour discrimination trials
were redesigned using aversive stimuli. This redesigned methodology was
approved via ethical application in 2019 (e-ethics application number:
eCORNO001701 v2.1)

The novel methodology used the structure of Magee and Elwood’s experiment,
albeit with several key differences. Stimuli remained as refuges, however, they
were coated, both on the exterior and interior, in the relevant colour for the trial.

Shelters were constructed using 65mm? square piping, with one side removed
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to create a lid to the remaining three sides (see Figure 2). Shelters for the black
and white trials were made from black and white plastic, respectively. For the
chromatic trial, stimuli were generated with isoluminant shades of the two
respective colours, as a patchwork of various intensities to create noise
reducing the reliability of luminance cues, based on past colour choice
experiments (Roth and Kelber 2004). Colours for these trials were generated
first by selecting dominant wavelengths equidistant from the Amax calculated in
the previous section. The wavelengths chosen were 120nm apart, assuming
even if colour discrimination is present, it is likely to be relatively poor assuming
dichromacy and a difference of this size should be discriminable based on the
potential second shortwave photoreceptor (Martin and Mote 1982).
Wavelengths of ~436nm and ~556nm were selected as the benchmarks for the
colours (as seen in Figure 2). A cone-catch model of C. maenas vision was
constructed in the MICA toolbox (Troscianko and Stevens 2015) in imageJ
software (Schneider, Rasband, and Eliceiri 2012) using the spectral sensitivity
data obtained in the optokinetic experiments. The relative sensitivity values from
the fitted Stavenga template were used as an analogue for the relative cone-
catch values, and this was then compiled into a cone catch model used to
assess the luminance of stimuli. Digital photos were taken of the coloured
patches (using the same method detailed further in the colour change
experiments, as well as past research quantifying coloration (Duarte, Stevens,
and Flores 2018; Green et al. 2019; Nokelainen et al. 2017; Nokelainen et al.
2019; Price et al. 2019; Smithers, Wilson, and Stevens 2017; Stevens 2016;
Stevens, Lown, and Wood 2014a)). The C. maenas visual model was applied to
a scale of 15 patches for each colour to identify pairs (one from each colour)
that were isoluminant. The eight candidate patches for each colour were then
arranged in eight different four by four patterns comprising two of each patch
arranged randomly (Figure 2). This was done to allow for randomisation of the
patterns of patches presented to further reduce luminance/spatial cues that
could be used to identify aversive stimuli (as seen in (Roth and Kelber 2004)).

These were than used to cover the same containers used in black and white,
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except only white containers were used as the base to prevent any visible

bases providing a cue to stimulus type.

Both the black and white, and blue and green trials were conducted under
identical conditions, with the only difference being the stimuli colours. Crabs
were tested individually, and upon removal from holding containers, wire
electrodes were immediately fitted to the rear most legs at the base of the
merus and the crab was placed in a pretrial container to acclimatise for five
minutes. This container was covered to reduce stress, with the cover removed
30 seconds prior to transfer into the trial container. During acclimatisation the

stimuli were prepared, and their position relative to crab starting point (left or

Figure 2: Examples of aversive colour discrimination trial stimuli used.

Top left: Photographs of black and white stimuli. Top right: Photographs of the
blue (436nm) and green (556nm) stimuli. Bottom: Diagrams of the eight

randomised arrangements of the blue and green patches in stimuli.

right) was randomly determined via coin toss and placed in the testing arena: a
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30 by 17 cm plastic tray with a y-shaped lining to present the stimuli (Figure 3),
filled with freshly made salt water. The sides of the arena were obscured to
minimise the effect of outside stimuli on the trial (although observation was
required to determine when shocks should be delivered). The trial arena was lit
from above and behind the crab starting position using a 70 W, 6500K lwasaki
Colour Arc Lamp with the UV filter, as this was the illumination used for

isoluminant stimuli calibration and ensured maximum illumination of stimuli.

Crabs were then placed in the middle of the container, with both stimuli in view
and equidistant once the divider was removed. The crab was then allowed to
freely roam the arena and interact with the stimuli. Trials ran until crabs had
either made an interaction with either stimuli, at which point they were left for
two minutes to remain in the chosen stimulus or exit and explore the arena
further, or 10 minutes had passed without any interaction (recorded as a null
result). A crab was considered to have interacted with a stimulus if it entered the
container with at least 50% of its body inside the limits of the container. If the
individual entered the non-aversive stimulus, no event happened and the crab
was left undisturbed for the remaining two minutes, unless it left the container
and interacted with the aversive stimulus. If the aversive stimulus was
interacted with, shocks were delivered based on the following parameters either
for the two minutes remaining, or until interaction ceased i.e.: the crab left the
shelter. Shocks were delivered using the same parameters as Magee et al.
(Magee and Elwood 2013) although an alternative pulse stimulator had to be
used due lack of access to the exact model. Shock parameters were 10 V at
180 Hz for 200ms, delivered at five second intervals via an A-M Systems
Isolated Pulse Stimulator 2100 AS IS. The colour of the aversive stimulus for
each crab was designated prior to the trial start and remained constant to
simplify learning, with equal numbers of trials for each crab on each colour, with

10 crabs for having one of the two colours as aversive stimulus (20 in total).

Crabs underwent trials back-to-back, with crabs returned to the acclimatisation
chamber to recover for five minutes, while the used saltwater was replaced, the
stimuli changed for the next set based on random selection of assigned
numbers (one through eight, Figure 2) and placed on the predesignated sides.
After 10 trials had been completed, the individual had the wire electrodes

removed and was returned to its holding container and fed a high value food
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item (two grams of bacon) before being returned to the holding tank, and the
next crab was collected. The same crabs were used in both the black and white
trials as the blue and green trials, after a ~two-week interval as the chromatic
stimuli were prepared. Following the black and white trails, crabs were allocated
which of the coloured stimuli would be aversive. This was done semi randomly
— half the crabs with black as the aversive stimulus had blue as the aversive
stimulus and the other half had green, with the same for those where white was
the aversive stimulus. This was done to account for any learned biases from
earlier trials, based on discriminability between black and white substrates. The

chromatic trials followed the same method as the black-white trials.

%

= o

Figure 3: Diagrams of the experimental set up for aversive colour

discrimination trials.

Examples correspond to black and white (left) and blue and green (right)
stimuli. The divider directly in front of the crab was removed at the start of trial
once acclimatisation had finished. The side each stimulus was presented on

was randomised for each trail (ten per crab).

Statistical Analysis

Once trials were completed, data were simplified into four key variables — time
to first choice, whether the previous choice was successful, whether the
previously correct side was chosen, and whether the correct choice was made.
This allowed for binomial test to test if stimulus selection deviated from random,
and if so, whether individuals correctly chose to avoid the aversive stimulus. In
the case of black versus white trials, this was done to determine the success of
training methodology, while blue versus green trials were used to test for colour

discrimination. Binomial tests were also used to investigate if substrate choice
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in relation to stimuli position affected choice, as the results of Magee and
Elwood’s experiments indicate crabs may selected to avoid stimuli based on

directional cues (Magee and Elwood 2013).

Chromatic Change Experiments

Sample Collection and Housing

As with the colour discrimination experiments, animals were collected from
Penryn mudflats. This habitat was selected for three reasons. Firstly, the
location was efficient for collection and same day return to the laboratory.
Secondly, the mudflat has a large population of C. maenas, specifically
subadults with the potential for maximum colour change, and likely dependency
on camouflage to avoid predation. Finally, as previously stated, C. maenas
exhibits strong phenotype environment associations, and given the habitats
uniform appearance, collected crabs were equally uniform (Nokelainen et al.
2017; Price et al. 2019; Todd et al. 2006). This provided a starting sample with
relatively low variation, increasing the clarity of any change that would occur.
Crabs were preferentially selected for size, with average crab size ranging from
15mm to 20mm. This was done based on the abundance of individuals in this
size range at times of sampling (smaller individuals would have been
preferable), as well as larger individuals exhibiting slower colour change for a
variety of factors (Crothers 1968; Nokelainen et al. 2019; Powell 1962a), in line
with past C. maenas colour change experiments (Carter, Tregenza, and
Stevens 2020; Stevens 2016; Stevens, Lown, and Wood 2014b).

Samples were run in two batches. The first occurred concurrently with initial
blue-yellow appetitive stimulus training in the summer of 2019, with crabs on
blue and yellow substrates and ran for 56 weeks. The second was run at the
start of 2020, with crabs on red and green substrates, running for only 42 weeks
due to lab closure in response to the COVID-19 pandemic. Crabs were housed
in the same manner as those used in the colour discrimination trials, having
been hand collected at the Penryn Mudflats, transported back to the Sensory
Ecology lab, washed, assigned ID numbers, and acclimatised for a minimum of
48 hours in a 45cm by 120cm tank filled with freshly made saltwater, cycling
through a filter and chiller to keep the temperature at 16°C, and salinity was

maintained at ~31%o.
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Digital Photography

At the start of the experiment, individuals were randomly allocated a substrate
colour (numbers assigned based on their initial position in the holding tank, then
randomly assigned to substrate colour (Figure 5), then photographed under
standardised conditions to record the baseline that change was compared
against. Containers were transported to the darkroom within the MS Lab. Crabs
were removed from containers and gently cleaned with a toothbrush to remove
any matter (algae growth for example) that could affect coloration. Colour
change measures used similar methodology to multiple other colour change
experiments both in this species (Carter, Tregenza, and Stevens 2020;
Nokelainen et al. 2019; Stevens, Lown, and Wood 2014b) and other intertidal
species (Duarte, Stevens, and Flores 2018; Green et al. 2019; Stevens, Lown,
and Denton 2014). Individual crabs were then placed inside a PTFE ring that
acted as a light diffuser to reduce shadows and carapace shine (Figure 4). A
93% and 7% reflective Spectralon photo standard with attached scale, as well
as an identifying number for the specific crab were placed inside as well (see
Figure 4). lllumination was provided by a single arc lamp (70 W, 6500K Iwasaki
Colour Arc Lamp) with the ultraviolet (UV) filter removed to provide both human-
visible (420-680nm) and ultraviolet (320-380nm) light.

Images were taken from directly above the sample using a Nikon D7000 Digital
Camera, converted for full spectrum sensitivity by removing the UV and infrared
(IR) filter (Advanced Camera Services Limited, Norfolk, UK). Human visible
spectrum photos were obtained using a Baader UV—IR blocking filter (Baader
Planetarium, Mammendorf, Germany), and UV photos were obtained using a
Baader UV pass filter. UV and Visible spectrum photos were taken sequentially,
ensuring the subject did not move between photos. All photos were taken in
RAW format for maximum information. Digital image analysis was used as it
has proven to be a suitable and efficient alternative to spectrometry (Stevens et
al. 2007).
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Figure 4: Example image to demonstrate digital photography set up.

Includes crab on the left and photostandard with ID number on the right. The
edge of the PTFE diffuser can be seen on the left-hand edge of the photo and
the corners NB. This is a false colour image created in ImageJ from the

linearised multispectral image.

Following initial photographing, individuals were then transferred to identical
containers to those used in pre-experiment housing, but with the neutral
substrates replaced with treatment substrates (Figure 5). These were course
aguarium gravel, with an approximate grain size of 5mm to 7mm in four colours:
blue, green, red, and yellow. These colours were selected based on the
availability of substrates, as well as maximal chromatic difference (assessed
based on human trichromatic vision) to ensure maximal colour change and
potential effect sizes. Individuals were then returned to a tank with the same
housing conditions as the pre-experiment tank. Individuals were housed for six
to eight weeks (depending on experimental run) to allow time for a minimum of
one moult cycle to ensure the opportunity for a colour change response. Over
this period individuals were regularly photographed every two weeks using the
above methodology, to record any trends in colour change behaviour over time.
Gravel samples were also photographed under the same conditions at the end

of the experiment. Photo data was simplified to the initial and end photographs
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to allow for easier analysis of total colour change, and account for the disrupted
schedule from the start of the COVID-19 pandemic. Ethical approval was
obtained via successful application through the University of Exeter’s e-ethics
system, 2018 (Application number: eCORNO001700 v2.1)

Image Analysis

Figure 5: Examples of crab containers for holding samples for colour
discrimination and change experiments.

Shows samples of gravel used in colour change experiments. Pots’ diameters
were 65mm. Screw top lids with an opening covered with 3mm plastic mesh
were placed on top to contain crabs but allow light and cycled water to enter the

containers.

The photos were imported into ImageJ software (Schneider, Rasband, and
Eliceiri 2012), using the Multispectral Image Calibration and Analysis Toolbox
(MICAToolbox, V2.2 (Troscianko and Stevens 2015)) to create linearised
images due to nonlinear camera sensor responses to light combining the visible
and ultraviolet photographs in a single multispectral image, that were also
equalised using the photostandard to correct for difference in light conditions

between photos (Stevens et al. 2007). Regions of interest (ROIs) were selected,
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specifically the scale bar on the photo standard, a straight line (I) across the
widest point (between the rear most anterolateral teeth) of the carapace for size
measurement, and finally an area of the crab’s carapace (specifically the area
of the cephalothorax) for colour analysis. Images were then converted from
camera colour space (sensitivity of camera setup detailed in ((Troscianko and
Stevens 2015; Stevens, Lown, and Wood 2014b)) into relevant predator vision
systems via a polynomial mapping function. Predator visual models used
dichromatic (Pollack, Pollachius (Shand et al. 1988), possessing Longwave
(LW) and Mediumwave (MW) sensitive photoreceptors) and trichromatic fish
predators (Two Spot Goby, Gobisculus flavescens (Utne-Palm and Bowmaker
2006), possessing Longwave (LW), Mediumwave (MW), and Shortwave (SW)
sensitive photoreceptors), as well as tetrachromatic avian predators (Common
Peafowl, Pavo cristatus (Hart 2002) Longwave (LW), Mediumwave (MW),
Shortwave (SW), and Very-Shortwave/UV (VSW) sensitive photoreceptors).
These species were based on the availability of their spectral sensitivity
information, as well as their being predators, or analogues of predators, of C.
maenas. These include dichromatic fish e.g. Gadus morhua (cod), trichromatic
rockpool fish e.g. Gobius paganellus (rock goby), and tetrachromatic avifauna,
e.g. gulls, all of which have evidence of predation on C. maenas (Crothers
1968).

Once cone catch values for predators were generated, this data was used in the
calculation of hue based on the ratio of cone-catch values of shortwave to
longwave. Calculations used the formulae derived from Principle Component
Analysis from past research, (Green et al. 2019) for trichromat vision, and
(Stevens, Lown, and Wood 2014b) for tetrachromat vision. This identified the
main axis of colour variation, and a logical colour channel for each visual model,
although in the case of dichromats a simple ratio of short- to longwave was
used as these were the only receptors present. The specific formulae for hue
were SW/LW for dichromats, SW / MW + LW for trichromats, and SW + VSW
(very shortwave or UV) / MW + LW for tetrachromats. Measures of difference
between crab and substrate coloration to assess camouflage success relative to
varying predator visual systems were also created using the inbuilt tool in the
MICA toolbox (Troscianko and Stevens 2015). Vorobyev and Osorio’s receptor-

noise model for colour discrimination (Vorobyev and Osorio 1998) was used to
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produce JND (Just Noticeable Differences) as units of the ability to discriminate
between chromatic stimuli. JND values of 1 or less indicate that the stimuli are
not discriminable from one another, but values of 3 or less are broadly indicative
of reasonable matching. JND values were obtained from comparisons between
crab carapace ROIs and photographs of the gravel used in the sample’s
treatment. General luminance (lightness measures based on predator vision,
using the assumed/known luminance channel for each species), and luminance
JND values to assess achromatic camouflage were also collected as, if C.
maenas is monochromatic, achromatic differences and matching may be of

greater importance.

Statistical Analysis

CSV data files of the raw spectral data, colour JND values, and luminance JND
values calculated for each visual system were imported into R software (ver.
4.1.0 (R Development Core Team 2020), using the RStudio interface (RStudio
Team 2020) and the tidyverse package collection for data organisation
(Wickham et al. 2019)). Hue values were calculated in R, and data was
combined into both longitudinal data of start and end colormetrics and short
format for repeated measures of the same individual. Using the shortened
dataset, a single measure of colour change was calculated based on the
change in either hue, colour JND, or luminance JND from the initial
measurement, compared to the measurement after eight weeks. This was done
to simplify statistical measurements of overall change in response to substrates
by removing repeated measures, while the longitudinal data was preserved to

compare patterns of colour change over time between groups.

The total colour change data was tested for normality, then fitted to respective
Paired Wilcoxon Signed Rank Tests (using the wilcox_test() function from
rstatix, ver. 0.7.0 (Kassambara 2021)) for each of the change measurements
(hue, colour JND, and luminance JND) to test for significant change for each
substrate. Then the single change in colour values for each crab were fitted
linear mixed effect models (used based on only minor deviance in residual fit,
and non-transformability of data). For hue and colour JND, three separate
models were run for each (the crab visual model was not used as
monochromacy was assumed to only allow for luminance perception), one for

each visual model’s value of hue and colour JND. This was done as values
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were calculated differently across visual models, based on the different number
of photoreceptor sensitivities. These used the base R’s Im() function (R
Development Core Team 2020) as no random effect needed to be included as
samples were not repeated across fixed effect. Fixed effects of colour and size
were included, as well as the interaction effect between the two. for the Un-

simplified model outputs can be found in Appendix 1C.

Model: Im(Hue/Colour JND ~ Colour*Av.Size, na.action = na.omit, data =
colchange.df[Visual Model])

Given luminance and luminance JND were based on a single photoreceptor
across visual models, vision was included as a fixed effect, using the Imer()
function of the Ime4 package (1.1.27.1 (Bates et al. 2015)), with fixed effects of
substrate colour, average size of crab over the experiment, and visual model,
as well as the interaction between substrate colour and crab size, and substrate
colour and visual model. The interaction between substrate colour and size was
included to test if crabs of differing sizes were better able to change brightness
on different colours, while the interaction between substrate colour and vision
was included to see if differing luminance perception A random effect of crab ID
was included to account for the repeated use of samples between visual

models.

Model: Imer(Luminance/Luminance JND ~ Colour*Av.Size + Colour*Vision +
(1]1D), na.action = na.omit, data = colchange.df)

Results

Spectral sensitivity via optokinesis

From a sample pool of 54 individuals, 132 of a potential 162 trials (81.48%)
resulted in a measured optokinetic response. An initial Chi-squared test found
that there was a significant association between the stimulus colour and an
optokinetic response occurring (x? = 22.336, p < 0.0001). Of the trials without a
response, ten (6.17%) were blue, one (0.62%) was green, and the remaining 19
(11.73%) were red.

The chromatic contrast threshold (i.e.: the minimum difference in chromatic
contrast between the coloured and black grids where optokinesis started) was
consistently lower in blue and green trials in comparison to the red (Figure 6).

Green trials had a median threshold of 0.207 (IQR =0.111-0.413) and blue
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0.318 (IQR = 0.133-0.612), while red trials had a median threshold of 0.891
(IQR = 0.613- no response at all).
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Figure 6: Boxplot showing the earliest point at which optokinesis occurred for
each coloured stimulus in optomotor spectral sensitivity experiments.
Point in experiment measured in terms of chromatic contrast to black, on a
scale of O - Black, to 1 - fully saturated colour. Values of 1.1 indicate that an

optokinetic response did not occur.

Gain, the accuracy which the crabs tracked the stimulus, followed a similar
pattern to the threshold, albeit on a reversed scale (Figure 7). Green (median =
0.349 IQR =0.306-0.381) and blue (median = 0.356 IQR = 0.148-0.376) trials
resulted in higher average gain than red (median = 0.309, IQR = 0.148-0.376).

59



0.51

0.4

0.11

Max Gain Achieved (Post Smoothing)

B G R
Colour (b = Blue, g = Green, r = Red)

Figure 7: Boxplot showing the maximum gain (success of eye tracking)
achieved for each coloured stimulus in optomotor spectral sensitivity
experiments.
The data has been smoothed to remove non-saccadic eye movement. 0 = no
movement, > 0 <1 = eye movement slower than the drum rotation, 1 = perfect
eye tracking, > 1 = eye movement faster than the drum, < 0 = eye movement in

the opposite direction to the drum.

Both chromatic contrast and smoothed gain were fitted to linear mixed effect
models, despite threshold values’ lack of normal distribution and non-
transformability. This was done as it resulted in improved model fit (assessed
based on AIC values and model homoscedasticity) over a generalised linear
mixed effect model with a non-gaussian error structure. Gain data was squared

to normalise residuals and improve model fit.

For the chromatic contrast threshold, model simplification removed all the fixed
and interaction effects save drum colour. The minimum adequate model found
the chromatic contrast threshold varied significantly with drum colour (F2 106 =
54.248 p < 0.0001). Responses to green were significantly earlier than blue
(estimate =-0.139 £ 0.047 t = --2.953 adjusted p = 0.004) and red (estimate = -
0.478 £ 0.047 t =-10.127 adjusted p < 0.001), and responses to blue were
significantly earlier then red (estimate =-0.338 + 0.047 t =-7.174 adjusted p <
0.001). See Table 2 and Table 3 for model outputs.
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Table 2: ANOVA statistics from the simplified model fitted to chromatic contrast
when optokinesis started in optomotor spectral sensitivity experiments.

Includes the remaining fixed effect of drum colour. A random effect of crab ID
was included to account for repeated measures from individuals. Included is R
software code (dependent on the LME4 package (Bates et al. 2015)). Model

Simplification via AIC comparison.

Effect F value DF p

Colour 54.248 106 <0.001

Model: Imer(ChromCon ~ Colour + (1|CrabID)), na.action = na.omit, data
= dfull)

Table 3: Summary statistics from the simplified model fitted to chromatic
contrast when optokinesis started in optomotor spectral sensitivity experiments.
Includes the remaining fixed effect of Drum Colour. A random effect of crab ID
was included to account for repeated measures from individuals. Included is R
software code (dependent on the LME4 package (Bates et al. 2015)). Model

Simplification via AIC comparison.

Source Estimate SE t p
(Intercept) 0.436 0.0378 11.552 <0.001
Colour =

Green -0.139 0.0472 -2.953 0.00388
Colour =Red 0.338 0.0472 7.174 <0.001

Model: Imer(ChromCon ~ Colour + (1|CrabID)), na.action = na.omit, data
= dfull)

The model for maximum gain achieved (squared to improve model fit) produced
similar findings, with model simplification resulting in a minimum adequate
model containing the fixed effect of drum colour. A significant association was
found between drum colour and the maximum gain achieved (Fz, 106 = 12.681, p
< 0.001). Significant differences were found between green and red (estimate =
- 0.0405 £ 0.00822, t = -4.930, adjusted p <0.001), and blue and red (estimate =
- 0.0276 £0.00822, t = -3.355, adjusted p = 0.0011), but not between blue and
green (estimate = 0.0129 £ 0.00822, t = 1.575, adjusted p = 0.118).

61



Table 4: ANOVA statistics from the simplified model of Maximum Gain
(tracking efficiency) achieved in optomotor spectral sensitivity experiments.
Includes the remaining fixed effect of Drum Colour. A random effect of crab ID
was included to account for repeated measures from individuals. Included is R
software code (dependent on the LME4 package (Bates et al. 2015)). Model

Simplification via AIC comparison.

Effect F value DF p

Colour 12.681 106 <0.001

Model: Imer(MaxGain ~ Colour + (1|CrablID)), na.action = na.omit, data =
dfull)

Table 5: Summary statistics from the simplified model of Maximum Gain
(tracking efficiency) achieved in optomotor spectral sensitivity experiments.
Includes the remaining fixed effect of Drum Colour. A random effect of crab ID
was included to account for repeated measures from individuals. Included is R
software code (dependent on the LME4 package (Bates et al. 2015)). Model

Simplification via AIC comparison.

Source Estimate SE t p
(Intercept) 0.116 0.00723 16.060 <0.001
Colour =

Green 0.0129 0.00822 1.575 0.118
Colour =Red -0.0276 0.00822 - 3.355 0.0011

Model: Imer(MaxGain ~ Colour + (1|CrabID)), na.action = na.omit, data =
dfull)

Data was initially compared to Stavenga templates for invertebrate opsin
sensitivity (Stavenga, Smits, and Hoenders 1993) fitted to the Amax values from
the electrophysiological measures by Bruno (Bruno, Mote, and Goldsmith 1973)
(Figure 8A), and Martin and Mote (Martin and Mote 1982) (Figure 8B), with the
assumption of the R8 rhabdomere sensitive to ultraviolet light with a peak
absorbance at ~ 350nm (Warrant and Nilsson 2006). My data aligned well with
the results (Figure 8C), especially the green measurements, although blue and

red responses were higher than those predicted by the template.
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To compare the results of my experiment more accurately, the data collected
was fitted to their own template via nonlinear least-squares regression, using
base R’s nls() function (R Development Core Team 2020). This resulted in the
curve in Figure 8C, with a best-fit Amax of 496.22 + 2.09 (t = 237.7 p < 0.001).
Compared to previous electrophysiological data, my peak sensitivity is slightly
lower than both the single receptor found by Bruno (502-506nm (Bruno, Mote,
and Goldsmith 1973)) and the green sensitive receptor found by Martin and
Mote (508nm (Martin and Mote 1982)), but still relatively similar to both. In
summary, behavioural measures of spectral sensitivity correspond well with
past electrophysiological work, with only a 6 — 12 nm difference between the

peak sensitivity calculated from my data and those of past work.
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Figure 8: Spectral sensitivity curves of C. maenas, derived from optomotor
spectral sensitivity data, and past electrophysiological measurements.

Curves were produced using the template set out in Stavenga et al. (1993)
using Amax values from A: Bruno et al. (1973) = 505nm, B: Martin and Mote
(1982) = 508nm, C = Nonlinear Least-Squares Regression based on the data
collected from this study = 496.218 + 2.088. Points on the graph correspond to
the median sensitivity values (with IQR bars) obtained for each colour stimulus
(point colour corresponds to stimulus colour).
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Colour Discrimination
20 crabs were used in both achromatic and chromatic trials, allowing the

difference in responses to be compared. Of the two rounds of ten trials for each
crab (400 total), 368 trials had a decision made in them, while 32 did not. The
32 trials with no decision made were not used in analysis (unless otherwise
stated, although included in Figure 9 as NA). Initial tests with black and white
shelters found that when a choice was made, crabs preferentially selected the
black shelter regardless of whether it was the aversive stimulus (b.test234, 368 =
63.6%, p < 0.001). In trials where the black shelter was the aversive stimulus,
this fell to 58.3% (b.testios, 180, p = 0.0304), and rose to 68.6% (b.testi2g, 188, p <

0.001) when it was not aversive.
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Figure 9: Decisions of crabs in behavioural trials of colour discrimination.
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Analysis of success used all trials where a decision was made minus the first,
as crabs had prior no context for what conditions to avoid. Binomial tests of
success versus failure (selecting the safe versus shock shelter) found no
deviation from randomness when looking at the whole cohort’s trials, (55.487%
successful, p = 0.0531), as well as trials where black was aversive (42.5%
successful, p = 0.219), but crabs reliably picked the correct stimulus when white

was aversive (72.727% successful, p < 0.001).
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Finally, there was no evidence that crabs selected based on the previously
correct side, as expected given the randomisation of the side the aversive
stimulus was on. For all trials, crabs chose the previously non-aversive/avoided
the previously aversive in 48.809% of trials (p = 0.817), rising to 55% when
black was the aversive stimulus (p = 0.434), and falling to 43.182% when white

was the aversive stimulus (p = 0.241)

Transitioning to the blue-green trials, any deviation from random decision
making was lost as proportions of correct choices fluctuated across trials
(Figure 9). Crabs made correct choices 47.568% of the time (p = 0.5565),
46.154% when blue was aversive (p = 0.5296) and 48.936% when green was
aversive (p = 0.9179). When checking for any colour bias in decision making,
there was no significant difference in colour picked, with crabs choosing blue in
52.247% of trails (p = 0.5999). As with black-white trials, there was no evidence
of selecting the previously correct colour; crabs selected the previously non-
aversive side 50.602% of the time (p = 0.9382).

Chromatic Change

In the colour change experiments, 34 crabs survived to the final photographs.
Crabs died of presumed natural causes during the experiment, usually found
(anecdotally) midway through moulting. Divided amongst substrates this
resulted in nine crabs on blue, six on green, 13 on red, and eight on yellow.
Average change in colour measurements (hue, colour JND, luminance, and
Luminance JND) with standard deviations are recorded in Table 14. Chromatic
change was mixed across substrates, with increases in hue recorded on blue
and yellow substrates to all visual models, as well as green to tetrachromats,
while it decreased on red (Figure 10). Examples of chromatic change can be

found in Appendix 1B.
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Figure 10: Hue change of crabs on coloured substrates in chromatic change
experiments, for each visual model used.

Hue is classified as the ratio of short (and very-short in tetrachromatic) to
medium and long wave reflectance. Significance values are derived from Paired
Wilcoxon Signed Rank Tests (rstatix ver. 0.7.0 (Kassambara 2021)), and dotted
horizontal lines are the hue values of the respective substrates. Y axis scales

based on variation in hue respective to each visual model.

Pairwise Wilcoxon testing found significant change in hue on blue, red, and
yellow substrates based on all visual models, and as on green substrates to
tetrachromat vision. Hue increased (i.e. the ratio of shortwave to longer wave
light increased) for crabs on blue ( trichromat: + 0.0419, Vop = 0.004,
tetrachromat: + 0.131, Vo p = 0.004, dichromat: + 0.0632 Vo p = 0.004), yellow
substrates (trichromat: + 0.0278, V2 p = 0.023, tetrachromat: + 0.0784, V3 p =
0.039, dichromat: + 0.0 449, V1 p = 0.016), and green for tetrachromat vision (+
0.136, Vop = 0.031) but decreased on red in for all visual models (trichromat: -
0.0497, V77 p =0.027, tetrachromat: -0.157, V77 p < 0.01, dichromat: -0.0786,
V77 p = 0.027).
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Figure 11: Change in colour JND (just noticeable difference) of crabs on
coloured substrates in chromatic change experiments, for each visual model
used.

Significance levels are derived from Paired Wilcoxon Signed Rank Tests (rstatix
ver. 0.7.0 (Kassambara 2021)). Horizontal lines are blue: JND values of 3,
below which crabs are considered discriminable from the substrates only under
good lighting conditions, and red: JND value of 1, below the threshold crabs can
be discriminated from their substrate. Y axis scales based on variation in colour

JND respective to each visual model.

