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Abstract 

To understand the impact of climate change on ecosystems we need to know 

not only how individual species will be affected, but also the relationships 

between them. Predator-prey relationships determine the structure and function 

of ecosystems worldwide, governing the abundance of populations, the 

distribution of different species within habitats and, ultimately, the composition 

of communities. Many predator-prey relationships are shifting as a result of 

environmental change, with climate change causing both mismatches in the 

abundance and distribution of species and changes in predator and prey 

behaviour. However, few studies have addressed how climate change might 

impact the interactions between species, particularly the development of anti-

predator defences, which enable prey to limit their predation risk. One of the 

most widespread defences in nature is camouflage, with many species capable 

of changing colour to match their background to avoid being seen and eaten. 

The impact of climate change on this process is largely unknown, save for 

studies on species that exhibit seasonal changes in coloration. Using 

behavioural assays with predatory rock gobies (Gobius paganellus) and 

chameleon prawn prey (Hippolyte varians), I first demonstrate how background 

matching affects survival, shedding light on the fitness benefits of camouflage. 

Building on this fundamental understanding, this project explores how defensive 

coloration may be affected by anthropogenic climate change. Through a series 

of laboratory studies I test what impact ocean warming and ocean acidification 

have on the development of camouflage in intertidal crustaceans (chameleon 

prawns and common shore crabs, Carcinus maenas). Camouflage is modelled 

according to the visual systems of relevant predators, allowing us to understand 

what implications their coloration has for detectability, predation risk, and 

associated trophic links. Finally, this project investigates how camouflage can 

be applied to conservation and aquaculture. By rearing juvenile European 

lobster (Homarus gammarus) on different backgrounds, I show that they are 

capable of colour change for camouflage, as well as colour change throughout 

ontogeny. This capacity could be harnessed to help improve survival on release 

into the wild. As such, this thesis explores the fundamental science of 

camouflage, anthropogenic impacts on this process and its applications for 

conservation.  
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Introduction 

Climate change and trophic interactions 

Predator-prey relationships are fundamental structuring forces in any 

ecosystem (Hariston, Smith and Slobdkin, 1960; Albouy et al., 2014). The 

abundance of predators in an environment directly affects the prey population 

and, in turn, the availability of prey will impact the populations of their predators 

(Andersson and Erlinge, 1977; Angerbjorn, Tannerfeldt and Erlinge, 1999; Gilg, 

Hanski and Sittler, 2003; Ims and Fuglei, 2005). Anthropogenic pressures on 

ecosystems are rapidly altering these relationships with changes in land use 

(Rodewald, Kearns and Shustack, 2011); hunting (Dorresteijn et al., 2015); 

overfishing (Dulvy, Freckleton and Polunin, 2004; Scheffer, Carpenter and 

Young, 2005; Österblom et al., 2007); the introduction of new species (Roemer, 

Donlan and Courchamp, 2002; Rodriguez, 2006) and climate change 

(Tylianakis et al., 2008; Gilman et al., 2010), which presents perhaps the 

greatest threat to ecosystem structure and function. The impacts of 

anthropogenic climate change are global, and widely documented across both 

marine and terrestrial systems (Root et al., 2003; Parmesan, 2006; Rosenzweig 

et al., 2008), (Fig. 1.1). In the marine environment, temperatures are expected 

to rise by 2-3 °C by the end of the century – worse if CO2 emissions are not 

curbed (Collins et al., 2013). Different ocean basins are warming at different 

rates, with the Northeast Atlantic Ocean among the fastest (Levitus et al., 2000; 

Southward et al., 2004). The Western English Channel alone has experienced a 

1 °C rise in mean sea surface temperature since 1990 (Mieszkowska and 

Sugden, 2016), a consequence of both anthropogenic climate change and 

natural forcing (the Atlantic Multidecadal Oscillation), (Delworth et al., 2016; 

Blunden and Arndt, 2018). UK coastal waters are warming at an average rate of 

0.28 °C per decade (over the period 1984-2014) and much of the UK shelf seas 

are anticipated to warm by over 3 °C by the end of the century (projected sea 

surface temperature for 2069-89 relative to 1960-89), (Hughes et al., 2017). 

These changes are anticipated to have wide-ranging consequences for marine 

ecosystems, which have evolved to operate in cooler conditions and have 

experienced much slower rates of change during their evolutionary history. 

Oceans are a global sink and buffer for atmospheric CO2 and have absorbed as 

much as 50 % of CO2 emissions released since the industrial revolution (Feely 
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et al., 2004; Sabine et al., 2004). However, the buffer capacity of the oceans is 

in decline, particularly in the North Atlantic (Thomas et al., 2007; Bates et al., 

2012), where the highest vertically integrated concentrations of CO2 occur 

(Sabine et al., 2004). CO2, when dissolved in water, forms a weak acid 

(Caldeira and Wickett, 2003, 2005) and, to date, the absorption of CO2 by the 

oceans has resulted in a seawater pH decrease of 0.1 units (Orr et al., 2005; 

Doney et al., 2009). Seawater pH is expected to decline further as the oceans 

continue to absorb CO2 (Orr et al., 2005), with a decrease in global sea surface 

pH of 0.07-0.33 units anticipated by the end of the century (Bopp et al., 2013). 

To understand the implications of climate change on ecosystems we need to 

first understand how it will affect the relationships between species (Van der 

Putten, Macel and Visser, 2010). This thesis aims to quantify the impact of 

climate change on camouflage, an important anti-predator defence, and 

determine the possible implications for predator-prey relationships in the 

intertidal zone. The known impacts of ocean acidification and warming on 

predator-prey relationships are discussed, in turn, below.  

Many climate-induced changes to predator-prey relationships have already 

been documented (reviewed by Walther et al., 2002), and more are anticipated 

by the end of the century. These include changes in predator and prey 

distribution, as different species migrate towards cooler, more habitable 

climates at different rates (Schweiger et al., 2008). On land, these movements 

correspond to shifts to higher, cooler altitudes; in the ocean, such movements 

mean migrating to deeper, cooler water, and, globally, there is a shift in species 

towards the poles (Chen et al. 2011; Hickling et al. 2006; Perry et al. 2005; 

Parmesan 1996). Species range shifts are occurring faster in the ocean than on 

land (Sorte, Williams and Carlton, 2010; Pinsky et al., 2013; Poloczanska et al., 

2016). Such range shifts cause mismatches between different trophic levels as 

predators and prey move out of their normal range (Schweiger et al., 2008), and 

can lead to novel predators being introduced into environments they did not 

previously inhabit (Sorte, Williams and Carlton, 2010). In conjunction we are 

seeing changes in ecosystem function, with traits more typical of lower latitudes 

becoming increasingly abundant at higher latitudes in both the Northern (Frainer 

et al., 2017) and Southern (Sunday et al., 2015) Hemispheres. For example, in 

just eight years (2004-2012) we have seen significant borealisation of Arctic 
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ecosystems as species with boreal traits (large pelagic piscivores) move further 

north, replacing traits typical of Arctic systems (small bottom-dwelling 

benthivores), (Frainer et al., 2017). Substantial changes in intertidal 

communities in response to warming have been documented along the West 

coast of the United States (Barry et al., 1995) and United Kingdom (Helmuth et 

al., 2006; Mieszkowska et al., 2006) as species move towards cooler, more 

tolerable latitudes. These shifts occur at different rates for different species 

(Sunday et al., 2015) and there are mixed community-level responses 

worldwide, with some showing no change in response to warming (Poloczanska 

et al., 2011). For example, over approximately the last 60 years no change in 

range has been observed East Australian intertidal communities, likely because 

processes other than temperature (i.e. exposure, currents) limit dispersal 

(Poloczanska et al., 2011). 

As well as spatial mismatches, global warming is triggering phenological 

mismatches in the abundance of predators and prey (Both et al., 2009). The 

timing of life history events, particularly reproduction, is associated with different 

cues (such as temperature and light availability) for different species. It is now 

warmer earlier in the year, resulting in seasonal mismatches in the abundance 

of predators and their prey as different species respond to changing 

environmental cues for reproduction (Parmesan and Yohe 2003). Such 

phenological mismatches can mean that there can be insufficient prey for the 

predator population at critical times of year (Durant et al., 2007). On land,  , with 

budding, leafing and flowering occurring earlier in the year (Myneni et al., 1997; 

Chmielewski and Rötzer, 2001; Körner and Basler, 2010), with the potential to 

decouple interactions with herbivores (Harrington, Woiwod and Sparks, 1999; 

Visser and Holleman, 2001; Singer and Parmesan, 2010) and, in turn, their 

predators (Visser et al., 1998). The same is true for aquatic habitats, with both 

marine (Ji et al., 2010) and freshwater (Adrian, Wilhelm and Gerten, 2006) 

plankton blooming earlier in the year. Such shifts are altering the flow of 

resources to higher trophic levels (Edwards and Richardson, 2004; Winder and 

Schindler, 2004; Hays, Richardson and Robinson, 2005). In extreme cases, 

these shifts in phenology mean that the producers in a food web may bloom 

after the consumers, as observed in some zooplankton and plankton 

communities (Philippart et al., 2003). Such mismatches are likely to continue to 

affect species interactions throughout their life history (Yang and Rudolf, 2010). 
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Trophic dynamics are also likely to be affected by temperature-driven changes 

in body size. Under warmer conditions, animals mature at a smaller size (Sibly 

and Atkinson, 1994) – a phenomenon that is taxonomically widespread, and 

pronounced in aquatic species (Forster, Hirst and Atkinson, 2012). This has the 

potential to affect both trophic energy transfer (Barnes et al., 2010) and food 

web stability (Gibert and Delong, 2014), as body size is a key component of 

food web structure (Woodward et al., 2005, 2010). Furthermore, the magnitude 

of the temperature-size response varies between taxa (Angilletta, Steury and 

Sears, 2004; Angilletta et al., 2010), meaning there will likely be mismatches in 

body size change across trophic levels.  

The greatest uncertainty in determining how ecosystems will be affected by 

climate change lies in understanding the interactions between species (Winder 

and Schindler, 2004). Such impacts are notoriously difficult to predict owing to 

the complex nature of food web interactions, which often involve large numbers 

of species and vary over time and space, as well as throughout an organism’s 

life history. As well as altering the distribution and abundance of species, 

warming is altering the direct interactions between them. Experimental studies 

have shown that predators are more likely to be active under warmer conditions 

(Vucic-Pestic et al., 2011; Wu et al., 2017) than in a cooler environment 

(Kordas, Harley and O’Connor, 2011). This increase in movement and foraging 

effort increases the risk of predation for prey species (Sanford, 1999). Prey 

species may also be more active in warmer environments as they seek to meet 

their growing metabolic needs. More active prey are consumed more frequently 

(Start and Gilbert, 2017; Start, 2018), likely because this increases the rate at 

which predators encounter them (Werner and Anholt, 1993). If predation risk is 

to increase under climate change, then maintaining effective anti-predator 

defenses under these changing environmental conditions is likely to become 

even more critical to prey survival. These changes in behaviour have 

consequences for both predators and prey alike (Nagelkerken and Munday, 

2016), with the potential to affect population-level responses.  

There is also “the other CO2 problem” (Doney et al., 2009) – ocean acidification. 

As anthropogenic CO2 emissions rise, the oceans are expected to decline in pH 

(Doney et al. 2009; Whiteley 2011), presenting a plethora of problems for 

marine species (Fabry et al., 2008). Perhaps the most well-known effect of 
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ocean acidification is calcium carbonate dissolution – the weakening of 

carbonate structures such as shells, tests and exoskeletons (Landes and 

Zimmer, 2012). Weaker shells make prey more vulnerable and weaker claws 

could make acquiring prey that much harder (Bibby et al., 2007; Amaral, Cabral 

and Bishop, 2012). In contrast, a number of studies have shown calcification 

can increase under elevated CO2 (Iglesias-Rodriguez et al., 2008; Wood, Spicer 

and Widdicombe, 2008; Ries, Cohen and McCorkle, 2009), indicating that some 

species may benefit while others suffer under future ocean conditions. Elevated 

CO2 has been shown to affect the ability of prey to detect predators (Brown et 

al., 2012; Chung et al., 2014) and respond appropriately to their presence 

(Ferrari et al., 2012; Domenici et al., 2014). The ability of some fish to turn left 

or right (behavioural lateralisation) is also impaired under high CO2 conditions, 

which will likely impact their escape responses (Jutfelt et al., 2013; Domenici et 

al., 2014). Escape behaviour is also impaired in marine snails, with behavioural 

assays revealing individuals are slow to respond to predator presence and, in 

some cases, completely unresponsive to predator cues (Watson et al., 2014). 

These impacts on predator escape and recognition mean that successfully 

evading detection by predators will be all the more important for survival in 

marine species. It is largely unknown how ocean acidification will affect 

detectability and camouflage in many taxa. 



 

Figure 1.1 Schematic summarising the impacts of climate change on predator-prey relationships. These broadly fall into three 

categories: effects on abundance, effects on distribution and effects on behaviour. Effects on behaviour are the least well 

documented, with few studies exploring direct predator-prey interactions.  
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Anti-predator defences and coloration 

To understand how climate change will impact ecosystems, we need to know 

not only how individual species will be affected, but also the interactions 

between them (Wilmers, Post and Hastings, 2007; Woodward et al., 2010). It is 

the interactions between individuals that ultimately translate into population-

level outcomes. We need to understand and characterise these lower level 

interactions to appreciate the larger, population level outcomes. These 

interactions include the detection of predators or prey (Peckarsky, 1982; Kelley 

and Magurran, 2003; Land and Nilsson, 2012; Skelhorn and Rowe, 2016), their 

escape or pursuit responses (Ydenberg and Dill, 1986; Lima and Dill, 1990; Sih 

and Wooster, 1994; Domenici, 2001; Wirsing, Cameron and Heithaus, 2010) 

and means of predator avoidance (Caro, Sherratt and Stevens, 2016; 

Nokelainen and Stevens, 2016; Michalis et al., 2017). Predator-prey 

relationships have evolved over millions of years, and with them, predators 

have evolved many strategies to seek, detect and capture prey. Alongside 

these ever-evolving hunting strategies, prey have evolved a suite of defences 

that enable them to avoid becoming a predator’s next meal. These range from 

defensive behaviours, weapons and armour to escape strategies and a variety 

of traits and behaviours that limit detection (Stevens and Merilaita, 2011; Cuthill 

et al., 2017; Stevens and Ruxton, 2018). This has set up an evolutionary arms 

race in which prey and predators are constantly overcoming each other’s 

strategies and driving the evolution of ever more sophisticated means of 

detecting and avoiding each other (Dawkins and Krebs, 1979; Abrams, 2000).  

Sensory ecology, particularly the study of animal coloration and vision, has long 

been a testing ground for the understanding of evolutionary arms races and the 

mechanisms driving selection (Cott, 1940; Spottiswoode and Stevens, 2011), 

not least because animal coloration is a major means of deterring and evading 

predators throughout the animal kingdom (Stevens and Merilaita, 2011; 

Nokelainen and Stevens, 2016). One of the most widespread means of avoiding 

predator detection is camouflage (Cott, 1940; Stevens and Merilaita, 2009b, 

2011), a trait that is well known to reduce detection by predators and other 

relevant observers (Duarte, Flores and Stevens, 2017; Merilaita, Scott-Samuel 

and Cuthill, 2017). Camouflage can be accomplished in a variety of ways 

including masquerade (resembling an object in the environment), motion dazzle 
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(where markings skew estimates of speed and trajectory), motion camouflage 

(moving in a way that limits movement detection) and crypsis (colouration that 

prevents detection), (Stevens and Merilaita 2009). Of these, background 

matching, when an animal resembles the colour, brightness, and pattern of its 

local environment is the most frequently used strategy (Merilaita and Stevens 

2011; Stevens et al. 2014). Background matching can be achieved through 

colour change (Kats and van Dragt, 1986; Ramachandran et al., 1996; Hanlon, 

2007; Stevens, Lown and Wood, 2014b; Stevens, Lown and Denton, 2014; 

Eacock et al., 2017), altering skin texture (Allen et al., 2009, 2015; Guayasamin 

et al., 2015), selection of shells or decorative material (Wicksten, 1993; 

Stachowicz and Hay, 2000; Briffa, Haskell and Wilding, 2008; Hultgren and 

Stachowicz, 2008; Ruxton and Stevens, 2015) or the choice of a particular 

substrate to lay or settle upon (Hultgren and Stachowicz, 2010; Kang et al., 

2012; Lovell et al., 2013; Marshall, Philpot and Stevens, 2016; Uy et al., 2017).  

While some species have evolved to resemble fixed colours and patterns in 

their general environment, others are capable of fine-tuning their colouration to 

match it (Stuart-Fox and Moussalli, 2009), (see Figure 1.2 for examples). 

Plasticity in colour allows animals to match the visual appearance of their 

environment, which may vary spatially or temporally, or as the animal moves 

between habitats (Todd et al., 2012; Caro, Sherratt and Stevens, 2016). This 

response is seen in a wide variety of taxa, from invertebrates, such as 

cephalopods (Hanlon, 2007), crustaceans and insects (Umbers et al., 2014) to 

vertebrates, such as mammals (Mills et al., 2013; Atmeh, Andruszkiewicz and 

Zub, 2018), amphibians and fish (Nilsson Sköld, Aspengren and Wallin, 2013). 

Colour change in cephalopods presents perhaps the most striking example of 

colour change in the animal kingdom, with their ability to change colour, pattern, 

shape, and texture in milliseconds having been extensively studied (Hanlon, 

2007; Hanlon and Messenger, 2018). However, extremely rapid camouflage is 

likely the exception, not the rule in nature. Rates of appearance change for 

camouflage vary both within and between taxa and can occur over timescales 

covering seconds (Mathger et al., 2009), minutes (Kelman, Tiptus and Osorio, 

2006; Detto, Hemmi and Backwell, 2008), hours (Stevens, Lown and Wood, 

2014b), days (Llandres et al., 2011), and months (Bowman, 1942; Mills et al., 

2013). Frequently, background matching through changes in colour, pattern and 

lightness occurs over longer timescales, with many species taking days or 
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weeks to attain cryptic coloration (Stevens, 2016) depending on environmental 

changes encountered over space and time (Caro, Sherratt and Stevens, 2016). 

Previous studies have investigated the effect of background colour and pattern 

on appearance change in comparatively slow-changing species, spanning a 

large historical time period (Gamble and Keeble, 1900; Duarte, Stevens and 

Flores, 2016; Edelaar et al., 2017). The outcome of such changes can produce 

considerable within-species variation, and enable phenotype-environment 

matching to different visual backgrounds (Todd et al., 2006; Stevens et al., 

2015; Nokelainen et al., 2017). However, these slow changes are seldom 

experimentally tested (Duarte, Flores and Stevens, 2017), with few studies 

documenting the time taken for colour change to occur (Umbers et al., 2014), or 

quantifying changes in terms of predator vision and camouflage (though this 

has sometimes been undertaken for species with short-term changes (Stuart-

Fox, Moussalli and Whiting, 2008; Chiao et al., 2011)). In addition, many 

species undergo extensive changes in appearance through ontogeny (Booth, 

1990; Wilson, Heinsohn and Endler, 2007; Todd, Qiu and Chong, 2009; Nyboer, 

Gray and Chapman, 2014). The reasons for this are not always clear, but may 

reflect reduced predation risk as individuals gain a size refuge from predation 

(Scharf, Juanes and Rountree, 2000), better physical defences, or move to new 

habitats (Todd et al., 2012). For species that change appearance slowly, the 

interplay between developmental plasticity (which generally proceeds in one 

direction) and phenotypic plasticity (which is more reversible) is almost entirely 

unknown. Consequently, we currently have a relatively poor understanding of 

how camouflage in slow changing species is attained over the longer term and 

how this is linked to the visual appearance of the background. 

Changes in colour are primarily mediated by specialised cells known as 

chromatophores (Bagnara and Hadley, 1973; Umbers et al., 2014; Caro, 

Sherratt and Stevens, 2016). Chromatophores are made up of a central 

pigment cell surrounded by muscle fibres that can expand or contract the cell to 

spread or concentrate pigment, respectively (Cloney and Brocco, 1983). This 

pigment dispersal can be mediated either through nervous or, more usually, 

hormonal control. Nervous responses operate on timescales of milliseconds to 

seconds (Hanlon, 2007) and are responsible for colour change in cephalopods 

(Florey, 1969; Wardill et al., 2012) and some fish (e.g. Fujii and Novales, 1969) 

and other species that change colour rapidly. Hormonal responses often take 
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significantly longer, mediating colour change over minutes, hours, days, or 

more, and are thought to be responsible for colour change in crustaceans 

(Abramowitz, 1937) and other slow changing species. Despite slow colour 

changes being much more common than rapid changes in coloration, relatively 

little work has assessed the consequences of slow colour change for 

camouflage, with most studies focussing, instead, on the mechanisms of 

change (Duarte et al. 2017). Consequently, there is a need to study background 

matching over longer, ecologically relevant timescales.  

To date, work on anti-predator coloration under climate change has been 

restricted to those with seasonal changes in appearance, specifically the effect 

of changing snow duration on the camouflage of boreal species. Many species 

moult their feathers and fur to maintain camouflage throughout the year: 

becoming white over winter and a mottled brown over summer months (Mills et 

al., 2013; Atmeh, Andruszkiewicz and Zub, 2018). These mismatches lead to a 

7% drop in survival per week (Zimova, Mills and Nowak, 2016). However, 

warmer winters mean shorter snow duration, causing mismatches in coloration 

between species and their environment (Mills et al., 2013; Atmeh, 

Andruszkiewicz and Zub, 2018), rendering prey more vulnerable to predation 

(Zimova, Mills and Nowak, 2016). How climate stressors will affect non-

seasonal plasticity in coloration is unknown.  
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Figure 1.2 Examples of background matching in temperate intertidal crabs. 

Species shown include (a) a broad-clawed porcelain crab, Porcellana 

platycheles; (b) a juvenile velvet swimming crab, Necora puber; (c) a juvenile 

common shore crab, Carcinus maenas and (d) a juvenile furrowed crab, Xantho 

hydrophilus. Both shore crabs and furrowed crabs are known to change colour 

in response to their surroundings. Capacity for colour change in the other 

species shown has not been documented, though N. puber juveniles are highly 

variable in pattern (personal observation).  

 

 

 

 

(c) (d) 

(b) (a) 
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Phenotypic plasticity  

Many animals are capable of altering their phenotype (which may encompass 

behaviour, morphology or physiology) to suit a range of environmental 

conditions (West-Eberhard, 1989). Such plasticity is considered adaptive if it 

enables individuals to maintain fitness despite changes in their environment. 

These changes can be abiotic, such as changes in temperature (Fischer et al., 

2003; Stillwell and Fox, 2005; Charmantier et al., 2008; Kingsolver and Huey, 

2008), exposure (Etter, 1988; Trussell, 1997; Cabaço, Machás and Santos, 

2009) and water availability (Chaves, Maroco and Pereira, 2003; Gianoli and 

González-Teuber, 2005) or biotic, including changes in predator abundance 

(Appleton and Palmer, 1988; Ruell et al., 2013; Edelaar et al., 2017), predator 

assemblages (Stuart-Fox, Moussalli and Whiting, 2008), herbivory (Agrawal et 

al., 2002) and habitat availability (Hultgren and Stachowicz, 2008; Duarte, 

Stevens and Flores, 2016). Plasticity is described by reaction norms; a range of 

optimal responses to varying environmental characteristics, each of which 

maximise an organism’s fitness (Stearns, 1976; Bommer, 2000), (Fig. 1.3a,c). 

Take varying microhabitat composition as an example condition and animal 

colour as an example phenotype. If matching their surroundings means they are 

less likely to be seen and eaten, then plasticity in coloration is likely to confer a 

substantial fitness advantage (Duarte, Flores and Stevens, 2017). In an 

environment dominated by green algae, the animal would benefit from being 

green in order to avoid being seen and eaten. Likewise, in an environment 

dominated by red algae, it would be beneficial to be red. The reaction norm will 

range from green to red phenotypes in response to green and red algae-

dominated habitats in order to reduce detectability and maintain fitness (Fig. 

1.3b,d). While plasticity in coloration has the potential to substantially affect the 

survival of different prey phenotypes (Manríquez et al., 2009; Cortesi et al., 

2015), the associated fitness benefits have rarely been quantified in real 

predator-prey systems (Troscianko et al., 2016; Atmeh, Andruszkiewicz and 

Zub, 2018), particularly under controlled conditions. 



 31 

 

 

 

Figure 1.3 Schematics illustrating phenotypic plasticity. Panel (a) shows 

reaction norms in response to two environments, where each line may 

correspond to a population or individual. Panel (b) is a schematic illustrating 

adaptive plasticity, where one phenotype corresponds to greater fitness in 

Environment A and the other corresponds to greater fitness in Environment B. 

While (a) and (b) are generic schematics (redrawn from (Nicotra et al., 2010), 

(c) and (d) show examples of each in the context of animal coloration. Panel (c) 

shows how reaction norms might differ in populations that change how light or 

dark they are in order to thermoregulate. Panel (d) illustrates how different 

phenotypes (hue) might correspond to optimal fitness in different habitats.  

A thermal reaction norm relates environmental or body temperature to the 

expression of a particular phenotype in order to maximise fitness under a 

specified temperature condition (Angilletta, Steury and Sears, 2004). In taxa 

that change colour to thermoregulate (Key and Day, 1954; Devi Stuart-Fox and 

Moussalli, 2009; Smith et al., 2016), this might be a dark phenotype in cool 

(a) 

(c) (d) 

(b) 
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conditions (to absorb more heat) and a light phenotype in warm conditions (to 

reflect more heat), enabling them to maintain a constant body temperature. If 

the individual also changes colour to match their background, such a response 

might set up a trade-off between colour change for camouflage and 

thermoregulation if the environmental conditions are in conflict (i.e. a cool, light 

environment or a warm, dark environment). Plasticity in thermal tolerance (and 

tolerance of other conditions, such as hypoxia, hypocapnia) may translate into 

an ability to adapt to future conditions. Indeed, organisms that have evolved in 

variable environments are more likely to withstand environmental change than 

those that have evolved under more stable ones (Kopp and Matuszewski, 

2014). Intertidal species, which experience large variations in environmental 

conditions (temperature, salinity, pH) throughout the year, day and tidal cycle, 

may have significant adaptation potential (Pörtner and Farrell, 2008). 

Consequently, intertidal environments are a key testing ground for adaptation to 

climate change. The capacity of organisms to adapt to changes in the 

environment is limited by the breadth of their tolerance window – in the case of 

temperature, their thermal tolerance (Fig. 1.4), (Pörtner and Farrell, 2008). For 

some species, there is a trade-off between their capacity to withstand variable 

conditions and their susceptibility to environmental change (Stillman, 2003). 

This means that species that can tolerate a wide range of conditions may 

actually be more vulnerable to environmental change. In addition, many 

intertidal species are considered to be living close to their thermal limit (Hopkin 

et al., 2006), so even a small increase in temperature would cause a substantial 

decrease in performance. Potential for acclimation (defined by thermal 

tolerance) and susceptibility (defined by thermal limits) has been widely studied 

(Stillman and Somero, 1996; Hopkin et al., 2006; Munguia, Levinton and 

Silbiger, 2013), but their combined consequences for species under climate 

change is poorly known for many taxa.  
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Figure 1.4 Thermal tolerance curves (also known as thermal performance 

curves). (a) Is a schematic showing the curve’s key features and (b) illustrates 

the difference in thermal performance curves for warm and cold adapted 

organisms. Plasticity in response to temperature is often described by thermal 

tolerance curves, which are asymmetric curves (Kingsolver, 2009; Amarasekare 

and Savage, 2012) showing the range of temperatures an organism can 

experience (critical minimum temperature, Tmin, to critical maximum 

temperature, Tmax) and the optimum temperature (Topt) the organism performs 

at. Performance is often measured as aerobic scope (Pörtner and Farrell, 

2008), that is the maximum metabolic rate minus the standard metabolic rate 

(Clark et al., 2013). 

Research questions  

We are only just beginning to understand how climate change is affecting the 

direct interactions between individuals and little is understood about how 

antipredator defences will be affected by climate change, particularly in 

invertebrate species. This project aims to assess the impact of climate change, 

particularly ocean warming and acidification on the development of camouflage 

in marine crustaceans. How this impacts their predation risk, and the wider 

consequences for marine ecosystems, are considered. The main questions to 

be addressed in this project are: 

• Chapter 2: What survival benefit does camouflage confer?  

• Chapter 3: How does warming impact survival and camouflage?  
• Chapter 4: How is plasticity in coloration affected by temperature?  

(a) (b) 
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• Chapter 5: How is background matching affected by multiple stressors?  

• Chapter 6: Can we apply camouflage to meet conservation needs?  

Despite widespread understanding that camouflage provides a direct fitness 

benefit to organisms, the survival advantages have rarely been demonstrated 

with live predators and prey. Chapter 2 uses artificial rockpools stocked with 

chameleon prawns (prey) and rock gobies (predators) to quantify what survival 

benefit is gained by camouflage in a controlled, ecologically relevant setting. 

This lays the foundation for subsequent chapters in which I assess how future 

climate change may affect camouflage development, survival and, ultimately, 

fitness. Chapter 3 explores how moderate end of century warming may impact 

the rate and extent of background matching, as well as the consequences of 

sustained warming for non-predation mortality. Using chameleon prawns, this 

project shows how moderate warming may impact species in the lower intertidal 

zone, a region with relatively stable conditions. Building on this, Chapter 4 is 

dedicated to colour change in a species that inhabits the upper intertidal (the 

common shore crab), a region with much more environmental variability. This 

chapter demonstrates how background matching proceeds over a wide range of 

temperatures, (from 5 °C to 25 °C) to determine how camouflage might be 

affected throughout the year (in response to seasonal temperature variation), 

and under ocean warming. Chapter 5 extends this work, again using common 

shore crabs, to address the impact of multiple stressors on camouflage. This 

chapter combines thermal conditions that resemble present day mean summer 

sea surface temperature and more pronounced end of century warming with 

three different CO2 scenarios corresponding to present day, moderate and 

extreme end of century scenarios. Chapter 6 explores whether we can apply 

our understanding of colour change to meet conservation needs, namely the 

enhancement and restocking of wild populations and commercially important 

species, European lobster. In this chapter, the capacity of lobster to change 

colour in response to their background, and over the course of their 

development, is described. The rationale for combining these five questions in 

one thesis and how they relate to each other is summarised in Table 1.1. 

Finally, Chapter 7 offers an overview of these chapters, and future directions for 

research in this field.  



Table 1.1 Concurrent and complementary themes in thesis chapters. All chapters investigate background matching in 

relatively slow changing species that use coloration to evade predator detection. 

Research question Chapter Focus Study organism Native habitat Experimental approach 

What survival benefit does 
camouflage confer? 2 Basic science Chameleon prawn 

Hippolyte varians 
Lower intertidal,  
macroalgae 

Predation trials in artificial 
rockpools dominated by 
red or green algae 

How does warming impact 
survival and camouflage? 3 Single stressor 

effects 
Chameleon prawn 
Hippolyte varians 

Lower intertidal,  
macroalgae 

Colour change trials on 
red and green algae at 
17 °C and 19 °C 

How is plasticity in 
coloration affected by 
temperature? 

4 Single stressor 
effects 

Common shore 
crab 
Carcinus maenas 

Upper intertidal,  
various 
substrates 

Colour change trials on 
black and white 
substrates at 5, 10, 15, 
20 and 25 °C 

How is background 
matching affected by 
multiple stressors? 

5 Multi-stressor  
effects 

Common shore 
crab 
Carcinus maenas 

Upper intertidal,  
various 
substrates 

Colour change trials on 
black and white 
substrates at 15 and 20 
°C, and 400, 600 and 900 
ppm CO2.  

Can we apply camouflage 
to meet conservation 
needs? 

6 Applied 
science 

European lobster 
Homarus 
gammarus 

Lower intertidal to 
subtidal, various 
substrates 

Colour change trials on 
black and white 
substrates 
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Chapter 2 
 What survival benefit does camouflage confer? 
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Habitat matching reduces predation risk in chameleon 

prawns 

Abstract   

Camouflage is the most widespread anti-predator defence in nature and, of the 

many camouflage strategies available, background matching is by far the most 

common. However, direct empirical evidence to support the idea that 

camouflage in real animals has survival benefits is surprisingly limited. While 

many investigations have shown that camouflage corresponds to reduced 

detection by predators, few studies have quantified the actual survival benefit. 

Those that have either used artificial study systems (e.g. using human-made 

prey) or are correlative field studies that cannot control for a range of other 

potential factors affecting prey survival. Few studies have experimentally tested 

how camouflage in real prey facilities survival against natural predators. In a 

controlled laboratory study using predatory rock gobies (Gobius paganellus) 

and chameleon prawn prey (Hippolyte varians), I test to what extent background 

matching improves survival. Chameleon prawns are strongly associated with 

red (dulse, Palmaria palmata) and green (sea lettuce, Ulva lactuca) 

macroalgae, and change colour to match their microhabitat over a period of 2-3 

weeks. To quantify the survival benefit of camouflage and plasticity, replicate 

artificial rockpools were stocked with populations of red and green prawns and 

predatory fish, with either red or green algae. Gobies were allowed to forage in 

the arenas for 24 hours and remaining prawns were counted. Prawns and algae 

were photographed at the onset of trials, and algae was photographed following 

trial completion, to quantify coloration and camouflage to fish vision. I show that 

prawns were more likely to survive on matching background treatments, with 

the camouflage of live prey significantly reducing predation risk. This work is a 

rare demonstration under controlled conditions as to how levels of camouflage 

in real animals confers a survival benefit against ecologically-relevant predators.  
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Introduction 

Predation pressure is a major selection force in nature, driving the evolution of 

anti-predator defences such as camouflage. The rise (Kettlewell, 1955) and fall 

(Cook et al., 2012; Walton and Stevens, 2018) of darker (melanic) peppered 

moths (Biston betularia) associated with the industrial revolution and 

subsequent cleanup is a classic example of this, illustrating how coloration can 

influence predation and hence survival of different phenotypes. Camouflage is 

seen throughout the animal (Stuart-Fox and Moussalli 2011) and plant (Niu, 

Sun and Stevens, 2018) kingdoms, and background matching, where 

individuals possess coloration that matches their surroundings, is strikingly 

common (Stevens and Merilaita, 2011; Duarte, Flores and Stevens, 2017). The 

widespread nature of camouflage speaks volumes for the importance of 

coloration as an anti-predator defence, but surprisingly few studies have 

quantified the direct consequences of cryptic coloration on predation levels 

using an understanding of predator vision. 

Numerous manipulations of camouflaged, artificial ‘prey’, not designed to 

resemble any real species, presented to wild predators have revealed a number 

of factors that influence predation risk, including for example, disruptive 

coloration (Schaefer and Stobbe, 2006), pattern symmetry (Cuthill, Hiby and 

Lloyd, 2006), and countershading (Rowland et al., 2008). Such studies highlight 

the elements that are important in maintaining effective camouflage and how 

camouflage types work, but they do not specifically resemble real animals. 

Where studies have used artificial prey made to resemble real animals, and 

quantified predation in the field on such models (e.g. Stuart-Fox et al. 2003; 

Vignieri, Larson and Hoekstra 2010; Marshall, Philpot and Stevens 2015; 

Walton and Stevens 2018), they are constrained by the lack of natural prey 

behaviour. While a valuable tool, artificial prey lack the natural behavioural 

responses of real animals that can be important in camouflage (Stevens and 

Ruxton, 2018), which may mediate interactions with predators through substrate 

choice (Tyrie et al., 2015; Polo-Cavia and Gomez-Mestre, 2017; Stevens et al., 

2017), changes in orientation (Kang et al., 2012) and decorating behaviour 

(Hultgren and Stachowicz, 2008; Ruxton and Stevens, 2015). Other 

experiments testing the benefits of camouflage have used screen-based games 

in which humans search for hidden prey animals on a screen (Sherratt, Pollitt 
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and Wilkinson, 2007), including modifying the visual display to broadly simulate 

the information available to non-human visual systems (Troscianko et al., 2017). 

However, while valuable, these approaches often use observers that are not the 

real predators involved (e.g. Webster et al. 2009) or use viewing environments 

that are artificial or constrained (e.g. Stobbe et al. 2009). 

A variety of studies have explored how camouflage influences survival in the 

wild, allowing us to better understand the combined impact of camouflage and 

other defences on survival, in a natural setting (Hultgren and Mittelstaedt, 2015; 

Zimova, Mills and Nowak, 2016; Atmeh, Andruszkiewicz and Zub, 2018). These 

tend to show support for camouflage in promoting survival, but sometimes 

results are mixed and show little relationship. This is likely because many past 

studies have failed to quantify camouflage matches or consider predator vision. 

Nonetheless, there are studies showing links between survival and camouflage. 

For example, in birds with exposed nests, eggs are more likely to survive to 

hatching when egg colour matches that of the nest (Solis and de Lope, 1995; 

Lee, Kwon and Yoo, 2010). Similarly, better luminance (lightness) and pattern 

matches to the background for both unattended eggs and incubating adult birds 

correspond to greater nest survivorship (Troscianko et al., 2016). Such 

outcomes may have substantial effects on predicted survival of prey 

phenotypes. In snowshoe hares (Lepus americanus), phenological mismatches 

in camouflage correspond to weekly survival decreases of 7% (Mills et al., 

2013; Zimova, Mills and Nowak, 2016). While wild studies allow us to assess 

the fitness consequences of camouflage in context, they can lack the control of 

other factors that could influence prey survival, such as the condition and 

appetite of the predator, or prey behaviour. For example, recent experiments 

using tethered marine isopods (Pentidotea wosnesenskii) have shown high 

predation rates on individuals of greater mismatch to the background (Hultgren 

and Mittelstaedt, 2015), but tethering individuals may create artificially high 

predation levels and / or influence prey behaviour. In addition, many studies are 

correlative, so cannot conclusively rule out other factors affecting survival 

differences. While some field studies have performed manipulative experiments, 

they tend to be undertaken on stimuli other than the real focal animals. For 

example, a recent study showed that blue-footed boobies (Sula nebouxii) will 

coat their eggs with soil to improve match to the background, but experiments 
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demonstrating this used chicken eggs, rather than the birds’ own (Mayani-Parás 

et al., 2015). 

Plasticity in coloration is common in nature (Stevens and Merilaita, 2011), with a 

wide range of taxa altering their appearance through moving pigment and 

generating new pigments in specialised cells, known as chromatophores 

(Bagnara and Hadley, 1973; Duarte, Flores and Stevens, 2017). There is a 

large body of evidence that plasticity in coloration may provide fitness benefits 

through enhanced camouflage, a trait that is well known to reduce detection by 

predators and other relevant observers (Duarte, Flores and Stevens, 2017; 

Merilaita, Scott-Samuel and Cuthill, 2017). Despite the extensive work in this 

area, few controlled trials have been conducted to assess how predators 

respond to individuals that are matched and mismatched to their background. 

Furthermore, many of the studies on the survival benefits of camouflage have 

been carried out in terrestrial systems, with few exploring the fitness 

consequences of camouflage in aquatic habitats (Hultgren and Mittelstaedt, 

2015; Start, 2018). The survival benefit gained from camouflage in real 

predator-prey scenarios is poorly understood. To bridge this knowledge gap, 

controlled experiments with real predators and real prey are needed. These 

should within a setting that closely resembles their natural habitat (appropriate 

substrates, relevant prey densities etc.) to ensure camouflage can be related to 

survival consequences in the wild and, ultimately, what this means for fitness.  

