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ABSTRACT 

Thesis author: Daniel Kit Maskrey 

Thesis title: The behavioural, metabolic and proteomic effects of temperature stress on bold 

and shy beadlet anemones (Actinia equina) 

Environmental change caused by human activity is an ever-increasing threat to global 

biodiversity. A key determinant of the survival of animal populations under climate change is 

intraspecific phenotypic variation. This variation occurs at multiple levels, including 

between-individual differences in behavioural phenotypes (personalities), varied metabolic 

rates, and contrasting patterns of proteomic expression. Furthermore, an animal’s behavioural 

phenotype is split into two levels of its own, such that individuals vary consistently both in 

their mean level behaviours, and in the residual variation, or unpredictability, that they show 

around those means. Studies indicate that these different phenotypic levels could often be 

associated with one another: unpredictability may be constrained, or act as a constraint on, 

mean level personality; metabolic rate could be positively or negatively correlated with an 

animal’s propensity to take risks, termed their boldness; and proteomic expression under 

stress may differ between personality-types. All of these phenotypic levels provide important 

mechanisms for animals to mitigate against or cope with climate change, but few 

investigations have yet explored the relationships between them in the context of phenotypic 

flexibility during environmental shifts, termed plasticity. In this thesis, I explore how acute 

thermal perturbation, which is predicted to increase in frequency under continued climate 

change, affects the relationships between behavioural, metabolic, and proteomic phenotypes. 

Using the beadlet anemone (Actinia equina), a common intertidal species living in a 

thermally heterogeneous environment, I examine plasticity in two boldness-related 

behaviours: startle response-time (SRT), defined as the time it takes an anemone to re-extend 

its tentacles after a threatening stimulus; and immersion response-time (IRT), defined as the 

time to re-extend tentacles after simulated tidal immersion. In my first and second data 

chapters, I show that both behaviours exhibit between-individual variation in temperature-

driven plasticity at the mean level, and that this extends to the level of unpredictability for 

IRT. I also show behaviour-dependent associations between temperature-driven behavioural 

plasticity, genotypic differences, and environmental history. In my third and fourth data 

chapters, I expand my investigations of each behaviour to encompass temperature-driven 

plasticity at other phenotypic levels. I find directionally unexpected associations between IRT 
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and metabolic rate, and clear relationships between proteomic expression under thermal stress 

and SRT. The data presented here provide strong evidence for multi-level associations in 

temperature-driven phenotypic plasticity, and indicate that several strategies for dealing with 

thermal perturbation exist in A. equina. They advocate taking account of physiological and 

molecular correlates when investigating behavioural plasticity in a changing climate, and 

suggest that some individuals living in intertidal populations are likely to be more at risk 

from climate change-induced mortality than others. Overall, this thesis reveals the remarkable 

complexity of intraspecific variation in phenotypic plasticity, and drives home the need for 

ecologists and conservationists to consider this variation when assessing organismal 

vulnerability to climate change. 
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GLOSSARY OF TERMS 

 

Term Definition 

Personality Consistent differences between individuals in their behaviour across both time and context 

(Sih et al., 2004). 

Behavioural Plasticity The alteration of an animal’s behavioural phenotype in response to environmental change 

(Snell-Rood, 2013). 

Behavioural 

Unpredictability 

Unexplained behavioural variation within individuals (Stamps et al., 2012). 

Boldness An animal’s propensity to take risks. Bold animals show riskier behaviour than shy animals 

(Beckmann & Biro, 2013). 

Startle Response-Time 

(SRT) 

A boldness-related behaviour in Actinia equina, measuring the re-emergence of feeding 

tentacles after a disturbance (Briffa & Greenaway, 2011). 

Immersion Response-Time 

(IRT) 

A boldness-related behaviour in Actinia equina, measuring the re-emergence of feeding 

tentacles after a simulated tidal emersion-immersion cycle (Maskrey et al., 2020) 

Pace of Life Syndrome 

Hypothesis (POLS) 

Posits that “fast” behavioural traits, such as being bolder or more exploratory, should be 

correlated with “fast” physiological and life-history traits, such as increased metabolic rate 

and faster growth (Réale et al., 2010) 

Routine Metabolic Rate 

(RMR) 

The metabolic rate of an animal during normal activity (Metcalfe et al., 2016). 

Intermittent-Flow 

Respirometry 

A method of measuring the oxygen consumption of animals by flushing respirometers to 

replenish oxygen concentration after a set time-period. Intermittent-flow respirometers allow 

researchers to easily take multiple repeated measures of metabolic rate (Svendsen et al., 

2016). 

Proteome All of the proteins an animal is expressing at a given time (Tomanek, 2011). 

Proteomic Profile The degree of expression of different proteins across an animal’s proteome (Nieto-Barajas et 

al., 2012). 

Protein Functional 

Grouping 

Proteins that play roles in the same, or similar, molecular pathways, cellular functions, or 

complex cellular structures (Nieto-Barajas et al., 2012). 

Ribosome Organelle, made of multiple protein components which themselves form subunits, whose 

primary function is to facilitate the translation of mRNA to protein (Moore & Steitz, 2002). 

Spliceosome A dynamic protein complex, found in the cellular nucleus, whose primary role is to alter 

transcribed mRNA molecules before they reach the ribosome (Matera & Wang, 2014). 

Proteasome A multi-functional protein complex, whose primary function is in degrading damaged or 

unnecessary proteins (Sorokin et al., 2009). 

Heat Shock Protein (HSP) A family of molecular chaperone proteins known for their role in facilitating cellular stress 

resistance (Bowler, 2005). 
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A NOTE ON THE TEXT 

Chapters 2-5 were written as manuscripts for publication in scientific journals and share a 

common theme of exploring behavioural and physiological stress responses in A. equina. 

They have been minorly adapted for this text but remain largely as they were originally 

written. As such, some repetition exists between these chapters, particularly in introductory 

and methodological sections. 
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1.1 BETWEEN-INDIVIDUAL BEHAVIOURAL DIFFERENCES 

The world is host to a vast array of biodiversity, exhibiting a diverse spectrum of phenotypes 

across an assortment of animal taxa. Natural selection is a key driver of phenotypic variation 

and is thus crucial to both maintaining and controlling phenotypic diversity (Murray, 1972). 

The maintenance of diversity by selection occurs at both interspecific and intraspecific levels, 

leading to variation within species in a range of ecologically relevant phenotypic traits 

(Bolnick et al., 2003). In the last 20 years, animal behaviour has come to the forefront of 

ecological research as one such trait.      

1.1.1 Overview 

Animals within the same species do not behave uniformly. This lack of uniformity is not 

random, and individuals show consistency in how they behave across both time and context 

(Sih et al., 2004). In turn, intraspecific variation in a given behaviour shows stability in both 

direction and magnitude, such that different individuals display distinct behavioural types 

(Bell, 2007). The reasons for this have long puzzled ecologists, as the rigid behavioural types 

exhibited across the spectrum of a population may not all be adaptively optimal (Wolf & 

McNamara, 2012; Wolf & Weissing, 2012). In an evolutionarily costless system, the best 

strategy for a population should be to show complete behavioural flexibility in the face of 

environmental challenge (Dall et al., 2004). In this way, behaviours could remain at selective 

peaks and mitigate against the detrimental effects of environmental perturbation on less 

flexible areas of an animal’s phenotype (West-Eberhard, 1989). However, work on other 

traits has long indicated that phenotypic flexibility comes with its own set of selective costs 

(Dewitt et al., 1998; Scheiner, 1993). As such, animals must trade off the reduced short-term 

demands of a more rigid phenotype with the ability to rapidly adapt to environmental shifts 

(Dall et al., 2012; Dingemanse & Wolf, 2013). Complex patterns thus arise, whereby 

individuals are consistent in their behaviours (personality; Bell et al., 2009), vary in the scope 

and direction of their behavioural flexibility (plasticity; Dingemanse et al., 2010; Martin et 

al., 2011), and vary on an individual basis in the degree to which their behaviours are 

consistent (unpredictability; Biro & Adriaenssens, 2013; Stamps et al., 2012).  
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1.1.2. Personality 

Animal personality is defined as consistent differences between individuals in their behaviour 

across both time and context (Dall et al., 2004; Sih et al., 2004). To elucidate the strength of 

personality variation in a given population, repeated behavioural measurements are taken 

from multiple individuals and the proportion of the variance that is explained by individual 

differences is determined (Dohm, 2003; Wilson, 2018). Personality is likely to be present 

across much of the animal kingdom (Bell et al., 2009), and significant levels of between-

individual behavioural variation have now been documented in many taxa including in 

mammals (Debeffe et al., 2015; Ferrari et al., 2013; Seyfarth et al., 2012), birds (Harris et al., 

2020; Nicolaus et al., 2012; Williams et al., 2012) and fish (Killen et al., 2012; Kniel & 

Godin, 2019; Mitchell et al., 2016). Evidence has more recently also extended to 

invertebrates (reviewed in: Kralj-Fišer & Schuett, 2014) such as crustaceans (Belgrad et al., 

2017; Bridger et al., 2015), arachnids (Chang et al., 2017; Kralj-Fišer & Schneider, 2012), 

and cnidarians (Briffa & Greenaway, 2011; Collins et al., 2017).  

In measuring between-individual behavioural variation, researchers have described specific 

types of behavioural response which can be observed across taxa (Carter et al., 2013). These 

include aggression (Kilgour et al., 2018), exploration (Le Galliard et al., 2013), activity and 

foraging (Patrick & Weimerskirch, 2014), and, most widely studied, boldness (Ballew et al., 

2017; He et al., 2017; Lane & Briffa, 2017). Boldness is most commonly defined as an 

individual’s propensity to take risks (Carter et al., 2013), but the most effective method of 

measuring this trait, and whether single behaviours can really encompass “risk-taking”, is not 

always clear (Beckmann & Biro, 2013). As such, researchers often seek to place animals on a 

“boldness-shyness” axis, where boldness can be defined by multiple correlated behavioural 

traits (e.g. Carter & Feeney, 2012; Maskrey et al., 2018; White et al., 2016). Boldness is a 

relevant trait on which to focus when investigating the selective implications of personality as 

it should represent an obvious trade-off whereby bolder animals forage, explore and 

reproduce more efficiently than shy animals, but are also at increased risk of mortality via 

predation, competitive interactions, and pathogens or parasites (Réale et al., 2010). Not all 

evidence supports this hypothesis. For example, in crustaceans, shy rockpool prawns 

(Palaemon elegans) forage more effectively (Maskrey et al., 2018) and shy shore crabs 

(Carcinus maenas) exhibit higher body condition (Fürtbauer, 2015) than bold individuals. 

Meanwhile, in guppies (Poecilia reticulata), bold individuals may experience higher survival 

under the threat of predation than shy individuals (Smith & Blumstein, 2010). Nonetheless, 
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meta-analyses suggest that, in general, animals do face a trade-off between short-term life-

history benefits and long-term survival that is related to their boldness (Royauté et al., 2018; 

Smith & Blumstein, 2008). This trade-off becomes particularly significant in the face of 

environmental change, as greater boldness is often (but not always, see: Biro et al., 2013; 

Thomson et al., 2012) associated with more limited behavioural plasticity (Coppens et al., 

2010; Geffroy et al., 2020; Mathot et al., 2012; e.g. Jolles et al., 2019; Kareklas et al., 2016; 

Ólafsdóttir & Magellan, 2016), which could have important implications for survival (Killen 

et al., 2016). 

1.1.3. Plasticity 

Behavioural plasticity, where an individual alters its behaviour either temporarily or 

permanently in response to environmental change (Snell-Rood, 2013), was initially a 

particular stumbling block in developing evolutionary theories of personality (Adriaenssens 

& Johnsson, 2013). This was because behaviour was long-viewed as being almost completely 

plastic and thus unlikely to be under any strong directional selection (West-Eberhard, 1989). 

However, data has increasingly pointed to variation in both the scope and direction of plastic 

responses between individuals (Ghalambor et al., 2010; Stamps & Biro, 2016). As evidence 

has also mounted that the heritability of personality is largely analogous to that of other labile 

phenotypic traits (Dochtermann et al., 2014, 2019; Prentice et al., 2020; Van Oers et al., 

2005), it has become clear that the plasticity of behaviour is likely to be selectively 

constrained (Snell-Rood, 2013). As such, between-individual variation in behavioural 

plasticity may be driven by a trade-off. In spatially and temporally heterogeneous 

environments, a wider range of behavioural phenotypes (Mouchet et al., 2021) displaying 

greater behavioural plasticity (Dingemanse & Wolf, 2013) is likely to be selectively 

beneficial (Scheiner, 2013). In homogeneous environments, meanwhile, the costs of 

maintaining behavioural plasticity, such as displaying adaptively detrimental variation around 

a steady phenotypic optimum (Auld et al., 2010; Nakagawa et al., 2007), could make it 

selectively damaging (Dall et al., 2004). Variation between individuals in their plastic 

behavioural responses has thus come to the fore as a potential driver of fitness outcomes.  

Appropriate behavioural responses to environmental shifts can be of great adaptive value to 

an individual (Abram et al., 2017; Dingemanse & Wolf, 2013; Mery & Burns, 2010); in 

American pikas (Ochotona princeps), individuals that are more plastic under thermal 

perturbation experience less stress and collect more food (Hall & Chalfoun, 2019). 
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Furthermore, in a range of birds, species that exhibit higher levels of behavioural plasticity in 

the face of environmental shifts are at lower risk of extinction than those that are more rigid 

(Ducatez et al., 2020). The scope for this adaptively beneficial “activational” behavioural 

plasticity, defined as a short-term, reversible behavioural response driven by acute 

environmental perturbation (Snell-Rood, 2013), is often intertwined with an individual’s 

personality. For example, in black finger crabs (Ozius truncates), individuals that are bolder 

at high temperatures show more behavioural change when exposed to lower temperatures 

than individuals that are shyer (Biro et al., 2013). Conversely, in blue tits (Cyanistes 

caeruleus), shyer birds show greater reductions in feeding rates when exposed to high 

temperatures than bolder birds (Herborn et al., 2014). Behavioural consistency within a given 

environment and plastic responses to environmental perturbation are thus associated in what 

is commonly referred to as a behavioural reaction-norm (Dingemanse et al., 2010). Reaction-

norms lead animals to exhibit a range of behavioural strategies for dealing with 

environmental challenge which can vary in their selective value (Abram et al., 2017; 

Adriaenssens & Johnsson, 2013; Hall & Chalfoun, 2019; Mery & Burns, 2010). Figure 1.1 

visualises how different reaction-norm scenarios can constrain different aspects of behaviour.  

 

Figure 1.1. Five reaction-norm scenarios, where an animal’s reaction-norm is represented by the intercepts 

(personality) and slopes (plasticity) of their behaviour across two environmental scenarios. In panel (a) Plasticity 

is present, but all individuals show the same personality within environments and the same plastic response 

across environments. In panel (b) individuals show personality variation, but no plasticity is present, so 

intercepts in both environments remain the same. In panel (c) individuals show personality variation and 

plasticity, but the plastic response is identical in all individuals. In panel (d) individuals show variation in both 

their personality and their plasticity, and the slope of their behavioural response is positively correlated with 

their behaviour in the first environment. In panel (e) individuals show variation in both their personality and 

their plasticity, but there is no correlation between their behaviour in the first environment and the slope of their 

behavioural response. From Dingemanse et al., 2010, published with permission of the copyright-holder. 
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1.1.4. Unpredictability 

Reaction-norms are further complicated by residual (unexplained) within-individual 

behavioural variation, defined in this thesis as unpredictability (as described in: Stamps et al., 

2012) but also often termed predictability (as described in: Biro & Adriaenssens, 2013). 

Recent advances in modelling methodologies (Cleasby et al., 2015; Lee & Nelder, 2006; 

Westneat et al., 2015) have determined that individuals not only differ in mean level 

behaviour, but also in the amount of variance they show around behavioural means (their 

unpredictability; Figure 1.2). Between-individual variation in unpredictability is increasingly 

well-documented across a range of behavioural traits in species including rescue dogs (Canis 

lupus familiaris; Goold & Newberry, 2017), guppies (P. reticulata; Mitchell et al., 2016; 

Prentice et al., 2020), and jumping spiders (Cosmophasis umbratica; Chang et al., 2017). 

Individual differences in unpredictability, alongside the question of why they might persist, 

are thus important to address when investigating intra-species behavioural variation. 

One mechanism by which unpredictability might be maintained could be through direct 

selection, with individuals using unpredictable behaviour as a predator mitigation strategy to 

reduce their risk of mortality (Briffa, 2013; Martin et al., 2017). Alternatively, 

unpredictability could be under indirect selection via associations with other behavioural 

traits. Unpredictable behaviour might, for example, be associated with mean level 

activational plasticity (Westneat et al., 2015) and thus affect an individual’s ability to rapidly 

adapt to environmental change. Associations between mean level behavioural traits and 

unpredictably are increasingly evident in the literature. For example, more docile yellow-

bellied marmots (Marmota flaviventris) show lower unpredictability in their docility than less 

docile animals (Martin et al., 2017), and bolder sticklebacks (Gasterosteus aculeatus) are not 

as unpredictable in their risk-taking as their shyer counterparts (Jolles et al., 2019). If 

unpredictability is in fact under both direct and indirect selection, it is possible that it could 

be constrained by, and act as a constraint on, other personality traits (Biro & Adriaenssens, 

2013; Chang et al., 2017; Okuyama, 2015). As such, unpredictability itself could often be 

described as a component of an animal’s behavioural syndrome. The traditional view has 

been that behavioural syndromes are comprised of suites of correlated mean level traits, for 

example, aggression, activity and exploration in sticklebacks (G. aculeatus; Dingemanse et 

al., 2007), or activity, risk-taking and sociability in anemonefish (Amphiprion ocellaris; 

Wong et al., 2013), which could adaptively constrain or complement one-another (Sih et al., 

2012). However, recent research supports the view that behavioural syndromes also often 
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encompass the complex associations between personality, plasticity, and unpredictability 

(Mitchell et al., 2016; e.g. Jolles et al., 2019; Martin et al., 2017).   

As part of an adaptively constrained behavioural syndrome, unpredictability should show 

plastic responses to changing environmental conditions (Stamps, 2016) that covary with other 

behavioural traits (Mitchell & Houslay, 2021). These responses could influence an animal’s 

fitness (Jennings et al., 2013) but have thus far seen limited investigation, primarily in 

vertebrate taxa (Highcock & Carter, 2014; Horváth et al., 2017; Mitchell & Biro, 2017; 

Nakayama et al., 2016), because of the highly complex and data demanding modelling 

approaches required to explore them (Mitchell et al., 2016; Mitchell & Houslay, 2021). 

Despite research in hermit crabs (Pagurus bernhardus) finding that unpredictability can 

change in response to predation risk (Briffa, 2013), environmental temperature (Briffa et al., 

2013), and environmental contaminants (Nanninga et al., 2020), this lack of study is 

particularly apparent in invertebrates. Further work, particularly in the face of climate 

change-induced selection for specific plastic behavioural strategies (Sih et al., 2011; van 

Baaren & Candolin, 2018), is therefore required. Any comprehensive study investigating the 

behavioural effects of environmental change should, in turn, encompass mean and residual-

level behavioural variation within and between environments. 
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Figure 1.2. The different distributions in each panel represent within-individual variation (unpredictability) in 

observations of the same behaviour in two different environments. Different distributions of behavioural 

responses affect both the consistency of behaviour across environments (personality) and the magnitude of 

cross-environmental behavioural change (plasticity). Unpredictable behaviours have wider distributions. 

Adapted from Cleasby et al., 2015, published under the paper’s open access agreement. 

1.2. CLIMATE CHANGE AND INDIVIDUAL BEHAVIOUR 

1.2.1. Climate change driving behavioural change 

Anthropogenic climate change is likely to be the key driver of environmental challenges 

facing animal populations in the near future (Doney et al., 2012; Helmuth et al., 2006; 

Parmesan, 2006). Changes to abiotic factors such as temperature (IPCC, 2018) and 

environmental chemistry (Dodd et al., 2015), and biotic factors including species composition 

(Dijkstra et al., 2011), are occurring across the globe. These changes present animal 

populations with novel selective pressures against which they must either mitigate or risk 

perishing (Beever et al., 2017; Buckley & Kingsolver, 2019). Behavioural change is 



10 

 

particularly crucial to alleviating these novel pressures as behaviour is more labile than most 

other areas of an animal’s phenotype (Brommer, 2013). As such, both developmental (i.e. 

gradual, less easily reversible behavioural changes brought about by longer-term neurological 

and epigenetic alterations; Snell-Rood, 2013) and activational behavioural plasticity are key 

mechanisms by which animals can respond to climatic shifts (Kelly, 2019; Sih, 2013; Sih et 

al., 2011; Tuomainen & Candolin, 2011). Examples of activational behavioural responses to 

improve selective outcomes when faced with environmental challenges include changing 

activity levels (Rodriguez-Dominguez et al., 2019), dispersing to new locations (Wong & 

Candolin, 2015), and altering interactions with conspecifics (Rudin & Briffa, 2012) or 

predators (Bell & Sih, 2007). Those animals that exhibit the most effective plastic 

behavioural strategies are, in turn, expected to be at a selective advantage as environmental 

shifts continue (Fox et al., 2019; Kelly, 2019). As such, studies investigating between-

individual variation in these strategies can shed light on the most vulnerable individuals 

within a given population or habitat, and thus be of great value to conservationists (Beever et 

al., 2017; Caro, 2016) 

1.2.2. Temperature 

One of the most important variables being affected by human-induced environmental change 

is temperature (IPCC, 2018). In the thirty years up to 2006, global air temperatures increased 

by an average of 0.2oC per decade (Hansen, 2006), and this trend is predicted to continue and 

even steepen (Arnell et al., 2019). Alongside this, temperature fluctuations across the globe 

are predicted to increase in frequency, leading to more heatwaves and cold snaps (IPCC, 

2013; Mbokodo et al., 2020; Perkins-Kirkpatrick & Gibson, 2017). More regular acute 

temperature fluctuations will have important selective consequences (Hemraj et al., 2020; 

Seuront et al., 2019; Vajedsamiei et al., 2021; Weitzman et al., 2021), so how individuals 

vary in their mean and residual behavioural responses to these fluctuations (e.g. Biro et al., 

2013; Briffa et al., 2013) is likely to impact their fitness (Abram et al., 2017).  