In terms of colour matching, similar patterns of absolute change were found
(Figure 11), but these changes did not always result in improved colour
matching. Statistically significant improvement (reduction in JND) was found on
blue across all predator vision models (trichromat: - 1.000, Vs p = 0.004,
tetrachromat: -1.791, Va2 p = 0.02, dichromat: -0.792, Vs p =0.004), and on red
to tetrachromat ( -1.147, V7s p = 0.022). There was a statistically significant
decrease in matching on yellow to trichromat (+0.727, V2 p = 0.023) and
dichromat vision (+ 1.077, V1 p = 0.016), as well as on green to tetrachromat (+
2.127, Vo p = 0. 031) and red to dichromat (+ 0.612, V14 p = 0.027).
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Simplification for the overall change in chromatic values reduced all full models
(see methods) to just substrate colour (dichromat - Hue: F3,32 = 10.051, p <
0.001, Colour JND: F3,32 = 6.798, p = 0.0011, trichromat - Hue: F3,32 = 10.907,
p <0.001, Colour JND: F3,32 = 16.79, p < 0.001, tetrachromat - Hue: F3, 32 =
13.774, p < 0.001, Colour JND: F3,32 = 11.248, p < 0.001,) (See Table 6, Table
7, Table 8, and Table 9).

For the hue model, Tukey post-hoc testing found significant differences in hue
change for all visual systems between blue and red (dichromat: estimate =
0.142 T32 = 4.605 p < 0.001, trichromat: estimate = 0.0916 Ts2 =4.814 p <
0.001, tetrachromat: estimate = 0.288 Ts2 = 5.395 p < 0.001), green and red
(dichromat: estimate = 0.139 T32 = 3.958 p = 0.0021, trichromat: estimate =
0.0905 T32 =4.181 p = 0.0012, tetrachromat: estimate = 0.294 T3> =4.829 p <
0.001), and red and yellow substrates (dichromat : estimate = -0.123 T3z = -
3.868 p = 0.0027, trichromat: estimate = -0.0775 T32 =-3.929 p = 0.0023,
tetrachromat: estimate = -0.236 Ts2 = -4.256 p < 0.001).

In the Colour JND model, Tukey post-hoc testing found significant differences in
Colour JND change between blue and green substrates (dichromat: estimate =
-1.565 T32 = -3.011 p = 0.0248, trichromat: estimate = -1.956 T32 =-6.117 p <
0.001, tetrachromat: estimate = -3.917 T32 = -4.574 p < 0.001) and between
blue and yellow for all visual models (dichromat: estimate = -1.404 T3z =-2.931
p = 0.0300, trichromat: estimate =-1.728 T32 =-5.816 p < 0.001, tetrachromat
estimate = -3.256 T32 = -4.124 p = 0.0013),), between blue and red for
dichromats (estimate = -1.869 T32 = -4.371 p < 0.001) and trichromats (estimate
=-1.000 Ts2 = -3.802 p = 0.0033, between green and red for trichromats
(estimate = 0.956 T32 = 3.193 p = 0.0159) and tetrachromats (estimate = 3.274
T32 = 4.082 p = 0.0015), and between red and yellow for tetrachromats
(estimate = -2.613 T32 = -3.578 p = 0.0059).
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Table 6: ANOVA statistics from simplified models for change in hue of crabs in
chromatic change experiments, for each predator visual model.
Includes the remaining fixed effect of substrate colour Included is R software

code ((using the Im() function in base R). Model Simplification via AIC

comparison.
Vision Model  Effect F value DF p
Dichromat Colour 10.051 3 <0.001
Trichromat Colour 10.907 3 <0.001
Tetrachromat Colour 13.774 3 <0.001

Model: Im (HueChange ~ Colour, na.action = na.omit, data =
colchange.df [Visual Model])

Table 7: Summary statistics from simplified models for change in hue of crabs

in chromatic change experiments, for each predator visual model.

Includes the remaining fixed effect of substrate colour, and R software code

(using the Im() function in base R). Model Simplification via AIC comparison.

Vision Model Source Estimate SE t p
Dichromat (Intercept) 0.0632 0.0237 2.671 0.0118
Green -0.00305 0.0374 -0.084 0.936
Red -0.142 0.0308 -4.602 <0.001
Yellow -0.0184 0.0345 0.532 0.5984
Trichromat (Intercept) 0.0419 0.0146 2.864 0.00732
Green -0.00107 0.0231 -0.046 0.964
Red -0.0916 0.0190 -4.814 <0.001
Yellow -0.0141 0.0213 -0.663 0.512
Tetrachromat (Intercept) 0.131 0.0411 3.191 0.00317
Green 0.00543 0.0649 0.084 0.934
Red -0.288 0.0534 -5.395 <0.001
Yellow -0.0526 0.0598 -0.879 0.386

Model: Im (HueChange~ Colour, na.action = na.omit, data =

colchange.df [Visual Model])
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Table 8: ANOVA statistics from simplified models for change in colour JND of
crabs in chromatic change experiments, for each predator visual model.
Includes the remaining fixed effect of substrate colour, and R software code

(using the Im() function in base R). Model Simplification via AIC comparison.

Vision Model Effect F value DF p

Dichromat Colour 6.798 3 0.00113
Trichromat Colour 16.79 3 < 0.0001
Tetrachromat Colour 11.248 3 <0.0001

Model: Im (Col.JND.Change ~ Colour, na.action = na.omit, data =
colchange.df [Visual Model])

Table 9: Summary statistics from simplified models for change in colour JND of
crabs in chromatic change experiments, for each predator visual model.
Includes the remaining fixed effect of substrate colour, and R software code

(using the Im() function in base R). Model Simplification via AIC comparison.

Vision Model Source Estimate SE t p
Dichromat (Intercept) -0.792 0.329 -2.410 0.0219
Green 1.565 0.520 3.011 0.00505
Red 1.869 0.428 4.371 <0.001
Yellow 1.404 0.479 2.931 0.00620
Trichromat (Intercept) -1.001 0.202 -4.947 <0.001
Green 1.956 0.320 6.117 <0.001
Red 1.000 0.263 3.802 <0.001
Yellow 1.728 0.295 5.861 <0.001
Tetrachromat (Intercept) -1.791 0.542 -3.306 0.00234
Green 3.917 0.856 4.574 <0.001
Red 0.643 0.705 0.913 0.368
Yellow 3.256 0.790 4.124 <0.001

Model: Im(HueChange~ Colour, na.action = na.omit, data = colchange.df
[Visual Model])
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Figure 12: Change in luminance of crabs on coloured substrates in chromatic

change experiments, for each visual model used.

Luminance channels derived from single photoreceptor channel for crabs, the

longwave channel for dichromat, the medium wave channel for trichromat, and

the double cone cells for tetrachromat. Significance values derived from Paired

Wilcoxon Signed Rank tests (rstatix ver. 0.7.0 (Kassambara 2021)). Dotted

horizontal lines represent the luminance values of the gravel substrates. Y axis

scales based on variation in luminance respective to each visual model.
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Figure 13: Change in luminance JND values of crabs on coloured substrates in
chromatic change experiments, for each visual model used.

Significance levels are derived from Paired Wilcoxon Signed Rank Tests (rstatix
ver. 0.7.0 (Kassambara 2021)). Horizontal lines are blue: JND values of 3,
below which crabs are considered discriminable from the substrates only under
good lighting conditions, and red: JND value of 1, below the threshold crabs can
be discriminated from their substrate. Y axis based on variation in luminance

JND respective to each visual model.

With regards to luminance, it increased (crabs became brighter) on blue, green,
and yellow substrates for all visual systems, and remained the same on red
substrates (Figure 12). Significant change was only found on blue and yellow
substrates however, with Wilcoxon testing finding significant increases across
all visual models on both blue (Crab: + 0.0563, Vo p = 0.004, trichromat: +
0.0555, Vo p = 0.004, tetrachromat: + 0.0563, V1 p = 0.008, dichromat: + 0.0562
Vo p = 0.004) and yellow substrates (Crab: + 0.0430, Vo p = 0.008, trichromat +
0.0450, : Vo p = 0.008, tetrachromat: + 0.0469, V1 p = 0.008, dichromat:
+0.0431, Vo p = 0.008).
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While luminance matching improved (reduced JND) on blue and yellow
substrates, it decreased (non-significantly) or at least remained the same on red
and green (Figure 13) . All visual models except tetrachromat recorded a
significant improvement on blue substrates (Crab: - 13.041, Vas p = 0.004,
trichromat: - 9.185, Vs p = 0.004, dichromat: - -12.763, Vas p = 0.004) while all
visual models recorded a significant improvement on yellow substrates (Crab: -
6.956, Vs p = 0.008, trichromat: - 10.281, Vss p = 0.008, dichromat: - 7.562, V3s
p = 0.008, tetrachromat: -10.438, V3s p = 0.008). Crabs on blue substrates also
underwent a noticeable increase in matching for the tetrachromat visual model,
but this was not found to be statistically significant (- 3.981). A noticeable
decrease in matching was found in crabs on green substrates to dichromat

vision (+ 3.667), but not to a statistically significant degree.

The luminance model simplified to just substrate colour (F3, 32 = 3.8704, p =
0.0181, Table 10 and Table 11), with Tukey post-hoc tests finding significant
differences between only blue and red substrates (estimate = 0.0543 T3z =
3.085 p = 0.0207). The luminance JND model also simplified to just substrate
colour (Fs,32 =12.343, p < 0.001, Table 12 and Table 13). Tukey post-hoc
testing found significant differences between blue and green (estimate = -
9.6516, T32 =-4.019 p = 0.0018), blue and red (estimate = -9.6851, T3> = -4.901
p < 0.001), green and yellow (estimate = 8.7185, Ts2 = 3.543 p = 0.0065), and
red and yellow substrates (estimate = 8.8521, Tz2 = 4.274 p < 0.001).

Table 10: ANOVA statistics from the simplified model fitted to change in
luminance of crabs in chromatic change experiments.

Includes the remaining fixed effect of substrate colour, and a random effect of
crab ID was included to account for repeated measures from individuals. Also
included is R software code (dependent on the LME4 package (Bates et al.
2015)). Model Simplification via AIC comparison.

Effect F value DF p

Colour 3.870 32 0.0181

Model: Imer(LumChange ~ Colour + (1|ID), na.action = remove, data =

colchange.df)
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Table 11: Summary statistics from the simplified fitted to change in luminance
of crabs in chromatic change experiments.

Includes the remaining fixed effect of substrate colour, and a random effect of
crab ID was included to account for repeated measures from individuals. Also
included is R software code (dependent on the LME4 package (Bates et al.
2015)). Model Simplification via AIC comparison.

Source Estimate SE t p
(Intercept) 0.0561 0.0135 4.144 <0.001
Colour =

Green -0.0406 0.0214 -1.898 0.0668
Colour =Red -0.0543 0.0176 -3.085 0.0207
Colour =

Yellow -0.0116 0.0197 -0.587 0.562

Model: Imer(LumChange~ Colour + (1]ID), na.action = remove, data =

colchange.df)

Table 12: ANOVA statistics from the simplified model fitted to change in
Luminance JND of crabs in chromatic change experiments.

Includes the remaining fixed effect of substrate colour, and a random effect of
crab ID was included to account for repeated measures from individuals. Also
included is R software code (dependent on the LME4 package (Bates et al.
2015)). Model Simplification via AIC comparison.

Effect F value DF p

Colour 12.343 32 <0.001

Model: Imer(LumJNDChange ~ Colour + (1]ID), na.action = remove, data

= colchange.df)
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Table 13: Summary statistics from the simplified model fitted to change in
Luminance JND of crabs in chromatic change experiments.

Includes the remaining fixed effect of substrate colour, and a random effect of
crab ID was included to account for repeated measures from individuals. Also
included is R software code (dependent on the LME4 package (Bates et al.

2015)). Model Simplification via AIC comparison.

Source Estimate SE t p
(Intercept) -90.742 1.519 -6.414 <0.001
Colour =

Green 9.652 2.402 4.019 0.0018
Colour =Red 9.685 1.976 4.901 <0.001
Colour =

Yellow 0.933 2.214 0.421 0.676

Model: Imer(LumJNDChange ~ Colour + (1]ID), na.action = remove, data

= colchange.df)

Overall, significant chromatic change only occurred on the blue and red
substrates, although not to a degree to have a noticeable effect on matching.
Predator visual systems with a greater number of different photoreceptor
sensitivities were better able to discriminate between crabs and substrate based
on chromatic differences (higher JND values, Figure 10 , Figure 11, and Table
14). Far greater change was seen in luminance values, with significant
improvement in matching on both the blue and yellow substrates. Discrimination
by predators (and assumed monochromatic crabs) was relatively similar based
on luminance differences (a similar reduction in JND values, Figure 12, Figure
13, and Table 14).
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Table 14: Mean luminance and colour change of crabs on substrates in
chromatic change experiments, with std. deviation, based on visual models for
relevant species.

Colour metrics only use dichromat, trichromat, and tetrachromat visual
information due to polychromacy/ability to discriminate colour. Luminance
metrics include crab vision. Luminance based on cone catch values of the
luminance channels where the minimum of O means no stimulation of
photoreceptors, and maximum of 1 means full stimulation. Hue values derived
from the ratio of short wave (and UV wave in tetrachromat) cone catch values to
medium and long wave cone catch values. Green highlights indicate significant
increase, red indicate significant decrease, based on Paired Wilcoxon Signed
Rank Tests (rstatix ver. 0.7.0 (Kassambara 2021)).
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Vision Colour Mean Luminance  Mean Luminance  Mean Hue Mean Colour
Luminance  SD Luminance  JND Change Hue Change Colour JND
Change JND Change SD Change Std. Dev JND Change
Change SD
Crab Blue 0.0563 0.0434 -13.041 7.442 NA NA NA NA
Crab Green 0.0161 0.0355 -0.255 9.189 NA NA NA NA
Crab Red -0.000161 0.0196 -0.984 8.726 NA NA NA NA
Crab Yellow  0.0430 0.0540 -6.956 2.925 NA NA NA NA
Trichromat Blue 0.0555 0.0488 -9.1847 5.846 0.0419 0.0272 -1.001 0.623
Trichromat Green  0.0155 0.0385 -2.293 10.910 0.0408 0.0236 0.956 0.563
Trichromat Red 0.0022 0.0196 0.755 6.929 -0.0497  0.0614 -0.0004  0.285
Trichromat Yellow  0.0450 0.0606 -10.281 9.504 0.0278 0.0330 0.727 0.934
Tetrachromat Blue 0.0563 0.0510 -3.981 4.335 0.131 0.0865 -1.791 1.579
Tetrachromat Green  0.0142 0.0419 -1.481 11.855 0.136 0.0653 2.127 0.909
Tetrachromat Red 0.0049 0.0204 -0.828 7.057 -0.157 0.170 -1.147 1.440
Tetrachromat Yellow  0.0469 0.0626 -10.438 9.470 0.0784 0.0906 1.466 2.253
Dichromat Blue 0.0562 0.0439 -12.763 7.398 0.0632 0.0398 -0.792 0.485
Dichromat Green  0.0161 0.0358 3.667 4.857 0.0602 0.0384 0.773 0.499
Dichromat Red < 0.0001 0.0194 0.829 6.468 -0.0786 0.102 1.077 1.420
Dichromat Yellow  0.0431 0.0547 -7.562 1.880 0.0449 0.0497 0.612 0.736
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Discussion

Optokinetic experiments of behavioural sensitivity indicate that C. maenas has a
single photoreceptor class, with a peak sensitivity in the green-blue, or
mediumwave, range of the spectrum. The Stavenga template, a generally
accepted model for absorbance, fits a peak sensitivity of Amax at 496.12nm. This
aligned well with past electrophysiological experiments (Bruno, Mote, and
Goldsmith 1973; Martin and Mote 1982), albeit slightly shifted towards the
shortwave. Monochromacy was further supported by a lack of any evidence of
the ability to discriminate between colours. There was evidence of selection
based on visible information when stimuli were black and white, with a
preference for black which reduced when it became the aversive stimulus. Any
selection based on appearance was lost when the stimuli changed to
isoluminant blue and green patterns. Finally, there was some statistically
significant chromatic change in coloration, but most improvement was
achromatic, especially on blue and yellow substrates. While there were some
differences in the chromatic results between visual models, luminance changes
(both in general and specific to matching) were notably similar across visual
systems. When colour change data were analysed using models of based on C.
maenas vision, crabs responded most to substrates they least matched based

on luminance cues and only when substrates were brighter than themselves.

First, the results of the optokinetic experiments are as expected. Despite the
issue of optomotor/optokinetic responses potentially being monochromatic (as
motion vision has been found to be monochromatic in various species, such as
goldfish (Schaerer and Neumeyer 1996) and Drosophila (Yamaguchi et al.
2008)), the behavioural measures aligned well with past electrophysiological
data. While the methods could potentially have missed a second photoreceptor
type if motion vision is monochromatic in C. maenas, the previous studies found
the mediumwave photoreceptor to be at least the dominant type (Bruno, Mote,
and Goldsmith 1973; Martin and Mote 1982). With regards to the latter, Martin
and Mote did find a single C. maenas photoreceptor with a significantly lower
Amax in the shortwave (Martin and Mote 1982), this was a single sample in a
study in combination with another species (Callinectes sapidus). Regardless, C.
maenas spectral sensitivity seems dominated by a photoreceptor type

maximally sensitive at ~490-520nm. As stated previously, dichromacy cannot
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be discounted given the common shortwave/UV sensitive R8 rhabdomere in
crustaceans (Warrant and Nilsson 2006) (e.qg. in fiddler crabs (Rajkumar et al.
2010), and stomatopods (Marshall, Kent, and Cronin 1999; Marshall, Cronin,
and Frank 2003)), but based solely on the results of these experiments C.

maenas appears functionally monochromatic.

Correspondingly, the discrimination experiments showed no evidence of
selection based on chromatic information. While there is evidence for colour
vision in crustaceans (in other crab species (Detto 2007; Baldwin and Johnsen
2012) and in more distantly related species (Daly et al. 2017; Marshall, Jones,
and Cronin 1996)), monochromacy is still present in crustaceans (see (Marshall,
Kent, and Cronin 1999)). There is the possibility that training was not
successful, and crabs failed to reliably differentiate between stimuli not because
they lacked the capacity to discriminate the chromatic differences, but because
the association between the stimulus and outcome had not adequately been
formed. The preference displayed on black could simply be due to a preference
for dark refuges as an antipredator strategy (seen in C. maenas (Wale,
Simpson, and Radford 2013) and other crustaceans (Guerra-Bobo and Brough
2011; Rossong et al. 2011)) or a stress response given the aversive stimulus.
Given crabs that received a shock when interacting with the black stimulus
chose it ~10% less often than those that did not, this indicates some
discrimination is present, although the increased selection of black in the final
trial weakens this (Figure 9). When compared to random choices displayed by
crabs on both chromatic stimuli, this implies that discrimination is not occurring,
most likely due to the loss of reliable cues. Assuming C. maenas is dichromatic
with a second shortwave sensitive photoreceptor type as found in (Martin and
Mote 1982), stimuli should have been discriminable if colour vision is present
given the presumed increased shortwave reflectance of the blue stimulus
versus the green, and the preference for green over blue (assuming perception
as a darker stimuli) should be present. Ultimately my results are not definitive
but are at least indicative of a lack of colour discrimination. Molecular
examination of opsin expression (as seen in (Rajkumar et al. 2010)) may be the
most effective assessment of monochromacy versus dichromacy, and ultimately

colour discrimination, given the lack of behavioural responses to colour.
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Considering the requirements of C. maenas vision outside of potential
background matching, it is unsurprising that colour vision is not apparent.
Assuming monochromacy, or at least a dominant sensitivity in the mediumwave
region, then the position of peak sensitivity aligns well with useful wavelengths
in the environment. C. maenas is a predominantly aquatic species, and they will
be subject to the effects of light transmission through water, even at shallow
depths during sub adult stages. Penetration is greatest in the upper-
mediumwave region of the visible spectrum, and slightly lower in the open
ocean (Clarke and James 1939). Additionally, during twilight and low light level
periods, the maximum downwelling irradiance almost exactly aligns with peak
sensitivity of C. maenas, between 490nm and 520nm (Forward, Cronin, and
Douglass 1988), especially in shallower depths. This means that C. maenas
can take maximal advantage of the most abundant wavelengths in their
environment, during periods of higher activity (Almeida, Flores, and Queiroga
2008; Naylor 1958). By focusing sensitivity to this region of the spectrum, C.
maenas specialises to a reliable source of light information, without the
fluctuation of other wavelengths. C. maenas is also predominantly nocturnal,
active at low light levels. This necessitates maximising the efficiency of vision
given the limited amount of light. Theoretical studies imply that monochromacy
may allow for maximum absolute sensitivity (Van Hateren 1993; Osorio and
Vorobyev 2005). Overall sensitivity is directly dependent on the number and
size of photoreceptors, and the size of the eye (Land and Nilsson 2012). To
achieve at least traditional colour discrimination, the total number of
photoreceptors capable of being housed in one eye must be split between two
or more photoreceptor types, also dividing the maximum sensitivity over those
types. In vertebrates with multiple receptor-sensitivities, photoreceptor channels
are pooled for absolute sensitivity, however in apposition eyes this may be less
common (Land and Nilsson 2012) (although not unheard of (Warrant,
Porombka, and Kirchner 1996)). If possessing multiple photoreceptor
sensitivities means a compromise in overall sensitivity to a key range of
wavelengths, by adopting monochromacy crabs can maximise sensitivity during

period where activity is highest and available light is lowest.

With regards to other aspects of their ecology, they are omnivorous scavengers

and opportunistic predators of other marine invertebrates (Crothers 1968; Neal
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and Pizzolla 2008; Rangeley and Thomas 1987; Shelton and Mackie 1971)
generally searching for food via chemosensory cues (Shelton and Mackie
1971). This is evidenced by the impact of flow rate on foraging efficiency
(Robinson, Smee, and Trussell 2011) (as well as the lack of visual association
in early behavioural trials). It is therefore unlikely that they are using vision in
foraging, especially at distance, and given the breadth of their diet it is unlikely
that colour discrimination is needed in the identification of food resources. In
these experiments, initial attempts at colour discrimination trials involved
unsuccessful appetitive stimulus training, using a food reward present in the
tank, with the aim of forming an association with the colour presented. While
there was some evidence of selection associated with the food item, it only
lasted if the food reward was presented with the stimulus. Upon the removal of
the stimulus the decision making reverted to random, which while not definitive

at least implies that vision is not a key cue for foraging.

Finally, an alternative use of vision in C. maenas is in predator detection and
responses. This is most likely in predators that are out of the water prior to
attacks, such as sea birds (Crothers 1968; Dumas and Witman 1993) where
other cues may not be transmitted. However simple flight responses to looming
stimuli would not require colour vision, especially as predators will often be
backlit by the sun, with the silhouetted predator highly contrasting the
background in terms of luminance (or polarization, found in C. maenas (Shaw
1966) and associated with flight responses in other crab species (How et al.
2015; Smithers, Roberts, and How 2019)). Another aspect of this is the location
of and hiding in for refuges (Wale, Simpson, and Radford 2013). This is unlikely
to be dependent on colour vision, simple intensity cues are likely to guide these
behaviours (as seen in the preference for darker stimuli in initial behavioural
choice trials in this experiment), as dark regions as will be a cue of these
sheltered regions.

Following the apparent lack of colour vision, only significant change in colour
with regards to matching was achromatic (brightness), fitting well with past
research on the species (Carter, Tregenza, and Stevens 2020; Stevens 2016;
Stevens, Lown, and Wood 2014b). With regards to wider crustacean colour
change, restriction to mostly brightness change is also found in other crab

species (e.g. (Stevens, Rong, and Todd 2013) and (Hemmi et al. 2006)), as well
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as in prawns occupying a similar niche (Siegenthaler et al. 2018). Other marine
crustaceans do exhibit significant chromatic change (e.g. kelp-dwelling crabs
(Hultgren and Stachowicz 2008), as well as caridean shrimp (Green et al. 2019;
Keeble, Gamble, and Hickson 1900; Duarte, Stevens, and Flores 2018) and
isopods (Lee 1966) both changing from red to green). These chromatic
responses often seem dependent on grazing substrate to achieve matching
(although ontogenetic factors may impact isopod change (Hultgren and
Mittelstaedt 2015)), which as mentioned could be an alternative/supplementary
cue for change. Diet could affect colour change not just as a sensory cue, but
also in terms of materials needed for any changes. Crabs were all fed a specific
diet, unlikely to match their broad omnivorous diet in the wild (Grosholz and
Ruiz 1996; Le Roux, Branch, and Joska 1990; Rangeley and Thomas 1987). It
could be that key nutrients needed for noticeable chromatic change were
absent from the diet, although the commercial crustacean food used is
marketed based on nutrients to promote coloration. In addition, a lack of
meaningful chromatic change was seen on all substrates, but significant
achromatic change was recorded (reducing mismatch) so the diet provided was
at least sufficient for that. Alternatively, stress may have an impact on chromatic
change (detailed further in Chapter 5), but as with diet, significant achromatic
change still occurred. Achromatic changes were similar across all visual models
used. In comparison, chromatic changes, both the degree of change, and the
direction overall change between substrate colours varied between visual
models. This is to be expected however, as the respective sensitivities of each

visual model will affect the quantified measures of colour.

Interestingly, despite the lack of apparent colour vision, there was a “correct”
response on both blue and red substrates, where hue (a measure of the ratio of
short versus longer wavelengths, loosely corresponding to blue and red)
increased on blue and decreased on red. This matched the direction of the hue
values of the gravel substrates (Figure 10). This was affirmed in the results of
JND analysis, except for dichromat visual systems, where matching decreased.
The reason for the latter’s apparent reversal of the trend is unclear, as the
difference between crab hue and substrate hue (based on the dichromat visual
model) decreased, indicating an increase in matching. This does not seem to be

an error in analysis and could be due to the lack of actual red sensitivity in the
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dichromat model used. Pollack’s “longwave” channel had a peak sensitivity of
Amax ~521nm (Shand et al. 1988), so while the hue calculations showed an
decrease in the difference between the SW:LW ratio of crabs and substrates,

this may not correspond directly to discrimination.

The shift in relative red reflectance is not unexpected given C. maenas
possesses three recorded chromatophore types with red, black, and white
pigments respectively. This would imply there should be some ability to adjust
coloration. At the very least crabs should change in terms of “redness” by
dispersion and aggregation of the pigments within the red chromatophores.
While we found no evidence of colour discrimination, achromatic contrast cues
could have stimulated this change. Based on my spectral sensitivity model, C.
maenas is significantly more sensitive to shortwave than long wave stimuli. This
leads to the perception of the red substrate being significantly darker than the
blue (Figure 12). An appropriate response if this is the case is an overall
dispersal of pigments within the darker chromatophores, and likely the red as
well given their similar responses to the melanophores (Powell 1962b). This

would result in an increase in the ratio of longwave/red reflectance.

On top of large-scale changes in coloration post moulting or primary response
to light, aspects of chromatic change seem to be dependent on ecdysis.
Individual coloration is associated with moult cycle, outside of camouflage (Lee
and Vespoli 2015; Reid et al. 1997). An integument pigment of C. maenas is a
blue carotenoprotein (Amax ~625nm (peak absorbance) (Garate et al. 1984))
which denatures to release the red pigment astaxanthin, which is potentially a
cause of colour change towards red in crabs with prolonged inter-moult periods,
as the carotenoprotein is denatured by heat and light over time (Reid et al.
1997). Moulting will remove these denatured pigments with the old integument,
presumably resulting in a reduction of longwave reflectance relative to
shortwave. This could mean that crabs that had yet to have a record of colour
close to ecdysis at the start of experiment (as there was no sure way of knowing
time since last moult) would have moulted during the experimental period,
shedding the denatured integumentary carotenoprotein and potentially reducing
reflectance of longwave light. Such a reduction in longwave reflectance may
ultimately increase hue and improve matching on blue substrates. Considering

that the greatest luminance mismatch was on blue, moulting may have occurred
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more frequently than red/the other substrates to adjust luminance matching,
resulting in a greater/more rapid loss of longwave reflecting astaxanthin. It is
worth noting that for this experiment, moulting frequency was not recorded, so
this cannot be confirmed directly, only by the change in crab luminance.
Additionally, given the previously mentioned similarity in responses of red and
black chromatophores (Powell 1962b) the red chromatophores may simply be
melanophores with denatured pigments responding with non-denatured
chromatophores. Molecular analysis of pigments and direct examination of
chromatophore behaviours is needed to confirm this.

Statistically significant changes in coloration aside, the implications of the
chromatic changes recorded in relation to camouflage are less meaningful.
While the colour change was similar across all crabs on a substrate, the
magnitude of that change is not indicative of a significant chromatic change for
camouflage, as there was not a uniform trend towards improving camouflage.
JND only decreased for crabs on blue substrates for all visual systems, and red
to tetrachromat vision (as well as a statistically non-significant amount to
trichromat vision). For the rest of the substrates/visual models, colour JND
increased indicating a decrease in matching. As well as the lack of uniform
colour matching improvement, the degree of change is not likely to be
meaningful when considering camouflage success. Given no individual crab
achieved a JND score below one, compared to the gravel substrate, it is
unlikely colour matching would be significant enough avoid predator
discrimination and prey detection. The greatest matching was found in a crab
from the cohort on blue substrates, which achieved a final IND score of 3.656
(based on dichromat vision), which lay above even a conservative metric for

“matching”.

It is worth noting that the artificial substrates used were unlike those likely to be
encountered in natural environments. Primarily treatments were uniform and
highly saturated colours. While some highly saturated substrates may be found
(e.g., macroalgae or encrusting sponges in rockpools), they are likely to be part
of heterogenous environments, and uniform habitats of C. maenas tend to be
less saturated (e.g., dark mud or pale sand substrates). The rationale behind
the use of such unnaturally saturated substrates was to provide the maximum

difference between both the treatments themselves, and treatments and the

84



initial crab coloration (dark green-grey of mudflats). This was thought to allow
for maximum discriminability of treatment colour by crabs (if chromatic
discrimination is possible) and stimulate maximum change in colour to increase
effect size and clarity. In addition, past work on C. maenas chromatic change
used colours based on natural environments and found little change (Stevens,
Lown, and Wood 2014b). In species compared to natural backgrounds,
correlations between substrate luminance and colour have been proposed as
mechanisms that allow colourblind cephalopod species to still change achieve
effective chromatic matching (Duarte, Flores, and Stevens 2017). While this
may allow for chromatic matching on natural substrates in C. maenas, it has
been noted that chromatic matching of C. maenas is effective in their mudflat
habitats, but less so in the rockpool habitats (Nokelainen et al. 2017; Price et al.
2019; Todd et al. 2006; Todd et al. 2012) (detailed later in this discussion).