Rocky intertidal species present ideal candidates for study as their distribution is 

frequently restricted to a particular pool comprising a number of predators and 

prey within a contained, structured habitat. Such mesocosms can be recreated 

in controlled laboratory conditions, allowing the habitat, prey density and 

predator hunger to be standardised. By using marine crustaceans, widely 

studied in terms of their coloration and camouflage, as experimental prey, we 

can gain insights into survival that can be directly applied to known predator 

defence systems. Chameleon prawns (Hippolyte varians) are abundant 

intertidal crustaceans that associate strongly with different macroalgae species 

in the lower shore (Gamble and Keeble, 1900; Berggren, 1994). These prawns 

exhibit phenotypic plasticity in response to their surroundings; becoming green 

on green algae (sea lettuce, Ulva lactuca) and red on red algae (dulse, 

Palmaria palmata), (Keeble and Gamble, 1899; Gamble and Keeble, 1900), Fig. 
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2.1). It is not known to what extent this limits their detection by predators, nor 

what impact this has on their survival. Their predators include a number of 

visually-guided fish, including pipefish (Oliveira et al. 2007) and cod 

(Norderhaug et al., 2005). Given their prevalence in the lower shore, it is likely 

that they are also vulnerable to a number of intertidal fish predators, such as 

gobies and blennies, with their predation risk varying throughout the tidal cycle 

as lower intertidal pools are separated from and connected to the sea at large.  

 

Figure 2.1 Chameleon prawns (Hippolyte varians) and their associated 

microhabitat. (a) Shows sea lettuce, Ulva lactuca, and the coloration of prawns 

found within this microhabitat. (b) Shows dulse, Palmaria palmata, and the 

coloration of prawns found within this microhabitat. Green prawns are 

consistently found amongst green macroalgae and red prawns are consistently 

found amongst red macroalgae. 

Using chameleon prawns as cryptic prey and rock gobies (Gobius paganellus) 

as model predators, this study aims to quantify the impact of camouflage on 

survival. The main questions to be addressed are (1) do predators exhibit a 

preference for individuals that are matched, or mismatched to their 

surroundings and (2) how does the extent of background matching affect 

survival? It is anticipated that predators will consume prawns that are 

mismatched to their background more often than those that are matched.  

 

 

(a) (b) 
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Methods 

Husbandry 

Prawns were collected from Gyllyngvase Beach, Falmouth, UK (50°08’521” N, 

05°04’133” W), by washing submerged algae into a bucket (disturbing the 

submerged algae by hand and collecting prawns using a hand net). Green 

prawns were collected from sea lettuce and red prawns were collected from 

dulse. Prawns were placed in a bucket containing fresh seawater and host 

algae and transported to the laboratory at Exeter University, Penryn Campus, 

UK. Here, prawns were housed in 200 L glass tanks filled with 100 L artificial 

seawater made up using Instant Ocean Salt (Instant Ocean, Blacksburg, 

Virginia) and their host algae (dulse / sea lettuce). Prawns were provided with 

fresh algae (dulse or sea lettuce, in accordance with their host substrate or 

experimental treatment) every 5 days. These algae provided both food and 

shelter. Where handling was required, prawns were pipetted between 

containers using an enlarged turkey baster.  

Rock gobies (Gobius paganellus) were also collected from Falmouth Bay (both 

Gyllyngvase and Castle Beach) and transported to the laboratory in grey 

buckets containing seawater, rocks and seaweed for shelter. Between trials, 

individuals were housed in a 45 cm wide by 120 cm long glass tank filled to 20 

cm deep with artificial seawater containing rocks and pieces of submerged pipe 

for shelter (Fig. 2.2). Gobies were fed brine shrimp, Artemia salina, daily (a 7 ml 

solution of defrosted shrimp, distributed evenly throughout the tank). Gobies 

were given one week to acclimatise to laboratory conditions before trials 

commenced and a minimum rest period of 24 hours between trials. For all 

individuals, the light regime was set to 12 hours of light and 12 hours of 

darkness, with lights on from 7:30 to 19:30. Twice weekly, all tanks were 

cleaned and half the water was changed to limit the buildup of bacteria and 

algae. Tank temperature (14 °C) and salinity (31 ‰) were recorded daily, and 

fresh water was added as required to mitigate any water loss resulting from 

evaporation. Water temperature was maintained using a DC300 Aquarium 

Chiller (D-D The Aquarium Solution Ltd., Ilford, UK).  
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Figure 2.2 Rock gobies, Gobius paganellus, in their natural environment and 

the laboratory environment used to house fish between trials. (a) Shows a rock 

goby at the collection site, Gyllyngvase Beach, Falmouth, UK. Both (b) and (c) 

show the artificial habitat created in the laboratory, which contains rocks and 

sunken pieces of pipe to generate shelter and habitat structure for the fish. 

Experimental design 

Artificial rockpools were used to test whether predators exhibit a preference for 

individuals that are matched or mismatched to their surroundings. These 40 L 

glass tanks supplied with filtered, recirculating water at 14 °C and 31 ‰ salinity. 

Tanks were filled with 25 L with artificial seawater and aerated using an air 

stone. Each artificial pool was stocked with either 1000 cm3 red algae (dulse) or 

1000 cm3 green algae (sea lettuce), split into six bunches and weighted to the 

tank floor. Algae bunches were evenly spaced, with some connectivity between 

patches (Fig. 2.3). Six rocks, totalling approximately 1000 cm3 were sourced 

from Falmouth Bay and placed in the trial arenas to provide additional shelter 

for the fish and better represent the natural habitat. Ten prey (comprising five 

red prawns and five green prawns) were placed each artificial rockpool and left 

for 10 minutes to settle onto the substrate before introducing the predator (a 

rock goby). To standardise hunger, fish were not fed for 24 hours prior to the 
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trial. The experiment commenced on introduction of the predator to the tank, 

which was left undisturbed for 24 hours, at which point the trial completed. 

Following trial completion, the remaining prawns were counted to determine the 

number of red or green prawns consumed. Each predator was exposed to the 

scenarios illustrated in Figure 2.4 (see Fig. 2.3 for photos). All tank materials 

were removed and washed in artificial seawater three times to ensure all 

prawns were accounted for at the end of each trial. Artificial rockpool water was 

changed between trials. As predators with a larger gape can consume larger 

prey (Scharf, Juanes and Rountree, 2000; Karpouzi and Stergiou, 2003), both 

fish length (mean: 83 mm, standard deviation: 17 mm) and prawn length (mean: 

11.8 mm, standard deviation: 2.4 mm) was recorded and considered in 

modelling. Total body length was used as a measure of size for both species. 

All experiments were conducted between June and September 2017.  

 

Figure 2.3 Behavioural arenas used during 24-hour predation trials. Artificial 

rockpools were created using glass tanks filled with recirculating artificial 

seawater (inflow and outflow shown in bottom left and right, respectively), 

aerated using an air stone (top left of each panel). Tanks were stocked with 

rocks collected from Falmouth Bay, UK, and either (a) red, P. palmata, or (b) 

green, U. lactuca, macroalgae to create a microhabitat resembling that found in 

the lower intertidal. Treatments were alternated between tanks.  
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Figure 2.4 Setup used during behavioural trials. Artificial rockpools were 

stocked with approximately 1000 cm3 rocks collected from Falmouth Bay, UK, 

and 1000 cm3 either (a) red, Palmaria palmata, or (b) green, Ulva lactuca, 

macroalgae to create a microhabitat resembling that found in the lower 

intertidal. Behavioural trials were carried out simultaneously, with one 

containing red algae and the other containing green. Five green and five red 

prawns were randomly allocated to each tank and allowed to acclimatise before 

the predator was introduced. The predator, a rock goby (G. paganellus) 

remained in the tank for 24 hours. On trial completion, remaining prawns were 

counted and photographed. See Fig. 2.3 for photos.  

Recording coloration and camouflage 

Digital photography was used to quantify coloration and camouflage with 

respect to predator vision (Stevens et al., 2007; Stevens, Stoddard and Higham, 

2009; Troscianko and Stevens, 2015) following recent approaches (Stevens et 

al., 2014). All prawns were photographed prior to the start of the trial (five red 

individuals and five green individuals) and ten 2 x 2 cm samples of algae were 

photographed following trial completion. Both prawns and algae were 

transferred into a clear PTFE chamber, filled to 1 cm deep with artificial 



 46 

seawater, for photography and photographed against a white background (Fig. 

2.5). Photos were taken using a Nikon D7000 SLR, equipped with a 60 mm 

quartz lens supplied by Coastal Optics. A 400-700 nm, Baader Venus U filter 

was fixed in front of the lens, allowing relevant wavelengths to be recorded. 

Photos were taken under controlled lighting conditions, under the illumination of 

an arc lamp (Ventronic) equipped with a daylight 65 bulb (simulating natural 

daylight). A translucent PTFE shield was placed between the specimen and the 

light source to ensure lighting was diffuse. Two grey standards (7 % and 93 % 

reflectance, supplied by Zenith) were used in every photo to account for any 

variation in illumination over time (Fig. 2.5). The camera white balance was set 

to manual (no automatic white balance) and the aperture was kept constant 

between photos. Note that all photographs were taken during daylight hours to 

prevent nocturnal coloration, where chameleon prawns become more blue at 

night (Gamble and Keeble, 1900; Keeble and Gamble, 1904), influencing 

results.  

 

Figure 2.5 Photography chambers and reflectance standards used to determine 

prawn and algae coloration. Panel (a) shows a chameleon prawn, Hippolyte 

varians, and panel (b) shows a sample of the red algae, Palmaria palmata. Both 

specimens are submerged beneath artificial seawater and were photographed 

against a light grey (7 % reflectance) and dark grey (93 % reflectance) standard 

to account for any variation in illumination between photos.  
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Image analysis 

Images were analysed in ImageJ (National Institute of Health, NIH) using the 

Multispectral Image Calibration and Analysis Toolbox (Troscianko and Stevens, 

2015). In order to determine how the prawns are perceived by predators, the 

images were mapped to fish vision using a polynomial mapping technique 

(Stevens et al., 2007; Troscianko and Stevens, 2015). The medium wave 

channel was used to calculate brightness as perceived by the two-spotted goby, 

Gobiusculus flavescens (Utne-Palm and Bowmaker, 2006). Gobies are 

generally considered to be trichromats (have three colour-sensitive cone cell 

types), (Utne-Palm and Bowmaker, 2006). Two-spotted gobies are most 

sensitive to wavelengths of 553, 531 and 456 nm, with corresponding cone 

ratios of 9:25:13 (long wave to medium wave to shortwave sensitive channels), 

(Utne-Palm and Bowmaker, 2006). I used a measure of hue based on likely 

opponent colour channels, as calculated by Duarte (unpublished data). This 

was constructed as a ratio, an approach often used in vision research (Komdeur 

et al., 2005). Following a previously used method (Spottiswoode and Stevens, 

2011; Stevens, Lown and Wood, 2014b), a PCA was performed on a 

covariance matrix of the standardised reflectance data for long wave (LW), 

medium wave (MW) and short wave (SW) channels. The resulting principle 

components were used to determine colour channels. The first principle 

component (described by LW+MW) and the second principle component 

(described by SW) were opposing, allowing the following ratio to be constructed 

as a measure of hue: (LW+MW-SW)/(LW+MW+SW). To see how other visual 

systems may perceive chameleon prawn camouflage, prawn coloration and 

detectability was also quantified to the visual system of a dichromatic predator 

(pollack, Pollachius pollachius). Pollack have two colour-sensitive cone cell 

types, with sensitivity peaks at 460 nm and 420 nm and cone ratios of 2:1 (long 

wave sensitive, LW, to short wave sensitive, SW) (Shand et al., 1988); hue was 

calculated as (LW-SW)/(LW+SW), in accordance with previous approaches 

(Lovell et al., 2005). Results for this visual system are shown in supplementary 

material, as rock goby vision is likely better represented by the two-spotted 

goby model, given that it is a closer relative, and pollack model data show the 

same relationships. Average algae coloration was determined by selecting a 1 

cm x 1 cm square region of interest (ROI), (Fig. 2.6, and for each prawn by 
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selecting a ROI that covered as much of the carapace as possible (Fig. 2.7). To 

assess their level of camouflage, a model of predator discrimination was used 

(Vorobyev and Osorio, 1998; Siddiqi et al., 2004), using a Weber fraction of 

0.05 for the most abundant cone type, which is thought to be appropriate for 

many fish (Olsson et al., 2018). This uses Just Noticeable Differences (JNDs) 

between one object (the prawn) and another (the algae) to assess how easily 

the two can be distinguished, according to a specified visual system (here, two-

spotted goby and pollack visual systems). JNDs describe the difference 

between two spectra (e.g. that of a sample of sea lettuce, and that of a 

chameleon prawn) according to the visual system of a particular observer (e.g. 

a predatory goby), (Siddiqi et al., 2004). Rather than describing the absolute 

contrast between the prawn and the algae, a JND describe the contrast (in 

luminance or hue) that can be discriminated by a specific observer. 

Consequently, you would expect different JNDs when mapping the same prawn 

and algae sample to observers with different visual systems (e.g. birds, fish, 

humans). If a JND is less than one, the objects (prawn, algae) are considered to 

be indistinguishable from each other (very good camouflage), (Siddiqi et al., 

2004). Successively higher JNDs indicate that the objects can be more easily 

discerned from each other, so have increasingly poor camouflage.  
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Figure 2.6 Region of interest (ROI) used to determine mean algae colouration. 

(a) Shows the original image taken using a Nikon D7000 SLR, equipped with a 

60 mm Coastal Optics lens. (b) Shows the multispectral image with scale bar (2 

cm) and region of interest (1cm x 1 cm square). 



 

Figure 2.7 Region of interest (ROI) used to determine mean prawn colouration. (a) Shows the original image taken using a 

Nikon D7000 SLR, equipped with a 60 mm Coastal Optics lens. (b) Shows the region of interest selected to determine mean 

prawn coloration: covering the majority of the carapace and excluding the gut (seen as a green-pink shadow behind the eyes 

in panel (a)). (c) Shows the multispectral image with 2 cm scale bar (right) and location of prawn length measurement: from 

the tip of the rostrum to rear of the tail (left).  
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Statistical analysis 

Statistical analyses were carried out using R version 3.31 (R Core Team 2016). 

Welch two sample t-tests were used to evaluate differences in mean hue (of 

prawns and algae) and mean camouflage between treatment groups (prawn 

colour: red, green, and algae colour: red, green). Prawn camouflage is reported 

according to Just Noticeable Differences, JNDs (Vorobyev and Osorio, 1998; 

Siddiqi et al., 2004). All hypothesis test statistics are given in the text. 

Visual inspection of predation mortality data showed that it followed a Poisson 

distribution. Consequently, an alternative test was used to test for differences 

between groups. The Fligner-Killeen test was carried out to determine 

homogeneity of variances and a paired t-test was used to test for differences in 

the number of matched and mismatched prawns eaten.  

Results 

Prawn camouflage 

At the outset of the experiment, prawns associated with dulse were significantly 

different in coloration to those associated with sea lettuce when mapped to 

goby vision (t-test: t = 17.57, d.f. = 34, p <0.001), (Fig. 2.8a). This difference in 

coloration was maintained throughout the trial, despite the prawns’ capacity to 

change colour to better match their microhabitat (Keeble and Gamble, 1899; 

Gamble and Keeble, 1900), (a process that takes several weeks, see Chapter 

3), (Welch two sample t-test: t = 7.84, d.f. = 36, p < 0.001). The substrates 

(dulse, sea lettuce) were also significantly different in coloration according to 

goby vision (Welch two sample t-test: t = 7.34, d.f. = 20, p < 0.001), (Fig. 2.8b). 

The results for the other predatory fish vision model tested (pollack, Pollachius 

pollachius) follow these closely (see supplementary material, particularly Fig. 

A2.1).  
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Figure 2.8 Colour of chameleon prawns and algae used in predation trials 

according to goby vision. As some prawns were used in multiple trials, only data 

from known unique individuals are presented here. The prawns and algae 

presented are those used in trials 19, 20, 39 and 40. Central lines are medians, 

boxes are interquartile ranges and whiskers are 95% quartiles. The mean is 

shown in black. Hue was calculated using the following formula: (LW+MW-

SW)/(LW+MW+SW) and represents the colour of the prawns at the start of the 

trial. Results for pollack vision are shown in Figure A2.1.  

The extent to which prawns could be discerned from their surroundings was 

quantified according to Just Noticeable Differences (JNDs), where low JNDs 

correspond to poor detectability by the predator, and hence, better camouflage. 

Despite overlap in JNDs between different prawn groups (red, green) placed on 

the same algae (Fig. 2.9), the extent of background matching differed 

significantly between groups. Those that were matched to their background (red 

prawn on red algae and green prawn on green algae) were significantly better 

camouflaged than those that were mismatched to their microhabitat (red prawn 

on green algae and green prawn on red algae), (Welch two sample t-test: t = 

21.54, d.f. = 902, p < 0.001). The same relationships are also observed when 

prawn coloration is mapped to pollack vision (Fig. A2.2). 

 (a)   (b) 
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Figure 2.9 Chameleon prawn camouflage according to goby vision expressed 

as Just Noticeable Differences (JNDs). The left panel shows the match to sea 

lettuce (green algae), and the right panel shows the match to dulse (red algae). 

All prawns used in all trials are shown, with each individual compared to a mean 

of ten samples of algae from that trial. Dark points/boxes correspond to green 

prawns; light points/boxes correspond to red prawns. Central lines are medians, 

boxes are interquartile ranges and whiskers are 95% quartiles. The mean is 

shown in black. Note that lower JNDs correspond to better background 

matching. Results for pollack vision are shown in Figure A2.2. 

Predation 

The Fligner-Killeen test revealed no significant difference between variances 

(Chi-Sq = 1.822, d.f. = 1, p = 0.177) in the number of matched and mismatched 

prawns eaten, allowing a paired t-test to be used to test for differences between 

groups. Prawns that were matched to their background experienced 

significantly lower predation than those mismatched to their surroundings on 

average (Fig. 2.10), (paired t-test: t = 2.57, d.f. = 58, p = 0.013). This finding 

was remarkably conserved, with red prawns on red algae experiencing the 

same survival benefit as green prawns on green algae (Fig. 2.10a). Likewise, 

those that were mismatched to their microhabitat experienced reduced survival 

(Fig. 2.10b).  
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Figure 2.10 Impact of prawn camouflage on predation mortality. Comparisons 

between the number of prawns eaten that were (a) matched to their habitat 

(green prawns on green algae, red prawns on red algae) and (b) mismatched to 

their surroundings (red prawns on green algae, green prawns on red algae). 

Light grey boxes correspond to green algae, light grey points correspond to 

green prawns. Dark grey boxes correspond to red algae; dark grey points 

correspond to red prawns. The mean number of prawns eaten is shown in 

black. Central lines are medians, boxes are interquartile ranges and whiskers 

are 95% quartiles.  

Discussion  

This study clearly demonstrates the survival benefit conferred by camouflage in 

a controlled experiment with real predators and prey (Fig. 2.10). In doing so, I 

have shown how differences in camouflage against the background, in a real 

predator-prey system, equate to differences in the risk of predation. According 

to visual models, predatory fish can distinguish between different macroalgae 

species and, more importantly, discriminate between mismatched prawn 

colours associated with each microhabitat (Fig. 2.8). Crucially, when prawns are 

present in a microhabitat that matches their own coloration (green prawns on 

green algae or red prawns on red algae), they are harder to distinguish from 

 (a)   (b) 
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their surroundings than those that are mismatched to their substrate (Fig. 2.9), 

and survival is higher. This difference in detectability confers a demonstrable 

advantage for individuals that are matched to their surroundings (Fig. 2.10), with 

individuals that are background matched experiencing 25 % lower predation 

than those that are mismatched over a 24-hour period (Fig. 2.10). This indicates 

how predator pressure can select for camouflage in chameleon prawns, and 

other species (Cook et al., 2012) and sheds substantial light on why 

background matching is such a widespread anti-predator defence (Stevens, 

2016). Contrary to studies on the fitness consequences of camouflage in 

artificial prey (Vignieri, Larson and Hoekstra, 2010), the difference in survival 

between matched and mismatched groups demonstrated here is much lower. 

This is likely a consequence of having free-moving live prey, which are able to 

modify their behaviour to reduce detectability (Stevens and Ruxton, 2018) and 

escape when detected (e.g. All, 2017). Understanding camouflage benefits 

alongside expression of these natural behaviours allows us to obtain a realistic 

estimate of the survival advantage gained from background matching. Similar 

results have been demonstrated in larval dragonflies, with the rate of attack on 

beaverpod baskettail larvae (Epitheca canis) by predatory green darner larvae 

(Anax junius) reduced by 25% when individuals are camouflaged (Start, 2018). 

In this case camouflage was provided by algal build-up on the carapace rather 

than the expression of a particular phenotype (Start, 2018). 

Subjects and backgrounds are typically considered to be undiscernible from 

each other when JNDs < 1 (Siddiqi et al., 2004). Despite the difference in 

discriminability between matched and mismatched groups being small (1-2 

JNDs), (Fig. 2.9), we still see greater predation of prawns that have a higher 

JND with respect to their microhabitat (Fig. 2.10). This highlights the biological 

importance of refining coloration to better suit different substrates, even when 

that difference in coloration is subtle. Plasticity in coloration is common in 

nature, with a variety of taxa including cephalopods (Hanlon and Messenger, 

2018), arthropods (Umbers et al., 2014; Caro, 2018), fish and amphibians 

(Nilsson Sköld, Aspengren and Wallin, 2013) capable of substantial colour 

change over varying time periods (from milliseconds to weeks). Findings 

reported here suggest that even the smallest changes in camouflage may 

confer a fitness benefit in these taxa (Fig. 2.9).  
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Plasticity in coloration is likely to be particularly important in species with 

planktonic dispersal, such as chameleon prawns, which spend their early life 

stages in the plankton before settling onto suitable substrates in the lower shore 

(Pan et al., 2011). Prawns have the potential to settle on a variety of 

microhabitats including green and red algae, so benefit from the ability to 

change coloration to better suit these substrates and avoid predator detection. 

Vision models suggest the same may be true for other juvenile crustaceans 

(Todd et al. 2006). These findings indicate such plasticity, whether post-

settlement, or at other points in an organism’s life history confers a significant 

fitness advantage. Plasticity in coloration is also likely to benefit species that 

inhabit a dynamic, seasonally variable or patchy habitat (Todd et al. 2012; Mills 

et al. 2013), where the range of substrates may vary with time and space. 

Intertidal habitats are inherently patchy and seasonal settlement of species 

brings habitat variability over time too (Underwood, 1981). Given that 

chameleon prawns are abundant in the intertidal, the ability to refine their 

coloration and camouflage in this dynamic habitat brings clear advantages, 

particularly given the survival benefit gained by background matching (Fig. 

2.10). I encourage researchers to build on this work by testing the survival 

advantages of other aspects of camouflage in controlled conditions, particularly 

luminance and pattern matching, known to have a significant impact on 

survivorship in the wild (Troscianko et al., 2016). 

It is important to recognise that the fitness benefit gained by camouflage will 

depend on the predator landscape. For predators that do not use visual cues 

when foraging (instead relying on odour (e.g. Price and Banks, 2016) and other 

cues), coloration does not have a significant impact on survival (Castilla et al., 

2007). However, many individuals are likely to be exposed to visually guided 

predators, particularly in the terrestrial realm, coastal fringe and surface waters, 

where light is plentiful. In addition, many predators have evolved visual systems 

to suit their environment and suite of prey (Land and Nilsson, 2012), so the 

relationship between coloration and survival depends on the suite of predators 

and their visual systems. The coevolution of predator visual systems and prey 

coloration – an example of an evolutionary arms race – may explain how such a 

small difference in JND (Fig. 2.9) still leads to a survival difference. Further work 

should explore whether the same fitness benefit is conferred to other taxa, in 

different environments. Species adjust their camouflage according to the 
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abundance (Hemmi et al., 2006; Edelaar et al., 2017) and range (Stuart-Fox, 

Moussalli, and Whiting 2008) of predators present, so future work should also 

consider different predator groups. 

While the benefits of camouflage for survival may seem intuitive, such benefits 

have rarely been quantified – especially in controlled conditions. Here I 

demonstrate the survival benefits of camouflage in real predator-prey system 

within an ecologically relevant setting. By understanding the direct implications 

of camouflage for survival we can begin to explore the fitness consequences of 

camouflage in greater detail. For example, the tradeoffs associated with 

allocating resources to background matching and allocating resources to other 

processes (such as thermoregulation, growth or acid-base regulation). The 

fitness advantage gained through background matching alone is substantial, 

with individuals that match their surroundings experiencing 25 % lower 

predation than those that do not have cryptic coloration. This survival benefit is 

in line with estimates obtained in controlled conditions (Start, 2018), but differs 

to estimates based on field surveys or experiments using artificial prey. I would 

encourage researchers to consider a comparison between methods (digital 

games, wild field studies, artificial prey experiments and live mesocosm trials) 

across the same predator-prey pairings in future work. Going forwards, such an 

approach would allow the extent of both over- and underestimation of the 

benefits of camouflage to be redressed when other methods are used. 
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Chapter 3 
 How does warming impact survival & camouflage? 
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Ocean warming cuts chameleon prawn survival, but 

camouflage continues unabated  

Abstract  

For many species, camouflage presents the first line of defence against 

predation, but our understanding of how environmental conditions affect this 

process is limited. With a 2-3 °C increase in global sea surface temperature 

expected by the end of the century, it is important to understand how such 

defences will be affected by ocean warming. Intertidal species have been touted 

as potential climate change ‘winners’ as they periodically experience 

temperatures that exceed the warming anticipated by 2100. Conversely, they 

are also considered potential climate change ‘losers’ as many are already 

operating at, or close to, their thermal limit. This study explores whether 

temperature can influence camouflage development and non-predation 

mortality in the chameleon prawn (Hippolyte varians), an inhabitant of the lower 

intertidal. By placing individual prawns on different coloured species of algae 

and recording their colour change using digital photography, I quantified 

changes in prawn appearance to models of predator vision (two-spotted goby, 

Gobisculus flavescens and pollack, Pollachius pollachius). Habitat matching 

was tested under exposure to different temperature conditions for 20 days: (i) 

17 °C, equivalent to mean summer maximum and (ii) 19 °C, equivalent to 

predicted end of century conditions. I found marked colour changes in response 

to substrate colour, which correspond to improved camouflage according to 

predatory fish visual system models. The rate of colour change varied with 

habitat but was largely unaffected by temperature for most treatment 

combinations. An exception to this was that prawns placed on red algae 

camouflaged faster in a warmer environment, according to pollack vision. This 

work highlights the nuanced nature of climate change impacts, which vary both 

with microhabitat and with specific predator-prey interactions. Despite 

maintaining camouflage at high temperatures, survivorship was substantially 

reduced across the temperatures tested, with mortality being much higher at 17 

°C and 20 °C than under cooler (14 °C) conditions, with implications for this 

species and associated trophic links. These findings show that prawns maintain 

effective camouflage in a warmer environment, meaning that there is no 
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increased risk of predation-induced mortality under end of century conditions. 

However, the physiological stress of maintaining camouflage (or, indeed, 

maintaining other processes) under warm conditions may affect survival in other 

ways.  

Introduction 

Sea surface temperatures are expected to increase by 2-3 °C by the end of the 

century (Collins et al., 2013), with significant implications for marine ecosystems 

(Widdicombe and Somerfield, 2012). There is a growing body of knowledge 

concerning plasticity in thermal tolerance and how this might translate into an 

ability to acclimate to future conditions. Notably, species that have evolved in 

variable environments are likely to respond better to climate change than those 

that have evolved under relatively stable conditions (Kopp and Matuszewski, 

2014). Intertidal species are subject to large variations in temperature 

throughout the year, day and, particularly, tidal cycle, so may possess 

significant adaptation potential (Pörtner and Farrell, 2008). However, their 

adaptation potential is limited by the breadth of their thermal window (Pörtner 

and Farrell, 2008) and, for some species, there is a tradeoff between their ability 

to acclimate to variable conditions and their susceptibility to ocean warming 

(Stillman, 2003). Furthermore, many intertidal species are thought to be living 

close to their thermal limit (Hopkin et al., 2006). This means that a small 

increase in temperature may cause a decrease in performance, making those 

closer to their thermal limit more vulnerable to ocean warming. To understand 

the impacts of climate change on intertidal ecosystems, we need to know not 

just how warming is affecting individual species, but the relationships between 

them (Woodward et al., 2010). Predator-prey relationships present an ideal 

candidate for study, particularly as these relationships are major structuring 

forces in marine and terrestrial ecosystems (Albouy et al., 2014).  

The impacts of climate change on predator-prey relationships are numerous. 

Warming is already causing changes in species distribution, as different 

populations migrate polewards and to higher altitudes towards cooler, more 

habitable climates (Chen et al., 2011). Such movement results in mismatches 

between different trophic levels as different species move to cooler 

environments at different rates (Schweiger et al., 2008) and as novel predators 
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are introduced in the environment (Sorte, Williams and Carlton, 2010). Warming 

is also resulting in seasonal mismatches in the abundance of predators and 

their prey as different species respond to different cues (temperature, light 

availability) for reproduction. This means that some prey species are not 

available at critical times of year, such that predators in a population cannot 

meet their energy needs (Durant et al., 2007). Rising temperatures are also 

causing mismatches in coloration between species and their environment, 

especially in those showing seasonal changes in appearance (Mills et al., 2013; 

Atmeh, Andruszkiewicz and Zub, 2018), making prey more vulnerable to 

predation (Zimova, Mills and Nowak, 2016). We are only just beginning to 

understand the impacts of warming on behavior and anti-predator defences. 

Under warmer conditions predators are likely to be more active (Vucic-Pestic et 

al., 2011) than in cooler conditions (Kordas, Harley and O’Connor, 2011), so 

warming increases the risk of predation for those organisms lower down the 

food chain. Furthermore, species are likely to experience elevated metabolic 

rate in a warmer environment (Brown et al., 2004), resulting in greater foraging 

activity to meet metabolic demands. For prey, this means greater exposure 

through elevated foraging and for predators increased search effort to meet 

metabolic demands. With such changes in predation risk, maintaining effective 

anti-predator defenses under climate change is critical to prey survival.  

Camouflage is the most ubiquitous anti-predator defence (Cott, 1940; Stevens 

and Merilaita, 2009a), and of the suite of strategies available for camouflage, 

background matching (where animals possess colours and patterns that 

resemble their surroundings) is the most common (Stevens and Merilaita, 

2011). Many species exhibit plasticity in coloration, and are capable of fine-

tuning their pigmentation to better match their background (Nokelainen and 

Stevens, 2016). This is mediated by changes in the state, distribution, and 

abundance of pigments and pigment-containing cells (Bagnara and Hadley, 

1973). To date, most work on background matching through colour change has 

been restricted to the study of relatively fast changing species, such as 

cephalopods (Hanlon and Messenger, 2018) and fish (Ramachandran et al., 

1996; Ryer et al., 2008), but slow camouflage development is likely to be much 

more widespread (Stevens, 2016; Duarte, Flores and Stevens, 2017). Slow 

changing species are likely to be more susceptible to variations in the 

environment. Our understanding of how environmental conditions, such as 
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temperature, affect camouflage refinement is largely limited to species that 

change colour to thermoregulate as well as camouflage (Stuart-Fox and 

Moussalli, 2009), with little consideration given to those that use it for 

camouflage alone. The impact of global warming on colour change for 

camouflage has not been considered to date. 

Colour change in arthropods is increasingly well understood (Umbers et al., 

2014), making them an excellent model for the study of environmental impacts 

on camouflage. Chameleon prawns (Hippolyte varians), which inhabit the lower 

intertidal and change colour to match different macroalgae (Keeble and 

Gamble, 1899; Gamble and Keeble, 1900), present a particularly good 

candidate for understanding how lower intertidal species will respond to 

warming. Like many crustaceans, chameleon prawns spread through larval 

dispersal (Terossi, de Grave and Mantelatto, 2017) and can settle in a variety of 

locations, residing in microhabitats comprising different red, green and brown 

algae (Gamble and Keeble, 1900; Berggren, 1994). Therefore, it is beneficial for 

the prawns to match the variety of microhabitats onto which they might settle. 

This can be achieved by either changing colour to better match their 

surroundings, or by selecting microhabitats in which they are best camouflaged, 

as in similar Hippolyte species (Duarte, Stevens and Flores, 2016). The 

abundance of different algae species also varies with time of year (Berggren, 

1994), meaning the capacity to change colour to match new surroundings 

remains beneficial throughout the prawns’ lifetime. The influence of 

environmental conditions on this species is largely unknown, save for brief 

studies on nocturnal coloration (Gamble and Keeble, 1900). Gamble and 

Keeble (1900) suggested that H. varians is susceptible to temperature variation, 

with cold slowing circadian colour changes (becoming blue at night), and heat 

leading to rapid mortality. However, the number of individuals tested in the 

Gamble and Keeble (1900) study was extremely low (one per treatment), the 

temperature treatments used (8 °C, 15.5 °C and 33.9 °C) were applied without 

acclimatisation, and the upper temperature tested was extreme, rendering the 

findings potentially inappropriate in an ecological context. This study uses 

ecologically relevant temperatures (over a small range anticipated under climate 

change) and avoid thermal shock by acclimatising individuals before testing 

them, so results more likely reflect what would be observed in the wild. Colour 

change proceeds through the movement and synthesis of pigments and 
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pigment-containing cells (Bagnara and Hadley, 1973; Umbers et al., 2014; 

Caro, Sherratt and Stevens, 2016). Given that biological reaction rates, notably 

growth and metabolism are temperature-dependent (Gillooly et al., 2001; Brown 

et al., 2004), it is likely that the growth of new pigment-containing cells 

(chromatophores) and the generation of new pigment will be affected by 

temperature. In addition, the rate at which chromatophores redistribute pigment 

may increase with temperature, as biochemical reactions proceed faster in a 

warmer environment (Kordas, Harley and O’Connor, 2011). 

I used chameleon prawns to assess whether raised seawater temperatures 

could affect the refinement of camouflage in a species that inhabits relatively 

stable environments. By placing individuals on different coloured algae (red, 

green) and monitoring their changes in coloration over a three-week laboratory 

trial, I quantified how an increase in temperature impacts prawn plasticity in 

response to their surroundings. Both colour change and camouflage were 

quantified according to relevant predatory fish (two-spotted goby, pollack), to 

determine the likely implications for survival. Chameleon prawns inhabit the 

lower shore, where temperature is relatively stable and lower, on average, than 

the upper intertidal. With this in mind, I expected that prolonged warming 

beyond mean summer maximum would negatively affect this species. I tested 

the hypothesis that under higher temperatures prawns would be poorer 

matches of their habitat, as a result of temperature stress.  

Methods 

Husbandry 

Chameleon pawns were collected by hand (washing submerged algae into a 

bucket, disturbing it by hand and collecting prawns using a hand net) from 

Gyllyngvase Beach, Falmouth (50°08’521”N, 005°04’133”W). Green prawns 

were collected from green macroalgae (sea lettuce, Ulva lactuca), and red 

prawns were collected from red macroalgae (dulse, Palmaria palmata). Prawns 

were placed in a bucket containing fresh seawater and host algae and 

transported to the laboratory at Exeter University, Penryn Campus, UK. Here, 

prawns were housed individually in clear acrylic tubes (200 mm long, 50 mm 

diameter), each with its own aerated water source to maintain continuous water 

flow within a 200 L tank (Fig. 3.1). The light regime was set to 12 hours of light 
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and 12 hours of darkness, with lights on from 7:30 to 19:30. Tanks were 

cleaned and half the water was changed twice weekly to limit the buildup of 

bacteria and biofilm. Artificial seawater was made up using Instant Ocean Salt 

(Instant Ocean, Blacksburg, Virginia) and dechlorinated water to 30 ‰. Water 

was supplied using uPVC push-fit pipe drilled with 1.5 mm diameter holes to 

allow water to flow into each container. Tank temperature (read from the 

aquarium chiller, DC300 Aquarium Chiller; D-D The Aquarium Solution Ltd., 

Ilford, UK) and salinity (measured using a refractometer; supplied by D-D The 

Aquarium Solution Ltd., Ilford, UK) were checked daily, and fresh water was 

added as required to mitigate any water loss resulting from evaporation. Prawns 

were provided with fresh algae (dulse or sea lettuce, in accordance with their 

host substrate or experimental treatment) every 5-7 days. The algae provided 

both food and shelter. Where handling was required, prawns were pipetted 

between containers using an enlarged turkey baster. Containers were checked 

for mortalities throughout the experiment, and any deceased prawns were 

counted and removed during photography periods. 

 

Figure 3.1 Experimental setup, showing housing for individual prawns and their 

test algae. (a) shows the distribution of treatments in the tank (a chequerboard 

of red and green algae). Panels (b) and (c) show aerated water inflow to tubes 

containing dulse, Palmaria palmata, and sea lettuce, Ulva lactuca, respectively.   
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Experimental design 

A total of 80 prawns were used in the experiment (40 green and 40 red). To 

acclimate prawns to laboratory conditions, individuals were housed in tubes 

containing their host algae (dulse or sea lettuce, Fig. 3.2) and left for six days 

before altering the tank temperature. Tanks were initially set to 16 °C (sea 

surface temperature at the time of collection; September 2017), and the water 

temperature was raised to the experimental treatment at a rate no greater than 

1 °C per hour. Prawns were left to acclimatise to their experimental temperature 

for a further six days before commencing the experiment. During this period 

prawns were provided with their host algae. Twenty prawns of each colour were 

assigned to either a 17 °C or 19 °C temperature treatment. The lower treatment 

temperature was chosen because it is approximately equivalent to the average 

summer maximum temperature in the southwest (17.3 °C, average maximum 

temperature recorded at 2 m depth at station L4, Plymouth Sound between 

2013 and 2017, Western Channel Observatory). Thus, it is within the prawns’ 

natural, normal range. The higher temperature treatment, 19 °C, was chosen on 

the basis that a 2-3 °C rise is expected by the end of the century (Collins et al., 

2013). While many rockpools will likely experience a much greater range in 

temperatures than those tested here, the experiment is designed to emulate the 

average conditions experienced by chameleon prawns at present, and those 

likely to be experienced towards the end of the century. Chameleon prawns are 

found very low on the shore, so are only exposed during low spring tides. 

Consequently, the temperatures experienced by this species are close to 

average surface ocean values and the temperature range experienced is much 

narrower than that experienced by species inhabiting the mid or upper intertidal.  

Prawns were photographed to determine their initial coloration (see below) then 

transferred to a tube containing mismatched algae, signalling the start of the 

experiment. Red prawns were transferred to a tube containing sea lettuce 

(green) and green prawns were transferred to a tube containing dulse (red), 

where they remained for the rest of the experiment (Fig. 3.2). Prawns were then 

photographed at regular intervals (1, 3, 5, 10, 15 and 20 days) to determine the 

rate at which they matched their new surroundings. An exposure time of 20 

days was selected based on previous work in our laboratory, which showed that 
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prawns match their background well after 20 days (unpublished data). On 

completion of the experiment, all prawns were released back to the collection 

site.  

 

Figure 3.2 Macroalgae commonly inhabited by chameleon prawns, and the test 

substrates used in this experiment. (a) Shows the red macroalgae, dulse 

(Palmaria palmata) from which red prawns were collected. (b) Shows the green 

macro algae, sea lettuce (Ulva lactuca), from which green prawns were 

collected. Capacity for colour change was tested on the alternative algae 

species (red prawns on green algae and green prawns on red algae) following 

acclimatisation to the trial temperature. 