Variation in these responses often depends on an animal’s environment of origin. For 

example, at the population level, houseflies (Musa domestica) from warmer climates are 

more active than those from cold climates, and retain activity levels for longer when exposed 

to near-lethal temperatures in the laboratory (Kjærsgaard et al., 2015). Laboratory tests in a 

range of alpine reptiles, meanwhile, found that populations from cold, highland habitats, bask 

more (and thus expose themselves to increased risk) than those from lowland habitats 
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(Caldwell et al., 2017). The nature of an individual’s plastic behavioural response to 

temperature is not only dictated by population-level environmental conditions, but also by 

intra-population variation. As previously described, populations living in heterogeneous 

environments are predicted to exhibit high levels of between-individual behavioural variation 

(Mouchet et al., 2021) and wider ranges of behavioural strategies for dealing with 

environmental change (Dingemanse & Wolf, 2013; Laskowski & Bell, 2013). The selective 

value of these strategies is likely to be altered by climate change-induced thermal 

perturbation (Chapperon et al., 2016; Vajedsamiei et al., 2021; Weitzman et al., 2021). As 

such, as heatwaves and cold snaps become more common, populations living in 

heterogeneous environments could risk a loss of diversity if certain behavioural strategies 

cease to be of selective value (van Baaren & Candolin, 2018). Studies of different animals 

from the same population, taken from multiple locations across a heterogeneous habitat, 

could test this hypothesis and thus shed light on which individuals, living in which locations, 

might be at most risk from anthropogenic heatwaves and cold snaps. 

1.3. BEHAVIOUR AND THERMAL PHYSIOLOGY 

1.3.1. Pace-of-life syndrome 

Physiological variation is another important driver of individual susceptibility to thermal 

stressors (Schulte et al., 2011), and is likely to be an important proximate influence on 

between-individual behavioural differences (Biro et al., 2018; Coppens et al., 2010; Killen et 

al., 2016; Koolhaas et al., 2010). A physiological characteristic of particular relevance to 

thermal variation is metabolic rate, as temperature increases are associated with higher 

metabolic demand in many species (Clarke & Fraser, 2004; Clarke & Johnston, 1999). 

Although it seems intuitive that metabolic requirements should be closely correlated with 

risky behaviours such as foraging (Careau et al., 2008; Houston, 2010), empirical evidence 

for this theoretical association, called the pace-of-life syndrome hypothesis (POLS; Réale et 

al., 2010), is mixed. POLS suggests that bold, “fast-lived”, animals should trade-off long-

term survival chances against short term fitness, and thus be metabolically primed to be more 

active, forage more efficiently, and grow faster (Montiglio et al., 2018), while also exposing 

themselves to higher risks of mortality from predation (Stamps, 2007) or energetic deficits 

(Careau et al., 2008). Shyer animals, meanwhile, should show “slower” life-histories and 

lower short-term fecundity, but similar fitness in the long-term due to higher survival rates 

(Hall et al., 2015; Santicchia et al., 2018). POLS further proposes that behavioural, 
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physiological and life-history traits should evolve concurrently (Montiglio et al., 2018; Réale 

et al., 2010), with variable mechanistic associations leading particular phenotypic levels to 

drive coevolution in others (Dammhahn et al., 2018; Eckerström-Liedholm et al., 2019). In 

silverside fish (Menidia menidia), for example, a “faster” life-history may drive individuals to 

exhibit bolder behaviours, as animals selected for faster growth rates also exhibit concurrent 

increases in their foraging activity (Chiba et al., 2007). Contrastingly, in field crickets 

(Gryllus integer), individuals that are risk-averse early in their ontogeny invest heavily in 

later-life immune responses (Niemelä et al., 2012), suggesting that, in this case, early-life 

personality may influence physiological investment in later-life survival. While some studies 

have found evidence for POLS (Cornwell et al., 2020; Debecker & Stoks, 2019; Polverino et 

al., 2018), overall support for the hypothesis is decidedly mixed, leading a meta-analysis 

from Royauté et al in 2018 to conclude that it may not be a valid generalised ecological 

framework. Figure 1.3 shows a complete lack of overall directional association between 

metabolic physiology and boldness across the literature.  
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Figure 1.3. Mixed meta-analytical evidence for the pace of life syndrome hypothesis (POLS) across biological 

categories, where positive values with 95% confidence intervals not crossing zero indicate support for POLS. 

The overall support for POLS is contained within the “Global effect size” category. From Royauté et al., 2018, 

published with permission from the copyright-holder. 

A possible reason for currently mixed evidence for POLS could be that many studies fail to 

account for important environmental factors affecting the relationships between boldness and 

metabolism (Dammhahn et al., 2018; Montiglio et al., 2018), particularly environmental 

temperature (Goulet et al., 2017; Michelangeli et al., 2018). Physiology and behaviour are 

both highly (although not completely) labile, and thermal environment is a driver of between-

individual variability in both boldness (Angiulli et al., 2020; Cornwell et al., 2019; Forsatkar 

et al., 2016) and metabolic rate (Killen et al., 2016; Schulte, 2015; Seebacher et al., 2015). 

Further, the trade-offs hypothesised by POLS should be particularly stark at high 

temperatures, where animals are likely to find themselves under both increased energetic 

demand (Schulte, 2015) and increased risk of predation (Miller et al., 2014; Twardochleb et 

al., 2020).  
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Trade-offs between energetics and predation risk should be clearer still in ectothermic 

animals, which depend on their environment to maintain thermal homeostasis (Angilletta et 

al., 2002; Deutsch et al., 2015) and whose metabolic physiology is intrinsically linked to 

environmental temperature (Clarke & Johnston, 1999; Seebacher et al., 2015). Given this 

close association, ectotherms rely particularly heavily on behavioural strategies to mitigate 

against the metabolic effects of thermal heterogeneity (Abram et al., 2017; Kearney et al., 

2009; Sears et al., 2016). For example, grain aphids (Sitobion avenae) disperse away from 

warm environments to cooler microhabitats under high temperatures, and can face energetic 

deficits and perish if they disperse poorly (Ma et al., 2018). Littornid snails (Littorinidae sp.), 

meanwhile, can directly alter the metabolic effects of their immediate thermal environment 

by reorientating themselves or retracting into their shell (Ng et al., 2017). Despite these close 

associations between behaviour and metabolism, ectotherms are disproportionately 

underrepresented in studies investigating POLS (Royauté et al., 2018), and have received 

very little attention in relation to different thermal conditions (Goulet et al., 2018). Further, 

although environmental variation could change associations or lead to dissociation of POLS 

(Killen et al., 2013; Montiglio et al., 2018), no studies in any species have yet tested the 

relationship between metabolic rate and boldness under changing thermal conditions. How 

individual differences might shape these patterns has also gone unexplored, so investigations 

of boldness and metabolic rate in the same ectothermic individuals across multiple 

temperatures could help clarify several understudied aspects of POLS.  

1.3.2. The proteome 

While changing metabolic rate is a measurable outcome of an animal’s physiological thermal 

stress response, it is not the underlying driver of that response. Rather, metabolic rates are 

both limited (Lesser & Kruse, 2004; Storey & Storey, 2004) and driven (Bennett, 1988; 

Wang et al., 2018) in large part by changes to the active molecular components of an animal, 

namely, the proteins it expresses (Tomanek, 2011). Proteomic expression, governed in part 

by the transcriptome of an animal at a given time (Feder & Walser, 2005), is a major 

proximate driver of all physiological processes in that animal (Torson et al., 2020), and 

particularly important when mitigating against thermal stress (Black et al., 2007; Choresh et 

al., 2007; Gleason & Burton, 2015; Madeira et al., 2013). Behaviour is also reliant on the 

expression of proteins. Neuronal transmission and neuroendocrine responses, for example, 

can drive behavioural variation (Gosling, 2008; Mondal et al., 2006; Staes et al., 2016, 2021; 

Trainor & Hofmann, 2006), while stress resistance proteins, such as heat-shock proteins 
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(HSPs), are associated with behavioural stress responses (Busby et al., 2012; Larios-Soriano 

et al., 2020). Intraspecific variation in these proteomic responses may, in turn, be associated 

with between-individual differences in behaviour (Nonnis et al., 2021; Pusch et al., 2018; 

Toni et al., 2019).  

One such proteomic stress response that differs between individuals is the response to 

thermal stress. In starlet sea anemones (Nematostella vectensis), for example, the enrichment 

of different molecular pathways under heat stress depends on an individual’s developmental 

conditions (Rivera et al., 2021); larvae whose parents had recently been exposed to heat stress 

showed increased HSP expression at high temperatures when compared with larvae whose 

parents had not. Similarly, in topshells (Trochus histrio), high temperatures elicit sex-specific 

differences in proteomic profiles such that, during heat stress, males express significantly 

higher levels of HSPs than females (Grilo et al., 2018). Given that intraspecific differences in 

proteomic and behavioural stress responses are likely to be associated with one-another 

(Nonnis et al., 2021; Pusch et al., 2018; Toni et al., 2019), the question arises whether 

proteomic change might drive varied behavioural mitigation strategies under anthropogenic 

heatwaves. Few studies have yet begun to explore this (but see: Alfonso et al., 2020; Pusch et 

al., 2018), and fewer still have addressed it at a whole-proteome or whole-transcriptome level 

(but see: Nonnis et al., 2021; Toni et al., 2019). Of these two approaches, whole-proteome 

methods offer a truer picture of an animal’s molecular stress response (Diz et al., 2012) as up 

to 50% of proteomic expression is not explained by transcriptomic analyses (Feder & Walser, 

2005). 

Whole-proteome approaches could also elucidate the relationships between behavioural and 

molecular stress responses in a way that previous studies have not. As of yet, studies 

investigating hypotheses such as behavioural coping styles (Koolhaas et al., 1999), which 

attempt to explain associations between stress responses at different phenotypic levels, have 

almost exclusively focused on specific neuroendocrine correlates of behaviour (Coppens et 

al., 2010; Koolhaas et al., 2010; e.g. Baugh et al., 2012; De Bruijn & Romero, 2011; Houslay 

et al., 2018; Mell et al., 2016; Wong et al., 2019). However, since stress-responsive 

molecules and pathways do not provide the whole picture of thermal mitigation (Gormally & 

Romero, 2020), broader proteomic approaches could provide a more comprehensive picture 

of molecular changes than pathway-specific studies. The expression of biosynthetic proteins, 

for instance, involved in many essential cellular processes, shows varied responses under heat 

stress. On one hand, in species such as brown anemones (Aiptasia pallida) and marine snails 
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(Tegula sp.), biosynthetic processes are down-regulated, possibly as a strategy to mitigate 

against their metabolic costs (Oakley et al., 2017; Tomanek & Somero, 1999). On the other, 

species including sclerantian coral (Anomastraea irregularis) and ark shells (Scapharca 

subcrenata) up-regulate biosynthetic pathways to help stabilise cellular structure and function 

under thermal pressure (Ning et al., 2021; Onyango et al., 2021). Apoptotic pathways, too, 

show changes under heat-stress, either being up-regulated to ensure efficient cellular turnover 

(Richier et al., 2006; Yang et al., 2017), or down-regulated in order to maximise cellular 

survival (Kvitt et al., 2016; Pernice et al., 2011). Widespread focus on the relationships 

between specific neuroendocrine pathways and behaviour (Coppens et al., 2010; Koolhaas et 

al., 1999, 2010), rather than more generalised responses, has also led to a particular dearth in 

the literature where invertebrate taxa are concerned. There has as yet been no investigation of 

how intraspecific variability in invertebrate proteomic stress responses might be related to the 

growing, but still under-represented, field of invertebrate personality (Kralj-Fišer & Schuett, 

2014). 

1.4. STUDY SYSTEM  

1.4.1. Marine invertebrates 

Sea temperatures over the past 50 years have been rising at over 50% of the rate of air 

temperatures (IPCC, 2013) and the regularity of marine heatwaves is increasing (Darmaraki 

et al., 2019; Fordyce et al., 2019; Leggat et al., 2019). Whilst thermal perturbation will be 

particularly problematic for all ectotherms (Kearney et al., 2009), marine ectotherms, which 

live especially close to their thermal maxima (Pinsky et al., 2019), are likely to be placed 

under particularly high pressure. The temperature responses of one group of marine 

ectotherms, fish, have received a great deal of attention in both the behavioural (e.g. Biro et 

al., 2010; Cerqueira et al., 2016; Forsatkar et al., 2016; Lienart et al., 2014) and physiological 

literature (e.g. Birnie-Gauvin et al., 2017; Killen, 2014; Madeira et al., 2013; Norin et al., 

2016). The behavioural responses of marine invertebrates and how these relate to thermal 

physiology, meanwhile, have received much less focus, despite the fact that they are also at 

risk of temperature-induced mortality (Chapperon et al., 2016; Hemraj et al., 2020; Ragazzola 

et al., 2021).  

The thermal stress responses of marine invertebrates are well studied at the whole-proteome 

level (Grilo et al., 2018; Ning et al., 2021; Oakley et al., 2017; Onyango et al., 2021; Richier 

et al., 2006; Tomanek & Somero, 1999) and these responses are well-established to 
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incorporate changes in stress-responsive protein expression. For example, in snakelock 

anemones (Anemonia viridis), one family of HSPs is upregulated in the mitochondria when 

animals are exposed to heat shock (Choresh et al., 2007). In Pacific oysters (Crassostrea 

gigas), meanwhile, thermal stress elicits similar increases in HSP expression, while also 

driving down proteins related to protein metabolism and biosynthesis (Lim et al., 2016). 

Alongside proteomic expression, marine invertebrate behaviour also varies under different 

thermal regimes (Cornwell et al., 2019; Ng et al., 2017) and behavioural differences in these 

organisms could be associated with fitness via factors such as predation risk (Briffa et al., 

2013) and body condition (Fürtbauer, 2015). Nonetheless, no studies to my knowledge have 

yet related personality with proteomic stress responses in any marine invertebrate.  

Marine invertebrates are also an ideal taxon with which to study POLS and temperature.  

While Royauté et al (2018) shows weak evidence for POLS overall, it also suggests that the 

framework may be more applicable to invertebrates than vertebrates (Figure 1.3.). Vertebrate 

and invertebrate organisms may be facing subtly different selective pressures (Kralj-Fišer & 

Schuett, 2014) which could be driving this discrepancy, and these could be exacerbated or 

changed by thermal stress (Killen et al., 2013). Further, investigations of POLS in 

invertebrates are disproportionately under-represented in the literature (Royauté et al., 2018) 

and this is particularly true in marine environments (but see: Cornwell et al., 2020). As 

increasingly frequent marine heatwaves exacerbate thermal fluctuations in shallow (Hemraj 

et al., 2020) and intertidal (Weitzman et al., 2021) regions, addressing the lack of knowledge 

of the physiological correlates of behaviour in marine invertebrate taxa may provide 

important information as to the most vulnerable individuals in populations.  

1.4.2. The Beadlet Anemone, Actinia equina 

The intertidal zone is highly heterogeneous (Bockelmann et al., 2002; Menge, 1976). 

Animals living on the seashore live very close to their thermal limits and experience very 

different thermal conditions depending on the height on the shore at which they live (Brahim 

et al., 2019; Cornwell et al., 2019). This leads populations of intertidal organisms to exhibit a 

range of thermal preferences (Allcock et al., 1998; Chapperon et al., 2016; Dias et al., 2018) 

and to be particularly susceptible to anthropogenic temperature changes even compared with 

other marine taxa (e.g. Weitzman et al., 2021).  

The beadlet anemone, Actinia equina, is one such organism. A. equina is a small to medium-

sized anemone (averaging 2-3 cm diameter and 4-6g wet weight in UK populations; Monteiro 
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et al., 1997) which uses its underside, called a pedal disc, to adhere to rocky substrates on the 

shore (Quicke et al., 1983). As a largely sessile, opportunistic predator with a wide-ranging 

diet that includes crustaceans, molluscs, and orgainic detritus (Chintiroglou & Koukouras, 

1992), A. equina uses specialised tentacles containing stinging cells, called nematocysts 

(Allcock et al., 1998), to capture prey as it passes in the water. Individuals display 

intraspecific aggression when competing for space on the shore (Brace et al., 1979) but they 

can forms groups, or aggregations, which are often genetically identical due to the species’ 

ability to propagate both sexually and asexually (Turner et al., 2003).  

Unlike many intertidal animals (Harley et al., 2006; Helmuth et al., 2006), A. equina has very 

wide thermal ranges (Griffiths, 1977a, 1977b), allowing it to be exposed to extreme 

temperature variation without risk of mortality. A. equina individuals further display variable 

thermal physiology depending on the height on the shore from which they were collected 

(Navarro et al., 1981; Ortega et al., 1984) and exhibit several genetically distinct 

morphotypes, which themselves prefer specific shore heights (Quicke et al., 1983) and show 

consistent differences in their behaviour (Collins et al., 2017). The more aggressive red 

morphotype prefers the more stochastic, thermally extreme high-shore, while the less 

aggressive green morphotype prefers the more thermally homogeneous low-shore (Brace & 

Quicke, 1986; Collins et al., 2017; Quicke et al., 1983, 1985). Table 1.1 provides information 

on known differences between the two morphotypes. Alongside population-level variation, A. 

equina also shows behavioural variation at the level of the individual, varying in two 

boldness-related behaviours. The first, startle response-time (SRT), is well described in the 

literature (Briffa & Greenaway, 2011; Lane & Briffa, 2017; Osborn & Briffa, 2017) and 

involves simulating a predation threat, leading an anemone to retract its tentacles, before 

recording the time to tentacle re-emergence. The second, immersion response-time (IRT), is 

measured for the first time, to my knowledge, in this thesis (Maskrey et al., 2020). IRT again 

measures time to tentacle re-emergence, but rather than simulating a predation threat, it 

simulates a tide, causing an anemone to retract its tentacles upon emersion and re-extend 

them upon re-immersion. Tentacle extension is risky for A. equina because it exposes 

individuals to greater risk of predation (Edmunds et al., 1976). As such, both SRT and IRT 

represent an ecologically relevant trade-off between foraging and predation risk (Bell et al., 

2006) that is likely to be exacerbated at high temperatures due to increased energetic demand 

(Schulte, 2015). Figure 1.4 shows the different states of A. equina individuals near the start of 

an IRT assay. The multiple levels of behavioural and physiological variation exhibited by A. 
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equina could influence different individuals’ ability to deal with extreme temperature events 

(Abram et al., 2017; Vajedsamiei et al., 2021), and make it an ideal intertidal invertebrate 

model with which to study relationships between physiology and behaviour. 

 

Table 1.1. Differences between the two morphotypes as they were described in the literature prior to the 

research contained in this thesis. Arrows up or down indicate which morphotype displays higher levels of a 

given trait.  

 

 

Trait Red Morphotype Green Morphotype 

Aggression (Brace 

& Reynolds, 1989) 

↑ ↓ 

Size of Weaponry 

(Allcock et al., 1998) 

↑ ↓ 

Competitive ability 

(Brace et al., 1979)  

↑ ↓ 

Strength of 

adhesion to 

substrate (Quicke et 

al., 1983) 

↑ ↓ 

Preference for high-

shore (Quicke et al., 

1983, 1985) 

↑ ↓ 

Boldness (Collins et 

al., 2017) 

↑ ↓ 
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Figure 1.4. Anemones in the laboratory having recently been re-immersed during an IRT assay. Four 

individuals (front left, front right, middle right, back right) have their tentacles fully retracted, as they would be 

immediately after eliciting an IRT or SRT, and one individual (middle left) has its tentacles extended, as they 

would be at the conclusion of an IRT or SRT. 

1.5. OVERVIEW OF AIMS AND METHODS 

This thesis aims to quantify behavioural variation in A. equina across different thermal 

contexts and to determine how this covaries with metabolic and proteomic responses to 

temperature. Using animals from Llandudno North Beach in North Wales (lat: 53.330359, 

long: -3.828975) and from New Brighton in North-West England (lat: 53.4400, long: -

3.0565), I address this aim over the course of four data chapters investigating three 

hypotheses. 

1.5.1 Hypothesis 1 

“Different A. equina individuals will show consistent differences in their startle response-

times (SRTs) and immersion response-times (IRTs), and individuals will vary in how those 

behaviours change across temperatures. The morphotype and environmental history of an 

individual will also affect these patterns.” 
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I expected that some animals at each grouping-level would display more adaptively 

advantageous behavioural changes at extreme temperatures than others. I predicted that 

animals with a preference for the more thermally extreme high-shore would show more 

adaptively advantageous behavioural responses to extreme temperatures than those with a 

preference for the low-shore. I further expected that boldness would be related to plasticity, 

and that bolder individuals might show less plasticity to changes in temperature and 

consistently lower levels of unpredictability across temperatures, in line with previous work 

indicating that bolder animals often have reduced scope for behavioural variability. 