Regardless of change in the wavelengths reflected, all crabs showed significant
luminance improvement on all substrates except red. The greatest response
across all visual models was seen in crabs on the blue substrate, and this
corresponds with the greatest initial mismatch (Figure 12 and Figure 13). The
greater initial difference requires a commensurately greater brightness change
to improve matching. This corresponds to past research on the species
(Stevens 2016; Stevens, Lown, and Wood 2014b). Given they must have some
luminance perception, it is reasonable to assume the crabs are responding to
the information from the background, especially based on the greater change
on substrates individuals initially mismatched. Their lack of sensitivity to
red/longwave spectra ((Bruno, Mote, and Goldsmith 1973; Martin and Mote
1982), and Figure 6, Figure 7, and Figure 8) means it is likely the red substrate
appeared darker to them than the other ones. Crabs came from the Penryn
mudflats, one of the darkest habitats (Nokelainen et al. 2019; Price et al. 2019)
it is reasonable to assume that they had already achieved the darkest coloration

possible.

While tetrachromatic predators seem to be able to significantly discriminate
between crab and substrate coloration (the high JND values in Figure 11), the
other two species seem well less able to differentiate between the crabs and
substrate colour. Initial luminance differences between crabs and substrates

tended to be perceived as being greater than chromatic ones (based on JND
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scores in Figure 11 versus Figure 13). Additionally, juveniles/subadults are at
significant risk of predation by larger conspecifics (Moksnes 2004; Moksnes,
Pihl, and Montfrans 1998), and if my results are accurate these would also be
monochromats, and even if not they are likely to be dichromats with limited
colour discrimination. Brightness differences are likely to be more perceptible to
these predators, applying a greater selective pressure on matching that aspect
of the habitat, rather than the specific hue of that habitat. Considering C.
maenas’ activity patterns, the times when they may be most exposed to
predators and-or camouflage is less valuable are at low-light periods (Almeida,
Flores, and Queiroga 2008; Crothers 1968). Even predators with colour
discrimination may be relying on brightness cues over chromatic ones at night
(reviewed in (Kelber, Yovanovich, and Olsson 2017)), potentially increasing the
value of achromatic matching compared to chromatic matching.

As previously mentioned, recent research has shown an association between
C. maenas camouflage strategies and the habitat types they are in (Price et al.
2019). Background matching is significantly more common in uniform habitats
(e.g., mudflats), while disruptive patterns are more common (and more
effective) in heterogenous habitats (e.g., rockpools). Crabs tend to match the
colour of mudflats, and the variation in rockpools limits colour matching, so
change in colour may be of less use. Instead, C. maenas seems to switch from
background matching (including colour) on mudflats to disruptive coloration on
rockpools, that is less dependent on chromatic matching. Research indicates
that luminance matching alone can improve the effectiveness of disruptive

markings (Stevens et al. 2006), which is within C. maenas’ ability to change.

Despite some gaps in the data available, the results indicates that C. maenas is
monochromatic, with a single photoreceptor class in the mediumwave region of
the visible light spectrum. Colour discrimination trials while limited, did not
indicate any behavioural colour discrimination, even though coloured stimuli
should have had both achromatic and chromatic differences if C. maenas is
dichromatic. Despite possessing chromatophores that should allow chromatic
change, there was no meaningful improvement in chromatic matching, while
luminance change was more noticeable, in line with past research on this
species. When crab colouration was analysed using a model created from the

spectral sensitivity data collected in the optokinetic experiments, luminance
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change was greatest on backgrounds which crabs significantly differed from,
supporting the assumption colour change is guided by monochromatic vision. In
terms of C. maenas natural habitats, chromatic matching seems only reliable on
uniform mudflats and prohibited by the significant variation in heterogenous
rockpool habitats. As crabs already tend to match the coloration on mudflats,
there is little need to adjust chromatically in these habitats, and with the
effectiveness of camouflage strategies other than background matching in
heterogenous habitats, chromatic change for matching may have less adaptive
value. Ultimately, C. maenas colour change for camouflage seems to be
dominated by the secondary response from the eyes which, lacking apparent
colour discrimination, limit gross colour change to luminance responses. This
may not limit C. maenas camouflage, as colour matching remains effective on
uniform habitats, and the variation in other habitats may limit colour matching’s
effectiveness. This adds to the growing field examining the sensory processes
facilitating camouflage, and provides evidence of lack of chromatic

discrimination apparently restricting colour change
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Chapter 3: Spatial vision and
pattern change for camouflage
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Abstract

Carcinus maenas displays significant variation in patterning. This variation is
strongly associated with habitat heterogeneity. Crabs on uniform backgrounds
tend to have little patterning and uniform coloration, while more patterning and
greater variation is found in heterogeneous habitats. C. maenas’ ability to adjust
brightness may extend into changing the distribution of light and dark areas of
the carapace to match these habitats. Given C. maenas’ compound eyes are
less able to resolve fine detail in the environment, pattern perception may limit
pattern change responses as small patterns may not be resolved, detected, and
ultimately stimulate a response. To test the relationship of C. maenas spatial
vision with pattern change, crab acuity was measured using optokinetic
responses to rotating grids of varying sizes. This was used to create
backgrounds with patterns either large enough to resolve or too small to
resolve. Pattern change was then recorded and compared between crabs on
these patterned backgrounds and a uniform control. Acuity measurements
aligned well with previous data on similar species, with a strong positive
relationship with body size. Larger crabs tended to possess greater acuity.
Individual acuity did not affect crab pattern change within treatments, but crab
pattern change did vary with background patterning. Pattern contrast
significantly increased on the large-patterned backgrounds, with less change on
the small-patterned background, and little to no change on the uniform. Only
crabs on large backgrounds improved pattern matching, with crabs on uniform
backgrounds starting already matching, and crabs on small patterned
backgrounds did not improve pattern matching. There was no directional
change in pattern size and distribution, with crabs apparently possessing a fixed
carapace pattern whose conspicuousness can be changed by adjusting
contrast between elements. Ultimately C. maenas pattern change allows for
change between a binary of patterned to uniform not limited by acuity, enabling
matching effective camouflage strategies to mesoscale habitats.
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Introduction

In the previous chapter, C. maenas whole-body colour change was found to be
almost solely achromatic, corresponding to an apparent lack of chromatic
discrimination. However, C. maenas appearance is not limited to total
achromatic and chromatic reflectance. The spatial variation in these within an
individual, i.e., patterning, will also be crucial for successful matching. An
individual matching the overall reflectance of a patterned habitat is likely to be
conspicuous simply because its uniform coloration will stand out against the
background (Hailman 1978), and the outline of the individual will be
conspicuous by breaking patterns they are viewed against (Thayer and Thayer
1909). Animals often occupy a range of habitats, and these habitats can vary
drastically in the patterning of backgrounds needing to be matched. Ergo, the
ability to adjust within body patterns as well as overall reflectance should
provide further benefits by allowing camouflage to be tuned to habitats of
different brightness, but also habitats where the spatial distribution of brightness
varies. Patterning can be split into two elements — the distribution, or shape and
size of pattern elements, and the contrast/difference in intensity between
pattern elements. Both pattern distribution and pattern contrast can theoretically
change, the former resulting in ‘new’ patterns both in distribution and size, while

the latter adjusts the salience of existing patterns.

Colour change, specifically to improve camouflage, is found across multiple
taxa (comprehensively reviewed in (Stevens 2016; Duarte, Flores, and Stevens
2017)). Much of the research has focussed on whole body changes in
reflectance in various species, including terrestrial (Burtt 2009; Filshie, Day, and
Mercer 1975; Peralta-Rincon, Escudero, and Edelaar 2017; Eacock et al. 2017,
Eacock et al. 2019) and marine arthropods (Duarte, Stevens, and Flores 2018;
Green et al. 2019; Wenner 1972; Stevens 2016; Stevens, Rong, and Todd
2013), reptiles (Stuart-Fox, Moussalli, and Whiting 2008; Stuart-Fox, Whiting,
and Moussalli 2006), amphibians (Kang, Kim, and Jang 2016; Polo-Cavia and
Gomez-Mestre 2017), and fish (Sumner and Keys 1929; Stevens, Lown, and
Denton 2014; Ramachandran et al. 1996). Changes in pattern contrast and
distribution should not only allow for tuning of coloration to specific
backgrounds, but also shifting between camouflage strategies to maximise

effectiveness (Hanlon et al. 2009). While background matching improves overall
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survival compared to a lack of matching, detectable features will still be present.
Body outlines can be detectable even when individuals match background
colour and brightness, and may limit the effectiveness of background matching
(Thayer and Thayer 1909; Cott 1940). Disruptive coloration functions to
obscure other salient features used in prey identification, specifically outlines of
various body parts (Thayer and Thayer 1909; Cott 1940). By creating false
edges where part of the body matched parts of the backgrounds, the body
outline is disrupted preventing detection based on object recognition (Cuthill et
al. 2005). This false edges can often be more salient than the real edges of an
individual as a result of higher contrast, further breaking up individual shape to
reduce detection (Sharman and Lovell 2019). Disruptive coloration has been

demonstrated in multiple species, across multiple taxa

Adjustment of pattern to adjust camouflage strategies has been well
documented in cephalopods (Allen, Mathger, Barbosa, et al. 2010; Barbosa et
al. 2008; Barbosa et al. 2007; Hanlon et al. 2009) and those bony fish that have
had their colour plasticity investigated (Akkaynak et al. 2017; Kelman, Tiptus,
and Osorio 2006; Ramachandran et al. 1996; Allen et al. 2015; Tyrie et al.
2015). There is experimental evidence of cephalopods swapping between
camouflage strategies from background matching, with patterning directly
comparable to substrate granularity, to disruptive markings that interact with
background patterns to break individual outlines (Barbosa et al. 2008; Barbosa
et al. 2007; Hanlon et al. 2009). Similar behaviour has also been found in
flatfish species (Akkaynak et al. 2017) , which have an even stronger

relationship with resting substrates, given their resting proximity to them.

The camera type eyes of both fish and cuttlefish are characterised by greater
visual acuity over other eye systems (relative to eye size) (Caves, Brandley,
and Johnsen 2018; Cronin et al. 2014). These species are unlikely to face
difficulty in resolving fine detail, especially not the information needed for
background perception. In fact, cuttlefish have had extensive investigation into
the role of their vision in patten change (reviewed in (Chiao, Chubb, and Hanlon
2015)). Multiple aspects of backgrounds are integrated in cuttlefish pattern
change responses, including intensity and contrast (Barbosa et al. 2008; Chiao,
Chubb, and Hanlon 2007; Chiao and Hanlon 2001a), edge detection (Chiao,
Kelman, and Hanlon 2005), object area (Chiao and Hanlon 2001b), and object
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depth (Kelman, Osorio, and Baddeley 2008). Compound eyes have received
little to no attention regarding their role in pattern change, but their resolution
should be at a disadvantage against camera type eyes of the same size.
Species with compound eyes tend to be limited given the greater size of
individual photoreceptors relative to the eye, increasing the interreceptor angle
which is associated with reduced acuity (Land and Nilsson 2012; Land 1997).
My guestion here is: What are the visual and background-matching capacities
of species with compound eyes that are also under predation pressure to match
the spatial qualities of their environment?

C. maenas possesses two compound eyes, with the relative disadvantage in
acuity associated with them. Whether this disadvantage is enough to
compromise pattern matching is less certain. C. maenas theoretically possess
no minimum focal distance, due to the structure of compound eyes allowing for
a depth of field that abuts close enough to anything needing resolving (Land
and Nilsson 2012; Cronin et al. 2014). Consequently, even small patterns
should be resolvable as long as the eye can be brought close enough to them.
With an epibenthic lifestyle, its proximity to substrates coupled with the minimal
focal distance should compensate for the reduced acuity. Crabs will be close
enough to resolve most information at the distance of their background.
Regardless of this, C. maenas occupies a variety of habitats where pattern
matching is crucial. Acuity likely varies between individuals, with most variation
resulting from size differences, given the association between compound eye
size and acuity (Caves, Brandley, and Johnsen 2018; Feller et al. 2021). Past
work on Callinectes sapidus, the blue crab, has shown that acuity can vary
significantly depending on time to or since the most recent moult (Baldwin and
Johnsen 2011). Individuals approaching moulting display a rapid decrease in
acuity, as the integument over the eyes separated as the new one forms,
creating an interference layer between photoreceptors and external information.
This increases as crabs exit the old moult and distance between the new and
old ocular integument increases. Once moulting occurs, the previous
integument no longer acts as a barrier to light and a subsequent increase in
acuity is recorded (Baldwin and Johnsen 2011). In addition to this the previous
moult likely accrues damage at various scales through abrasion or other

external effects (Greco 2011; Greco et al. 2013) which could also further reduce
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acuity. This is important as C. maenas colour change is greatest immediately
following moulting (Nokelainen et al. 2019; Stevens, Lown, and Wood 2014b;
Styrishave, Rewitz, and Andersen 2004; Stevens 2016; Stevens, Rong, and
Todd 2013), therefor a marked increase in acuity should coincide with when it
would be of most use in pattern perception.

C. maenas is found across spatially varied habitats; from uniform mudflats,
algal beds, and mussel beds to rockpool environments where spatial and
spectral information varies at multiple scales (Nokelainen et al. 2017; Price et
al. 2019; Todd et al. 2006; Todd et al. 2012). Crab phenotype is associated with
the visual environment, with patterned crabs more commonly found in patterned
environments (Nokelainen et al. 2017; Stevens, Lown, and Wood 2014a; Todd
et al. 2006; Todd et al. 2012). There is even more differentiation at the small-
scale between microhabitats, and certain pattern elements are conserved
across habitat type. There are also associations in phenotype with age. Larger
and older crabs tend towards a more generalist camouflage strategy, younger
crabs — those occupying the greatest range of visual environments — vary more
in degree of patterning and coloration (Nokelainen et al. 2019). Documented
examples include overall brightness matching on mudflat habitats, and
disruptive coloration in rockpools and other spatially varied habitats (Nokelainen
et al. 2017). These strategies have been demonstrated as being the most
effective for their respective habitats, with crab coloration being a good match
for mudflat environments, while the increased variation of rockpools limits colour
matching, but allows effective disruption (Price et al. 2019). A variety of factors
could potentially cause this association.

First, the association between crab and habitat patterning could be a result of
differential selection by predators in the short term, combined with fixed
phenotypes. In this scenario, individuals with various body patterns alight in
different habitats during settlement. Individuals that do not match their
environment (crabs with large, high contrast patterns in uniform habitats and
vice versa) suffer higher predation rates than those that do. There is increasing
experimental evidence of the direct adaptive value of camouflage in living
systems (Duarte, Stevens, and Flores 2018), prey models (Walton and Stevens
2018; Vignieri, Larson, and Hoekstra 2010), and virtual experiments (Bond and

Kamil 2002; Nokelainen et al. 2019). This could lead to a dominant population
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that matches the environment they are found in. This has already been called
into question however, with past research highlighting the disparity between the
abundance of patterned juveniles and the relative scarcity of patterned sexually
mature adults (Hogarth 1978). The argument being a patterned adult population
should persist in habitats where patterning increases survival (e.g., rock pools).
It has also been noted that the degree of predation would need to be especially
high to have a significant effect on phenotype abundance, given the overall
abundance of C. maenas within habitats (Nokelainen et al. 2017). Finally, crabs
across habitat types in the south west of England have been shown to be one
genetic population (Silva et al. 2010), with indications of intermixing between
geographically separate populations, which would not be expected if specific

fixed patterns were being selected for in specific locations.

Second, there could be some degree of post-settlement habitat selection by
crabs. Selection of backgrounds has been demonstrated to improve camouflage
in various species, both terrestrially (e.g. selection of nest site in ground nesting
birds (Stevens et al. 2017), and moths selecting and orienting with background
features (Kang et al. 2012)), and aquatically (e.g. prawns selecting algal
substrates that matched their body colour (Green et al. 2019), ghost crabs
choosing backgrounds that improve matching based on body brightness (Uy et
al. 2017), killifish choosing background that contained patterns based on
orientation of body markings (Kjernsmo and Merilaita 2012)). Habitat selection
is already seen in the crab’s post-larval stage at settlement (Moksnes 2002),
and extends beyond that to the subadult life stages once transitioned to an
epibenthic habitat. Other crab species have been shown to select habitats that
improve matching (Uy et al. 2017) and it has been suggested as a reason for
the phenotype-background association in shore crabs, especially at the small
scale (Todd et al. 2012; Nokelainen et al. 2017). While not dependent on colour
change, this process would still require identification of substrate patterning.
Individuals either recognise similarities between themselves and the habitat and
preferentially select those they match. This likely occurs on the very fine scale
(see (Nokelainen et al. 2017; Todd et al. 2012)) as crab movement will be
limited by size, and distance between different habitat types may be too great

for crabs to safely move between. Crabs have been demonstrated to move
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kilometres over a period of hours (Ameyaw-Akumfi and Naylor 1987), but

individuals doing so simply for background selection seems unlikely.

Finally, as stated above, there is significant evidence of colour change resulting
in improved matching in shore crabs (Stevens, Lown, and Wood 2014b, 2014a;
Bedini 2002) as well as other crab (Stevens, Rong, and Todd 2013; Hultgren
and Stachowicz 2008) and intertidal invertebrate species (Stevens et al. 2015;
Keeble, Gamble, and Hickson 1900; Manriquez et al. 2009). Multiple crab
species possess circa-tidal rhythms of colour change( e.g. (Stevens, Rong, and
Todd 2013; Darnell 2012; Fingerman 1956; Fingerman, Lowe, and Mobberly
1958; Fingerman and Yamamoto 1967)), some examples seeming to improve
camouflage (Rao, Fingerman, and Bartell 1967; Brown Jr and Sandeen 1948).
C. maenas colour change happens in artificial settings when crabs are placed
on different backgrounds, seen both in past research (Stevens, Lown, and
Wood 2014b, 2014a; Stevens 2016; Mynott 2019) and the previous chapter of
this thesis. In natural settings, it should happen both at the site of settlement
and when crabs travel to new habitats either deliberately or by outside forces
(e.g., wave action). The ability to adjust gradually or grossly to changing
habitats permits a wider range of optimal habitats, providing greater access to
resources without compromising crypsis. The previously mentioned studies on
crabs changing colour have focussed primarily on whole body reflectance
changes, rather than within-crab patterning (although some note of change in
pattern conspicuousness was made (Stevens, Lown, and Wood 2014b)). What
has been less studied is the pattern change for camouflage in these species.
Given the variety of habitats that any given C. maenas individual could
potentially occupy, and the lack of large-scale control habitat they settle in, the
ability to tune pattern to match backgrounds (even to a limited degree), should
be useful. It is proposed to be the main reason for meso-scale habitat matching
in past research (Nokelainen et al. 2017). While the results of the previous
chapter indicate significant chromatic change is not present in C. maenas, this
does not rule out the ability to adjust patterns. These are often highly
contrasting, comprised of light and dark elements (Nokelainen et al. 2017,
Nokelainen et al. 2019; Price et al. 2019), and disruptive camouflage is effective
when luminance is matched to the environment (Stevens et al. 2006), which is

within the scope of achromatic colour change. If this is the case, and C. maenas
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can adjust the distribution and-or contrast of its patterning, then the ability to
change these patterns should be limited by its ability to detect them, as well as
the pattern change mechanisms themselves. C. maenas colour change is
primarily morphological, unlike that of other species whose pattern change for
camouflage has previously been investigated ((Akkaynak et al. 2017; Barbosa
et al. 2008; Barbosa et al. 2007; Smithers, Wilson, and Stevens 2017; Williams
et al. 2019; Zylinski, Osorio, and Shohet 2009a; Kelman, Tiptus, and Osorio
2006; Ramachandran et al. 1996; Tyrie et al. 2015; Kang, Kim, and Jang 2016;
Chiao and Hanlon 2001a)), lacking the rapid (and potentially fine-scale) control

of the physiological changes in, for example, cephalopods and fish.

In this experiment the change in pattern, both contrast and pattern
size/distribution of C. maenas was measured on backgrounds of varying spatial
complexity and related back to acuity. The sample population of crabs had their
acuity measured using their innate optokinetic response, based on the minimum
size of rotating grid they could track. This was then used to create background
pattern sizes above and below the threshold of acuity (based on a limited
minimum focal distance). Crabs’ patterns change on these backgrounds and a
uniform control over eight weeks was then recorded via digital image analysis.
Colour change was compared between background patterning, alongside the
acuity of individuals, to assess whether acuity limits change in pattern in C.
maenas. | predicted that if C. maenas possess no minimum distance to “focus”
then acuity should have little to no impact on their pattern change behaviour,
and responses should differ between the small-patterned and uniform
treatment. If crabs do possess such a limit, then we would expect to see a
threshold in acuity where crabs on sufficiently small-patterned backgrounds
change pattern in a similar fashion to those on uniform backgrounds. | assumed
the unresolved pattern elements would be blurred, being functionally perceived

as lacking patterns.

Methods

Sample collection and housing

Crabs were collected by hand from the mudflats of the River Fal at Penryn
(Lat/Long: 50.1697,-5.0989) during low tides at the beginning of September
2021. Mudflats were sampled due to the known uniformity of crab coloration
(Nokelainen et al. 2019; Price et al. 2019) in these areas, ensuring a reasonably
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homogenous starting population minimising initial variation in the samples
across treatments. In addition, crab body size was preferentially selected for,
with a cephalothorax width range of 10mm to 25mm, based on the shifts in
patterning with ontogeny countered by the abundance of smaller individuals,
whilst still being large enough to be physically robust for use in experiments.
Crabs were placed into individual plastic containers before being transported
directly back to the laboratory where they were transferred to individual
containers with a neutral background (black gravel of a similar luminance to the
resting substrate they were collected from) and quarantined for one week to
ensure health prior to experiment start. Three batches of crabs were collected,
two on consecutive days, and a third two weeks later due to changes in low tide
times. All crabs were housed for a total of 10 weeks, with one week of
quarantine at the start and end of the eight- week experiments. The latter
sample was run two weeks behind the initial two samples but were
photographed at the same time of day as the rest of the cohort. All crabs were
returned to the sample site, excepting those that died (all due to complications
during moulting). Fatalities were stored in the laboratory’s -20°C freezer, prior

to incineration.

Crabs were distributed across two 45cm by 120cm tanks filled with ~150 litres
of freshly made saltwater (to a depth of ~20cm using Aquarium Systems Instant
Ocean Salt made up to a concentration of ~29-31 %o). Crabs were individually
housed in the same 60mm diameter plastic containers as the chromatic change
experiments. Individual housing was necessary for two reasons. Firstly C.
maenas is known to be cannibalistic (Moksnes 2004; Moksnes, Pihl, and
Montfrans 1998). Anecdotal evidence from prior experiments show conflict
readily occurs between individuals in proximity, often leading to loss of limbs
and other damage. Secondly it allowed for recognition of specific individuals
needed for repeated measure of colour for colour change. During initial
guarantine, individuals were housed on black aquarium gravel to best mimic the
dark uniform mud of the mudflats. During the experiment crabs were randomly
assigned one of three background patterns detailed below and remained on it
for the rest of the time they were housed in the lab.

Crabs were housed under a 12-hour daylight cycle with 0700-1900 being

illuminated with broad spectrum tank lights. The remaining time crabs remained
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left in darkness, with a gradually ramping up and down of lights respectively to
mimic dawn and sunset. Crabs were fed ad libitum every Monday, Wednesday,

and Friday, using Hikari Crab Cuisine Crustacean food (Kyorin Co. LTD).

Acuity measurements

At the end of the initial quarantine, individuals had their behavioural acuity
measured. This used the digital optomotor drum developed by Martin J How
(University of Bristol), used in the first chapter to assess behavioural spectral
sensitivity. It is even better suited to measures of acuity than spectral sensitivity
for multiple reasons. First, the issue of spectral tuning is no longer an issue —
grids of black and white were used for maximum contrast, with no need to
match specific colours as in the spectral sensitivity assessments. Second, the
virtual drum allows automatic change in grid size, rather than needing physical
grids to be manually replaced to adjust grid size in a physical drum. This
markedly sped up data collection, minimising the amount of time individuals
spent out of water. Experiments were conducted out of water as mounting
individuals to the harness was simpler and presented less risk for the individual
outside of water. This allowed for almost total restriction of body movement,
while still allowing for eye movement recording without noise from other body

motion.
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Figure 14: Virtual Optomotor set up.

Four LCD screens arranged in a square, offset with each other to create a drum
diameter of 260mm. Top image — arrangement of screens. Bottom image —
example of crab position relative to screens. Example grid set to 10 cycles. One
cycle consisting of one black bar and one white bar (as defined in (Caves,
Brandley, and Johnsen 2018)). NB crab in image is a 3D-printed model, used in

lieu of a live crab.

Prior to their acuity measurement each crab was removed from their individual
container and measured at the widest point of the cephalothorax (the rearmost

set of spines in all cases) using digital callipers. They then had three marks in
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white paint applied as with the prior optokinetic experiments (Chapter 1). One
mark to the back of each eyestalk to aid in tracking movement, and a third on
the cephalothorax to act as a stabiliser against any other movement of the crab
that could interfere with eye movement recording. Crabs were attached to a
4mm diameter piece of bamboo dowelling using white tack, which was in turn
super-glued to an Amazon Basics desk tripod (amazon.co.uk). This was placed
on a black fabric base in the centre of four HP X24c (23.6") FHD Curved
Monitors (selected for sized, resolution, and the curved screen aiding in the
illusion of a cylindrical arena). Screens were offset (seen in Figure 14) to reduce
the arena base size to 260mm x 260mm. Crabs were placed directly over a
marker indicating 130mm from each screen to ensure all crabs were viewing

stimuli from the same distance (Figure 14).

Once crabs were placed in the drum, the screens were turned on to display a
uniform white background and the camera placed above the drum was set to
record. The program then ran starting with an additional 10 seconds of white
background, before grids appeared. The trial ran from largest grids to smallest,
starting at a value of one cycle per screen, a cycle being one grid of each colour
was present on each screen (one 130mm diameter white bar, and one 130mm
diameter black bar). One cycle was displayed for 30 seconds to ensure
optokinesis started. Individuals that did not respond to this size were treated as
non-responsive and had their acuity capped at zero cycles for ease of analysis.
Following the initial 30 seconds, cycles increased by one (from one black and
one white, to two of each) and ran for 10 seconds, then to four cycles for 10
seconds, and followed this pattern for the remainder of the experiment, with one
cycle being added, up to a total of 30 cycles. This grid number was chosen as it
was lower than, but close to the acuity of a comparable species (Callinectes
sapidus) measured in a similar fashion (Baldwin and Johnsen 2011). Given the
smaller size of individuals sampled (all were subadults <15mm CT
(cephalothorax) diameter at the start of experiment) | assumed that the
minimum resolvable angle would lie above this point given the relationship
between body size and eye size, and eye size and overall acuity (Land and
Nilsson 2012; Caves, Brandley, and Johnsen 2018; Warrant and Nilsson 2006).

Following initial trials, this was cut to 22 cycles, as no crab responded to cycles
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greater than 18, which continued throughout the trials. This was done to reduce

the time crabs spent outside of the water.

Grid width at the final full response (eye tracking for the duration of the stimulus
period) was used with the fixed viewing distance to calculate the minimum angle
crabs responded to which was used as the measure of acuity. Minimum
resolvable angle is a commonly used measure of acuity (Caves, Brandley, and
Johnsen 2018; Feller et al. 2021; Land 1997; Snyder 1977), and has been used
in assessing acuity in other crab species (Baldwin and Johnsen 2011). It allows
for a measure of the minimum size of object resolvable, independent of viewing
distance, as the latter will affect the former. Once the optomotor sequence had
completed, crabs were removed from the drum still attached to the tripod,
carefully removed from the white tack, and were then returned to quarantine
containers in the holding tank. Acuity was measured this way for all crabs prior
to the start of colour change experiments, and then two more times during the
experiment, once at the midpoint following week four photographs, and a final
time at the end of colour change experiment. An average acuity measure was
used as it was assumed acuity would fluctuate within individuals with multiple
factors (size (Caves, Brandley, and Johnsen 2018), proximity to moult (Baldwin
and Johnsen 2011)).

Pattern Change Experiments

Following initial acuity measurements, the same crabs were used in pattern-
change experiments. Crabs were placed on backgrounds of varying pattern for
eight weeks, and their colour change was recorded. Crabs were assigned one
of three potential backgrounds. These were a uniform grey (RGB 127, 127, 127)
at a midpoint between white (RGB 255,255,255) and black (RGB 0, 0, 0), a
large-patterned background consisting of 5mm squares of black and white, and
a small-patterned background of 0.5mm black and white squares (see Figure
15). The former was used as an analogue of granular background such as
rockpool environments. The latter size was used as a mimic of finer
backgrounds such as sand substrates and lay at the lower end of measured
acuity, at the approximate minimum MRA based on the initial acuity
measurements. Based on a viewing distance of 10mm, this pattern should be
unresolvable. This distance was selected based on the average size of crabs,

and an estimate of the subsequent distance from eyes to the base of the
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container. Alternatively, if the assumption regarding a lack of minimum focal

distance is correct, then this pattern should be resolvable.

Figure 15: Experimental Containers for pattern change experiments.

Left to right - large treatment (5mm?), small treatment (0.5mm?) , uniform
treatment (grey set to halfway between black and white elements of patterned
backgrounds. Containers measured 6.5mm diameter. Container lids consisted
of a screw top with the centre cut out and replaced with plastic mesh, to allow
entry of light and fresh saltwater while keeping crabs contained. Holes drilled in

the side of containers to aid in fresh saltwater flow.

Crabs were randomly assigned to background types using a random
assignment script in R, where an individual's ID number (assigned haphazardly
via the order acuity was measured) was paired with a number from one to three
corresponding to a background. This was done ensuring even distribution for as
balanced an experimental design as possible. Due to sample mortality during
the eight weeks, some difference in the sample size of each background
occurred. Of the 90 initial samples, 17 died prior to the eight week end-date,
and were not included in the final sample. All backgrounds were printed on HP
Tough waterproof paper, lining both the base and the walls of the container to a
height of 50mm to ensure the pattern was visible regardless of crab orientation.
Printed backgrounds, rather than gravel of varying dimensions, were used as
they afforded greater control over pattern size and viewing distance. Gravel
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would allow crabs to burrow allowing a greater range of viewing distances.
Examples of the experimental containers are shown above (Figure 15). Ethical
approval for both the optokinetic and pattern change experiments was obtained
in the ethical application titled “Acuity and Change in Pattern for Camouflage”
using the University of Exeter’s Worktribe ethics system, implemented in 2021

(no reference number).