Recording colour change 

Prawn and algae colour was quantified with respect to predator vision using 

digital photography, following previous approaches (Stevens et al., 2007; 

Troscianko and Stevens, 2015). Individuals were transferred into a clear PTFE 

chamber filled with artificial seawater to 1 cm deep and photographed against a 

white background. Photos were taken using a Nikon D7000 SLR, equipped with 

a 60 mm quartz lens supplied by Coastal Optics. In addition, a filter slider was 

fixed in front of the lens, allowing both human visible (400-700 nm, Baader 

Venus U filter) and UV (300-400 nm, Baader UV/IR cut filter) photos to be taken 

in quick succession. Photos were taken under simulated natural daylight, using 

an arc lamp equipped with a daylight 65 bulb. To ensure lighting was diffuse, a 

translucent PTFE shield was placed between the specimen and the light 

source. Two grey standards (7 % and 93 % reflectance, supplied by Zenith) 
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were used in every photo to account for any variation in illumination over time 

(Fig. 3.3). The camera white balance was set to manual (no automatic white 

balance) and the aperture was kept constant between photos. To account for 

circadean colour change in H. varians (Gamble and Keeble, 1900; Keeble and 

Gamble, 1904), all photographs were taken during daylight hours. Algae 

samples (approximately 2 cm x 2 cm) were photographed using the same 

approach. Algae was photographed every five days, to account for variation in 

algae colour as prawns were provided with fresh substrate at this frequency. 

 

Figure 3.3 Setup used during prawn and algae photography. (a) Shows the 

layout of the camera (Nikon D7000 SLR, equipped with a 60 mm quartz lens), 

PTFE shield and arc lamp, where both the shield and umbrella ensure the 

lighting is diffuse. (b) Shows the chamber used to photograph specimens and 

the reflectance standards (7 % and 93 % reflectance) used to account for any 

variation in illumination over time.  

Image analysis 

Photos were processed in ImageJ (National Institute of Health, NIH) using the 

Multispectral Image Calibration and Analysis Toolbox (Troscianko and Stevens, 

2015). All images were mapped to predator vision using the protocol outlined in 

Chapter 2. The predator vision models used were that of European pollack 

(Pollachius pollachius) and the two-spotted goby (Gobiusculus flavescens). 
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Statistical analysis 

Statistical analyses were carried out using R version 3.31 (R Core Team 2016). 

Linear mixed models were used to assess the effect of time, algae colour and 

temperature on both prawn colour, and assess the effect of time and 

temperature on prawn camouflage. Prawn ID was included as a random effect 

in all models in order to take any potential temporal autocorrelation into 

account. Models were fit by restricted maximum likelihood (REML), with 

Kenward-Roger approximations to degrees of freedom using the lme4 package 

(Bates et al., 2015). Both candidate and optimal models were determined using 

the Multi-Model Inference R package, MuMIN (Bartoń, 2016). Following 

generation of a global model incorporating all main effects and interactions, 

model parameters were standardised (standard deviation = 0.5) to enable 

comparisons between candidate models. Candidate models were then 

evaluated using the Akaike Information Criterion (AIC) to determine the 

minimum adequate model for each dataset, where lower AIC values 

corresponded to models with the greatest statistical support (Burnham and 

Anderson, 2002). Models with the lowest delta AIC were selected as best 

models for the data. Normality of residuals was determined through visual 

inspections of quantile-quantile plots, residual distributions and residual vs fitted 

values plots. Assumptions of normality were supported for all datasets, where 

normality was required. Model summaries were generated using 

LMERConvenienceFunctions within the package lmerTest, selecting the lower 

estimate for degrees of freedom, as it is most conservative (Tremblay and 

Ransijn, 2015). Welch two sample t-tests were used to evaluate differences in 

mean colour change over the experimental period. Hypothesis test statistics are 

given in the text and parameter estimates for reduced models are provided in 

tables in the results section. 

Survival analysis was conducted using the Cox proportional hazard model 

within the package ‘survival’ (Therneau and Grambsch, 2000). Proportional 

hazard assumptions were met, and checked using the cox.zph function within 

the survival package (Therneau and Grambsch, 2000) and the minimum 

adequate model was determined by successively removing insignificant terms, 

starting with the highest order terms in the model. Analysis of variance 
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(ANOVA) was used to determine whether significant improvements in the model 

were attained following model simplification.  

Results 

Colour change and camouflage 

Chameleon prawns change colour to better match their surroundings over time, 

according to both goby (GLMgoby: F1,371 = 460.12, p <0.001) and pollack vision 

(GLMpollack: F1,371 = 506.44, p <0.001), (Fig. 3.4). The rate at which prawns 

change colour varies with the substrate provided, with those placed on green 

algae attaining coloration that resembles their habitat faster than those placed 

on red (see Table 3.1 and Table A3.1 for full model output and candidate 

models, respectively). These changes in coloration correspond to improved 

camouflage and a predicted decrease in detectability according to models of 

predator vision (Fig. 3.5). This improvement in colour matching occurs in both 

green (GLMgoby: F1,178 = 247.87, p = <0.001; GLMpollack: F1,178 = 283.31, p 

<0.001) and red microhabitats (GLMgoby: F1,182 = 79.90, p <0.001). For most 

treatments, there is no difference in the extent of camouflage achieved between 

the two temperatures tested, with prawns performing equally well under both 

temperature treatments (see Table 3.2 and Table A3.2 for full model output and 

candidate models, respectively). However, in contrast to all other treatments, 

green prawns placed on red algae did show evidence of temperature dependent 

camouflage change according to pollack vision, with a significant interaction 

between temperature and time (GLMpollack: F1,222 = 14.26, p < 0.001), (Fig. 3.5b). 

In this instance, prawns matched their backgrounds faster under warmer 

conditions (Fig. 3.5b). Figure 3.6 shows examples of the camouflage attained at 

the end of the experiment, mean JND values for each time point are presented 

in Table 3.3. 
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Figure 3.4 Change in chameleon prawn hue over time for individuals under 

present day conditions (17 °C, orange points) and end of century conditions (19 

°C, red points). Panels (a) and (b) show colour change according to goby 

(Gobiusculus flavescens) and pollack (Pollachius pollachius) vision, 

respectively. For goby vision hue was calculated as (LW+MW-

SW)/(LW+MW+SW), and for pollack vision, hue was calculated as (LW-

  (a) 

  (b) 
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SW)/(LW+SW). See Table 3.1 and Table A3.1 for full model output and 

candidate models, respectively. 

Table 3.1 Parameter estimates from the minimum adequate linear mixed effects 

model describing changes in prawn coloration for individuals allocated to red or 

green algae for 20 days. (a) Shows colour change according to goby vision and 

(b) shows change according to pollack vision. Linear mixed models were fitted 

by restricted maximum likelihood (REML) using the lme4 package (Bates et al., 

2015). The Kenward-Roger approximation for degrees of freedom was used to 

determine p-values. Prawn ID was included as a random effect.  

(a) Colour change: goby vision  
Source Estimate SE t p 
Intercept 0.4514 0.0125 97.27 <0.001 
Algae.ColourRed 0.1925 0.0169 100.08 <0.001 
Day 0.0136 0.0007 387.10 <0.001 
Algae.ColourRed:Day -0.0237 0.0011 389.04 <0.001 

Model lmer(Hue ~ Algae.Colour + Day + Algae.Colour:Day + 
(1 | ID)) 

 
(b) Colour change: pollack vision  

Source Estimate SE t p 
Intercept 0.0977 0.0150 6.51 <0.001 
Algae.ColourRed 0.2476 0.0204 12.14 <0.001 
Day 0.0172 0.0009 19.55 <0.001 
Algae.ColourRed:Day -0.0311 0.0014 22.50 <0.001 

Model lmer(Hue ~ Algae.Colour + Day + Algae.Colour:Day + 
(1 | ID)) 
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Figure 3.5 Change in the predicted detectability (Just Noticeable Differences 

(JNDs)) of chameleon prawns according to (a) goby vision and (b) pollack 

vision. Left panels show red prawns placed on green algae (Ulva lactuca) and 

right panels show green prawns shown on red algae (Palmaria palmata). Note 

that a decline in JND corresponds to an increase in camouflage. See Table 3.2 

and Table A3.2 for full model output and candidate models, respectively.  

  (b) 

  (a) 



 73 

Table 3.2 Parameter estimates from the minimum adequate linear mixed effects 

model describing changes in prawn camouflage according to Just Noticeable 

Differences (JNDs) for individuals allocated to green (a, c) or red (b, d) algae for 

20 days. Tables (a) and (b) show camouflage according to goby vision, (c) and 

(d) show camouflage according to pollack vision. Linear mixed models were 

fitted by restricted maximum likelihood (REML) using the lme4 package (Bates 

et al., 2015). The Kenward-Roger approximation for degrees of freedom was 

used to determine p-values. Prawn ID was included as a random effect. 

(a) Camouflage: green algae, goby vision  
Source Estimate SE t p 
Intercept 4.6872 0.1609 29.12 <0.001 
Day -0.1373 0.0087 15.74 <0.001 
Model lmer(JND ~ Day + (1 | ID)) 
 
(b) Camouflage: red algae, goby vision  
Source Estimate SE t p 
Intercept 3.8198 0.1476 25.89 <0.001 
Day -0.1021 0.0114 8.94 <0.001 
Model lmer(JND ~ Day + (1 | ID)) 
 
(c) Camouflage: green algae, pollack vision  
Source Estimate SE t p 
Intercept 5.8350 0.1831 31.87 <0.001 
Day -0.1779 0.0106 16.83 <0.001 

Model lmer(JND ~ Algae.Colour + Day + Algae.Colour:Day + (1 | 
ID)) 

 
(d) Camouflage: red algae, pollack vision  
Source Estimate SE t p 
Intercept -0.9152 4.1845 0.22 0.828 
Temp 0.2946 0.2328 1.27 0.211 
Day 0.8713 0.2848 3.06 0.004 
Temp:Day -0.0608 0.0161 3.78 <0.001 
Model lmer(JND ~ Temp + Day + Temp:Day + (1 | ID)) 
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Table 3.3 Change in mean camouflage (Just Noticeable Differences, JNDs) 

over the course of the experiment. Means for each time point and treatment, 

together with standard deviations are shown for (a) goby and (b) pollack vision.  

(a) Goby vision  

Day 
Red algae, 

17 °C 
Red algae, 

19 °C 
Green algae, 

17 °C 
Green algae, 

19 °C 
Mean SD Mean SD Mean SD Mean SD 

0 4.11 1.07 4.33 1.06 4.83 1.05 4.27 0.748 
1 3.86 1.31 3.66 0.878 5.01 1.07 4.56 0.871 
3 3.48 1.35 3.18 0.943 4.85 1.11 4.1 0.747 
5 3.18 1.47 2.47 0.721 4.41 1.25 3.72 1.13 

10 2.75 1.1 2.36 0.842 2.66 1.23 2.87 1.24 
15 2.21 0.983 3.15 1.23 2.2 1.33 1.52 0.694 
20 2.04 1.13 1.48 - 2.38 1.04 1.8 0.771 

 
(b) Pollack vision 

    

Day 
Red algae, 

17 °C 
Red algae, 

19 °C 
Green algae, 

17 °C 
Green algae, 

19 °C 
Mean SD Mean SD Mean SD Mean SD 

0 4.75 1.53 5.3 1.25 6.15 1.16 5.56 0.891 
1 4.15 2.01 4.32 1.24 6.15 1.18 5.67 1.05 
3 3.5 2.05 3.56 1.44 5.87 1.22 5.01 0.898 
5 2.84 2.28 2.47 1.1 5.33 1.39 4.56 1.34 

10 1.24 1.5 1.72 1.41 3.22 1.47 3.51 1.48 
15 0.502 0.329 1.03 0.816 2.65 1.56 1.84 0.896 
20 1.61 2.1 0.379 - 2.87 1.31 2.29 1.05 
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Figure 3.6 Example prawns illustrating the extent of background matching 

achieved throughout the experiment. (a) Shows a green individual at the start of 

the experiment and (b) the coloration achieved after 20 days on red algae. (c) 

Shows a red individual at the start of the experiment and (c) the coloration 

achieved after 20 days on green algae. At the end of the experiment, all prawns 

matched their background: (e) shows two red individuals on dulse, which were 

originally green, and (f) shows two green individuals on sea lettuce, which were 

originally red in colour. 

Survival 

While the development and maintenance of camouflage was largely unaffected 

by temperature (Fig. 3.4, 3.2), there was substantial mortality observed across 

the temperatures tested (Fig. 3.7). The greatest mortality occurred in the high 

temperature treatment (Fig. 3.7). The mortality rate increased with temperature 

(Chi-sq = 7.38, d.f. = 1, p = 0.007), but was independent of substrate treatment 

(Chi-sq= 3.75, d.f. = 1, p = 0.053), with individuals placed on red algae 

experiencing similar mortality to those on green. Full results of the Cox model 

for survivorship are shown in Table A3.3.  

(e) (f) 

(a) (b)  (c)   (d) 
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Figure 3.7 Chameleon prawn survivorship (expressed as a proportion of the 

experimental population) over a 20-day period. The left panel shows survival for 

prawns placed on green algae (sea lettuce), and the right shows survival for 

those on red (dulse). Orange lines indicate present day summer maximum 

conditions (17 °C) and red lines indicate conditions anticipated for the end of the 

century (19 °C). Model output is described in Table A3.3. 

Discussion  

Contrary to my predictions, warming beyond summer maximum temperatures 

did not impede colour change in this species (Fig. 3.4, Fig. 3.5). Indeed, in 

some instances (in a red microhabitat, according to a dichromatic predator 

(pollack)), prawns resembled their habitat faster under warmer conditions (Fig. 

3.4b, Fig. 3.5b). This highlights that warming could, at times, be beneficial in 

allowing better camouflage to be developed faster. Given that the level of 

background matching is a predictor of survival (Troscianko et al., 2016), (also 

see Chapter 2), changing coloration to match the surrounding environment 

faster will help minimize the risk of predator detection. However, this benefit 

depends on the predator landscape, as background matching will yield little 

benefit in a predator community lacking in visually-guided predators. By 

contrast, there was no relationship between temperature and colour change or 

temperature and camouflage according to goby vision (Fig. 3.4a, Fig. 3.5a). For 
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the majority of treatment combinations (goby predator, red microhabitat; goby 

predator, green microhabitat, and pollack predator, green microhabitat) there 

was no difference in the rate or extent of background matching with temperature 

(Fig. 3.5a,b,c), indicating that camouflage in this species will not be substantially 

affected by end of century warming.  

While the impact of temperature on camouflage was limited, warming had a 

substantial effect on survivorship. Mortality was high for both the 17 °C and 19 

°C temperature treatments, and mortality rate increased with temperature (Fig. 

3.7). Constant elevated temperatures alone may be a source of stress (Helmuth 

and Hofmann, 2001), so the high mortality observed in both treatments may be 

a consequence of sustained exposure to relatively warm temperatures. Such 

stress may explain the mortality observed across the temperature treatments 

tested (Fig. 3.7). An alternative explanation is that the mortality is a result of 

stress associated with laboratory conditions, which are unlikely to be as optimal 

as those they experience in the wild. For this reason, survival data was 

compared with that of a similar experiment conducted in our laboratory at 14 °C, 

using the same approaches (Gabriella Oliver, unpublished data), (Fig. 3.8, see 

Table A3.4 for model results). At this lower temperature, survival is substantially 

higher, indicating that the high mortality observed in this study is not a 

consequence of laboratory conditions, but likely a result of sustained high 

temperatures – even when the temperature tested is within the upper range the 

prawns currently experience (17 °C). With this in mind, it is likely that both 

experimental groups were thermally stressed, but one (the higher temperature 

treatment) was more so. While extended periods of warming are presently 

relatively uncommon, they are on the rise. Marine heatwaves have been 

recorded across the globe and are increasing in both intensity and frequency as 

a result of climate change (Hobday et al., 2016). As such, it is likely that marine 

organisms will experience warming at levels anticipated for the end of the 

century even earlier (during extreme events).  
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Figure 3.8 Chameleon prawn survivorship (expressed as a proportion of the 

experimental population) over a 20-day period. The left panel shows survival for 

prawns placed on green algae (sea lettuce), and the right shows survival for 

those on red (dulse). Green lines correspond to prawn survival at 14 °C 

(Gabriella Oliver, unpublished data), orange lines indicate present day summer 

maximum conditions (17 °C) and red lines indicate conditions anticipated for the 

end of the century (19 °C). Model output is described in Table A3.4.  

Despite the thermal stress experienced by prawns in this study, these 

organisms maintain their colour change processes throughout the experiment. 

Given that there was higher mortality at higher temperatures (Fig. 3.7, Fig. 3.8) 

one might expect prawns to prioritise physiological processes that deal with 

thermal stress over other fitness-related processes (Sokolova et al., 2012), such 

as camouflage. However, under conditions of high predation risk (not tested in 

this study), anti-predator defences may be prioritised (Edelaar et al., 2017). This 

leads us to two possible explanations for these findings: (1) colour change uses 

little energy, so there is no energetic benefit in turning it off, or (2) colour change 

is so important to the organism it continues to maintain this process even in the 

face of other competing physiological demands. The physiological cost of 

camouflage is poorly understood and quantified (Duarte, Flores and Stevens, 

2017), but newts (Lissotriton boscai) have been shown to have a higher 
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metabolic rate when expressing heavy pigmentation (Polo-Cavia et al., 2017) 

and guppies (Poecilia reticulata) consume more food when changing colour 

(Rodgers et al., 2013), suggesting that colour change is metabolically costly. 

Here, individuals were provided with unlimited, high quality food, so the 

mortality observed (Fig. 3.7) is more likely a result of physiological stress than 

energetic resource constraints. While intertidal invertebrates exhibit a range of 

mechanisms to tolerate short to medium term changes in temperature (Pörtner 

and Farrell, 2008), long term exposure is likely to have detrimental effects as 

more resources are allocated to tolerating temperature stress (Helmuth and 

Hofmann, 2001). It might be expected that, over a longer exposure period, 

individuals would shut down the process of colour change in order to allocate 

resources to other physiological demands. After 20 days chameleon prawns 

become difficult to discern from their surroundings (Fig. 3.5), so if colour change 

is costly, we might anticipate that prawns divert resources to stress tolerance 

beyond this point.  

Little is known about the drivers and mechanisms triggering colour change in 

chameleon prawns. While it likely confers a survival benefit when settling out of 

the plankton and starting their benthic phase, the key drivers of change 

throughout their adult life probably reflect a need to respond to both the high 

spatial heterogeneity of the intertidal visual environment (Todd, Qiu, and Chong 

2009), and temporal (seasonal) changes in algal abundance, both of which are 

common drivers of colour change (Todd et al. 2012). It may not be normal for 

prawns to have to change colour at the warmest time of the year, when the 

macroalgae community is relatively stable – if so, then the combined conditions 

of elevated temperature and habitat mismatch in this study, may have 

generated sufficient stress to affect their survival. Alternatively, it could be that 

these animals are used to changing colour earlier or later in the year when 

water temperatures are lower. Algal community shifts associated with changes 

in light availability and temperature occur throughout the year (Morris and 

Taylor, 1983; Berggren, 1994), so we might expect the phenotype of chameleon 

prawns to shift accordingly. Given that algal communities can shift to one 

dominated by green algae species in the spring and red algae species over 

winter (when sea surface temperature is cooler), it is entirely possible that 

prawns would have little need for colour change during warmer months. If 

changing colour has a physiological cost and the prawns typically prioritise 
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changing colour under more ambient conditions, they may compromise 

themselves in an environment in which they are thermally stressed.  

This study shows that prawns become green faster than they become red (Fig. 

3.4), which may result from differences in the mechanisms or drivers of colour 

change. Colour change is generally mediated by changes in the abundance and 

distribution of pigment within specialised pigment-containing cells, known as 

chromatophores (Fingerman, 1965; Bagnara and Hadley, 1973). There may be 

differences in the abundance of chromatophore cell types required to become a 

particular colour (Duarte et al., 2017), meaning individuals would need to 

synthesise some cells and/or pigments for certain types of change. 

Alternatively, the difference in rate may be driven by some characteristic of the 

algae. The abundance and distribution of algae change throughout the year, 

making it an unreliable resource (Berggren, 1994). Sea lettuce rapidly colonises 

the intertidal zone in the spring, dying off over winter, and dulse colonises the 

habibat much more slowly, dominating the lower intertidal in winter (personal 

observations). The faster change to green than to red (Fig. 3.4) may reflect the 

differences in how quickly these algae appear on the shore, as prawns respond 

to a dynamic habitat. Future work would benefit from documenting the rates of 

colour change in this species at different times of year and whether this 

correlates with the availability of specific macroalgae.  

The capacity to develop and maintain camouflage under prolonged exposure to 

higher temperatures is encouraging for this species (and the maintenance of 

anti-predator defences in other, related, taxa), but should be considered within 

the wider context of the species’ ecology, physiology and behaviour, which may 

be affected by temperature. The implications of ocean warming on other 

aspects of this species’ ecology and behaviour are unknown. Key areas for 

study include the impact of warming on microhabitat selection, an important 

component of camouflage effectiveness (Main, 1987; Duarte et al., 2017; 

Stevens and Ruxton, 2018), and activity (as increasingly active prey will be 

increasingly vulnerable to predators), (Kordas, Harley and O’Connor, 2011; 

Vucic-Pestic et al., 2011). Habitat availability, including the abundance and 

distribution of macroalgal species, is temperature-dependent (Berggren, 1994), 

so will likely affect the makeup of colour morphs within the population. High 

mortality under sustained high temperatures suggests that this species is 
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vulnerable to sustained periods of ocean warming, with implications for trophic 

links (namely, the species that feed on chameleon prawns and their other prey). 

Chameleon prawns are consumed by cod, Gadus morhua, (Norderhaug et al., 

2005), pipefish, Syngnathus typhle, (Oliveira, Erzini and Gonçalves, 2007) and, 

likely, a variety of other fish and crustaceans known to eat caridean shrimp 

(Main, 1985, 1987; Zupo and Nelson, 1999). A decline in the abundance of 

chameleon prawns would put greater pressure on other small crustaceans 

consumed by these predatory species. The decline in survivorship, but the 

continued maintenance of background matching in this species suggests that 

becoming camouflaged remains important even when under stress, highlighting 

the need to maintain anti-predator defences, even when they are potentially 

costly. Further work is required to elucidate the energetic costs of camouflage 

and the trade-offs between background matching and other processes.  

This study shows that a prolonged, low-level increase in temperature poses a 

serious risk to chameleon prawn survival. Given the globally documented rise in 

frequency, intensity and duration of marine heatwaves associated with climate 

change (Hobday et al., 2016), this species is likely to experience these 

conditions in the very near future. Such events are likely to have a substantial 

impact on the population, as shown here (Fig. 3.8). At present, little is known 

about how marine heatwaves may impact other species in the lower intertidal, 

but it is possible that species inhabiting a similar area will have evolved similar 

levels of temperature tolerance. With this in mind, there may be similar 

consequences for other species found in the lower shore. Future work should 

explore how prolonged, low-level warming affects a wider range of species 

inhabiting the lower intertidal. Such experiments would enable us to build a 

better picture of the vulnerability of intertidal ecosystems to climate change and 

the extreme events associated with it. 
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Chapter 4 
 How is plasticity in coloration affected by temperature? 
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Shore crabs camouflage faster when water temperature 

is higher  

Abstract  

Camouflage is the most common defence against predation and many species 

are capable of changing their coloration to match their background. While many 

studies have assessed colour change in animals, the impact of environmental 

conditions on plasticity in coloration has seldom been determined, especially 

when quantifying appearance and background matching. In a 10-week 

laboratory experiment, I investigated whether water temperature, ranging from 

5-25 °C, influenced colour change and camouflage in juvenile shore crabs, 

Carcinus maenas. Both colour change and camouflage were quantified to 

models of avian and fish predator vision. Here, I show that juvenile shore crabs 

have a reversible plastic response to their surroundings (black or white 

backgrounds), with individuals changing their perceived lightness (luminance) to 

match the background better within moults and after moulting. Responses are 

truly plastic, rather than ontogenetic, since switching individuals between 

background treatments results in changes in the opposite direction. This 

process occurs faster at higher temperatures, showing that shore crabs may 

benefit from more rapid camouflage in a warmer environment. These results 

represent the first objective experimental study of camouflage response to 

temperature variation, with implications for how predator-prey dynamics will 

respond to climate change and for invasive species. 

Introduction 

Understanding how climate change impacts the relationships between species 

is vital to predicting how ecosystems will respond to future environmental 

conditions (Woodward et al., 2010). Predator-prey relationships in particular are 

anticipated to change substantially as a result of anthropogenic warming. Such 

changes include shifts in species distribution, generating spatial mismatches in 

the abundance of different trophic levels (Schweiger et al., 2008). Climate 

change is also triggering shifts in phenology, causing mismatches in the 

abundance of predators and prey at different times of year (Durant et al., 2007). 

Many of these shifts are already being realised. Warming is also causing anti-
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predator defences to fail, as seasonal changes in appearance struggle to keep 

pace with changing snow cover, causing a break in camouflage (Mills et al., 

2013; Atmeh, Andruszkiewicz and Zub, 2018). Such mismatches between 

animal coloration and environmental appearance render prey at higher risk of 

predation, with consequences for trophic dynamics (Zimova, Mills and Nowak, 

2016). It is not known how camouflage will be affected by climate change 

beyond species with seasonal changes in appearance and, to date, no work 

has addressed how climate change might affect the reversibility of colour 

change for camouflage.  

Camouflage presents the first line of defence in many species and is arguably 

the most common anti-predator defence in nature (Cott, 1940; Stevens and 

Merilaita, 2009a). Of the many camouflage strategies available, background 

matching, by which animals resemble the colours and patterns of their 

surroundings, is likely the most prevalent (Stevens and Merilaita, 2011). 

Background matching occurs in both invertebrates (e.g. caterpillars and crabs) 

and vertebrates (e.g. birds and fish) (Cott, 1940; Stevens and Merilaita, 2009a). 

In many species camouflage can be achieved and refined through the process 

of colour change and plasticity (Stuart-Fox and Moussalli, 2009; Duarte, Flores 

and Stevens, 2017). Colour change allows animals to match backgrounds in 

spatially or temporally variable habitats and match new habitats where they 

come to rest. Such matching occurs through both physiological and 

morphological colour change using specialised pigment-containing cells 

(chromatophores), (Bagnara and Hadley, 1973; Umbers et al., 2014; Caro, 

Sherratt and Stevens, 2016). This is likely to confer a clear fitness advantage if 

animals that match their surroundings are less likely to be seen and eaten 

(Duarte, Flores and Stevens, 2017), though this is rarely tested experimentally. 

With this in mind, it is beneficial to attain effective camouflage quickly to reduce 

the risk of predation.  

Rates of background matching vary from seconds to months, varying both 

within and between taxa (Kelman, Tiptus and Osorio, 2006; Mäthger et al., 

2009; Llandres et al., 2011; Stevens, Lown and Denton, 2014b; Atmeh, 

Andruszkiewicz and Zub, 2018).  Slow changes in coloration are likely to be 

much more common in nature, with many species taking days or weeks to 

match their surroundings (Stevens, 2016) depending on environmental changes 
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encountered (Caro, Sherratt and Stevens, 2016). Gradual changes in 

camouflage are rarely tested (Duarte, Flores and Stevens, 2017), with few 

studies quantifying coloration according to relevant observers (such as 

predators), or documenting the time taken for the change to occur (Umbers et 

al., 2014). In addition, many invertebrate species, most notably crabs, undergo 

extensive changes in appearance through ontogeny (Booth, 1990). Ontogenetic 

changes in coloration may reflect reduced predation risk with increasing size, 

better physical defences, or movement to new habitats requiring a different 

appearance (Todd et al. 2012). To what extent appearance changes in slow 

changing species reflects fixed ontogenetic changes, as opposed to more 

plastic responses to the visual background, is poorly understood. As a result, 

we know little about of how camouflage is attained over the longer term, the 

extent to which longer-term changes are reversible, and how this relates to 

background appearance. 

Species that respond slowly to environmental cues (including the appearance of 

their habitat) may be more vulnerable to changes in the environment, such as 

the warming anticipated with climate change. We know little of how temperature 

will affect species that change appearance for camouflage, save for those that 

also change colour to thermoregulate. Thermoregulatory colour change allows 

individuals to buffer against temperature extremes and is widespread among 

terrestrial ectotherms. It is achieved by lightening in warm environments and 

darkening in cool environments to reflect or absorb more solar radiation, 

respectively (Stuart-Fox and Moussalli 2009; Garcia, Straus, and Sih 2003). 

This can generate a tradeoff when colour change for camouflage and 

thermoregulation are in conflict; i.e. in a warm, dark environment or cool, light 

environment (Stuart-Fox and Moussalli 2009; Garcia, Straus, and Sih 2003). 

Work on fiddler crabs (Uca panacea) has shown that when temperature and 

background colour are in conflict, responses to the background constrain 

responses to temperature (Kronstadt, Darnell and Munguia, 2013). Similarly, 

responses to temperature can limit background matching, causing individuals to 

fail to match light backgrounds when temperatures are cold (Kats and van 

Dragt, 1986).  

Even less is known about how temperature affects camouflage in aquatic 

ectotherms, whose temperature tracks that of their surroundings. Species living 



 86 

in intertidal environments are subject to large temperature variations generated 

by changes in tide, time of day and season. How colour-changing species 

respond to such a variable environment, and how they will respond to warming 

under global climate change, is not known. Given that metabolic rates, 

biochemical reaction rates and the vast majority of biological processes 

increase with temperature (Gillooly et al., 2001; Brown et al., 2004), it is likely 

that temperature will alter the rate at which both physiological and 

morphological colour change processes occur. One might expect the rate at 

which chromatophores respond to external stimuli and redistribute pigment 

increase with temperature, as biochemical reactions proceed faster (Kordas, 

Harley and O’Connor, 2011). Similarly, the rate of pigment and chromatophore 

synthesis should increase with increasing temperature as growth and metabolic 

rates rise. Again, as with the majority of biological processes (Brown et al., 

2004), it is expected that there will be an optimum temperature over which 

background matching occurs most rapidly. To understand how camouflage will 

be affected by temperature, we need to assess how environmental conditions 

affect background matching over ecologically relevant timescales, both short 

and long term. 

Arthropods present an ideal system for understanding the mechanisms and 

outcomes of colour change. They are capable of subtle, short term changes in 

coloration within moults (Hultgren and Stachowicz, 2008; Stevens, Rong and 

Todd, 2013; Stevens, Lown and Wood, 2014b) and more striking colour 

changes from one moult to the next (Detto, Hemmi and Backwell, 2008; 

Stevens, 2016; Peralta-Rincon, Escudero and Edelaar, 2017). One species that 

has received a wide range of attention is the shore crab, Carcinus maenas, 

which has diverse coloration (Fig. 4.1). Coloration is particularly diverse at the 

juvenile stages (Hogarth, 1978), when they are likely to be most vulnerable to 

predation (Moksnes, Pihl, and van Montfrans 1998). Following four planktonic 

larval stages (Hedvall, Moksnes and Pihl, 1998), they may settle anywhere on 

the coastline when starting their benthic phase of life: from green-brown muddy 

habitats to blue-grey mussel beds (Moksnes 2002). One suite of markings is 

insufficient to match all of these environments closely, so it is likely 

advantageous to be able to adjust their coloration to a new environment (Todd 

et al. 2006; Stevens, Lown, and Wood 2014b; Nokelainen et al. 2017). Juvenile 

shore crabs are seemingly capable of changes in brightness, altering their 
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chromatophore state on black or white backgrounds (Powell, 1962a; Powell, 

1962b), with subtle changes in brightness occurring within two hours (Stevens, 

Lown and Wood, 2014b). Such variation in brightness may allow them to better 

match their habitat and likely reduce detectability to predators (Hogarth, 1978). 

Work by Powell (1962a) revealed that shore crabs change the dispersion of 

pigment in their chromatophore cells in the short term, subjectively darkening at 

low temperatures and lightening at high temperatures, irrespective of the 

background colour. This suggests that responses to temperature may override 

responses to background colour, rendering them more vulnerable to predation. 

Powell’s (1962a) work classified pigment dispersal according to the human 

visual system (the Hogben-Slome scale (Hogben and Slome, 1931)), rather 

than quantifying change in actual appearance or according to ecologically 

relevant predators. It was undertaken over a short time scale (24 hours), when 

the mechanisms of colour change are likely to be very different from longer-term 

changes (Bagnara and Hadley, 1973; Duarte, Flores and Stevens, 2017). To 

fully understand the influence of temperature on colour change and camouflage, 

we need to quantify how changes in individual coloration are perceived by 

predators and how individual responses to temperature and background interact 

over a longer period. Given the slow pace of background matching in many 

species (Stevens, 2016), it is important to consider how external factors may 

influence camouflage development.  

Here, I use juvenile shore crabs to test for the plasticity of longer-term 

appearance change to the visual background. I do this by testing the changes in 

individual crab luminance (perceived lightness) to models of predator (fish, 

Pollachius pollachius, and bird, Pavo cristatus) vision for crabs kept on black or 

white backgrounds for ten weeks. By switching crabs to opposite backgrounds 

after six weeks, I also test for how plastic and reversible any changes are. 

Finally, to understand the effect of environmental temperature on colour change 

and resulting camouflage, I conduct this experiment with different sets of crabs 

kept at five temperature treatments, spanning 5-25 °C, covering both 

temperatures experienced in their natural range, and those anticipated under 

climate change. I predict that crabs will change their luminance to better match 

their respective backgrounds over time, that the changes will be plastic and 

reversible, and that changes will be more pronounced at higher temperatures.  
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Figure 4.1 Examples illustrating the variation in juvenile shore crab coloration. 

All individuals presented here were collected from upper intertidal rockpools at 

Gyllyngvase beach, Falmouth and their carapaces were < 25 mm wide. See 

Stevens et al. (2014a) for further examples of Carcinus maenas colour and 

pattern at the early benthic stages.  
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Methods  

Collection and acclimatisation 

150 Juvenile shore crabs (Carcinus meanus) were collected from Gyllyngvase 

Beach, Falmouth (50°08’521”N, 005°04’133”W) for use in three blocks of 

experiments conducted between January and July 2015. Collection was 

restricted to juveniles of <25 mm carapace width, as juveniles, are known to 

change colour (Stevens, Lown and Wood, 2014b). Following collection, crabs 

were transported to the laboratory in grey buckets containing seawater and 

algae for cover. Crabs were then allocated to individual compartments within an 

aerated 200 L tank set to ambient seawater temperature at the time of 

collection. Each tank was divided into 24 compartments with UV-transmitting 

plastic and lined with waterproof paper and 100 cm3 gravel (2-4 mm Nordic 

Gravel; Swell UK Ltd., Hyde, UK).  

The water inflow and outflow were located in opposite corners of the tank and 

circular mesh panels in compartment walls allowed aerated water to flow from 

one end of the tank to the other. Before being recirculated, water was filtered 

(Classic 350 filter; Eheim GmbH & Co., Deizisau, Germany) and run through a 

heating system (DC300 Aquarium Chiller; D-D The Aquarium Solution Ltd., 

Ilford, UK) in order to maintain tank temperature. Each tank was filled to 125 L 

with artificial seawater. Saltwater was made up to 30 ‰ salinity using Instant 

Ocean Salt (Instant Ocean, Blacksburg, Virginia) and dechlorinated water. 

Tanks were topped up with freshwater to compensate for evaporation during the 

course of the experiment. 

Tanks were set to 5 °C, 10 °C, 15 °C, 20 °C and 25 °C, covering the variety of 

temperatures experienced by shore crabs across their range (Compton, 

Leathwick and Inglis, 2010). Thirty crabs of varying colour and pattern were 

randomly assigned to each temperature treatment. Random allocation did not 

cause an imbalance in initial coloration across treatments, as all individuals 

were initially quite dark. Sex was not taken into account when assigning 

individuals to treatments as it cannot be accurately determined in juvenile C. 

maenas, and can only be reliably distinguished following the puberty moult 

(Mohamedeen and Hartnoll, 1990). To acclimate the crabs, tank temperature 

was gradually adjusted to reach the treatment temperature at a rate no greater 
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than 1 °C/hour. This rate is considerably slower than many natural changes that 

would occur in the intertidal due to weather and tides, so is unlikely to be a 

source of stress. Testing commenced after a two-day acclimation period on a 

neutral 50 % grey background. Using a mid-grey background also served to 

reduce some of the variation that may be present in shore crabs collected from 

the shore owing to short-term colour change (Stevens, Lown and Wood, 

2014b). Test backgrounds were arranged in a chequerboard pattern to account 

for any effect of compartment location. All backgrounds were printed on 

waterproof paper using a Hewlett-Packard Colour LaserJet 2605dn printer 

(Hewlett-Packard, Palo Alto, California) at 300 dpi and sealed to the tank base 

using clear, non-toxic silicone (Pond and Aquarium Sealer; Gold Label UK, 

Driffield, UK). In addition, crabs were supplied with 100 cm3 gravel (Unipac 

Aquatic Gravel; D-Pac Ltd., Northampton, UK), with a colour corresponding to 

their treatment (black/white) to provide individuals with shelter.  

Experimental design 

Experiments were conducted in two phases to determine both the crabs’ 

capacity for background matching (phase 1) and their plasticity in this trait 

(phase 2). To determine the impact of temperature on background matching, 

temperature acclimated crabs were randomly allocated to a black or a white 

background, where they remained for six weeks (phase 1). To ascertain 

whether their response to the background was plastic, some of these crabs 

were then transferred to the alternative background treatment for a further four 

weeks (phase 2). There were 15 crabs per temperature per background in 

phase 1 (January to August 2015), and 10 crabs per temperature per 

background in phase 2 (April to August 2015). Experiments were serially 

repeated over this period. Each phase comprised two components: a short term 

24-hour analysis and a longer investigation lasting 4-6 weeks (Fig. 4.2), 

allowing sufficient time for many individuals to moult. The aim of each 

component is summarised in Table 4.1. Individuals were photographed prior to 

placement on their first background treatment to ascertain their initial luminance 

(perceived lightness), then photographed at regular intervals to monitor any 

changes in appearance (see below). Individuals were fed one crustacean food 

pellet (Crustanourish) every other day and water temperature was monitored 

five days in every week. Tanks were cleaned and water was changed weekly. 
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Discoloured gravel was replaced with fresh substrate as required. To prevent 

tank effects, treatments were rotated between tanks. On completion of the 

experiment, crabs were returned to the collection site.  

 

Figure 4.2 Experimental timeline describing both phase 1 and phase 2 of the 

experiment. To quantify background matching within each temperature 

treatment, 15 individuals were randomly assigned to a black background and 15 

were assigned to a white one, where they remained for six weeks (phase 1). To 

quantify plasticity in background matching, 10 crabs per background/ 

temperature combination were then transferred to the alternative background 

treatment (phase 2). Phase 1 was repeated three times, and two of these 

occasions continued to phase 2. Each phase was split into a short term and 

long-term component lasting 24 hours and 4/6 weeks, respectively. 
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Table 4.1 Summary of experimental design, showing aims and photography 
intervals. Each phase of the experiment comprised of two components: a short 

term 24-hour study and a longer study lasting 4-6 weeks. All experiments 

assessed the impact of temperature on luminance (lightness) change and 

camouflage over the range 5-25 °C. 