In Chapter 2 I investigate this at the mean level. I took repeated assays of SRT and IRT at 

three different temperatures in experimental treatments: 11oC (baseline), 18oC (high), and 

23oC (near-lethal). I also ran control treatments where individuals were retained at 11oC 

throughout. I used several modelling approaches to explore the influence of morphotype, 

shore height and individual level differences on behavioural responses to temperature, 

alongside investigating the existence of a boldness-shyness continuum in A. equina. 

Published: “Maskrey, D. K., Sneddon, L. U., Arnold, K. E., Wolfenden, D. C. C., & 

Thomson, J. S. (2021). The impact of personality, morphotype and shore height on 

temperature‐mediated behavioural responses in the beadlet anemone Actinia 

equina. Journal of Animal Ecology, 89(10), 2311-2324.” 

Author Contributions: DKM, JST, LUS and KEA designed and formulated the study. DKM, DCCW, 

JST and LUS all contributed to the set-up of laboratory apparatus. DKM carried out all laboratory 

experiments with assistance from DCCW. All authors contributed extensively during the formulation 

of the manuscript. 

I then consider the unpredictability of IRT and SRT at different temperatures in Chapter 3. I 

used a crossed-over design and a temporal control to investigate behavioural unpredictability 

at low and high temperature extremes. I employed double-hierarchical mixed modelling to 

investigate between-individual variation in unpredictability and how different individuals, of 

different morphotypes and from different shore heights, plastically altered their 

unpredictability at different temperatures. 

Published: “Maskrey, D. K., Sneddon, L. U., Arnold, K. E., Wolfenden, D. C. C., & 

Thomson, J. S. (2021). Temperature-driven changes in behavioural unpredictability 

and personality in the beadlet sea anemone, Actinia equina. Animal Behaviour, 181, 

13-27” 
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Author Contributions: The study was formulated by D.K.M., J.S.T. and K.E.A. D.K.M. and D.C.C.W. 

jointly set up the laboratory, with assistance from J.S.T. and L.U.S. D.K.M. carried out experimental 

work assisted by D.C.C.W. All authors provided extensive contributions to the manuscript. 

1.5.2. Hypothesis 2 

“Anemones will show consistent between-individual differences in their metabolic rates both 

within and across temperatures. These patterns will be influenced by morphotypic differences 

and will covary with an individual’s boldness.” 

In conjunction with generally higher energetic demand on ectotherms at high temperatures, I 

expected all animals to increase their metabolic rates as temperatures rose, but to varying 

degrees based on individual and morphotypic variation. On the basis of results from Chapter 

2, I expected individual IRTs to be correlated with individual metabolic rates at all 

temperatures. This correlation would be in line with POLS and would become clearer at high 

temperatures due to greater energetic demand driving trade-offs between foraging and risk-

aversion.  

I address this hypothesis in Chapter 4. I used another crossed-over design and intermittent-

flow respirometry to investigate the relationship between routine metabolic rate (RMR) and 

IRT across temperatures. Making use of Bayesian random regression and multivariate 

approaches, I examined the influence of morphotype and individual differences on RMR, 

how that was affected by thermal variation, and whether an individual’s RMR was related to 

their IRT within and across temperatures. 

In review at Functional Ecology (September 2021): “Maskrey, D. K., Killen, S.S., 

Sneddon, L. U., Arnold, K. E., Wolfenden, D. C. C., & Thomson, J. S. Differential 

metabolic responses in bold and shy sea anemones during a simulated heatwave”  

Author Contributions: DKM, SSK, LUS, KEA, and JST formulated the study. Laboratory set-up and 

animal husbandry was carried out by DKM and DCCW. DKM carried out experimental work and 

analyses, with assistance from all authors. All authors contributed extensively to the manuscript. 

1.5.3. Hypothesis 3 

“Anemones will show a strong proteomic thermal stress response which will be associated 

with their boldness.” 

Here, I expected to see clear up-regulation of stress response proteins such as HSPs, 

alongside changes in the expression of energetically costly biosynthetic processes and of 
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apoptotic pathways. I further predicted that this stress response would be least apparent in 

bold individuals, in this case measured as SRT, given the low thermal plasticity they 

exhibited in Chapter 2. 

Chapter 5 explores this hypothesis. I took tentacle samples from bold and shy animals, some 

under temperature stress and others at a neutral temperature, and examined discrepancies in 

their proteomic expression. Using a variety of proteomic and genomic statistical 

methodologies, alongside simple linear models, I investigated A. equina’s proteomic thermal 

stress response and how that response was related to an individual’s mean SRT, measured at 

a baseline temperature.  

“Maskrey, D. K., Beynon, R.J., Sneddon, L. U., Arnold, K. E., Franco, C., Simpson, 

D.M., Brownridge, P.J., Wolfenden, D. C. C., & Thomson, J. S. Personality and the 

proteome: proteomic effects of temperature stress on the beadlet sea anemone (A. 

equina)”. In preparation. 

Author Contributions: DKM, JST, LUS, KEA, and RJB formulated the study. DKM and DCCW set up 

the animal laboratory with assistance from LUS and JST. Husbandry was carried out by DKM and 

DCCW. DKM ran behavioural assays and took tentacle samples. CF and DMS purified, quantified, and 

ran Progenesis analyses on proteomic profiles. PJB provided bioinformatic support throughout and 

provided initial BLAST IDs. DKM ran all other analyses. All authors contributed extensively to the 

manuscript. 
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Chapter 2:  

 

The impact of personality, morphotype and shore height on 

temperature‐mediated behavioural responses in the beadlet anemone 

Actinia equina 
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2.1. KEYWORDS 

Behavioural plasticity, Boldness, Climate change, Environmental history, Marine 

invertebrate, Morphotype, Personality, Temperature fluctuation  

2.2. ABSTRACT 

1. Between-individual variation in behavioural phenotype, termed personality, is an 

important determinant of how populations cope with acute environmental fluctuation 

related to climate change. 

2. Personality in the beadlet sea anemone (Actinia equina) is linked to genetically 

distinct morphotypes, which are associated with different heights on the shore. In the 

intertidal zone, high-shore environments experience more environmental fluctuation 

due to longer periods of exposure, and animals adapted to live in these environments 

are predicted to deal more effectively with environmental perturbation than their low-

shore counterparts.  

3. We collected beadlet anemones of two different morphotypes from three different 

shore heights. We investigated variation in two behaviours at three different 

temperatures and in a temporal control treatment where the temperature was not 

changed: startle response-time, the time it took an anemone to re-extend its tentacles 

after a threatening stimulus, and immersion response-time, the time to re-extend 

tentacles after simulated tidal immersion. These behaviours reflect risk taking and 

allow individuals to be categorised as bold, shy or intermediate based upon response-

times. 

4. Both behaviours showed significant changes as the temperature increased. For 

immersion response, the morphotype associated with the low-shore lengthened 

response-times at high temperatures. For startle response, all animals lengthened their 

response-times at high temperatures but animals collected from the low-shore 

lengthened theirs to the greatest degree. At the individual level, although control 

individuals exhibited temporal changes in their response-times, a clear effect of 

temperature was present in both behaviours. Shy and bold individuals became more 

intermediate at higher temperatures in immersion response (this effect was present to 

a lesser degree in control individuals), while intermediate individuals raised their 

response-times at higher temperatures for startle response.  
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5. Given that prolonged tentacle retraction reduces foraging opportunities and can 

negatively impact respiratory efficiency, our data suggest that some individuals within 

a single population of A.equina, particularly those associated with the lower-shore, 

may exhibit less effective behavioural responses to temperature-shifts than others. 

These findings demonstrate that acute temperature changes influence risk-taking, and 

could have profound short and long-term implications for survival in the face of 

climate change. 

2.3. INTRODUCTION 

Anthropogenic climate change is an ever-increasing threat to global biodiversity (IPCC, 

2018; Parmesan, 2006). The effects of climate change can be seen particularly in the oceans; 

since 1971, global average ocean surface temperatures have increased at a rate of 0.11oC per 

decade (IPCC, 2013), with 2018 having been the hottest year in the oceans since records 

began (Cheng et al., 2019). Within ocean habitats, the effects of climate change are especially 

apparent in intertidal zones, as they are already subject to extremely high levels of spatial and 

temporal heterogeneity (Brahim et al., 2019). Different heights on the shore vary 

substantially in their exposure to environmental fluctuation (Bockelmann et al., 2002). This 

leads to highly niche-specialised intertidal flora and fauna, adapted to live at different shore 

heights and so under differing levels of heterogeneity in their immediate environment 

(Allcock et al., 1998; Dias et al., 2018). Phenotypic differences across the gradient of the 

shore can also extend within species, and animals adapted to certain shore heights may be 

more susceptible to potential environmental changes than others (Brahim et al., 2019; 

Chapperon et al., 2016).  

An important aspect of within-species phenotypic variation is consistent behavioural 

differences between individuals across times and contexts (context here defined as immediate 

environmental conditions), also termed personality (Dall et al., 2004; Sih et al., 2004). 

Personality is now widely documented across a variety of taxa (Bell et al., 2009), including 

many invertebrates (Kralj-Fišer & Schuett, 2014). Aggression, exploration and risk-taking 

(usually referred to as boldness) are all commonly measured personality traits (Carter et al., 

2013). Personality variation is linked with how individuals respond to environmental 

stressors both behaviourally and physiologically (Koolhaas et al., 2010) and divergence in 

these responses to environmental challenge (e.g. Dong et al., 2008; Wong et al., 2019) could 

cause varied fitness levels in the face of environmental perturbation (Killen et al., 2016). 
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Investigating the effects of environmental change on personality variation can therefore 

contribute to our understanding of how different populations, and individuals within those 

populations, are likely to cope with anthropogenic climate change (Tuomainen & Candolin, 

2011). 

Variation in behavioural strategies to deal with different environmental conditions is 

becoming more widely demonstrated (Killen et al., 2013) and personality-types are often 

specialised to specific environments (Holtmann et al., 2017). In heterogeneous environments 

like the intertidal zone, biotic (e.g. food availability; Kolluru et al., 2007) and abiotic (e.g. 

temperature; Chapperon et al., 2016) selective pressures vary spatially and temporally 

(Araújo et al., 2011). This can lead to these environments having a diverse range of 

behavioural optima, which can drive the maintenance of personality variation (Dingemanse & 

Wolf, 2013). Environmentally-driven personality variation can extend to how different 

individuals plastically alter their behaviour in response to environmental fluctuations 

(Stamps, 2016). Where usual environmental conditions are less variable, more rigid 

personalities and a reduced scope for potentially energetically costly “activational” 

behavioural plasticity (i.e. a rapid phenotypic shift induced by an environmental stimulus; 

Snell-Rood, 2013) could provide an adaptive advantage (Dall et al., 2004). Meanwhile, in 

stochastic environments, a lack of behavioural plasticity can be detrimental to individual 

fitness (Abram et al., 2017) and to the overall health of a population (van Baaren & Candolin, 

2018).  

Thermal variation is one of the key environmental variables being affected by climate change 

(Hoegh-Guldberg & Bruno, 2010; IPCC, 2018), and environmental temperature shifts can 

have far-reaching physiological and behavioural effects across a range of species (Abram et 

al., 2017; Parmesan, 2006). As a species that inhabits the intertidal zone (Allcock et al., 

1998), single populations of the beadlet anemone (Actinia equina) live across wide 

spatiotemporal thermal gradients (Harley et al., 2006). Personality variation in A. equina has 

a known genetic component: at least three distinct morphotypes (Allcock et al., 1998), two of 

which are readily determined by eye, show clear differences in their boldness and aggression 

(Collins et al., 2017). A. equina is highly sedentary, and morphotypes show significant 

ecological distinction in their distribution across shore heights (although there is some 

overlap; Allcock et al., 1998). This indicates that they are adapted to live at different heights 

on the shore (Quicke et al., 1983), which vary in their thermal exposure (Brahim et al., 2019). 

A. equina therefore provides the opportunity not only to investigate differences in 
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temperature-mediated behavioural shifts at the level of the individual, but to further uncover 

how these might be linked to population-level variation brought about by environmental 

heterogeneity (Monteiro et al., 1997). Those individuals of high-shore adapted morphotypes 

or simply collected from higher up the shore, that experience greater environmental 

fluctuation with changing tides, may have increased scope for behavioural plasticity in the 

face of environmental shifts (Dingemanse & Wolf, 2013). This could increase their 

robustness to climate change-induced temperature changes (Tuomainen & Candolin, 2011), 

as compared with lower-shore individuals, which deal with a much more homogeneous 

immediate environment and should therefore be more rigid in their behaviour (Dall et al., 

2004; Snell-Rood, 2013). 

In this study we measured startle response, a form of emergence test using the re-extension of 

feeding tentacles in recovery from a threatening stimulus (Collins et al., 2017; Lane & Briffa, 

2017; Rudin & Briffa, 2012). In A. equina, startle response is commonly used as a proxy for 

boldness, since latency to recover from a disturbance can provide a measure of risk-taking 

(Beckmann & Biro, 2013). To investigate whether boldness in A. equina could be defined as 

an axis of behavioural variation (Carter & Feeney, 2012; Houslay & Wilson, 2017) and 

whether different behaviours falling on this axis might respond predictably to temperature 

shifts, we defined a second, potentially related behaviour: immersion response. This 

measurement used an anemone’s latency to extend its foraging tentacles in response to 

simulated tidal fluctuations, which is inherently risky as it exposes tentacles to increased 

predation (Edmunds et al., 1974), as opposed to recovery from a threat. 

We aimed to explore underlying differences between groups (i.e. different morphotypes and 

shore heights) and individuals in boldness, and how these related to variation in temperature-

mediated behavioural shifts. To address this, we employed a graduated temperature increase, 

alongside a temporal control treatment, and took repeated behavioural measures from A. 

equina individuals at each temperature, or at each equivalent timepoint for the control. Our 

focus was specifically on acute temperature shifts of the type that might be brought about by 

extreme weather events, the frequency of which are expected to increase as the climate 

continues to warm (IPCC, 2013). As certain behavioural responses may be more adaptively 

advantageous in the face of increasing temperatures than others (Abram et al., 2017; van 

Baaren & Candolin, 2018), we hoped to gain an understanding of which groups and 

personality-types within a population of A. equina might exhibit less effective behavioural 
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changes, and thus be particularly susceptible in future to climate change-induced acute 

temperature changes. 

2.4. METHODS 

2.4.1. Collection and housing 

Data collection took place between April and August 2018 across four, three-week blocks 

with each block randomly assigned to experimental or control treatments. Anemones were 

collected from the north shore of Llandudno, North Wales (lat: 53.330359, long: -3.828975). 

Within each block, anemones were removed from substrate using a flathead screwdriver, 

taking care not to cause tissue damage. A minimum of 1m was left between each anemone 

collected to avoid collecting clonal individuals (Foster & Briffa, 2014). Collected anemones 

were split between two morphotypes which are putatively associated with different heights on 

the seashore (Quicke et al., 1983). Although each morphotype was far more abundant at their 

associated shore height, overlap in their distributions allowed sample sizes of each 

morphotype to be split evenly across low, mid, and high shore heights (Appendix A2.A), 

which were defined by the stratification of the shore (e.g. Dias et al., 2018). The colour of the 

pedal disc was used to differentiate between the two morphotypes (Allcock et al., 1998). The 

high-shore-associated morphotype was defined as having a red or brown pedal disc 

(henceforth red) and the low-shore-associated morphotype was defined as having a green 

pedal disc (henceforth green). Where pedal disc colour was inconclusive, the presence or 

absence of a blue limbus around the disc was used to further differentiate the individual as 

green if present (Collins et al., 2017). Total sample size was 209, split between 101 (red= 65, 

green= 36) experimental individuals and 108 (red= 72, green= 36) controls (for a full 

explanation of sample sizes and associated ethical considerations, see Appendix A2.A.). 

Upon collection, each anemone was placed into a small, sealable plastic bag filled with 

seawater and air. Anemones were transported to the laboratory at the University of Liverpool 

within 4 hours of collection. None suffered mortality and all subsequently fed. 

Upon arrival to the lab, each individual was transferred into a separate 9.5 cm x 9.5 cm 

compartment within a larger tank (30 cm x 20 cm x 20 cm), containing a single pebble onto 

which they could attach. Anemones were unable to physically interact but could potentially 

chemically interact via the flow-through system. Tanks were filled to a depth of ca.15 cm 

with seawater (RO water and Tropic Marin, Germany, Pro Reef Sea Salt) and were situated 

on a flow-through system, located in an 18oC (±0.5oC) temperature-controlled room. Overall, 
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10 tanks were used to house each block of anemones, with eight tanks housing six individuals 

and two tanks housing three individuals (see Appendix A2.A. for a diagram of this set-up). 

Tanks always housed the same number of individuals across data collection blocks. The 

system was kept at a salinity of 34ppt (±1), a pH of 8.1 (±0.3), and was regularly monitored 

for water quality. Anemones were all housed at a natural baseline temperature of 11oC (±1oC; 

www.seatemperature.org; see Appendix A2.B.). Water was chilled using an Aqua-Medic 

(Bissendorf, Germany) Titan 500 chiller, and heated using an Aqua-Medic (Bissendorf, 

Germany) 300W titanium heater. Animals were kept on a 12:12 hour (9am to 9pm) light:dark 

cycle and were allowed a minimum of two days to acclimate to their new environment. 

Anemones were fed ad libitum on the final day of acclimation with Tetra Marine Flakes 

(Tetra GMBH, Melle, Germany) and a 50% water change was carried out before 

commencing behavioural trials the following day (See Appendix A2.C. for a visualisation of 

within-block experimental schedules). 

For ease of identification, morphotypes and shore heights of anemones were standardised in 

each tank. This was deemed an appropriate method of housing because (1) the flow-through 

system allowed us to keep all experimental tanks at a uniform temperature (±1oC), and (2) the 

one-system set-up should have meant that individuals within each data collection block were 

being exposed to the same chemical cues regardless of the tank they were housed in. 

2.4.2. Behavioural Trials 

Timeline 

Behavioural testing took place over the course of 13 days, subsequent to the initial 

acclimation period. In experimental treatments, anemones were initially subjected to three 

days of behavioural trials at 11oC (±1oC). Behavioural trials on each day consisted of first 

testing individual immersion response-times (IRTs) and testing their startle response-times 

(SRTs) 10 minutes after the conclusion of IRT observation. Half of the tanks were tested in 

the morning and half in the afternoon of each day. Tanks were randomly selected on days one 

and three, with tanks tested in the opposite order on day two to ensure that all individuals 

experienced testing at both times of day. Within time of day the order in which tanks were 

subjected to behavioural trials was randomised and, for SRT trials, so was the order in which 

individuals were subjected to trials within tanks. 
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At the end of the third day of behavioural testing at 11oC (±1oC), a 50% water change was 

carried out and during experimental blocks the water temperature was raised to 18oC (±1oC), 

which is at the upper limit of what this population might experience naturally 

(www.seatemperature.org), overnight at a rate of 1oC per hour. Anemones were given a 

further two days to acclimate to the new temperature and once again fed ad libitum on Tetra 

Marine Flakes the day before behavioural trials commenced. Behavioural testing was carried 

out using the same process as at 11oC (±1oC) before finally repeating the process again for 

the last temperature of 23oC (±1oC), which was deemed near-lethal as pilot work found that 

anemones from Llandudno began to denature at 24-25oC.  

For control treatments, the timeline of behavioural testing remained the same but the 

temperature stayed at 11oC (±1oC) across the 15 days. Blocks of three repeats within 

experimental treatments are hereafter referred to as temperatures and blocks of three repeats 

in controls as timepoints.  

Behaviour One: Immersion response-time (IRT) 

In order to test IRT, tanks were drained by turning off the water inflow, temporarily 

removing the partitions separating anemones, and siphoning water directly into the system 

sump. This method caused minimal disturbance to animals other than the reduction in water 

level and took roughly five minutes per tank. Partitions were reinstated and each tank was left 

for 30 minutes before re-immersion, which was achieved by switching on the inflow. 

Response-time was captured using time-lapse photographs, taken every 30 s, using seven 

Crosstour 4k (Shenzhen Longtour Optics Co. Ltd, Shenzhen, China) action cameras and two 

GoPro Hero 4 (San Mateo, California, USA) action cameras. Each camera captured the 

response-times of three individuals per trial. Recording began before re-immersion 

commenced to ensure fast responses were not missed or incorrectly measured. 50 minutes of 

footage was captured for every camera, from which 45 minutes were used to measure IRT. 

We deemed 45 minutes an appropriate time-limit as pilot work found that most individuals 

re-extended their tentacles within 30 minutes of re-immersion.  

IRT was defined as the length of time from when the water-line first touched the body of an 

individual to when an individual had fully re-extended its feeding tentacles such that the 

entire circumference of the collar (the upper rim of the anemone’s column; Griffiths, 1977b) 

had been surpassed and there was no longer any visible extension occurring. How many 

pictures a response took was recorded, and this number was multiplied by the time-lapse 
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interval to convert values into seconds. Those individuals which did not re-extend their 

tentacles within 45 minutes were given a value of 2700 s. Photo analysis found that 5% of 

IRTs hit this upper bound. All behavioural values were extracted from photos by the same 

researcher (DKM), blinded, as far as possible given the colour differences inherent in the 

different morphotypes, to anemone type to avoid any inter-individual variation in results. 