Digital Photography

Before crabs were placed into their experimental backgrounds, initial
photographs were taken to provide a baseline measure of colour and pattern
which change was compared to. This was done using standard protocol
detailed in previous chapters (Figure 4), but in brief; crabs were cleaned using a
natural bristled toothbrush to remove any algal growth and particulate matter
that could affect coloration. Crabs were then placed in a PTFE cylinder (both to
contain the individual during photography and to diffuse illumination and reduce
shadows) on a grey craft foam background (to minimise reflection during
photography). A two-brightness grey spectralon standard (96.2% and 4.5%
reflectance values) with a built-in scale bar was also included. Crabs were
photographed with a Nikon D7000 with the built in UV (ultraviolet) filter
removed, under a broad-spectrum arc lamp (70 W, 6500K Iwasaki Colour Arc
Lamp, with UV filter removed). Visible and UV photographs were taken using an
external filter (Baader Planetarium, Mammendorf, Germany). This is the
established protocol for digital image analysis of coloration, especially in small
invertebrates (Duarte, Stevens, and Flores 2018; Green et al. 2019; Nokelainen
et al. 2017; Nokelainen et al. 2019; Price et al. 2019; Stevens, Lown, and Wood
2014b, 2014a; Troscianko et al. 2021; Walton and Stevens 2018). Photographs
took place five times, once at the start of the experiment, and then every two
weeks for a total of eight weeks. Samples of the backgrounds were also

photographed at the end of the experiment for comparison of matching.

Following initial photography, crabs were transferred from holding containers to

their experimental containers and returned to their respective tanks.

Moulting Behaviour
Across the entire experiment, starting at the point of initial acuity measurement,
crab moulting behaviour was recorded. This was done to within 12 hours, as

moulting that occurred between the hours of 1900-0800 (when the lab was not
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occupied) would not be found until the following day. This allowed not only for
an assessment of moult frequencies effect on the rate of colour change, both
pattern and overall luminance to avian vision, but also to confirm past evidence
of ecdysis’ effect on acuity in arthropods and especially crustaceans (Baldwin
and Johnsen 2011).

Image Analysis

As with previous experiments, images of crabs were loaded into the MICA
(Multispectral Image Calibration and Analysis) toolbox in ImageJ software
(imageJ version: 1.52 (Schneider, Rasband, and Eliceiri 2012) MICA Toolbox
Version: 2.2 (Troscianko and Stevens 2015)). Due to camera misfunction during
the initial photographs, a subset (samples 55-82 inclusive) of photos were
photographed as JPEG files, rather than RAW files. Given the non-linear nature
of JPEG files these photos were linearised using the inbuilt function in the
toolbox but were grouped together so any difference in results for JPEG vs
RAW photographs could be accounted for during analysis. Regardless of initial
file format, all samples had visible and UV photographs compiled into MSPEC
(multispectral) file. This aligned images with the speculon standard to control for
variation in light conditions, and linearise reflectance (Troscianko and Stevens
2015; Stevens et al. 2007). Crabs’ cephalothorax diameter and scale bar were
recorded, and the crab cephalothorax (minus any particulate matter and
damage which could obscure patterning) was isolated for pattern and luminance
analysis. As previously stated, this is due to it being the most visible part of the
crab when resting, as limbs are often tucked beneath the cephalothorax.
Images were then run through a receptor noise model based on avian vision.
The receptor noise model was based on Vorobyev and Osorio’s receptor noise
model (Vorobyev and Osorio 1998). The visual model used was of the Peafowl
(Pavo cristatis (Hart 2002)), used as an analogue for other tetrachromatic
predators of crabs (e.g. Herring and other gulls). This visual system comprises
longwave, mediumwave, shortwave, and very-shortwave ultraviolet cone types.
Only avian vision was used due to lack of significant difference in the luminance
response of predator visual systems previously investigated in Chapter 1, also
seen in past research in the species (Nokelainen et al. 2017) and specifically

relating to patterning (Price et al. 2019). Dichromat pattern (Total Pattern
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Energy) results are provided in Appendix 3A as an example of the lack of

difference.

Samples were then analysed to record both average luminance (relative to
peafowl vision) of the area selected, as well as being put through granularity
analysis to assess pattern energy of the selected area. This has been used in
pattern assessment in other species (e.g. cuttlefish (Barbosa et al. 2008; Chiao
et al. 2011), and bird eggs (Stoddard and Stevens 2010)) as well as C. maenas
patterning (Nokelainen et al. 2017; Nokelainen et al. 2019; Price et al. 2019;
Stevens, Lown, and Wood 2014a). Granularity analysis involved the filtering of
each image via Fast Fourier bandpass filtering at multiple spatial scales. This
filtering started at five pixels, increasing by a factor of 1.1 to a maximum pattern
size of 750 pixels (approximately the size of the smallest crab). At each spatial
frequency, energy (measured as the standard deviation of the pixel values at
each scale (Troscianko and Stevens 2015)) was produced. Larger markings
(lower spatial frequencies) were recorded by small filter sizes, and vice versa of
smaller markings. Higher values of pattern energy indicate greater pattern
contrast at that specific size. Summed pattern energy across all pattern scales
(Total Pattern Energy) and the marking size with the highest energy (dominant
marking size) were recorded for comparison both within individuals to compare
ability to respond to patterns, and between treatments to compare effects of
pattern size on these responses. Pattern energy at each spatial scale measured
was also recorded to produce pattern energy spectra, used in assessing
background pattern matching. Pattern matching was quantified using the MICA
toolbox’s pattern and luminance difference calculator, based on the difference
between crab and background pattern energy at each pattern size measured. |
followed the methods of (Price et al. 2019), where the absolute difference
between two spectra — in this case each crab carapace compared to the
background it was on — was calculated across each spatial scale measured.
This produced scores of Pattern Energy Difference (PED), where high scores
indicate poorer alignment either in amplitude (amount of energy/contrast level)
or shape (the pattern sizes where energy is high or low) and therefore poorer
pattern matching, with lower values indicating better pattern matching between
crabs and backgrounds. PED has been used in measuring background

matching in C. maenas (Price et al. 2019), as well as fish (Smithers, Wilson,
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and Stevens 2017) and birds (Stevens et al. 2017; Troscianko, Wilson-
Aggarwal, et al. 2016). While crabs were primarily compared against
experimental backgrounds (checked patterns/uniform grey), a subset of the
natural substrate images from (Price et al. 2019) were compared as well. These
were only used for qualitative comparisons, as the photo-standards and camera
used, as well as distance between camera and subject/standard differed
between experiments and could not fully be accounted for in analysis. A sub set
of 15 uniform (mudflat) and 14 heterogenous (rockpool) natural substrate
photos had their respective pattern data (Figure 22) averaged and used in PED
calculations compared to crabs from all three treatments (Figure 20). Finally,
MSPECs were scaled based on the 40mm scale bar in all images to ensure
comparison of crab and background pattern size was consistent across all

images.

Overall luminance was also recorded to compare change in average
background matching, not only in crabs on uniform backgrounds, but also those
on patterned backgrounds. Luminance has been used in the previous chapter
and is a measure of achromatic reflectance based on intensity per unit of area
for the dominant achromatic channel for observers. This was done to test the
assumption that background patterns below the acuity threshold of individuals
should be unresolvable and appear as a uniform background of the average

luminance of pattern elements.

Statistical Analysis

Acuity was modelled, specifically the maximum number of grids per screen
resolvable. This was used over the MRA values (minimum resolvable angle,
calculated based on grid width and the 130mm viewing distance), due to
normality of the data, and improved model fit. Fixed effects of crab size,
proximity to moult (days moulting took place prior/post acuity measure), the
interaction between the two, and the timepoint of measurement
(start/middle/end of experiment) were included, with a random effect of

individual crab to account for repeated measures.
Imer(Number of Grids Per Screen ~ Size*ProximityToMoult + Timepoint + (1|ID)

Image data was extracted from imageJ as .CSV files and transferred to R

statistical software (R Development Core Team 2020) for statistical analysis.
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Pattern change measures were split into two separate formats, the first using
the long data set comparing the effect of time (day of photograph) on pattern to
test for colour change. Four models, one for each of dominant marking size,
total pattern energy, Pattern Energy Difference (PED the difference between
crab and background energy at each pattern size measured), as well as
luminance (brightness to predator perception) averaged across the crab were
fitted against fixed effects of day, pattern size, average acuity, moult frequency.
Interaction effects of day and pattern size were used to measure the effect
background pattern on the rate of change in crab pattern metrics/luminance. In
addition, two three way interactions were added, combining day, pattern size,
and acuity or moult frequency, to determine if crab acuity and-or moult
frequency affected rate of change on each of the backgrounds. Also added
were random effects of crab ID to account for repeated measures of individuals,
and filetype to account for any effects of the difference between RAW and
JPEG files because of the error during photography. Crab size was not included

as a fixed effect, as it was not retained in models from Chapter 1.

The un-simplified R code (R Development Core Team 2020) for these models

was:

Imer(*Pattern Metric/luminance* ~ Day*Pattern. Size*Av.Acuity + Day*Pattern.
Size*MoultFrequecy + (1|ID) + (1|FileType)

Alongside these models, single measures of change (produced by calculating
total change in pattern measures/luminance from the start to the end) were
fitted to models to compare the effects of background patterning, average
acuity, moult frequency, as well as the interaction effects of all fixed effects. The
random effect of Filetype was also included for the same reason as above.

Lmer(*Change in Pattern Metric/luminance* ~ Pattern.

Size*Av.Acuity*MoultFrequecy + (1|FileType)

All models were fitted using the Imer() function (based on normality,
transformability, and model residual fit) from the LME4 package in R (Bates et
al. 2015). Model simplification was via assessment of AIC values and effect
significance. Un-simplified model output can be found in Appendix 2C.
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Results

73 crabs had acuity measures taken, completed the eight-week colour change
experiment and moulted at least once (assumed to be needed for significant
colour, luminance, and pattern change). This was broken down into 24 crabs on
large-patterned backgrounds, 25 on small-patterned backgrounds, and 24 on

uniform backgrounds.

Acuity Measurements

Acuity measured across the experiment revealed several interesting trends.
Firstly, acuity fit well with our predictions based on prior information of crab
acuity. All crabs had acuity measures taken at the three timepoints, and the
average acuity for each crab (minimum resolvable angle) ranged from 18.3° to
3.6°. There is a noticeable positive relationship between crab size and acuity,
with larger crabs possessing greater acuity (smaller minimum resolvable angle:
Figure 16) than smaller individuals. With every millimetre increase in crab

diameter, the minimum resolvable angle reduced by 0.368 + 0.09.

We did not find a clear link between acuity and proximity to moult as found in
(Baldwin and Johnsen 2011). While there was some evidence of an increase in
acuity in crabs measured soon before moulting (based on loess smoothing due
to the assumed non-linear relationship between acuity and proximity to moult
Figure 17) there is no noticeable trend due to large amounts of noise. The crabs
with the lowest MRA (highest acuity) were found to have moulted within the

three days prior to their measurement.
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Figure 16: Crab acuity compared against size in pattern change experiments.
Acuity metric is the minimum resolvable angle, based on a complete response
to minimum resolvable grid. Lower minimum resolvable angle equals greater
resolving power. Size is the width of crab at the widest point, from the points of
the rearmost rostral spines. Straight line is “y ~ x” linear regression, with shaded
area showing 95% confidence intervals. Graph produced using the ggplot2 R
package (Wickham 2016).
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Figure 17: Crab acuity compared against proximity to moult from pattern
change experiments.

Acuity metric is the minimum resolvable angle, based on a complete response
to minimum resolvable grid. Proximity to moult > O: acuity measurement taken
before nearest recorded moult, <0: measurement taken after nearest moult.
Line of fit produced via local regression smoothing, with shaded area showing
95% confidence intervals. Graph produced using the ggplot2 R package
(Wickham 2016). Zero on the x-axis indicates date of acuity measure, points
below zero indicate the measure was taken after nearest moult, above indicate

measure was taken prior to nearest moult.

These results were confirmed in modelling - simplification removed all fixed
effects save size (Table 15 and Table 16). Number of optomotor grids present
rather than MRA was used in modelling given its linear progression and normal

distribution as well as improved residual fit.
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Table 15: ANOVA statistics from the simplified model of crab acuity measured
in the form of maximum number of grids visible at 130mm (used over MRA due
to better model fit) in pattern change experiments.

Includes remaining fixed effect of crab size. A random effect of crab ID was
included to account for repeated measures from individuals. Included is R
software code (dependent on the LME4 package (Bates et al. 2015)). Model
Simplification via AIC comparison.

Effect F value DF p

Size 59.738 192.346 <0.001

Model: Imer(MaxFullOpt ~ Size + (1|ID))

Table 16: Summary statistics from the simplified model of crab acuity measures
in the form of maximum number of grids visible at 130mm (used over MRA due
to better model fit) in pattern change experiments.

Includes remaining fixed effect of crab size. A random effect of crab ID was
included to account for repeated measures from individuals. Included is R
software code (dependent on the LME4 package (Bates et al. 2015)). Model

Simplification via AIC comparison.

Source Estimate SE t p
(Intercept) 1.425 1.053 1.353 0.178
Size 0.450 0.058 7.729 <0.001

Model: Imer(MaxFullOpt ~ Size + (1|ID))

Total Pattern Energy change over time

There was a qualitative difference in change in total pattern energy (overall
contrast summed across all crab pattern sizes measured) between background
pattern sizes. Crabs on both small and large substrates increased overall
pattern energy with time, while crabs on uniform changed less (Figure 18).
Examples of crab pattern change can be found in Appendix 2B.
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Figure 18: Total Pattern Energy (contrast) change of crabs against time from
pattern change experiments.

Lines are linear regressions based on y ~ x. Colours correspond to background
pattern. Large = 5mm?black and white grid, small = 0.75 mm? black and white
grid, uniform = neutral grey. Shaded region corresponds to 95% confidence

intervals. Graph produced using the ggplot2 R package (Wickham 2016).

Mixed effect models fitted to the total pattern energy measures confirmed the

difference in total pattern energy. In the model fitted to longitudinal measures of

Total Pattern Energy (log transformed for normality, Table 17 and Table 18),

model simplification reduced the model to fixed effects of Day, Pattern Size, and
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the interaction effect between the two although only Day and the interaction

effect were found to have a significant effect on model fit.

Crabs on both large- and small-patterned backgrounds showed some increase
in total pattern energy, while crabs on uniform backgrounds showed a negligible
amount of change. For every day passed, total pattern energy increased by
0.00107 on the large-patterned background, 0.000495 on the small-patterned
background, and 0.000245 on uniform backgrounds.

Table 17: ANOVA statistics from the simplified model of longitudinal data of log-
transformed Total Pattern Energy (the sum of all contrast measurements at
each pattern scale - sumPower) in pattern change experiments.

Includes remaining fixed effects of day, background pattern size and the
interaction effect of the two. Includes a random effect of individual crab (ID) was
included due to repeat sampling, and Filetype (RAW vs JPEG) to remove any
variation from Photo file format. Also included is R software code (dependent on
the LME4 package (Bates et al. 2015)). Model Simplification via AIC

comparison.

Effect F value DF p

Day 62.171 273 <0.001
Pattern Size 0.411 126.086 0.664
Day:Pattern Size 8.178 273 <0.001

Model: Imer(log(sumPower) ~ Day + P.Size + Day:P.Size + (1|ID) +
(1|Filetype))
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Table 18: Summary statistics from the simplified model of longitudinal data of
log-transformed Total Pattern Energy (the sum of all contrast measurements at
each pattern scale - sumPower) in pattern change experiments.

Includes remaining fixed effects of day, background pattern size and the
interaction effect of the two. Includes a random effect of individual crab (ID) was
included due to repeat sampling, and Filetype (RAW vs JPEG) to remove any
variation from Photo file format. Also included is R software code (dependent on
the LME4 package (Bates et al. 2015)). Model Simplification via AIC

comparison.

Source Estimate SE t p
(Intercept) -2.799 0.0745 -37.553 <0.001
Day 0.0109 0.00144 7.648 <0.001
P.SizeSmall 0.0600 0.104 0.575 0.566
P.SizeUniform 0.0954 0.107 0.895 0.372
Day:P.SizeSmall -0.00512 0.002 -2.549 0.011
Day:P.SizeUniform -0.0082 0.002 -3.994 <0.001

Model: Imer(log(sumPower) ~ Day + P.Size + Day:P.Size + (1|ID) +
(1|Filetype))

Overall change in Total Pattern Energy

When comparing the overall change, crabs on both large and small patterned
backgrounds tended to increase total pattern energy, while crabs on uniform
substrates increased slightly, remained the same, or decreased pattern energy
(Figure 19).
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Figure 19: Overall change in Total Pattern Energy (contrast) of crabs over 56
days from pattern change experiments.

Large = 5mm?black and white grid, small = 0.75 mm? black and white grid,
uniform = neutral grey. Graph produced using the ggplot2 R package (Wickham
2016).

When comparing overall change in total pattern energy, the same pattern was
seen (minus the effect of day, Table 19 and Table 20). Crabs on large-patterned
backgrounds increased pattern energy on average by 0.05010, crabs on small-
patterned backgrounds by 0.03220, and crabs on uniform backgrounds by
0.00506. Post-hoc Tukey testing only found significant differences between the
large-patterned and uniform treatments (estimate = 0.0461 + 0.0129, te3.1 =
3.585, p =0.0019). No difference was found between large- and small-
patterned treatments (estimate = 0.0214 + 0.0129, te3.6 = 1.660 p = 0.2287), and
small-patterned and uniform treatments (estimate = 0.0247 + 0.0128, te3.3
=1.937, p = 0.1368.
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Table 19: ANOVA statistics from the simplified model of overall change in Total
Pattern Energy pattern in pattern change experiments.
Includes remaining fixed effect of background pattern size. Also, a random
effect of Filetype (RAW vs JPEG) in case of effects of filetype on image
analysis. Included is R software code (dependent on the LME4 package (Bates
et al. 2015)). Model Simplification via AIC comparison.

Effect F value DF p

Pattern.Size 6.376 65.287 0.003

Model: Imer(sumPower.chg ~ Pattern.Size + (1|Filetype))

Table 20: Summary statistics from the simplified model of overall change in
Total Pattern Energy pattern in pattern change experiments.

Includes remaining fixed effect of background pattern size. Also, a random
effect of Filetype (RAW vs JPEG) in case of effects of filetype on image
analysis. Included is R software code (dependent on the LME4 package (Bates
et al. 2015)). Model Simplification via AIC comparison.

Source Estimate SE t p
(Intercept) 0.050 0.011 4.404 0.033
P.SizeSmall -0.0179 0.0124 -1.438 0.155
P.SizeUniform -0.0450 0.0127 -3.549 <0.001

Model: Imer(sumPower.chg ~ Pattern.Size + (1|Filetype))

Change in Pattern Energy Difference over time

Crabs’ background matching success varied significantly with background
pattern (Figure 20). With regards to improvement over time, only crabs on large-
patterned background showed any improvement in matching, while crabs on
small-patterned backgrounds and crabs on uniform backgrounds showed little
change, although some crabs in the latter increased pattern difference (reduced
matching) from the background. Crabs on patterned treatment backgrounds
matched significantly worse than those on uniform, regardless of timepoint.
When compared to natural substrates (data derived from multispectral images

from (Price et al. 2019), averaged over multiple photographs of each natural
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substrate type), all crabs were a close match for the mudflat habitats (Figure
20). While crab matching was poorer (PED higher) on natural rockpool

substrates, it was still noticeably better than matching on artificial patterns.

Artificial Mudflat Rockpool

1.5

—_
o

Crab Background Treatment

Large
Small
Uniform

Pattern Energy Difference (PED)
o
(&)

0.0 ‘

0 20 40 0 20 40 0 20 40
Day

Figure 20: Change in Pattern Energy Difference of crabs compared to artificial
and natural substrates against time from pattern change experiments.

PED is the difference in pattern energy between crabs and a given background
— higher values (e.g., Crabs on the large artificial background) indicate a poorer
match between crab and background patterning. Data facetted into three
groups. Atrtificial indicates crabs compared to their corresponding artificial
substrate (i.e.: crabs placed on large backgrounds only compared to large
background etc.) used in colour change experiments. All crabs from all
treatments from this experiment were also compared to both natural substrates;
mudflats (uniform) and rockpools (heterogenous) collected in past experiments.
Colour corresponds to crab background treatment. Large = 5mm? black and
white grid, small = 0.75 mm? black and white grid, uniform = neutral grey.
Straight lines are basic linear regressions based on “y ~ x”. Shaded areas
correspond to 95% confidence intervals. Graph produced using the ggplot2 R
package (Wickham 2016).
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When longitudinal PED data was modelled (Table 21 and Table 22), pattern
size regardless of day was found to have a significant effect on model fit
alongside day and the interaction effect of Day and Pattern Size. Crab pattern
matching was significantly worse on large-patterned backgrounds (Mean PED =
1.373 £ 0.058) than small-patterned and uniform, and worse on small-patterned
backgrounds (Mean PED = 0.963 + 0.014) than uniform (Mean PED = 0.041 £
0.032).

Additionally, the change in matching over time varied between treatments
(Table 21 and Table 22). Only crabs on large-patterned backgrounds showed
any significant improvement, with PED reducing by approximately 0.00109 +
0.00014 per day. In the other two treatments pattern matching changed only a
small amount, with crabs on small-patterned backgrounds improving matching
(PED decreases by 0.000188 = 0.00019 per day), and crabs on uniform
worsened matching (PED increasing by 0.000156 + 0.0002 per day).

Table 21: ANOVA statistics from the simplified model of longitudinal data of
Pattern Energy Difference in pattern change experiments.

Includes remaining fixed effects of Day, Background (P.Size) and the interaction
effect of the two. A random effect of individual crab (ID) was included due to
repeat sampling, and Filetype (RAW vs JPEG) to remove any variation from
Photo file format. Included is R software code (dependent on the LME4

package (Bates et al. 2015)). Model Simplification via AIC comparison.

Effect F value DF p

Day 21.802 265.000 <0.001
P.Size 10147.990 128.296 <0.001
Day:P.Size 21.781 265.000 <0.001

Model: Imer(PED ~ Day*P.Size + (1]ID))
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Table 22: Summary statistics from the simplified model of longitudinal data of
Pattern Energy Difference in pattern change experiments.

Includes remaining fixed effects of Day, Background (P.Size) and the interaction
effect of the two. A random effect of individual crab (ID) was included due to
repeat sampling, and Filetype (RAW vs JPEG) to remove any variation from
Photo file format. Included is R software code (dependent on the LME4

package (Bates et al. 2015)). Model Simplification via AIC comparison.

Source Estimate SE t p

(Intercept) 1.403 0.00694 202.343 <0.001
Day -0.001 0.000138 -7.865 <0.001
P.SizeSmall -0.436 0.00970 -44.893 <0.001
P.SizeUniform -1.367 0.00981 -139.352 < 0.001
Day:P.SizeSmall 0.000902 0.000193 4.675 <0.001
Day:P.SizeUniform 0.00125 0.000195 6.383 <0.001

Model: Imer(PED ~ Day*P.Size + (1|ID))
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Overall change in Pattern Energy Difference
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Figure 21: Total change in Pattern Energy Difference of crabs over 56 days
from pattern change experiments.

Used to measure Pattern Matching (between crab and respective treatment
background), as opposed to Figure 19 showing pattern contrast. Colour
corresponds to background pattern. Large = 5mm?black and white grid, small =
0.75 mm? black and white grid, uniform = neutral grey. Graph produced using
the ggplot2 R package (Wickham 2016).

Crabs on both large- and small patterned backgrounds showed improvement in
pattern matching, while uniform showed little change (indicated by a decrease
in PED, Figure 21). When modelling overall matching change, only background
type remained after simplification (Table 23 and Table 24). Both crabs on large-
and small patterned backgrounds improved pattern-matching overall, while
crabs on uniform backgrounds worsened pattern-matching, but only by a
negligible amount. Significant differences were only found between the large-
and small-patterned treatment (estimate = -0.044 + 0.0121, tea = -3.619, p <
0.001) and the large-patterned and uniform treatment (estimate = - 0. 0569 *

0.012, tes.2=-4.742, p < 0.001) via post-hoc Tukey testing. No significant
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difference was found between crabs on small-patterned backgrounds and
uniform backgrounds (estimate = -0.013 £ 0.012, te3.5=-1.092, p = 0.522).
Crabs on large-patterned backgrounds reduced PED by -0.054 + 0.050 on
average, while crabs on small-patterned backgrounds reduced PED by -0.010 +
0.016. Crabs on uniform backgrounds increased PED by 0.003 + 0.04.

Table 23: ANOVA statistics from the simplified model of overall change in PED
in pattern change experiments.

Includes remaining fixed effect of Background. A random effect of Filetype
(RAW vs JPEGQG) in case of effects of filetype on image analysis. Included is R
software code (dependent on the LME4 package (Bates et al. 2015)). Model
Simplification via AIC comparison.

Effect F value DF p

Pattern.Size 12.458 64 < 0.001

Model: Imer(PED.chg ~ Pattern.Size + (1|Filetype))

Table 24: Summary statistics from the simplified model of overall change in
PED in pattern change experiments.

Includes remaining fixed effect of Background. A random effect of Filetype
(RAW vs JPEGQG) in case of effects of filetype on image analysis. Included is R
software code (dependent on the LME4 package (Bates et al. 2015)). Model
Simplification via AIC comparison.

Source Estimate SE t p
(Intercept) -0.0539 0.00846 -6.373 <0.001
P.SizeSmall  0.0439 0.01183 3.708 <0.001
P.SizeUniform 0.0569 0.0120 4.758 <0.001

Model: Imer(sumPower.chg ~ Pattern.Size + (1|Filetype))
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Pattern size and distribution

When plotting pattern energy spectra (Figure 22, and Figure 23 with examples
of crab coloration and spectra) energy at specific pattern sizes increased, but
the pattern sizes that changed remained the same across all days. There is a
significant difference between the average crab pattern energy at the start and
the end of the experiment, and this difference varies between background
types. This is most evident on the large backgrounds where several crabs
increased patterning at close to, albeit slight smaller than, the dominant marking
size of the background. However, the pattern sizes with peak energy did not

change across the experimental period.
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Figure 22: Crab Pattern Energy spectra faceted by day from pattern change
experiments, with background pattern spectra of artificial substrates used in
colour change experiments and a sample of both rockpool (patterned) and
mudflat (uniform) substrates.

Natural background spectra derived from those used in (Price et al. 2019).
Artificial Substrate sizes correspond to Large = 5mm? black and white grid,
small = 0.75 mm? black and white grid, uniform = neutral grey. NB.Y axis scales
are free - peak energy of backgrounds is significantly higher than that of crabs
and natural substrates. Bold lines are averages for each pattern at crabs at
each timepoint or sample natural substrates. Graph produced using the ggplot2

R package (Wickham 2016).
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Figure 23: Examples of individual crabs’ pattern energy spectra from pattern
change experiments, with presentation images of the crabs from each
treatment.
Samples used were: 28 from the Large-patterned background, 17 from the
Small-patterned treatment, and 49 from the Uniform treatment. Spectra and
images the start (Day 0), midpoint (Day 28), and end of the experiment (Day

56). Presentation images not to scale.
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There was no discernible trend in the change in dominant pattern size. While
individual crab’s dominant pattern size changed between measurements, it
seemed to do so at random. The models fitted against dominant pattern size
and overall change in pattern size both simplified to a completely empty model,
with none of the fixed effects explaining a significant amount of variation in
pattern size. While individuals changed dominant pattern size, it appeared to be
at random (Figure 24 and Figure 25).
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Figure 24: Change in dominant pattern size of crabs against time from pattern
change experiments.

Dominant pattern size characterised as the pattern size with the highest energy
(contrast) in mm. Colours correspond to background pattern. Large = 5mm?
black and white grid, small = 0.75 mm? black and white grid, uniform = neutral
grey. Lines are linear regressions with the formulae "y~x", and shaded regions
are 95% confidence intervals. Graph produced using the ggplot2 R package
(Wickham 2016).
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Figure 25: Total change in dominant pattern size of crabs over 56 days from
pattern change experiments.
Dominant pattern size characterised as the pattern size with the highest energy
(contrast) in mm. Colours correspond to background pattern. Large = 5mm?
black and white grid, small = 0.75 mm? black and white grid, uniform = neutral

grey. Graph produced using the ggplot2 R package (Wickham 2016).

While there was no noticeable association between the change in pattern size
and the background crabs were placed on, there were noticeable trends in the
patterning crabs developed. Of those which developed a distinct pattern,
multiple crabs developed extremely similar patterns. For example, 11 crabs
developed patterns (to a certain degree of contrast) comprising a pale triangular
mark with the base of the triangle at the rostrum, coupled with white markings

running below the rostral spines (see Figure 26 for examples).

126



23 Day 14 23 Day 28 23 Day 42

-

27 Day 14 27 Day 28 4l 27Day42 27 Day 56

28 Day 14 28 Day 28 28 Day 42 28 Day 56
.

~, 38Day14 ‘ 38 Day 28 38 Day 42 ‘38 Day 56

91 Day 14 91 Day 28 91 Day 42

Figure 26: Examples of crab pattern similarity in pattern change experiments.
Pattern characterised by a white triangular mark at the rostrum and white ridges
either side.

All crabs came from the same starting location. Samples 23, 27, 28, and 38
were on large-patterned backgrounds, 91 was on the uniform background.
Photos not scaled to one another. Presentation images (not raw files) made in
imageJ (Schneider, Rasband, and Eliceiri 2012), in the MICA Toolbox

(Troscianko and Stevens 2015).
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Luminance change

Luminance increased over time for all pattern types (Figure 27 and Figure 28). It
is worth noting that substrate luminance was not directly comparable when
modelled under predator vision. While the patterned substrates both had a
luminance ~0.3, the uniform substrate had a luminance closer to 0.15 despite
being based on 50% brightness, equal A and B LAB colour generation, while

the black and white pattern elements were based on 0% and 100% brightness

respectively.
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Figure 27: Crab luminance change over time from pattern change experiments,
split by background pattern.

Large = 5mm?black and white grid, small = 0.75 mm? black and white grid,
uniform = neutral grey. Lines are "y~X" linear regressions, shaded areas are
95% confidence intervals. Graph produced using the ggplot2 R package
(Wickham 2016).
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Figure 28: Total luminance change over 56 days based on number of times
moulted from pattern change experiments.

Faceted by background type. Large = 5mm? black and white grid, small = 0.75
mm? black and white grid, uniform = neutral grey. Graph produced using the
ggplot2 R package (Wickham 2016).

Regardless of this, no difference was found in luminance change between
background patterns. Modelled longitudinally, the only factors that remained in
the model were time, moult frequency and the interaction effect of the two.
Moult frequency on its own was not significant, however. Luminance increased
by 3.1 x 10 - per day for crabs that moulted once, and this increased to 5.2 x
10 4 if the crab moulted twice (Table 25 and Table 26).
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Table 25: ANOVA statistics from the simplified model of longitudinal data of
luminance in pattern change experiments.