Experiment Aim Duration 
Photography 

intervals 

Short term 1 Short term change 24 hours 0, 3, 6 & 24 hours 
Long term 1 Long term change 6 weeks weekly 
Short term 2 Plasticity in short term change 24 hours 0, 3, 6 & 24 hours 
Long term 2 Plasticity in long term change 4 weeks weekly 
 

Quantifying appearance change 

Shore crabs exhibit a circadian rhythm, darkening by day and becoming pale at 

night (Powell, 1962b). Although the extent to which this can lead to changes in 

appearance is unclear, to account for it, all photographs were taken during 

daylight hours (between 7am and 7pm), and weekly photos were taken at the 

same time for each individual. Individuals were gently blotted dry with tissue 

prior to photographing to reduce spectral reflectance and glare on the carapace. 

Crabs from both black and white backgrounds were placed on an intermediate 

grey surface during photography (Fig. 4.3a). Once photographed, the individual 

was immediately returned to its compartment to limit its exposure to air 

temperatures that differed to the treatment temperature. Crabs were not kept 

out of water for longer than 15 minutes at a time. Photographs were taken using 

a full-spectrum camera with quartz conversion (Nikon D7000 SLR, equipped 

with a 60 mm quartz lens supplied by Coastal Optics). A custom filter slider was 

fixed in front of the lens, allowing human visible (400-700 nm, Baader Venus U 

filter) and UV (300-400 nm, Baader UV/IR cut filter) photos to be taken in quick 

succession (Fig. 4.3b). Photos were taken under controlled lighting conditions, 

under the illumination of an arc lamp (Ventronic) equipped with a daylight 65 

bulb. Two grey sintered PTFE standards (8.6% and 95.8% reflectance, supplied 

by Zenith) were used in every photo to account for any variation in illumination 

over time. The aperture was kept constant between photos and the white 

balance was set to manual (no automatic white balance). Photographs were 

recorded at 0 hours, and 3, 6, and 24 hours after being placed on a new 
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background to quantify short-term colour change. To quantify colour change 

over the medium-term (likely corresponding to physiological and morphological 

changes within moults), and long-term (colour change associated with 

moulting), crabs were photographed weekly thereafter. The majority of 

individuals moulted at least once during the course of the experiment. Crabs 

that moulted were photographed the day following their moult in order to allow 

the new carapace to harden, pigment to settle and prevent damage to the new 

exoskeleton during handling. 

 

Figure 4.3 Photography setup used for monitoring changes in crab coloration 

over time. (a) Shows the grey background crabs were photographed against 

together with the standards used to account for variation in light level (8.6% and 

95.8% reflectance). (b) Shows the camera setup used (Nikon D7000 SLR, 

equipped with a 60 mm quartz lens supplied by Coastal Optics), together with 

the custom-made filter slider and filters.  

Image analysis and vision modelling 

RAW files were inspected in RAWTherapee to ensure no photographs were 

overexposed before analysis. Images were then analysed in ImageJ (National 

Institute of Health, NIH) using the Multispectral Image Calibration and Analysis 

Toolbox (Troscianko and Stevens, 2015). In order to determine how the crabs 

are perceived by predators, the images were first linearized and standardized 

with regards to the grey standards used in photography (Stevens et al., 2007), 

and then converted to both fish and bird colour spaces (cone catches) using a 

polynomial mapping technique (Stevens et al., 2007; Pike, 2011; Troscianko 

and Stevens, 2015). This mapping technique has been shown to be highly 
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accurate for modeling cone catch values compared to approaches using 

reflectance spectrometry (Stevens and Cuthill, 2006; Pike, 2011; Troscianko 

and Stevens, 2015). The longwave channel was used to calculate luminance as 

perceived by European pollack, Pollachius pollachius (Shand et al., 1988), and 

the double cone channel was used to calculate luminance as perceived by 

peafowl, Pavo cristatus (Hart, 2002), which has a visual sensitivity similar to 

many shorebirds (Odeen, Håstad and Alström, 2010). These two predator 

groups are likely to be major predators of juvenile shore crabs (Crothers, 1968). 

Average luminance (perceived lightness) was calculated for each crab by 

selecting a region of interest (ROI) that followed the edges of the carapace, 

taking care to avoid areas of specular reflectance (Fig. 4.4). I did not analyse 

the crabs with regards to colour per se (e.g. hue and saturation) here because 

the experimental backgrounds were achromatic. 

To assess the crabs’ level of camouflage, a model of predator discrimination 

was used (Vorobyev and Osorio, 1998; Siddiqi et al., 2004). The model 

quantifies discriminability according to just noticeable differences (JNDs) 

between one object (the crab) and another (the background) to assess how 

easily the two can be distinguished, according to a specified visual system. The 

calculation of luminance JNDs was carried out using the modified (log) version 

of the Vorobyev and Osorio model for colour discrimination (Vorobyev and 

Osorio, 1998; Siddiqi et al., 2004). A Weber fraction of 0.05 was used for the 

most abundant cone type of both predator groups, as it leads to more 

conservative JND values (Stevens, Lown and Wood, 2014b). Individuals with 

JND values equal to 1 or below are considered to be undiscernible from their 

background (Siddiqi et al., 2004). Successively higher values correspond to 

individuals that are increasingly easy to distinguish. Correspondingly, any 

decline in JND over time indicates a progressively better match to the 

background. 
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Figure 4.4 Example illustrating the region of interest (ROI) selected for image 

analysis. The selected area closely follows the edge of the crab carapace while 

avoiding any spectral reflectance that may result in spurious measures of 

luminance (perceived lightness).  

Statistical analysis 

Statistical analyses were performed using R version 3.3.1 (R Core Team, 

2016). All models were fitted with linear mixed-effects models using ‘Eigen’ and 

‘S4’ (lme4 package), (Bates et al., 2015). The full model structure for luminance 

incorporated the following fixed effects and the interactions between them: time, 

background, temperature. The full model structure for camouflage (expressed in 

JNDs) incorporated the following fixed effects and the interactions between 

them: time, temperature. Background was not included in the full model, as 

JNDs are calculated based on each individual and its respective background 

treatment. ID was retained as a random effect in models for luminance and 

camouflage to account for individual variation in coloration at the start of each 

experiment and any potential temporal autocorrelation. Following generation of 

a global model incorporating all main effects and interactions, model 

parameters were standardised (standard deviation = 0.5) to candidate models 

to be compared. Candidate models were determined using the Multi-Model 

Inference R package, MuMIN (Bartoń, 2016). Models were then evaluated using 
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the Akaike Information Criterion (AIC) to determine the minimum adequate 

model for each dataset, where lower AIC values corresponded to models with 

the greatest statistical support (Burnham and Anderson, 2002). Visual 

inspections of quantile-quantile plots, residual distributions and residual vs fitted 

values plots were used to assess normality of data. Assumptions of normality 

were supported for all datasets. The best models were those with a delta AIC 

<2.5, and in all cases except two, the model with the lowest delta AIC was 

chosen. Exceptions include short term camouflage against a black background 

in phase 1 and short-term luminance change during phase 2. In the first 

instance, the null model had a similar weight (differing by 0.22) and similarly low 

AIC (delta AIC = 1.35) when compared to the more complex alternative. The 

null model also better reflected the lack of luminance change seen during this 

phase, as there can be no change in luminance JNDs if there is no change in 

luminance. In the second instance, the more complex model (incorporating the 

interaction between background and time) had a similar weight (differing by 

0.10) and an approximately equally low AIC (delta AIC = 0.41). Previous work 

has shown that shore crabs change luminance over the short term when 

switched between backgrounds (Stevens, 2014), supporting selection of this 

model. Hypothesis test statistics are given in the text and parameter estimates 

for reduced models are provided in tables in the results section. See 

supplementary materials for candidate models and associated AIC values.  

Results 

Appearance change: short term  

Luminance change was monitored in the short term: during the first 24 hours 

following acclimatisation (phase 1), and the first 24 hours after crabs were 

switched onto the alternative background in week 6 (phase 2). There was no 

significant change in luminance during the first 24-hour phase and the null 

model was best supported (Table A4.1a). However, the second 24-hour study 

conducted six weeks into the experiment demonstrated a much clearer change 

in luminance with respect to the background, with a moderate increase in 

luminance for individuals on a white background and a clear decrease in 

luminance for individuals on a black background over this time period, 

represented by a significant interaction between background and time (GLM: 
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F1,297 = 27.37, p <0.001), (Fig. 4.5). The response to the background was 

mediated by temperature, with individuals on a black background exhibiting 

greater rates of change at moderate temperatures, represented by a significant 

interaction between temperature and background (GLM: F1,297 = 133.55, p 

<0.001), (Fig. 4.5). See Table A4.1 for parameter estimates for both models, 

and Table A4.1 for candidate models used in model simplification. 

 

Figure 4.5 Change in crab luminance according to fish predator (pollack) vision 

over a 24-hour period for individuals on either a black (black points, solid line) or 

white (white points, dashed line) background. Data presented corresponds to 

the luminance change observed in phase 2 (24 hours following placement on a 

new background). The shaded area represents the 95% confidence interval. 

See Table 4.2 for full model output and Table A4.1 for candidate models. 
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Table 4.2 Parameter estimates from the minimum adequate linear mixed effects 

models describing short term changes in crab luminance according to fish 

predator (pollack) vision. Table (a) shows phase 1 (24-hour exposure to either a 

black or white background) and (b) shows phase 2 (24-hour exposure to the 

alternative background treatment). Note that in (b) both 2-way interactions are 

significant and delta AIC is still low (<2.5, see Table A4.1). Linear mixed models 

were fitted by restricted maximum likelihood (REML) using the lme4 package 

(Bates et al., 2015). The normal approximation for degrees of freedom was 

used to determine p-values. Candidate models are shown in Table A4.1. 

(a) Short term luminance change (phase 1) 
Source Estimate SE t p 
Intercept 0.1182 0.0046 25.88 <0.001 
Model formula  lmer(Luminance ~ (1 | Unique.ID))  

 
(b) Short term luminance change (phase 2) 
Source Estimate SE t p 
Intercept 0.2517 0.0123 20.47 <0.001 
Temp -0.0048 0.0005 10.02 <0.001 
Background -0.1866 0.0167 11.17 <0.001 
Time -0.0010 0.0002 4.71 <0.001 
Background:Time 0.0012 0.0003 4.01 <0.001 
Temp:Background 0.0074 0.0006 11.56 <0.001 

Model formula lmer(Luminance ~ Temp + Background + Time + 
Background:Time + Background:Temp + (1 | Unique.ID)) 

 

Camouflage: short term  

Individuals demonstrated no significant change in camouflage in the first 24 

hours following placement on a black or white background (phase 1), reflecting 

their limited change in luminance over this period. The null model was best 

supported for camouflage in the first 24 hours. However, the change in 

luminance in phase 2 (Fig. 4.5) revealed a significant improvement in 

camouflage over time for individuals allocated to a black background (GLM: 

F1,138 = 103.26, p <0.001). The extent of background matching was also affected 

by temperature, with higher temperatures resulting in a greater improvement in 

camouflage (GLM: F1,138 = 17.38, p <0.001). For individuals placed on a white 

background, time did not have a significant effect on camouflage, but 

temperature did (GLM: F1,160 = 44.33, p <0.001) See Table A4.2 for parameter 
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estimates for both models, and Table 4.3 for candidate models used in model 

simplification. 

Table 4.3 Parameter estimates from the minimum adequate linear mixed effects 

models describing short term change in crab camouflage according to fish 

predator (pollack) vision during phase 1 (24-hour exposure to a black (a) or 

white (b) background) and phase 2 (24-hour exposure to a black (c) or white (d) 

background treatment). The ability of a predator to discriminate between an 

individual and its treatment background was determined using Just Noticeable 

Differences (JNDs), where a decline in JND corresponds to an increase in 

camouflage. Models were fitted by restricted maximum likelihood (REML) using 

the lme4 package (Bates et al., 2015). The normal approximation for degrees of 

freedom was used to determine p-values. See Table A4.2 for candidate models. 

(a) Discrimination from a black background (phase 1)  

Source Estimate SE t p 
Intercept 1.1186 0.0900 12.42 <0.001 
Model formula lmer(JNDBlack ~ Time + (1 | Unique.ID)) 

 
(b) Discrimination from a white background (phase 1)  
Source Estimate SE t p 
Intercept 11.5685 0.0914 126.61 <0.001 
Model formula lmer(JNDWhite ~ (1 | Unique.ID)) 

  
(c) Discrimination from a black background (phase 2)  
Source Estimate SE t p 
Intercept 3.8880 0.3007 12.93 <0.001 
Temp -0.1021 0.0106 9.60 <0.001 
Time -0.0191 0.0046 4.17 <0.001 
Model formula lmer(JNDBlack ~ Temp + Time (1 | Unique.ID)) 

 
(d) Discrimination from a white background (phase 2)  
Source Estimate SE t p 
Intercept 11.0819 0.1738 77.00 <0.001 
Temp 0.0092 0.0078 6.66 <0.001 
Model formula lmer(JNDWhite ~ Temp + (1 | Unique.ID)) 
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Appearance change: long term  

Throughout the experiment, individuals became darker on a dark background 

and lighter on a light background (Fig. 4.6). Most collected crabs were generally 

dark (Fig. 4.6a), so little luminance change was observed in individuals first 

placed on a dark background (phase 1). In contrast, those on a white 

background showed a much greater capacity for change over this period (Fig. 

4.6a). The three-way interaction between time, temperature and background 

had a significant effect on luminance (GLM: F1,763 = 26.29, p < 0.001). 

Consequently, individuals in a warmer environment changed their coloration  

faster in response to their substrate than those in a cooler environment (Fig. 

4.6), (see Table 4.4 for full model output and Table A4.3 for candidate models). 

This was the case for all treatments except the white background treatment at 

25 °C, where the rate of change was somewhat slower than at 15 °C and 20 °C. 

During phase 2, when individuals were transferred to the alternative substrate, 

individuals became darker on a dark background and lighter on a light 

background (Fig. 4.6b). Again, the rate of change varied significantly with 

temperature for both crabs on a white background and those on a black 

background, with a significant interaction between time, background and 

temperature (F1,303 = 15.89, p <0.001), (see Table 4.4 for full model output and 

Table A4.3 for candidate models). Individuals in a warmer environment changed 

faster than those in a cooler environment, reflecting the relationship observed in 

phase 1. For those on a black background, the maximum rate of change was 

reached over the range 15-25 °C. For those on a white background, the 

maximum rate of change was reached over the range 15-20 °C, decreasing 

thereafter, reflecting the results seen in phase 1. While individuals on a white 

background experienced maximum change at moderate temperatures, those on 

black experience greatest luminance change at the highest temperatures 

tested. Example individuals showing the change experienced after several 

weeks on each background are shown in Figure 4.7. Appearance change 

according to bird vision is shown in Fig. A4.1, corresponding model output and 

candidate models are shown in Tables A4.5 and A4.6, respectively.  
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Figure 4.6 Change in crab luminance change according to fish predator 

(pollack) vision for individuals on either a black (black points, solid line) or white 

(white points, dashed line) background. (a) Shows luminance change observed 

in phase 1, when individuals were placed on their first background type and (b) 

shows luminance change in phase 2, when individuals were transferred to the 

alternative background treatment. The shaded area represents the 95% 

confidence interval. See Table 4.4 for full model output and Table A4.3 for 

candidate models. 

 

(b) 

(a) 
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Table 4.4 Parameter estimates from the minimum adequate linear mixed effects 

model describing changes in crab luminance change according to fish predator 

(pollack) vision over the long term. (a) Shows luminance change over phase 1 

and (b) shows luminance change over phase 2. Linear mixed models were fitted 

by restricted maximum likelihood (REML) using the lme4 package (Bates et al., 

2015). The normal approximation for degrees of freedom was used to 

determine p-values. Model simplification was not used, as 3-way interactions 

were significant for both phases of the experiment, but candidate models are 

included in Table A4.3 for completeness. 

(a) Long term luminance change (phase 1) 

Source Estimate SE t p 
Intercept 0.1161 0.0156 7.45 <0.001 
Temp 0.0009 0.0009 0.99 0.322 
Background -0.0168 0.0215 0.78 0.432 
Week -0.0012 0.0018 0.66 0.509 
Temp:Week -0.0002 0.0001 1.91 0.056 
Background:Week 0.0043 0.0027 1.60 0.109 
Temp:Background 0.0001 0.0013 0.04 0.967 
Temp:Background:Week 0.0008 0.0002 5.13 <0.001 

Model formula 

lmer(Luminance ~ Temp + Background + Week + 
Temp:Week +  Background:Week + 
Temp:Background + Temp:Background:Week +  (1 
| Unique.ID)) 

 
(b) Long term luminance change (phase 2) 
Source Estimate SE t p 
Intercept 0.1016 0.0319 3.18 0.002 
Temp 0.0105 0.0019 5.54 <0.001 
Background -0.0331 0.0433 0.76 0.445 
Week 0.0016 0.0036 0.44 0.660 
Temp:Week -0.0011 0.0002 5.12 <0.001 
Background:Week 0.0047 0.0048 0.98 0.329 
Temp:Background -0.0108 0.0026 4.21 <0.001 
Temp:Background:Week 0.0011 0.0003 3.99 <0.001 

Model formula 

lmer(Luminance ~ Temp + Background + Week + 
Temp:Week + Background:Week + 
Temp:Background + Temp:Background:Week + (1 
| Unique.ID)) 
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Figure 4.7 Examples of luminance change in shore crabs over a 10-week 

period. From left to right: shore crabs prior to placement on a novel background, 

crabs on allocated background after six weeks, and after four weeks on the 

alternative background. (a) Shows an individual initially allocated to a white 

background, then transferred to a black background after six weeks and (b) 

shows an individual allocated to a black background, then transferred to a white 

background after six weeks. Both individuals were exposed to the 20 °C 

treatment. Image brightness has been increased by 40% for all photographs for 

display purposes only.  

 

 

 

 

 

 

 

 

 

(a) 

(b) 
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Camouflage: long term 

Generally, crabs were found to match their background better over time, making 

them increasingly difficult to distinguish from their surroundings (Fig. 4.8), (see 

Tables 4.4 and A4.7 for model output and candidate models). The rate at which 

they attained camouflage increased with temperature, with a significant 

interaction between time and temperature on both a black (GLM: F1,395 = 7.91, p 

= 0.005) and a white (GLM: F1,363 = 20.69, p < 0.001) background during phase 

1 (see Fig. 4.9a,b for examples). Crabs allocated to a black background during 

phase 1 were already good matches of their background on collection, as their 

JND values were close to 1 when the experiment started. Plasticity in coloration 

could be monitored in phase 2, when individuals were transferred to the 

alternative background treatment. Again, individuals on a white background 

became lighter and those on a dark background darkened, demonstrating 

plasticity in background matching (see Fig. 4.9c,d for examples). Crabs were 

found to better match their background over time. The rate of camouflage 

development was temperature-dependent for individuals on a black 

background, with a significant interaction between temperature and time (GLM: 

F1,140 = 23.69, p < 0.001), but not for those on white, where time alone was 

significant (GLM: F1,140 = 29.54, p < 0.001). Limited camouflage was observed 

at the lowest temperature treatment (5 °C) for both background types. 

Generally, those on a black background achieved camouflage fastest over the 

range 15-25 °C, while those on white achieved camouflage fastest over the 

range 15-20 °C, with a drop in rate outside this range. Camouflage according to 

bird vision is shown in Fig. A4.2, corresponding model output and candidate 

models are shown in Tables A4.8 and A4.9, respectively.  
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Figure 4.8 Change in crab camouflage over the long term according to a fish 

predator (pollack vision). Camouflage is quantified using Just Noticeable 

Differences (JNDs) for individuals on a black (black points) or white (white 

points) background. Panels (a) and (b) correspond to phase 1, when individuals 

were allocated to their first background treatment for a six-week period. Panels 

(c) and (d) correspond to phase 2, where individuals were allocated to the 

alternative background treatment (those on black were transferred to white and 

(a) 

(b) 

(c) 

(d) 
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vice versa) for four weeks. Note that a negative slope corresponds to an 

improvement in background matching. The shaded area represents the 95% 

confidence interval. See Table 4.5 for parameter estimates and Table A4.6 for 

candidate models.  

Table 4.5 Parameter estimates from the minimum adequate linear mixed effects 

models describing change in crab camouflage according to fish predator 

(pollack) vision during phase 1 (six-week exposure to a black (a) or white (b) 

background) and phase 2 (four-week exposure to a black (c) or white (d) 

background treatment). The ability of a predator to discriminate between an 

individual and its treatment background was determined using Just Noticeable 

Differences (JNDs), where a decline in JND corresponds to an increase in 

camouflage. Models were fitted by restricted maximum likelihood (REML) using 

the lme4 package (Bates et al., 2015). The normal approximation for degrees of 

freedom was used to determine p-values. See Table A4.6 for candidate models. 

(a) Discrimination from a black background (phase 1) 

Source Estimate SE t p 
Intercept 0.8691 0.2523 3.44 <0.001 
Temp 0.0267 0.0153 1.75 0.081 
Week -0.0153 0.0284 0.54 0.591 
Temp:Week -0.0049 0.0017 2.81 0.005 

Model formula lmer(JNDBlack ~ Temp + Week + Temp:Week + (1 | 
Unique.ID)) 

 
(b) Discrimination from a white background (phase 1) 
Source Estimate SE t p 
Intercept 11.1300 0.3857 28.86 <0.001 
Temp -0.0140 0.0232 0.61 0.545 
Week -0.0610 0.0458 1.33 0.184 
Temp:Week -0.0126 0.0028 4.55 <0.001 

Model formula lmer(JNDWhite ~ Temp + Week + Temp:Week + (1 | 
Unique.ID)) 

  
(c) Discrimination from a black background (phase 2) 
Source Estimate SE t p 
Intercept 0.9127 0.6827 1.34 0.181 
Temp 0.1997 0.0407 4.91 <0.001 
Week 0.0262 0.0736 0.36 0.722 
Temp:Week -0.0213 0.0044 4.87 <0.001 

Model formula lmer(JNDBlack ~ Temp + Week + Temp:Week+ (1 | 
Unique.ID)) 
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(d) Discrimination from a white background (phase 2) 
Source Estimate SE t p 
Intercept 12.0415 0.2255 53.41 <0.0001 
Week -0.1399 0.0257 5.44 <0.0001 
Model formula lmer(JNDWhite ~ Week (1 | Unique.ID)) 

 

 

Figure 4.9 Examples of the background match attained during phase 1 – six 

weeks on either a black or white background (a, b) and phase 2 – four weeks 

on the alternative background (c, d). Panels (a) and (c) show shore crabs 

allocated to a black background. Panels (b) and (d) show shore crabs allocated 

to a black white background. 
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Discussion 

While this study shows the capacity for short term luminance (lightness) change 

in shore crabs can be limited (Fig. 4.5), and depends on their starting 

appearance, I reveal that crabs are capable of striking changes in luminance 

over the longer term. Crabs become significantly lighter or darker in response to 

their background over a period of several weeks (Fig. 4.6). These changes in 

luminance correspond to significant improvements in predicted background 

matching to models of predator vision (Fig. 4.6, Fig. 4.8). These results also 

demonstrate that background matching in shore crabs is a plastic and reversible 

process, with individuals capable of matching new backgrounds when 

transferred to a novel substrate (Fig. 4.6, Fig. 4.8), rather than one associated 

with ontogeny. Such plasticity is likely to confer a large fitness advantage in 

terms of reduced predation risk (Hogarth, 1978; Stevens, 2013; Duarte, Flores 

and Stevens, 2017).  

The rate at which individuals match their background varies with temperature 

(Fig. 4.5). This means that the thermal environment experienced by settling 

juveniles will affect the rate at which they can match their background and 

evade predator detection. Settling juveniles experience high rates of predation 

(Moksnes, Pihl, and van Montfrans 1998), so their success will depend heavily 

on the development of effective antipredator defences, such as camouflage. If 

camouflage is attained faster at higher temperatures, juveniles may evade 

predation more effectively in warmer conditions. This may have significant 

implications for fitness, as poorly camouflaged individuals are more likely to be 

seen and eaten (Stuart-Fox and Moussalli, 2011). The longer the individual is 

poorly camouflaged, the greater the predation risk. The variation in the rate of 

background matching with temperature may be adaptive. Predators are more 

active in warm environments (Vucic-Pestic et al., 2011) and, under such 

conditions, there would be greater pressure to avoid detection. Improved 

camouflage under warmer environments may also be a response to predation 

pressure at low tide, when rockpools are more vulnerable to avian predation. 

For most of the year, rockpools will be warmer at low tide, as solar radiation 

heats the isolated pools above mean sea surface temperature. Plasticity in 

background matching in response to temperature would be beneficial in such 

circumstances.  
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The observed responses to temperature are suggestive of a classic thermal 

response curve, whereby the rate of a process increases with temperature up to 

a point where the temperature becomes stressful (Brown et al., 2004; Pörtner 

and Farrell, 2008). Different biological rates have different optima and these 

results suggest that the production or expression of dark pigment is less 

constrained at warmer temperatures than that of light pigment. However, 

because morphological colour change requires the production of pigments and 

chromatophores, it may be a costly process, although the exact costs are 

unclear (Umbers et al., 2014; Duarte, Flores and Stevens, 2017). In newts 

(Lissotriton boscai), metabolic rate is higher in heavily pigmented individuals 

from dark environments, suggesting that background matching has an energetic 

requirement (Polo-Cavia and Gomez-Mestre, 2017). This energetic requirement 

may be met by acquiring additional resources. In guppies (Poecilia reticulata), 

becoming lighter or darker in response to the background may result in an 

energetic cost that can be overcome by increasing food intake (Rodgers et al., 

2013). These results present some support for the potential existence of colour 

change costs, whereby at 25 °C the rate of background matching is reduced for 

individuals on a white background. The extent of any increased energetic 

requirements, and whether individuals can meet these increasing demands, 

needs further investigation.  

In southwest Britain, where this population was collected, mean summer 

maximum temperature is approximately 17 °C (average sea surface 

temperature 2 m below the surface between 2013 and 2017 at the Western 

Channel Observatory monitoring station, L4), within the optimal range for colour 

change and camouflage in this species (Fig. 4.6, Fig. 4.8). The 3 °C  rise in sea 

surface temperature anticipated by the end of the century (Collins et al., 2013) 

is still within this optimal 15-20 °C range, so camouflage is unlikely to be 

inhibited in future ocean conditions. Shore crabs reproduce over the range 4-26 

°C (Naylor, 1965; Thresher et al., 2003), so it is reasonable to assume that 

settling juveniles will experience temperatures across the range tested here. 

Peak recruitment varies with latitude, peaking June in Northern Portugal 

(Queiroga, 1993; Baeta et al., 2005) and July in the Dutch Wadden Sea 

(Beukema, 1991). Sea temperature southwest Britain (Western Channel 

Observatory monitoring station, L4) during peak recruitment is typically 12-17 

°C (temperature range recorded 2 m below the surface for June and July 2013-
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2017). An added 3 °C of ocean warming (Collins et al., 2013), will mean times 

of peak recruitment could coincide with optimal conditions for colour change 

(15-17 °C). Given that anti-predator defences are particularly important post 

settlement, when individuals are most vulnerable to predation (Moksnes, Pihl, 

and van Montfrans 1998) one might expect that ocean warming may benefit this 

species, as they experience more rapid camouflage at higher temperatures. 

Faster camouflage development is likely to have significant implications for 

survival (Chapter 2) and hence recruitment success during this vulnerable 

stage. 

Across their entire range, shore crabs experience a wide variety of 

temperatures, extending from below zero to 36 °C (Thresher et al., 2003), 

depending on the time of year and tidal cycle. Populations in different parts of 

their geographic range may have different temperature optima, according to the 

environmental conditions they are used to. Their ability to tolerate a wide range 

of environmental conditions has made shore crabs a highly successful invasive 

species (Compton, Leathwick and Inglis, 2010), and they have spread from their 

native range (which extends from Northern Europe to the Mediterranean) to 

America, South Africa and Australia (Grosholz and Ruiz, 1996). Under climate 

change, this species may experience a range expansion, as northern latitudes 

warm and become more habitable (Compton, Leathwick and Inglis, 2010). 

Juveniles will experience an added benefit of improved camouflage under 

climate change, further enhancing to their invasion potential.  

Our study demonstrates that phenotype-environment matching in the shore 

crab is a plastic, reversible response to its surroundings. I show that 

camouflage is attained through both short and longer-term processes, including 

moulting, with the latter initiating a dramatic step change in coloration (Fig. 

A4.3). Such changes in appearance may underlie many of the camouflage 

strategies and intraspecific diversity observed in a range of species and taxa, 

leading to phenotype-environment matching. I also show that camouflage 

change is a temperature-dependent process, and that its fitness benefits may 

therefore be dependent on prevailing environmental conditions. Given the 

increase in the rate of background matching under warmer conditions, shore 

crabs are likely to benefit from reduced predation risk under climate change. 

This is contrary to previous work in snowshoe hares (Lepus americanus), which 



 111 

has demonstrated little plasticity in coat coloration in response to changing 

snow cover and temperature under climate change (Mills et al., 2013), and an 

increase in predation risk as a result (Zimova, Mills and Nowak, 2016). This 

highlights the complexity of climate change impacts in that different species 

respond to environmental conditions in different ways. Given that plasticity in 

appearance is a response exhibited by many species (Caro, Sherratt and 

Stevens, 2016), further work should test the capacity of such animals to 

respond to a changing world, and the mechanisms that allow or constrain this. 

In addition, future work should consider the capacity for colour change under 

multiple stressors to better understand the tradeoff between background 

matching and other processes. 
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Chapter 5 
 How is background matching affected by multiple stressors? 
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Crab camouflage resistant to ocean acidification and 

warming 

Abstract  

To understand the overall impact of climate change on ecosystems, we need to 

know its effects not just on individual species, but also the relationships 

between them. Predation ecology presents an important avenue to tackle this 

question, given that predator-prey relationships play a prominent role in 

ecosystem structuring. As well as testing impacts on multiple species, we need 

to consider the multiple stressors associated with climate change because, in 

combination, they may have synergistic, antagonistic or additive effects. This 

project addresses the impact of two major marine climate stressors (ocean 

warming and acidification) on colour change for camouflage, the most common 

anti-predator defence in nature. I used digital photography and models of 

predator vision to determine the rate at which shore crabs (Carcinus maenas) 

change colour to match their habitat under different climate change scenarios. 

By placing crabs on black and white substrates and monitoring their changes in 

coloration over a ten-week laboratory trial, I quantified the extent to which 

different temperatures (15 °C and 20 °C) and CO2 levels (400, 650 and 950 

ppm) impacted their plasticity in coloration. The experiment was conducted in 

two phases: the first five weeks was spent on either a black or a white 

background (phase 1) and the second five weeks was spent on the alternative 

background treatment (phase 2). Both changes in luminance (perceived 

brightness) and camouflage were quantified according to the visual systems of 

avian (peafowl, Pavo cristatus, which has a visual sensitivity similar to many 

shorebirds) and fish (pollack, Pollachius pollachius) predators, to determine the 

likely implications for survival. Crabs were found to match their background 

increasingly well over time and showed a plastic response to substrate 

coloration under all conditions tested. During the first phase of the experiment, 

warming resulted in an increase in the rate at which the crabs became difficult 

to distinguish from their background but had no significant effect on luminance. 

During the second phase, no response to temperature was observed. The level 

of CO2 had no effect on luminance or camouflage, indicating that background 

matching is not affected by levels of acidification anticipated by the end of the 
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century. These results demonstrate that anti-predator defences in shore crabs 

are remarkably resistant to acidification and temperature and are capable of 

withstanding future climate change.  

Introduction 

Camouflage is perhaps the most common anti-predator defence in nature (Cott, 

1940; Stevens and Merilaita, 2009a, 2011), exhibited by diverse taxa from 

vertebrates (Ryer et al., 2008; Mills et al., 2013; Smithers, Wilson and Stevens, 

2017; Atmeh, Andruszkiewicz and Zub, 2018) to invertebrates (Hanlon, 2007; 

Barbosa et al., 2008; Kronstadt, Darnell and Munguia, 2013; Stevens, Rong and 

Todd, 2013) and plants (Niu and Sun, 2014; Niu et al., 2014). Effective 

camouflage leads to reduced predator detection (Stevens and Merilaita, 2011), 

lower risk of predation (Chapter 2) and improved fitness (Vignieri, Larson and 

Hoekstra, 2010). Many individuals can also adjust their pigmentation to achieve 

better matches to their background (Nokelainen and Stevens, 2016) over 

timescales from seconds to seasons, with slower colour change for camouflage 

likely to be much more common than rapid changes in pigmentation (Stevens, 

2016; Duarte, Flores and Stevens, 2017). Intertidal ecosystems possess an 

abundance of species that can change colour for camouflage, including gobies, 

Gobius paganellus, (Stevens, Lown and Denton, 2014; Smithers, Wilson and 

Stevens, 2017), blennies, Lipophrys pholis, (Smithers, 2015), shore crabs, 

Carcinus maenas, (Stevens, Lown and Wood, 2014b; Nokelainen et al., 2017), 

chameleon prawns, Hippolyte varians, (Keeble and Gamble, 1899; Gamble and 

Keeble, 1900), isopods, Pentidotea wosnesenskii, (Hultgren and Mittelstaedt, 

2015) and many others. Intertidal species are exposed to both terrestrial and 

marine predators at different points in the tidal cycle, making defences, such as 

camouflage, against a diverse predator community particularly important. 

Understanding how predator-prey interactions will be affected by climate 

change presents the greatest uncertainty in determining how ecosystems will 

respond to future change (Winder and Schindler, 2004).  

Global sea surface temperature has risen at a rate of 0.11°C per decade 

(between 1972 and 2010, IPCC, 2013) and 2-3 °C of warming is anticipated by 

the end of the century (Collins et al., 2013). In addition, the absorption of carbon 

dioxide (CO2) by the oceans is lowering seawater pH and altering seawater 



 115 

carbonate chemistry (Fig. 5.1, Appendix 5), with a global average decrease in 

pH of 0.1 units since the industrial revolution (Orr et al., 2005; Doney et al., 

2009). Seawater pH is expected to decline further as the oceans continue to 

absorb CO2 (Orr et al., 2005), with a further global decrease in sea surface pH 

of 0.07-0.33 units anticipated by the end of the century (Bopp et al., 2013). CO2 

enters the ocean at the air-sea interface (Fig. 5.1) causing anthropogenic CO2 

to be present in greatest concentrations in surface and coastal waters (Sabine 

et al., 2004). Consequently, species inhabiting this region are particularly 

exposed to its effects. Much of the work on ocean acidification has focussed on 

the species considered to be most vulnerable (Whiteley, 2011). This has left 

substantial gaps in our understanding of species that could be more tolerant of 

acidification, including species that already experience large variations in CO2 in 

their natural environment. However, even species that can withstand variable 

CO2 levels, such as those found in the intertidal, may be under threat. This is 

because long term CO2 exposure and associated stress can cause resources to 

be diverted from growth and reproduction in order to maintain compensatory 

mechanisms, like acid-base regulation (Wood, Spicer and Widdicombe, 2008; 

Findlay et al., 2011). Whether the maintenance of anti-predator defences will be 

affected by such a tradeoff in resource allocation is unknown. 
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Figure 5.1 Schematic illustrating the process of ocean acidification, including 

the chemical species and reaction equilibria involved.  

How changes in coloration will be affected by ocean acidification is largely 

unstudied. To date our only insight into how defensive coloration could be 

affected comes from behavioural investigations showing that pigmy squid 

(Idiosepius pygmaeus) are less likely to use deimatic displays (dynamic 

displays used to threaten or confuse predators) under acidified conditions 

(Spady et al., 2014). Rather than use threat displays such as defensive arm 

postures and diematic display, the squid were more likely to use escape 

responses under acidified conditions (Spady et al., 2014). Beyond this study of 

ocean acidification, our understanding of how climate change impacts defensive 

coloration and camouflage more generally, and the consequences for predator-

prey relationships is limited to terrestrial species with seasonal changes in 

appearance. Several boreal and northern temperate species moult their 

feathers and fur to become white over winter, when snow cover alters the visual 

appearance of their habitat (Zimova et al., 2018). However, advancement of 

snowmelt in the spring and a later start to the snow season in winter has 

resulted in seasonal phenotype-environment mismatches (Mills et al., 2013; 

Zimova, Mills and Nowak, 2016), in which prey are easy targets for predators, 

with consequences for their survival (Atmeh, Andruszkiewicz and Zub, 2018). 
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The direct response of camouflage to climate stressors has not been 

considered beyond the work presented here (Chapter 3, Chapter 4), which 

shows that temperature either has little effect on colour change (in chameleon 

prawns), or substantially increases the rate and extent of matching (in shore 

crabs).   

In this chapter, I test how combined climate change stressors (warming and 

acidification) impact long term plasticity in camouflage, using juvenile shore 

crabs as a model species. By placing individuals on either a dark or light 

background for five weeks, then switching them to the alternative treatment 

treatment (black to white and vice versa) for a further five weeks, I explore the 

impact of exposure to different temperatures (15 °C and 20 °C) and CO2 levels 

(400, 650 and 950 ppm) on background matching. By testing the changes in 

crab luminance (perceived brightness) to models of predator (fish, Pollachius 

pollachius, and bird, Pavo cristatus) vision, I quantify their camouflage 

according to the visual systems of relevant predators. Given previous results 

(Chapter 3, Chapter 4), it is reasonable to expect that background matching will 

improve with warming, as growth and other biological rates increase with 

increasing temperature (Gillooly et al., 2001; Brown et al., 2004). Contrastingly, 

I anticipate that acidified conditions will impede background matching as 

resources are likely to be preferentially allocated to processes that enable 

individuals to cope with acidification (e.g. acid-base regulation (Findlay et al., 

2011)) as has been demonstrated in other species (e.g. Amphiura filiformis 

(Wood, Spicer and Widdicombe, 2008)). With this in mind, I predict that crabs 

will change coloration to better match their background, that the rate of change 

will be faster at higher temperatures, and that ocean acidification will dampen 

the response of individuals to their substrate. 
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Methods 

Collection and acclimatisation  

Juvenile shore crabs (< 25 mm carapace width, (Stevens, Lown and Wood. 

2014b)) were collected from Mount Batten Bay, Plymouth (50°21’425”N, 

004°07’565”W), in January 2016. Individuals were transported to the mesocosm 

facility at Plymouth Marine Laboratory in buckets containing seawater and rocks 

for shelter and transferred into separate clear plastic containers (120 mm wide, 

170 mm, long 70 mm deep) containing 800 ml seawater and 100 cm3 grey 

aquarium gravel (Unipac, lunar silver gravel) as substrate. Each container was 

supplied with either ambient (400 ppm) or CO2-enriched air (created following 

methods described by Findlay et al. (2008)) equivalent to end of century 

predictions (650 ppm) and beyond (950 ppm) through a 27 mm long, 17 mm 

diameter air stone and impermeable silicone airline (J&K Aquatics). Lids were 

placed on the containers to prevent gas exchange between the water and the 

atmosphere (Fig. 5.2a,b). Individuals were fed five crustacean food pellets 

(Crustanourish) each week to ensure ample, but not excessive food was 

available. Weekly water samples were taken for carbonate chemistry analysis 

(see below). Containers were cleaned and water was changed weekly, following 

water sampling. Discoloured gravel was replaced with fresh substrate as 

required. To acclimatise crabs to their test environment, all individuals were 

initially transferred to containers supplied with ambient air, at ambient sea 

temperature (10.7 °C), following collection. They were then acclimatised to their 

test temperature at a rate no greater than 3 °C per hour. Once the test 

temperature (15 °C or 20 °C) was reached, individuals were progressively 

moved through successively higher CO2 treatments until their target CO2 level 

(400, 650 and 950 ppm) was reached. Individuals were randomly allocated to all 

treatments. A further two days of acclimation to experimental conditions 

occurred before commencing the coloration experiment.  
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Figure 5.2 Containers used to house shore crabs during the experiment. 