Behaviour Two: Startle response-time (SRT) 

SRT was tested using a similar method to Rudin & Briffa (2012). Startle responses were 

elicited 10 minutes after the conclusion of the previous immersion trial by jetting each 

individual’s oral disc with 50 ml of tank water from a 60 ml syringe located 1 cm above an 

anemone, causing them to retract their tentacles. Our method differed from Rudin & Briffa 

(2012) in that, on time lapse recordings, an individual’s oral disc was not always visible and 

individuals rarely fully re-extended their tentacles. SRT was therefore defined as the time it 

took an anemone to re-extend its feeding tentacles such that 75% of the circumference of the 

collar had been surpassed. Pre-startle reference pictures were also taken, as some individuals 

did not have their tentacles fully extended beyond the collar at the start of trials. For these 

individuals, SRT was defined as the time it took for tentacles to return to their pre-startle 

degree of extension. Some individuals exhibited no or very limited tentacle extension at the 

beginning of a given trial and thus no response could be elicited. Of 1881 SRT data points, 

156, spanning 89 individuals, were not quantifiable and thus excluded. 

While the startle stimulus remained the same across individuals, different definitions were 

utilised for different datapoints as the visible behavioural response differed slightly 

depending on starting tentacle extension. Those individuals that began fully extended very 

rarely returned to their pre-startle degree of extension, even when exhibiting a large degree of 

recovery and returning to “normal” behaviour. Those individuals which did not start with 

their tentacles fully extended similarly rarely began with more than 75% of their tentacles 

extended beyond the collar, but regularly returned to their pre-startle degree of extension. The 

dual definition was thus the best method to maximise sample sizes and account for the slight 

difference in observable responses with as accurate a measure as was feasible. There was a 

relatively even split of individuals between the two definitions. Re-analysing a randomly 

selected subset of photos from the full dataset, it was found that 62% of individuals began a 

given trial with their tentacles fully extended, while 38% of individuals did not. See 

Appendix A2.D. for a full analytical justification of this. 
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Measurement and extraction of response-times was conducted in the same way as for IRTs. 

In this case, cameras recorded 100 minutes of time-lapse footage. Each individual’s SRT was 

measured using the 90 minutes of footage immediately following the syringe stimulus and 

those that did not exhibit re-extension within this time were given a value of 5400 s. This was 

deemed an appropriate upper bound, beyond which re-extension of tentacles should no longer 

be defined as the recovery from a threat, based on a review of SRT ranges across the current 

literature (e.g. Collins et al., 2017; Rudin & Briffa, 2012). 22% of SRT measurements 

reached 5400 s in this study. These values were retained for analysis as our literature review 

indicated that these individuals were exhibiting maximally shy behavioural responses. 

2.4.3. Statistical analysis 

We carried out all analyses in R version 3.5.1 (R Core Team, 2020). Analysis of fixed effects 

on population means was carried out in lme4 (Bates et al., 2015), using extra features from 

lmerTest (Kuznetsova et al., 2017). All individual level behavioural analysis followed a 

Bayesian Markov Chain Monte Carlo framework, using the R package MCMCglmm 

(Hadfield, 2010). We ran models using both parameter-expanded and inverse-Wishart priors 

to ensure robustness to different specifications. DIC (Deviance Information Criterion, 

analogous to AIC values in REML analysis; Spiegelhalter et al., 2002) estimates did not 

differ meaningfully between the two prior specifications in any model and effect estimates 

remained similar. Only the inverse-Wishart results are reported. Response variables were 

always z-transformed in order to improve model convergence (Houslay & Wilson, 2017). All 

individuals were included in all analyses, regardless of missing values, as individuals with 

fewer observations can still markedly improve the power of behavioural models (Martin et 

al., 2011). All Bayesian models were run for 420000 iterations with a 20000 burn-in period 

and a thinning interval of 100. All models underwent full model checks; convergence and 

autocorrelation were checked by visual plot inspection and using both Heidelberger & Welch 

and Gelman-Rubin convergence tests. The significance of individual level estimates and 

differences between these estimates were both determined using 95% credible intervals (e.g. 

Debeffe et al., 2015; Highcock & Carter, 2014; Houslay & Wilson, 2017). Bayesian models 

are described in brief here, but for further details of these analyses see Appendix A2.E. 

Graphs were drawn with ggplot2 (Wickham, 2011). 
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Group level effects on population means 

To investigate the impact of morphotype and shore height on IRT and SRT, and whether this 

was associated with temperature change, we ran separate univariate generalised linear mixed 

effects models on the full datasets (incorporating both control and experimental treatments) 

for each behaviour. We used stepwise model simplification to determine minimum adequate 

models. Behaviours were set as the response variable. IRT values were reciprocal root 

transformed to ensure model assumptions were met. Starting models contained morphotype, 

shore height, temperature (a three-level categorical effect in all models), time of day, data 

collection block and sampling occasion, which incorporated both time since feeding and time 

since collection, as fixed effects, and the first three were initially allowed to interact. 

Individual and tank were random effects. Given that tanks always housed the same number of 

individuals, this variable also incorporated the differing densities of anemones inherent in our 

housing design. 

Repeatability variation across temperatures and timepoints 

We assessed adjusted repeatability (hereafter, repeatability) across temperatures and 

timepoints (hereafter, when referred to together, called contexts) by splitting experimental 

and control treatments into separate datasets for IRT and SRT respectively. We ran univariate 

mixed effects models on each dataset and extracted across-context repeatability estimates 

from each (Appendix A2.E.). Morphotype, shore height and sampling occasion were fixed 

effects and individual was a random effect. Temperature was fitted as a further fixed effect in 

the experimental models and interaction terms were included in each model based on the 

minimum adequate models from our REML analysis.   

A single axis of behavioural variation 

To test whether IRT and SRT fell on the same axis of behavioural variation, we first ran a 

bivariate model on the whole dataset and extracted the between-individual correlation 

between the two behaviours (rI; Appendix A2.E.). Both IRT and SRT were set as response 

variables with morphotype, shore height, temperature and sampling occasion as fixed effects 

and individual as a random effect. To investigate whether covariance remained stable within 

treatments (i.e. whether temperature change affected any correlation between the two 

behaviours), we ran two further bivariate models on control (with temperature no longer 

included as a fixed effect) and experimental datasets respectively. 
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Within-context repeatability, between-context correlations and between-individual variation 

in plasticity 

To examine between-individual variation in plasticity (IxE) and the strength of correlations 

between behaviours across contexts we utilised a character-state approach, treating each 

context as a separate response variable (Dingemanse et al., 2010; Houslay & Wilson, 2017).  

Methods of controlling for temporal variation in the laboratory typically utilise variations of 

crossed-over designs (e.g. Briffa et al., 2013; Mitchell & Biro, 2017) or temporal controls 

similar to the one employed in this study (White & Briffa, 2017) and account for time 

statistically. However, a unique feature of the temporal control is that it allows the direct 

comparison of control and experimental patterns of change by partitioning treatments into 

separate datasets, and that is the method utilised here. Comparison with other methods found 

that the character-state approach fitted these data significantly better overall (Appendix 

A2.E.).  

We specified a trivariate mixed effects model for each partitioned dataset, in which response 

variables were behavioural response-times in each context. Morphotype, shore height and 

time since last feeding were specified as fixed effects and individual was specified as a 

random effect.  We extracted repeatabilities for each response variable (i.e. repeatability 

within-contexts). To investigate the presence of individual differences in plasticity (IxE) we 

calculated between-individual behavioural correlations between different combinations of 

contexts (Appendix A2.E.).  

We extracted the posterior modes of each individual’s response-times (analogous to BLUPs) 

for each context from each model to explore patterns of IxE between different contexts. 

Because of high levels of variance in the data, individuals were split into three starting 

personality-types for SRT and IRT respectively (“bold”, “intermediate” and “shy”) based on 

the mean of their predicted values in the first context. Equivalent mean values for the other 

contexts were extracted for each personality-type. The magnitude of changes in predicted 

response-times for each personality-type between contexts was calculated (Appendix A2.E.). 
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2.5. RESULTS 

2.5.1. Temperature and group-level effects 

Temperature interacted with morphotype (F= 16.261,1126, P< 0.001) but not shore height to 

impact the length of immersion response-times (IRTs). This effect was small in the context of 

the overall range of individual within-context means (130s-2110s; Appendix A2.F.) but was 

still clear and significant. The higher-shore-associated red morph shortened IRTs at 18oC 

(becoming bolder). The lower-shore-associated green morph lengthened IRTs at 23oC, such 

that red individuals exhibited shorter IRTs than their green counterparts at that temperature. 

Temperature interacted with shore height (F= 10.682,1703, P< 0.001) but not morphotype for 

startle response-time (SRT). Individuals from the low-shore lengthened SRTs at 18oC 

(becoming shyer) while those from the mid and high-shore did not. At 23oC mid and high-

shore individuals also lengthened their SRTs, but low-shore individuals still exhibited the 

longest response-times. SRTs further differed between morphotypes (F= 8.911,198, P= 0.003), 

but this difference was independent of temperature. Green morphotypes exhibited 

consistently shorter SRTs than red morphotypes across all temperatures. Sampling occasion 

explained a significant amount of variance in both models (IRT: F= 4.728,1683, P< 0.001; 

SRT: F= 10.188,1528, P< 0.001). 

These data show that those anemones living lower down the shore, or of the lower-shore-

associated green morphotype, altered their behaviour differently at high temperatures than 

their higher-shore-associated counterparts. Figure 2.1 provides a visualisation of the effects 

of morphotype and shore height for each behaviour in control and experimental treatments. 
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Figure 2.1. Variation in mean immersion and startle response-times, across timepoints for 108 control beadlet 

anemones (panels a, c, e, g) and temperatures for 101 experimental anemones (panels b, d, f, h), for different 

morphotypes/shore heights. Means are derived from 3 repeated measures per anemone within each 

timepoint/temperature. Significance of single morphotype/shore height terms, determined from generalised 

linear mixed effects models, is denoted by asterisks above control plots. Significant interactions between 

morphotype/shore height and temperature are denoted by asterisks above experimental plots.  P< 0.01 is 

denoted by ”**”, P< 0.001 is denoted by “***”. 
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2.5.2. Repeatability across contexts 

Significant across-context repeatability was observed for SRT and IRT in both experimental 

(SRT: R= 0.45, 95% CI= 0.35, 0.55; IRT: R= 0.21, 95% CI= 0.13, 0.29) and control (SRT: R= 

0.43, 95% CI= 0.33, 0.53; IRT: R= 0.19, 95% CI= 0.12, 0.27) treatments. Models containing 

an individual intercept term fit the data significantly better than models where this was removed 

for both SRT (Experimental With: DIC= 1956; Experimental Without: DIC= 2354; Control 

With: DIC= 2092; Control Without: DIC= 2454) and IRT (Experimental With: DIC= 2444; 

Experimental Without: DIC= 2567; Control With: DIC= 2626; Control Without: DIC= 2742), 

further indicating significant repeatability in both behaviours. Very similar estimates and 

strongly overlapping 95% credible intervals suggest that across-context repeatability in both 

behaviours was not significantly affected by temperature change. These results are indicative 

of personality and show that between-individual differences were maintained to the same 

degree in the presence and absence of a graduated temperature increase.  

2.5.3. A single axis of behavioural variation 

Bivariate models show significant between-individual correlations between IRT and SRT 

across the whole dataset (rI= 0.55, 95% CI= 0.40, 0.69). Correlation coefficients remained 

stable for control data (rI= 0.55, 95% CI= 0.37, 0.74) but were reduced in the experimental 

dataset (rI= 0.40, 95% CI= 0.19, 0.64). These correlations show that a statistically significant 

portion of the between-individual differences in these behaviours fell on a single axis of 

variation. This axis could plausibly be defined as a “boldness-shyness” continuum, with 

faster responders in both behaviours being “bolder” (i.e. less risk-averse or more risk-prone). 

For the full and control datasets, correlation coefficients were moderate (ri= 0.55), indicating 

that variation in one or both behaviours that was not explained by this axis was also present. 

The relationship decoupled to some extent when individuals were subjected to increasing 

temperatures (ri= 0.40), indicating that patterns of temperature-related between-individual 

variation in plasticity (IxE) may have differed between these behaviours. 
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2.5.4. Repeatability within contexts 

Repeatability estimates derived from character-state analyses remained significant within 

contexts for both experimental and control treatments (Table 2.1). IRT and SRT were more 

repeatable across short timeframes of three days, as within-context estimates were uniformly 

higher than across-context estimates derived from nine repeated measures taken over 13 days. 

Although some fluctuations in within-context estimates both between treatments and between 

contexts were present, estimates within each behaviour remained broadly similar. These 

similarities, coupled with highly overlapping 95% credible intervals (Table 2.1), indicate that 

no firm conclusions should be drawn concerning these differences (see: Bierbach, Laskowski,  

& Wolf, 2017).  

 

Table 2.1. Adjusted repeatabilities (R), explaining the variation in behaviour attributable to between-individual 

differences, within timepoints for control (C) treatments and temperatures for experimental (E) treatments for 

immersion response-time (IRT) and startle response-time (SRT), alongside associated 95% credible intervals.  

Repeatabilities were extracted from trivariate Bayesian GLMMs utilising a character-state approach and are 

derived from 3 repeated measures per individual beadlet anemone within each timepoint/temperature.  

 

 

 

 

 

 

 

 

 

 

Behaviour Treatment Timepoint Temperature Adjusted R 95% CI 

IRT C 1 11 0.34 0.24, 0.45 

  2 11 0.26 0.17, 0.36 

  3 11 0.28 0.18, 0.37 

 E 1 11 0.38 0.27, 0.5 

  2 18 0.32 0.23, 0.44 

  3 23 0.32 0.21, 0.43 

SRT C 1 11 0.5 0.4, 0.61 
  

2 11 0.55 0.45, 0.65 
  

3 11 0.59 0.49, 0.69 
 

E 1 11 0.61 0.52, 0.72 
  

2 18 0.66 0.57, 0.75 
  

3 23 0.58 0.48, 0.68 
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2.5.5. Between-individual variation in plasticity and correlations between 

contexts  

For IRT, IxE was present in both treatments. Correlations remained steady and significant 

between different timepoints in controls (Figure 2.2) and were relatively weak, consistent 

with relatively low across-context repeatability estimates. In experimental treatments, 

although there was clear overlap with the 95% CIs of control estimates, the patterns of 

across-context correlation were markedly different (Figure 2.3; for an alternate version of this 

figure, see Appendix A2.G.). Coefficients were reduced and non-significant, indicating no 

significant repeatability, between 11oC and both higher temperatures (Figure 2.2) whilst 

increasing and becoming significant, indicating higher repeatability, between 18oC and 23oC 

(Figure 2.2). Looking at patterns of change, a temporal effect was present in control 

treatments (Figure 2.3). Both bold and shy individuals moved away from personality 

extremes, with bold individuals lengthening response-times and shy individuals shortening 

them between the first and second timepoints. Intermediate individuals did not alter their 

behaviour. This effect was also present in experimental treatments (Figure 2.3), but the 

magnitude of changes for both bold and shy individuals was greater (although again note 

some overlap in 95% CIs). These results indicate high temporal variability in IRTs, but also 

show differences between individuals in how they altered their IRTs in response to 

temperature change. Bold and shy anemones became more intermediate in their IRTs when 

the temperature was increased than they did over time alone.  

Correlations between contexts also reveal evidence for IxE in SRT for both control and 

experimental treatments (Figure 2.2). Coefficients in the two treatments were similar, but 

investigating patterns of change shows that temperature, as well as time, had an effect at the 

individual level. Predicted response-times in control treatments show shy individuals 

shortening their response-times and thus becoming bolder over time (Figure 2.3). Changes in 

experimental treatments differed from those in controls and, unlike the equivalent control 

timepoints, the majority of these changes occurred between 11oC and 18oC. Shy individuals 

shortened their SRTs to a greater degree than in control treatments, and intermediate 

individuals lengthened theirs (Figure 2.3). Intermediate individuals only showed significant 

levels of plasticity in experimental treatments, while shy individuals showed significantly 

shorter SRTs over time in both treatments (Figure 2.3). These data show that temporal 

variation was an important factor in determining individual level changes in SRT, but that 
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increasing temperatures affected how shy and intermediate individuals altered their SRTs 

across contexts. The SRTs of the boldest individuals remained stable in both treatments. 
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Figure 2.2. Correlation coefficients and associated 95% credible intervals between behaviours across different combinations of contexts, extracted from the posterior 

covariance structures of trivariate Bayesian GLMMs, for immersion response-time (IRT; left panel) and startle response-time (SRT; right panel). For experimental treatments 

contexts denote different temperatures (1= 11oC, 2= 18oC, 3= 23oC) and for controls, contexts denote the same numbered timepoint. 
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Figure 2.3. The magnitude of change in the mean of the Bayesian BLUPs extracted from trivariate GLMMs for immersion response-times (IRTs; top panels) and startle 

response-times (SRTs; bottom panels) and their associated 95% credible intervals across different combinations of temperatures for experimental treatments (left panels) or 

timepoints for control treatments (right panels). Different colours denote different personality-types of A. equina (based on response-times at 11oC or timepoint one). Changes 

were deemed to be significant where 95% credible intervals did not cross zero, with negative changes indicating individuals becoming bolder and shortening their response-

times, and positive changes indicating individuals becoming shyer and lengthening their response-times. 
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2.6. DISCUSSION 

Temperature fluctuations due to climate change are predicted to increase the frequency of 

extreme weather events such as heat waves (IPCC, 2013). This could have detrimental and 

wide-ranging effects on organisms in their natural environment. By simulating this, our 

findings demonstrate that a potentially stressful temperature increase significantly affected 

risk-related behaviour in Actinia equina. We found consistent, mean level behavioural 

differences between individuals and between groups (i.e. morphotypes and shore heights). 

Overall repeatabilities in startle response-times (SRT) were consistent with estimates from 

recent studies of A. equina (e.g. Osborn & Briffa, 2017). These analyses also revealed a 

second repeatable behaviour in this species, in the form of immersion response-time (IRT). A 

moderate “boldness-shyness” continuum explaining variation in both behaviours did appear 

to be present and this decoupled to some degree in experimental treatments. We further 

quantified much of the variation inherent in the individual level behavioural effects of 

environmental change (IxE). By investigating across-context repeatabilities we found that 

individual consistency was not clearly affected by temperature. Across-context correlations 

and inspection of patterns, however, showed that at both the group and between-individual 

levels, SRT and IRT exhibited temperature-dependent change, the patterns of which differed 

between behaviours.  

The different patterns observed for SRT and IRT suggest that temperature responses in these 

behaviours should be considered separately. While significant correlations between them 

indicate that a “boldness-shyness” continuum is present, moderate coefficients suggest that 

one or both behaviours may also fall on other behavioural axes. The explanatory importance 

of the relationship between these two behaviours may be further reduced as the temperature is 

increased, leading the axis to decouple and each behaviour to exhibit different patterns of 

temperature-related change. This suggests that the mechanistic underpinnings of these 

behaviours may differ and that the relevance of the relationship between them in terms of 

their temperature-related plasticity may be limited. These behaviours do reflect different 

demands made upon the animal. SRT indicates recovery from a threat, while IRT is 

indicative of the natural response to the cessation of air emersion, leading to the resumption 

of feeding and optimal respiration (Navarro et al., 1981). 

In IRTs, temperature-related change at the group level might be attributable to increasing 

metabolic demand (Abram et al., 2017; van Baaren & Candolin, 2018). While we did not 
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measure metabolic rate in the present study, it has been shown to increase with ambient 

temperature in Actinia equina, with specific metabolic responses varying depending on an 

individual’s environmental history (Navarro et al., 1981). In ectotherms, when metabolic rate 

increases individuals tend to exhibit faster behaviours to keep up with increased energetic 

costs (Abram et al., 2017). The expected pattern should have been for all individuals to re-

extend their tentacles more quickly, shortening response-times, as the temperature rose, 

enhancing oxygen uptake and allowing foraging to meet metabolic demands. Although the 

green morphotype showed shorter (bolder) IRTs at 11oC, red morphotypes shortened 

response-times to similar levels as their green counterparts at 18oC, indicating enhanced 

metabolic demand. The green morphotype, associated with the low-shore and thus likely to 

be less well adapted to dealing with temperature fluctuation (Quicke et al., 1983), showed no 

similar reduction and exhibited possibly maladaptive longer IRTs at 23oC. Differing 

behavioural thermal performance curves, whereby individuals quicken their behaviours up to 

a thermal maximum beyond which they can no longer effectively mediate them, could 

explain the discrepancy between morphotypes (Abram et al., 2017).  It is possible that 

individuals of the green morphotype had surpassed their critical temperature at 23oC. Red 

individuals, meanwhile, whose IRTs remained stable between 18oC and 23oC, may retain 

mechanisms to mediate their IRTs even when temperatures near potentially lethal levels.  