Includes remaining fixed effects of Day, moult frequency (moultcount) and the
interaction effect of the two. A random effect of individual crab (ID) was included
due to repeat sampling, and Filetype (RAW vs JPEG) to remove any variation
from Photo file format. Included is R software code (dependent on the LME4

package (Bates et al. 2015)). Model Simplification via AIC comparison.

Effect F value DF p

Day 97.118 266 <0.001
moultcount 0.574 115.712 0.450
Day:moultcount  6.275 266 0.013

Model: Imer(Luminance ~ Day*moultcount + (1|ID) + (1|Filetype)

Table 26: Summary statistics from the simplified model of longitudinal data of
luminance in pattern change experiments.

Includes remaining fixed effects of Day, moult frequency (moultcount) and the
interaction effect of the two. A random effect of individual crab (ID) was included
due to repeat sampling, and Filetype (RAW vs JPEG) to remove any variation
from Photo file format. Included is R software code (dependent on the LME4

package (Bates et al. 2015)). Model Simplification via AIC comparison.

Source Estimate SE t p
(Intercept) 0.0491 0.00290 16.978 <0.001
Day 0.000307 0.00005 5.789 <0.001
moultcount =2 0.00346 0.00457 0.758 0.450
Day:moultcount

=2 0.000209 8.34E-05 2.504965 0.013

Model: Imer(Luminance ~ Day*moultcount + (1|ID))
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Modelling total luminance change confirmed this, with model simplification
removing all fixed effects save moult frequency. The average luminance
increase for crabs that moulted once was 0.01570455 + 0.01795689, while the
average increase for crabs that moulted twice was 0.02907787 + 0.02406707
(Table 27 and Table 28).

Table 27: ANOVA statistics from the simplified model of overall change in crab
luminance in pattern change experiments.

Includes remaining fixed effect of moult frequency (moultcount). A random
effect of Filetype (RAW vs JPEG) to remove any variation from Photo file
format. Included is R software code (dependent on the LME4 package (Bates et
al. 2015) ). Model Simplification via AIC comparison.

Effect F value DF p

moultcount 6.781 65 0.011

Model: Imer(Lum.chg ~ moultcount + (1|Filetype))

Table 28: Summary statistics from the simplified of overall change in crab
luminance in pattern change experiments.

Includes remaining fixed effect of moult frequency (moultcount). A random
effect of Filetype (RAW vs JPEG) to remove any variation from Photo file
format. Included is R software code (dependent on the LME4 package (Bates et

al. 2015)). Model Simplification via AIC comparison.

Source Estimate SE t p
(Intercept) 0.0157 0.00326 4.817 <0.001
Moultcount =  0.0134 0.00514 2.604 0.011
2

Model: Imer(Lum.chg ~ moultcount + (1|Filetype))

Discussion

Crab pattern change varied with background pattern size. Crabs on patterns
large enough to be reliably resolved, increased their pattern energy (and
therefor pattern contrast) the most, with some increase on smaller patterns at
the limit of resolution, and little to no change on uniform substrates. Individual

acuity had little to no effect on pattern change, with most variation in pattern
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energy change being associated with background pattern size. Acuity did vary
with size, with larger individuals possessing greater acuity, but no association
between proximity to moult and acuity was found. There was no directional
change in dominant pattern size, with crabs having fixed patterns that only
changed in contrast between elements. Finally, luminance increased across all
treatments with little difference between them. Greater moult frequency was

found to increase the degree of luminance change.

While acuity did not seem to impact pattern change, it did follow the predicted
trend of increasing with body size (Caves, Brandley, and Johnsen 2018; Feller
et al. 2021; Snyder 1977). This raises an interesting question in relation to
acuity, patterning, and body size. Patterning is most common and functional in
smaller crabs, which are more dependent on overall camouflage, as well as
specific pattern matching. Larger crabs, with higher acuity, should be less
dependent on pattern perception, given their trend to a uniform/generalist
camouflage strategy (Nokelainen et al. 2019). While larger eyes and increased
acuity will likely provide a benefit in terms of distance resolution, smaller crabs
will still be able to resolve patterns at proximity (i.e., those patterns in the
background being matched), given the likelihood of small minimum focal
distances. Smaller crabs will likely have smaller viewing distances than larger
conspecifics simply due to their smaller limb size positioning them closer to
substrates and widening the angle of resolution for background patterns.
Therefor it seems as if acuity, while a potential limiter in other aspects of C.
maenas visual ecology (e.g., distance viewing), has a reduced effect on pattern
change.

No association between moult proximity and acuity measured was found,
however. While some decrease in MRA was recorded immediately prior to
moult, the relationship appears to be nonlinear. A key issue was lack of
knowledge of prior moulting at the initial measurement. Each crab’s nearest
moult had to be taken as the first moult after initial measurement. This means
that crabs could have potentially moulted immediately prior to collection, and
subsequently had a higher acuity that would be linked to a later moult.
Additionally, the time period investigated in (Baldwin and Johnsen 2011) is
significantly smaller than that of this experiment, so any effect may be more

clear when examined at that scale.
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Change in total pattern energy corresponded to the size of patterns, rather than
individual acuity. The greatest increase occurred on the large-patterned
background, with some increase (or at least little to no decrease in patterning)
on the small-patterned background, and either no change, or a decrease in
energy on the uniform background. This is strong evidence crabs could resolve
and respond to the differences in the patterned backgrounds, in the direction
that reduced the difference between the crab’s pattern and the background. The
large-patterned background had the highest total pattern energy (1.468) and
crabs on it increased the most, while the small patterned had less (1.026) with a
smaller increase in crab pattern energy. Uniform backgrounds had little to no
pattern (0.043) with little change in crab patterning. The lack of difference
between crabs on small-patterned backgrounds and either of the other
treatments makes it harder to infer the relationship between pattern change and
acuity. The predicted outcome was that the crabs on the small pattern would
respond in a similar fashion to the large pattern if they perceived the pattern,
and the uniform background if not. However, given the difference in contrast
between the treatments corresponding to the difference crabs’ responses and
the general increase in pattern energy of crabs on small-patterned
backgrounds, it seems most likely that change (and the lack of significant
difference between the small-patterned and other treatments) is a proportional

response, rather than perception of the small, patterned background as uniform.

The use of Gabor filters is a novel method for analysis of the effectiveness of
disruptive coloration by calculating the ratio of false edges (created by
patterning) to real edges (that could be used in recognition/detection) (AKA
GabRat (Troscianko, Skelhorn, and Stevens 2017)). While we did not conduct
GabRat analysis (as used to analyse C. maenas disruptive patterns in the past
(Price et al. 2019)), this has shown disruptive markings are more common in
crabs from habitats of greater patterning (e.g. rockpools (Price et al. 2019)).
There could be a threshold degree of background patterning, in contrast and-or
size, that stimulates change from uniform to patterning (as seen in cuttlefish
(Barbosa et al. 2008; Chiao and Hanlon 2001a; Chiao, Kelman, and Hanlon
2005)). These markings will likely have higher contrast (Cuthill et al. 2005;
Schaefer and Stobbe 2006; Stevens and Merilaita 2009b; Stevens et al. 2009),

raising pattern energy scores more than simple pattern matching (although
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effectiveness may be reduced if levels of contrast exceed that of the habitat
(Stevens et al. 2006)). Given crab pattern energy change was greatest on more
patterned backgrounds (those similar to rockpool habitats based on the pattern
energy spectra seen in Figure 22), it could be that crabs adopted disruptive
markings (e.g. those patterns seen on Figure 26). The change between
camouflage strategies should be confirmed by future GabRat analysis of the
individuals from this experiment, however. Given the decrease in PED on both
patterned treatments, and especially in the large-patterned treatment,
background/pattern matching could be confounded with disruptive markings.
Larger and more contrasting crab patterns would both increase disruption and
be a better match for the larger high contrast background patterns. However,
when crabs from this experiment were compared to natural backgrounds
(Figure 20), pattern matching was significantly worse on rockpools than when
crabs were compared to mudflats. The increase in pattern energy of the crabs
on large-patterned backgrounds only improved pattern matching a small
amount compared to natural rockpools backgrounds. In addition, past work
examining locally adapted animals in mudflats and rock pools found crab
patterns were a better pattern match compared to mudflats regardless of
whether crabs were from rockpools or mudflats (Price et al. 2019). In addition,
disruptive markings were more common (higher GabRat values) in rockpool
crabs than mudflat samples, indicating that disruption is favoured in rockpool

habitats versus background matching on mudflats.

While pattern energy change occurred on both the large- and small-patterned
backgrounds, it was nowhere near enough to match the energy of the
backgrounds themselves. Pattern energy difference remained high for both
treatments, despite increasing overall contrast. Considering the background
patterns were aimed at generating as high a contrast as possible, when
compared to the spectra of natural backgrounds it is unsurprising that they
exceed those of even the most patterned natural backgrounds. The difference
in pattern matching between patterned treatments and the uniform treatment,
regardless of time, is expected. Given crabs were collected from a uniform
habitat, both the initial matching and lack of change on uniform backgrounds, as
well as the overall mismatch of crabs on both patterned backgrounds is as

expected (based on past work on C. maenas camouflage (Nokelainen et al.
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2017; Stevens, Lown, and Wood 2014a; Price et al. 2019)). This was confirmed
when crabs were compared to the pattern energy of natural spectra — crab-
substrate PED was close to zero compared to mudflats, and significantly lower
on rockpools than artificial substrates, with crabs on large-patterned
backgrounds decreasing PED compared to rockpools. Improvement in pattern
matching was minimal on small-patterned backgrounds, at odds with the overall
increase in pattern contrast. It could be the result of an inability to perceive the
pattern, instead perceiving it as a uniform grey (as with the uniform treatment).
This is more likely because pattern elements that increased in contrast seemed
to be larger than the grid size of the background. PED is based on the
difference between crabs and backgrounds at all pattern sizes measured. The
pattern sizes with the highest contrast of the small-patterned background
ranged from 0.7mm upwards, noticeable higher than that of the crabs’ patterns
at the same size. There is a noticeable mismatch between the range of
dominant marking sizes in crabs, and the dominant marking size of the small-
patterned background. The mismatch between dominant pattern sizes of crabs
and backgrounds is more likely to be the reason for the lack of matching
improvements. As previously noted, crabs on the small-patterned backgrounds
still increased contrast overall, and to a greater degree than those on the

uniform backgrounds (albeit not to a statistically significant degree).

With regards to the distribution and size of pattern, there was no discernible
directional change in the size of pattern (dominant marking size). Based on the
pattern energy spectra (Figure 22 & Figure 23) mean energy increased without
a change in distribution. If patterning changed beyond increasing energy, the
distribution shape would be expected to change. What the spectra indicate is
that crabs increased contrast of fixed patterns. Interestingly, the distribution of
pattern energy for crabs on small patterned and unform backgrounds became
noticeably similar (albeit with crabs on small-patterned backgrounds having a
higher overall contrast). Crabs on large-patterned backgrounds tended to
develop contrast most in pattern sizes ~1.25mm, but still increasing pattern
contrast across all pattern sizes. There is little evidence that C. maenas can
change patterns, simply changing to increase pattern contrast/conspicuous.
This is theoretically less taxing in terms of resolution, even accounting for the

loss of scene contrast with reduced acuity. If crabs can only change pattern
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contrast (and presumably conspicuousness), they only need to detect pattern
presence (including perhaps at a threshold contrast-to-size ratio). Future work
could investigate for such a threshold by comparing responses on a finer scale
of pattern sizes, with the addition of varying pattern contrasts. In species
capable of rapidly redistributing pattern elements to cause drastic change in
patterning, it is often a result of neuromuscular redistribution of pigment (e.qg.:
cuttlefish (Allen, Mathger, Barbosa, et al. 2010; Barbosa et al. 2008; Hanlon et
al. 2009; Williams et al. 2019) and flatfish (Kelman, Tiptus, and Osorio 2006;
Akkaynak et al. 2017; Ramachandran et al. 1996)), outside the capacity of the
crabs’ more rigid colour change mechanisms. These pattern changes not only
rely on background pattern size, but also size proportional to individuals
(Barbosa et al. 2007). However, even in these more plastic species, there seem
to be limitations the in variety of patterns that can be produced (e.qg. flatfish are
limited to certain patterns, augmented by background choice (Tyrie et al.
2015)).

This is unlikely to be as much of a disadvantage for C. maenas in nature as it
was in this experiment. C. maenas’s patterned habitats are not dominated by a
specific pattern size, as shown by the lack of sharp peaks in the pattern energy
spectra of the natural substrates (Figure 22). This links with past research
showing that C. maenas has strong associations between camouflage
strategies and habitat types (Price et al. 2019). In uniform habitats crabs rely on
background matching, while disruptive markings are more common in more
patterned habitats (e.g., rockpools) rather than pattern matching, which may be
less effective given the high level of variation. If phenotypic plasticity is the
mechanism of achieving differing camouflage strategies at these mesoscale
habitat levels (as predicted in (Nokelainen et al. 2017; Price et al. 2019; Todd et
al. 2012)), then crabs are unlikely to need to identify specific pattern sizes, just
the presence or absence of background patterns, then adjust contrast to
increase the conspicuousness of fixed patterns. Any microscale mismatch
because of limitations in pattern change could likely be adjusted by background
choice (as proposed in C. maenas by (Price et al. 2019; Nokelainen et al. 2017,
Todd et al. 2012), and in other species changing pattern for camouflage, e.g.
flatfish (Tyrie et al. 2015)).
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Interestingly, there were trends of certain pattern distributions repeatedly arising
on multiple crabs. These were most notable in the large-patterned treatments,
although patterns were found across treatments (e.g., sample 91 in Figure 26).
These patterns seem conserved over time — the example shown in Figure 26
was notably similar to those found in juvenile C. maenas in research from over
40 years ago (Hogarth 1978). Given the repeated expression of these patterns,
both within populations and across generations, specific pattern distributions
may be genetically coded. There has been some genetic characterisation of C.
maenas morphology (Brian et al. 2006), although the amount of phenotypic
variation linked to genetic variation was relatively small (~20%). However, this
20% could easily comprise the distribution of chromatophore types in specific
patterns, with colour change simply raising or lowering the contrast between
pattern elements, either through concentration/expansion of pigments with a
given cell (physiological), or the generation and loss of pigments
(morphological) . This links with the extensive research on polymorphism and
crypsis. Prominent levels of polymorphism reduce predator success when
hunting a cryptic population, with experimental evidence that visual predation
favours both crypsis, and polymorphism in cryptic coloration (Bond and Kamil
2002). One of the key mechanisms is the prevention, or at least reduction, of
predator search image formation is by reducing the frequency specific prey
phenotypes and specific features are encountered (reviewed in (Bond 2007)). If
crabs form the same pattern repeatedly then predators will repeatedly
encounter it. These repeated encounters allow for learning of features of the
patterns that allow for improved recognition and a decrease in camouflage
effectiveness. Some genetic differentiation in patterning could help prevent this.
If crabs are limited in the end pattern they can achieve, it could prevent them
converging to an optimum but homogenous phenotype within a habitat, one
which allows for easier predator learning. C. maenas’ natural polymorphism has
recently been shown to prevent search image formation, and improve crypsis
effectiveness (Troscianko et al. 2021). Whether the polymorphism is the result
of predators reliance on search images or searching on heterogenous
backgrounds, or simply natural selection favouring a variety of cryptic
colorations i.e.: disruptive markings in heterogenous habitats (Price et al. 2019)

is less certain.
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A second unexpected result was the development, but then loss of pattern
contrast in multiple crabs. My expectation was that crabs would reach the
maximum pattern contrast possible (given the maximally contrasting
backgrounds), then maintain this to maintain matching. In our experiment, 23
out of 50 (46%) of the crabs on small-/large-patterned backgrounds, were found
to initially increase pattern contrast, but subsequently decreased from peak
contrast. This most likely relates to the demonstrated ontogenetic changes in
crab coloration and colour change. Larger (and presumably older) crabs tend
towards uniform coloration as it is the most effective camouflage strategy later
in life (Nokelainen et al. 2019). Loss of pattern should (and does) happen
regardless of background patterning, as crabs will not be remaining on
patterned backgrounds throughout their life. This is the most likely explanation
for the increase then decrease in pattern energy — starting crab size ranged
from 10.4mm to 24.9mm, within the size range where pattern energy and the
variation in energy rapidly falls (Nokelainen et al. 2019). It is therefore unlikely
this has anything to do with visual cues, as ontogenetic changes in colour are
non-reversible, often associated with predictable changes in conditions (or the
result of phylogenetic inertia) (e.g. (Bueno-Villafafie et al. 2020; Nokelainen et
al. 2019; Wilson, Heinsohn, and Endler 2007; Bulbert et al. 2017), reviewed in
(Booth 1990)).

Luminance responses followed the exact predicted pattern — luminance
increased towards the luminance of the substrate, and crabs that moulted more
frequently improved the most. This is the ideal in terms of camouflage. Even if
crabs could not successfully match the patterning of the background, or adopt a
more useful strategy, they reduce the difference between the average
luminance of the background they were placed on. While crabs failed to reach
the luminance of artificial backgrounds, there are some potential reasons this is
not the case. One is that crabs had not completed changing when the
experiment ceased. Crabs will continue to moult beyond a period of eight weeks
in the wild. There was no sign of a plateau in the increase in luminance, and
crabs may simply have not achieved the maximum luminance possible. The
alternative is that crabs were not capable of achieving the luminance of the
backgrounds, at least not the brighter, patterned backgrounds. As we have

previously stated, this chapter was not focussed on luminance contrast, simply
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spatial acuity. We selected maximally contrasting patterns to ensure spatial
information was the only factor affecting perception. Either may explain the
difference, however artificial backgrounds were likely to be significantly brighter
than natural ones (Price et al. 2019). As previously stated, natural C. maenas
populations are unlikely to need to match the conditions of the artificial

patterned backgrounds.

Moulting, despite having a significant effect on the change in luminance, was
found to have no significant effect on C. maenas’ pattern change. Crabs that
moulted twice showed little difference in pattern change to those that moulted
once. The specific reasons for this are unclear, although the shift towards
uniformity both within and between individual crabs with size/age could explain
this. Crabs that moulted twice increased size by a greater degree (average size
change = 4.95mm) than those that moulted once (average size change =
3.69mm). Following (Nokelainen et al. 2019), these crabs would then tend to be
less patterned, given the decrease in contrast with size. The decrease in
contrast could counter the increase in contrast of other, smaller crabs moulting
multiple times resulting in little difference in average patterning between crabs
moulting once versus those moulting twice. Confirmation of this will require

specific testing.

In conclusion, C. maenas pattern change is limited to adjusting the contrast of
existing, apparently fixed pattern elements. These changes seem to be a
response to differences in background patterning, with large patterns
stimulating the greatest increase in contrast, while small patterns of similar
contrast cause less change. While individual acuity was found to have no effect
on pattern change, previous relationships between crab morphology and acuity
were found. Acuity did increase with crabs’ size as predicted, and while there
was no linear relationship between acuity and the proximity to moult, crab acuity
tended to be higher if it was measured soon after moulting. Change in
patterning was not sufficient to significantly improve matching on artificial
patterned substrates, but the change could be of use in less contrasting natural
habitats. Additionally, the variability within the more heterogeneous natural
habitats will mean a given crabs patterning is likely to fall within the habitat’s
own pattern range. Crabs on large-patterned backgrounds improved pattern

matching significantly more than those on small-patterned and uniform
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backgrounds. Although crabs on small-patterned backgrounds did not improve
matching enough to be distinct from those on the uniform backgrounds, this was
most likely due to crabs apparently fixed pattern elements being larger than
those of the background leading to mismatch, rather than an attempt to match a
uniform background. Overall change in contrast was not significantly different
from crabs on large-patterned backgrounds nor from uniform backgrounds. It
appears acuity does not limit pattern change, likely due to the mechanics of
compound eye vision, and the close viewing distance of backgrounds. Based on
natural associations of crab camouflage and environmental variation, it seems
likely that C. maenas used phenotypic plasticity to shift between background
matching on uniform substrates, and disruptive markings on varied substrates.
This seems to only require the identification of the presence of background
patterns, not the identification of pattern size or shape. C. maenas’ acuity is
sufficient for this, allowing effective camouflage responses despite the
limitations of C. maenas’ ability to change pattern and compound eye

resolution.
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Chapter 4: lllumination and
substrate perception for colour
change
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Abstract

To effectively match backgrounds, animals should benefit from detecting
differences between themselves and the backgrounds. This could be facilitated
by other, indirectly related information, but often is the result of direct visual
detection of differences While the sensory capabilities of visual organs are key
in substrate perception, external factors will influence what is perceived.
lllumination affects the light reflected by substrates, and ultimately what light
reaches photoreceptors. A key question is: how do animals perceive substrates
when changing colour for camouflage, especially when illumination affects
substrate appearance? One suggestion is there is some comparison of
illumination (downwelling light) to radiance (upwelling light) to assess substrate
reflectance. | tested the roles of illumination and substrate reflectance on
brightness change for camouflage in shore crabs, by comparing change across
controlled levels of downwelling and upwelling light. Crabs were placed in one
of three treatments and any colour change responses were recorded via digital
image analysis. The first treatment consisted of unrestricted illumination and
black gravel, resulting in high overall intensity and illumination, but low relative
reflectance. The second treatment reversed this, restricting illumination by half
and using white gravel to produce a treatment of lower overall intensity and
radiance, but high relative reflectance. Finally, | created a third treatment where
a highly reflective substrate and reduced illumination was mimicked by using
illumination of matching intensity from above and below through a transparent
substrate. This resulted in an overall light intensity equal to that of the high
intensity treatment, while maintaining a ratio of upwelling to downwelling light
comparable to the white gravel. While the power of the experiment was limited
by high mortality, several trends were noted. Save one outlier, all crabs
experiencing high intensity and low reflectance darkened, indicating overall
illumination intensity does not affect coloration (in line with past experiments).
Those crabs on the other two treatments increased brightness significantly,
when change occurred. Patterns of brightness change were similar in these two
treatments, indicating the shared high relative reflectance influenced brightness
change, as the greater radiance in the upwelling light treatment caused no
difference between them.
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Introduction

For many species, accurately matching backgrounds is key for camouflage
(Dimitrova and Merilaita 2014; Merilaita 2003; Merilaita and Stevens 2011;
Michalis et al. 2017; Stevens and Merilaita 2011; Troscianko, Skelhorn, and
Stevens 2018, 2017). Effective background matching has been experimentally
shown to have a direct role in survival (Duarte, Stevens, and Flores 2018;
Mynott 2019; Hultgren and Mittelstaedt 2015). While accurately perceiving
these substrates can be particularly important for species that can change their
appearance, many animals employing camouflage should benefit from the
same, to position themselves on substrates that match body coloration. Given
variation within habitat types, individuals should find and position themselves on
sections of the habitat that best match their brightness, colour, and-or pattern
(Kang et al. 2014; Kang et al. 2012; Stevens and Ruxton 2019; Eacock et al.
2019; Green et al. 2019; Stevens et al. 2017; Uy et al. 2017). This is often
dependent on accurate perception of the substrate, and this perception is based
at least partially on the light reflected from substrates. The characteristics of this
reflected light are dictated primarily by two factors; the illumination generating
the reflected light, and the properties of the substrate that affect reflection. The
former provides the total gamut for what can be reflected by the substrate and
the latter how much of the illumination is reflected (both wavelengths and
intensity). lllumination can therefore cause the light reflected by substrates to
vary both spatially (e.g. dappling and caustics (Cuthill, Matchette, and Scott-
Samuel 2019)) and temporally (day-night, seasonal shift etc. (Nilsson and
Smolka 2021)). A key question is how do animals correctly perceive different
substrates for matching, when illumination affects the light they reflect?

For the purposes of this chapter, the light stimuli involved can be split into three
distinct, but interrelated parts. First, is the overall light intensity of the
environment. This is a direct function of illumination and determines the
radiance of a substrate. The radiance of a substrate is the amount of energy
(light) from the substrate, striking a surface (in this case the eye of the
observer), from a given direction at a given overall light intensity. Finally, is the
relative reflectance. This is the proportion of light that a substrate reflects, also
known as the albedo. While the radiance of a substrate will fluctuate with

illumination intensity (Stevens et al. 2007), the relative reflectance of substrates,
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I.e., the fraction of illumination radiating from the substrate, should remain
constant across illumination. The assumption is that animals are responding to
relative reflectance of substrates, over the substrate radiance or overall
environmental light intensity (Duarte, Flores, and Stevens 2017; Stevens 2016;
Brown Jr and Sandeen 1948; Gamble and Keeble 1900). This is because of the
constant nature of relative reflectance ensuring matching across illumination will

result in matching regardless of changes in illumination.

Perception Method Without Shade With Shade

!

Overall Intensity

Colour Change

Radiance

l

Relative Reflectance

Figure 29: Diagrams of the predicted results of colour change based on
different substrate perception methods.

Example is based on a white substrate (bar below crab model) which is shaded
in the left hand panel. Arrows represent direction and source(s) of light

information used in substrate perception.

If an individual were to change in response to overall light intensity, or only to
the absolute intensity of light from the substrate, then camouflage may not be

effective. In the former, while background substrates will appear darker or
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lighter with illumination intensity, there is no guarantee of specific matching,
especially if substrates are at extreme ends of brightness (black versus white).
If individuals respond to the radiance of a substrate (especially without self-
assessment), there is the risk of the subsequent effects of illumination altering
individual radiance beyond that of substrates (see Figure 29 for diagrams of

each of these effects).

The broad results of colour change experiments support this assumption, with
change only occurring when substrate and body coloration are different,
resulting in matching when illumination and reflectance are standardised
(Akkaynak et al. 2017; Bedini 2002; Duarte, Stevens, and Flores 2018; Eacock
et al. 2019; Green et al. 2019; Stevens 2016; Stevens, Lown, and Denton 2014;
Stevens, Rong, and Todd 2013; Stuart-Fox, Whiting, and Moussalli 2006). In
direct comparisons of environmental light and substrate reflectance, species
only respond when there is a mismatch between substrate reflectance and
themselves, not in response to changing light levels (e.g., as demonstrated in
grasshoppers (Burtt 2009)). Additionally, cephalopod species seem capable of
successful colour change for camouflage across varying light conditions (e.g.
camouflage success in Sepia apama at day (Zylinski et al. 2011; Hanlon et al.
2011) and at night: (Allen, Méathger, Buresch, et al. 2010)).

The mechanisms of assessing the appearance substrates that are used by
animals changing colour are less clear. Luminance (also referred to as
lightness) constancy is the process by which species reliably perceive equally
reflective substrates as such, regardless of the effects of illumination on the
quantity of light they reflect. There is evidence of species other than humans a
affected by illusions relating to brightness perception, where animals
misinterpret the brightness of a stimulus based on lighting or shadow cues (e.g.,
triggerfish and the lightness cube illusion (Simpson, Marshall, and Cheney
2016)). These situations, where substrate coloration and brightness are not
reliable cues, may be where colour/lightness constancy is useful in accurate
perception and subsequent colour change responses. While little research into
the processing allowing luminance constancy outside of humans has been
conducted (although there is some evidence of constancy manifesting in early
parts of visual cortex (V1) processing e.g., in cats (Macevoy and Paradiso

2001)), specific environmental information should still be needed for species
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accurately judging substrates reflectance. There is evidence that colour
constancy is achieved in invertebrate systems by receptors adapting to the
mean intensity of light at any given time (“von Kries constancy” e.g., in
stomatopod crustaceans (Osorio, Marshall, and Cronin 1997)). Perhaps this
adaptation allows for luminance constancy as well, as all receptors as a whole
adapt to overall intensity, as opposed to each receptor type adapting to
wavelengths of light they are maximally sensitive to. Alternatively, the intensities
of directional light could be used to infer substrate reflectance, especially in
monochromatic species where only a single photoreceptor sensitivity is in use.
In simple situations, assuming light from above is illumination and reflected light
comes from the substrate below, then an understanding of how illumination
itself has changed is not needed. Simply the difference in intensities of
directional light (how much less light is upwelling than downwelling) should be
enough to judge relative reflectance and provide some element of luminance
constancy. With regards to both colour change, and compound eye vision, there
is evidence that differential stimulation in different regions of the eye could
provide accurate information on substrate brightness for colour change, for
examples restricting light to the lower hemisphere of the eye (by covering it) in

stick insects causes a reduction in brightness (Biickmann 1979).

One investigation of the effect of directional light on colour change for
camouflage is that of Sumner and Keys into the colour change behaviour of
marine flatfish (Sumner and Keys 1929). Two experimental treatments were
used — one where a darker substrate was brightly lit from below the resting point
of the fish with weak incident light, and the other with a paler substrate lit from
above but angled away from the light source to appear darker. This resulted in
fish becoming paler of on the dark substrate with a higher ratio of upwelling to
downwelling light, and fish becoming darker in the treatment with a lower ratio
of upwelling to downwelling light. What is needed is confirmation of the
phenomena, or whether alternative strategies are used in ensuring substrate
matching regardless of illumination. One such alternative may be self-
assessment and comparison of individual reflectance to that of the substrate,
rather than responding only to light from substrates. A difference between body
and substrate could be perceived, and colour change could act in the direction

that reduces this difference till perceived matching occurs. This is limited by the
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individual’s field of view — part or all the camouflaged body regions may be out

of sight of the individual.

As previously stated, shore crabs are already a valuable species in the study of
camouflage (Nokelainen et al. 2017; Price et al. 2019; Stevens, Lown, and
Wood 2014a; Todd et al. 2006; Todd et al. 2012; Troscianko et al. 2021), and
colour change to achieve concealment (Carter, Tregenza, and Stevens 2020;
Nokelainen et al. 2019; Stevens 2016; Stevens, Lown, and Wood 2014b). While
they apparently lack colour vision (Chapter 1), correct perception of substrate
brightness is still needed, especially at the subadult stage where camouflage
and colour change is crucial (Nokelainen et al. 2019). Even in rockpools when
disruptive camouflage is used instead of background matching (Price et al.
2019), luminance matching is still important as it can improve the effectiveness
of disruptive markings (Stevens et al. 2006). Given the intertidal habitats crabs
occupy, there will be significant variation in illumination (both wavelength and
intensity), with a subsequent effect on substrates. Previously mentioned shifts in
illumination with seasons, time of day, and weather, or other effects including
predictable changes in tides (and subsequently depths of substrates) can occur.
There are also less predictable changes, such as saturation of suspended
material (e.g. plankton and dead material in the water column) and algal cover,
which can affect the light environment (Cummings and Johnsen 2007) and
subsequently the appearance of backgrounds. Their requirements for colour
change for camouflage are similar to those of species already examined with
regards to illumination and substrate perception, both in the slow/morphological
change of the ghost crab and grasshopper models (Stevens, Rong, and Todd
2013; Burtt 2009), as well as the intertidal and epibenthic habitat (and
associated illumination) of the flatfish (Sumner and Keys 1929). Additionally,
while the structure of their compound eyes allows for a wide field of vision, it is
possible they lack an adequate view of the carapace on their cephalothorax.
Given this is the predominant region visible and in need of camouflage, self-
assessment may be less useful, and accurate substrate assessment more

important, as crabs may be unable to see how change affects matching.