Panels (a) and (b) show the system used to aerate the water and manipulate 

CO2 level (a sealed plastic container with either ambient or CO2 enriched air 

supplied by air stone). Panels (c) and (d) shows the black and white 

backgrounds used during colour change trials (gravel substrate and waterproof 

paper surround).  

Water monitoring 

Seawater pH, temperature and salinity were measured regularly throughout the 

experiment. A handheld multi-meter (WTW 350i) was used to measure both pH 

and temperature, salinity was measured using a conductivity meter (3C30-010 

Cond 1970i). The pH probe used was calibrated weekly using a three-point 

calibration against the following NBS buffers: pH 4, pH 7 and pH 10 (Fisher 

Scientific, UK). Three 150 ml water samples were taken for each treatment 

combination in each week of the experiment in order to determine the carbonate 

chemistry (total alkalinity and dissolved inorganic carbon) of the container 

water. The glass beaker used for water collection, sample bottle and lid were 

rinsed three times with sample water before collecting the sample. Samples 

were preserved with 50 µl concentrated mercuric chloride (HgCl2) solution 



 120 

immediately following collection and stored in amber glass bottles in the dark for 

later analysis. Total alkalinity (TA) was determined by titration with 0.8M 

(0.796937M) hydrochloric acid (HCl) using an alkalinity titrator (model AS-ALK2, 

Apollo SciTech) coupled with a ring-mounted pH probe (Orion 3 Star pH 

Benchtop, ThermoScientific). The pH probe was calibrated weekly using a 3-

point calibration (pH 4, pH 7 and pH 9.2 NBS buffers, supplied by Fisher 

Scientific, UK), and daily runs of a certified reference material (Dickson 

Standard, batch 152) allowing any drift in pH readings to be accounted for. 12 

ml of sample water was injected into a 20 ml glass bottle, and acid was added 

incrementally until the endpoint (pH 3.000) was reached. A magnetic stirrer 

(Cole Parmer) ensured thorough mixing of the sample throughout the titration. 

Between replicate measurements and samples, the probe, bottle and flea 

(stirring device) were rinsed with Milli-Q water and gently dried to remove all 

water droplets. A mean of two replicates provided the final TA value for each 

sample. Dissolved inorganic carbon (DIC) was determined using a DIC analyser 

(model AS-C3, ApolloSciTech). DIC measurements were calibrated against a 

certified reference material (Dickson Standard, batch 152) allowing any drift in 

pH readings to be accounted for. Photos illustrating key steps in this process 

are shown in Figure 5.3. 
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Figure 5.3 Photos illustrating some of the key steps involved in water 

monitoring. (a) Water sample preserved with mercuric chloride in a dark amber 

glass bottle. (b) Three-point calibration of the pH probe against the following 

NBS buffers: pH 4, pH 7 and pH 9.2. (c) The vial and pH probe used during 

alkalinity titration. (d) Calibration of the alkalinity titrator against a known 

reference standard and (e) calibration of the dissolved inorganic carbon 

analyser against a known reference standard. 

Experimental design 

Following previous approaches (Chapter 4), experiments were conducted in two 

phases to determine the impact of environmental stressors on the crabs’ 

capacity for background matching (phase 1) and their plasticity in this trait 

(phase 2). After acclimatisation, individuals were photographed (to determine 

their initial coloration) and randomly allocated to either a black or a white 

background. All backgrounds were printed on waterproof paper using a Hewlett 

Packard Colour LaserJet 2605dn printer at 300 dpi. Backgrounds were secured 

to the outside of each container with insulation tape. In addition, crabs were 

provided with 100 cm3 gravel (Aqua Gravel, supplied by intopets.co.uk), with a 

colour corresponding to their treatment, to provide them with a more natural 
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substrate (Fig. 5.2c,d). Further photos were taken after 24 hours and after two, 

four and five weeks to assess colour change over a longer period (phase 1). 

Crabs were then switched to the alternative background treatment (black to 

white and vice versa) where they remained for a further five weeks (phase 2). 

Again, photos were taken after 24 hours and after two, four and five weeks. On 

completion of the study, crabs were returned to the site from which they had 

been initially collected. 

Quantifying appearance change 

Following recent methods (Troscianko and Stevens, 2015), digital photography 

was used to quantify crab lightness (luminance) and camouflage with respect to 

predator vision. Images were taken using a Nikon D7000 SLR, equipped with a 

60 mm quartz lens supplied by Coastal Optics. To allow both human visible 

(400-700 nm, Baader Venus U filter) and UV (300-400 nm, Baader UV/IR cut 

filter) images to be taken in quick succession, a custom filter slider was fixed in 

front of the lens. To standardise light conditions, images were taken under the 

illumination of an arc lamp (Ventronic) equipped with a daylight 65 bulb 

(simulating natural daylight). To further ensure illumination was standardised, 

two grey standards (7 % and 93 % reflectance) were used in every photo. 

Crabs were gently dried using tissue and placed on a grey foam surface for 

photography. To create a diffuse light environment, a translucent PTFE shield 

was placed between the specimen and the light source. The camera white 

balance was set to manual and the aperture was kept constant between visable 

and UV images. As shore crabs are known to exhibit circadian changes in 

coloration (Powell, 1962b), all photographs were taken during daylight hours. 

Image analysis 

To determine how different predator types perceive the crabs, images were 

analysed using the Multispectral Image Calibration and Analysis Toolbox 

(Troscianko and Stevens, 2015) in ImageJ (National Institute of Health, NIH). 

Images were first linearised and standardised with regards to the grey 

standards (Stevens et al., 2007), and then converted to both fish and bird colour 

spaces (cone catches) using a polynomial mapping technique (Stevens et al., 

2007; Pike, 2011; Troscianko and Stevens, 2015). Previous work has 

demonstrated that this technique is highly accurate for modelling cone catch 
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values compared to approaches using reflectance spectrometry (Stevens and 

Cuthill, 2006; Pike, 2011; Troscianko and Stevens, 2015). The longwave 

sensitive channel was used to calculate luminance as perceived by European 

pollack, Pollachius pollachius (Shand et al., 1988), and the double cone channel 

was used to calculate luminance as perceived by peafowl, Pavo cristatus (Hart, 

2002), which has a visual sensitivity similar to many shorebirds (Odeen, Håstad 

and Alström, 2010). Both groups are likely to be major predators of juvenile 

shore crabs (Crothers, 1968). Average luminance (perceived brightness) was 

calculated for each crab by selecting a polygonal region of interest (ROI) that 

captured as much of the carapace as possible (Fig. 5.4). Analysis of hue and 

saturation was not carried out because the experimental backgrounds were 

achromatic. 

      

Figure 5.4 Region of Interest (ROI) selected for analysis of crab coloration. A 

14-point ROI was used to capture as much of the crab carapace as possible, 

while standardising the shape and coverage of the region selected (i.e. three 

points around the eye, one point on the 1st, 3rd and 5th anterolateral tooth on 

each side of the carapace and four points marking the posterior part of the 

exoskeleton. 
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A model of predator discrimination was used to assess the crabs’ level of 

camouflage (Vorobyev and Osorio, 1998; Siddiqi et al., 2004). The model 

describes camouflage according to Just Noticeable Differences (JNDs) between 

one object (the crab) and another (the background) to assess how easily the 

two can be distinguished, according to a specified visual system (pollack or 

peafowl). Luminance JNDs were calculated using the modified (log) version of 

the Vorobyev and Osorio model for colour discrimination (Vorobyev and Osorio, 

1998; Siddiqi et al., 2004). A Weber fraction of 0.05 was used for the most 

abundant cone type of both predator groups, considered to be appropriate for 

many fish (Olsson et al., 2018). When JND values are 1 or below, individuals 

are considered to be indistinguishable from their background (Siddiqi et al., 

2004). Successively higher values correspond to individuals that are 

increasingly easy to discriminate. Correspondingly, any decline in JND over 

time indicates an improvement in camouflage. 

Statistical analysis 

Statistical analyses were carried out using R version 3.31 (R Core Team 2016) 

using the same approach outlined in Chapter 4. The full model structure for both 

luminance (dimensionless) and camouflage (expressed in JNDs) contained the 

following fixed effects: time (in days), background colour (black or white), 

temperature, CO2 level and all possible interactions. Crab ID was retained as a 

random effect in all models to account for any potential temporal 

autocorrelation, given that repeat measures were taken for the same individual 

over time. Hypothesis test statistics are given in the text and parameter 

estimates for reduced models are provided in tables in the results section. See 

supplementary materials for candidate models and associated AIC values. 
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Results 

Appearance change  

Changes in luminance (perceived brightness) were observed in response to 

background treatment during the first phase of the experiment (first five weeks 

on a black or white background). The interaction between background and time 

had a significant effect on luminance according to models of both fish (GLMfish: 

F1,656 = 111.89, p <0.001) and bird (GLMbird: F1,656 = 194.12, p <0.001) predator 

vision, with those on a white background becoming lighter over time (Fig. 5.5). 

During the first phase of the experiment, all crabs were initially dark (Fig. 5.5), 

and little change in luminance was seen for individuals placed on a dark 

background. However, changes in crab appearance in response to the 

background colour were unaffected by temperature or CO2 level (see Table 5.1 

for model parameters and Table A5.1 for candidate models). During the second 

phase (second five weeks on the alternative background treatment), all 

individuals changed brightness in accordance with their background (Fig. 5.6), 

with individuals on a dark substrate darkening and individuals on a light 

substrate lightening (GLMfish: F1,615 = 304.95, p <0.001; GLMbird: F1,613 = 344.07, 

p <0.001). Again, luminance was unaffected by temperature or CO2 level in all 

cases (see Table 5.2 for model parameters and Table A5.2 for candidate 

models). 
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Figure 5.5 Crab luminance change according to (a) fish and (b) bird vision 

during phase 1 of the experiment (5 weeks on a black or white background). 

Red points correspond to the high temperature treatment and orange points 

correspond to the low temperature treatment. Filled circles and solid lines 

correspond to black backgrounds. Open circles and dashed lines correspond to 

white backgrounds. From left to right: present day CO2, a moderate end of 

century scenario and an extreme end of century scenario. Model parameters 

and candidate models are shown in Table 5.1 and Table A5.1, respectively.  

 

 

  (b) 

  (a) 
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Table 5.1 Parameter estimates from the minimum adequate linear mixed effects 

models describing crab luminance change during phase 1 of the experiment (5-

week exposure to either a black or white background). (a) Corresponds to 

luminance change according to fish (pollack) vision and (b) corresponds to 

luminance change according to bird (peafowl) vision. Linear mixed models were 

fitted by restricted maximum likelihood (REML) using the lme4 package (Bates 

et al., 2015). The Kenward-Roger approximation for degrees of freedom was 

used to determine p-values. 

(a) Luminance change (phase 1, fish vision) 

 
(b) Luminance change (phase 1, bird vision) 

 

 

 

Source Estimate SE t p 
Intercept 0.0705 0.0059 12.03 <0.001 
BackgroundWhite -0.0138 0.0083 1.67 0.096 
Time 0.0060 0.0013 4.78 <0.001 
BackgroundWhite:Time 0.0220 0.0018 12.49 <0.001 

Model formula lmer(Luminance ~ Background + Time + 
Background:Time + (1 | Unique.ID)) 

Source Estimate SE t p 
Intercept 0.0790 0.0067 11.73 <0.001 
BackgroundWhite -0.0169 0.0095 1.78 0.077 
Time 0.0056 0.0014 4.00 0.001 
BackgroundWhite:Time 0.0271 0.0019 13.93 <0.001 

Model formula lmer(Luminance ~ Background + Time + 
Background:Time + (1 | Unique.ID)) 
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Figure 5.6 Crab luminance change according to (a) fish and (b) bird vision 

during phase 2 of the experiment (5 weeks on the alternative background 

treatment – those initially on black were transferred to white and vice versa). 

Red points correspond to the high temperature treatment and orange points 

correspond to the low temperature treatment. Filled circles and solid lines 

correspond to black backgrounds. Open circles and dashed lines correspond to 

white backgrounds. From left to right: present day CO2, a moderate end of 

century scenario and an extreme end of century scenario. Model parameters 

and candidate models are shown in Table 5.2 and Table A5.2, respectively. 

  (b) 

  (a) 
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Table 5.2 Parameter estimates from the minimum adequate linear mixed effects 

models describing crab luminance change during phase 2 of the experiment (5 

weeks on the alternative background treatment – those initially on black were 

transferred to white and vice versa). (a) Corresponds to luminance change 

according to fish (pollack) vision and (b) corresponds to luminance change 

according to bird (peafowl) vision. Linear mixed models were fitted by restricted 

maximum likelihood (REML) using the lme4 package (Bates et al., 2015). The 

Kenward-Roger approximation for degrees of freedom was used to determine 

p-values.  

(a) Luminance change (phase 2, fish vision) 

(b) Luminance change (phase 2, bird vision) 

 

Camouflage 

Generally, individuals that were a poor match for their background at the start of 

the experiment experienced greater lightness changes than those that were 

already a good match for their surroundings (Fig. 5.7). However, the effect of 

the interaction between JND (Just Noticeable Difference, a measure of 

discriminability) and background on delta luminance (total luminance change 

over phase 1) was not significant (model parameters described in Table 5.3). 

Despite this, the interaction between JND and background was retained in the 

model, as the difference in AIC values between this model and the simpler 

alternative was low (0.5) and there was little difference in model weight (0.03), 

(GLM: F4,172 = 23.57, p <0.001), (see Table A5.3 for candidate models). 

Source Estimate SE t p 
Intercept 0.2615 0.0119 21.98 <0.001 
BackgroundWhite -0.2217 0.0171 13.00 <0.001 
Time -0.0183 0.0013 14.24 <0.001 
BackgroundWhite:Time 0.0320 0.0018 17.46 <0.001 

Model formula lmer(Luminance ~ Background + Time + 
Background:Time + (1 | Unique.ID)) 

Source Estimate SE t p 
Intercept 0.3063 0.0140 21.90 <0.001 
BackgroundWhite -0.2782 0.0200 13.88 <0.001 
Time -0.0227 0.0015 14.89 <0.001 
BackgroundWhite:Time 0.0402 0.0022 18.55 <0.001 

Model formula lmer(Luminance ~ Background + Time + 
Background:Time + (1 | Unique.ID)) 
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Changes in crab brightness over time correspond to improvements in 

background matching throughout the experiment. During phase 1, when crabs 

were allocated to their first background colour, individuals allocated to a white 

background became a better match for their surroundings according to both fish 

and avian predator vision, with the interaction between time and background 

having a significant effect on camouflage (GLMfish: F1,652 = 389.89, p < 0.001; 

GLMbird: F1,652 = 392.57, p < 0.001), (Fig. 5.8). However, there was no significant 

change in camouflage observed for those on a black background (see model 

parameters in Table 5.4), likely because individuals were already a good match 

for their surroundings at the start of the experiment (Fig. 5.7). As with changes 

in luminance, camouflage was unaffected by CO2 level (see Table A5.4 for 

candidate models). However, the interaction between time, background and 

temperature did have a significant effect on camouflage, irrespective of the 

predator vision model used (GLMfish: F1,652 = 13.03, p < 0.001; GLMbird: F1,652 = 

12.63, p < 0.001).  

 

Figure 5.7 Change in crab luminance relative to initial background match 

(expressed in Just Noticeable Differences, JNDs). Delta luminance is the 

luminance change observed over 5 weeks on a black or white background 

(phase 1) according to bird vision. Note that higher JNDs correspond to a poor 

background match. Filled and open circles correspond to black and white 
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background treatments, respectively. The dashed red line indicates the 

threshold for detectability by the predator, where JNDs less than three are 

generally considered undiscernible and successively higher values are 

increasingly easy to distinguish. Model parameters and candidate models are 

shown in Table 5.3 and Table A5.3, respectively. 

Table 5.3 Parameter estimates from the minimum adequate linear model 

describing how the total change in crab luminance varies with initial background 

match during phase 1 of the experiment (5-week exposure to either a black or 

white background). Both camouflage (expressed as JNDs) and delta luminance 

correspond to bird (peafowl) vision. Candidate models are shown in Table A5.3. 

  Delta luminance (phase 1, bird vision) 

 

 

 

 

 

 

 

 

 

 

 

Source Estimate SE t p 
Intercept -0.0027 0.0199 0.14 0.891 
BackgroundWhite 0.5310 0.2130 2.49 0.014 
TempHigh 0.0324 0.0141 2.30 0.023 
JND 0.0054 0.0104 0.52 0.606 
BackgroundWhite:JND -0.0511 0.0268 1.90 0.058 

Model formula lm(Delta Luminance ~ Background + Temp + 
JND + Background:JND) 
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Figure 5.8 The four-way interaction between time, background, CO2 level and 

temperature on JND. Change in crab camouflage according to (a) fish and (b) 

bird vision during phase 1 (5 weeks on a black or a white background). Filled 

circles and solid lines correspond to black backgrounds. Open circles and 

dashed lines correspond to white backgrounds. From left to right: present day 

  (b) 

  (a) 
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CO2, a moderate end of century scenario and an extreme end of century 

scenario. Camouflage mismatch is expressed in Just Noticeable Differences 

(JNDs), where lower JNDs correspond to an improvement in background 

matching. Model parameters and candidate models are shown in Table 5.4 and 

Table A5.4, respectively. 

During phase 2, when crabs were allocated to the alternative background 

treatment, all individuals became a better match for their surroundings over time 

(Fig. 5.9). Example individuals showing the level of background matching 

achieved by the end of the experiment are shown in Figure 5.10. The interaction 

between background colour and time had a significant effect on camouflage 

according to fish vision (GLMfish: F1,615 = 7.76, p = 0.006). Temperature did not 

significantly affect the rate of background matching as perceived by pollack, 

reflecting the lack of effect of temperature on luminance (see Table 5.5a for 

model parameters and Table A5.5a for candidate models). According to avian 

predator vision, crab camouflage improved over time, with a significant 

interaction between background and time (GLMbird: F1,611 = 6.69, p = 0.010). The 

interaction between temperature and background helped to fit the model (Table 

A5.5b for candidate models) but had no significant effect on camouflage 

(GLMbird: F1,611 = 0.516, p = 0.473), reflecting the relationship seen for 

camouflage according to fish vision (see Table 5.5b for model parameters). CO2 

had no effect of camouflage development according to either visual system.  
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Table 5.4 Parameter estimates from the minimum adequate linear mixed effects 

models describing change in camouflage according to (a) fish (pollack) and (b) 

bird (peafowl) vision during phase 1 (5-week exposure to either a black or white 

background). Camouflage is described in Just Noticeable Differences (JNDs), 

where a decline in JND corresponds to an increase in camouflage. Linear mixed 

models were fitted by restricted maximum likelihood (REML) using the lme4 

package (Bates et al., 2015). The Kenward-Roger approximation for degrees of 

freedom was used to determine p-values. 

(a) Camouflage (phase 1, fish vision) 

 
 (b) Camouflage (phase 1, bird vision) 

 
 
 

 

 

Source Estimate SE t p 
Intercept 1.2867 0.1646 7.82 <0.001 
BackgroundWhite 6.4035 0.2330 27.49 <0.001 
Time 0.0755 0.0352 2.15 0.0323 
TempHigh -0.1982 0.2328 0.85 0.395 
BackgroundWhite:Time -0.5546 0.0491 11.30 <0.001 
Time:TempHigh 0.0892 0.0493 1.81 0.072 
BackgroundWhite:TempHigh 0.2402 0.3295 0.73 0.467 
BackgroundWhite:Time:TempHigh -0.2489 0.0690 3.61 <0.001 

Model formula 

lmer(JND ~ Background + Time + Temp + 
Background:Time + Temp:Time + 
Background:Temp + Temp:Background: 
Time + (1 | Unique.ID)) 

Source Estimate SE t p 
Intercept 1.5178 0.1902 7.98 <0.001 
BackgroundWhite 7.0056 0.2692 26.02 <0.001 
TempHigh -0.2474 0.2690 0.92 0.359 
Time 0.0546 0.0394 1.39 0.167 
BackgroundWhite:TempHigh 0.2608 0.3808 0.68 0.494 
BackgroundWhite:Time -0.6260 0.0550 11.39 <0.001 
TempHigh:Time 0.1117 0.0553 2.02 0.044 
BackgroundWhite:TempHigh:Time -0.2745 0.0772 3.55 <0.001 

Model formula 

lmer(JND ~ Background + Time + Temp + 
Background:Time + Temp:Time + 
Background:Temp + 
Temp:Background:Time + (1 | Unique.ID)) 



 135 

 

 

Figure 5.9 Change in crab camouflage according to (a) fish and (b) bird vision 

during phase 2 (5 weeks on the alternative background treatment). Filled circles 

and solid lines correspond to black backgrounds. Open circles and dashed lines 

correspond to white backgrounds. From left to right: present day CO2, a 

  (b) 

  (a) 
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moderate end of century scenario and an extreme end of century scenario. 

Camouflage mismatch is expressed in Just Noticeable Differences (JNDs), 

where lower JNDs correspond to an improvement in background matching. 

Model parameters and candidate models are shown in Table 5.5 and Table 

A5.5, respectively. 

  

Figure 5.10 Example crabs showing extent of background matching achieved 

throughout the experiment: (a) after 5 weeks on a white background, (b) after 5 

weeks on a black background. These photos were taken at the end of phase 2, 

when all individuals had experienced both background types.  

 

 

 

 

 

 

 

 

 

   (a)  (b) 
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Table 5.5 Parameter estimates from the minimum adequate linear mixed effects 

models describing change in camouflage according to (a) fish (pollack) and (b) 

bird (peafowl) vision during phase 2 (5-week exposure to the alternative 

background treatment). Camouflage is described in Just Noticeable Differences 

(JNDs), where a decline in JND corresponds to an increase in camouflage. 

Linear mixed models were fitted by restricted maximum likelihood (REML) using 

the lme4 package (Bates et al., 2015). The Kenward-Roger approximation for 

degrees of freedom was used to determine p-values. 

(a) Camouflage (phase 2, fish vision) 

 
(b) Camouflage (phase 2, bird vision) 

 
Discussion 

This study shows that over several weeks crabs change their brightness to 

better match their background (Fig. 5.5, Fig. 5.6), regardless of the 

environmental conditions encountered, becoming better camouflaged according 

to both fish and avian predators (Fig. 5.8, Fig. 5.9). These improvements in 

camouflage are likely to confer a substantial fitness advantage by reducing the 

risk of predation (Hogarth, 1978; Stevens, 2013; Duarte, Flores and Stevens, 

2017), as demonstrated in Chapter 2. Generally, individuals that were poor 

matches of their background at the start of the experiment experienced a 

greater change in lightness (Fig. 5.7). Crabs initially allocated to a black 

background were already good matches of their substrate (Fig. 5.8), so 

changed little in coloration (Fig. 5.5) during the first five weeks (phase 1). 

Source Estimate SE t p 
Intercept 5.0077 0.2357 21.25 <0.001 
BackgroundWhite 3.0018 0.3378 8.89 <0.001 
Time -0.3670 0.0256 14.36 <0.001 
BackgroundWhite:Time 0.1011 0.0363 2.79 0.006 

Model formula lmer(JND ~ Background + Time + 
Background:Time + (1 | Unique.ID)) 

Source Estimate SE t p 
Intercept 5.7043 0.3305 17.26 <0.001 
BackgroundWhite 3.4148 0.4751 7.19 <0.001 
TempHigh 0.4633 0.3525 1.31 0.190 
Time -0.4539 0.0303 14.96 <0.001 
BackgroundWhite:Time 0.1113 0.0431 2.58 0.010 
BackgroundWhite:TempHigh -0.3641 0.5069 0.72 0.473 

Model formula 
lmer(JND ~ Background + Temp + Time + 
Background:Time + Background:Temp +                      
(1 | Unique.ID)) 
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However, crabs allocated to a white background experienced substantial 

changes in appearance during phase 1, with those at 20 °C changing colour to 

match their background faster than those in the cooler treatment (15 °C), 

reflecting results presented in Chapter 4. Temperature had no effect on colour 

change during phase 2, despite previous work (Chapter 4) indicating that 

temperature has an effect on plasticity in coloration in this species. The lack of 

temperature affect observed in most cases is perhaps unsurprising given that 

Chapter 4 revealed that background matching is optimal over the range 15-20 

°C and tested the response of shore crabs to a wider range of temperatures (5-

25 °C). It is also possible that individuals in this study were energetically 

constrained as individuals were provided with less food than the previous study 

(receiving five food pellets per week rather than seven). Work on guppy colour 

change suggests that changes in coloration are energetically constrained and 

this constraint can be overcome through food consumption (Rodgers et al., 

2013). The more conservative diet in this study may have limited their capacity 

for colour change in the latter stage of the experiment through constraining their 

growth, moult rate and, ultimately, capacity for colour change, which is 

mediated by these processes (Bagnara and Hadley, 1973; Duarte, Flores and 

Stevens, 2017). Further work is needed to determine the energetic costs and 

constraints of colour change, which are currently poorly understood (Duarte, 

Flores and Stevens, 2017).  

This is the first study to test the impact of ocean acidification on camouflage and 

demonstrates that plasticity in coloration is unaffected by levels of acidification 

anticipated by the end of the century (Fig. 5.5, Fig. 5.6). Despite several studies 

indicating that long-term exposure to ocean acidification may result in resources 

being diverted to maintaining acid-base regulation (Findlay et al., 2011) and 

other compensatory processes (Wood, Spicer and Widdicombe, 2008), 

resources do not appear to be diverted from colour change under acidified 

conditions here (Fig. 5.6, Fig. 5.9). If colour change were a relatively low-cost 

process, physiologically speaking, there would be little benefit in diverting 

resources from processes that maintain camouflage. However, previous 

research on guppies (discussed above) suggests that there is a metabolic cost 

to colour change (Rodgers et al., 2013). An alternative explanation is that 

maintaining camouflage is so important to survival that the ultimate fitness costs 

associated with predation outweigh the physiological cost of background 
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matching. In this scenario, allocating resources to colour change would be 

worthwhile, regardless of the physiological cost entailed.  

There is evidence that individuals adjust their investment in camouflage 

depending on the risk of predation. For example, when grasshoppers 

experience high levels of disturbance (simulating high predation risk), they 

become more cryptic in coloration than when simulated predation risk is low 

(Edelaar et al., 2017). Such differential investment in camouflage suggests that 

there is a physiological cost associated with colour change, or else individuals 

would maintain camouflage regardless of predation risk. By this reasoning, if 

camouflage was a costly process one might expect it to receive little investment 

under conditions in which no predators are present, such as the conditions 

experienced in this experiment. However, camouflage was maintained over the 

experimental period, despite the lack of predation risk, suggesting that colour 

change for camouflage may be difficult to control, or come at little cost. Few 

studies have explored the physiological costs of colour change, in part because 

it is challenging to measure directly (Duarte, Flores and Stevens, 2017), 

particularly in species that change colour over extended periods of time. Heavily 

pigmented newts (Lissotriton boscai) have a higher metabolic rate than less 

pigmented individuals, indicating there are physiological demands associated 

with coloration (Polo-Cavia and Gomez-Mestre, 2017). Another study, in 

guppies (Poecilia reticulata), suggests that there may be energetic costs 

associated with colour change, as individuals experiencing colour change 

increase their food intake (Rodgers et al., 2013). If camouflage was 

energetically free, we would expect it to be maintained regardless of the 

environmental stressors encountered.  

This study has shown that shore crab camouflage is unaffected by ocean 

acidification and is either improved, or unaffected by ocean warming, even 

when individuals are not fed ad libitum. This has implications for shore crabs 

both within their native distribution (which spans much of northern and western 

Europe to the Mediterranean) and their invasive range (which includes America, 

South Africa and Australia), (Grosholz and Ruiz, 1996). Given that individuals 

can, potentially, attain better camouflage in a warmer environment, they stand 

to benefit from ocean warming, at least in the context of anti-predator coloration. 

Improvements in camouflage are likely to confer a fitness advantage by 
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reducing predation risk (Hogarth, 1978; Stevens, 2013; Duarte, Flores and 

Stevens, 2017) and are particularly important for early benthic juveniles, as their 

small size and lack of physical defences renders them vulnerable to predation 

(Todd, Qiu and Chong, 2009; Anderson et al., 2013). However, the magnitude 

of the effect of temperature is relatively small (an order of magnitude smaller 

than the effect of background). Despite this, the small improvement in 

camouflage with warming may still have implications for survival, given that 

small JNDs can lead to large differences in survival (Chapter 2). Behavioral 

experiments are needed to confirm whether the modelled difference in 

detectability corresponds to a survival advantage in this instance. Their ability to 

tolerate a wide range of conditions has made shore crabs a successful invasive 

species (Compton, Leathwick and Inglis, 2010). Here I demonstrate their ability 

to tolerate conditions anticipated by the end of the century and beyond, 

indicating that shore crabs will remain a successful invasive species in years to 

come.  

It is likely that background matching in other species with a similar physiology 

(i.e. intertidal crustaceans) will be affected by climate change stressors in a 

similar way. If so, we can anticipate that the development of anti-predator 

coloration in this group will not be inhibited by future ocean conditions. 

Considering the capacity of ocean acidification to alter predator-prey 

interactions such as escape responses and means of predator detection (Allan 

et al., 2013; Domenici et al., 2014; Spady et al., 2014; Watson et al., 2014), the 

potential to maintain camouflage in an acidified ocean presents a positive story 

for predator-prey relationships. Under circumstances where camouflage is 

improved and where background matching is faster (i.e. in warmer 

environments with sufficient resources), this will likely have knock-on 

implications for predators, which may spend longer searching for their target 

prey. Spending longer foraging will have energetic costs for predators and could 

ultimately impact their fitness. Ocean acidification is known to impair the 

detection of predators by prey, affecting their vision (Brown et al., 2012; Chung 

et al., 2014), olfaction (Munday et al., 2009; Dixson, Munday and Jones, 2010; 

de la Haye et al., 2012) and hearing (Munday et al., 2009). It seems reasonable 

that the detection of prey by predators could also be affected. For example, 

under elevated CO2 retinal responses in damselfish (Acanthochromis 

polyacanthus) are impaired, which will potentially impair their ability to react to 
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rapid events (Chung et al., 2014), such as the attack of a predator, or the 

escape responses of individual damselfish. Given that fish vision is impaired by 

ocean acidification (Chung et al., 2014) and fish are visually guided predators, 

this seems likely. If ocean acidification also impairs predator detection of prey, 

then the additional impact of prey attaining better camouflage under climate 

change will likely have consequences for trophic links. Further studies would 

benefit from conducting controlled predation trials (as in Chapter 2) under 

conditions anticipated with climate change, so that the survival consequences of 

camouflage could be considered in context.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 142 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 6 
 Can we apply camouflage to meet conservation needs? 
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Using camouflage for conservation: colour change in 

juvenile European lobster 

Abstract 

Phenotypic plasticity enables animals to respond to spatial and temporal 

changes in the environment, and changes in coloration enable animals to refine 

their camouflage to match different visual backgrounds. Such plasticity provides 

ecological benefits and could potentially be exploited to support conservation or 

stock enhancement efforts. One application of camouflage could be to ensure 

that hatchery-reared animals, reared to stock wild populations, are appropriately 

matched to their environment on release. This could potentially increase 

juvenile survival during the critical days immediately after their release into the 

wild. Following crashes in wild European lobster (Homarus gammarus) 

populations during the 1970s, hatcheries were established across Europe to 

help restock or enhance local lobster stocks. These hatcheries rear lobsters 

through their most vulnerable early life stages before releasing them into the 

wild as juveniles. However, little consideration has yet been given to matching 

individuals to the visual appearance of their release site. This study assesses to 

what extent juvenile lobsters can change appearance to match their background 

and whether hatchery practices could be altered to enhance lobster camouflage 

and potentially survivorship in the wild. By switching individuals between light 

and dark backgrounds in the laboratory, I show that juvenile lobsters are 

capable of small changes in luminance (perceived lightness) to better match 

their background over 2-3 weeks. These changes potentially correspond to 

improved camouflage, based on a model of how a relevant predator (fish, 

Pollachius pollachius) would see them. However, over a longer period (5 

weeks), lobsters maintained on either black or white backgrounds converged on 

the same darker coloration, potentially due to ontogenetic changes. Our results 

indicate that juvenile lobsters exhibit some plasticity in coloration. By refining 

the approaches used here, there is potential for hatcheries to rear lobsters on 

backgrounds that better match the habitat into which they will be released. 

However, such manipulations should be considered in the context of 

ontogenetic changes and the timing of release, which varies between stocking 

programmes. The findings highlight the potential benefits of using camouflage 
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and colour change in stocking programmes and aquaculture alike, as well as 

the gaps that could be addressed through future research in this area. 

Introduction 

Background matching is one of the most widely used anti-predator defence 

strategies in nature (Stevens and Merilaita, 2011), with many species using 

colours and patterns to match their surroundings and avoid detection and 

predation. In a wide range of taxa, both terrestrial and aquatic, camouflage can 

be achieved through plastic changes in appearance (Stuart-Fox and Moussalli, 

2011; Duarte, Flores and Stevens, 2017). This enables animals to respond to 

either fast and unpredictable changes in the visual environment through rapid 

(seconds and minutes) colour change, or slower and more predictable 

environmental change with gradual (hours, days, and weeks) appearance 

changes (Caro et al. 2016). One of the most widely studied groups, particularly 

in terms of the mechanisms and functions of colour change, are the 

crustaceans (Abramowitz, 1937; Duarte, Flores and Stevens, 2017). Many 

crustacean species employ camouflage to conceal themselves from predators 

and several have been shown to change colour to better match their 

background, including crabs (Hultgren and Stachowicz, 2008; Jensen and 

Egnotovich, 2015; Russell and Dierssen, 2015), prawns (Brown, 1935; Duarte, 

Stevens and Flores, 2016) and isopods (Kleinholz, 1937; Oguro, 1962), leading 

to phenotype-environment matches (Stevens et al. 2015; Todd et al. 2012). It is 

likely that many juvenile crustaceans are phenotypically plastic with the ability to 

match the environment in which they settle (Palma and Steneck 2001; Todd, 

Qiu, and Chong 2009). The benefits of understanding camouflage in nature and 

how it works have long been realised in applied areas such as the military and 

art and design (Behrens, 2002; Talas, Baddeley and Cuthill, 2017), and colour 

change applications are growing in other fields, such as biomimicry (Isapour 

and Lattuada, 2018) and animal welfare (Rotllant et al., 2003). However, an 

important application, seldom considered, is how an understanding of 

camouflage and colour change may be harnessed for conservation. For 

example, how colour change for camouflage could be harnessed in captive 

breeding and stocking programmes to improve post release survival and 

therefore stocking success.       
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Stocking, including stock enhancement and restocking, is used around the 

world to meet conservation needs and future seafood demands (Born, Immink 

and Bartley, 2004; Okuzawa et al., 2008; Kitada, 2018). Such programs 

improve and sustain capture fisheries via the release of cultured juveniles into 

the wild. There are some 180 cultivated marine species worldwide (Kitada, 

2018). These are reared in captivity (when they are most vulnerable to 

predation) before release into the wild (at a larger, more resilient size) in order 

to overcome challenges in recruitment and restore spawning stock biomass 

(Bell et al., 2006). While extensive research has been carried out to ensure the 

viability of released individuals, little consideration has been given to their 

ecology on release (Molony et al., 2003), in particular to the development of 

appropriate anti-predator defence behaviours. Unlike their wild counterparts, 

hatchery-reared juveniles are naïve to predators, which often puts them at 

greater risk (Olla and Davis, 1989). The lack of habitat enrichment limits shelter-

seeking behaviour in released European lobster, Homarus gammarus, and 

those reared alone are slow to seek shelter (Aspaas et al., 2016), making them 

more vulnerable to predation (Mercer et al., 2002). While training individuals 

alongside conspecifics can mitigate this (Agnalt et al., 2017), European lobsters 

are often reared individually to prevent agonistic interactions between 

individuals (Carlberg, Olst and Ford, 2009). With this vulnerability to predation in 

mind, it is important to maximise anti-predator defences prior to release. 

European lobsters have attracted significant attention for restocking. Their 

populations collapsed during the 1970s as a result of overfishing (van der 

Meeren, 2005) and several hatcheries have been established across Europe to 

help restock the natural population – for the benefit of both conservation and 

fisheries. Restocking is achieved in hatchery aquaria by rearing larvae through 

their planktonic and early benthic phases, keeping them in captivity during a 

time when, in the wild, they are most vulnerable to predation (van der Meeren, 

2000, 2005). Clawed lobster stocking programs use variable approaches, 

releasing lobsters from stage IV onwards into suitable sites to mature in their 

natural environment. Release strategies consider available shelter, as well as 

physical and oceanographic conditions required by European lobster 

(Galparsoro et al., 2009). However, the visual components of the habitat 

(colour, pattern) have been neglected to date.  
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Juvenile European lobsters have seldom been observed in the wild, but those 

reared in hatchery aquaria show considerable individual variation in coloration 

with few resembling wild-caught adults (Fig. 6.1). This presents a potential 

problem on release into the wild, as individuals are likely to be conspicuous to 

predators if poorly matched to their surroundings (Stevens and Merilaita, 2011). 

Predation rates are highest in the first 24 hours following release (van der 

Meeren, 2000), making this period a critical point in the restocking program. 

Given that there is considerable variation in the colour of juvenile lobsters, 

knowing whether they can adapt to match the habitat, and whether aquarium 

colour can be altered to enhance habitat matching, should help to enhance their 

survival on release. To date, no work has tested the capacity for this species to 

change colour and research on lobster coloration is limited to the influence of 

feed and genetics on pigmentation in the American lobster, H. americanus (Lim 

et al., 1997; Tlusty and Hyland, 2005). Given the prevalence of background 

matching in crustaceans (Umbers et al., 2014; Duarte, Flores and Stevens, 

2017; Caro, 2018), it seems reasonable that juvenile lobsters could be capable 

of changing colour for the purposes of camouflage. 

By placing hatchery-reared lobsters on artificial backgrounds and monitoring 

their coloration over time, I was able to test the ability of juvenile lobsters to alter 

how light or dark they are in response to their surroundings. This study 

quantifies the capacity of lobsters to match their background using a model of 

fish vision (pollack, Pollachius pollachius), allowing us to assess coloration from 

the predator’s perspective. Ultimately, this chapter aims to assess whether 

altered hatchery practices can be used to improve lobster camouflage, and by 

implication survival, following release. I used a 35-day-long laboratory 

experiment to test the hypothesis that lobsters will change brightness to better 

match their background over time, and that this will result in improvements in 

camouflage, when modelled to the visual systems of relevant predators. 
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Figure 6.1 Variation in European lobster (Homarus gammarus) coloration 

(stage IV juveniles following collection from the National Lobster Hatchery 

(NLH), Padstow, UK). Individuals here are housed within an Aquahive® 

(Shellfish Hatchery Systems Ltd, Orkney, UK), a compartmentalised, stacked 

system used to rear juvenile European lobsters in captivity.  