At the between-individual level, high levels of within-individual behavioural variation 

(Stamps et al., 2012) may have been a factor in apparent time-related change in control IRTs, 

as between-individual correlations across contexts were low but remained uniform (see: 

Dingemanse et al., 2010). This would be consistent with the relatively low estimate of 

between-timepoint repeatability in this behaviour. Thermal stress, meanwhile, could have 

caused individuals to perform larger, more varied behavioural changes between 11oC and 

18oC than the equivalent control timepoints, indicated by lower across-context correlations, 

and led to more consistency and thus a higher across-context correlation between 18oC and 

23oC. When grouped based on personality-type, both shy and bold control individuals 

became less extreme in their average IRTs between the first and second timepoint. This could 

again indicate high levels of intra-individual variation, causing the IRTs of initially bold or 

shy individuals to appear more intermediate over longer timeframes. Patterns under 

temperature change retained this indication of high within-individual variation between 11oC 

and 18oC but, when coupled with higher across-context correlations between 18oC and 23oC, 

suggest that within-individual and population-level variance may have been reduced at higher 
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temperatures. Increased metabolic demand could feasibly reduce the adaptive scope for 

variability in behaviours directly related to metabolism (e.g. Velasque & Briffa, 2016) but 

this is in contrast to within-temperature repeatability estimates, which provide no indication 

that the consistency of IRTs increased with temperature. Although these estimates are based 

on fewer repeated measures than the across-context correlations and would thus be less likely 

to reveal specific patterns, future studies would be well-served to investigate this further. 

Understanding temperature-dependent changes in both metabolic rate and intra-individual 

variation will be crucial to determining whether patterns in IRT are indeed driven by 

metabolic changes, and whether this leads to increased stability of IRTs at higher 

temperatures. 

In contrast to IRTs, all groups lengthened their SRTs as the temperature increased, indicating 

that temperature response in this behaviour was unlikely to have been solely driven by 

metabolic changes (Abram et al., 2017). Green individuals were bolder, showing shorter 

SRTs, at all temperatures but anemones from the low-shore lengthened their SRTs to a much 

greater degree at higher temperatures than their conspecifics from other shore heights. Low-

shore individuals, which are immersed for longer periods of the day, may have more 

environmental scope to up-regulate this response. They may also be less acclimated to 

temperature fluctuations (Chapperon et al., 2016) and therefore be more stressed at high 

temperatures (Abram et al., 2017), leading them to be more risk-averse or physiologically 

unprepared in the face of further stressors (Koolhaas et al., 2010; Wong et al., 2019).  

Varied temperature responses further extended to different personality-types for SRTs. Shy 

individuals followed a common pattern of habituation in control treatments where they 

became bolder upon repeated exposures to a stressor (e.g. Edwards et al., 2013; Houslay et 

al., 2019). When the temperature was changed, different personality-types exhibited different 

behavioural responses. Shy individuals became bolder by shortening their response-times to a 

greater degree than in control treatments, and the overall population-level trend to lengthen 

SRTs at higher temperatures may have been driven by intermediate individuals, which only 

exhibited significant plastic changes in experimental treatments. The stability of bold 

individuals in both treatments could indicate that they have less scope for plasticity in SRTs 

(e.g. Kareklas et al., 2016). Differences between personality-types in their degree and pattern 

of temperature-related SRT change could suggest varied molecular “coping styles”, where 

different personality-types exhibit different molecular and, in turn, behavioural responses to 

stress (Koolhaas et al., 2010; Wong et al., 2019). Although this phenomenon is well known in 
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vertebrates (e.g. Pusch et al., 2018; Thomson et al., 2011), the links between behavioural 

plasticity and molecular changes in invertebrates are poorly understood (Fürtbauer, 2015) and 

further work will be required to uncover the potential physiological basis of plasticity in 

SRTs. From an ecological perspective, these patterns of plasticity could come at a detriment 

to the survival of some groups, as they may be placed under increased metabolic stress 

whenever responding to threats at higher temperatures (Griffiths, 1977b; Sebens, 1981). 

Intermediate personality-types living lower down the shore may be particularly poorly 

equipped to mediate their SRTs under climate change-induced heat waves.  

There has been increased call for conservation strategies to move beyond population-based 

approaches in the conservation of marine systems being exposed to environmental change 

(Brooker et al., 2016; Killen et al., 2016). These laboratory results indicate that more 

effective and targeted strategies might indeed be designed by considering finer-scale 

variation. Both of these behaviours are ecologically relevant and although SRT changes in 

relation to temperature may not be solely predicated on metabolic demand, elevated periods 

of tentacle retraction, especially at higher temperatures, still come at a metabolic cost 

(Griffiths, 1977b; Sebens, 1981). Both behaviours would thus be important when considering 

the survival of this species in the face of climate change-induced heat waves. When designing 

conservation strategies in heterogeneous environments, multi-faceted investigations of 

multiple behaviours (Carter & Feeney, 2012) are likely to provide indications of which 

individuals of a given species will be more vulnerable to acute, climate change-induced 

temperature shifts (See: Sih et al., 2012).  

2.6. CONCLUSION 

Acute, extreme temperature shifts associated with anthropogenic climate change could have 

significant effects on populations living in the intertidal zone. We show that morphotype, 

shore height, and individual level variation all affect behavioural responses to temperature 

change in A. equina.  The highly complex relationship between behaviour and temperature in 

this species highlights the importance of incorporating multi-faceted behavioural approaches 

when designing strategies to predict the effects of anthropogenic climate change in these 

environments. A failure to target the most vulnerable groups or individuals in intertidal 

populations could lead to a loss of genetic diversity, leaving populations potentially more 

susceptible to future short-term and longer-term environmental perturbation. 
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APPENDIX TO CHAPTER 2: The impact of personality, 

morphotype and shore height on temperature‐mediated behavioural 

responses in the beadlet anemone Actinia equina 
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A2.A. Sample sizes, housing and ethics 

Actinia equina exhibits at least three morphotypes (Allcock et al., 1998), but only the low-

shore morphotype is easily differentiated by eye from the two higher shore morphs (via pedal 

disc colour and limbus). The two higher shore morphotypes are only easily defined by 

genetic differentiation (Quicke et al., 1985) as they both display red pedal disc colouration 

(Quicke & Brace, 1984). In an attempt to mitigate for this, and to ensure as even a split as 

possible between the two red morphs, we collected 36 red individuals and 18 green 

individuals per block. We aimed to differentiate between these red morphs via holotrich 

nematocyst measurement (Collins et al., 2017), but variance in red nematocyst length meant 

this proved to be unfeasible. 7 A. prasina individuals were mis-identified as red morphs 

across both experimental blocks, leading total experimental red sample sizes to be 65. Figure 

A2.1 shows the housing set-up for anemones during each block and table A2.1 shows the 

sample sizes for each grouping factor during each data collection block. 

This study did not require ethical approval since this species is not regulated under UK Home 

Office legislation. Across the four data collection blocks no animal mortality occurred and 

measured environmental parameters were consistently within normal tolerance ranges for this 

or similar species (Leal et al., 2012; Salt et al., 2013). All animals were returned to their 

collection site at Llandudno at the conclusion of testing, after tentacle samples had been 

collected under anaesthesia (2% MgCl2) for a small subset of individuals. These animals are 

able to regenerate from high levels of damage, including self-inflicted damage to the 

epithelium (Palaoro et al., 2017) and lateral cutting (Turner et al., 2003), and multiple 

previous studies have taken samples of feeding and fighting (acrorhagi) tentacles with no 

adverse effects (e.g. Gashout & Ormond, 1979; Monteiro et al., 1997).  Additionally, sample 

sizes were kept as low as possible without compromising the power of the study (see: 

Dingemanse & Dochtermann, 2013 for detailed power calculations with regard to individual 

level behavioural variation on which our sample sizes were based). 
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Figure A2.1. The within data collection block anemone housing set-up in the flow-through system. L, M and H 

denote low, mid and high-shore individuals respectively. G denotes the green morphotype, while RB denotes the 

red morphotype. 

 

Table A2.1. The split of anemones between morphotypes and shore heights within a data collection block. L, M 

and H denote low, mid and high-shore individuals respectively. Green denotes the green morphotype, while red 

denotes the red morphotype. 

 

 

 

 

 

 

 

 

 
L M H 

Red 12 12 12 

Green 6 6 6 



54 

 

A2.B. Environmental control  

Although average temperatures remained within ±1oC for all treatments (11oC ±0.67; 18oC 

±0.29; 23oC ±0.64; Table A2.2), on two days during the 11oC portion of treatments 

temperatures exceeding 12oC were measured in the system. Similarly, on one occasion, the 

temperature reached 24.1oC during the first experimental treatment’s 23oC period. 

Preliminary testing indicated that removal of these data did not significantly alter model fits, 

so they were retained for subsequent analysis.  

Average ocean surface pH is currently 8.1-8.2 (±0.3 dependent on season and location; Raven 

et al., 2005), thus although our system experienced some small pH fluctuations, pH still fell 

within current normal levels.  
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Table A2.2. Full table of environmental measurements taken across the course of the study.

Date 11-Apr 12-Apr 13-Apr 14-Apr 16-Apr 17-Apr 18-Apr 19-Apr 21-Apr 22-Apr 23-Apr 24-Apr 

Temp am 
 

10.3 10.8 10.2 
 

18.1 18 18.3 
 

24 24 24 

Temp pm 10.6 10.2 11 10.9 17.6 18.3 18.2 18 24 23.9 23.8 24.1 

Salinity 33 
   

33 
   

33 
   

pH 8.1 
   

8 
   

8.1 
   

Nitrate 20 
   

10 
   

20 
   

Date  27-May 28-May 29-May 30-May 01-Jun 02-Jun 03-Jun 04-Jun 06-Jun 07-Jun 08-Jun 09-Jun 

Temp am 
 

11.5 11.8 11.8 
 

12.2 11.8 11.8 
 

11.7 11.8 11.9 

Temp pm 11.4 11.9 12 12 11.7 12.7 12 11.9 11.8 12 11.9 12 

Salinity 33 
   

34.7 
   

34.5 
   

pH 8 
   

7.9 
   

8.1 
   

Nitrate 5 
   

10 
   

10 
   

Date  24-Jun 25-Jun 26-Jun 27-Jun 29-Jun 30-Jun 01-Jul 02-Jul 04-Jul 05-Jul 06-Jul 07-Jul 

Temp am 
 

11.7 11.5 11.6 
 

17.5 17.6 17.6 
 

22.8 22.5 22.6 

Temp pm 11.3 11.7 11.7 12.4 17.5 17.7 17.6 17.7 23 22.8 22.6 22.5 

Salinity 33.24 
   

34.6 
   

34.5 
   

pH 8 
   

8.2 
   

8.2 
   

Nitrate 5 
   

10 
   

20 
   

Date  24-Jul 25-Jul 26-Jul 27-Jul 29-Jul 30-Jul 31-Jul 01-Aug 03-Aug 04-Aug 05-Aug 06-Aug 

Temp am 
 

11.2 11.3 11.5 
 

11.4 11.2 11.3 
 

11.7 11.6 11.6 

Temp pm 11.5 11.3 11.4 11.9 11.6 11.7 11.4 11.5 11.3 12 11.7 11.8 

Salinity 33.08 
   

34.17 
   

34.45 
   

pH 8.3 
   

8.4 
   

8.4 
   

Nitrate 5 
   

10 
   

10 
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A2.C. Visualising the within-block schedule 

Figure A2.2. (a) A timeline of the experimental schedule for each experimental block. Below the timeline 

indicates where individuals were subject to environmental changes. Above the line indicates on which days 

individuals were acclimating to a new environment and on which days they were subject to behavioural 

testing; (b) The timeline of behavioural testing for a set of 27 individuals, showing when individuals were 

subject to immersion and startle response trials and timelapse video recordings. Emersion refers to the 

removal of water from tanks, and immersion refers to the re-introduction of water into tanks. Startle refers 

to eliciting fright responses by jetting 50 ml of tank water into anemones’ oral discs using a syringe. 
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A2.D. The dual definition of SRT 

To ensure that we were not inadvertently measuring two different responses by splitting our 

SRT definitions, we took a randomly selected experimental and a randomly selected control 

block (blocks 1 and 4) and re-analysed their raw photo data. We recorded whether an 

individual was fully extended or not before a startle response was elicited. Due to the 

relatively even split of 62% extended and 38% not fully extended, we did not deem it 

appropriate to analyse the two definitions separately. This would have led to large reductions 

in both between and within-individual sample sizes for the behaviours, which would have 

substantantially reduced the power of our main analyses to detect patterns in these data. We 

thus carried out two analyses to ensure that these definitions did not differ significantly from 

one another in the patterns they showed. 

Firstly, we ran an identical model to the full SRT model presented in our paper but added 

initial extension as an additional fixed effect. This new variable was allowed to interact with 

temperature and also with treatment. Due to the smaller dataset, tank was fitted as a fixed, 

rather than random, effect so as not to overfit the model. No effect of initial extension was 

detected. To analyse a possible effect of data collection block, we then took the first 3 

sampling occasions from each block and ran a further model with temperature removed, 

where starting extension was allowed to interact with block. Once again, no effect of initial 

extension was detected. 

Secondly, we ran a short multivariate MCMC analysis on the same data (50000 iterations 

with a 5000 iteration burn-in and a thinning interval of 100) where response-times falling 

under each definition were both set as response variables. Morphotype, shore height, 

temperature and sampling occasion were specified as fixed effects, while individual was 

specified as a random effect. The residual variance-covariance matrix was constrained to 1. 

When model diagnostics had been checked, we extracted a correlation coefficient of 0.65 

between the two definitions and associated credible intervals (0.46, 0.80). Although this 

coefficient is only moderately high, we deemed it acceptable for 3 reasons; a) the analyses in 

our paper show that time has significant effects on this behaviour and this analysis contains 

no time overlap within-individuals; b) a scatterplot of individual posterior modes (Figure 

A2.3) shows a clear positive relationship between the two measures; c) this correlation 

coefficient is higher than the across-context repeatabilities for SRT presented in our paper. 

We further calculated repeatabilities for both definitions from this model in the method of our 
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character-state analysis. While these were both much lower than those presented in our paper, 

due both to reductions in sample size at every level and to increased lengths of time between 

repeated measures for each definition, they were very similar for both definitions with highly 

overlapping credible intervals (Fully Extended: R= 0.27, 95% CI= 0.19, 0.36; Partially 

Extended: R= 0.26, 95% CI= 0.17, 0.36). 

Figure A2.3. Associations between the posterior modes of each individual (Bayesian BLUPs) under each 

behavioural definition. 
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A2.E. Bayesian analytical detail 

Univariate across-context repeatability estimation 

Time of day, data collection block, and tank were all dropped as they had no effect on model 

DIC values and had been non-significant for both behaviours in the initial maximum-

likelihood analysis. Once model assumptions had been checked we extracted adjusted 

repeatability estimates and associated 95% credible intervals (analogous to 95% confidence 

intervals from a REML analysis) for each behaviour from the G structure of each initial 

model’s posterior distribution. As the variance of random effects is constrained to positive 

values in MCMCglmm (Letcher et al., 2011), repeatabilities were taken to be statistically 

significant where the distribution of posterior repeatability estimates was not pushed up 

against zero (determined from histograms of the variances) and 95% credible intervals did 

not come close to zero (e.g. Highcock & Carter, 2014).  

Bivariate correlations between behaviours 

In these models, because the two behaviours were each measured during different trials, 

residual (within-individual) covariation was not identifiable. Variance and covariance 

components of residual covariance matrices were thus fixed at 1. Ri and the associated 95% 

credible intervals were calculated from the between-individual covariance estimates from the 

posterior G structure of each model (Houslay & Wilson, 2017). Statistical significance was 

inferred where 95% credible intervals did not cross zero. 

Comparison of character state models with random regression 

Comparing partitioned random regressions with character state analyses found that DIC 

values were generally very similar between the two analyses, but that the character state 

approach fit experimental SRT data significantly better than the equivalent random regression 

(Character State DIC= 1807; Random regression DIC= 1866).  Furthermore, inspection of 

individual level predictions from character state and equivalent random regression models 

found character state models to better fit the raw data (see: Houslay & Wilson, 2017). 

Character-state calculations and significance of estimates 

Within-context repeatabilities were estimated by calculating a mean from posterior 

repeatability estimates alongside associated 95% credible intervals. Significance of 

repeatability estimates were assessed by the same methods as above using 95% credible 



60 

 

intervals. To estimate across-context correlations, we extracted across-context covariance 

terms between the different response variables and converted these to correlation coefficients 

and their associated 95% credible intervals. As covariance terms are not constrained to 

positive values, correlation coefficients were deemed significant where 95% credible 

intervals did not cross zero (Hadfield, 2010). IxE was deemed to be present where 95% 

credible intervals of correlation coefficients did not include 1 (Houslay & Wilson, 2017). 

Grouped analysis on the magnitude of behavioural change 

In this analysis “bold” individuals were those whose mean predicted response-times fell 

below the first quartile of posterior estimates and “shy” individuals were those whose mean 

predicted response-times fell above the third quartile of posterior estimates. “Intermediate” 

individuals fell in between the two. 95% credible intervals for predicted values were 

extracted from each model alongside mean estimates, and changes were deemed to be 

significant where 95% credible intervals did not cross zero. 

 

 

 

 

 

 

 

 

 

 

 

 



61 

 

A2.F. Reaction norms with morphotype/shore height means 

Figure A2.4. Plots of individual reaction norms using raw data means for each individual within each context 

(timepoint or temperature) for immersion response-time (IRT; panels a-d) and startle response-time (SRT; 

panels e-h). Panels a, b, e and f are coloured by morphotype while panels c, d, g and h are coloured by shore 

height. Panels a, c, e and g show control treatments, while panels b, d, f and h show experimental treatments.  

For panels a, b, e and f, the solid line indicates the mean for the green morphotype in each context, while the 

dashed line indicates the same for the red morphotype. For panels c, d, g and h the solid line indicates the mean 

for low-shore individuals in each context, the dashed line mid-shore individuals and the dotted line high-shore 

individuals. 
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A2.G. Alternative Visualisation of figure 2 

Figure A2.5. Visualising how the means of Bayesian BLUPs (the modes of predicted individual beadlet anemone response-times, extracted from the posterior distributions of 

Bayesian trivariate GLMMs), and their associated 95% credible intervals, changed across timepoints for 108 control individuals, or temperatures for 101 experimental 

individuals. Individuals with different personality-types at the first timepoint or temperature are indicated by separate colours. Showing a) Control startle response-times 

(SRTs); b) Experimental SRTs; c) Control immersion response-times (IRTs); d) Experimental IRTs.
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Chapter 3: 

 

Temperature-driven changes in behavioural unpredictability and 

personality in the beadlet sea anemone, Actinia equina 
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3.1. KEYWORDS 

Behavioural plasticity, Boldness, Climate change, Marine invertebrate, Temperature 

fluctuation, Unpredictability 

3.2. ABSTRACT 

Unexplained behavioural inconsistency in individual animals, termed unpredictability, could 

account for more than 50% of variance in some behaviours. Unpredictability is likely to be 

selectively beneficial as a predator mitigation strategy and thus should be of adaptive value. 

Between-individual differences in behavioural unpredictability and how it changes across 

environmental contexts may thus have important consequences for selection, particularly in 

the face of extreme environmental changes. Associations between unpredictability and other 

risk-mitigating behavioural traits such as boldness could further influence individual fitness 

and population health. In this study, we investigated patterns of unpredictability in Actinia 

equina individuals at high and low temperature extremes. We investigated two boldness-

related behaviours, immersion response (tentacle extension with submergence) and startle 

response (tentacle extension after a fright). We took bursts of six repeated measures of each 

behaviour, one at 6oC and one at 21oC in two crossed-over treatments, and two at 13oC in a 

control treatment. Large sample sizes allowed us to use double-hierarchical linear mixed 

modelling to investigate between-individual variation in unpredictability and in the plasticity 

of unpredictability. Significant between-individual variation in unpredictability was present 

for both behaviours and was influenced by temperature. For the startle response, animals 

collected from less stochastic environments were more unpredictable at 21oC than those from 

more stochastic environments. For the immersion response, animals were more unpredictable 

at 21oC than at 6oC; this difference was clearer in those individuals that started at the high, 

rather than the low, temperature. Unpredictability was further positively correlated with the 

mean level immersion response at both temperatures; intermediate and moderately shy 

individuals were more unpredictable than bold in both environments. Metabolic rate in A. 

equina increases as the temperature rises, so energetically taxing unpredictability, coupled 

with reductions in foraging associated with shyer behaviour, could prove selectively 

detrimental during heatwaves.  
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3.3. INTRODUCTION 

It is now widely accepted that labile behavioural traits tend to differ consistently between 

individuals of the same species and these differences are often termed personality (Dall et al., 

2004; Sih et al., 2004). When confronted with a challenge, such as a novel competitor or a 

change in their environment, personality traits can influence how different individuals alter 

their behaviour in a specific manner (Dingemanse et al., 2010; Stamps & Biro, 2016). Plastic 

behavioural change is in fact a key mechanism by which animals can mitigate the effects of 

stressors such as environmental fluctuation (Abram et al., 2017; Snell-Rood, 2013). Shifts in 

numerous environmental variables, including temperature (Briffa et al., 2013; Kjærsgaard et 

al., 2015), chemistry (White & Briffa, 2017) and oxygen levels (Norin et al., 2016), have 

been shown to have clear individual level behavioural effects. Differences between 

individuals in how their behaviour changes across environmental contexts could have 

important implications when addressing population and species level robustness to 

anthropogenic climate change (Beever et al., 2017; Sih et al., 2011).  

Repeatable differences between individuals in the extent and nature of plastic changes in their 

behaviour across contexts and time are often termed differences in their reaction norms 

(Dingemanse et al., 2010). These differences can be linked to individual fitness under specific 

environmental scenarios (Tuomainen & Candolin, 2011; van Baaren & Candolin, 2018). 