In this experiment, | tested the relative importance of overall light intensity
versus directional light cues in substrate perception for colour change for

camouflage. To do this | created three experimental treatments:
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1. Unrestricted illumination, with black gravel, resulting in high overall
intensity and low substrate radiance and relative reflectance
2. Restricted light, with white gravel, resulting in low overall intensity and
lower substrate radiance, but higher relative reflectance
3. Restricted illumination, with matched upwelling light through a
transparent substrate, resulting in high overall intensity and substrate
radiance, with matched upwelling : downwelling light to mimic a high
substrate relative reflectance.
Given C. maenas’ lack of significant colour change (based on (Stevens, Lown,
and Wood 2014b) and the results of Chapter 1), | focussed on achromatic
change and illumination/reflectance intensity over colour. Crab brightness
change on each of these treatments was recorded and compared using digital
image analysis. My prediction being that if C. maenas changes in response to
overall intensity then brightness increase should be greatest on treatments one
and three. If substrate radiance is used, then crabs in treatment two should
change to less than relative reflectance of the white gravel, and crabs on
treatment three should reach a similar brightness to the upwelling light alone. If
relative reflectance is being used then crabs in treatment two should increase
brightness to match the substrate under any illumination, and crabs on the

upwelling light treatment should increase brightness significantly as well.

Methods

Sample Collection

Samples were collected from the mudflats in Penryn, UK (Lat: 50.169, Long: -
5.099). Individual crabs were collected by directly searching beneath flotsam
along the mudflats, then hand collecting crabs and placing them in individual
containers to prevent intraspecific conflict. Crabs were preferentially sampled
based on size, with cephalothorax width ranging from 10-15mm. This was
chosen as this size class was large enough to house in the lab, whilst being
small enough to retain plasticity in coloration (Nokelainen et al. 2019)). Samples
were then immediately transported back to the Sensory Ecology Laboratory at
the University of Exeter’'s Penryn Campus. Crabs were then transferred into
saltwater tanks made up with Aquarium Systems Instant Ocean salt at a salinity
of 31 %o. Crabs were individually housed in the 65mm diameter screw top

containers used in Chapters 1 and 2, on a dark substrate (black aquarium
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gravel) with a similar brightness as the mudflats they were collected from till
initial photographs were taken and the colour change experiment began. The
water was maintained at 18°C, and monitored for salinity and nitrogen (nitrate,
nitrite, and ammonia) content. Water was changed weekly to maintain water
quality, and animals were fed two Hikari Crab Cuisine pellets once every two
days.

Two batches of crabs were run through the experiment, one in June to
September of 2020 and again in January to March of 2021. This was done due
to COVID-19 control measures restricting lab access, limiting hours available at
any one time as well as restructuring of planned timelines. The two batches
were run through the same containers, tank, lights (arranged in the same way),

and protocol.

Experimental Set Up

The lighting regime remained at 12-hour light-dark intervals with light from 0700
to 1900, however underwater LEDs were also placed along the base of the tank
to provide upwelling illumination. These LEDs were controlled via a timer to
match the overhead lighting regime. While the over-tank lighting ramped up and
down illumination, gradually brightening and darkening to mimic sunrise and -
set, the under-tank lighting was on a simple on-off timer. 0.3 ND filters were
used to restrict light by 50%. This allowed matching of overall intensity between
the black (100% incident illumination) and light (50% incident and 50%
upwelling light). Above tank lights were run at 78% of the maximum output, set
via the lighting systems built in controls. This was done as it was shown to be
the best intensity match for the waterproof LEDs used for upwelling lighting at
full power (upwelling: luminance: 375 cd/m? and radiance: 1.83 W/(sr*sqm),
downwelling: luminance: 375 cd/m? and radiance: 1.21 W/(sr*sqm)).
Measurements were taken using a Jeti specbos 1211-2, at the distance each
light source would be from the crabs’ position in the container. Different in-tank
lighting was used instead of matching the specific overhead light models below
the tank due to concerns over suspending the tank over lights, both due to tank
weight and stability, as well as the positioning of non-protected electrical

equipment below a water source.

Unlike the other colour change experiments, this experiment used specially

made containers (Figure 30). These were constructed using two 60mm lengths
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of 75mm by 75mm square black PVC tubing placed on top of each other,
separated by a 75mm by 75mm piece of transparent acrylic which the substrate
rested on. For the black treatment, the same size transparent acrylic was
placed on top to act as a lid to contain crabs. For the white and light treatments,
a piece of acrylic was also used, but coated with a film of ND filter to reduce
incident light by half consistently. Each container also had a base on bottom
surface of the container. For the white and black gravels these were the same
transparent acrylic used for the resting surfaces, with white and black
waterproof paper coatings respectively to block any upwelling light. The light
treatment had an acrylic square with ND filter which allowed light from
underwater LEDs running over the base of the tank to up-well into the container.
All acrylic lids and bases had a translucent white polyurethane film to diffuse
light, especially important in the upwelling light treatment to minimise specular
diffraction through the transparent substrate. Every container had 1mm holes
drilled into the tubing, either side of the acrylic divider, to allow for water flow in
the absence of a mesh top. Photographs and diagrams of the experimental
containers can be found in Figure 30.
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Figure 30: Photographs and diagrams of containers for substrate perception
experiments.

Top: Photograph examples of sample containers, with lids and bases exposed.
From left to right: Left - the high intensity - low reflectance treatment, with black
gravel substrate, only the polyurethane diffuser on the lid, and an opaque black
base (in case individuals burrowed to the acrylic divider. Middle; the high
intensity — high reflectance treatment, with transparent glass substrate, and the
translucent polyurethane diffuser and neutral density filter on both the lid and
base. Right, low intensity-high reflectance treatment, with white gravel as
substrate, the lid has the same polyurethane diffusor and ND filter as the light
based treatment, but an opaque white base for the same reason as the black

treatment. ND filters were placed on the inside surface of the diffuser, directly
151



against it for both lids and bases where used. The three bases have an “X”
marked on the bottom for this photo, to demonstrate the transmission of light is
only present in the in the upwelling light treatment. Bottom: Cross section
diagrams of the containers. Positions correspond to photograph. Lines indicate
directional light, with shading representing approximate intensity.

Once photographed, crabs were placed into the top half of the container, pre-
lined with the treatment’s gravel (black, white, and transparent respectively).
Crabs remained in these containers for the duration of the ten weeks, with the
lids only being removed during feeding, cleaning (which took place as the same
time as photography), and for photography. This was done to minimise the time

individuals were exposed to non-treatment lighting conditions.

Crabs were housed in these containers for 10 weeks, to allow for sufficient
colour change. Given the unusual stimuli, an extra two weeks (one additional
photo) was added to the experimental protocol compared to previous
experiments to maximise any potential change. This deviation from prior
experiment duration was done to account for any atypical colour change
behaviour under the novel lighting conditions.

Digital Photography

Beyond the previously mentioned extended duration (and the cleaning protocol
mentioned below), the experiment followed the protocol of the previous two
chapters (Figure 4, as well as past work on C. maenas camouflage using digital
image analysis (Carter, Tregenza, and Stevens 2020; Stevens 2016; Stevens,
Lown, and Wood 2014b)). At the start of the experiment and every two weeks
after, crabs were removed from containers in the MS lab darkroom and placed
inside a PTFE ring that acted as a light diffuser. lllumination, camera, and filters
were the same as those used in prior experiments, along with a 97% and 3%
reflective standard plus scalebar placed alongside the crab. A total of six sets
(one visible and one UV every two weeks for 10 weeks including the
experimental start date) of photos were taken for each crab. Digital image
analysis was used as it has proven to be a suitable and efficient alternative to
spectrometry. Photographs of the two naturally reflective substrates were taken

in the same fashion.
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Container cleaning happened immediately after photography, individuals were
placed in an unoccupied container which was identical to their treatment within
the experimental tank, whilst the original container was cleaned of any algal
build up. Following this both the container and the substrate were rinsed, before
the substrate was returned to the container, the container to the tank, and the
crab to the container (along with food if photography happened on feeding
days). This was done to prevent any algae build up obscuring the container lid
(or base/resting substrate for the upwelling treatment). Ethical approval for the
experiment was obtained via successful application to The University of
Exeter’s e-ethics system in 2020 (e-ethics application number: e CORN002250
v2.1).

Image Analysis

As with the digital photography, the image analysis followed the methods of the
previous chapters. The photos were imported into imageJ software (Schneider,
Rasband, and Eliceiri 2012), using the Multispectral Image Calibration and
Analysis (MICA) Toolbox to create linearised images due to nonlinear camera
sensor responses to light (Troscianko and Stevens 2015). Images were also
equalised using the photostandard to correct for difference in light conditions
between photographs taken at different times. Regions of interest were
selected, specifically the scale bar on the photo standard, a straight line across
the widest point of the carapace (between the rear most anterolateral teeth) for
size measurement, and finally an area of the crab’s carapace (specifically the
cephalothorax) for colour analysis. Images were then converted from camera
colour space (sensitivity of camera setup detailed in (Stevens, Lown, and Wood
2014b; Troscianko and Stevens 2015)) into relevant predator vision systems via
a polynomial mapping function, in this case a tetrachromatic avian predator
(Common Peafowl, Pavo cristatus -LW, MW, SW, and VS/UV, along with a
double-cone (DBL) luminance channel (Hart 2002)) as an analogue for gull
predators (Crothers 1968). Only avian predators (specifically the luminance
channel) were used as past research (Nokelainen et al. 2019; Price et al. 2019)
(as well as the first chapter of this thesis) has shown that the differences in
brightness perception (luminance) of the visual models used in this project are
negligible. As such only tetrachromatic predators were used to simplify analysis.

Graphs of results from alternative visual models can be found in the Appendix
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3A . Luminance values were produced on a scale of 0-1 and were compared to

the luminance values of substrates.

Statistical Analysis

Data was transferred from imageJ as Comma Separated Value files into R
Statistical Software (ver. 3.5.2). For ease of analysis data was converted from
bi-weekly photometric data to a single value of luminance change, obtained by
subtracting the starting colour values from the final colour value collected. All
data manipulation used either base R code, or commands from the tidyverse
package (Wickham et al. 2019). Raw luminance values were used for simplicity
and both longitudinal data (for comparison of rate of change) as well as single
values of overall change were fitted into mixed effect models (using the LME4
package (Bates et al. 2015), with post hoc test values derived from ImerTest
(Kuznetsova, Brockhoff, and Christensen 2017)), with fixed effects of day (only
in the longitudinal model), treatment, moult frequency, and the associated
interaction effects . Finally crab identity (only in the longitudinal model) and
repeat number (only in the total change model) were included as random
effects, the former to control for repeated measures across the experiment, the
latter to control for any small variations in environmental factors between
batches sampled at different times of year. While transformation and alternative
error structures were tested, none seemed to improve model fit, and therefore a
gaussian error structure was used with untransformed data. Un-simplified model

output can be found in Appendix 3C.

Candidate model for longitudinal data: Imer(Luminance ~

Day*Treatment*Moult.Freq + (1|ID), na.action = na.omit, data = Long.DF)

Candidate model for overall change: Imer(Luminance.Change ~
Treatment*Moult.Freq + (1|Runthtough), na.action = na.omit, data =
Change.DF)

During experiments, higher than normal levels of crab mortality occurred.
During experiments numerous sterilisations of tanks did not reduce mortality
levels, and as such disease was lowered as a suspected cause. Most deaths
seemed to occur in the two high reflectance treatments (white and light).
Survival analysis was conducted to assess if experimental treatment had an

impact on the rate of mortality.
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Results

Of the 60 crabs sampled over the two experimental periods, 42 survived the full
10 weeks, with the remaining 18 apparently dying mid moult (with at least
separation of the rear of the cephalothorax, more commonly partial or full
emergence from the old carapace). No evidence of disease or tank failure was
found. Of those that survived, 15 were from the black gravel treatment, 12 from
the light treatment, and 15 from the white gravel treatment. Of these, 22
moulted once, 16 moulted twice, and four (all from the light treatment) did not
moult at all. Examples of brightness change can be found in Appendix 3B

Luminance change over time

Significant differences in luminance change responses were found between
white and black gravel treatments. Crabs on the black gravel treatment tended
to decrease luminance slightly, by 0.00016 per day, while those on the
upwelling light treatment increased luminance slightly, by 0.00029 per day. The
greatest response was seen on crabs on the white gravel treatment, which
tended to increase luminance by 0.00079 per day (Figure 31), more than twice
the rate of change of crabs on the light treatment. In addition, these crabs on
white increased brightness the most out of any experiment in this thesis
(caveated with the differences in experimental runtime and as well as the
different substrates used, barring one outlier crab in the black treatment detailed
below). There were some deviations from this, however. A single crab on the
black treatment moulted once, dramatically increasing its luminance to the
highest value achieved by any crab in this experiment. Additionally, multiple
crabs on the light treatment increased brightness, significantly more than other

crabs in both their own treatment and the white gravel treatment.
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Figure 31: Luminance values for crabs over time from substrate perception
experiments.

Colours correspond to lighting treatment. Straight lines produced via luminance
~ time linear models, with 95% confidence intervals. Lines and confidence
intervals do not include one sample - B2, isolated as an outlier. B2 was included
on the plot and can be seen as the highest black point on days 28 and 42, and
the highest point on days 56 and 70. Horizontal lines indicate luminance values
for white (blue lines) and black gravel (black lines) respectively. Dashed lines
equal the mean treatment luminance, dotted lines + std. deviation. NB Black
gravel deviation cannot be below 0, as 0 indicative of complete absorbance (no
reflectance). The upwelling light treatment only had the mean plotted as the std.
deviation spanned beyond the limits of luminance scores. It is included simply to
demonstrate that even when the white is well lit (via arc lamp, significantly
brighter than over than lights even without restriction), the light treatment will be
perceived significantly brighter, given radiance will be constant regardless of
incident light. Graphs plotted with ggplot2 (Wickham 2016).
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Modelling confirmed this, once the single crab on black that changed brightness
significantly was removed as an outlier. The longitudinal model (including day
as a fixed effect, see methods) retained all fixed effects and both two way
interactions post simplification. Of the fixed effects, only Day (F1, 268.922 = 4.56, p
= 0.0339), and the interactions between day and treatment (F2, 263.439 = 14.13, p
< 0.001) and day and moult count (F1, 267.476 = 11.56, p < 0.001) were found to
significantly effect model fit. Crabs on black gravel tended to decrease
brightness, compared to upwelling light (estimate = 0.00067, se = 0.00019, t263
= 3.45, p < 0.001) and white gravel treatments (estimate = 000092, se =
0.00018, t261.9=5.17, p < 0.001) which both increased. There was no difference
between the upwelling light and white gravel treatments (estimate = 0.00025, se
=0.00019, tzes.8=1.29, p = 0.1998). Increased moulting increased the rate of
brightness change (regardless of direction) (estimate = 0.00043, se = 0.00013,
t267.5= 3.4, p < 0.001) (Table 29 and Table 30).

Table 29: ANOVA statistics from the simplified model of change in luminance
over time in substrate perception experiments.

Includes remaining fixed effects of day, treatment and moult frequency, as well
as the interactions of day and treatment, and day and moultcount.A random
effect of crab ID was used to account for repeated measures. Included is R
software code (dependent on the LME4 package (Bates et al. 2015)). Model

Simplification via AIC comparison.

Effect F value DF p

Day 4.5457 268.922 0.0339
Treatment 0.0959 82.920 0.909
Moult Frequency 0.0469 83.363 0.829
Day:Treatment 14.132 263.452 <0.001
Day:Moult Frequency 11.559 267.476 <0.001

Model: Imer(Luminance ~ Day*Treatment + Day*MoultCount + (1|ID)
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Table 30: Summary statistics from the simplified model of change in luminance
in substrate perception experiments.

Includes remaining fixed effects of day, treatment and moult frequency, as well
as the interactions of day and treatment, and day and moultcount. A random
effect of crab ID was used to account for repeated measures. Included is R
software code (dependent on the LME4 package (Bates et al. 2015)). Model

Simplification via AIC comparison. Light was automatically set as the reference

level.

Source Estimate SE t p
(Intercept) 0.0568 0.0188 3.018 0.0034
Day -0.000495 0.000273 -1.816 0.0705
Black Gravel -0.00153 0.0139 -0.110 0.912
White Gravel -0.00566 0.0136 -0.417 0.678
MoultCount -0.00193 0.00890 -0.217 0.829
Day:TrtBlack -0.00066 0.000193 -3.448 <0.001
Day:TrtWhite 0.000250 0.000194 1.285 0.200
Day:Moultcount 0.000434 0.000128 3.400 <0.001

Model: Imer(Luminance ~ Day*Treatment + Day*MoultCount + (1|ID)

Luminance change and moult frequency

Because of high mortality, overall colour change sample numbers are low. As a
result, | used data from discrete changes in colour following moulting, as well as
time. This allowed individuals which successfully moulted within the experiment,
but did not survive until the end, to be included in the experiment. Average
change on the high intensity and low reflectance (black gravel) was a decrease
in brightness of 0.012, on the low intensity and high reflectance (white gravel)
was an increase of 0.056 , and on the high intensity and reflectance (light
through glass substrate) was an increase of 0.021. There was significant
variation in change in both the white gravel and upwelling light treatments.
Overall luminance change in the white treatment ranged from -0.017 to 0.23,
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and from -0.047 to 0.26 in the upwelling light treatment (negative values
indicating a decrease in brightness, and vice versa). There was significantly
less variation luminance change in crabs on the black gravel treatment, which
ranged from -0.049 to 0.017 (excluding the outlier which increased luminance
by 0.26).

Those crabs that moulted more (once or more for the white treatment, and more
than once for black gravel and upwelling light treatments), showed significantly
greater change (Figure 32). Black and white treatments showed consistent
directional change with moult frequency. Crabs on black gravel that moulted
once decreased luminance by 0.010 on average, while those that moulted twice
decreased by 0.014 on average. Crabs on white showed little to no change
without moulting; decreasing by (0.0031 on average), those that moulted once
increased luminance by 0.062 on average, and those that moulted twice
increased by 0.061 on average. The upwelling treatment also showed little
change without moulting, decreasing luminance by 0.005 on average. Those
that moulted once also showed little change, increasing by 0.0096, but the three
crabs that moulted twice increased luminance by 0.12 on average. One
individual changed ended as brightest crab in the experiment barring the outlier
crab from the black treatment, (final luminance = 0.30, total change = 0.26),
significantly higher than the brightest crab on white (final luminance = 0.28, total
change = 0.23), although the crab in the light treatment died prior to the final

measurement.
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Figure 32: Change in luminance of crabs on each of the three treatments from
substrate perception experiments, split by moult frequency.

Fill colour corresponds to experimental treatment. All crabs were included that
survived at least 14 days, as this allowed for a minimum of two digital image
collections, and potential colour change to be recorded. All 19 black crabs that
survived at least 14 days moulted once, while multiple crabs on light and white
did not. Graphs plotted with ggplot2 (Wickham 2016).

The model of overall change simplified to just the fixed effect of treatment (F2,
s6.01 = 5.571, p = 0.0062). Significant differences were only found between the
black gravel and white gravel treatments, with crabs on the white gravel
increasing luminance by 0.068 more on average than those on black gravel (se
=0.020, tse.01 = 3.33, p = 0.0015). There was no significant difference between
luminance change on the upwelling treatment and either the black (average
difference = 0.033 brighter on light, se = 0.020, tse.0. = 1.61, p = 0.1127 ) or
white treatments (average difference = 0.035 brighter on white, se = 0.020, ts6 =
1.79, p = 0.0788). Interestingly, moult frequency was not retained in the model.
The inclusion of the outlier crab in the black treatment resulted in the removal of
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all fixed effects from the model, causing treatment to no longer have a
significant effect on model fit (Table 31 and Table 32).

Table 31: ANOVA statistics from the simplified model of total change in
luminance in substrate perception experiments.

Includes remaining fixed effect of treatment. A random effect of run-through to
account for differences between run-throughs (not included in previous model
this was accounted for by the ID random effect). Included is R software code
(dependent on the LME4 package (Bates et al. 2015)). Model Simplification via

AIC comparison

Effect F value DF p

Treatment 55714 56.01 0.0062

Model: Imer(Luminance.chg ~ Treatment + (1|runthrough))

Table 32: Summary statistics from the simplified model of total change in
luminance in substrate perception experiments.

Includes remaining fixed effect of treatment. A random effect of run-through to
account for differences between run-throughs (not included in previous model
this was accounted for by the ID random effect). Included is R software code
(dependent on the LME4 package (Bates et al. 2015)). Model Simplification via
AIC comparison

Source Estimate SE t p
(Intercept) -0.0131 0.0221 -0.591 0.611
Light 0.0328 0.0204 1.611 0.113
White Gravel  0.0679 0.0204 3.331 0.0015

Model: Imer(Lumiance.chg ~ Pattern.Size + (1|Filetype))

When considering survival on each of the treatments, crabs suffered
significantly higher mortality in the light treatment than on either of the other two
treatments. Only four crabs died on the black treatment (21.1%, three before
day 56, and one before day 70). Six crabs died on the white treatment (28%,
one before day 28, three before day 56, and two before day 70). Nine crabs

died on the light treatment (42.9%, two before day 28, four before day 56, and
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three before day 70). While sample sizes are small enough to limit what can be
inferred, a Cox Survival Analysis was conducted to assess treatment’s effect on
survival (as well as run-through in case season influenced crab mortality).
Comparing the three treatments, only the light treatment was found to result in
significantly greater mortality when compared to black. Being on the light
treatment carried an increased risk of death (Hazard Ratio: 2.475, 95%
confidence interval: 1.03 to 5.93, p = 0.0419), compared to the black treatment.
There was no significant difference in survival between the white and black
gravel treatments (Hazard Ratio: 1.590, 95% confidence interval: 0.626 to
4.039, p = 0.3295), or the light and white gravel treatments (Hazard Ratio:
1.557, 95% confidence interval: 0.309 to 1.334, p = 0.2351).

Discussion

Of the crabs analysed in this experiment, only those on treatments with high
reflectance relative to the incidental light showed significant brightness
increase, with crabs on a naturally highly reflective substrate (white gravel)
increasing significantly more and requiring fewer moults to do so. While five
crabs on the light treatment did increase brightness, four of these required two
moults to do so. Crabs on the black gravel treatment slightly decreased in
brightness, save one crab that rapidly increased brightness with a single moult
early in the experiment and remained that way until the end, which was

removed from analysis as an outlier.

As with other brightness change experiments in shore crabs ((Nokelainen et al.
2019; Stevens 2016; Stevens, Lown, and Wood 2014b)) and other species
((Stevens, Rong, and Todd 2013; Eacock et al. 2019)), there was significant
variation in colour change within treatments, especially those where brightness
change was most expected (upwelling illumination and white gravel). While
some individuals significantly changed luminance, many did not. (Figure 31 &
Figure 32). This reduced the clarity of results; however, several trends were

noticed.

The clearest individual result is that overall illumination/environmental light
intensity does not apparently dictate colour change for camouflage. Crabs on
the high intensity treatment with black gravel changed less, and even tended to
decrease brightness, compared to the crabs on white gravel, with a 50%

reduction in intensity significantly increasing brightness. While one crab on
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black did increase brightness, ultimately becoming the brightest crab in the
entire study sample, this is more likely to be an anomalous individual (and was
removed as an outlier). What specifically caused this shift is unclear but given
that all the rest of the treatment responded in the entirely opposite direction, this
individual's change being a response to the greater illumination is unlikely.
Additionally, when comparing the light treatment (with ~100% intensity and a
similarly high ratio of reflectance to the crabs on white), while there was no
statistically significant difference from the black treatment, but there was also no
difference between the white and light treatments. In fact, there was a
qualitative similarity between the white and light treatments, both resulting in
similar ranges of luminance change and maximum luminance achieved. Those
crabs that did change significantly on the light treatment (those that moulted
twice: Figure 32) increased brightness to a similar degree to those on white. If
overall intensity did dictate brightness change in C. maenas we would expect
crabs on both high intensity treatments to increase brightness significantly more
than the low intensity. Instead, results are in accordance with crabs responding
to substrates themselves, rather than intensity of light. As it stands, this result
supports similar findings in similar species (ghost crabs do not become darker
when placed in dark environments (Stevens, Rong, and Todd 2013), and fiddler
crab melanophores disperse more on black substrates, even at greater light
intensities (Brown Jr and Sandeen 1948)), other crustaceans (Hippolyte prawns
change to match seaweed in both dark and light conditions (Gamble and
Keeble 1900)), as well as other arthropods (grasshoppers only respond to
differences in substrate brightness, not illumination levels (Burtt 2009)). Outside
of research directly examining camouflage, background colour seems to be a
greater determinant of colour change that light intensity in rock lobsters
(Melville-Smith, Cheng, and Thomson 2003).

The lack of a response relative to overall intensity also confirms the
assumptions from past research (Powell 1962b) and the first chapter, that any
colour change in C. maenas as a result of a primary response (direct response
of chromatophores to incident light) is overridden by a secondary response
(control based on stimulation of eyes). If the primary response was responsible
for colour change, an increase in luminance on both the high intensity

treatments would be expected. Increased light on chromatophores would
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stimulate a redistribution of pigments resulting in increased brightness (as seen
when eyes are obscured in C. maenas (Powell 1962b), and in response to
illumination in other crustaceans (Aoto 1963; Brown Jr and Sandeen 1948)).
This is especially important considering the chromatophores most needing to
change are on the dorsum of the cephalothorax. This is the area most exposed
to predators and in need of matching background reflectance (Carter, Tregenza,
and Stevens 2020; Nokelainen et al. 2017; Nokelainen et al. 2019; Price et al.
2019; Stevens 2016; Stevens, Lown, and Wood 2014b, 2014a; Troscianko et al.
2021), and is directly facing up towards illumination. Past experiments in
extraocular colour change and primary responses have shown only a response
to background brightness or colour, but these tended to control illumination
intensity ((Eacock et al. 2019; Fulgione et al. 2014), so the direct impact of
illumination and light on primary colour change responses needs further

investigation.

When examining the use of radiance (upwelling light) versus reflectance
(upwelling light relative illumination) for substrate perception, the result is less
clear, but inferences can be drawn. The mean final luminance of crabs on black
(including those who died prior to the experiment end) was 0.043 (0.058 when
including the outlier crab). This was somewhat higher than the black gravel’s
luminance of 0.0072. As mentioned above, crabs were collected from one of
their darker habitats (mudflats (Nokelainen et al. 2017; Price et al. 2019;
Stevens, Lown, and Wood 2014a; Todd et al. 2006; Todd et al. 2012)) and may
not be able to significantly reduce brightness further, and multiple crabs
changed within the range of the standard deviation of black gravel. The mean
final luminance of those crabs on white was 0.11, and this was further from the
raw luminance of the white gravel: 0.34. Factoring the effect of the ND filter,
which is assumed to halve substrate luminance (as it halved incident light), the
average final luminance of crabs is closer adjusted gravel luminance of 0.17,
which is somewhat closer but still above the average luminance of crabs in the
treatment. Considering the variation in crab colour change, many individuals
showed little to no colour change. Five crabs on white gravel did increase
brightness significantly beyond the adjusted luminance of white gravel (final
luminance range: 0.18-0.28, Figure 31). While the majority of crabs did not

reach the luminance of the white gravel, the final luminance values of those
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crabs that did change significantly were in line with other individuals changing
on the same white substrate in past experiments in the species (Mynott 2019).
Finally, there was little indication that crabs had ceased changing, and so could
have continued to increase in luminance if left in those conditions, potentially

reaching the substrate luminance.

The responses of crabs on the upwelling light treatment seemed to follow the
same pattern as crabs on white gravel, albeit to a lesser degree. | predicted that
if C. maenas uses the upwelling versus downwelling light to gauge the “true”
substrate brightness, regardless of overall intensity, then colour change should
be the same on the two substrates with high reflectance relative to illumination
(upwelling light and white gravel). The radiance of the upwelling light in tank
conditions was significantly greater than that of the white gravel (as evident by
the significantly greater luminance of the upwelling light versus white gravel,
even under full illumination via arc lamp for image analysis Figure 31). If C.
maenas is using radiance of substrates, then we would expect to see a
significantly greater increase in brightness compared to the white gravel. Given
the illumination intensity was matched in both directions, it should create the
illusion of a nearly fully reflective substrate (allowing for some variation between
the two because of differences in the spectral output of the different lights and
sensitivity of the crabs). As previously mentioned, the range of responses on
the light treatment is similar to those on the white gravel treatment, although
fewer crabs changed significantly, and those that did matched the brightness
achieved by crabs on the white gravel (Figure 32, barring the outlier from the
black gravel treatment).

Regardless, there are qualitative similarities between the light and white
treatment — both had multiple crabs that significantly increased brightness post
moult, and the range of colour change achieved on both treatments was similar.
This is apparent when compared to the more uniform decrease seen on crabs
on black gravel. Given the common element was the high ratio of upwelling to
downwelling light, this seems to indicate that the relative reflectance is
responsible for judging substrate brightness, as seen in other species changing
colour for camouflage (Sumner and Keys 1929). While high variation and low
sample size hinder inferences, this experiment can function as a pilot for more

direct testing of the use of radiance versus relative reflectance in substrate
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perception. The optimum solution may be to have multiple treatments where the
upwelling illumination is maintained at a constant intensity, while the intensity of
incident light is adjusted via restrictive filters of increasing strength. This would
have the effect of maintaining radiance, whilst adjusting the (apparent)
reflectance (ratio of downwelling to upwelling light). The expected result being a
greater brightness increase as the intensities of incident and upwelling
illumination became closer, mimicking a more reflective and therefor brighter
substrate. If brightness change were to be matched across these treatments, it
would indicate a direct response to radiance over reflectance.

How the difference in directional light is detected is less clear but is likely a
function of relative stimulation of different parts of the eye. While C. maenas’
field of view has not been characterised, evidence regarding motion perception
indicates they have a large visual field (Horseman, MacAuley, and Barnes
2011), and other crabs species display a large field of view with regional
specialisation within the eye (Smolka and Hemmi 2009). Parts of the eye are
likely directly exposed to both illumination and substrate radiance
simultaneously, which should allow for the differentiation in light intensity
between the two. This has been proposed as the reason for the difference in
black chromatophore behaviours of fiddler crabs in response to background and
illumination. Crabs on black backgrounds consistently had a greater dispersion
of pigments in black chromatophores than crabs on white, regardless of
illumination levels (Brown Jr and Sandeen 1948). The direct impact of
differential stimulation of eye regions on colour change has also been
demonstrated in other species undergoing morphological change. Obscuring or
ablating the lower part of the eyes of Carausius stick insect nymphs results in
significant darkening via increased epidermal ommochrome expression
(Buckmann 1979). Alternatively, the presumably large field of view of C.
maenas could allow for some level of self-assessment in terms of matching, but
this is not determinable from the results of this chapter. There is little evidence
of self-assessment for matching when changing colour in the literature
(although see (Stevens and Ruxton 2019) for a review of self-assessment in
background selection for camouflage).