Methods 

Husbandry 

A total of 80 juvenile lobsters (Stage IV, approximately 1 month old, unknown 

sex) were sourced from the National Lobster Hatchery (NLH) in Padstow (UK) 

and transported to the aquarium facility of the University of Exeter (Penryn 

Campus, UK). Lobsters were transported in an Aquahive® tray (Fig. 6.1), 

enclosed within a heavy-duty plastic bag containing seawater (32 +/- 2 ‰ 

salinity) and pure oxygen. This was secured within a 50 x 50 x 100 cm cool box 

to stabilise temperature during transport. Experimental glass tanks were set up 

to mimic hatchery rearing conditions as closely as possible. Water was supplied 

using uPVC push-fit pipe drilled with 1.5 mm diameter holes to allow aerated 

water to flow into each container. Before being recirculated, water was filtered 
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(Classic 350 filter; Eheim GmbH & Co., Deizisau, Germany) and run through a 

heating system (DC300 Aquarium Chiller; D-D The Aquarium Solution Ltd., 

Ilford, UK) in order to maintain tank temperature (18-19 °C). Each tank was 

filled to 125 L with artificial seawater. Saltwater was made up to 32 +/- 2 ‰ 

salinity using Instant Ocean Salt (Instant Ocean, Blacksburg, Virginia) and 

dechlorinated water. Tanks were topped up with freshwater to compensate for 

evaporation during the course of the experiment. Tanks were prepared 48 hours 

before lobster arrival to allow them to reach a stable temperature.  

Lobsters were housed individually (to prevent harm from aggressive 

interactions) in containers made from square uPVC gutter pipe (65 mm by 65 

mm) cut to 60 mm lengths and covered with a mesh base to allow water 

through (Fig. 6.2). All containers were fixed to corner braces and suspended 

within the tank above waterproof paper corresponding to the experimental 

treatment (a black or white background). Each juvenile was fed one formulated 

pellet (1.5 mm diameter – formula undisclosed) daily, in accordance with the 

NLH feeding regime. Any uneaten food was removed the following day. Tanks 

were cleaned and half the water was changed twice weekly to limit the build up 

of bacteria and algae in the tanks. The light regime was set to 12 hours of light 

and 12 hours of darkness, with lights on from 07:30 to 19:30. Where handling 

was required, lobsters were pipetted between containers using a modified 

turkey baster, following the approach used by NLH.  
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Figure 6.2 Tank setup used in experiments. Each tank (a) contained 40 

compartments, 20 of which were white (b) and 20 of which were black (c) 

supplied with chilled, aerated water in a recirculating system. Containers made 

from square uPVC gutter pipe cut to 6 mm lengths and covered with a mesh 

base to allow water through (d). All containers were fixed to corner braces and 

suspended within the tank. Water was supplied using uPVC push-fit pipe drilled 

with 1.5 mm diameter holes. 

Experimental design 

To determine the capacity of lobsters for background matching, juvenile lobsters 

were randomly assigned to either a black or a white compartment for a 2.5 or 5-

week period. These backgrounds were chosen as juveniles are often reared in 

white containers (Fig. 1), darker substrates are more likely to occur in nature 

and brightness is an important component of camouflage. Individuals were 

photographed to determine their initial luminance (lightness as perceived by a 

particular predator), and then photographed at various intervals (described 

below) to monitor changes in coloration over time. 80 individuals were used in 

the study; 40 of which were used to determine short (3 hours) and medium (2.5 

weeks) term changes in coloration, and 40 of which were used to determine 

(b) (c) (d) 

(a) 
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changes in luminance over the longer term (5 weeks). The allocation of 

individuals to each treatment is described in Table 6.1.  

Table 6.1 Experimental design showing the treatments and recording intervals 

used in each experiment, and the number of juvenile European lobsters 

allocated to each treatment. Note that the same individuals were used in both 

the short- and medium-term experiments.  

Experiment Aim Black White Photography 
intervals 

Short-term Quantify short-term 
change n = 20 n = 20 0 and 3 hours 

Medium-
term 

Quantify plasticity & 
medium-term change n = 20 n = 20 0 and 2.5 weeks 

Long-term Monitor ontogenetic & 
longer-term change n = 20 n = 20 0, 2.5 and 5 

weeks 

Initial photographs of all lobsters were taken 24 hours after introduction to the 

tank to prevent undue stress on individuals following transport. Further photos 

were taken after 2.5 weeks to quantify colour change over the medium-term. At 

this point, 40 individuals (20 of those on a white background and 20 of those on 

a black background) were transferred to the alternative treatment (black to white 

and vice versa) to assess plasticity in colour change over a further 2.5 weeks as 

well as any short-term changes in coloration. The switched group were 

photographed after 3 hours and 2.5 weeks. The group that remained on their 

original background were photographed after 2.5 and 5 weeks to assess longer-

term changes in coloration. Lobsters were photographed in water within a 10 

mm deep PTFE chamber, under diffuse lighting conditions to minimise stress 

during data collection. Lobsters that moulted on the same day that photography 

was scheduled were not photographed to prevent damage to the new 

exoskeleton during handling. 

Quantifying colour change 

Both colour change and camouflage was quantified with respect to predator 

vision (Stevens et al., 2007; Stevens, Stoddard and Higham, 2009; Troscianko 

and Stevens, 2015). Photos were taken using a Nikon D7000 SLR, fitted with a 

60 mm quartz lens (Coastal Optics). A 400-700 nm, Baader Venus U filter was 

fixed in front of the lens, allowing relevant wavelengths to be recorded. All 

photos were taken under simulated daylight conditions, achieved using an arc 
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lamp (Ventronic) equipped with a daylight 65 bulb. All lobsters were 

photographed against a white background in a clear PTFE chamber filled to 1 

cm deep with artificial seawater. A translucent PTFE diffuser was placed 

between the photography chamber and the light source to ensure lighting was 

even. Two grey standards (7 % and 93 % reflectance) were used in every photo 

to account for any variation in illumination over time. The camera white balance 

was set to manual and the aperture was kept constant between photos. All 

photographs were taken during daylight hours to account for any potential 

coloration with day-night cycles, as has been observed in other crustaceans 

(Keeble and Gamble, 1904; Powell, 1962b; Stevens, Rong and Todd, 2013). 

Image analysis 

To establish how lobsters would be perceived by predators, the images were 

mapped to fish vision using an established polynomial mapping technique 

(Troscianko and Stevens, 2015), which yields predicted cone catch data that 

are highly accurate compared to data obtained via reflectance spectrometry 

(Stevens and Cuthill, 2006; Pike, 2011; Troscianko and Stevens, 2015). Images 

were analysed in ImageJ (National Institute of Health, NIH) using the 

Multispectral Image Calibration and Analysis Toolbox (Troscianko and Stevens, 

2015). The longwave channel was used to calculate luminance (lightness 

according to a specific visual system) as potentially perceived by a dichromatic 

predatory fish, using spectral sensitivity data from the pollack, Pollachius 

pollachius (Shand et al., 1988). Average luminance was calculated for each 

lobster by selecting a rectangular region of interest (ROI) that covered as much 

of the carapace as possible while excluding the white patterning observed at the 

edges of the cephalothorax (Fig. 6.3). This patterning develops with age and 

was excluded from the ROI so that plasticity in coloration could be quantified. 

To assess the lobsters’ level of camouflage, a widely-implemented predator 

discrimination model, based on receptor-noise limited discrimination, was used 

(Vorobyev and Osorio, 1998; Siddiqi et al., 2004). This calculates Just 

Noticeable Differences (JNDs) between one object (the lobster) and another 

(the background) to predict how easily the two can be distinguished, according 

to a particular visual system (here, pollack). Luminance JNDs were calculated 

using a modified (log) version of the Vorobyev and Osorio model for luminance 

discrimination (Vorobyev and Osorio, 1998; Siddiqi et al., 2004), using a Weber 
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fraction of 0.05, which is thought to be appropriate for many fish (Olsson et al., 

2018).  

 

Figure 6.3 Region of Interest (ROI) selected to determine mean lobster 

coloration. (a) Shows the original image and (b) illustrates the rectangular ROI 

used to determine lobster coloration in red. The ROI covered as much of the 

carapace as possible while excluding any white patterning observed at the 

edges of the cephalothorax in stage VI juveniles. These markings develop with 

age and were excluded from the ROI to allow plasticity in coloration to be 

quantified. 

Statistical analysis 

All statistical analyses were carried out using R version 3.31 (R Core Team 

2016). Linear mixed effects models were used to assess the effect of time, 

background colour and their interaction on luminance, and to assess the effect 

of time on camouflage (expressed in JNDs). Lobster ID was included as a 

random effect in all models in order for any potential temporal autocorrelation to 

be accounted for. For all models, the following approach was used: linear mixed 

models were fitted by restricted maximum likelihood (REML), with Kenward-

Roger approximations to degrees of freedom using the lme4 package (Bates et 

al., 2015). The minimum adequate model was determined by successively 

removing non-significant terms, starting with the highest order terms in the 

model. Analysis of variance (ANOVA) was used to determine which model best 

explained the variation in the response. Assumptions of normality were 

supported for all datasets, which were checked through visual inspections of 
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quantile-quantile plots, residual distributions and residual vs fitted values plots. 

Hypothesis test statistics are given in the text and parameter estimates for 

reduced models are provided in tables in the results section. In addition, Welch 

two sample t-tests were used to evaluate differences in mean luminance 

change over the experimental period.  

Results 

Short-term change   

Juvenile lobsters show no significant response to their background in the short-

term, the only significant term was the intercept (GLM: t = 20.46, d.f. = 42, p < 

0.001) and the null model was best supported (see Table A6.1 for model 

output). After 3 hours of exposure (Fig. A6.1), there was no significant 

interaction between time and background (ANOVA: Chi-sq = 3.07, d.f. = 1, p = 

0.080), no significant effect of background on coloration (ANOVA: Chi-sq = 

0.02, d.f. = 1, p = 0.889) and no significant effect of time (ANOVA: Chi-sq = 

2.40, d.f. = 1, p = 0.121), the null model had greatest support.  

Medium-term change  

During the first 2.5 weeks in the laboratory, lobsters were observed to darken 

over time (GLM: t = 16.53, d.f. = 39, p <0.001), (Fig. 6.4a), with individuals on a 

darker background as dark as those on a light one, on average (t-test: t = 1.06, 

d.f. = 37, p = 0.298), (Fig. 6.4b). However, neither the interaction between time 

and background (ANOVA: Chi-sq = 1.16, d.f. = 1, p = 0.282) nor background as 

an independent variable (ANOVA: Chi-sq = 1.32, d.f. = 1, p = 0.250) had a 

significant effect on lobster coloration. Model parameters are detailed in Table 

6.2. 

Despite initially darkening over time (Fig. 6.4a,b), lobsters showed some 

plasticity in their ability to change luminance when switched to the alternative 

background type, with a significant interaction between time and background 

(GLM: t = 2.33, d.f. = 31, p = 0.026), (Fig. 6.4c). Those on a black background 

darkened whereas those on a light background became lighter, on average (t-

test: t = 2.45, d.f. = 32, p = 0.020), (Fig. 6.4d). The full model containing the 

interaction between time and background was significantly better than simpler 
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alternatives (ANOVA: Chi-sq = 5.27, d.f. = 1, p = 0.022); model parameters are 

detailed in Table 6.2b.  

    

 

Figure 6.4 Medium-term luminance change observed in juvenile lobsters placed 

on a black (dark grey) and white (light grey) background. Panels (a) and (b) 

show the initial luminance change; panels (c) and (d) show the plastic change 

following transfer to the alternative background treatment (those initially on 

(a) (b) 

(c) (d) 
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black were transferred to white and vice versa). Panels (a) and (c) show the 

variation in luminance across the experimental population, where central lines 

are medians, boxes are interquartile ranges and whiskers are 95% quartiles. 

Panels (b) and (d) show the mean luminance change observed following 

exposure to the background treatments, together with standard errors. 

Luminance is presented according to pollack vision. Model parameters are 

detailed in Table 6.2. 

Table 6.2 Parameter estimates from the minimum adequate model describing 

the initial (a) and plastic (b) changes in juvenile lobster coloration for individuals 

allocated to a black or white background over the medium term. Initial 

luminance change describes the change in luminance when placed on the first 

background (black or white), plastic luminance change describes the change in 

luminance when placed on the second background (black to white and vice 

versa). Linear mixed models were fitted by restricted maximum likelihood 

(REML) using the lme4 package (Bates et al., 2015). The Kenward-Roger 

approximation for degrees of freedom was used to determine p-values. Lobster 

ID and length were included as random effects.  

(a) Luminance change: medium-term (initial) 

Source Estimate SE d.f. t p 
Intercept 0.1700 0.0049 67 34.55 <0.001 
Time -0.0892 0.0054 39 16.53 <0.001 
Model formula lmer(Luminance ~ Time + (1 | ID) + (1 | Length) 
 
(b) Luminance change: medium-term (plastic) 
Source Estimate SE d.f. t p 
Intercept 0.0882 0.0051 66 17.29 <0.001 
BackgroundWhite -0.0150 0.0072 66 2.07 0.042 
Time -0.0003 0.0004 31 0.74 0.463 
BackgroundWhite 0.0012 0.0005 31 2.33 0.023 

Model formula lmer(Luminance ~ Background + Time + 
Background:Time + (1 | ID) + (1 | Length)) 

  

The initial darkening observed in both treatments (Fig 6.4a,b) corresponds to a 

significant decrease in camouflage over time for lobsters on a white background 

(GLM: t = 10.14, d.f. = 19, p < 0.001), (Fig. 6.5a) and a significant increase in 

camouflage for those initially placed on a black background (GLM: t = 13.65, d.f. 

= 19, p < 0.001), (6.5b). In both cases, the full model was a significantly better 
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explainer for the variation in camouflage than simpler alternatives (ANOVAwhite: 

Chi-sq = 40.68, d.f. = 1, p = <0.001; ANOVAblack: Chi-sq = 62.55, d.f. = 1, p = 

<0.001).  

Plastic changes in coloration (Fig 6.4c,d) corresponded to a small but significant 

increase in camouflage over time for those on a white background (GLM: t = 

2.45, d.f. = 36, p = 0.020), (Fig. 6.5c), but no change in camouflage for those on 

a black background (GLM: t = 13.38, d.f. = 18, p < 0.001), (Fig. 6.5d), with no 

significant change in background matching over time (ANOVA: Chi-sq = 0.46, 

d.f. = 1, p = 0.499), likely because individuals were already quite dark (Fig. 6.5). 

Individuals allocated to a black background were already well matched to their 

surroundings at the start of the plastic trial (JND close to one, Fig. 6.5d). Model 

parameters are detailed in Table 6.3 (see Table A6.2 for mean JNDs).  
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Figure 6.5 Variation in juvenile lobster camouflage, according to pollack vision, 

over time. Figures on the left and right are for individuals allocated to a white 

(light grey) or black (dark grey) background, respectively. The change in 

detectability according to Just Noticeable Differences (JNDs) is shown for both 

initial changes in coloration (a, b) and for individuals placed on the alternative 

(e) (f) 

(a) (b) 

(c) (d) 
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background (c, d). Note that a decline in JND corresponds to an increase in 

camouflage. Central lines are medians, boxes are interquartile ranges and 

whiskers are 95% quartiles. Both (e) and (f) are example individuals, showing 

level of lightness/darkness attained after 18 days on their respective 

backgrounds. Model parameters are detailed in Table 6.3. 

Table 6.3 Parameter estimates from the minimum adequate models describing 

the initial (a, b) and plastic (c, d) changes in juvenile lobster camouflage 

according to Just Noticeable Differences (JNDs) individuals allocated to a white 

background (a, c) and black background (b, d) over the medium term. Estimates 

are for individuals that were placed on either a black or a white background, 

then switched to the alternative background type (i.e. plastic camouflage 

change). Linear mixed models were fitted by restricted maximum likelihood 

(REML) using the lme4 package (Bates et al., 2015). The Kenward-Roger 

approximation for degrees of freedom was used to determine p-values. Lobster 

ID was included as a random effect. 

(a) Camouflage: medium-term, white background (initial) 

Source Estimate SE d.f. t p 
Intercept 12.2531 0.1593 31 76.93 <0.001 
Time 1.6705 0.1647 19 10.14 <0.001 
Model formula lmer(JND ~ Time + (1 | ID)) 
 
(b) Camouflage: medium-term, black background (initial) 

Source Estimate SE d.f. t p 
Intercept 2.933 0.1147 26 25.69 <0.001 
Time -1.898 0.1391 19 13.65 <0.001 
Model formula lmer(JND ~ Time + (1 | ID)) 

 

 
(c) Camouflage: medium-term, white background (plastic) 

Source Estimate SE d.f. t p 
Intercept 14.220 0.0866 36 164.17 <0.001 
Time -0.0171 0.0070 36 2.45 0.020 
Model formula lmer(JND ~ Time + (1 | ID)) 
 
(d) Camouflage: medium-term, black background (plastic) 

Source Estimate SE d.f. t p 
Intercept 1.335 0.1147 18 13.38 <0.001 
Model formula lmer(JND ~ (1 | ID)) 
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Long-term change  

Lobsters that were not presented with a new background darkened significantly 

throughout their time in the laboratory (GLM: t = 10.35, d.f. = 107, p < 0.001), 

(Fig. 6.6). However, neither the interaction between time and background 

(ANOVA: Chi-sq = 0.04, d.f. = 1, p = 0.834) nor background as an independent 

variable (ANOVA: Chi-sq = 2.43, d.f. = 1, p = 0.119) had a significant effect on 

luminance. Model parameters are detailed in Table 6.4.  Lobsters darkened by 

the same extent over a 35-day period, regardless of their background (t-test: t = 

0.06, d.f. = 31, p = 0.956), (Fig. 6.6 insert). This darkening resulted in an 

increase in detectability for those on a light background (GLM: t = 8.38, d.f. = 

34, p <0.001), (Fig. 6.7a) and decrease in detectability for those on a black one 

(GLM: t = 6.34, d.f. = 56, p < 0.001), (Fig. 6.7b). Model parameters are 

summarised in Table 6.5. 

 

Figure 6.6 Long-term luminance change in juvenile lobsters according to 

pollack vision. Boxplots show the variation across the experimental population 
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at each time point, where central lines are medians, boxes are interquartile 

ranges and whiskers are 95% quartiles. Insert shows the mean change in 

luminance observed for each background treatment from day 0 to day 35. Dark 

boxes and points correspond to individuals on a black background; light boxes 

and points correspond to individuals on a white background. Error bars in insert 

show standard errors. Model parameters are detailed in Table 6.4. 

    

Figure 6.7 Change in juvenile lobster camouflage over the long-term. The 

change in detectability according to Just Noticeable Differences (JNDs) is 

shown for (a) juvenile lobsters placed on a white background (light grey) and (b) 

for those on black (dark grey). Central lines are medians, boxes are interquartile 

ranges and whiskers are 95% quartiles. JNDs are calculated according to 

pollack vision. Note that a decline in JND corresponds to an increase in 

camouflage. Model parameters are detailed in Table 6.5. 

 

 

 

(a) (b) 
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Table 6.4 Parameter estimates from the minimum adequate model describing 

the change in juvenile lobster luminance (lightness according to pollack vision) 

over a 35-day period in the laboratory. Linear mixed models were fitted by 

restricted maximum likelihood (REML) using the lme4 package (Bates et al., 

2015). The Kenward-Roger approximation for degrees of freedom was used to 

determine p-values. Lobster ID and length were included as random effects. 

Luminance change: long-term 

Source Estimate SE d.f. t p 
Intercept 0.1470 0.0051 90 28.87 <0.001 
Time -0.0023 0.0002 107 10.35 <0.001 
Model formula lmer(Luminance ~ Time + (1 | ID) + (1 | Length)) 

  

Table 6.5 Parameter estimates from the minimum adequate models describing 

the changes in camouflage according to Just Noticeable Differences (JNDs) for 

individuals allocated to a white background (a) and black background (b) over 

the long term. JNDs are according to pollack vision. Linear mixed models were 

fitted by restricted maximum likelihood (REML) using the lme4 package (Bates 

et al., 2015). The Kenward-Roger approximation for degrees of freedom was 

used to determine p-values. Lobster ID was included as a random effect. 

(a) Camouflage: long-term, white background 

Source Estimate SE d.f. t p 
Intercept 12.68 0.1265 41 100.3 <0.001 
Time 0.0432 0.0052 34 8.38 <0.001 
Model formula lmer(JND ~ Time + (1 | ID)) 
 
(b) Camouflage: long-term, black background 

Source Estimate SE d.f. t p 
Intercept 2.410 0.1489 56 16.19 <0.001 
Time -0.0444 0.0067 56 6.64 <0.001 
Model formula lmer(JND ~ Time + (1 | ID)) 
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Discussion  

Juvenile European lobsters show no significant change in coloration in 

response to their background in the short-term (3 hours, Fig. A6.1). The 

absence of rapid camouflage in this species may contribute to the high 

predation mortality observed in the first 24 hours following release into the wild 

(van der Meeren, 2000). Given that individuals do not change their coloration 

rapidly, if they are reared on substrates that are not representative of the natural 

environment, they may stand out against wild substrates, making them an easy 

target for predators (van der Meeren, 2000). When transferred to a new 

substrate, individuals became lighter on a white background and darker on a 

black one over 2-3 weeks (Fig. 6.4c,d). This response shows that juvenile 

European lobsters are capable of some degree of plastic background matching 

and, over time, have the potential to become increasingly difficult to discern 

from their surroundings (Fig. 6.5). However, some of the changes in 

discriminability are small (less than 1 JND for those on a white background), so 

may not always be perceptible to predator visual systems. More effective 

changes in camouflage may be achieved through the use of more natural 

substrates during rearing or with earlier exposure to the background. While 

black and white features like pebbles occur in the environment, the 

backgrounds used here were artificial and not fully representative of the range 

of substrates that would be encountered in nature. It is entirely possible that 

when faced with more naturalistic substrates that lobsters show a greater 

degree of plasticity and matching. Greater background matching could also 

occur if individuals are exposed to different substrates as soon as they settle 

from the plankton, when, in accordance with their life history, there would be the 

greatest need for habitat matching. The gradual changes in response to the 

background observed here (Fig. 6.4c,d, Fig. 6.5) may correspond to 

improvements in camouflage and, potentially, survival (Troscianko et al. 2016; 

Duarte et al. 2017), but because colour change in European lobster is relatively 

slow, any benefit would require pre-conditioning individuals for the habitat they 

are released into. Post-release survival will also depend on the habitat and 

predators present at the release site. Note that habitat matching is one of many 

factors that should be considered when determining how to maximise chances 
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of lobster survival on release and that other physical factors, such as nutritional 

state and fitness should also be optimised prior to release. 

In both the medium- and long-term experiment, individuals darken initially, with 

most of that darkening occurring within the first 2.5 weeks (Fig. 6.4, Fig. 6.7). 

Individuals that remained on the same background became darker over a 

longer time period (5 weeks), regardless of their background treatment (Fig. 

6.6). Given that darkening occurs over the longer-term, it likely reflects an 

ontogenetic change in coloration (Booth, 1990). Ontogenetic changes in 

coloration may reflect a number of drivers, including relaxed selection pressure 

on coloration (e.g. fewer predators and less need for camouflage), movement 

into new habitats with age, or changes in camouflage strategy (Booth 1990; 

Todd, Qiu, and Chong 2009; Wilson, Heinsohn, and Endler 2007; Duarte, 

Flores, and Stevens 2017). In many animals, predation risk changes with age 

as individuals gain a size refuge from predation. The risk is greatest for 

younger, smaller individuals and lessens as individuals grow and develop 

weapons, (such as chelae) for defence, or a more robust body morphology 

(Anderson et al. 2013; Todd, Qiu, and Chong 2009). As such, there may be 

stronger selective pressure for effective anti-predator defences, like 

camouflage, in early life stages (Duarte, Flores and Stevens, 2017). 

Ontogenetic changes in coloration can also coincide with changes in habitat use 

throughout development (Hultgren and Stachowicz 2010; Todd, Qiu, and Chong 

2009), as different colours and patterns may provide better camouflage in 

different habitats. Lobsters are initially pelagic in their early life stages and while 

in the brightly light surface oceans it pays to be lightly coloured or even 

translucent, when juveniles reach the deeper, darker seabed they will need to 

be correspondingly dark, so it stands to reason that settlement could act as a 

trigger for darkening. Long-term darkening is slightly, and temporarily, offset by 

the plastic response to their background in the medium-term, with those on a 

white background becoming less dark than those on black (Fig. 6.6). This 

indicates that rearing benthic stages in white containers in the hatchery may 

marginally impede individuals from darkening as they would in a more natural 

(darker) habitat. However, the impact of this on detectability depends on the 

time spent in the rearing container, as over longer periods all lobsters were 

seen to darken over time. 
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Planktonic lobster larvae can disperse over a large area (Huserbråten et al., 

2013), with single populations extending up to 230 kilometres (Ellis et al., 2017). 

Given this extensive larval dispersal, plasticity in coloration (in order to match 

the local environment after settling) has clear advantages. This study highlights 

the potential for juvenile lobsters to change coloration to match their 

surroundings, but further work is needed to quantify their means juvenile 

European lobsters have the capacity for adaptive camouflage. For example, 

their ability to change colour as well as luminance. Such strategy that could 

afford them protection from predators in a variable environment (Todd et al. 

2006; Todd et al. 2012) and across the range of habitats into which they might 

settle. Furthermore, the ability to fine-tune their brightness to match a specific 

habitat may have added benefits for individuals as they age, given the site-

fidelity exhibited by European lobsters (Bannister, Addison and Lovewell, 1994; 

Bannister and Addison, 1998). If reared in an environment that resembles their 

release site, individuals may be more likely to evade predator detection when 

released into the wild (see Chapter 2 for the survival benefit conferred). 

Ecological drivers of colour change have the potential to provide nature-based 

solutions for stocking, but further work is needed to ascertain whether colour 

change in this species corresponds to an improvement in survival. Ontogenetic 

changes are likely to override such plasticity longer-term, as adult European 

lobsters are much less variable than juveniles. Such shifts from plastic 

camouflage to ontogenetic changes in coloration have been observed in other 

marine crustaceans (eg. Todd et al., 2009). Consequently, the timing of rearing 

individuals on different backgrounds relative to the timing of release needs 

careful thought in order to maximise any applied benefits of camouflage for 

stocking. Rearing individuals in a darker, more natural environment immediately 

following settlement may help improve their camouflage development.  

These findings may also have implications for shellfish product coloration, 

particularly given recent advances in the potential for aquaculture of this 

species (Halswell, Daniels and Johanning, 2016). Individuals with darker, more 

striking coloration often attract a higher price (Parisenti et al. 2011a). If the 

plasticity in coloration seen here exists in later developmental stages, then 

responses to background colour and brightness could be harnessed to produce 

higher value shellfish for market. While some individuals in this study converged 

on the same brightness in the longer-term (Fig. 6.6), on other backgrounds and 
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with differences in diet more plasticity may be possible. These considerations 

apply not only to lobster, but also other crustacean aquaculture, as many 

commercial species, including giant tiger prawns, Penaeus monodon, and 

Pacific white shrimp, Litopenaeus vannamei, are capable of colour change and 

are more valuable when exhibiting a particular colour (Tume et al., 2009; 

Parisenti, Luiz Henrique Beirão, et al., 2011; Wade et al., 2015). Understanding 

and applying camouflage offers potential advantages to stocking and 

aquaculture programs, as individuals reared in environments that appear 

natural may be more natural in colour. Natural coloration will likely afford 

individuals reared for conservation and stock enhancement with protection from 

predators on release. Releasing individuals with effective anti-predator 

defences is vital to ensure the success of stocking programs. Similarly, as either 

more natural or darker coloration can enhance product value, aquaculturists 

stand to benefit from modifying rearing environments to promote such traits, 

particularly as the economic viability of aquaculture ventures depends on 

product value colour (Parisenti et al. 2011b; Wade et al. 2015). 

There is potential for camouflage to be further enhanced through diet 

modification. Significant work has explored the optimal diet for rearing fast-

growing, healthy juveniles in hatchery conditions (Daniels et al., 2010, 2013), 

but the impact of diet on coloration in this species is largely unknown. 

Experiments on American lobster have revealed variation in coloration 

depending on the amount of carotenoids in the diet, with lobsters fed on a low 

carotenoid diet appearing blue, and those fed on a diet high in carotenoids 

being redder in colour (Tlusty and Hyland, 2005). However, larval lobsters do 

not show any changes in response to carotenoid-rich diets (Mantiri et al., 1995), 

suggesting that carotenoid availability only influences coloration beyond the 

larval stage. With this in mind, diet may play an important role in ontogenetic 

changes in appearance. The amount dietary carotenoids is also known to affect 

coloration in other species, including giant tiger prawns, with more carotenoids 

resulting in darker coloration (Wade et al., 2015). Many species obtain pigment 

through ingestion in order to better match their background including caterpillars 

(Greene, 1996), spiders (Gillespie, 1989) and, potentially, prawns (Duarte et al 

2017). Diet modification, and the provision of foodstuffs resembling those 

naturally found at release site, may further enhance the camouflage and hence 

survival of hatchery-reared juveniles.  
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This study demonstrates the capacity of early benthic phase lobsters to change 

brightness in response to their background, and that these small changes can 

affect detectability according to models of predator vision. These findings have 

direct relevance to restocking programmes, which aim to maximise the fitness 

of captive-reared lobsters on release. Building on this, further work should test 

the capacity of early benthic phase larvae to match the colour of ecologically 

relevant substrates, such as sand, mud, cobbles and seaweed (Botero and 

Atema, 1982; Linnane, Mazzoni and Mercer, 2000; Linnane et al., 2001). 

Understanding the implications of hue as well as brightness on lobster 

coloration will greatly inform our understanding of phenotypic plasticity in this 

species. These insights will also help determine the extent to which rearing 

environments can be modified to increase anti-predator defences in the natural 

environment. Given the high predation rate experienced immediately following 

release, such measures may potentially improve the survivorship of released 

juveniles. However, precise timings should consider when plasticity is highest 

during development. Further work is needed to determine whether conservation 

projects and aquaculture programmes may reap such benefits through careful 

selection of artificial substrates and altering the colour of rearing environments 

to enhance camouflage.  
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Chapter 7 
 Discussion 
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Discussion 

This project shows that a variety of crustaceans, including chameleon prawns 

(Hippolyte varians), shore crabs (Carcinus maenas) and European lobsters 

(Homarus gammarus) are capable of slow colour change (over a period of 

weeks) to better match their background (Chapters 3-6) and that background 

matching is a plastic, fully reversible process (Chapters 4-6). This work 

demonstrates that these changes in coloration equate to both differences in 

predation risk when modelled to predator vision (Chapters 3-6) and differences 

in survival (Chapter 2) in controlled, ecologically relevant trials. The findings 

presented here illustrate that plasticity in coloration is affected by the abiotic 

environment, including changes anticipated under climate change. Chapters 3-5 

highlight that the rate and extent of background matching varies with 

temperature and, generally increases in warmer conditions – including 

conditions anticipated by 2100. By contrast, Chapter 5 shows that plasticity in 

coloration is unaffected by levels of acidification anticipated by the end of the 

century and is robust to elevated CO2. Finally, I demonstrate the potential for 

camouflage science to be used in conservation (Chapter 6). These findings and 

their wider context are discussed in more detail below.   

Gradual colour change is widespread and reversible  

Despite suggestions that slow colour change is likely to be more widespread 

than rapid camouflage (Stevens, 2016; Duarte, Flores and Stevens, 2017), 

relatively few studies have quantified slow changes in colour with respect to the 

vision of relevant predators. Here, I show that several crustacean taxa including 

prawns (Chapter 3) and crabs (Chapter 4 and 5) are capable of gradual, fully 

reversible changes in coloration in response to their surroundings. I also show 

that lobsters are capable of gradual changes in coloration, darkening as they 

mature (Chapter 6). However, in this species, evidence for reversibility is limited 

and is likely to be a function of ontogeny, rather than a response to the 

background (Chapter 6). I quantify the rate and extent of this background 

matching to the visual systems of relevant predator groups, including fish and 

birds. Plasticity in coloration in marine crustaceans is likely to be particularly 

important given their life history. All the species studied start life in the plankton, 

where they can be carried to a wide range of habitats on ocean currents 
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(Shanks, Grantham and Carr, 2003; Levin, 2006; Ellis et al., 2015). While many 

species respond to settlement cues, and can delay settlement until they come 

into the proximity of a suitable habitat (Botero and Atema, 1982; Herrnkind and 

Butler, 1986; Hedvall, Moksnes and Pihl, 1998; Stevens and Kittaka, 1998; 

Moksnes, Hedvall and Reinwald, 2003), the appearance of suitable habitats 

likely to be very variable depending on the macroalgae community and 

substrate composition. Shore crabs, for example, can settle in a wide variety of 

intertidal substrates: from rockpools to mussel beds and mudflats (Moksnes, 

2002), all of which vary widely in appearance. Given this variation, being able to 

change colour both subtly (Powell, 1962a; Stevens, Lown and Wood, 2014b) 

and more substantially (Chapters 4 and 5) to match this wide range of habitats 

and avoid detection by disparate predator groups (Chapters 4 and 5) is likely to 

present a significant survival advantage (Vignieri, Larson and Hoekstra, 2010; 

Hultgren and Mittelstaedt, 2015; Start, 2018), (see also Chapter 2). The same is 

true for chameleon prawns (Chapter 3), which settle in a variety of algal habitats 

(Keeble and Gamble, 1899; Gamble and Keeble, 1900) and lobsters (Chapter 

6), which are thought to settle in diverse habitats including sand, mud, cobbles 

and seaweed (Botero and Atema, 1982; Linnane, Mazzoni and Mercer, 2000; 

Linnane et al., 2001).  

Plasticity in colour and brightness allows organisms to maintain camouflage 

despite changes in the visual appearance of their environment (Stevens and 

Merilaita, 2011). This trait enables individuals to minimise their risk of predation 

as they move throughout their habitat (Ramachandran et al., 1996; Hanlon, 

2007; Smithers, Wilson and Stevens, 2017) and as their habitat changes over 

time (Mills et al., 2013; Zimova, Mills and Nowak, 2016; Atmeh, Andruszkiewicz 

and Zub, 2018; Zimova et al., 2018). The intertidal zone is both patchy (Duggins 

and Dethier, 1985; Todd et al., 2012) and seasonally variable (Morris and  

Taylor, 1983; Berggren, 1994; Todd et al., 2012). Consequently, plasticity in 

coloration is likely to benefit individuals beyond the early benthic phase (Todd et 

al., 2012; Caro, 2018). Building on work by Gamble and Keeble (1900), which 

subjectively showed that chameleon prawns alter their coloration in response to 

different macroalgae, I demonstrate that this change corresponds to better 

camouflage according to models of predator vision (Chapter 3). This enables 

the prawns to maintain camouflage in the wide variety of microhabitats in which 

they are found (Keeble and Gamble, 1899; Gamble and Keeble, 1900; Duarte, 
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Stevens and Flores, 2016; Duarte et al., 2017). Shore crabs have also been 

shown to match habitat patches (Todd et al., 2006, 2012) and closely resemble 

their local environment (Todd et al., 2012; Stevens, Lown and Wood, 2014a; 

Nokelainen et al., 2017). Expanding on previous work which identified the 

capacity for short term colour change in shore crabs (Powell, 1962a,1962b; 

Stevens, Lown and Wood, 2014b), I demonstrate that they are capable of 

altering their brightness to match both extremely dark and extremely light 

backgrounds over a period of several weeks (Chapters 4 and 5). While purely 

black or white backgrounds are unlikely to occur in nature, light and dark rocky 

substrates are found within the crab’s native habitat. Consequently, the 

dramatic changes in lightness observed here (Chapters 4 and 5) are likely to 

provide survival benefits through camouflage in the wild (Atmeh, 

Andruszkiewicz and Zub, 2018; Start, 2018), (see also Chapter 2). 

Colour change for camouflage is likely to be particularly important in early 

benthic juveniles given the lack of size refuge and other defences experienced 

at this stage (Caro, 2018). As crustaceans grow they are likely to gain a size 

refuge from predation and develop better defences, including more robust 

armour and a thicker carapace (Anderson et al. 2013; Todd, Qiu, and Chong 

2009), meaning camouflage may become less important throughout 

development. Chapter 6 highlights that plastic changes may be particularly 

important at the juvenile stages but give way to ontogenetic changes as 

individual lobsters grow, a phenomenon that also has been observed in shore 

crabs (Todd, Qiu and Chong, 2009) as well as other crustaceans (Booth, 1990; 

Carvalho-Batista et al., 2015; Jensen and Egnotovich, 2015; Russell and 

Dierssen, 2015). These changes in coloration may reflect changes in spatial 

scale and habitat use throughout development (Todd, Qiu and Chong, 2009; 

Nokelainen et al., 2017) or a reduced need for camouflage as other defences 

develop (Anderson et al. 2013; Todd, Qiu, and Chong 2009). However, the 

interplay between plastic and ontogenetic changes are not fully understood 

(Stevens, 2016; Caro, 2018). 

While colour change in early benthic juveniles is a plastic (Chapters 3-6) and 

fully reversible (Chapters 4-6) process, results presented here indicate that the 

rate and extent of plasticity varies with substrate (Chapters 3 and 4). For 

example, chameleon prawn colour change is faster on green macroalgae than 
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red (Chapter 3). This may reflect differences in the energy required to go from 

one colour to another. For example, differences in the abundance of 

chromatophore cell types required to become a particular hue (Duarte et al., 

2017), would mean individuals would have to synthesise cells and/or pigments 

for certain types of change, which may take longer to achieve. However, the 

rate of colour change is rarely reported (Umbers et al., 2014), making it difficult 

to determine whether this is a common phenomenon. Further work is needed to 

quantify the ease of certain types of colour change and the resources required 

to achieve them. 

Habitat matching reduces predation risk  

Outcomes of predator-prey relationships at the population level depend on the 

specific interactions between individuals, such as whether an individual is 

detected by its predator or not. In Chapter 2 I show that background matching 

corresponds to a 25% survival increase, affecting the composition of the prey 

population. This study used both real prey and a real predator in an 

environment that closely resembled their natural habitat, so is likely to reflect 

the survival benefit observed in nature. This work adds to the body of literature 

demonstrating that predators are a selective agent, important in maintaining 

plasticity (Ruell et al., 2013; Edelaar et al., 2017) and polymorphism (Stimson 

and Berman, 1990; Hoffman and Blouin, 2000; Noor, Parnell and Grant, 2008; 

Cook et al., 2012) in wild populations. The survival benefit observed here is 

lower than has been detected in previous studies on the benefits of camouflage 

(e.g. Vignieri, Larson and Hoekstra, 2010), likely because this study was not 

constrained by an artificial viewing environment or the use of artificial prey, 

enabling all individuals to express natural behaviour. These behaviours include 

microhabitat selection, predator avoidance and, for the predator, responses to 

prey avoidance (Main, 1987; Lima, 2002). Similar results have been observed in 

freshwater predation experiments under controlled conditions with live predators 

and prey. In a controlled experimental setting, the attacks on larval dragonflies 

(Epitheca canis) by its predator, Anax junius (another dragonfly), reduced by 

25% when the prey were camouflaged by algae (Start, 2018). The similarity in 

survival benefit gained hints at the importance of camouflage in nature, 

although substantial experimental work is needed to determine whether the 
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fitness advantage provided by camouflage is equally important across a wider 

range of taxa. 