Numerous studies across many taxa have now sought to investigate variation in 

environmentally driven reaction norms (reviewed in: Abram et al., 2017; Wong & Candolin, 

2015). However, until recently, a key component of individual behavioural variation and, in 

turn, reaction norms, alongside mean level variation, has often been neglected. Residual 

intraindividual behavioural variation (rIIV; Cleasby et al., 2015; Westneat et al., 2015), 

hereafter termed unpredictability, is the short-term, reversible behavioural inconsistency 

shown within individuals across repeated behavioural measures (Stamps et al., 2012). 

Although the term ‘predictability’ is often used in the literature to describe rIIV (e.g. Briffa et 

al., 2013; Jolles et al., 2019), ‘unpredictability’ is a true representation of what rIIV measures. 

It requires no reference back to the acronym once it has been introduced, unlike 

‘predictability’ which, being inverse to rIIV, tends to require regular clarification. The term 

‘predictability’ is thus commonly used in unison with both the acronym and ‘unpredictability’ 

(e.g. Chang et al., 2017; Cleasby et al., 2015). Semantic inconsistency is an issue that 

regularly plagues behavioural ecology (Carter et al., 2013), and as such standardizing the 

term ‘unpredictability’ could be of value to the field to improve clarity. Given that the 
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average behavioural variance accounted for by differences in behavioural means, termed 

repeatability, is moderate (0.37–0.42; Bell et al., 2009), unpredictability may often account 

for a substantial proportion of between-individual behavioural differences (Stamps et al., 

2012).  

The maintenance of between-individual differences in unpredictability (Cleasby et al., 2015; 

Mitchell et al., 2016) is of adaptive interest (Westneat et al., 2015), and questions arise as to 

how it relates to an individual’s overall behavioural strategy. One possibility is that 

maintaining the plastic scope of a behaviour necessitates reduced behavioural consistency 

(Dingemanse & Wolf, 2013), such that individuals with greater plastic scope exhibit greater 

unpredictability (e.g. Nakagawa et al., 2007). Another is that unpredictability itself is of 

adaptive significance (Prentice et al., 2020), possibly as part of a predator avoidance strategy 

(Briffa et al., 2013; Martin et al., 2017). This may prove adaptively beneficial for more risk-

averse individuals, limiting the need for highly risk-averse mean level behaviours, which 

themselves can come at a detriment to other life history traits (Gasparini et al., 2019; Mathot 

et al., 2019).  

If unpredictability is of adaptive importance, it should present as any other behavioural trait, 

showing its own patterns of consistency and plasticity, and potentially itself forming part of 

an adaptive behavioural syndrome (Briffa et al., 2013; Prentice et al., 2020). It is thus 

important in studies of plasticity to consider levels of unpredictability and how they might 

covary with mean level behaviour (Mitchell et al., 2016). Studies are increasingly addressing 

this by incorporating both mean and residual level behavioural variation, with recent 

examples including findings that anthropogenic contaminants can maladaptively influence 

unpredictability in hermit crabs, Pagurus bernhardus (Nanninga et al., 2020) and indications 

that differing degrees of unpredictability may help explain sex-specific differences in 

laterality in guppies, Poecilia reticulata (McLean & Morrell, 2020). Comparatively  few 

studies, however, have investigated variation between individuals in how their 

unpredictability changes across environments (plasticity of unpredictability), and how this 

associates with possible covariation between unpredictability and mean level behaviour under 

environmental change (but see: e.g. Mitchell & Biro, 2017; Nakayama et al., 2016). 

Understanding how unpredictability plastically changes under environmental shifts will 

enable us to interpret how it could influence overall fitness and survival in a changing 

climate. 
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In ectotherms, temperature is directly related to metabolic demand (Abram et al., 2017; 

Killen et al., 2013). Risk-averse (shy) behaviours, such as increased latency to emerge after a 

fright, should become increasingly metabolically detrimental to an ectothermic animal as 

temperatures rise (Mathot et al., 2019), with animals trading off foraging time against risk 

aversion. Thus, if greater unpredictability in risky behaviour can be utilized as an alternative 

method of predator mitigation (e.g. Chang et al., 2017; Richardson et al., 2018), its adaptive 

value to an ectotherm should be inherently linked with environmental temperature. The 

frequency of weather events leading to drastic short-term temperature changes, such as 

heatwaves and cold snaps, is predicted to increase under anthropogenic climate change 

(IPCC, 2013). Between-individual differences in the unpredictability of ecologically relevant 

behaviours, how this unpredictability changes under extreme thermal contexts and how it 

relates to mean level effects could thus have important implications for the future survival of 

ectothermic organisms that are dependent upon environmental temperature, particularly if 

this is outside their tolerance range. 

The beadlet anemone, Actinia equina, is an ideal study organism to investigate the 

relationship between individual behavioural unpredictability and temperature as it has 

particularly high thermal tolerances (although these are greater at high than low temperatures; 

Griffiths, 1977a) and can be exposed to extreme temperatures with minimal risk of mortality 

(Chapter 2). Further, temperature shifts in A. equina drive changes in metabolic rate 

(Chomsky et al., 2004b), proteomic expression (Choresh et al., 2001) and boldness-related 

behaviours (Chapter 2). Boldness in A. equina is measured via latency to return to normal 

tentacle extension after the presentation of different stimuli (e.g. Briffa & Greenaway, 2011; 

Chapter 2). Tentacle extension is inherently linked to both foraging efficiency and general 

metabolic processes (metabolic rate peaks when tentacles are at maximum extension; 

Griffiths, 1977b) in this species, so these behaviours are likely to represent a trade-off 

between risk mitigation and metabolic efficiency (Chapter 2). Actinia equina also lives across 

a gradient of intertidal shore heights and exhibits visually distinct morphotypes (Brace & 

Reynolds, 1989) which are known to differ in these behaviours (Collins et al., 2017). 

Morphotypes are themselves associated with different heights on the shore (Brace & 

Reynolds, 1989), which are characterized in part by the very different thermal patterns that 

they exhibit (Brahim et al., 2019). Single populations of A. equina can thus encompass 

several different thermal optima and a large degree of variation in plastic strategies to deal 

with thermal changes (Chomsky et al., 2004b; Navarro et al., 1981). These anemones further 
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show population level variation in unpredictability, with high levels of unpredictability 

potentially being associated with high-risk environments (Osborn & Briffa, 2017). 

In the present study we aimed to understand how between-individual variation in the 

unpredictability of A. equina might influence responses to heatwaves or cold snaps. We 

investigated differences in unpredictability at morphotype, shore height and between-

individual levels for two boldness-related behaviours, startle response-time (SRT) and 

immersion response-time (IRT). We sampled both between (2592 behavioural measures 

across 216 individuals) and within (12 repeated measures across two six-measure bursts) 

individuals at two temperature extremes, allowing us to use double-hierarchical linear mixed 

models to partition mean and residual level behavioural variation across and within those 

extremes. We were able to investigate between-individual differences in unpredictability and 

whether these differences changed in a nonuniform way across temperatures, indicating 

between-individual variation in the plasticity of unpredictability. We further determined 

whether unpredictability was plastically changing independently of mean level behaviour, 

and thus how it might fit into anemones’ overall behavioural syndromes. To do this, we 

calculated correlations between unpredictability and mean level personality-type and 

quantified how these were affected by different temperature extremes.  

3.4. METHODS 

3.4.1. Collection and laboratory set-up 

Data collection was carried out between December 2018 and February 2019 across four 10-

day data collection blocks. During each block we collected 54 anemones from the rocky 

shore of Llandudno, North Wales (lat: 53.330359, long: -3.828975). Within each data 

collection block, each treatment combination (shore height*morphotype) had a sample size of 

nine. Collection of anemones, identification of red (high-shore-associated) and green (low-

shore-associated) morphotypes and transfer to the University of Liverpool was carried out 

using well-established protocols for this population (Collins et al., 2017; Chapter 2). Total 

sample size was 216, split evenly across the four collection blocks. 

For the duration of their time in the laboratory, anemones were housed in separate, 15 cm tall 

clear plastic cups, ca. 7 cm wide at their base, each containing >10 small drainage holes and a 

single pebble to which the anemone could bind. The pedal disc (underside) width of 

anemones used in this study ranged between 1.4 cm and 3.4 cm. All anemones had space for 
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movement in their cups and were able to fully extend their feeding tentacles during 

experiments. Cups were positioned within one of three tanks (80 cm x 45 cm x 40 cm), filled 

to a depth of ca. 12 cm with artificial sea water (RO water and Tropic Marin, Wartenberg, 

Germany, Pro Reef Salt) and situated in a 13oC (±1oC) temperature-controlled room. Each 

tank contained 18 anemones, split evenly such that they each contained three anemones of 

each morphotype from each shore height. Within tanks, anemones were housed in three 

clusters of six cups and could not physically interact with one another. These tanks were, in 

turn, situated in one of three larger flow-through systems being maintained at three different 

temperatures. Two experimental systems were maintained at 6oC (±1oC) and 21oC (±1oC), 

and this was switched halfway through behavioural testing in a crossed-over temperature 

change design accounting for treatment order (Briffa et al., 2013; Mitchell & Biro, 2017). To 

allow the direct comparison of temperature effects with temporal effects alone, a separate 

group of anemones remained at 13oC (±1oC) for each full 10-day block. The temperature of 

each system was randomized between blocks, with each system running each treatment at 

least once. To avoid any systematic effects, the tank used in a system was randomly selected 

for each block, with each tank used at least once. 

Both experimental temperatures fall outside the average range of sea temperatures for 

Llandudno (7.5oC–16.25oC; www.seatemperature.org), so were deemed appropriate to 

simulate the temperature extremes that might be brought about by severe weather events. 

Actinia equina has been shown to be less physiologically tolerant to cold than hot 

temperature extremes (Griffiths, 1977a), so 6oC, a temperature at the very lower bound of the 

normal range of extremes this population might experience (www.seatemperature.org), was 

chosen to reflect this. The other extreme, 21oC, is nearing the thermal maximum for this 

population (Chapter 2). It is well above the normal high sea temperature extremes 

experienced by Lllandudno (17.3oC), but it is possible that isolated tide pools could reach this 

temperature during a heatwave. We chose 13oC as a ‘baseline’ control temperature as it is 

well within the normal range of temperatures for Llandudno and a rough midpoint between 

the two temperature extremes (www.seatemperature.org). 

Once all anemones had been placed in their cups, they were given 60 h to acclimate prior to 

experimentation. Systems were maintained at a salinity of 33–35 ppt and a pH of 8.2 (±0.3) 

with regular water quality measurements of temperature, salinity, pH, ammonia (< 0.1 

mg/litre), nitrite (< 0.25 mg/litre) and nitrate levels (< 20 mg/litre). We carried out 20% water 

changes once per week and full water changes at the conclusion of each data collection block. 
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Light was provided for individual tanks using Arcadia Classica T8 60 cm LED lights (Ely, 

U.K.) and the laboratory was kept on a 12:12 h (0830–2030) day:night cycle throughout the 

data collection period. Anemones were fed ad libitum on brine shrimp (Monkfield Nutrition, 

Ely, U.K.) 48 h into their 60 h acclimation period (as per Chapter 2).  

3.4.2. Behavioural testing and morphological measurement 

We carried out behavioural testing over the course of an 8-day period after the initial 60 h 

acclimation (for a full experimental timeline, a visualization of our crossed-over temperature 

schedule and a schematic of our set-up, see Appendix A3.A.). Every individual had its 

immersion response-time (IRT) and startle response-time (SRT) tested twice daily, once in 

the morning and once in the afternoon, for the first 3 days of this period. IRT was measured 

first on all occasions, always followed by a 10 min interval before we measured SRT. For 

IRT, the order of individual behavioural trials on each occasion was randomized between cup 

clusters. For SRT, the order was further randomized at the individual level within clusters. 

Both behaviours involved measuring individual latency to extend feeding tentacles after a 

stimulus. For IRT measurement each anemone was emersed by removing its cup from the 

tank and allowing water to drain via the drainage holes, leading to tentacle retraction, before 

being reimmersed after 30 min. IRT was defined as when an individual had fully re-extended 

its feeding tentacles (as per Chapter 2). SRT was measured after first discharging 50 ml of 

water at an anemone’s oral disc (the mouth and the smooth tissue surrounding it; Appendix 

A3.B), causing it to retract its tentacles. SRT was defined as when an individual’s feeding 

tentacles had re-extended such that they surpassed 75% of the anemone’s collar (contractile 

tissue at the top of the body; Appendix A3.B) and only 25% of the collar was still visible, or 

as when an anemone returned to its pre-startle degree of extension if it began with less than 

75% of its feeding tentacles extended beyond the collar. These measures are highly correlated 

and taken together strongly define the range of individual SRTs (Chapter 2).  

Behavioural response-times were recorded using seven Crosstour 4k action cameras and two 

GoPro Hero 4 action cameras, which were mounted above tanks. Each camera was able to 

record the responses of six individuals simultaneously. Using timelapse photographs captured 

at 30 s intervals, we determined IRT from 45 min of footage, beyond which response-times 

were given a maximal value of 2700 s (Chapter 2). For logistical purposes, the upper bound 

of SRT was lowered from 5400 s (Chapter 2) to 4800 s. Preliminary analyses of data from 

Chapter 2 found that only 0.6% of SRT measurements fell between these values, so this 
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change was deemed appropriate.  The temperature in tanks was recorded twice daily on days 

when behavioural testing took place, during both morning and afternoon testing in between 

the measurement of IRTs and the measurement of SRTs. Although anemone morphotypes 

differ in coloration, this was not clearly visible in photos, so the observer was fully blinded to 

anemone type when analysing them. D.K.M. carried out all behavioural testing and data 

extraction to avoid interobserver effects.  

At the conclusion of 3 days of testing, thermal contexts were reversed within the two 

experimental systems overnight at a rate of 1oC/h, to account for the influence of treatment 

order (as per Briffa et al., 2013). The temperature in the control system remained at 13oC. 

Individuals were given a further 60 h to acclimate to their new thermal contexts and again fed 

ad libitum after 48 h. All three treatments were then subject to another 3 days of behavioural 

testing, providing up to 12 observations overall for each behaviour per individual.  

For IRT anemones were occasionally not fully visible on recordings, and for SRT some 

individuals either did not have their tentacles extended or were detached from the substrate at 

the commencement of a given trial. Of 2592 possible measurements, 25, each from separate 

individuals and occurring no more than once per individual, were not quantifiable for IRT. 

For SRT, 447 of 2592 measurements, occurring across 164 individuals (and thus occurring 

more than once for some) were not quantifiable. Anemones were fed ad libitum on brine 

shrimp (Monkfield Nutrition, Ely, U.K.) each evening prior to behavioural testing, to 

maintain energy availability across all behavioural trials. This meant that anemones were fed 

on six occasions in total during each data collection block. After all testing had concluded, 

anemones were returned to their collection site.  

3.4.3. Statistical analysis 

Our aim was to quantify between-individual differences in the mean and residual variance 

components of each behaviour and how these covaried with one another. We wanted to 

investigate this at the level of both behavioural intercepts (repeatability) and behavioural 

slopes across timepoints and temperatures (plasticity). We utilized adapted versions of the 

methods detailed in full by Mitchell et al. (2016), fitted in a Bayesian Markov chain Monte 

Carlo framework with a double-hierarchical structure and a covariance matrix between mean 

and residual individual level effects.  
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All analyses were carried out using R version 3.6.2 (R Core Team, 2020), using the analytical 

software JAGS  with the rjags overlay (Plummer, 2014). For modelling purposes data for 

both behaviours were split into control and experimental datasets, allowing for the direct 

comparison of model outputs.  

3.4.4. Model set-up 

All models were run for 400 000 iterations across three parallel chains after a 10 000 iteration 

burn-in period, with a thinning interval of 100. Fixed-effect parameters on the mean and the 

residuals were assigned inverse-Wishart priors, while random effect parameters were given 

uniform priors. Alongside visual inspection of posterior and autocorrelation plots, 

Heidelberger–Welch, Gelman–Rubin and autocorrelation diagnostic tests were carried out on 

all models to ensure successful convergence before any results were extracted. The posterior 

distributions of each sampling node were further inspected post hoc to ensure they met the 

assumptions of normality. 

To partition the mean and residual variance components of SRT and IRT and investigate the 

covariance between these two levels of behavioural variation, we initially specified one 

double-hierarchical model per dataset. SRT or IRT (z-transformed) were set as the response 

variable in the mean level of the model. In control mean models morphotype, shore height, 

sampling occasion, data collection block and temperature (z-transformed) were fixed effects. 

Morphotype, shore height and sampling occasion were initially allowed to interact. Tank and 

individual ID were included as random effects as was a nested random effect of 

ID*timepoint, where response-times were partitioned into two bursts of six repeated 

measures. This was our random slope, which accounted for plasticity by addressing 

temperature or timepoint-driven individual*environment (IxE) effects on mean level 

behavioural variation. Hereafter, where mentioned together, temperatures and timepoints are 

referred to as contexts. Experimental mean models differed in that treatment order was also 

included as a fixed effect and that temperature (z-transformed), rather than sampling 

occasion, interacted with morphotype and shore height. The nested random effect in 

experimental models was ID*temperature, where response-times were partitioned into two 

bursts of six repeated measures based on temperature, rather than timepoint. All fixed effects 

were retained in mean models regardless of significance but clearly nonsignificant interaction 

effects, determined by whether the 95% credible intervals, CI, of their posterior estimates 
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substantially crossed zero, were removed to help avoid overparameterization (Spiegelhalter et 

al., 1998) in residual models.  

At the residual level, for control models, morphotype, shore height and sampling occasion 

were specified as fixed effects, and these were initially allowed to interact in a series of two-

way interaction terms. Experimental models differed in that temperature replaced sampling 

occasion and treatment order was also specified as a fixed effect, which was initially allowed 

to interact with temperature. All nonsignificant interaction terms were removed from final 

residual level models. Individual ID was specified as a random effect on the residuals in both 

models, and this was allowed to covary with the random effect of individual ID on the mean. 

Fitting both a random intercept and a random slope (i.e. ID*timepoint, the IxE effect) at the 

residual level caused models to overfit and led to failed convergence. However, our IRT 

dataset allowed for the specification of further models for our experimental and control 

datasets, respectively, where we specified covariance matrices between mean and residual ID 

effects at the within-context level, while retaining ID alone as a random effect on the mean 

(hereafter slopes models). This allowed for comparison of within- and across-context 

estimates of individual unpredictability via the examination of 95% CI. The fit of each of the 

model specifications was also compared through comparison of DIC values (deviance 

information criterion, analogous to Akaike information criterion in REML analysis: 

Spiegelhalter et al., 2002). Owing to the large computational load of retaining deviance 

estimates for each chain, DICs were calculated from further 200 000 iteration runs of the 

same models, where saved outputs contained only intercept and deviance samplers. There 

was no difference in the explanatory power of the two model specifications for the control 

IRT treatment, such that their DICs did not differ (intercept covariance DIC= 2059; slope 

covariance DIC= 2061). In contrast, DIC values were significantly higher in experimental 

models when intercepts covaried, as opposed to slopes (intercept DIC= 4091; slope DIC= 

4019). This indicated that the experimental slopes model was more explanatory of our 

dataset. Estimates from this model are therefore presented here. To allow for reliable 

comparison, so too are estimates from the control IRT slopes model. For the purposes of 

comparing across-context and within-context unpredictability and the associated correlations 

with mean level IRTs, slopes model estimates are contrasted with equivalent estimates from 

intercept models. 

Our SRT dataset did not allow for the same approach to investigating the plasticity of 

unpredictability due to high numbers of individuals exhibiting little to no variance at the 
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within-context level. We therefore only present across-context estimates of individual 

unpredictability for this behaviour and do not directly investigate patterns of individual 

behavioural plasticity in the unpredictability of SRTs across contexts. Eleven individuals 

exhibiting no SRT variance across all repeated measures were excluded from all SRT 

analyses. See Appendix A3.C. for a full discussion of the decision to retain maximal SRT 

values. 

3.4.5. Extraction of effect estimates and individual level coefficients 

To investigate how extreme temperatures affected each behaviour and whether these effects 

indicated temperature-driven IxE at both the mean and residual levels, we extracted effect 

estimates for fixed and random parameters from each model, alongside associated 95% CI.  

At the mean level, we calculated across-context correlations between behavioural intercepts 

(Rint) and compared these between treatments. We further calculated the repeatability of 

behaviour across all 12 repeated measures, not accounting for context-related change 

(unconditional repeatability; Ru). This would be expected to be significantly reduced in 

experimental treatments as compared with controls in the presence of temperature-driven IxE. 

To investigate repeatability within different contexts and whether it was retained to a greater 

degree than across contexts, indicating between-individual differences in reaction norms, we 

calculated the conditional repeatability of each behaviour (i.e. accounting for context-related 

change; Rc). To investigate whether the magnitude of temperature-induced plasticity was 

greater than that elicited by temporal change alone, we compared all these estimates between 

treatments.  