Regarding the energetic cost of colour change, my sample sizes limits the

potential for inference, but survival analysis did highlight a potential effect of the
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light treatment on mortality. This finding should be treated with care because we
only carried out the analysis having already observed a difference so the p
value cannot be interpreted in the same way as if we had carried out an
experiment blind to its outcome. Nevertheless, as a way marker for future
research, we know that gross colour change in C. maenas is facilitated by
moulting (Stevens 2016; Stevens, Lown, and Wood 2014a; Todd et al. 2006).
This process is likely highly stressful for the animal, as it involves both a
prolonged period without food and a softened carapace, as well as the loss and
necessary regrowth of the various organs (including those needed for senses
and oxygen uptake (Phlippen et al. 2000)). The energetic cost of colour change
has been repeatedly raised as an area in need of study, both in this species
(Mynott 2019) and generally across species (Duarte, Flores, and Stevens 2017;
Stevens 2016). The need to change colour in C. maenas could increase the
frequency of moulting (with an associated cost in energy and physical stress) or
changing colour during moulting adding energetic cost on top of the base cost
of moulting could divert resources away from other process needed for survival.
Given that all crabs on black moulted at least once, and mortality was lower (at
least compared to the light treatment), the latter seems more likely, given the
reduced need for change in the black gravel treatment. Further testing of the
metabolic costs of colour change are needed, especially as they contribute to its
value as an antipredator strategy. Over-investment in colour change could have
a negative impact on survival, potentially negating, or at least limiting its

benefits.

In conclusion, C. maenas colour change appears mostly independent of overall
light intensity and substrate radiance, instead seeming to combine the two to
assess substrate reflectance. This study indicates that colour change is in
response to the ratio of reflectance to illumination, as crabs’ responses were
similar when this matched across treatments, despite differences in overall
intensity and radiance. High levels of variation reduced the clarity of results, but
the variation was similar across treatments with similar responses. While ideal
matching was not achieved, all treatments at least tended to change luminance
in a direction that reduced difference in their coloration from the
reflectance/upwelling light. Further testing with regards to the ability to account

for illumination when judging substrate coloration for colour change, the role of
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differential stimulation of eye regions, as well as the ability to self-assess to
ensure matching, would be useful in the future. Additionally, the results of this
experiment highlight the need for investigation into the metabolic and fitness
costs of colour change for camouflage. Regardless, C. maenas substrate
perception seems most likely to be a response to the difference in incident and
reflected light.
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Chapter 5: General Discussion
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Summary of results
The results of this project demonstrate several key aspects of the relationship

between C. maenas’s vision and colour change. Firstly, C. maenas vision
appears to be dominated by a single mediumwave sensitive photoreceptor type.
This fits well with past research in the species itself (Martin and Mote 1982;
Bruno, Mote, and Goldsmith 1973), and the possession of at least mediumwave
sensitive photoreceptors seems to be common across multiple other crab
species (Bruno and Goldsmith 1974; Forward, Cronin, and Douglass 1988; Lall
and Cronin 1987; Martin and Mote 1982). While dichromacy could not be
disproven, behavioural tests for colour discrimination found no evidence of
colour vision either. In addition, no significant improvement in chromatic
matching occurred over the long-term (in line with past research on short term
changes (Stevens, Lown, and Wood 2014b)), with only significant achromatic
improvement recorded. This aligns with the C. maenas’ assumed

monochromacy.

Crabs were also capable of changing patterning in response to different
background pattern sizes. These changes were limited to increases and
decreases in pattern contrast, enabling crabs to adjust degree of patterning (on
a scale of uniform to highly contrasting patterns) but not the distribution and size
of those patterns. Pattern change, while not able to respond to the scale of
patterning, seemed to correspond to the characteristics of C. maenas spatial
vision. An increase in overall patterning (based on overall contrast between
pattern elements) was found on patterns both large enough to see at a normal
viewing distance, and a smaller pattern that would be below the threshold of
discriminability except at very close viewing distances. This response was only
expected if the crabs did not possess a minimum focal distance, or at least a
particularly small one (Land and Nilsson 2012), based on the viewing distance

needed to reach the minimum resolvable angle calculated.

Finally, shore crabs’ responses to directional light correspond to using
reflectance compensating for illumination rather than overall intensity or light
from substrates alone. Crabs did not increase luminance when overall intensity
was greater, even when there were high levels of upwelling light. Instead, the
responses were matched across treatments when the relative reflectance was

similar (matched upwelling and downwelling light). This, combined with the
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results of the first chapter and the past research on C. maenas’ direct
chromatophore responses (Powell 1962b), suggests crabs colour change
responses seem to be dominated by directional cues based on information

collected by the eyes.

The direct links between vision and slow colour change for camouflage

It ultimately seems that C. maenas vision dictates colour change responses for
camouflage. This enables responses beyond direct changes in chromatophores
to light (primary responses), such as pattern adjustment to spatial cues, and
responses to directional light information. It does limit colour change as well,
however. By lacking the apparent ability to discriminate colour, C. maenas
seems to be unable to adjust hue to significantly improve chromatic matching.
Such mismatching has been shown to have a significant effect on survival in
other crustacean species (Duarte, Stevens, and Flores 2018; Mynott 2019).
Across decapod crustaceans, and especially true crab species, achromatic
colour change is often the only significant form of plasticity, with occasion
limited chromatic change (Atkins 1926; Duarte et al. 2020; Powell 1962a,;
Stevens 2016; Stevens, Rong, and Todd 2013; Bedini 2002).

Firstly, the clearest link between vision and colour change, is spectral sensitivity
and chromatic change. The lack of colour vision and significant chromatic
change, despite the apparent presence of coloured chromatophores, implies the
individuals are unable to perceive the differences in hue and saturation. This
inability to perceive these differences seemingly restricts the response of C.
maenas to achromatic changes, with small chromatic changes potentially being
a by-product of the former achromatic changes (potentially in addition to other
factors such as ontogenetic changes (Nokelainen et al. 2019)). These
improvements in achromatic matching tended to be proportional to the initial
difference between crabs and backgrounds, with crabs initially mismatching to a
greater degree changing more than those that started matching. In other
species, being unable to perceive chromatic information also limits colour
change responses, for example the inability of cuttlefish to respond to
isoluminant blue and yellow squares that would otherwise evoke a pattern-
change response (Méathger et al. 2006). In other species undergoing colour
change, colour vision is associated with chromatic change, both physiological

e.g.: Hyla treefrogs (Nielsen and Dyck 1978; Kang, Kim, and Jang 2016), and
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morphological e.g.: in crab spiders (Defrize et al. 2011) or locusts (Tanaka,
Harano, and Nishide 2012).

Crabs are capable of pattern change in response to background patterning, but
only in terms of contrast between pattern elements, without apparent changes
in pattern shape or size. Qualitatively different responses were recorded
between uniform backgrounds and patterns that should be discriminable,
accounting for the ability to resolve information at close distances. These
responses were relative to pattern size, with the greatest increase in pattern
energy on the large-patterned background, a lesser increase on the small-
patterned background, and little to no change on the uniform background.
However, the only statistical differences were found between the large-
patterned and the uniform backgrounds. The degree of patterning and the
patterns recorded aligned well with past research (Nokelainen et al. 2017,
Nokelainen et al. 2019; Price et al. 2019; Todd et al. 2006; Todd et al. 2012),
and numerous patterns seemed conserved over multiple generations of crabs
(Figure 10 versus patterns shown over 40 years prior in (Hogarth 1978, 1975)).
The next question is the reason why crabs are only able to adjust overall
contrast and not pattern size? In other species, adjusting patterning for
camouflage, there is a considerable degree of control over pattern sizes
(Akkaynak et al. 2017; Allen, Mé&thger, Barbosa, et al. 2010; Barbosa et al.
2008; Hanlon et al. 2011; Hanlon et al. 2009; Hanlon, Forsythe, and Joneschild
2008; Healey 1999; Kelman, Tiptus, and Osorio 2006; Mathger et al. 2008).
There is experimental evidence for direct matching of body patterns to
background patterns (i.e., background matching), shifting to disruptive markings
on large enough background patterns (Allen, Mathger, Barbosa, et al. 2010;
Barbosa et al. 2008; Hanlon et al. 2009). The key difference between the
groups with this fine scale control over pattern distribution and the limited
pattern change in crabs, is that the former combines camera type eyes (Land

and Nilsson 2012) and rapid physiological change.

In Chapter 2, | highlighted the variation in C. maenas appearance between
habitats (Nokelainen et al. 2017; Todd et al. 2006; Todd et al. 2012), and the
assumption that colour change is responsible for phenotype-environment
associations at the mesoscale level (Nokelainen et al. 2017). These mesoscale

differences amount to the differences between habitat types such as rockpools
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and mudflats, with high levels of variation in variation (background patterns) in
the former and general uniformity in the latter. In this experiment, the most
conspicuous patterns developed on the more patterned backgrounds and
appeared disruptive in nature ,while uniformity was maintained on the uniform
background. If these patterns are in fact disruptive, crabs may change
camouflage strategies between disruptive markings in rockpool habitats versus
background matching in uniform habitats, rather than changing patterning to
match that of backgrounds. This is follows the association recorded in natural
substrates (disruption in rockpools and background matching in mudflats),
where phenotypic plasticity has been proposed as the key reason for the
difference between habitat types (Price et al. 2019). If C. maenas needs to
adjust between discrete camouflage strategies associated with habitat types,
resolution of specific pattern sizes may not be needed. This shift may only
require the recognition of uniformity or variation (either in general or a specific
threshold size/contrast), which seems within the capacity of C. maenas acuity.
While analysis of disruptive coloration was not conducted, higher total pattern
contrast corresponds to higher edge disruption in past research (Nokelainen et
al. 2017; Price et al. 2019). Additionally, the qualities of patterns expressed in
this experiment indicate that disruptive patterning tended to be expressed more
on the larger patterned background. Our results indicate C. maenas can shift
from background matching to disruptive markings in response to sufficient
background patterning. This confirms proposals from past research on the
species (Nokelainen et al. 2017; Price et al. 2019; Todd et al. 2006; Todd et al.
2012), and follows trends in disruptive patterning in a wider context (Allen,
Méathger, Barbosa, et al. 2010; Barbosa et al. 2008; Chiao and Hanlon 2001b;
Cuthill et al. 2005; Smithers, Wilson, and Stevens 2017; Chiao and Hanlon
2001a).

Finally, differential stimulation of the eyes specifically seems to be responsible
for substrate perception for colour change. To accurately detect substrate
brightness and coloration independent of illumination, then light information
from both the substrate and illumination must be obtained simultaneously. This
is so illumination can be accounted for (presumably based on light from above)
against the reflected light from the substrate (light from below). C. maenas’

responses seemed independent of overall intensity or upwelling light alone,
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appearing to be in response to directional light cues. Without directional light
sensitivity from eyes the difference in downwelling and upwelling light cannot be
detected, and illumination cannot be accounted for. This response is in line with
other species. Research in other arthropods found colour change only occurred
on backgrounds that were comparatively different from the individuals
coloration, not in response to overall light intensity (Burtt 2009). In other crabs,
responses to illumination were the opposite to those expected if overall light
intensity directs colour change, ghost crabs become brighter when placed in
dark conditions and vice versa, while changes in background colour caused
matching responses in crab colour (Stevens, Rong, and Todd 2013). More
directly relating to directional light responses, investigations of stick insect
colour change found that covering only the bottom hemisphere of their
compound eyes resulted in an increase in dark pigment dispersal, presumably
because the covering mimicked reduced upwelling light relative to downwelling
(Bickmann 1979).

Factors limiting colour change for camouflage

The key limitation imposed by C. maenas’ reliance on vision for appearance
change is the lack of ability to detect chromatic differences whilst possessing
the apparent mechanisms needed to improve chromatic matching. As
previously stated, the potential benefit of colour vision outside of colour change
for camouflage in this species is limited. In other similar species known to
possess colour vision and which also show some chromatic change e.q., fiddler
crabs (Brown Jr and Sandeen 1948; Hemmi et al. 2006; Horch, Salmon, and
Forward 2002; Rajkumar et al. 2010)) behaviours are known that could be
dependent on colour vision e.g., courtship behaviours (Takeda 2006) which
adds value to the ability to discriminate colour. It may simply be the potential
costs of colour vision (e.g., the potential loss of overall sensitivity (Land and
Nilsson 2012)) needed for chromatic change outweighs the benefit of the
matching achieved. The comparative benefits of chromatic versus achromatic
matching are less clear. In C. maenas, chromatic matching is only reliable on
mudflats, where the crabs tend to be a good colour match for substrates. In
more variable habitats, the increased diversity of potential backgrounds reduces
the likelihood a specific background colour will match. In these cases, disruptive

markings may be a more reliable means of avoiding detection (Price et al. 2019)
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Across all experiments, significant variation in change was seen, with some
crabs undergoing significant changes (in brightness, pattern contrast, or both),
while many showed no change at all. Despite individuals not changing when it
would improve camouflage, very few individuals changed in a way that
significantly worsened matching. This variation is generally in line with other
morphological changes in this (Stevens, Lown, and Wood 2014b; Hogarth
1983) and other crabs species (Stevens, Rong, and Todd 2013), as well as
general trends in arthropod morphological colour change, where significant
variation in change achieved by individuals has been recorded (see (Tanaka,
Harano, and Nishide 2012; Eacock et al. 2017; Anderson and Dodson 2015)).
Additionally, other studies comparing brightness change using black and white
have found that individuals tend to better match dark substrates, often failing to
reach the brightness of very light/white substrates (e.g. the achromatic change
of Biston betularia in (Eacock et al. 2019) Fig. 2b).

While this project focussed on the visual characteristics of C. maenas, the role
of colour change mechanisms — be they physiological or morphological — will
also be important in enabling and limiting colour change for camouflage. While
the ability of eyes to detect cues abouts substrates can potentially limit colour
change behaviours, the range of plasticity afford by a species’ colour change
mechanisms will limit what changes in coloration can potentially be achieved.
The mechanisms for colour change camouflage have been studied and
reviewed in a variety of taxa, including in arthropods (Umbers et al. 2014). My
working basis for C. maenas’ chromatophores was the initial research
conducted by Powell, which described C. maenas as possessing red, white,
and black chromatophores types (Powell 1962b; Powell 1962a). Based on this |
have also assumed that C. maenas possesses the mechanisms needed to
adjust chromatically, with changes in red pigments affecting longwave
reflectance. Whether C. maenas’ red chromatophores are used in colour

change for camouflage is not confirmed, however.

A key question raised by the project is why does C. maenas possess a red
chromatophore type, when its visual system only allows for the discrimination of
achromatic differences, and colour change mirrors this? Logically, only white
and or black chromatophores are necessary for the achromatic changes seen in

C. maenas, but they still possess red chromatophores. It could be some level of
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fixed red coloration useful for crypsis or some other function. One interesting
point in the literature is the relationship between the melanophores and the red
chromatophores, combined with the denaturing of crustacyanin into astaxanthin
(Lee and Vespoli 2015; Reid et al. 1997). A similarity in responses of red and
black chromatophores in C. maenas has been noted in past research (Powell
1962b; Powell 1962a), and in my own results the responses seemed to align
with similar responses in the two. This similarity in response of red and black
chromatophores is found in other crab species changing colour, specifically Uca
fiddler crabs (Brown Jr and Sandeen 1948). Red chromatophores mirror the
responses of melanophores, both in background responses, as well as
circadian rhythms. Red/longwave sensitivity is generally lower than shortwave
to mediumwave sensitivity in C. maenas’ (Bruno, Mote, and Goldsmith 1973;
Martin and Mote 1982) as confirmed by the luminance scores of substrates
obtained in Chapter 1. “Correct” chromatic change on the red substrate may be
an unintentional result of crabs reducing brightness, by increasing
pigments/dispersing existing pigments in the red as well as black
chromatophores, in response to the perceived darkness of red substrates.

Contrasting the potential lack of independent control of red versus black
chromatophores are specific hormones associated with red pigment dispersal.
These hormones are found across crustaceans (Brown Jr 1950; Darnell 2012)
including C. maenas (Alexander et al. 2020). Evidence suggests they have a
direct role in the dispersal of red pigments in chromatophores, without an
apparent effect on melanophores (Alexander et al. 2020). Their impact on long
term colour change, especially factoring the potential photo-denaturation of
integumentary pigments, is less clear. Beyond that, there is no guarantee red
chromatophores have a function in crypsis. Arguments have been made that
red pigment change in polar crustaceans in response to light (Auerswald et al.
2008; Fuhrmann et al. 2011) could be used in protecting from UV radiation
(Fuhrmann et al. 2011). Some combined investigation into sensory ecology,
endocrinology, and ontogenetics of species undergoing morphological colour

change is needed to untangle specific roles of chromatophore change.

While not necessarily a limit, colour change could be affected by external
stressors. | mentioned in Chapter 3 that colour change could be stressful on the

individual changing. This comes from both the necessity of moulting to facilitate
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gross changes in colour, as well as the presumed cost of pigment movement or
generation and degradation. Beyond colour change, crabs are likely to face
other stressors in natural environments. These can range from the direct impact
of predators (both physical damage and the stress of their presence), as well as
unfavourable conditions (for example: extremes of temperature). It has been
demonstrated that shore crab colour change is reduced in the presence of
shipping noise (Carter, Tregenza, and Stevens 2020). Interestingly, there is
evidence that higher temperatures could increase the speed of colour change in
crabs, perhaps due to their ectothermic biology (Mynott 2019). Across
experiments, the magnitude of colour change was relatively small. It could be
that while efforts were made to minimise stressors for samples (initial
quarantine to acclimatise individuals to laboratory conditions, minimal handling,
ensuring optimum environmental conditions) what stressors there were limited
colour change (as shown in past treatments based on sensory stressors
(Carter, Tregenza, and Stevens 2020)). With the further acknowledgement of
crustacean nociception and sentience, considerations should made not just for
the impact of colour change itself, but also the impact of unconsidered stressors

on colour change behaviours of interest.

Alternative information pathways for colour change for camouflage
Multiple apparently monochromatic species still maintain a level of chromatic
plasticity, often allowing for improvements in colour matching. Whatever
mechanisms allow this occur, be it approximations based on luminance cues
combined with similarities in chromatophore and background colours (as
potentially seen in cuttlefish (Mathger et al. 2008)), or extraocular
photoreception (direct chromatophore responses occur in response to light as
seen in B. betularia (Eacock et al. 2019)), C. maenas seems unable to match
this ability.

While extraocular colour change has been demonstrated in other species, and
to a limited degree in C. maenas (Powell 1962b), the crabs’ morphology could
significantly limit this. Those species which readily change colour via
extraocular photoreception share one key aspect: an epidermis significantly
more transmissive than that of C. maenas. Cephalopods (Ramirez and Oakley
2015) and lepidopteran larvae (e.g. Biston betularia (Eacock et al. 2019))both

possess chromatophores with significant access to light, which should facilitate
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primary responses by chromatophores. The carapace of C. maenas could act
as an interference layer, blocking light (as seen to have an effect on acuity in
other crabs (Baldwin and Johnsen 2011)), especially on the cephalothorax of
older crabs. However, it will likely be thin enough in juvenile crabs, especially on
the limbs (Powell 1962b) to allow light information to directly stimulate changes
in chromatophores. In addition, discrete changes in coloration are associated
with moulting in this and other species (Jensen and Egnotovich 2015).
Presumably shore crabs deposit pigmentary material in the new integument
during moulting, but in the immediate period post moulting chromatophores
could be exposed to light and primary responses may occur. However, were a
primary response dictating the colour change responses of C. maenas, a
greater response on the chromatic backgrounds of Chapter 1 might be
expected. If red chromatophores responded to light directly(as seen in (Eacock
et al. 2019)), then chromatophores should theoretically respond to the intensity
of longwave light, with greater intensity of longwave light on red (and perhaps
yellow substrates) leading to greater dispersion of corresponding pigment, and
lesser intensity on blue resulting in aggregation.

There is little to no evidence for the role in other sensory modalities beyond
photoreception guiding colour change for camouflage in C. maenas. All
substrates used gave no other reliable cues to identify their
coloration/appearance other than visual, and | assume crabs matched based on
those visual cues in accordance their capability to perceive them. While the
direct link between vision and visual camouflage logically means the best
information to use when matching is visual, other cues may be used. While
multiple other cues are demonstrated to be used in defences against detection
through other senses (see (Ruxton 2011) for a review), cues other than vision
could provide the information about substrates which is needed to change
colour for camouflage. Within the crustaceans, certain caridean shrimp change
colour when transferred to novel macroalgae that function as both food source
and background substrate for camouflage (Duarte, Stevens, and Flores 2018;
Gamble and Keeble 1900; Green et al. 2019; Keeble, Gamble, and Hickson
1900). Similar pairings of food sources and camouflage backgrounds are seen
in other marine crustaceans e.g., marine isopods (Hultgren and Mittelstaedt

2015; Lee 1966), as well as multiple lepidopteran larvae (Greene 1996; Noor,

178



Parnell, and Grant 2008; Poulton 1903). In these circumstances, information
about substrate identity could be provided via chemical cues, rather than visual.
By using cues other than vision, species may not be limited by deficiencies
related to colour change. For example, spectral sensitivity has not been
examined in H. varians, but similar species are often monochromatic (Johnson,
Gaten, and Shelton 2002). If they lack colour discrimination, they still maintain
the ability to improve chromatic matching on red, green, and brown/yellow algae
(Gamble and Keeble 1900; Green et al. 2019; Keeble, Gamble, and Hickson
1900). Chemical differences could be providing information about seaweed
type, removing the limitation of colour vision and enabling accurate colour
matching. Even in species without a direct link between dietary cues and their
substrate, food and resources obtained from it are likely to be important. Diet
has been shown to affect the body coloration of spiders (Gillespie 1989), and
outside of potential crypsis functions, pigments from diet are responsible for
colour change in a variety of other species (e.g. in other crustaceans (Yamada
et al. 1990; D'Abramo et al. 1983) and birds (Fox 1955; Ratcliffe 1936; Johnson,
Cézilly, and Boy 1993)). The importance of diet, both in informing colour change
as well as providing the materials for it, should be investigated to identify its

importance especially in relation to visual cues.

Augmenting imperfect colour change for camouflage.

While appearance change for camouflage is the focus of this thesis, colour
change, and camouflage in general, are not the limit of C. maenas antipredator
defences. C. maenas appearance change for camouflage was found to be
limited in two key areas: chromatic change and change in pattern distribution.
Both have a significant impact on overall matching, which will have a
subsequent impact on survival (as demonstrated by previously mentioned
predation experiments (Corl et al. 2018; Troscianko, Wilson-Aggarwal, et al.
2016; Duarte, Stevens, and Flores 2018; Mynott 2019)). However, C. maenas
and other species can reduce detection in addition to changing their own

appearance.

Firstly, although C. maenas cannot change to match the pattern distribution and
chromatic elements of habitats, it still maintains strong phenotype-environment

associations resulting in successful camouflage across habitats (Hogarth 1975;
Nokelainen et al. 2017; Price et al. 2019; Stevens, Lown, and Wood 2014a,;
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Todd et al. 2006; Todd et al. 2012). When considering the habitats C. maenas
needs to camouflage amongst, noticeable trends are observed. Generally
uniform habitats often seem to have low saturation of any colour and often lie at
either end of a scale of brightness (based on personal observations of sample
sites and inferences from past research (Price et al. 2019; Stevens, Lown, and
Wood 2014a; Todd et al. 2006; Todd et al. 2012; Nokelainen et al. 2017)).
Alternatively, the broader variety of background conditions in rockpools
(Nokelainen et al. 2017; Todd et al. 2006; Todd et al. 2012; Price et al. 2019)
seem to increase the difficulty of matching backgrounds. There will be a greater
variety in backgrounds (both in patterning and colour) that C. maenas cannot
match, compared to mudflats where matching (both brightness and colour) is
consistently effective (Price et al. 2019). As such, changing to disruptive
markings seems to be the optimum camouflage strategy rather than
background matching. Additionally, the habitat complexity may also reduce
predation independently of camouflage (Merilaita 2003), as seen in recent
model experiments (Rowe et al. 2021). Habitats of greater heterogeneity seem
to favour greater variation in prey coloration (Bond and Kamil 2006, 2002). This
seems to be the case in C. maenas as well, as heterogenous rockpools seem to
favour greater carapace variation specifically for disruptive markings, over
attempts at background matching (Price et al. 2019). Following this, the
variation in crab coloration in these habitats seems to impede predator search
image formation, especially in crabs with disruptive markings (Troscianko et al.
2021).

While colour change is thought be responsible for mesoscale matching,
behavioural choice in substrates has been proposed as a mechanism for
improving microscale matching (Todd et al. 2012; Nokelainen et al. 2017).
Choice of background facilitates matching in other species with fixed coloration
(e.g. moths (Kang et al. 2012), reptiles (Nafus et al. 2015), and ground nesting
birds (Stevens et al. 2017)), as well as augmenting camouflage in other species
capable of colour change (e.g. in marine (Green et al. 2019; Uy et al. 2017) and
terrestrial arthropods (Eacock et al. 2019)). Selection of matching backgrounds
might allow for the correction of chromatic mismatch within a habitat, although
this should be dependent on colour discrimination (identifying matching

background colours) which is not evident in C. maenas. Beyond selecting

180



specifically matching backgrounds, other behaviours can also improve
camouflage (e.g. orientation in moths (Kang et al. 2012), or posturing in
caterpillars (Rowland, Burriss, and Skelhorn 2020), reviewed in (Stevens and
Ruxton 2019)).

It is crucial to not consider camouflage as the only antipredator strategy. Crabs
are a valuable species for multiple antipredator strategies both at a given
timepoint and with ontogenetic change in these strategies (Carter, Tregenza,
and Stevens 2020; Moksnes, Pihl, and Montfrans 1998; Nokelainen et al. 2019;
Price et al. 2019; Stevens, Lown, and Wood 2014b, 2014a; Troscianko et al.
2021; Wale, Simpson, and Radford 2013). C. maenas shifts antipredator
strategies with age. Juveniles adopt a specialist strategy to the habitat they are
in aided by colour change, then adults appear to transition to a generalist
uniform green strategy found to be optimal in the environments they typically
inhabit (Nokelainen et al. 2019). This is combined with an increase in overall
size and physical defences (integument strength and claw size and strength),
as well as a decrease in moult frequency (Styrishave, Rewitz, and Andersen
2004) (and therefor the rapidity of colour change) ultimately means colour
change for camouflage may be of less use in larger (and presumably older)
individuals. Given that the period of their life history when colour change is a
useful antipredator strategy is relatively short, the potential benefits for colour

discrimination, especially for colour change, are limited.

Crabs are often found in habitats comprised of sediment of various sizes (e.g.,
silt in mudflats, and sand or shingle in rockpools (Nokelainen et al. 2017,
Stevens, Lown, and Wood 2014a; Todd et al. 2006; Todd et al. 2012)). During
the day crabs are often fossorial, burying themselves in sediment or burrows
which can improve survival (Coverdale et al. 2013) potentially augmenting any
existing camouflage (Bellwood 2002). Burying is also seen in other epibenthic
species also using camouflage (e.g.: cuttlefish (Allen, Mathger, Barbosa, et al.
2010; Boletzky 1996), flatfish (Ellis, Hoowell, and Hughes 1997; Moles and
Norcross 1995; Ryer et al. 2008) and rays (Youn, Okinaka, and Mathger 2019)).
By burying themselves in the substrate or hiding in refuges, the individual can
immediately adopt the characteristics of the background they must match. This

removes the reliance on visual cues needed for colour change or background
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selection. Subsequently it could allow for the mitigation of limited colour vision

or colour change mechanisms restricting chromatic matching.

Caveats of experimental methods

While this project has identified the links between vision and colour change for
camouflage in C. maenas, certain assumptions had to be made, and
methodologies compromised. One key issue in the assessment of vision was
the use of the optomotor response as a behavioural measure. A significant
drawback of the optomotor methods in general is that they rely on a moving
stimulus, and motion vision has the potential to be achromatic (Krauss and
Neumeyer 2003; Schaerer and Neumeyer 1996; Yamaguchi et al. 2008). This
could obscure the presence of photoreceptor sensitivities outside those used in
motion vision. In addition to this, while the LCD screen virtual drum is a useful
and easy to apply method for optokinetic measurements, when examining
spectral sensitivity it has another key limitation. The three-colour generation
limits the method to three distinct points of measurement, specifical red, green,
and blue pixel intensity. While a vast gamut of colours can be produced to
human perception, they are not single curve (spectra) stimuli, rather the
combination of multiple curves of differing intensity. These stimuli are also very
broad, each extending across broad sections of the visible spectrum, potentially
explaining the response to red, which is greater than that predicted by the fitted
Stavenga template (Figure 8). Crabs may be detecting the irradiance from the
shorter wavelengths of the stimulus curve, rather than the peak used to identify
it. While this significantly reduces how well any potential sensitivity template can
be fitted to the data, it is mitigated based on the visual template. The distribution
of sensitivity across the spectrum is standardised across photoreceptor
sensitivities, while the point of maximum sensitivity varies (Stavenga and
Schwemer 1984; Stavenga, Smits, and Hoenders 1993). This means the curve,
while complex, is merely being aligned along the x-axis. This is still dependent
on the assumption of monochromacy, as the lack of precision means a second
peak could not be resolved. Originally, pre-pandemic plans involved
reconducting this experiment with a broad-spectrum light source and narrow
band pass filters, which would allow for a greater number of points and more
precise measurement along the spectrum, meaning both precision and

accuracy of assessment will increase. This could potentially capture any
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variation missed by the broader LCD screen method, including potential multiple
peaks in sensitivity indicative of polychromacy. Unfortunately changes in the
thesis plan because of the COVID 19 pandemic meant there was not time for
this.

Additionally, there are limitations in the training experiments. While there was
evidence of a preference in the black and white trials, this was assumed to be a
sign of a learned association but could simply have been an innate photokinetic
response — a preference for darkness and refuges. If this were the case then
crabs may not have formed the association between the blue and green stimuli,
whilst still being able to perceive them. This could result in individuals making
random decisions, not through an inability to differentiate between stimuli but
from a lack of context from learning. C. maenas colour vision cannot be ruled

out, but our results still question colour’s specific role in camouflage.