Many animals face predation from multiple predator types, with different 

methods of prey detection and different sensory capabilities (Stuart-Fox, 

Moussalli and Whiting, 2008). The importance of background matching as an 

anti-predator defence is likely to depend upon the abundance and suite of 

predators present in the environment, with a community of visually guided 

predators likely to select for camouflage in their target prey (Stuart-Fox, 

Moussalli and Whiting, 2008; Edelaar et al., 2017), (see also Chapter 2). 

Furthermore, different suites of predators are likely to affect the same prey 

species in different ways, depending on their visual system (di-, tri- or 

tetrachromatic) and how they perceive their prey in their environment 

(Troscianko et al., 2016, 2017). Thus, the predator community will likely 

determine the coloration expressed by their prey (Hemmi et al., 2006; Stuart-

Fox, Moussalli and Whiting, 2008), although this is not always the case (Garcia 

and Sih, 2003; Segev, 2009) as other functions also affect coloration, including 

UV protection, thermoregulation and signalling. We might also expect that 

different predator-prey pairs have interactions of different strengths for reasons 

beyond sensory capacity (Paine, 1992; Bascompte, Melián and Sala, 2005). For 

example, a predator that has a diet primarily composed of a particular prey 

species will have a greater impact on that prey’s survival than one which only 

consumes it to supplement a diet made up of other organisms. With this in 

mind, we need to take the many interactions between predators and prey into 

account when determining population-level outcomes. Furthermore, multiple 

predators have effects on communities that cannot be predicted by simply 

summing their individual impacts on their prey (Sih, Englund and Wooster, 

1998), indicating that more studies should be conducted with a community of 

predators. 

Future work would benefit from studying the survival benefit of background 

matching in other predator-prey pairings, accounting for the variety of predator 

visual systems and sensory capabilities. While artificial prey (e.g. Stuart-Fox et 

al. 2003; Vignieri, Larson and Hoekstra 2010; Marshall, Philpot and Stevens 

2015; Walton and Stevens 2018), digital games (Sherratt, Pollitt and Wilkinson, 

2007; Troscianko et al., 2017) and the suite of different approaches used to 
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understand the functions of colour change will continue to provide useful 

insights, there is substantial scope to understand coloration in an experimental 

setting. The field will likely benefit from studying predation mortality in a range of 

predators and prey, so we can better understand how the survival and, 

ultimately, fitness advantages of camouflage varies across groups and between 

environments. Doing so will enable more robust predictions of population level 

outcomes from the interactions between predators and prey (Van der Putten, 

Macel and Visser, 2010). 

The rate of background matching varies with temperature 

Climate change has the potential to alter the rate of background matching 

(Chapters 3-5), with implications for predator-prey relationships, and knock-on 

impacts for trophic links (Harrington, Woiwod and Sparks, 1999; Walther, 2010). 

However, different species, and different traits, respond to environmental 

perturbations in different ways, making predicting how ecosystems will respond 

to climate change a challenge (Voigt et al., 2003). For example, Chapter 4 

reveals that, in shore crabs, colour change is strongly temperature dependent 

and the effect of temperature on the rate of colour change reflects a thermal 

response curve (Pörtner and Farrell, 2008), with the rate of matching increasing 

until an optimum is reached. In contrast, colour change in chameleon prawns 

shows little response to temperature, with temperature-dependent change only 

observed in response to red macroalgae according to pollack (Pollachius 

pollachius) vision (Chapter 3). Such variation in response to temperature 

between species demonstrates the need to study the impacts of climate change 

on multiple species and groups (Poloczanska et al., 2013). Note, however, that 

the range of temperatures tested was much smaller for chameleon prawns 17-

19 °C (Chapter 3) than for shore crabs 5-25 °C (Chapter 4), which may explain 

the limited temperature response observed among the prawns studied. While 

the temperatures tested for chameleon prawns (Chapter 3) are climate change 

appropriate, to develop a clearer picture of how the thermal environment 

influences colour change in this species, this process would need to be studied 

under a wider range of temperatures. In addition, the study of colour change in 

shore crabs at smaller temperature intervals (2-3 °C as opposed to 5 °C) would 

allow us to better predict the response of this species under different climate 

change scenarios. The results here demonstrate that shore crab background 
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matching improves with warming, but it is not possible to explicitly map the 

temperature response to the full range of IPCC climate scenarios, given the 

large intervals between treatments. 

Crustacean colour change is mediated by pigment movement and synthesis 

(Fingerman, 1969), the development of new chromatophores (Bagnara, 1968; 

Bagnara and Hadley, 1973) and moulting (Hultgren and Stachowicz, 2008; Lee 

and Vespoli, 2015). Biological functions are governed by temperature, with 

metabolism and growth occurring faster under increasingly warm conditions in 

endotherms and ectotherms alike (Gillooly et al., 2001; Brown et al., 2004). 

Consequently, warmer environments will allow for more rapid pigment 

production, faster growth and elevated moult rates, all of which facilitate colour 

change for camouflage (Duarte, Flores and Stevens, 2017; Caro, 2018). This 

likely explains why the rate of background matching increases in a warmer 

environment (Chapter 4). While crustacean camouflage appears to be 

unimpeded by the levels of warming anticipated by the end of the century, the 

expression of different pigments appears to respond to temperature in different 

ways (Chapters 3 and 4). Under high temperature conditions, shore crabs 

change luminance faster in response to a dark background than they do a light 

one (Chapter 4), suggesting that changes in coloration have different 

constraints, depending on the change required (to become lighter or darker, or 

one colour versus another). Specific types of colour change may have different 

optima (Duarte, Flores and Stevens, 2017), meaning that under a particular 

temperature condition, change in one direction is faster than another. It appears 

that the expression of white pigment has a lower optimal temperature than dark 

pigment in shore crabs, as at 25 °C the rate of matching declines on a white 

background but is maintained on a dark one (Chapter 4). Similarly, red pigment 

is expressed more slowly than green pigment in chameleon prawns, according 

to pollack vision (Chapter 3). These findings suggest that while effective 

background matching can be achieved at high temperatures, the rate at which 

individuals match their background will depend on the habitat in which they 

settle, with greener (in the case of chameleon prawns), or darker (in the case of 

shore crabs), habitats being easier to match under warm conditions. To some 

extent, the differences in rate of change observed may reflect differences in life 

history. For example, algae abundance and distribution varies seasonally 

(Morris and Taylor, 1983; Berggren, 1994) and the development of particular 
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phenotypes may have evolved under the environmental conditions in which 

associated algae are present or most abundant. Intertidal species periodically 

experience temperatures that meet or exceed the annual average sea surface 

temperature rise anticipated by the end of the century (e.g. Morris and Taylor, 

1983), and it has been suggested that this group may be potential climate 

change ‘winners’ as a result (Barry, Widdicombe and Hall-Spencer, 2011). The 

findings presented in Chapters 3-5 suggest that, when it comes to camouflage, 

this is indeed the case, lending support to the idea that intertidal species have 

the potential to adapt to future climate change (Pörtner and Farrell, 2008).  

Further insight into adaptive capacity could be gained from acclimatising and 

exposing individuals to elevated temperatures over varying lengths of time 

(Schulte, Healy and Fangue, 2011). While it is unrealistic to conduct such an 

experiment on timescales relevant to climate change, such a study would help 

determine the shape of this response, particularly as the way thermal response 

curves are shifted varies with exposure time (Schulte, Healy and Fangue, 

2011). Another way to test adaptive capacity would be to use a space for time 

approach, exposing individuals from different populations (at different latitudes) 

throughout their range to a range of different temperatures. This method has 

been used to understand how thermal tolerance varies in a number of marine 

snails within the same species (Sorte and Hofmann, 2004, 2005) and the same 

genus (Tomanek and Somero, 1999; Tomanek, 2008) across their distribution. 

Background matching is unaffected by ocean acidification 

Here, shore crabs have demonstrated remarkable resilience to ocean 

acidification and warming in terms of their ability to maintain camouflage under 

end of century conditions, with elevated CO2 having no effect on colour change 

(Chapter 5). Previous work has shown that under prolonged acidified conditions 

resources are diverted from processes such as acid-base regulation and other 

compensatory mechanisms (Wood, Spicer and Widdicombe, 2008; Findlay et 

al., 2011). However, Chapter 5 provides no evidence to suggest that extended 

exposure to ocean acidification causes resources to be diverted from colour 

change in order to maintain acid-base balance. This may be because colour 

change may not be physiologically costly, so there is little benefit in diverting 

resources from processes that maintain camouflage. It is also possible that 

maintaining camouflage is so important that the fitness costs associated with 
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predation outweigh the physiological cost of colour change. The potential costs 

of colour change are discussed in more detail below. Despite the lack of effect 

observed in Chapter 5, there is a need to continue to use multi-stressor 

approaches when assessing the impacts of climate change on predator-prey 

interactions. Anthropogenic pressures are not occurring in isolation, so future 

studies should continue to look at combined pressures in the context of climate 

change in order to obtain ecologically relevant results.  

While colour change for camouflage does not appear to be affected by 

acidification (Chapter 5), future work would benefit from exploring the impact of 

elevated CO2 on behaviourally mediated camouflage. Ocean acidification is 

known to affect a wide range of behaviours including escape responses 

(Watson et al., 2014), resource assessment (de la Haye et al., 2011) and 

defensive behaviour (Spady et al., 2014). Given that behaviour is a key 

component of camouflage (Stevens and Ruxton, 2018), understanding how it 

may be affected by ocean acidification will allow us to better quantify the 

impacts of climate change on predator-prey relationships. Behaviour enables 

individuals to refine and optimise camouflage in their environment by choosing 

particular substrate to lay or settle upon (Hultgren and Stachowicz, 2010; Kang 

et al., 2012; Lovell et al., 2013; Marshall, Philpot and Stevens, 2016; Uy et al., 

2017), or selecting shells and decorative material that best match their 

environment (Wicksten, 1993; Stachowicz and Hay, 2000; Briffa, Haskell and 

Wilding, 2008; Hultgren and Stachowicz, 2008; Ruxton and Stevens, 2015). 

Such decisions may be impaired under acidified conditions (de la Haye et al., 

2011). Consequently, impacts of ocean acidification on behaviourally mediated 

camouflage should also be considered in the context of other anti-predator 

behaviours such as escape or defence responses, which combine to limit 

predation risk. In addition, future studies should consider how the ability of 

predators to detect prey might be affected by climate change, building on the 

understanding of modelled detectability presented here to incorporate how 

predators respond to prey stimuli. The ability of prey to detect and respond to 

predators is known to be affected by acidification (Brown et al., 2012; Chung et 

al., 2014; Watson et al., 2014), so it stands to reason that predator sensory 

abilities will also be affected. A wider understanding of how different traits and 

behaviours are affected by climate change will allow us to better constrain how 

different species and their interactions will be affected in the future. 
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Camouflage may come at a cost  

Maintaining the processes that enable animals to detect changes in their 

environment and regulate their plasticity is likely to be costly (DeWitt, Sih and 

Wilson, 1998). Despite capacity for camouflage being unimpeded by warming, 

substantial mortality was observed in chameleon prawns under both summer 

maximum conditions and those anticipated with climate change (Chapter 3). 

This leads us to ask whether colour change is so important that it will be 

maintained at all costs, or whether it is an inherently low-cost process, and 

maintaining it is of little energetic consequence. The costs and limits of 

phenotypic plasticity are notoriously difficult to demonstrate (DeWitt, Sih and 

Wilson, 1998) and, consequently, are poorly understood (Duarte, Flores and 

Stevens, 2017). Nonetheless, some work has explored the potential 

physiological costs of plasticity in coloration (Rodgers et al., 2013; Polo-Cavia et 

al., 2017). For example, in newts, metabolic rate is higher when expressing 

heavy pigmentation in response to a dark background, suggesting that there are 

physiological costs of colour change for camouflage (Polo-Cavia et al., 2017). 

Furthermore, guppies consume more food when altering their coloration to suit 

their surroundings (Rodgers et al., 2013), again suggesting that there may be a 

metabolic cost associated with changes in coloration, which likely require 

energy and resources to achieve.   

There is a need to consider other tradeoffs associated with coloration when 

assessing the costs of colour change, as there may be fitness costs associated 

with maintaining background matching over other processes that require colour 

plasticity. For example, many species use colour change to facilitate 

thermoregulation, so there may be fitness costs associated with maintaining 

background matching over thermoregulatory processes (Stuart-Fox and 

Moussalli, 2009). Work on bearded dragon lizards (Pogona vitticeps) has shown 

that colour change for camouflage is prioritised over thermoregulation, 

suggesting that the survival cost associated with background mismatch is 

greater, or more immediate than that associated with reduced temperature 

regulation (Smith et al., 2016). The same is true for individuals that use 

coloration to attract a mate. For example, in an environment with high predation 

risk, guppies (Poecilia reticulata) will have less conspicuous sexual signals 

(Endler, 1991) to avoid predator detection (Godin and McDonough, 2003). 
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Again, camouflage is prioritised over other functions (sexual signaling). If the 

immediate fitness consequences of failing to background match are significantly 

greater than those associated with other processes, then it follows that 

resources would be preferentially allocated to camouflage (Stuart-Fox and 

Moussalli, 2009). This may explain why temperature-associated mortality is so 

high in chameleon prawns, despite their ability to maintain camouflage in a 

warmer environment. If under sustained warming resources are allocated to 

colour change over compensatory mechanisms, then, longer-term, this is likely 

to impact survival (Helmuth and Hofmann, 2001). This highlights the need to 

look at multiple responses when testing the impact of ocean warming on marine 

species, particularly those which contribute to fitness. 

Substantial work is required to elucidate the energetic costs of camouflage and 

the trade-offs between background matching and other processes. I encourage 

researchers to explore this in greater detail so that we can better understand 

the fitness trade-offs associated with maintaining camouflage and other 

processes. In slow changing species, the costs could be explored by varying 

the resources available to different populations and observing their change. 

There are more options available for quantifying costs in species that change 

colour over shorter timescales. For example, respirometry could be used to 

effectively determine the energetic cost of colour change in species that change 

colour over the short term (minutes). Such studies could be combined with 

environmental stressors, such as CO2 level and temperature to determine how 

metabolic costs and resource requirements vary under different environmental 

conditions.  

Concluding remarks 

This project has demonstrated that colour change for camouflage is remarkably 

resilient to climate change. Background matching is unaffected by ocean 

acidification and resistant to ocean warming, with warming even improving the 

rate and extent of background matching in some cases. I show that this 

widespread anti-predator defence has a substantial survival benefit – one that 

could potentially be harnessed in crustacean aquaculture and stocking 

programmes. However, much work remains to be done to understand the 

physiological costs of colour change, many questions remain regarding 

tradeoffs with other processes that contribute to survival. In addition, the 
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interplay between plastic and ontogenetic changes is still largely unknown. 

Further research in these areas will greatly advance our understanding of anti-

predator defences and, ultimately, allow us to better quantify human impacts on 

predator-prey interactions.   
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Appendix 2 

As for goby vision, prawns associated with red algae were significantly different 

in coloration to those associated with green algae when mapped to pollack 

vision both at the start (t-test: t = 17.07, d.f. = 29, p <0.001), (Fig. A2.2a) and 

the end (t-test: t = 7.63, d.f. = 18, p < 0.001) of the trial. The substrates (dulse, 

sea lettuce) were also significantly different in coloration according to pollack 

vision (t-test: t = 9.10, d.f. = 34, p < 0.001), (Fig. A2.2b).  

 

Figure A2.1 Colour of chameleon prawns and algae used in predation trials 

according to pollack vision. As some prawns were used in multiple trials, only 

data from known unique individuals are presented here. The prawns and algae 

presented are those used in trials 19, 20, 39 and 40. Central lines are medians, 

boxes are interquartile ranges and whiskers are 95% quartiles. The mean is 

shown in black. Hue was calculated using the following formula: (LW-

SW)/(LW+SW) and represents the colour of the prawns at the start of the trial.  

 (a)   (b) 
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Figure A2.2 Chameleon prawn camouflage according to pollack vision, 

expressed as Just Noticeable Differences (JNDs). The left panel shows the 

match to sea lettuce (green algae), and the right panel shows the match to 

dulse (red algae). All prawns used in all trials are shown, with each individual 

compared to a mean of ten samples of algae from that trial. Dark points/boxes 

correspond to green prawns; light points/boxes correspond to red prawns. 

Central lines are medians, boxes are interquartile ranges and whiskers are 95% 

quartiles. The mean is shown in black. Note that lower JNDs correspond to 

better background matching.  
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Appendix 3 

Table A3.1 Candidate models describing changes in prawn coloration for 

individuals allocated to red or green algae for 20 days. (a) Shows colour change 

according to goby vision and (b) shows change according to pollack vision. 

Candidate models were determined using the Multi-Model Inference R package, 

MuMIN (Bartoń, 2016), those with a delta AIC < 2.5 were considered the most 

appropriate. The best model for the data is shown in bold.  

 



 187 

(a) Candidate models (colour change: goby vision) 

 
 
 
 
 
 
 
 

Intercept Algae 
Colour Temp Day 

Algae 
Colour: 
Temp 

Algae 
Colour: 

Day 

Temp: 
Day 

Algae 
Colour: 

Temp: Day 
d.f logLik AICc deltaAIC weight 

0.5582 0.0615  0.0172  -0.2803   6 516.7159 -1021.2472 0.0000 0.9487 
0.5571 0.0623 0.0159 0.0179  -0.2805   7 514.8061 -1015.3654 5.8817 <0.0001 
0.5572 0.0620 0.0157 0.0179 0.0054 -0.2803   8 511.6393 -1006.9607 14.2865 <0.0001 
0.5566 0.0625 0.0154 0.0164  -0.2804 -0.0063  8 511.1594 -1006.0009 15.2463 <0.0001 
0.5567 0.0621 0.0153 0.0164 0.0048 -0.2802 -0.0062  9 507.9825 -997.5668 23.6803 <0.0001 
0.5567 0.0613 0.0150 0.0162 0.0040 -0.2825 -0.0072 -0.0100 10 504.8825 -989.2773 31.9699 <0.0001 
0.5667 0.0731  0.0478     5 367.4180 -724.7044 296.5428 <0.0001 
0.5659 0.0736 0.0144 0.0491     6 365.0601 -717.9356 303.3116 <0.0001 
0.5687   0.0454     4 361.6491 -715.2107 306.0364 <0.0001 
0.5661 0.0722 0.0139 0.0487 0.0234    7 362.8818 -711.5168 309.7304 <0.0001 
0.5650 0.0674       4 358.6687 -709.2499 311.9972 <0.0001 
0.5654 0.0737 0.0141 0.0477   -0.0059  7 361.5495 -708.8523 312.3948 <0.0001 
0.5679  0.0136 0.0464     5 358.9930 -707.8545 313.3927 <0.0001 
0.5667        3 354.2257 -702.3989 318.8483 <0.0001 
0.5657 0.0723 0.0136 0.0476 0.0229  -0.0051  8 359.3244 -702.3309 318.9163 <0.0001 
0.5644 0.0677 0.0110      5 355.6616 -701.1916 320.0555 <0.0001 
0.5674  0.0132 0.0450   -0.0061  6 355.4961 -698.8076 322.4395 <0.0001 
0.5646 0.0662 0.0104  0.0257    6 353.6774 -695.1703 326.0769 <0.0001 
0.5661  0.0104      4 351.1027 -694.1178 327.1294 <0.0001 
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(b) Candidate models (colour change: pollack vision)  

Intercept Algae 
Colour Temp Day 

Algae 
Colour: 
Temp 

Algae 
Colour: 

Day 

Temp: 
Day 

Algae 
Colour: 
Temp: 
Day 

d.f. logLik AICc deltaAIC weight 

0.2315 0.0757  0.0146  -0.3680   6 417.1690 -822.1533 0.0000 0.9465 
0.2303 0.0766 0.0184 0.0155  -0.3683   7 415.2976 -816.3485 5.8048 0.0520 
0.2304 0.0759 0.0181 0.0155 0.0093 -0.3678   8 412.3737 -808.4296 13.7237 0.0010 
0.2297 0.0767 0.0179 0.0140  -0.3682 -0.0065  8 411.7419 -807.1658 14.9875 0.0005 
0.2299 0.0761 0.0177 0.0140 0.0086 -0.3677 -0.0063  9 408.8045 -799.2108 22.9425 <0.0001 
0.2298 0.0743 0.0169 0.0134 0.0068 -0.3732 -0.0088 -0.0232 10 406.5606 -792.6334 29.5199 <0.0001 
0.2426 0.0896  0.0547     5 256.8677 -503.6039 318.5495 <0.0001 
0.2418 0.0901 0.0164 0.0565     6 254.5253 -496.8659 325.2874 <0.0001 
0.2450   0.0515     4 250.6417 -493.1959 328.9574 <0.0001 
0.2408 0.0831       4 250.3318 -492.5762 329.5772 <0.0001 
0.2420 0.0882 0.0157 0.0559 0.0324    7 252.8546 -491.4624 330.6909 <0.0001 
0.2413 0.0902 0.0161 0.0551   -0.0059  7 251.1943 -488.1419 334.0114 <0.0001 
0.2441  0.0155 0.0528     5 248.0423 -485.9530 336.2004 <0.0001 
0.2402 0.0834 0.0124      5 247.4127 -484.6938 337.4596 <0.0001 
0.2429        3 245.3712 -484.6900 337.4633 <0.0001 
0.2417 0.0883 0.0154 0.0548 0.0319  -0.0046  8 249.4803 -482.6427 339.5106 <0.0001 
0.2405 0.0813 0.0117  0.0350    6 245.9416 -479.6987 342.4547 <0.0001 
0.2436  0.0151 0.0513   -0.0062  6 244.7247 -477.2647 344.8886 <0.0001 
0.2422  0.0118      4 242.3596 -476.6317 345.5216 <0.0001 
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Table A3.2 Candidate models describing changes in prawn camouflage according to goby (a,b) and pollack (c,d) vision for 

individuals allocated to red or green algae. Both (a) and (b) show camouflage over 20 days on green algae; (c) and (d) show 

camouflage over 20 days on red algae. Candidate models were determined using the Multi-Model Inference R package, 

MuMIN (Bartoń, 2016), those with a delta AIC < 2.5 were considered the most appropriate. The best model for the data is 

shown in bold.  

(a) Candidate models (camouflage: green algae, goby vision) 
Intercept Temp Day Temp: Day d.f. logLik AICc delta AIC weight 
3.8062  -1.7901  4 -295.0182 598.2251 0.0000 0.7315 
3.8181 -0.2009 -1.8020  5 -295.1080 600.5004 2.2753 0.2345 
3.8275 -0.1950 -1.7799 0.0974 6 -295.9792 604.3584 6.1333 0.0341 
3.8460    3 -375.3146 756.7420 158.5169 <0.0001 
3.8490 -0.0392     4 -376.0619 760.3125 162.0874 <0.0001 

 
(b) Candidate models (camouflage: red algae, goby vision) 

Intercept Temp Day Temp: Day d.f. logLik AICc delta AIC weight 
3.3171  -1.0772  4 -322.0794 652.3397 0.0000 0.8257 
3.3209 -0.1094 -1.0813  5 -322.8255 655.9237 3.5840 0.1376 
3.3111 -0.1177 -1.1214 -0.1687 6 -323.0923 658.5681 6.2284 0.0367 
3.3450    3 -354.8726 715.8534 63.5137 <0.0001 
3.3472 -0.0524   4 -355.8017 719.7845 67.4448 <0.0001 

 
 (c) Candidate models (camouflage: green algae, pollack vision) 

Intercept Temp Day Temp: Day d.f. logLik AICc delta AIC weight 
4.6938  -2.3187  4 -334.0586 676.3058 0.0000 0.7211 
4.7062 -0.2162 -2.3334  5 -334.1081 678.5005 2.1946 0.2407 
4.7157 -0.2103 -2.3112 0.0978 6 -334.8892 682.1783 5.8725 0.0383 
4.7426    3 -422.5339 851.1805 174.8747 <0.0001 
4.7442 -0.0081     4 -423.1451 854.4788 178.1730 <0.0001 
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(d) Candidate models (camouflage: red algae, pollack vision) 
Intercept Temp Day Temp Day d.f. logLik AICc delta AIC weight 
3.2931 -0.0046 -2.2911 -0.6412 6 -393.3747 799.1331 0.0000 0.9580 
3.3290  -2.1464  4 -398.7793 805.7395 6.6065 0.0352 
3.3285 0.0282 -2.1438  5 -399.3779 809.0286 9.8956 0.0068 
3.3839    3 -459.6808 925.4698 126.3367 <0.0001 
3.3797 0.1418   4 -459.9887 928.1584 129.0253 <0.0001 
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Table A3.3 Coefficients (a) and analysis of deviance (b) resulting from the Cox 

proportional hazards model describing the difference in prawn survivorship with 

temperature (17 ºC and 19 ºC) and habitat colour (green macroalgae / red 

macroalgae).  

(a) Coefficients: survival (17 ºC & 19 ºC) 
Source coef SE z p 
Algae.ColourRed 0.8268 0.4147 1.994 0.046 
Temp19 1.1606 0.4516 2.570 0.010 
Model coxph(Surv(Event,Died) ~ Algae.Colour+Temp 
 
(b) Analysis of deviance: survival (17 ºC & 19 ºC) 
Source loglik Chi-sq d.f. p 
Null -96.590 - - - 
Algae.Colour -94.715 3.7505 1 0.053 
Temp -91.024 7.3819 1 0.007 

  

Table A3.4 Coefficients (a) and analysis of deviance (b) resulting from the Cox 

proportional hazards model describing the difference in prawn survivorship with 

temperature (14 ºC, 17 ºC and 19 ºC) and habitat colour (green macroalgae / 

red macroalgae). Survival data for prawns kept at 14 ºC is courtesy of Gabriella 

Oliver (unpublished data).  

(a) Coefficients: survival (14 ºC, 17 ºC and 19 ºC) 
Source coef SE z p 
Algae.ColourRed -18.73 6467 -0.003 0.998 
Temp17 0.0720 0.8168 0.088 0.930 
Temp19 1.155 0.6918 1.670 0.095 
Algae.ColourRed:Temp17 19.44 6467 0.003 0.998 
Algae.ColourRed:Temp19 19.63 6467 0.003 0.998 
Model coxph(Surv(Event,Died) ~ Algae.Colour*Temp) 
 
(b) Analysis of deviance: survival (14 ºC, 17 ºC and 19 ºC) 
Source loglik Chi-sq d.f. p 
Null -123.00 - - - 
Algae.Colour -122.70 0.6154 1 0.433 
Temp -111.77 21.8476 2 <0.001 
Algae.Colour:Temp -108.33 6.8908 3 0.032 
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Appendix 4 

Table A4.1 Candidate models describing changes in crab luminance according to fish predator (pollack) vision for individuals 

allocated to a black or white background for 24 hours (short-term). (a) Shows the candidate models for luminance change 

during phase 1 (24-hours on a black or white background) and (b) shows the candidate models for luminance change during 

phase 2 (24-hours on the alternative background treatment). Candidate models were determined using the Multi-Model 

Inference R package, MuMIN (Bartoń, 2016), those with a delta AIC < 2.5 were considered the most appropriate. The best 

models for the data are shown in bold. 

(a) Candidate models: short term luminance change (phase 1, fish vision) 

Intercept Background Temp Time Background: 
Temp 

Background: 
Time 

Temp: 
Time 

Background: 
Temp: Time d.f. logLik AICc delta 

AIC weight 

0.1182        3 1387.6085 -2769.1761 0.0000 0.9812 
0.1182  0.0067      4 1384.0985 -2760.1286 9.0474 0.0106 
0.1182 -0.0018       4 1383.4213 -2758.7742 10.4018 0.0054 
0.1182   -0.0016     4 1382.7114 -2757.3544 11.8217 0.0027 
0.1182 -0.0018 0.0067      5 1379.9131 -2749.7234 19.4527 0.0001 
0.1182  0.0067 -0.0016     5 1379.2001 -2748.2974 20.8787 <0.0001 
0.1182 -0.0021  -0.0016     5 1378.5410 -2746.9794 22.1967 <0.0001 
0.1182 -0.0015 0.0067  -0.0012    6 1376.7056 -2741.2672 27.9089 <0.0001 
0.1182 -0.0017  -0.0015  0.0052   6 1376.0794 -2740.0147 29.1614 <0.0001 
0.1182  0.0067 -0.0015   0.0041  6 1375.7624 -2739.3807 29.7954 <0.0001 
0.1182 -0.0021 0.0067 -0.0016     6 1375.0317 -2737.9192 31.2568 <0.0001 
0.1182 -0.0017 0.0067 -0.0015  0.0052   7 1372.5733 -2730.9541 38.2220 <0.0001 
0.1182 -0.0017 0.0067 -0.0016 -0.0015    7 1371.8259 -2729.4594 39.7167 <0.0001 
0.1182 -0.0018 0.0067 -0.0016   0.0041  7 1371.5753 -2728.9582 40.2179 <0.0001 
0.1182 -0.0015 0.0067 -0.0015 -0.0011 0.0052   8 1369.3649 -2722.4820 46.6941 <0.0001 
0.1182 -0.0014 0.0067 -0.0015  0.0052 0.0042  8 1369.1761 -2722.1043 47.0718 <0.0001 
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0.1182 -0.0015 0.0067 -0.0016 -0.0012  0.0041  8 1368.3676 -2720.4873 48.6888 <0.0001 
0.1182 -0.0012 0.0067 -0.0015 -0.0008 0.0052 0.0042  9 1365.9662 -2713.6221 55.5540 <0.0001 
0.1182 -0.0013 0.0067 -0.0015 -0.0008 0.0052 0.0042 -0.0012 10 1361.4927 -2702.6055 66.5706 <0.0001 

 
(b) Candidate models: short term luminance change (phase 2, fish vision) 

Intercept Background Temp Time Background: 
Temp 

Background: 
Time 

Temp: 
Time 

Background: 
Temp: Time d.f. logLik AICc delta AIC weight 

0.1354 -0.0519 -0.0131  0.1105    6 711.5931 -1410.9692 0.0000 0.5310 
0.1354 -0.0519 -0.0117 -0.0068 0.1069 0.0214   8 713.4654 -1410.5569 0.4123 0.4321 
0.1354 -0.0520 -0.0118 -0.0070 0.1103    7 709.8998 -1405.5094 5.4598 0.0346 
0.1354 -0.0519 -0.0117 -0.0068 0.1068 0.0214 0.0000  9 709.1518 -1399.8349 11.1343 0.0020 
0.1354 -0.0520 -0.0118 -0.0070 0.1102  -0.0001  8 705.6082 -1394.8425 16.1267 0.0002 
0.1354 -0.0519 -0.0117 -0.0068 0.1068 0.0214 0.0000 -0.0010 10 705.5419 -1390.5094 20.4598 <0.0001 
0.1347 -0.0519  -0.0079  0.0280   6 675.3456 -1338.4741 72.4951 <0.0001 
0.1346 -0.0519       4 672.6710 -1337.2392 73.7300 <0.0001 
0.1346 -0.0520  -0.0082     5 670.7951 -1331.4357 79.5335 <0.0001 
0.1346 -0.0521 -0.0040 -0.0077  0.0279   7 671.2877 -1328.2853 82.6838 <0.0001 
0.1346 -0.0521 -0.0048      5 668.7416 -1327.3286 83.6406 <0.0001 
0.1349        3 664.2803 -1322.4991 88.4701 <0.0001 
0.1345 -0.0522 -0.0036 -0.0080     6 666.7086 -1321.2001 89.7691 <0.0001 
0.1346 -0.0521 -0.0039 -0.0077  0.0279 0.0000  8 667.1952 -1318.0164 92.9528 <0.0001 
0.1348   -0.0081     4 662.3155 -1316.5282 94.4409 <0.0001 
0.1348  -0.0066      4 660.6638 -1313.2248 97.7444 <0.0001 
0.1345 -0.0522 -0.0036 -0.0080   -0.0002  7 662.6432 -1310.9963 99.9728 <0.0001 
0.1348  -0.0054 -0.0078     5 658.4843 -1306.8140 104.1551 <0.0001 
0.1348  -0.0053 -0.0078   -0.0004  6 654.4200 -1296.6229 114.3462 <0.0001 
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Table A4.2 Candidate models describing short-term changes in crab camouflage according to fish predator (pollack) vision 
during phase 1 (24-hour exposure to a black or white background), (a,b) and phase 2 (24-hour exposure to the alternative 

background), (c,d). Both (a) and (b) show camouflage on a black background; (c) and (d) show camouflage on a white 

background. Candidate models were determined using the Multi-Model Inference R package, MuMIN (Bartoń, 2016), those 

with a delta AIC < 2.5 were considered the most appropriate. The best models for the data are shown in bold. 

(a) Candidate models: Discrimination from a black background (phase 1, fish vision) 
Intercept Temp Time Temp: Time d.f. logLik AICc delta AIC weight 
1.2211  -0.0915  4 -191.4547 391.0468 0.0000 0.4574 
1.2212    3 -193.1580 392.3981 1.3513 0.2327 
1.2185 0.2832 -0.0915  5 -191.2882 392.7833 1.7366 0.1919 
1.2186 0.2827   4 -192.9937 394.1249 3.0781 0.0981 
1.2185 0.2833 -0.0916 0.0698 6 -192.5176 397.3258 6.2790 0.0198 
 
(b) Candidate models: Discrimination from a white background (phase 1, fish vision) 

Intercept Temp Time Temp: Time d.f. logLik AICc delta AIC weight 
11.6134    3 -185.7467 377.5761 0.0000 0.7729 
11.6152 -0.0791   4 -186.0883 380.3150 2.7389 0.1965 
11.6132  -0.0162  4 -188.1917 384.5218 6.9457 0.0240 
11.6149 -0.0797 -0.0162  5 -188.5327 387.2736 9.6975 0.0061 
11.6143 -0.0806 -0.0169 -0.0646 6 -189.8472 391.9871 14.4110 0.0006 
11.6134    3 -185.7467 377.5761 0.0000 0.7729 
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(c) Candidate models: Discrimination from a black background (phase 2, fish vision) 
Intercept Temp Time Temp: Time d.f. logLik AICc delta AIC weight 
1.9801 -1.4093 -0.3575  5 -234.2705 478.8781 0.0000 0.8699 
1.9802 -1.4075 -0.3577 -0.0025 6 -235.1238 482.7223 3.8441 0.1273 
1.9801 -1.4659   4 -241.0430 490.3095 11.4314 0.0029 
1.9950  -0.4581  4 -260.8738 529.9711 51.0930 <0.0001 
1.9956    3 -267.3128 540.7590 61.8808 <0.0001 
  
(d) Candidate models: Discrimination from a white background (phase 2, fish vision) 

Intercept Temp Time Temp: Time d.f. logLik AICc delta AIC weight 
11.7227 -0.7260   4 -198.1484 404.4920 0.0000 0.9052 
11.7223 -0.7161 -0.0649  5 -199.4649 409.2240 4.7321 0.0850 
11.7223 -0.7153 -0.0649 -0.0002 6 -200.5631 413.5400 9.0481 0.0098 
11.7244    3 -215.5491 437.2148 32.7228 <0.0001 
11.7238  -0.1014  4 -216.3019 440.7990 36.3071 <0.0001 
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Table A4.3 Candidate models describing changes in crab luminance according to fish predator (pollack) vision for individuals 

allocated to a black or white background for 4-6 weeks (long-term). (a) Shows the candidate models for luminance change 

during phase 1 (six weeks on a black or white background) and (b) shows the candidate models for luminance change during 

phase 2 (four weeks on the alternative background treatment). Candidate models were determined using the Multi-Model 

Inference R package, MuMIN (Bartoń, 2016), while those with a delta AIC < 2.5 are typically considered most appropriate, the 

three-way interaction between background, temperature and week was a significant term in the models describing luminance 

change in both phase 1 and phase 2. Consequently, the term was retained within both models. The best models for the data 

are shown in bold.  

Candidate models: long term luminance change (phase 1, fish vision) 
Intercept Background Temp Week Background: 

Temp 
Background: 

Week 
Temp: 
Week 

Background: 
Temp: Week d.f. logLik AICc delta AIC weight 

0.1457 0.0475  0.0149  0.0787   6 1477.1191 -2942.1454 0.0000 0.8956 
0.1455 0.0475 0.0226 0.0148  0.0786   7 1475.9040 -2937.6841 4.4612 0.0962 
0.1455 0.0474 0.0224 0.0149 0.0275 0.0786   8 1473.8758 -2931.5921 10.5533 0.0046 
0.1454 0.0474 0.0229 0.0147 0.0301 0.0784 0.0065 0.0428 10 1475.3797 -2930.5152 11.6302 0.0027 
0.1455 0.0477 0.0228 0.0148  0.0785 0.0060  8 1472.2331 -2928.3067 13.8387 0.0009 
0.1455 0.0475 0.0226 0.0149 0.0277 0.0785 0.0060  9 1470.2144 -2922.2293 19.9161 <0.0001 
0.1453 0.0419  0.0149     5 1376.8867 -2743.7072 198.4382 <0.0001 
0.1452 0.0420 0.0232 0.0149     6 1375.7597 -2739.4267 202.7187 <0.0001 
0.1457   0.0146     4 1371.1597 -2734.2752 207.8702 <0.0001 
0.1452 0.0419 0.0230 0.0149 0.0276    7 1373.7151 -2733.3063 208.8391 <0.0001 
0.1451 0.0422 0.0235 0.0148   0.0075  7 1372.3592 -2730.5946 211.5508 <0.0001 
0.1455  0.0233 0.0146     5 1369.7970 -2729.5278 212.6176 <0.0001 
0.1450 0.0410       4 1368.7606 -2729.4770 212.6684 <0.0001 
0.1449 0.0411 0.0234      5 1367.6847 -2725.3031 216.8422 <0.0001 
0.1451 0.0420 0.0233 0.0149 0.0277  0.0075  8 1370.3265 -2724.4935 217.6519 <0.0001 
0.1453        3 1363.5139 -2721.0014 221.1440 <0.0001 
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0.1455  0.0236 0.0146   0.0072  6 1366.3258 -2720.5588 221.5866 <0.0001 
0.1449 0.0410 0.0232  0.0264    6 1365.5626 -2719.0324 223.1130 <0.0001 
0.1452  0.0235      4 1362.1990 -2716.3539 225.7915 <0.0001 

 
 
 
 
 

 
(b) Candidate models: long term luminance change (phase 2, fish vision) 

Intercept Background Temp Week Background: 
Temp 

Background: 
Week 

Temp: 
Week 

Background: 
Temp: Week d.f. logLik AICc delta AIC weight 

0.1305 -0.0251  -0.0095  0.0622   6 748.4284 -1484.6452 0.0000 0.9383 
0.1307 -0.0250 0.0136 -0.0096  0.0622   7 745.7480 -1477.2131 7.4320 0.0228 
0.1308 -0.0240 0.0131 -0.0096 -0.0250 0.0627 -0.0188 0.0441 10 748.6932 -1476.8267 7.8185 0.0188 
0.1308 -0.0241 0.0128 -0.0095  0.0625 -0.0180  8 746.5531 -1476.7416 7.9036 0.0180 
0.1307 -0.0239 0.0140 -0.0094 -0.0273 0.0624   8 743.8559 -1471.3473 13.2978 0.0012 
0.1308 -0.0231 0.0132 -0.0094 -0.0253 0.0627 -0.0177  9 744.4884 -1470.5200 14.1252 0.0008 
0.1314        3 702.4148 -1398.7697 85.8755 <0.0001 

0.1311 -0.0262       4 702.6336 -1397.1670 87.4782 <0.0001 

0.1310   -0.0098     4 701.8899 -1395.6795 88.9656 <0.0001 

0.1308 -0.0255  -0.0096     5 701.9459 -1393.7410 90.9042 <0.0001 

0.1315  0.0137      4 699.6954 -1391.2905 93.3546 <0.0001 

0.1312 -0.0261 0.0135      5 699.9155 -1389.6802 94.9650 <0.0001 

0.1311  0.0140 -0.0098     5 699.2227 -1388.2947 96.3505 <0.0001 

0.1309 -0.0254 0.0138 -0.0096     6 699.2816 -1386.3517 98.2935 <0.0001 

0.1313  0.0133 -0.0098   -0.0176  6 698.6472 -1385.0829 99.5623 <0.0001 

0.1312 -0.0254 0.0138  -0.0228    6 697.6254 -1383.0392 101.6060 <0.0001 

0.1311 -0.0248 0.0131 -0.0096   -0.0171  7 698.5168 -1382.7508 101.8944 <0.0001 

0.1309 -0.0248 0.0141 -0.0095 -0.0215    7 696.9025 -1379.5222 105.1230 <0.0001 

0.1310 -0.0242 0.0135 -0.0095 -0.0200  -0.0169  8 696.0385 -1375.7124 108.9327 <0.0001 
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Figure A4.1 Change in crab luminance according to avian predator (peafowl) 

vision for individuals on either a black (black points, solid line) or white (white 

points, dashed line) background. (a) Shows luminance change observed in 

phase 1, when individuals were placed on their first background type and (b) 

shows luminance change in phase 2, when individuals were transferred to the 

alternative background treatment (those on black were transferred to white and 

those on white were transferred to black). The shaded area represents the 95% 

confidence interval. 