To investigate sample level unpredictability, and whether this differed between treatments, 

we extracted overall residual variance estimates from the residual level of each model. Then, 

to quantify between-individual variation in unpredictability, and whether its explanatory 

power was reduced across temperatures as compared with across timepoints, across-context 

CVp  (the coefficient of variation in predictability; Cleasby et al., 2015) values were 

calculated. For IRT these extended to within-context CVp estimates from our slopes models, 

to similarly investigate between-individual differences in the slopes of unpredictability under 

extreme temperature change. To investigate whether mean level behaviour covaried with 

unpredictability and whether this covariance was impacted by extreme temperatures, 

correlations between individual mean level intercepts and estimates of individual 

unpredictability were extracted. To further investigate how mean and residual level 
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temperature-related IxE affected these correlations, estimates were extended for IRT by our 

slopes models. Full methods for extracting all of the above coefficients are available in 

Mitchell et al. (2016). 

Significant correlations between mean level variation and unpredictability could have been 

relics of the bounded distribution of our data. To account for this, we calculated mean 

response-times in each treatment for both behaviours, and context-specific means for our 

further IRT analysis. The closer to the midpoint of possible distributions of each response-

time these values were (i.e. 1350 s for IRT and 2400 s for SRT), the less likely that 

correlations between mean level individual variation and unpredictability were relics of our 

sampling distribution. A mean close to the midpoint would have allowed posterior estimates 

to have varied equally in both directions, and not biased unpredictability estimates in favour 

of bolder or shyer individuals. 

3.4.6. Estimation of individual level unpredictability across and within contexts 

To produce individual level point estimates of unpredictability allowing for informative 

plotting and comparisons, we ran simplified individual level linear mixed models (LMMs) to 

extract estimates of residual individual standard deviation (riSD; Jolles et al., 2019; Stamps et 

al., 2012). SRT or IRT were response variables and sampling occasion was the fixed effect. 

We estimated individual across-context unpredictability by extracting riSD across sampling 

occasions for both behaviours. For IRT we also extracted riSD within each context, to 

provide context-specific estimates of unpredictability for this behaviour, which could be 

related to our slopes models.  

3.4.7. Ethical Note 

Sea anemones are not covered by U.K. legislation, so no project licence was required for this 

work. The project was nevertheless approved by the ethical committee at Blue Planet 

Aquarium. The temperatures used in this study are within the low (www.seatemperature.org) 

and high (Chapter 2) tolerance limits of this species. No animals perished during 

experimentation, and upon the conclusion of each data collection block all animals were 

returned to the same rocky shore where they had been collected. 

 

 



77 

 

3.5. RESULTS 

3.5.1. Mean level effects 

At the mean level, IRT showed a strong temperature-driven IxE effect, as between-individual 

behavioural consistency was completely lost across, but retained within, temperatures. 

Across-context correlations between behavioural intercepts and unconditional repeatability 

estimates were both negligible and nonsignificant in experimental models (Figure 3.1a). This 

contrasted with controls, where both estimates were significant (Figure 3.1a). Conditional 

repeatability, meanwhile, was significant and similar in both treatments (Figure 3.1a).  

For SRT, too, a clear mean level temperature-driven IxE effect was present, but coefficient 

estimates suggest that it may have been relatively weak. Estimates of across-context 

correlations in mean level individual behavioural intercepts were markedly lower in 

experimental than control treatments (Figure 3.1b), indicating significantly larger changes in 

individual SRTs across temperatures than were accounted for by time alone. Individuals 

showed moderate unconditional and conditional repeatability in both models (Figure 3.1b). 

These estimates did not differ significantly between treatments, in contrast to the clear IRT 

results. Estimates of the two types of repeatability did differ significantly within the 

experimental treatment, however, again indicating some effect of temperature.  
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Figure 3.1. Between-individual behavioural estimates (±95% credible intervals, CI) from double-hierarchical 

GLMMs in the sea anemone, Actinia equina, showing: (a) the correlation between mean level individual 

behavioural intercepts across contexts (Rint), unconditional repeatability (Ru) and conditional repeatability (Rc) 

for immersion response-time (IRT); (b) Rint, Ru and Rc  for startle response-time (SRT); (c) the coefficient of 

between-individual variation in unpredictability (CVp) across and within contexts for IRT; (d) CVp across 

contexts for SRT; (e) estimates of the correlations between individual mean response-time estimates and 

unpredictability estimates across and within contexts for IRT; (f) estimates of correlations between individual 

mean response-time estimates and unpredictability estimates across contexts for SRT. Dashed lines on panels 

(a)-(d) denote zero. Dashed lines on panels (e)-(f), from low to high, denote -1, 0, and 1. 
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3.5.2. Sample level unpredictability 

Overall sample level unpredictability was moderate in both IRT models and was unaffected 

by temperature (control: residual variance= 0.35, 95% CI= 0.27, 0.45; experimental: residual 

variance= 0.38, 95% CI= 0.30, 0.47). In control models, the red morphotype showed more 

unpredictable IRTs than the green (estimate= 0.34, 95% CI= 0.17, 0.51) and individuals were 

slightly more unpredictable at later sampling occasions (estimate= 0.03, 95% CI= 0.01, 0.05). 

Shore height also fell on the bound of significance in the control model (estimate=0.11, 95% 

CI= 0.01, 0.22), indicating that individuals from lower down the shore may have been more 

unpredictable in their IRTs. None of these effects were significant in the experimental IRT 

model. Instead, temperature was the key explanatory variable; experimental individuals were 

more unpredictable in their IRTs at 21oC (estimate= 0.13, 95% CI= 0.07, 0.20) than at 13oC, 

and when they were first tested at 6oC (cold–hot) rather than 21oC (hot–cold; estimate= 0.21, 

95% CI= 0.08, 0.34). Figure 3.2 shows this effect clearly, and further indicates that while 

population level unpredictability was significantly higher at 21oC than at 6oC under both 

treatment orders, the scale of this difference was much greater under the hot–cold treatment 

order than vice versa, driving the effect of treatment order shown in the model. 
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Figure 3.2. Population mean estimates (±SE) of the unpredictability of immersion response-time (IRT) under 

different treatment orders (high temperature then low temperature or vice versa) at different temperatures in the 

sea anemone, Actinia equina. Unpredictability is here measured as residual individual standard deviation (rISD), 

derived from simple individual level LMMs. 

Sample level unpredictability in SRTs was also unaffected by extreme temperatures (control: 

residual variance= 0.60, 95% CI= 0.44, 0.79; experimental: residual variance= 0.57, 95% CI= 

0.47, 0.69). In the experimental model, temperature interacted with shore height to affect 

residual variance, such that, at higher temperatures, individuals from lower down the shore 

were more unpredictable in their SRTs than those from higher up the shore (estimate= 0.07, 

95% CI= 0.02, 0.13).  
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3.5.3. Between-individual variation in unpredictability 

Between-individual variation was evident in the unpredictability of IRTs, and this was 

affected by temperature. The significantly better fit of the IRT slopes model (DIC= 4019) as 

compared with the intercepts model (DIC= 4091) indicates that individual rIIV estimates 

were changing in a nonuniform way across temperatures, consistent with between-individual 

variation in plasticity. This translated into a clear effect of temperature on between-individual 

differences in unpredictability estimates for IRT, which was not present under temporal 

change alone. Within-timepoint CVp and across-timepoint CVp (Figure 3.1c) did not differ 

for control individuals, indicating that between-individual differences remained similar across 

temperatures. In contrast, they did differ in experimental treatments, with within-temperature 

CVp significantly higher than the across-temperature estimate (Figure 3.1c).  

The reduced analysis of SRT did not indicate an effect of temperature on between-individual 

differences in unpredictability. Moderate but significant across-context CVp estimates were 

extracted from both models (Figure 3.1d), indicating that between-individual variation in 

unpredictability was present for this behaviour. Across-context CVp was lower in the 

experimental model than the control (Figure 3.1d), but not significantly so. As such, no 

temperature effect could be inferred.  

3.5.4. Relationship between unpredictability and mean level behaviour 

All IRT models indicated a strong positive correlation between mean response-times and 

individual unpredictability, where moderately shy individuals were most unpredictable 

(Figure 3.1e, Figure 3.3a-f). However, the nonsignificant, imprecise estimate of the 

correlation in the experimental IRT intercepts model indicates a lack of consistency in both 

individual means and unpredictability across temperatures (Figure 3.1e). The equivalent 

estimate from the experimental IRT slopes model, meanwhile, was significant and more 

precise, showing that this pattern was better preserved within temperatures. This again 

indicates that temperature-related IxE was playing a role in driving patterns of the 

unpredictability of IRTs, as well as of mean level IRTs, for experimental individuals. These 

correlation estimates are unlikely to have been relics of the bounded distribution of these 

data; population means of unpredictability consistently fell very close to the midpoint of the 

possible distribution of values, and where they did not (Figure 3.3e) the peak of 

unpredictability still fell at longer (shyer) individual mean response-times than both the 

midpoint and the population mean. 
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For SRT, individuals exhibiting intermediate mean level behaviour may have had more scope 

to behave unpredictably than those individuals falling closer to behavioural extremes. There 

was no correlation between individual mean level behaviour and unpredictability across 

timepoints or across temperatures (Figure 3.1f). Figure 3.3(g-h) shows this lack of a 

correlation clearly, with intermediate individuals exhibiting the greatest unpredictability in 

both treatments, and bold and shy individuals remaining more consistent. This could have 

been a relic of the bounded distribution of these data; in both treatments the population mean 

fell markedly above the midpoint of possible values, which could have biased posterior 

estimates in favour of bolder individuals being more unpredictable.  
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Figure 3.3. The relationship between unpredictability, here measured as point estimates of residual individual 

standard deviation (riSD) from simple individual level linear regressions, and raw individual mean behavioural 

response-times in the sea anemone, Actinia equina, showing: (a) across-context control immersion response-

times (IRT); (b) across-context experimental IRTs; (c) control IRTs within timepoint 1; (d) control IRTs within 

timepoint 2; (e) experimental IRTs within 13oC; (f) experimental IRTs within 21oC; (g) across-context control 

startle response-times (SRT); (h) across-context experimental SRTs. Trendlines were fitted using local 

polynomial regression. Population behavioural means are denoted by vertical, dashed lines. Grey shading 

denotes 95% confidence intervals around the polynomial regression line. 
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3.5.5. Plasticity of unpredictability in IRT 

Individual patterns of plasticity in unpredictability, and how this related to mean level 

behaviour, were affected differently by extreme temperatures than by time alone for IRT, 

translating to clear differences between control and experimental treatments. Figure 3.4a 

shows some consistency for control individuals in both residual and mean IRT estimates 

across timepoints, and unclear patterns for those individuals whose estimates did change. In 

particular, bolder control individuals showed strong consistency in their mean level 

behaviour, and more consistency in their unpredictability than their experimental 

counterparts. Figure 3.4b shows much clearer patterns in experimental treatments. Nearly all 

individuals showing high or moderate unpredictability at either temperature also showed 

longer (shyer) IRTs at that temperature than their less unpredictable counterparts, in line with 

within-context correlation estimates. Further, all the plotted individuals that were boldest at 

6oC and thus showed the lowest unpredictability at that temperature became more 

unpredictable and shyer at 21oC. Similarly, many of the shyer, more unpredictable 

individuals at 6oC became bolder and less unpredictable at 21oC, although this second pattern 

was not uniform, instead being exhibited by a substantial subset of these individuals. Those 

individuals that did not conform to this pattern were shyer and more unpredictable across 

both temperatures.  
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Figure 3.4. Plasticity of individual level unpredictability, here measured as within-environment point estimates 

of residual individual standard deviation (riSD) from simple individual level linear regressions, and its 

relationship with individual mean level responses for the immersion response-times (IRT) of 20 individuals at 

either (a) timepoint 1 and timepoint 2 in control treatments or (b) 6oC and 21oC in experimental treatments. The 

individuals with the five lowest estimates, five highest estimates and 10 estimates falling either side of the 

median in the first context are shown. Line colours denote raw individual mean response-times in each context 

following a colour gradient, with red denoting bold, cyan intermediate and blue shy individuals. For the 

purposes of plotting patterns, individuals exhibiting zero variance in either context are not shown. 
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3.5.6. Fixed effects on behavioural means 

The impacts of the included fixed effects on mean level behavioural changes, under the 

influence of both temperature and time alone, are not the focus of this paper. The 

implications of the patterns exhibited by many of these effects are detailed elsewhere 

(Chapter 2) but for full results and discussion in relation to the models presented here, see 

Appendix A3.D.   

3.6. DISCUSSION 

Unpredictability is a key component of behaviour which could, in some cases, account for 

50% or more of individual behavioural variation (Bell et al., 2009) and is likely to be of 

adaptive significance (Prentice et al., 2020). In the face of adaptive challenges such as 

climatic shifts, unpredictability should have important consequences for individual survival 

and, in turn, overall species robustness. In this study, we demonstrated significant between-

individual differences in unpredictability for two repeatable behaviours in A. equina. We 

further revealed complex relationships therein between unpredictability, mean level 

behavioural variation and environmental temperature. We showed that individual 

unpredictability in A. equina was sensitive to temperature extremes, of the sort that might be 

brought about by heatwaves or cold snaps, as the residual variance of both behaviours was 

affected by temperature to differing degrees. Furthermore, IRT showed clear temperature-

driven individual level changes in unpredictability. Individual mean IRTs also covaried with 

unpredictability, such that moderately shy individuals were the most unpredictable, and this 

relationship was significantly affected by changes in temperature.  

Individual behavioural repeatability was not significantly affected by temporal variation 

alone for either behaviour in our anemones. This finding is in contrast to many studies of 

other species (e.g. Biro & Stamps, 2015; Mitchell et al., 2020) showing higher repeatability 

within short bursts of repeated measures than across measures with longer gaps between 

them, and may be due to the relatively short overall schedule of each of our data collection 

blocks. Unlike control treatments, estimates for experimental treatments indicate that 

individual consistency of SRT was reduced, and for IRT was completely lost, across the 

extreme temperature gradient, but was retained within contexts for both behaviours. This 

indicates that individuals were likely to be showing varied reaction norms in both behaviours 

under temperature change, such that different individuals might employ very different 

strategies to deal with extremes (e.g. Chapperon et al., 2016; Killen et al., 2013). Given that 
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inappropriate behavioural responses to environmental changes can be associated with fitness 

costs (Beever et al., 2017; Sih et al., 2011), individuals that exhibit less adaptively beneficial 

mean level behaviours at particular extreme temperatures might be at selective disadvantages 

during some weather events. 

Temperature had clear effects on unpredictability within experimental treatments. For SRT, 

lower-shore individuals were more unpredictable than their high-shore counterparts at 21oC. 

A temperature-driven increase in ectothermic predator activity (Twardochleb et al., 2020; 

Yamane & Gilman, 2009) could drive animals towards greater unpredictability as a risk 

mitigation strategy (Osborn & Briffa, 2017). The predominant predatory threat to A. equina 

are ectothermic aeolid nudibranchs (Aeolidia papillosa; Edmunds et al., 1974; Hall et al., 

1982). Thus, predation risk to anemones is likely to be greater at higher water temperatures, 

and tentacle extension puts anemones at even greater risk (Edmunds et al., 1976). Individuals 

lower down the shore are likely to be under increased risk from nudibranch predators, as they 

are submerged for longer periods of the day (Bucklin, 1987), and thus might be 

disproportionately affected by any increased requirement for predator defence at high 

temperatures. Greater behavioural unpredictability could provide lower-shore individuals 

with another layer of predator defence besides startle responses themselves (Briffa et al., 

2013; Martin et al., 2017). Another explanation could be that these individuals were less 

robust to high than low temperatures (e.g. Kjærsgaard et al., 2015), leading to increased 

physical stress and more residual variation. This pattern would also follow, as the low-shore 

is the least stochastic environment on the seashore and thus less likely to be severely 

impacted by heatwaves than less stable high-shore environments (Chapperon et al., 2016). 

SRT analyses did not provide evidence that individual level unpredictability was significantly 

impacted by extreme temperature change. Note that had the calculation of within-

environment unpredictability been feasible for SRT, it is possible it might have shown similar 

patterns to those shown by IRT. Nevertheless, individual level estimates indicate that 

temperature-related IxE may have had a stronger effect at the mean level, rather than at the 

level of unpredictability, for this behaviour. The lack of covariance between individual 

unpredictability and mean level behaviour could further suggest that individuals with 

intermediate mean level personality-types maintained their plastic scope (Dall et al., 2004) by 

remaining more unpredictable than those that were bolder or shyer. Although this could have 

been a relic of our sampling distribution, the upper bound of these data is likely to be of 

biological relevance (e.g. Briffa & Greenaway, 2011; Collins et al., 2017), and the peak of 
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unpredictability estimates did not fall at the lower (i.e. bolder) end of SRTs, instead falling 

roughly at the midpoint in both treatments. This is likely to indicate that bolder individuals 

were not showing artificially greater unpredictability and could further suggest that this 

analysis was picking up a true biological pattern. The pattern for intermediate individuals to 

be more variable would make biological sense, as individuals with more extreme mean level 

personality-types have previously been shown to be more consistent and less responsive to 

environmental change (e.g. Jolles et al., 2019; Thomson et al., 2011). This could indicate the 

coexistence of both variable and rigid startle response strategies in this population (Wolf & 

McNamara, 2012).  

For IRT, the effect of temperature on unpredictability was clearer with patterns shown in 

experimental models being very different from controls. Anemones were significantly more 

unpredictable in their IRTs at 21oC than 6oC and this difference was more substantial when 

anemones were cooled than when they were heated (a similar pattern to that found in hermit 

crabs in Briffa et al., 2013). At 21oC, greater unpredictability could have been driven by a 

trade-off between temperature-driven rises in both metabolic demand (Abram et al., 2017; 

Killen et al., 2013) and ectothermic predator activity (Twardochleb et al., 2020; Yamane & 

Gilman, 2009), which could be mitigated by increased unpredictability, allowing some 

individuals to lower their mean level IRTs at high temperatures (Chapter 2; Appendix A3.D.) 

Temperature compensation (Somero & Hochachka, 1969) might further explain why this 

difference between temperatures was more stark when animals were cooled rather than 

heated. At very high temperatures, ectotherms down-regulate the expression of metabolic 

enzymes and mitochondria, and decrease the affinity of those enzymes to their substrate to 

avoid unnecessary energy expenditure (Le Lann et al., 2011). When the temperature is then 

rapidly decreased, not only is an ectotherm’s metabolic rate naturally lowered (Abram et al., 

2017; van Baaren & Candolin, 2018), but there is also a delay in the up-regulation of 

metabolic molecules and organelles as the animal acclimates to the new temperature (Rohr et 

al., 2018). This drives a further temporary decrease in metabolic rate and could lead to a 

greater reduction in activity and foraging at 6oC in the hot–cold treatment than vice versa. As 

foraging is inherently risky (Edmunds et al., 1976) this might feasibly further reduce the need 

to mitigate against predation by any means other than highly risk-averse IRTs at 6oC in the 

hot–cold treatment, further decreasing unpredictability. While this pattern was not present in 

the opposite direction (i.e. greater unpredictability at 21oC after heating than before cooling 

due to higher metabolic demands at 21oC in the heating treatment), this could feasibly be 
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explained by A. equina acclimating more effectively, and thus more quickly, to high than to 

low temperatures (Griffiths, 1977a). Future studies should explore metabolic responses to 

temperature changes to determine whether metabolism correlates with behavioural traits. 

Temperature further influenced between-individual unpredictability in IRTs, such that 

individuals changed not only their mean level behaviour in response to temperature but also 

their unpredictability. It is not apparent if these temperature-driven changes could be said to 

be plasticity of unpredictability. From these data, given the significant correlations between 

unpredictability and mean level IRTs at both temperatures in the experimental treatments, it 

appears that unpredictability was covarying with mean level plasticity, with the boldest 

individuals at both temperatures being less unpredictable, and intermediate and shyer 

individuals more so. Whether mean level behaviour or unpredictability was driving this 

relationship is unclear, but either way these data indicate that unpredictability may in fact 

form part of a multifaceted response to risk, in conjunction with shy behaviours, rather than 

being an alternative risk mitigation strategy that might alleviate the fitness costs of shyness. 

Regardless of the mechanistic underpinnings, the observed changes in the unpredictability of 

IRTs could still be of adaptive significance (Westneat et al., 2015). Individual level 

unpredictability estimates in this study present a picture of several coexisting temperature 

response strategies. One group exhibited shyer, more unpredictable behaviour at low 

temperatures and bolder, less unpredictable behaviour at high temperatures, another group 

exhibited the opposite pattern, and yet another remained shy and more unpredictable at both 

temperatures. These strategies could plausibly be maintained by density-dependent selective 

processes (Wolf et al., 2007; Wolf & McNamara, 2012) and the stochasticity of rock pool 

temperatures meaning that neither high nor low temperature extremes are disproportionately 

represented across seasonal cycles (Dingemanse & Wolf, 2013). As the climate warms, more 

frequent climate change-induced heatwaves could alter this equilibrium, which might lead to 

one of these strategies becoming more adaptively advantageous than the others (see: Sih et 

al., 2011). Under increased frequency of heatwaves and generally higher temperatures, it 

could be expected that the large benefits of increased metabolic efficiency at high thermal 

extremes (Biro & Stamps, 2010; Dell et al., 2014), would be likely to outweigh the risks. As 

such, animals that might exhibit reduced foraging time in favour of predator mitigation at 

high temperatures under current global conditions, where heatwaves are still comparatively 

infrequent (IPCC, 2013), might be placed at a severe adaptive disadvantage as their 

frequency increases. This could be particularly plausible as highly unpredictable behaviour 
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itself comes at an energetic cost  (Biro et al., 2018), which could compound the negative 

metabolic impacts of shyer mean level behaviour under more regularly occurring heatwaves.   