Future Research

Perhaps the next biggest question regarding colour change for camouflage is
the direct and indirect costs (Duarte, Flores, and Stevens 2017; Stevens 2016;
Stuart-Fox and Moussalli 2009). Many are partially or theoretically answered:
presumably a major cost of changing between coloration is mismatching
between old and new coloration and the associated increase in predation (as
seen in the reduced survival of mismatched individuals in multiple predation
trials (Hultgren and Mittelstaedt 2015; Duarte, Stevens, and Flores 2018; Mynott
2019; Vignieri, Larson, and Hoekstra 2010)). Often it is assumed there is some
energetic cost of physiological colour change, in effecting neuromuscular
redistribution of pigments within chromatophores (as noted by Hanlon et al. with
regards to octopus colour change (Hanlon, Forsythe, and Joneschild 2008)).
Alternative costs may be related to slower morphological changes, beyond the
increased time to achieve matching (and the interstitial period of mismatching).
There should be some cost associated in the generation and removal of
pigments. In C. maenas’ case, and likely others, the pigments or precursor
molecules will likely be derived from their diets. This will likely offset the costs
somewhat by providing fuel for responses, particularly if pigments derived from
diets are directedly expressed and-or dietary substrate also act as backgrounds
for camouflage. Even so will the subsequent conversion and expression of

pigments should divert energy away from other process (perhaps leading to
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adverse effects — e.g., increased mortality during moulting as seen in Chapter
3). Experiments measuring respiratory rate of individuals actively changing
versus maintaining coloration would be useful. Alternatively, in species
changing colour morphologically, comparisons of colour change when food is
restricted versus being provided ad libitum could also provide insights. The
expectation being restricting food will limit colour change as both resources and
energy for potential post-consumption changes to pigments will be reduced.
There is evidence from guppies changing colour that individuals consume more
food when changing colour (Rodgers et al. 2013) but this was not directly linked
to camouflage, and the need to obtain materials may be more important for

morphological change.

There is also the specific issue of the spectral sensitivity of C. maenas. While
my behavioural measures fit the previous electrophysiological recordings, they
did not identify, and potentially could have overlooked, a second class of
photoreceptor. One of the current methods of directly investigating visual
properties is opsin sequencing. Opsin types are directly linked to the spectral
sensitivities of the photoreceptors they are expressed in. The use of opsin
sequencing has been used in assessing the spectral sensitivity of multiple
species and allows for direct qualitative assessment of receptor sensitivities.
Beyond that, opsin expression has been used with colorimetric studies to show
extraocular colour change is facilitated by dermal opsin expression. This use of
opsin sequencing has already proven valuable in the case study of Biston
betularia (Eacock et al. 2019) larvae previously mentioned, as well as
cephalopods (Ramirez and Oakley 2015) and reptiles (Fulgione et al. 2014).
Broader investigation of opsin expression both at and outside of the eyes, can
provide valuable information about the relationship between species spectral

sensitivity and ability to chromatically change.

Historical studies of colour change in C. maenas have already manipulated
animals eyes through covering and ablation/removal (Powell 1962b). These did
demonstrate some short-term responses of chromatophores to light intensity, at
least when eyes were covered non-invasively. When eyes were directly
manipulated (ablation and removal) results were less clear, perhaps due to the
confounding effects on hormone transport pathways. These experiments only

examined colour change in the short term. Whether long-term change tends to
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be dependent on vision or are facilitated by extraocular photoreception (as seen
in long-term change in B. betularia) is unknown. A similar approach as used in
past experiments ((Powell 1962b; Oguro 1962; Fulgione et al. 2014; Eacock et
al. 2019)) is warranted to test this. Such experiments were attempted on C.
maenas during this thesis. This was among the experiments cut for time. A
significant challenge was in maintaining a permanent barrier to light that was
safe enough to allow long term survival of crabs when used. This was
particularly challenging to maintain due to moulting and the difficulties in
predicting its occurrence. These manipulations would still be useful to test if
long-term mechanisms, which is required for significant colour change in C.

maenas and other species, are dependent on feedback from eyes.

Concluding remarks

Vision is, at least in shore crabs, the primary director and limiter of phenotypic
plasticity. In the collection of species that have had their colour change for
camouflage examined, Carcinus maenas seems to be exceptional in its
simplicity. Colour change behaviours correspond to the extent and apparent
limitations of vision. While they are capable of significant and noticeable
achromatic change and can adjust at least pattern contrast to tune matching on
backgrounds of varying complexity, they do not show any significant chromatic
change to improve matching, despite possessing chromatophores capable of
adjusting chroma (at least in terms of relative redness). This tracks with their
apparent lack of colour vision. Their limited spatial acuity at distance does not
appear to impact their ability to resolve small background patterns, or at least
differentiate between these and uniform backgrounds. Finally, evidence
suggests they follow the assumption that species judge substrate appearance
via directional light cues. Change in brightness accorded with a response the
ratio of incidental light a substrate is reflecting, rather than the light reflected
from the substrate alone or the overall light intensity. This likely is due to
differential stimulation of photoreceptors in the upper and lower hemispheres of
their compound eyes, based on the responses to directional light intensity, and
experiments in similar species. These achromatic changes function to
significantly improve matching in terms of brightness, and allowed for shifts
between camouflage strategies that were the optimum for differing habitat

types. These shifts in camouflage strategies seem within the limits of C.
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maenas vision, not requiring chromatic cues and only requiring the recognition
of pattern in backgrounds rather than resolving specific pattern sizes. As such,
C. maenas vision, while potentially limiting the absolute range of colour change,
still allows for effective changes in camouflage. What is most needed now is
further research into the processes between the initial detection of cues and
ultimate colour change, to understand the individual roles of specific information
transmission pathways used for visually mediated colour change for

camouflage.
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Appendices

Appendix 1A — Methods and results of appetitive discrimination trials in
Chapter 1

Prior to the aversive training regime used in Chapter 1, initial testing of
appetitive stimuli was used, concurrently with the colour change experiments.
Training trials involved an appetitive reward (five grams of smoked bacon,
selected for its strong olfactory cue and higher value than regular food items)
being placed in the correct choice during training, then removed in test trials to
remove the chemosensory cue. Trials involved an open arena, with the colour
stimuli — vertical 30mm x 20 mm pieces of waterproof paper printed with the
respective colours, with a flat 50mm x 50mm piece underneath — at the opposite
end of the container to the crab starting point at equal distances on either side
(with colours swapping sides randomly). Bacon pieces were placed on the flat
coloured surface of whichever of the colour was being trained for association,
behind the vertical surface so crabs had to approach and interact with the
stimuli to access them. Crabs started the trial contained within a clear container
(an overturned container normally used for housing in other experiments,
placed in the arena after the setup of all other elements) and allowed two
minutes to acclimatise to tank containers. The container was then removed, and
crabs were allowed to freely roam for 5 minutes, with interactions being
recorded in real time. These were the first colour interacted with (ultimately
used as the measure of a correct choice), number of times each colour was
interacted with, and the time to first decision. These were all listed as NA if not
choice was made. Results can be seen below in Figure 33. Lack of success in
the blue-yellow trials could potentially have been due to a lack of colour
discrimination, and to test this the stimuli were swapped to black and white for
maximum contrast that should be discriminable even accounting for a
monochromatic visual system. Trial methods were also refined, given the
potential issues of retention, or lack thereof, of reward information. Trials were
conducted back-to-back on the same day, with initial trials containing the food
reward (reduced to prevent satiation/maintain appetite) which was then
removed, and performance was measured solely based on visual cues.

Although a limited sample of individuals was tested (n = four, with two crabs
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receiving rewards with black, two with white), there was no evidence training

was successful.

Cumulative Proportion of Correct Choices at each trial
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Figure 33: Change in the proportion of correct choice made by crabs at each
trial in initial attempts at appetitive colour discrimination trials.

Crabs divided by colour associated with the positive stimulus: B = Blue, Y =
Yellow. Vertical line between 6 & 7 - food reward no longer present in chamber.
Increasing cumulative proportion would indicate crabs constantly making correct
choices, however the levelling off and slight decrease indicates a return to

random choice.
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Appendix 1B — Examples of crab colour change from colour change

experiments in Chapter 1

Blue Substrate Yellow Substrate

Y8 Day 56

B7 Day 56

—

Y10 Day 0 Y10 Day 56

B11 Day 0 B11 Day 56

Y14 Day 0 Y14 Day 56

B19 Day 56 Y18 Day 0 Y18 Day 56

Figure 34: Presentation images of a subsample of crabs from Chapter 1's
chromatic change experiments from the treatment groups on blue and yellow
substrates.
Photos are from the start (Day 0) and end (Day 56) of experiments. Images are
false colour RGB images produced from multispectral images generated by the
MICA Toolbox in imageJ. Photographs are not scaled.
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Green Substrate Red Substrate

R2 Day 0 ' R2 Day 42

'@11 Day 0; G11 Day 42 RS Day 42

G14 Day0 _ ‘ G14 Day 42 R12 Day 0 4 Ri2Day42
o >

G20 Day 0 ' G20 Day 42 R20 Day!0 ' |R20 Day 42

Figure 35: Presentation images of a subsample of crabs from Chapter 1’s
chromatic change experiments from the treatment groups on red and green
substrates.

Photos are from the start (Day 0) and end (Day 42) of experiments. The
reduced experiment time was a result of lab closure due to the start of the
COVID19 pandemic. Images are false colour RGB images produced from
multispectral images generated by the MICA Toolbox in imageJ. Photographs

are not scaled.
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Appendix 1C — Un-simplified Model ANOVA outputs from optomotor and
colour change experiment analysis in Chapter 1

Table 33: Un-simplified model ANOVA output for chromatic contrast at start of
optokinesis from Chapter 1 optomotor experiments.
Models produced using the Imer() function in the LME4 package.

Sum Sq Mean Sq NumDF DenDF Fvalue Pr(>F)
Colour 0.501098 0.250549 2 102 4.263969 0.016655
Size 0.001432 0.001432 1 51 0.02437  0.876563
Sex 0.020255 0.020255 1 51 0.344712 0.559712
Colour:Size 0.141455 0.070728 2 102 1.203681 0.304314
Colour:Sex 0.242403 0.121202 2 102 2.062672 0.132384

Table 34: Un-simplified model ANOVA output for tracking efficiency data (Gain)
from Chapter 1 optomotor experiments.
Models produced using the Imer() function in the LME4 package.

Sum Sq Mean Sq NumDF DenDF Fvalue Pr(>F)
Colour 0.000525 0.000263 2 102 0.14091 0.868737
Size 0.004584 0.004584 1 51 2.459872 0.122973
Sex 0.00035 0.00035 1 51 0.187947 0.666459
Colour:Size 0.000669 0.000334 2 102 0.17949  0.835959
Colour:Sex 0.001973 0.000987 2 102 0.529502 0.590508
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Table 35: Un-simplified model ANOVA output for change in Hue data from
Chapter 1 colour change experiments.
Split by visual model. Models produced using the Im() function in base R

Visual Model  Effect DF Sum Sq Mean Sq F value Pr(>F)

Dichromat Colour 3 0.152063184 0.050687728 8.998727942 0.000246747
Size 1 0.002793587 0.002793587 0.49595304  0.487100068
Colour: 3 0.000868676 0.000289559 0.051406109 0.984285808
Size

Trichromat Colour 3 0.062995781 0.020998594 9.764455431 0.00014165
Size 0.001241314 0.001241314 0.57721769  0.45375465
Colour: 3 0.000154082 5.13605E-05 0.023882908 0.994886806
Size

Tetrachromat Colour 3 0.62670184  0.208900613 12.25630547 2.6648E-05
Size 0.003671846 0.003671846 0.215429104 0.646133571
Colour: 3 0.004396565 0.001465522 0.085982896 0.96713777
Size

Table 36: Un-simplified model ANOVA output for change in colour JND data
from Chapter 1 colour change experiments.
Split by visual model. Models produced using the Im () function in base R.

Visual Model Effect DF Sum Sq Mean Sq F value Pr(>F)

Dichromat Colour 3 19.82449799 6.608165997 6.085825536 0.002531805
Size 0.302235895 0.302235895 0.278345751 0.601943607
Colour: 3 0.402839872 0.134279957 0.123665839 0.945349144
Size

Trichromat Colour 3 18.53902661 6.179675537 15.14866435 4.76402E-06
Size 0.011367546 0.011367546 0.027866049 0.868623846
Colour: 3 0.344332974 0.114777658 0.28136238  0.838385052
Size

Tetrachromat Colour 3 89.09037756 29.69679252 10.24253232 0.000101229
Size 1 0.419978116 0.419978116 0.144851988 0.706376562
Colour: 3 2.887939507 0.962646502 0.332020299 0.802238036
Size
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Table 37: Un-simplified model ANOVA output for change in luminance data
from Chapter 1 colour change experiments.
Models produced using the Imer() function in the LME4 package.

Sum Sq Mean Sq NumDF DenDF Fvalue  Pr(>F)

Colour 8.23E-05 2.74E-05 3 28.00008 1.855261 0.160145
Size 0.000106 0.000106 1 28.00007 7.200076 0.012098
Vision 0.00017 5.67E-05 3 84 3.836167 0.012573
Colour:Size 7.13E-05 2.38E-05 3 28.00009 1.608232 0.209751
Colour: 9.13E-05 1.01E-05 9 84 0.686663 0.718974
Vision

Size:Vision 0.000193 6.43E-05 3 84 4.349207 0.006731
Colour: 0.000147 1.63E-05 84 1.105005 0.368345
Size:Vision

Table 38: Un-simplified model ANOVA output for change in luminance JND

data from Chapter 1 colour change experiments.

Models produced using the Imer() function in the LME4 package.

Sum Sq Mean Sq NumDF DenDF F value Pr(>F)
Colour 401.1065 133.7022 3 28 3.081735 0.043476
Size 432.7333 432.7333 1 28 9.974178 0.003784
Vision 315.2939 105.098 3 84 2.42243  0.07155
Colour:Size 340.865 113.6217 3 28 2.618894 0.070495
Colour: 758.1361 84.23734 9 84 1.941608 0.056798
Vision
Size:Vision 271.2526 90.41752 3 84 2.084056 0.108446
Colour: 643.7245 71.52494 84 1.648596 0.114746
Size:Vision

195



Appendix 2A — Dichromat Total Patten Change Results from Chapter 2

0.3

©
[N}

Background Pattern

Large
Small
Uniform

Total Pattern Energy

0.1

Day

Figure 36: Crab total pattern energy (contrast) change over time, using
luminance values based on dichromat vision (Pollack (Shand et al. 1988)) from
pattern change experiments.

Lines are linear regressions based on y ~ x. Colours correspond to background
pattern. Large = 5mm? black and white grid, small = 0.75 mm? black and white
grid, uniform = neutral grey. Shaded region corresponds to 95% confidence

intervals. Graph produced using the ggplot2 R package (Wickham 2016)
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o
-

Change in Total Pattern Energy
o
o

Large Small Uniform
Background Pattern

Figure 37: Change in Total Pattern Energy, using luminance values based on
dichromat vision (Pollack (Shand et al. 1988)) from pattern change experiments.
Backgrounds Large (5mm?), small (0.75mm?) patterned backgrounds, or a

uniform grey background. Graph produced using the ggplot2 package in R.

Only dichromat visual models were used as a confirmation of the lack of
difference in outputs derived from differing visual models. This is based on the
results of Chapter 2, as well as the results of the Chapter 4, and the dichromat
and trichromat visual models of Chapter 3 data, reported in Appendix 3A

(Figure 37 and Figure 38, completed prior to pattern analysis experiments).
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Appendix 2B — Examples of pattern change of crabs in spatial change

experiments

Uniform Background Small Patterned Large Patterned

14 Day 56 6 15 Day 0

21 Dgyss 17 Day 0 —] 7 Day 56 19 Day 0 19 Day 56

|

31 Day 56 20D 3y S — 27 Day 56
-

41 Day 56 25 Day 56

49 Day 56 i y 56 50 Day 56

83 Day 0 83 Day 56 Day . 89 Day 56

Figure 38: Presentation images of a subsample of crabs from Chapter 2’s
pattern change experiments.

Photos are from the start (Day 0) and end (Day 56) of experiments. White dots
on eyes of crabs were white paint markers used to track eyes in optomotor trials
to measure acuity. Images are false colour RGB images produced from
multispectral images generated by the MICA Toolbox in imageJ. Photographs

are not scaled.
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Appendix 2C — Un-simplified model output from pattern change
experiments in Chapter 2.

Table 39: Un-simplified model ANOVA output for acuity analysis from Chapter
2.

Models produced using the Imer() function in the LME4 package.

Sum Sq Mean Sg NumDF DenDF F value Pr(>F)
Size 374.0311 374.0311 1 101.6309 40.16255 6.48E-09
Moult 6.082644 6.082644 1 184.0205 0.65314 0.420036
Proximity
Timepoint 27.22812  27.22812 1 192.4571 2.923689 0.0889
Size: 16.76041 16.76041 1 185.1181 1.799692 0.181393
Moult
Proximity

Table 40: Un-simplified model ANOVA output of longitudinal Total Pattern
Energy data from pattern analysis in Chapter 2.

Models produced using the Imer() function in the LME4 package

Sum Sq Mean Sqg NumDF DenDF F value Pr(>F)

Day 1415179 1.415179 1 259 15.21807 0.000122
Background 0.276866 0.138433 2 109.6858 1.488632 0.230205
Average Acuity 0.04288 0.04288 1 109.5837 0.461111 0.498537
Moult Count 0.001155 0.001155 1 109.495 0.012415 0.911484
Day: 0.569229 0.284615 2 259 3.060591 0.048559
Background

Day: 0.261768 0.261768 1 259 2.814915 0.094598
Average Acuity

Background: 0.223837 0.111919 2 109.6924  1.203513 0.30407
Average Acuity

Day: 0.206082 0.206082 1 259 2.216098 0.137794
Moult Count

Background: 0.224525 0.112263 2 108.0607 1.207213 0.30303
Moult Count

Day: 0.257407 0.128703 2 259 1.384007 0.252419
Background:

Acuity

Day: 0.193287 0.096644 2 259 1.039254 0.355189
Background:

Moult Count
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Table 41: Un-simplified model ANOVA output of longitudinal Dominant Marking

Size data from pattern analysis in Chapter 2.

Models produced using the Imer() function in the LME4 package

Sum Sq Mean Sq NumDF DenDF F value Pr(>F)
Day 7.076016 7.076016 1 259.0000 2.8176175 0.0944408
Background 3.924450 1.962225 2 197.8040 0.7813436 0.4591982
Average Acuity 0.558415 0.558415 1 197.8040 0.2223568 0.6377697
Moult Count 0.139666  0.139666 1 197.8040 0.0556138 0.8138118
Day: 7.812416  3.906208 2 259.0000 1.5554233 0.2130653
Background
Day: 8.415533  8.415533 1 259.0000 3.3510036 0.0683131
Average Acuity
Background: 3.351264 1.675632 2 197.8040 0.6672243 0.5142819
Average Acuity
Day: 0.077999  0.077999 1 259.0000 0.0310587 0.8602472
Moult Count
Background: 7.384829 3.692414 2 197.8040 1.4702923 0.2323592
Moult Count
Day: 5.509461 2.754731 2 259.0000 1.0969135 0.3354461
Background:
Acuity
Day: 0.781076  0.390538 2 259.0000 0.1555094 0.8560589
Background:
Moult Count

Table 42: Un-simplified model ANOVA output of longitudinal Pattern Energy

Difference (PED) data from pattern analysis in Chapter 2.

Models produced using the Imer() function in the LME4 package

Sum Sq Mean Sq NumDF DenDF F value Pr(>F)
Day 0.001178 0.001178 1 259.0002  1.447516 0.230026
Background 0.985356 0.492678 2 116.7775  605.2633 2.31E-62
Average Acuity  0.001384 0.001384 1 116.7775  1.699826 0.194875
Moult Count 0.000147 0.000147 1 116.7775  0.180506 0.671721
Day: 0.000402 0.000201 2 259.0002 0.246911 0.781394
Background
Day: 0.000624 0.000624 1 259.0002 0.766063 0.382249
Average Acuity
Background: 0.001217 0.000608 2 116.7775  0.747401 0.475847
Average Acuity
Day: 0.000291 0.000291 1 259.0002 0.357243 0.550564
Moult Count
Background: 0.000219  0.00011 2 116.7775  0.134682 0.874129
Moult Count
Day: 0.001343 0.000671 2 259.0002 0.824849 0.439449
Background:
Acuity
Day: 0.006016  0.003008 2 259.0002  3.695557 0.026153
Background:
Moult Count
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Table 43: Un-simplified model ANOVA output of longitudinal luminance data
from pattern analysis in Chapter 2.
Models produced using the Imer() function in the LME4 package

Sum Sq Mean Sq NumDF DenDF F value Pr(>F)

Day 0.82141 0.82141 1 259 20.66244 8.41E-06
Background 0.046842 0.023421 2 96.75428 0.589157 0.556773
Average Acuity  0.033835 0.033835 1 97.47275 0.85111 0.358516
Moult Count 0.01722 0.01722 1 97.61103  0.433155 0.511994
Day: 0.069797 0.034899 2 259 0.87787 0.4169
Background

Day: 0.067656 0.067656 1 259 1.701879 0.1932
Average Acuity

Background: 0.032954 0.016477 2 96.67921  0.414478 0.661854
Average Acuity

Day: 0.124967 0.124967 1 259 3.143531 0.077404
Moult Count

Background: 0.048248 0.024124 2 90.86115 0.606836 0.547267
Moult Count

Day: 0.056472 0.028236 2 259 0.710274 0.492464
Background:

Acuity

Day: 0.006989 0.003495 2 259 0.087906 0.915874
Background:

Moult Count

Overall Change Models

Table 44: Un-simplified model ANOVA output of overall change in Total Pattern
Energy data from pattern analysis in Chapter 2.

Models produced using the Imer() function in the LME4 package

Sum Sq Mean Sq NumDF DenDF F value Pr(>F)
Background 0.004408 0.002204 2 54.43612  1.146689 0.32524
Moult Count 0.000762 0.000762 1 54.35355  0.396205 0.531693
Background: 0.003578 0.001789 2 54.44923  0.930799 0.40042
Average Acuity
Background: 0.001876  0.000938 2 54.41673  0.487931 0.616555
Moult Count
Average 0.002543 0.002543 1 54.10499 1.32311 0.255093
Acuity:
Moult Count
Background: 0.002375 0.001187 2 54.46923 0.61771 0.542911
Average
Acuity:
Moult Count
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Table 45: Un-simplified model ANOVA output of overall change in Dominant

Marking Size data from pattern analysis in Chapter 2.

Models produced using the Imer() function in the LME4 package

Sum Sq Mean Sq NumDF DenDF F value Pr(>F)
Background 16832.77 8416.387 2 54.00636  0.143332 0.866795
Average Acuity 1018.896  1018.896 1 5439559 0.017352 0.895687
Moult Count 5191.699 5191.699 1 54.44843  0.088415 0.767333
Background: 45427.29 22713.64 2 5454033 0.386815 0.681065
Average Acuity
Background: 23150.5 11575.25 2 53.90564 0.197127 0.821675
Moult Count
Average 7042.874 7042.874 1 54.13642 0.119941 0.730441
Acuity:
Moult Count
Background: 52280.91 26140.46 2 5456764  0.445174 0.643019
Average
Acuity:
Moult Count

Table 46: Un-simplified model ANOVA output of overall change in Pattern

Energy Difference (PED) data from pattern analysis in Chapter 2.

Models produced using the Imer() function in the LME4 package

Sum Sq Mean Sg NumDF DenDF F value Pr(>F)
Background 0.004367 0.002183 2 55 1.326593 0.273737
Average Acuity ~ 0.00277 0.00277 1 55 1.68275 0.199975
Moult Count 0.001382 0.001382 1 55 0.839487 0.363544
Background: 0.004563 0.002281 2 55 1.386105 0.258644
Average Acuity
Background: 0.002327 0.001163 2 55 0.706767 0.49766
Moult Count
Average 0.001755 0.001755 1 55 1.066471 0.306264
Acuity:
Moult Count
Background: 0.003649 0.001824 2 55 1.10847 0.337324
Average
Acuity:
Moult Count
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Table 47: Un-simplified model ANOVA output of overall change in luminance

data from pattern analysis in Chapter 2.

Models produced using the Imer() function in the LME4 package

Sum Sq Mean Sg NumDF DenDF F value Pr(>F)
Background 0.004367 0.002183 2 55 1.326593 0.273737
Average Acuity 0.00277 0.00277 1 55 1.68275 0.199975
Moult Count 0.001382 0.001382 1 55 0.839487 0.363544
Background: 0.004563 0.002281 2 55 1.386105 0.258644
Average Acuity
Background: 0.002327 0.001163 2 55 0.706767 0.49766
Moult Count
Average 0.001755 0.001755 1 55 1.066471 0.306264
Acuity:
Moult Count
Background: 0.003649 0.001824 2 55 1.10847  0.337324
Average
Acuity:
Moult Count

203



Appendix 3A — Dichromat and trichromat image analysis results of

substrate perception experiments

Dichromat results
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Figure 39: Dichromat luminance values for crabs over time for substrate
perception experiments.

Colours correspond to lighting treatment. Straight lines produced via luminance
~ time linear models, with 95% confidence intervals. Lines and confidence
intervals do not include one sample - B2, isolated as an outlier. B2 was included
on the plot and can be seen as the highest black point on days 28 and 42, and
the highest point on days 56 and 70. Horizontal lines indicate luminance values
for white (blue lines) and black gravel (black lines) respectively. Dashed lines
equal the mean treatment luminance, dotted lines + std. deviation. NB Black
gravel deviation cannot be below 0, as 0 indicative of complete absorbance (no
reflectance). The upwelling light treatment only had the mean plotted as the std.
deviation spanned beyond the limits of luminance scores. It is included simply to
demonstrate that even when the white is well lit (via arc lamp, significantly

brighter than over than lights even without restriction), the light treatment will be
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perceived significantly brighter, given radiance will be constant regardless of
incident light. Graphs plotted with ggplot2 (Wickham 2016).

X Treatment

® Black
8 Light
# White

Change in Luminance
o

0 1
Moult Frequency

Figure 40: Change in dichromat luminance of crabs for substrate perception
experiments on each of the three treatments, split by moult frequency.

Fill colour corresponds to experimental treatment. All crabs are included,
regardless of duration of time. All crabs were included that survived at least 14
days, as this allowed for a minimum of two digital image collections, and
potential colour change to be recorded. All 19 black crabs that survived at least
14 days moulted once, while multiple crabs on light and white did not. Graphs
plotted with ggplot2 (Wickham 2016).
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Figure 41: Trichromat luminance values for crabs over time for substrate
perception experiments.

Colours correspond to lighting treatment. Straight lines produced via luminance
~ time linear models, with 95% confidence intervals. Lines and confidence
intervals do not include one sample - B2, isolated as an outlier. B2 was included
on the plot and can be seen as the highest black point on days 28 and 42, and
the highest point on days 56 and 70. Horizontal lines indicate luminance values
for white (blue lines) and black gravel (black lines) respectively. Dashed lines
equal the mean treatment luminance, dotted lines + std. deviation. NB Black
gravel deviation cannot be below 0, as 0 indicative of complete absorbance (no
reflectance). The upwelling light treatment only had the mean plotted as the std.
deviation spanned beyond the limits of luminance scores. It is included simply to
demonstrate that even when the white is well lit (via arc lamp, significantly
brighter than over than lights even without restriction), the light treatment will be
perceived significantly brighter, given radiance will be constant regardless of
incident light. Graphs plotted with ggplot2 (Wickham 2016).
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Figure 42: Change in trichromat luminance of crabs for substrate perception
experiments on each of the three treatments, split by moult frequency.

Fill colour corresponds to experimental treatment. All crabs are included,
regardless of duration of time. All crabs were included that survived at least 14
days, as this allowed for a minimum of two digital image collections, and
potential colour change to be recorded. All 19 black crabs that survived at least
14 days moulted once, while multiple crabs on light and white did not. Graphs
plotted with ggplot2 (Wickham 2016).
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Appendix 3B — Examples of crab colour change for substrate perception

experiments

Black Gravel

B10 Day 0

B11 Day 0

B13 Day 0

B16 Day 0

B20 Day 0

B10 Day 70

B11 Day 70

B13 Day 70

1 B16 Day 70

White Gravel

WS Day 0 w8 pay 70

W10 Day 0 m) Day 70
- e—

W12 Day 0 4 W12 Day 70

W14 Day 0

W15 Day 70

W17 Day 70

Upwelling Light

12 Day 0

L10 Day 0

L12 Day 0

L18 Day 0

J L2 Day 70

L6 Day 70

L10 Day 70

112 Day 70

f

L15 Day 70

L18 Day 56

Figure 43: Presentation images of a subsample of crabs from Chapter 3’s

substrate perception and brightness change experiments.

Photos are from the start (Day 0) and end (Day 70) of experiments. The

exception is sample L18, which died prior to final photo graphs, but is included

as an example of the brightness achieved in the experiment. Also included is

sample B2, to demonstrate difference from other samples on black gravel.

Images are false colour RGB images produced from multispectral images

generated by the MICA Toolbox in imageJ. Photographs are not scaled.
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Appendix 3C — Un-simplified model output from substrate perception
experiments in Chapter 4

Table 48: Un-simplified model ANOVA output of longitudinal luminance data for
substrate perception experiments in Chapter 4.
Models produced using the Imer() function in the LME4 package

Sum Sq Mean Sg NumDF DenDF F value Pr(>F)

Day 0.00142 0.00142 1 265.1117 1.651993 0.19981
Treatment 0.000523 0.000262 2 80.91005 0.304358 0.738437
Moult Count 1.56E-05 1.56E-05 1 80.07415 0.018111 0.893283
Day: Treatment 0.003325 0.001663 2 265.4248 1.934451 0.146535
Day: 0.006569 0.006569 1 263.3457 7.643321 0.006101
Moult Count

Treatment: 0.000805 0.000402 2 80.36014 0.468309 0.627758
Moult Count

Day: 0.004175 0.002087 2 263.7132 2.428735 0.090118
Treatment:

Moult Count

Table 49: Un-simplified model ANOVA output of overall change in luminance
data for substrate perception experiments in Chapter 4.

Models produced using the Imer() function in the LME4 package

Sum Sq Mean Sg NumDF DenDF F value Pr(>F)
Treatment 0.05433  0.027165 2 51.05495  7.113345  0.001883
Moult Count 0.021271 0.010636 2 51.9528 2.785046  0.070961
Treatment: 0.022131  0.007377 3 51.32994  1.931715  0.136072

Moult Count
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