(a) 

(b) 
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Table A4.4 Parameter estimates from the minimum adequate linear mixed 

effects model describing changes in crab luminance according to avian predator 

(peafowl) vision over the long term. (a) Shows luminance change over phase 1 

(six-week exposure to either a black or white background) and (b) shows 

luminance change over phase 2 (four-week exposure to the alternative 

background treatment). Linear mixed models were fitted by restricted maximum 

likelihood (REML) using the lme4 package (Bates et al., 2015). The Normal 

approximation for degrees of freedom was used to determine p-values. 

Candidate models are shown in Table A4.5. 

(a) Long term luminance change (phase 1, bird vision) 
Source Estimate SE t p 

Intercept 0.1391 0.0072 19.19 <0.001 

Background -0.0081 0.0094 0.86 0.391 

Week -0.0059 0.0009 6.66 <0.001 

Background:Week 0.0196 0.0013 15.47 <0.001 

Model formula 

lmer(Luminance ~ Background + Week + 

Background:Week + (1 | Unique.ID)) 

  
(b) Long term luminance change (phase 2, bird vision) 
Source Estimate SE t p 

Intercept 0.1114 0.0349 3.19 0.014 

Temp 0.0116 0.0021 5.58 <0.001 

Background -0.0476 0.0481 0.99 0.322 

Week 0.0023 0.0038 0.60 0.549 

Temp:Week -0.0013 0.0002 5.74 <0.001 

Background:Week 0.0063 0.0052 1.21 0.225 

Temp:Background -0.0117 0.0028 4.15 <0.001 

Temp:Background:Week 0.0013 0.0003 4.21 <0.001 

Model formula 

lmer(Luminance ~ Temp + Background + Week + 

Temp:Week +  Background:Week +  

Temp:Background + Temp:Background:Week + (1 

| Unique.ID)) 
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Table A4.5 Candidate models describing changes in crab luminance according to avian predator (peafowl vision) for 

individuals allocated to a black or white background for 4-6 weeks (long-term). (a) Shows the candidate models for luminance 

change during phase 1 (six weeks on a black or white background) and (b) shows the candidate models for luminance change 

during phase 2 (four weeks on the alternative background treatment). Candidate models were determined using the Multi-

Model Inference R package, MuMIN (Bartoń, 2016), while those with a delta AIC < 2.5 are typically considered most 

appropriate, the three-way interaction between background, temperature and week was a significant term in the model 

describing luminance change in phase 2. Consequently, the term was retained in the final model. The best models for the data 

are shown in bold.  

(a) Candidate models: long term luminance change (phase 1, bird vision) 
Intercept Background Temp Week Background: 

Temp 
Background: 

Week 
Temp: 
Week 

Background: 
Temp: Week d.f. logLik AICc delta AIC weight 

0.1457 0.0475  0.0149  0.0787   6 1477.1191 -2942.1454 0.0000 0.8956 
0.1455 0.0475 0.0226 0.0148  0.0786   7 1475.904 -2937.6841 4.4612 0.0962 
0.1455 0.0474 0.0224 0.0149 0.0275 0.0786   8 1473.8758 -2931.5921 10.5533 0.0046 
0.1454 0.0474 0.0229 0.0147 0.0301 0.0784 0.0065 0.0428 10 1475.3797 -2930.5152 11.6302 0.0027 
0.1455 0.0477 0.0228 0.0148  0.0785 0.006  8 1472.2331 -2928.3067 13.8387 0.0009 
0.1455 0.0475 0.0226 0.0149 0.0277 0.0785 0.006  9 1470.2144 -2922.2293 19.9161 <0.0001 

0.1453 0.0419  0.0149     5 1376.8867 -2743.7072 198.4382 <0.0001 

0.1452 0.042 0.0232 0.0149     6 1375.7597 -2739.4267 202.7187 <0.0001 

0.1457   0.0146     4 1371.1597 -2734.2752 207.8702 <0.0001 

0.1452 0.0419 0.023 0.0149 0.0276    7 1373.7151 -2733.3063 208.8391 <0.0001 

0.1451 0.0422 0.0235 0.0148   0.0075  7 1372.3592 -2730.5946 211.5508 <0.0001 

0.1455  0.0233 0.0146     5 1369.797 -2729.5278 212.6176 <0.0001 

0.145 0.041       4 1368.7606 -2729.477 212.6684 <0.0001 

0.1449 0.0411 0.0234      5 1367.6847 -2725.3031 216.8422 <0.0001 

0.1451 0.042 0.0233 0.0149 0.0277  0.0075  8 1370.3265 -2724.4935 217.6519 <0.0001 

0.1453        3 1363.5139 -2721.0014 221.144 <0.0001 
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0.1455  0.0236 0.0146   0.0072  6 1366.3258 -2720.5588 221.5866 <0.0001 

0.1449 0.041 0.0232  0.0264    6 1365.5626 -2719.0324 223.113 <0.0001 

0.1452  0.0235      4 1362.199 -2716.3539 225.7915 <0.0001 
 
(b) Candidate models: long term luminance change (phase 2, bird vision) 

Intercept Background Temp Week Background: 
Temp 

Background: 
Week 

Temp: 
Week 

Back-ground: 
Temp: Week d.f. logLik AICc delta AIC weight 

0.1407 -0.0214  -0.0109  0.0736   6 705.0499 -1397.885 0.0000 0.7785 
0.1413 -0.0226 0.0095 -0.0108 -0.0223 0.0734 -0.0233 0.0494 10 707.5256 -1394.4828 3.4022 0.1421 
0.1412 -0.0216 0.0087 -0.0105  0.074 -0.0227  8 704.6526 -1392.935 4.95 0.0655 
0.141 -0.0214 0.0097 -0.0109  0.0736   7 701.8408 -1389.3944 8.4906 0.0112 
0.1412 -0.0222 0.0095 -0.0106 -0.0242 0.0741 -0.0227  9 702.3681 -1386.2722 11.6128 0.0023 
0.141 -0.022 0.0104 -0.0109 -0.024 0.0737   8 699.5415 -1382.7128 15.1722 0.0004 
0.1413        3 651.2875 -1296.5141 101.3709 <0.0001 

0.141   -0.0114     4 651.262 -1294.4223 103.4627 <0.0001 

0.1414 -0.0242       4 650.1769 -1292.252 105.633 <0.0001 

0.141 -0.024  -0.0113     5 650.1142 -1290.0754 107.8096 <0.0001 

0.1415  0.0089      4 648.0228 -1287.9438 109.9412 <0.0001 

0.1412  0.0092 -0.0114     5 648.0181 -1285.8831 112.0019 <0.0001 

0.1413  0.0084 -0.0111   -0.0211  6 648.1524 -1284.09 113.795 <0.0001 

0.1416 -0.0242 0.0089      5 646.9086 -1283.6642 114.2209 <0.0001 

0.1412 -0.024 0.0092 -0.0114     6 646.8675 -1281.5201 116.3649 <0.0001 

0.1414 -0.0242 0.0084 -0.0111   -0.0212  7 647.0365 -1279.7859 118.0992 <0.0001 

0.1416 -0.0247 0.0095  -0.0207    6 644.4523 -1276.6898 121.1952 <0.0001 

0.1412 -0.0245 0.0098 -0.0114 -0.0211    7 644.4289 -1274.5705 123.3145 <0.0001 

0.1414 -0.0247 0.009 -0.0111 -0.0213  -0.0212  8 644.6078 -1272.8455 125.0395 <0.0001 
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Table A4.6 Candidate models describing changes in crab camouflage according to fish predator (pollack) vision during phase 

1 (six-week exposure to a black or white background), (a,b) and phase 2 (four-week exposure to the alternative background), 

(c,d). Both (a) and (b) show camouflage on a black background; (c) and (d) show camouflage on a white background. 

Candidate models were determined using the Multi-Model Inference R package, MuMIN (Bartoń, 2016), those with a delta AIC 

< 2.5 were considered the most appropriate. The best models for the data are shown in bold. 

(a) Candidate models: Discrimination from a black background (phase 1, fish vision) 
Intercept Temp Week Temp: Week d.f. logLik AICc delta AIC weight 
1.0098 0.1747 -0.3516 -0.2743 6 -478.8372 969.8531 0.0000 0.4905 
1.0128  -0.3512  4 -481.0898 970.2644 0.4113 0.3993 
1.0104 0.1837 -0.3510  5 -481.3566 972.8407 2.9875 0.1101 
1.0155    3 -503.2044 1012.4596 42.6065 <0.0001 
1.0131 0.1880     4 -503.4520 1014.9888 45.1357 <0.0001 
 
(b) Candidate models: Discrimination from a white background (phase 1, fish vision) 

Intercept Temp Week Temp: Week d.f. logLik AICc delta AIC weight 
10.2161 -0.6864 -1.0159 -0.7103 6 -629.6305 1271.4537 0.0000 0.9996 
10.2151 -0.6440 -1.0151  5 -638.7915 1287.7204 16.2667 0.0003 
10.2148  -1.0155  4 -640.6796 1289.4506 17.9969 0.0001 
10.2523 -0.6503   4 -705.7915 1419.6743 148.2206 <0.0001 
10.2522       3 -707.7101 1421.4749 150.0212 <0.0001 

 
 (c) Candidate models: Discrimination from a black background (phase 2, fish vision) 

Intercept Temp Week Temp: Week d.f. logLik AICc delta AIC weight 
1.6071 0.4218 -0.8638 -0.8109 6 -215.8317 444.1250 0.0000 0.9998 
1.5962  -0.8532  4 -226.9089 462.0352 17.9102 0.0001 
1.6019 0.4578 -0.8543  5 -226.0559 462.4398 18.3147 0.0001 
1.6297    3 -261.4990 529.1278 85.0028 <0.0001 
1.6341 0.4245     4 -260.8281 529.8736 85.7486 <0.0001 
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(d) Candidate models: Discrimination from a white background (phase 2, fish vision) 
Intercept Temp Week Temp: Week d.f. logLik AICc delta AIC weight 
10.9355  -0.3947  4 -215.4865 439.1635 0.0000 0.8325 
10.9355 -0.0322 -0.3946  5 -216.1649 442.6169 3.4533 0.1481 
10.9361 -0.0332 -0.3942 -0.0376 6 -217.1368 446.6775 7.5139 0.0194 
10.9422    3 -227.4409 460.9956 21.8320 <0.0001 
10.9422 -0.0606     4 -228.0881 464.3666 25.2031 <0.0001 
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Figure A4.2 Change in crab camouflage according to an avian predator 

(peafowl vision). Camouflage is quantified using Just Noticeable Differences 

(JNDs) for individuals on a black (black points) or white (white points) 

background. Panels (a) and (b) correspond to phase 1, when individuals were 

allocated to their first background treatment for a six-week period, and panels 

(a) 

(b) 

(d) 

(c) 
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(c) and (d) correspond to phase 2, where individuals were allocated to the 

alternative background treatment (those on black were transferred to white and 

vice versa) for four weeks. Note that a negative slope corresponds to an 

improvement in background matching. The shaded area represents the 95% 

confidence interval. See Table A4.7 for parameter estimates and Table A4.8 for 

candidate models.  

Table A4.7 Parameter estimates from the minimum adequate linear mixed 

effects model describing changes in crab camouflage according to avian 

predator (peafowl) vision during phase 1 (six-week exposure to a black or white 

background), (a,b) and phase 2 (four-week exposure to the alternative 

background), (c,d). Both (a) and (b) show camouflage on a black background; 

(c) and (d) show camouflage on a white background. The ability of a predator to 

discriminate between an individual and its treatment background was 

determined using Just Noticeable Differences (JNDs), where a decline in JND 

corresponds to an increase in camouflage. Models were fitted by restricted 

maximum likelihood (REML) using the lme4 package (Bates et al., 2015). The 

Normal approximation for degrees of freedom was used to determine p-values. 

See Table A4.8 for candidate models. 

(a) Discrimination from a black background (phase 1, bird vision) 
Source Estimate SE t p 
Intercept 1.0067 0.2673 3.77 <0.001 
Temp 0.0305 0.0162 1.89 0.060 
Week -0.0288 0.0328 0.88 0.380 
Temp:Week -0.0057 0.0020 2.87 0.004 

Model formula lmer(JNDBlack ~ Temp + Week + Temp:Week + (1 | 
Unique.ID)) 

 
(b) Discrimination from a white background (phase 1, bird vision) 
Source Estimate SE t p 
Intercept 11.6652 0.4217 27.67 <0.001 
Temp -0.0238 0.0255 0.93 0.351 
Week -0.1249 0.0509 2.46 0.014 
Temp:Week -0.0101 0.0031 3.27 0.001 

Model formula lmer(JNDWhite ~ Temp + Week + Temp:Week + (1 | 
Unique.ID)) 
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(c) Discrimination from a black background (phase 2, bird vision) 
Source Estimate SE t p 
Intercept 1.1205 0.7897 1.42 0.156 
Temp 0.2235 0.0468 4.77 <0.001 
Week 0.0360 0.0852 0.42 0.672 
Temp:Week -0.0249 0.0050 4.98 <0.001 

Model formula lmer(JNDBlack ~ Temp + Week + Temp:Week + (1 | 
Unique.ID)) 

 
(d) Discrimination from a white background (phase 2, bird vision) 
Source Estimate SE t p 
Intercept 12.7087 0.2283 55.68 <0.001 
Week -0.1747 0.0246 7.10 <0.001 
Model formula lmer(JNDWhite ~ Week + (1 | Unique.ID)) 
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Table A4.8 Candidate models describing changes in crab camouflage according to avian predator (peafowl) vision during 

phase 1 (six-week exposure to a black or white background), (a,b) and phase 2 (four-week exposure to the alternative 

background), (c,d). Both (a) and (b) show camouflage on a black background; (c) and (d) show camouflage on a white 

background. Candidate models were determined using the Multi-Model Inference R package, MuMIN (Bartoń, 2016), those 

with a delta AIC < 2.5 were considered the most appropriate. The best models for the data are shown in bold. 

(a) Candidate models: Discrimination from a black background (phase 1, bird vision) 
Intercept Temp Week Temp: Week d.f. logLik AICc delta AIC weight 
1.1331 0.1978 -0.4544 -0.3214 6 -521.5542 1055.2915 0.0000 0.5858 
1.1349  -0.4550  4 -524.2209 1056.5285 1.2370 0.3156 
1.1325 0.2100 -0.4551  5 -524.3621 1058.8546 3.5631 0.0986 
1.1476    3 -552.4412 1110.9343 55.6428 <0.0001 
1.1453 0.2065     4 -552.5972 1113.2811 57.9896 <0.0001 
  
(b) Candidate models: Discrimination from a white background (phase 1, bird vision) 

Intercept Temp Week Temp: Week d.f. logLik AICc delta AIC weight 
10.5314 -0.7202 -1.1133 -0.5612 6 -677.4354 1367.0622 0.0000 0.9563 
10.5283 -0.6911 -1.1137  5 -681.8958 1373.9279 6.8657 0.0309 
10.5299  -1.1147  4 -683.7977 1375.6862 8.6240 0.0128 
10.5747 -0.7167   4 -749.9845 1508.0596 140.9974 <0.0001 
10.5766       3 -752.0024 1510.0591 142.9969 <0.0001 

 
 (c) Candidate models: Discrimination from a black background (phase 2, bird vision) 

Intercept Temp Week Temp: Week d.f. logLik AICc delta AIC weight 
1.8233 0.3602 -0.9918 -0.9425 6 -243.6650 499.7866 0.0000 0.9998 
1.8002  -0.9932  4 -254.9611 518.1372 18.3506 0.0001 
1.8110 0.3861 -0.9948  5 -254.4830 519.2903 19.5037 0.0001 
1.8345    3 -290.1312 586.3907 86.6041 <0.0001 
1.8427 0.3355     4 -289.8016 587.8182 88.0316 <0.0001 
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(d) Candidate models: Discrimination from a white background (phase 2, bird vision) 
Intercept Temp Week Temp: Week d.f. logLik AICc delta AIC weight 
11.3203  -0.4884  4 -203.8597 415.9173 0.0000 0.8050 
11.3206 0.0242 -0.4884  5 -204.3409 418.9804 3.0631 0.1741 
11.3207 0.0237 -0.4882 -0.0078 6 -205.3987 423.2174 7.3001 0.0209 
11.3372    3 -224.1839 454.4861 38.5688 <0.0001 
11.3374 0.0121     4 -224.6644 457.5268 41.6095 <0.0001 
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Figure A4.3 Examples illustrating the change in crab lightness observed with 

moulting (from one moult to the next). The moults (bottom) retain some of the 

old pigmentation and the newly moulted shore crabs (top) show dramatically 

different coloration relative to their discarded exoskeleton. (a) Crab that was 

exposed to a white background. (b) Crab that was exposed to a black 

background. 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 
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Appendix 5 

Overview of ocean acidification  

CO2 enters the ocean at the air-sea interface and, consequently, the greatest 

concentrations occur in near-surface waters (Sabine et al., 2004). As well as 

surface water CO2 concentrations being high, they are also highly variable. 

Seasonal phytoplankton blooms in temperate regions cause dramatic 

reductions in CO2 in just a few weeks, as it is used in photosynthesis 

(Takahashi et al., 1993). At depth, anthropogenic CO2 is unevenly distributed 

throughout the world’s oceans, present in greater concentrations in the north 

Atlantic, where deep water formation brings surface CO2 to the deep sea 

(Sabine et al., 2004). In intertidal regions, the prevalence of macroalgae can 

vary seasonally, affecting CO2 concentrations in intertidal pools. In addition, the 

amount of dissolved CO2 varies with time of day and tidal state as algae 

continue to photosynthesise and respire when rockpools are isolated from the 

sea at large (Morris and Taylor, 1983). CO2, when dissolved in water, forms a 

weak acid – the resulting decline in pH and its impact on the carbonate system 

is known as ocean acidification (Caldeira and Wickett, 2003, 2005). Oceans are 

able to buffer these changes in acidity, but their buffer capacity is set by rock 

weathering, which occurs over millennia; much too slow to counter 

anthropogenic CO2 input. Weak acids and bases affect ocean pH on timescales 

of decades to centuries. The capacity of seawater to buffer additional CO2 is 

dependent on both dissolved inorganic carbon (DIC) and total alkalinity (Revelle 

and Suesse, 1957). Buffer capacity is lowest in tropical and subtropical seas 

(Sabine et al., 2004) and is in decline in North Atlantic waters (Thomas et al., 

2007; Bates et al., 2012).  

 
 
 
 
 
 
 
 
 
 
 

(b) 
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Table A5.1 Candidate models describing changes in crab luminance during phase 1 of the experiment (5-week exposure to 

either a black or white background). (a) Corresponds to luminance change according to fish (pollack) vision and (b) 

corresponds to luminance change according to bird (peafowl) vision. Candidate models were determined using the Multi-

Model Inference R package, MuMIN (Bartoń, 2016), those with a delta AIC < 2.5 were considered the most appropriate. The 

full model from which candidate models were determined contained the following fixed effects and all associated interactions: 

temperature, CO2, background and time, and ID as a random effect. A total of 167 models were generated and the top 10 are 

presented here. The best model for the data is shown in bold. 

(a) Luminance change (phase 1, fish vision) 
Intercept Background Temp Time Background: 

Temp 
Background: 

Time 
Temp: 
Time 

Background: 
Temp: Time d.f. logLik AICc delta 

AIC weight 

0.1007 0.0338  0.0696  0.0889   6 1159.3655 -2306.6302 0.0000 0.9394 
0.1007 0.0338 0.0077 0.0695  0.0890 0.0257  8 1158.4396 -2300.7059 5.9243 0.0486 
0.1007 0.0338 0.0075 0.0696  0.0889   7 1155.8946 -2297.6545 8.9757 0.0106 
0.1007 0.0338 0.0078 0.0695 0.0156 0.0889 0.0256  9 1155.6976 -2293.1783 13.4519 0.0011 
0.1007 0.0339 0.0076 0.0696 0.0163 0.0889   8 1153.2043 -2290.2353 16.3949 0.0003 
0.1015 0.0338  0.0696  0.0889   8 1151.7065 -2287.2397 19.3905 0.0001 
0.1007 0.0338 0.0077 0.0695 0.0157 0.0889 0.0256 0.0149 10 1152.9128 -2285.5601 21.0701 <0.0001 
0.1014 0.0338 0.0077 0.0695  0.0890 0.0257  10 1150.7828 -2281.3002 25.3300 <0.0001 
0.1015 0.0338 0.0075 0.0696  0.0889   9 1148.2364 -2278.2559 28.3743 <0.0001 
0.1015 0.0338 0.0078 0.0695 0.0155 0.0889 0.0256   11 1148.0388 -2273.7588 32.8714 <0.0001 
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(b) Luminance change (phase 1, bird vision) 

Intercept Background Temp Time Background: 
Temp 

Background: 
Time 

Temp: 
Time 

Background: 
Temp: Time d.f. logLik AICc delta AIC weight 

0.1122 0.0417  0.0781  0.1095   6 1068.6135 -2125.1261 0.0000 0.9391 
0.1122 0.0417 0.0084 0.0780  0.1095 0.0279  8 1067.6698 -2119.1663 5.9597 0.0477 
0.1123 0.0417 0.0082 0.0781  0.1094   7 1065.2325 -2116.3303 8.7957 0.0116 
0.1122 0.0417 0.0085 0.0780 0.0171 0.1095 0.0278  9 1065.0222 -2111.8276 13.2985 0.0012 
0.1123 0.0418 0.0083 0.0781 0.0179 0.1094   8 1062.6310 -2109.0888 16.0373 0.0003 
0.1128 0.0417  0.0781  0.1095   8 1061.2363 -2106.2993 18.8268 0.0001 
0.1122 0.0417 0.0085 0.0780 0.0172 0.1094 0.0278 0.0103 10 1061.9980 -2103.7306 21.3955 <0.0001 
0.1128 0.0417 0.0084 0.0780  0.1095 0.0279  10 1060.2948 -2100.3242 24.8018 <0.0001 
0.1129 0.0417 0.0082 0.0781  0.1095   9 1057.8565 -2097.4961 27.6300 <0.0001 
0.1128 0.0417 0.0085 0.0780 0.0171 0.1095 0.0278   11 1057.6461 -2092.9734 32.1526 <0.0001 
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Table A5.2 Candidate models describing changes in crab luminance during phase 2 of the experiment (5 weeks on the 

alternative background treatment – those initially on black were transferred to white and vice versa). (a) Corresponds to 

luminance change according to fish (pollack) vision and (b) corresponds to luminance change according to bird (peafowl) 

vision. Candidate models were determined using the Multi-Model Inference R package, MuMIN (Bartoń, 2016), those with a 

delta AIC < 2.5 were considered the most appropriate. The full model from which candidate models were determined 

contained the following fixed effects and all associated interactions: temperature, CO2, background and time, and ID as a 

random effect. A total of 167 models were generated and the top 10 are presented here. The best model for the data is shown 

in bold. 

(a) Luminance change (phase 2, fish vision) 
Intercept Background Temp Time Background: 

Temp 
Background: 

Time 
Temp: 
Time 

Background: 
Temp: Time d.f. logLik AICc delta AIC weight 

0.1337 0.0073  -0.0107  0.1285   6 1029.2991 -2046.4905 0.0000 0.9871 
0.1336 0.0073 0.0066 -0.0107  0.1285   7 1025.8900 -2037.6362 8.8543 0.0118 
0.1337 0.0074 0.0065 -0.0107 -0.0275 0.1285   8 1023.7721 -2031.3590 15.1315 0.0005 
0.1336 0.0073 0.0065 -0.0107  0.1285 -0.0129  8 1023.4299 -2030.6747 15.8158 0.0004 
0.1310 0.0075  -0.0107  0.1285   8 1022.8720 -2029.5589 16.9316 0.0002 
0.1336 0.0075 0.0063 -0.0107 -0.0272 0.1284 -0.0128  9 1021.2952 -2024.3588 22.1317 <0.0001 
0.1309 0.0075 0.0065 -0.0107  0.1285   9 1019.4560 -2020.6803 25.8101 <0.0001 
0.1336 0.0075 0.0063 -0.0107 -0.0271 0.1284 -0.0128 0.0050 10 1018.0510 -2015.8185 30.6720 <0.0001 
0.1310 0.0076  -0.0084  0.1287   10 1017.6783 -2015.0731 31.4173 <0.0001 
0.1309 0.0178   -0.0107   0.1285     10 1017.6087 -2014.9339 31.5566 <0.0001 
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(a) Luminance change (phase 2, bird vision) 

Intercept Background Temp Time Background: 
Temp 

Background: 
Time 

Temp: 
Time 

Background: 
Temp: Time d.f. logLik AICc delta AIC weight 

0.1484 0.0095  -0.0121  0.1616   6 898.1254 -1784.1428 0.0000 0.9840 
0.1483 0.0094 0.0093 -0.0120  0.1616   7 894.9476 -1775.7511 8.3917 0.0148 
0.1484 0.0096 0.0091 -0.0120 -0.0287 0.1615   8 892.8304 -1769.4752 14.6676 0.0006 
0.1483 0.0094 0.0091 -0.0121  0.1615 -0.0117  8 892.0212 -1767.8569 16.2859 0.0003 
0.1448 0.0097  -0.0120  0.1616   8 891.9764 -1767.7672 16.3755 0.0003 
0.1484 0.0096 0.0089 -0.0120 -0.0285 0.1615 -0.0116  9 889.8927 -1761.5532 22.5896 <0.0001 
0.1448 0.0096 0.0091 -0.0120  0.1616   9 888.7899 -1759.3476 24.7952 <0.0001 
0.1448 0.0227  -0.0120  0.1616   10 887.0443 -1753.8044 30.3384 <0.0001 
0.1448 0.0098  -0.0110  0.1619   10 886.8653 -1753.4463 30.6965 <0.0001 
0.1484 0.0096 0.0089 -0.0120 -0.0284 0.1615 -0.0116 0.0042 10 886.7909 -1753.2976 30.8452 <0.0001 
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Table A5.3 Candidate models describing how the total change in crab luminance varies with initial background match during 

phase 1 of the experiment (5 weeks on either a black or a white background). Both camouflage (expressed as JNDs) and delta 

luminance correspond to bird (peafowl) vision. Candidate models were determined using the Multi-Model Inference R 

package, MuMIN (Bartoń, 2016), those with a delta AIC < 2.5 were considered the most appropriate. The full model from 

which candidate models were determined contained the following fixed effects and all associated interactions: temperature, 

CO2, background and JND. A total of 167 models were generated and the top 10 are presented here. The best model for the 

data is shown in bold. 

Intercept Background Temp JND 
Background: 

Temp 
Background: 

JND 
Temp: 
JND d.f. logLik AICc delta AIC weight 

0.0851 0.1297 0.0294     4 169.8389 -331.4453 0.0000 0.1795 
0.1762 0.2768 0.0324 -0.1443  -0.3730  6 171.7222 -330.9503 0.4950 0.1402 
0.0851 0.1297 0.0294  0.0179   5 170.0458 -329.7407 1.7046 0.0766 
0.1781 0.2834 0.0324 -0.1512  -0.3809 0.0229 7 172.0632 -329.4636 1.9817 0.0667 
0.0851 0.1470 0.0293 -0.0178    5 169.8719 -329.3928 2.0525 0.0643 
0.1779 0.2853 0.0324 -0.1529 0.0216 -0.3802  7 172.0247 -329.3868 2.0586 0.0641 
0.0851 0.1298      3 167.6352 -329.1316 2.3137 0.0565 
0.0852 0.1505 0.0292 -0.0216   0.0202 6 170.1326 -327.7712 3.6742 0.0286 
0.1636 0.2665  -0.1345  -0.3213  5 169.0517 -327.7526 3.6928 0.0283 
0.0886 0.1295 0.0296         6 170.1185 -327.7429 3.7025 0.0282 
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Table A5.4 Candidate models describing changes in crab camouflage during phase 1 of the experiment (5-week exposure to 

either a black or white background). (a) Corresponds to luminance change according to fish (pollack) vision and (b) 

corresponds to luminance change according to bird (peafowl) vision. Candidate models were determined using the Multi-

Model Inference R package, MuMIN (Bartoń, 2016), those with a delta AIC < 2.5 were considered the most appropriate. The 

full model from which candidate models were determined contained the following fixed effects and all associated interactions: 

temperature, CO2, background and time, and ID as a random effect. A total of 167 models were generated and the top 10 are 

presented here. The best model for the data is shown in bold. 

(a) Camouflage (phase 1, fish vision) 
Intercept Background Temp Time Background: 

Temp 
Background: 

Time 
Temp: 
Time 

Background: 
Temp: Time d.f. logLik AICc delta AIC weight 

4.0167 5.0545 -0.1569 -0.9086 -0.2980 -2.7434 -0.1508 -1.0044 10 -1329.6669 2679.5991 0.0000 0.6986 
4.0163 5.0517  -0.9090  -2.7472   6 -1335.1200 2682.3408 2.7417 0.1774 
4.0159 5.0518 -0.1610 -0.9086  -2.7471   7 -1335.5192 2685.1731 5.5740 0.0430 
4.0160 5.0511 -0.1627 -0.9085 -0.2945 -2.7463   8 -1335.3229 2686.8190 7.2199 0.0189 
4.0684 5.0546 -0.1568 -0.9091 -0.2975 -2.7431 -0.1509 -1.0037 12 -1331.2531 2686.8835 7.2844 0.0183 
4.0696 5.0539 0.1760 -0.9090 -0.2952 -2.7470 -0.1531 -1.0000 14 -1329.4839 2687.4769 7.8778 0.0136 
4.0164 5.0520 -0.1621 -0.9081  -2.7475 -0.1560  8 -1335.9459 2688.0652 8.4660 0.0101 
4.0682 5.0518  -0.9095  -2.7469   8 -1336.6914 2689.5562 9.9570 0.0048 
4.0165 5.0512 -0.1639 -0.9080 -0.2902 -2.7467 -0.1542  9 -1335.7639 2689.7447 10.1456 0.0044 
4.0692 5.0269 0.1724 -0.9072 -0.7805 -2.7471 -0.1538 -0.9971 18 -1327.2482 2691.3296 11.7305 0.0020 

 
 
 
 
 
 
 
 



 

 217 

(b) Camouflage (phase 1, bird vision) 

Intercept Background Temp Time Background: 
Temp 

Background: 
Time 

Temp: 
Time 

Background: 
Temp: Time d.f. logLik AICc delta AIC weight 

4.4210 5.4848 -0.1750 -1.1200 -0.3327 -3.0833 -0.1123 -1.1076 10 -1430.4513 2881.1679 0.0000 0.6566 
4.4208 5.4818  -1.1202  -3.0877   6 -1435.8187 2883.7383 2.5704 0.1816 
4.4204 5.4820 -0.1798 -1.1198  -3.0876   7 -1436.1132 2886.3609 5.1930 0.0489 
4.4879 5.4849 -0.1750 -1.1206 -0.3319 -3.0830 -0.1124 -1.1061 12 -1431.6851 2887.7476 6.5796 0.0245 
4.4204 5.4811 -0.1819 -1.1197 -0.3270 -3.0867   8 -1435.8097 2887.7926 6.6247 0.0239 
4.4891 5.4841 0.1839 -1.1205 -0.3295 -3.0872 -0.1146 -1.1024 14 -1429.8063 2888.1216 6.9537 0.0203 
4.4208 5.4820 -0.1808 -1.1194  -3.0879 -0.1180  8 -1436.7631 2889.6995 8.5316 0.0092 
4.4878 5.4819  -1.1208  -3.0873   8 -1437.0318 2890.2369 9.0690 0.0070 
4.4887 5.4581 0.1792 -1.1184 -0.9473 -3.0874 -0.1155 -1.0988 18 -1426.7214 2890.2759 9.1079 0.0069 
4.4208 5.4812 -0.1827 -1.1194 -0.3238 -3.0870 -0.1161  9 -1436.4685 2891.1539 9.9859 0.0045 
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Table A5.5 Candidate models describing changes in crab camouflage during phase 2 of the experiment (5 weeks on the 

alternative background treatment – those initially on black were transferred to white and vice versa). (a) Corresponds to 

luminance change according to fish (pollack) vision and (b) corresponds to luminance change according to bird (peafowl) 

vision. Candidate models were determined using the Multi-Model Inference R package, MuMIN (Bartoń, 2016), those with a 

delta AIC < 2.5 were considered the most appropriate. The full model from which candidate models were determined 

contained the following fixed effects and all associated interactions: temperature, CO2, background and time, and ID as a 

random effect. A total of 167 models were generated and the top 10 are presented here. The best model for the data is shown 

in bold. 

(a) Camouflage (phase 2, fish vision) 
Intercept Background Temp Time Background: 

Temp 
Background: 

Time d.f. logLik AICc delta AIC weight 

4.2068 3.7262  -1.2756  0.4065 6 -1309.3780 2630.8637 0.0000 0.2588 
4.2050 3.7235 0.2681 -1.2752  0.4060 7 -1309.2236 2632.5910 1.7273 0.1091 
4.1168 3.8606 -0.2831 -1.2734 -0.8562 0.4090 16 -1300.0443 2632.7952 1.9315 0.0985 
4.1124 3.7054 -0.2833 -1.2750  0.4109 11 -1305.2589 2632.8585 1.9948 0.0955 
4.2056 3.7255 0.2663 -1.2751 -0.2704 0.4056 8 -1308.9452 2634.0756 3.2119 0.0519 
4.1138 3.7074 -0.2823 -1.2749 -0.2446 0.4105 12 -1305.0259 2634.4550 3.5913 0.0430 
4.2091 3.7221  -1.2736   5 -1312.2302 2634.5372 3.6735 0.0412 
4.1117 3.8572 -0.2869 -1.2753  0.4097 13 -1304.1351 2634.7411 3.8774 0.0372 
4.2073 3.7194 0.2697 -1.2731   6 -1312.0659 2636.2395 5.3758 0.0176 
4.1110 3.7297  -1.2754  0.4069 8 -1310.0765 2636.3381 5.4744 0.0168 
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(b) Camouflage (phase 2, bird vision) 

Intercept Background Temp Time Background: 
Temp 

Background: 
Time 

Temp: 
Time d.f. logLik AICc delta AIC weight 

4.5489 4.2002 -0.3061 -1.6028 -1.1376 0.4522  16 -1425.6120 2883.9323 0.0000 0.2258 
4.6650 4.0291  -1.6059  0.4485  6 -1436.5029 2885.1138 1.1816 0.1250 
4.5430 4.0049 -0.3068 -1.6051  0.4548  11 -1431.8750 2886.0915 2.1592 0.0767 
4.6630 4.0264 0.2872 -1.6054  0.4482  7 -1436.3145 2886.7731 2.8408 0.0545 
4.5519 4.1995 -0.2989 -1.6006 -1.1464   15 -1428.1670 2886.9581 3.0259 0.0497 
4.5450 4.0075 -0.3054 -1.6050 -0.3317 0.4542  12 -1431.4297 2887.2635 3.3312 0.0427 
4.5422 4.1957 -0.3114 -1.6055  0.4532  13 -1430.4864 2887.4449 3.5126 0.0390 
4.5486 4.2011 -0.3062 -1.6029 -1.1361 0.4518 -0.0579 17 -1426.3896 2887.5770 3.6448 0.0365 
4.6639 4.0290 0.2847 -1.6053 -0.3641 0.4476  8 -1435.8172 2887.8200 3.8877 0.0323 
4.6674 4.0245  -1.6037    5 -1439.0050 2888.0870 4.1547 0.0283 
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Appendix 6 

Table A6.1 Parameter estimates from the minimum adequate model describing 

the short-term (3-hour) changes in juvenile lobster luminance (lightness 

according to pollack vision) for individuals allocated to a black or white 

background. Linear mixed models were fitted by restricted maximum likelihood 

(REML) using the lme4 package (Bates et al., 2015). The Kenward-Roger 

approximation for degrees of freedom was used to determine p-values. Lobster 

ID and length were included as random effects. 

Luminance change: short-term 
Source Estimate SE d.f. t p 
Intercept 0.0809 0.0040 42 20.46 <0.001 
Model formula lmer(JND ~ Time + (1 | ID) + (1 | Length)) 

 

 

Figure A6.1 Lobster luminance (lightness as perceived by pollack) observed 

over 3 hours on a black (dark boxes/points) or white (light boxes/points) 

background. Central lines are medians, boxes are interquartile ranges and 

whiskers are 95% quartiles. There is no significant change observed over this 

time period. Model parameters are described in Table A6.1. 
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Table A6.2 Mean change in lobster camouflage according to pollack vision 

observed over the medium term. Camouflage is expressed in Just Noticeable 

Differences (JNDs), a measure of discrimination according to predator (pollack) 

vision, where a decrease in JND corresponds to an increase in camouflage. 

Both (a) and (b) show the mean JND for individuals placed on their first 

background: (a) white, (b) black; and (c) and (d) show the mean JND for 

individuals placed on the alternative background treatment: (c) white, (d) black. 

(a) Mean JND: white background (initial)  
Time (days) N Mean JND SD SE 
0 20 12.25 0.81 0.18 
17 20 13.92 0.60 0.13 
 
(b) Mean JND: black background (initial) 
Time (days) N Mean JND SD SE 
0 20 2.93 0.61 0.14 
17 20 1.04 0.39 0.09 
 
(c) Mean JND: white background (plastic) 
Time (days) N Mean JND SD SE 
0 20 14.22 0.39 0.09 
18 18 13.91 0.39 0.09 
 
(d) Mean JND: black background (plastic) 
Time (days) N Mean JND SD SE 
0 20 1.33 0.60 0.13 
18 18 1.23 0.39 0.09 
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