The behavioural effects of extreme temperatures, and extreme temperature shifts, are far 

reaching. They encompass multiple facets of between-individual behavioural variation 

including behavioural unpredictability and could be of great adaptive significance as the 

climate changes. Under climatic shifts and the associated increasing frequency of extreme 

heatwaves, individuals whose behavioural temperature mitigation strategies are currently 

adaptively advantageous may find them to no longer be so. These individuals may thus 

become more susceptible to mortality than their conspecifics which could, in turn, drive a 

loss of population and community robustness to future challenges. Future studies should 

directly investigate associations between temperature shifts, behavioural traits and 

physiology, to further determine which behavioural strategies might be adaptively 

advantageous in the face of climate change. 
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APPENDIX TO CHAPTER 3: Temperature-driven changes in 

behavioural unpredictability and personality in the beadlet sea 

anemone, Actinia equina 
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A3.A. Experimental schedule 

  

 

Figure A3.1. (a) The full experimental timeline for a single data collection block and (b) the daily behavioural 

schedule.
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Figure A3.2. 

The crossed-

over 

temperature schedule of a data collection block. 

Figure A3.3. Schematic of the tank set-up for our first data collection block, showing the randomly selected 

tank within each larger flow-through system, each containing three tanks, with anemones clustered in groups of 

six cups within each tank. Cups are coloured by anemone morphotype. 
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A3.B. Anemone anatomy 

Figure A3.4. The basic anatomy of A. equina. 

A3.C. Censoring response-times and retaining right-censored values 

It was deemed inappropriate to remove those individuals exhibiting maximal values from 

either SRT dataset as (1) it cut the effective sample size of our control dataset by 27% and of 

our experimental dataset by 33%, (2) appending the data to this degree would have led to 

difficulties making any meaningful biological inferences as it removed the entire upper 

quartile of the data and thus all shy individuals within our sample, and (3) traditional methods 

for dealing with censored data were unsuitable as our data were not truncated (i.e. we did not 

remove individuals that exhibited response-times above a given value), and censored 

distributions invalidate individual behavioural estimates (Stamps et al., 2012). At the full 

dataset level for SRT, 11 individuals only exhibited maximum values and these individuals 

were removed from the analyses. The removal of these individuals was deemed less 
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problematic in a biological context, as it only appended the individual level data by 5%, 

meaning the majority of the shyest individuals were still retained for analysis.  

Our data are right censored, as with many studies of latency (e.g. Beckmann & Biro, 2013; 

Sasaki et al., 2018; Thomson et al., 2012). Previous studies have suggested that this can bias 

estimates of intraindividual variability towards lower values than their true value (Stamps et 

al., 2012) and estimates of repeatability towards higher values than their true value (Urszán et 

al., 2015). It has been argued that, in these cases, the only way to unbias data is to remove 

individuals exhibiting a high proportion of maximal values (Stamps et al., 2012). This 

method biases latency datasets towards bold individuals and where the measurement of 

latency is related to the response to or recovery from a single stimulus, particularly where that 

response could be said to be time limited, it may be biologically unsound. In cases such as 

these, if a researcher had infinite time and resources to measure a response-time, shy 

individuals (i.e. long responders) might appear to exhibit very high levels of intraindividual 

variation and very low levels of repeatability. A question arises, however, as to when a given 

behaviour ceases to be a response to an acute stimulus. Further, in the case of this study, there 

is a natural time limit imposed on both responses by the tidal cycle, as an individual may be 

re-emersed when the tide goes out, at which point it will retract its tentacles (Chapter 2). 

Measurement of a supposed IRT or SRT is therefore likely to cease to be biologically 

relevant after a given time. As such, those individuals exhibiting responses that consistently 

fall outside a biologically relevant timeframe could be said to be exhibiting a genuinely 

maximally shy response-time, and therefore genuinely high repeatability and low 

intraindividual variation. For variables such as these it should therefore be biologically valid 

to set a maximal value and incorporate individuals exhibiting that value into between- and 

within-individual analyses. The timeframe a researcher chooses should, of course, not simply 

be arbitrary, and extensive pilot data collection or a thorough review of the literature should 

be carried out to determine what could be deemed a biologically relevant timeframe for a 

given response-time (carried out for both of our behaviours in Chapter 2).  
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A3.D. Fixed effects on mean behaviour  

For a full table of mean level effects incorporated in different models, see table A3.1. 

Startle response-time 

In both experimental and control treatments, sampling occasion had a weak but significant 

effect on mean SRTs, with individuals exhibiting longer response-times at later repeats 

(control: estimate= 0.03, 95% CI= 0.01, 0.05; experimental: estimate= 0.06, 95% CI= 0.04, 

0.08). Temperature was significant in the experimental model (estimate= 0.15, 95% CI= 0.05, 

0.25), such that individuals exhibited shorter SRTs at 6oC than at 21oC. Shore height 

(estimate= -0.17, 95% CI= -0.34, -0.01) and the interaction between morphotype and 

temperature (estimate= -0.16, 95% CI= -0.30, -0.01) fell at the margin of significance in the 

experimental model. If significant, these estimates could indicate that individuals from lower 

down the shore were bolder than those from further up the shore, and that the red morphotype 

was bolder at higher temperatures. The interaction between morphotype and shore height was 

also retained in the experimental model as its 95% CI came very close to 0 (estimate= 0.22, 

95% CI= -0.02, 0.45). The random effect of tank was also significant in the control model 

(estimate= 0.39, 95% CI= 0.17, 0.86). There was some small variation in tank temperature 

across control treatments, but this fell well within ±1oC. Tanks were situated at different 

heights on their respective flowthrough systems, so it is feasible that these differences were 

driven by between-tank variation in flowrate. 

Immersion response-time  

Anemones showed longer response-times on later sampling occasions in both models 

(control: estimate= 0.06, 95% CI= 0.04, 0.08; experimental: estimate= 0.07, 95% CI= 0.06, 

0.09). Morphotypes differed in their behaviour in both treatments. In the control model, the 

red morphotype showed significantly longer (shyer) response-times than their green 

counterparts (estimate= 0.37, 95% CI= 0.12, 0.63). In the experimental model, morphotype 

interacted with temperature (estimate= -0.28, 95% CI= -0.41, -0.15) such that red 

morphotypes showed shorter (bolder) responses at higher temperatures than their green 

counterparts. In the experimental treatment, IRTs further differed between treatment orders 

(estimate= -0.36, 95% CI= -0.5, -0.22), with anemones in the cold–hot temperature treatment 

exhibiting shorter responses than those in the hot–cold treatment. 
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Table A3.1. Table of fixed and random effect estimates taken from the mean level models of double-

hierarchical GLMs. Models were run using the JAGs overlay rjags. Estimates are shown for startle response-

time (SRT) and immersion response-time (IRT) in control and experimental beadlet anemones, Actinia equina, 

with 95% credible intervals in parentheses. Significance of effects, determined where 95% credible intervals did 

not cross or meet 0, or in the case of random effects were not pushed up against 0, is denoted by “**”. N/a 

denotes a variable that was not included in a given model, either due to it being a control, or due to it being a 

non-significant interaction effect that was removed from the final run. 

 

 

 

 

 

SRT estimate IRT estimate 

Variable Control Experimental  Control Experimental 

Intercept 0.09 (-0.54,0.39)  0.02 (-0.20, 0.24)  -0.29 (-0.58, -0.02)  -0.03 (-0.21, 0.14) 

Temperature 0.00 (-0.09, 0.08) 0.15 (0.04, 0.25)** -0.03 (-0.10, 0.04) -0.12 (-0.21, -0.02)** 

Morphotype 0.13 (-0.16, 0.42) 0.05 (-0.15, 0.25) 0.38 (0.12, 0.63)** 0.21 (0.05, 0.37)** 

Shore height  0.21 (0.00, 0.41) -0.17 (-0.34, -0.01)** 0.09 (-0.07, 0.26) 0.05 (-0.04, 0.14) 

Sampling occasion 0.03 (0.01, 0.05)** 0.06 (0.04, 0.08)** 0.06 (0.04, 0.08)** 0.07 (0.06, 0.09)** 

Sampling block 0.05 (-0.20, 0.28) 0.03 (-0.06, 0.11) 0.07 (-0.07, 0.20) 0.07 (0.01, 0.13)** 

Treatment order N/a -0.06 (-0.25, 0.12) N/a -0.36 (-0.50, -0.22)** 

Temperature*Morphotype N/a -0.16 (-0.30, -0.01)** N/a -0.28 (-0.41, -0.15)** 

Morphotype*Shore height N/a 0.22 (-0.02, 0.45) N/a N/a 

Individual  0.46 (0.32, 0.62)** 0.34 (0.17, 0.47)** 0.44 (0.30, 0.59)** 0.08 (0.00, 0.22) 

Individual*Temperature N/a 0.50 (0.40, 0.61)** N/a 0.50 (0.44, 0.56)** 

Individual*Timepoint 0.31 (0.16, 0.45)** N/a 0.29 (0.18, 0.41)** N/a 

Tank 0.39 (0.17, 0.86)** 0.05 (0.00, 0.20) 0.11, (0.00, 0.38) 0.09 (0.00, 0.25) 
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Discussion  

Our results add to a body of evidence that temperature is a significant predictor of behaviour 

for many ectotherms (e.g. Andrew et al., 2013; Mitchell & Biro, 2017). In both behaviours it 

appears that morphotype was the key fixed variable to interact with temperature and affect 

behaviour, and this corroborates previous findings that individuals of the green morphotype 

exhibit potentially detrimental behavioural responses to high temperatures as compared with 

their red counterparts (Chapter 2). These data also substantiate that shore height may be an 

important predictor of SRT but not of IRT at the mean level (Chapter 2). Further, time spent 

in the laboratory was a significant, if weak, predictor of both behaviours, as mean response-

times across all models increased at later sampling occasions. Whether this was due to natural 

temporal changes in behaviour (e.g. Jolles et al., 2019), habituation to stimuli (e.g. Houslay et 

al., 2019) or a response to time spent in an artificial environment (e.g. Osborn & Briffa, 

2017) remains unclear. Regardless of the reason, this finding indicates that caution should be 

exercised when keeping A. equina in the laboratory for long periods before behavioural 

testing. It is possible that the behaviour of this species may become less biologically relevant  

as it spends longer in an ex situ environment. 
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Chapter 4: 

 

Differential metabolic responses in bold and shy sea anemones during 

a simulated heatwave  
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4.1. KEYWORDS 

Climate Change, Boldness, Metabolism, Pace of life, Marine invertebrate 

4.2. ABSTRACT 

1. As climate change-induced heatwaves become more common, phenotypic plasticity at 

multiple levels is a key mitigation strategy by which organisms can optimise selective 

outcomes. In ectotherms, metabolic physiology is inherently related to temperature, 

and behavioural plasticity is crucial to alleviate the effects of thermal stress. 

Nonetheless, no study in any ectotherm has yet empirically investigated how changing 

temperatures affect between-individual differences in the associations between these 

two traits. 

2. Using the beadlet anemone (Actinia equina), a common intertidal species living in a 

thermally heterogeneous environment, we investigated between-individual differences 

in the plasticity of metabolic rate and boldness to acute temperature shifts.  

3. We used a crossed-over design and a temporal control to test the same individuals at a 

non-stressful temperature, 13oC, and a high temperature extreme, 21oC. At each 

temperature, we took repeated measurements of routine metabolic rate (RMR) and 

also measured a repeatable boldness-related behaviour, immersion response-time 

(IRT). 

4. Individual differences were highly predictive of metabolic plasticity, and the plasticity 

of RMR was associated with IRT. At 13oC, shy animals had the highest metabolic 

rates, while at 21oC this relationship was reversed. Individuals that were bold at 13oC 

also exhibited the highest metabolic rates at 21oC.  

5. Exposure to high metabolic demand and predation pressure during heatwaves could 

come at a short-term detriment to bold individuals. Equally, lower metabolic rates at 

baseline temperatures could be necessary for optimal survival as heatwaves become 

more common. These results provide novel insight into the relationship between 

metabolic and behavioural plasticity and help highlight the adaptive value of different 

personality-types under a changing climate.  

4.3. INTRODUCTION 

The pace-of-life syndrome hypothesis (POLS; Réale et al., 2010) posits that organisms must 

trade-off long-term survival against short term reproductive success, leading to predictable 
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correlations between “active” behaviours and energetic physiology. POLS predicts that 

individuals with more risk-prone, “bolder” personalities (consistent behavioural differences 

between individuals; Sih et al., 2004), should show “faster” physiological characteristics, 

such as a high metabolic rate, that are conducive to higher early fecundity and growth, but not 

to long-term survival (Montiglio et al., 2018; Réale et al., 2010). It is well established that 

life-history trade-offs can drive the maintenance of personality-types (Wolf & McNamara, 

2012; Wolf & Weissing, 2010); bold individuals often place themselves at greater risk of 

mortality than shy conspecifics, but benefit from riskier lifestyles via increased foraging 

opportunities and more energetic scope for reproduction (Smith & Blumstein, 2008). POLS 

simply extends these trade-offs by predicting that the physiology of bolder individuals should 

be primed to maintain high levels of risky activity, exploration, and foraging, even under 

periods of heightened environmental stress (Montiglio et al., 2018; Réale et al., 2010). As 

such, according to POLS, bolder animals should exhibit reduced physiological stress 

reactivity, faster growth, and higher metabolic rates than shyer conspecifics (Biro & Stamps, 

2010). The relationships proposed by POLS could be of great value to conservationists, 

indicating the life-history strategies present in a given population and informing whether 

some behavioural phenotypes might be more susceptible to novel selective pressures than 

others. 

Evidence for POLS is mixed, with studies finding positive (Polverino et al., 2018), negative 

(Le Galliard et al., 2013), and inconclusive associations (Killen et al., 2012) between 

metabolic rate and boldness. As such, a recent meta-analysis concluded that empirical 

evidence for POLS is weak (Royauté et al., 2018). However, no studies have yet investigated 

how individual variation in the scope and nature of phenotypic plasticity to environmental 

fluctuation  might affect relationships between bioenergetics and boldness (Killen et al., 

2013; Montiglio et al., 2018). “Activational” phenotypic plasticity (Snell-Rood, 2013), an 

animal’s ability to rapidly alter aspects of its phenotype in response to acute environmental 

change (Seebacher et al., 2015; Stamps, 2016), could be crucial to understanding these 

relationships under a rapidly changing climate, where extreme weather events are becoming 

increasingly common (IPCC, 2013, 2018). Activational plasticity can have selective 

advantages, helping many species remain robust to fluctuating environments (Snell-Rood, 

2013), and disadvantages, as maintaining scope for short-term plasticity is energetically 

costly (Dall et al., 2004). This leads to variation within populations in the abilities of different 

individuals to deal with acute environmental changes (Dingemanse & Wolf, 2013) and could 
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thus influence relationships between metabolism and boldness, and their selective 

implications under different environmental scenarios.  

Although activational plasticity does not itself form part of POLS (Montiglio et al., 2018), the 

relationship between metabolism and behaviour is likely to be both species and context-

dependent (Killen et al., 2012). In mosquitofish, for example, lineages from more stochastic 

environments grow faster, but also exhibit lower metabolic rates and are shyer than those 

from stable environments (Polverino et al., 2018). If environmental context is indeed a major 

driver of relationships between metabolism and behaviour, short-term environmental 

fluctuations and between-individual differences in plasticity to those fluctuations will 

inevitably impact any associations between a species’ behaviour and its physiology (Killen et 

al., 2013; Montiglio et al., 2018). Between-individual variation in plasticity may be an 

especially important driver of relationships between behaviour and metabolism in 

heterogeneous environments, where the coexistence of different plastic strategies can be 

driven by spatial and temporal variation in both normal environmental conditions and 

environmental stochasticity (Dingemanse & Wolf, 2013; Wolf & McNamara, 2012). Despite 

the clear need to incorporate activational plasticity into investigations of POLS and its 

selective implications, we currently do not have any empirical information on how short-term 

environmental changes, and the overall stochasticity of an animal’s environment, might affect 

the relationships between metabolism and behaviour.  

When investigating how acute environmental changes affect these relationships, temperature 

is a particularly important environmental variable to consider. As climate change leads to 

higher average temperatures and increased frequency of heatwaves (IPCC, 2013, 2018), 

animal populations are being placed under substantial, novel selective pressures (Parmesan, 

2006). Thermal physiology and thermal preferences are especially important drivers of 

associations between metabolism and behaviour in ectotherms (Abram et al., 2017), where 

many physiological processes, including metabolic rate, are intrinsically linked to 

environmental temperatures (Seebacher et al., 2015). In ants, for example, colonies from 

warmer environments are more likely to show the positive associations among “active” 

behaviours that are predicted by POLS (Segev et al., 2017). In parasitic wasps, meanwhile, 

adults with a thermal preference for low temperatures exhibit high metabolic rates, low 

foraging efficiency, and short lifespans when exposed to high temperatures (Le Lann et al., 

2011). As an acute thermal stressor to which they are unable to immediately physiologically 

adjust, climate change-induced heatwaves present ectotherms with a different set of 
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ecological challenges than chronic temperature change (Vajedsamiei et al., 2021), and many 

species rely heavily on behavioural plasticity to address these challenges (Abram et al., 

2017). Nonetheless, the effect of acute temperature rises on the relationship between 

ectothermic physiology and behaviour, and how this relates to thermal preferences, has yet to 

be investigated. 

The beadlet anemone, Actinia equina, lives across a gradient of shore heights in the spatially 

and temporally heterogeneous intertidal zone (Allcock et al., 1998). Although A. equina is 

particularly robust to temperature stress (Griffiths, 1977b), making it an ideal organism with 

which to investigate the effects of thermal perturbation without risk of mortality, the 

heterogeneous nature of its environment leads it to show ranges of thermal preferences within 

single populations (Navarro et al., 1981). Anemones living further from the low-tide line 

(higher up the shore) experience increased exposure to stressful temperatures (Brahim et al., 

2019) and greater thermal variation than those living lower down the shore (Chapperon et al., 

2016). Multiple genetically distinct morphotypes have developed which favour different 

shore heights; the red morphotype is associated with the high-shore, and is thus predicted to 

deal more effectively with temperature extremes than the green morphotype, which is 

associated with the low-shore (Allcock et al., 1998). Morphotypes further display consistent 

differences in a relevant behaviour, immersion response-time (IRT), which could be closely 

associated with an anemone’s metabolic rate (Chapter 2). IRT is a risk-related behaviour, and 

thus a gauge of an anemone’s boldness, which measures how long after a simulated tide-

cycle it takes an anemone to re-extend its feeding tentacles and resume foraging. Because A. 

equina is unable to feed when the tide is out, IRT should represent a trade-off, whereby if an 

individual is more cautious to predation risk after re-immersion, it will have less time 

available to forage and thus less energy available for metabolic processes. At high 

temperatures, where increased metabolic demand drives increased foraging (Abram et al., 

2017), this trade-off should become particularly pronounced, as high temperatures are also 

likely to place anemones under greater risk of predation from other ectotherms (e.g. 

Twardochleb et al., 2020; Yamane & Gilman, 2009). Relationships between IRT and 

metabolic rate at different temperatures should thus provide clear indications of whether A. 

equina follows POLS and enable prediction of the metabolic responses of different 

individuals to thermal extremes. 

In this study, we investigated for the first time how relationships between individual 

behavioural phenotypes and their metabolic rates were influenced by different temperatures. 
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We determined how individuals of two morphotypes of A. equina varied in their scope to 

respond behaviourally and physiologically to simulated heatwaves. We measured the 

relationships between an anemone’s routine metabolic rate (RMR; Metcalfe et al., 2016; 

Velasque & Briffa, 2016), which is the metabolic rate of an animal undergoing normal 

activity, and its IRT. These were measured at two temperatures using a crossed-over 

temperature design, where one temperature was neutral and the other simulated a heatwave. 

Importantly, all experimental individuals had their IRTs and RMRs measured at both 

temperatures. We also incorporated a temporal control where the temperature remained 

neutral throughout. We expected that RMR would show general increases across all 

individuals at high temperatures and that because different animals would exhibit different 

degrees of plasticity, the relationship between temperature and RMR would vary between 

individuals. We also predicted that the degree of change in RMR between temperatures 

would differ between morphotypes, with discrepancies being influenced by the red 

morphotype’s tolerance for higher, more variable temperatures than the green. In terms of the 

relationship between IRT and RMR, we anticipated that bolder animals, exhibiting shorter 

IRTs, would have higher RMRs at both temperatures, as predicted by POLS, and that this 

relationship would be stronger at high temperatures. 

4.4. METHODS 

4.4.1. Experimental schedule 

Data collection was carried out between January and March 2020 over the course of four, 

nine-day data collection blocks. Each block began with three days of anemone collection 

from rocky sea defences at the top of the beach at New Brighton, UK (lat: 53.4400, long: -

3.0565). Five animals were collected on each day, split between the red and green 

morphotypes, such that three of one morphotype and two of the other were collected. This 

uneven split, necessary due to 15 being the maximum number of individuals that could be 

investigated per block in our respirometry apparatus, was randomised and evened out over 

the course of the study. Overall, 30 anemones of each morphotype were used. Collection and 

identification of morphotypes was carried out using previously described methods (Chapter 

2). Anemones were size-matched at the point of collection as far as was possible by 

measuring pedal disc diameters (PDD). Because the raw routine metabolic rate (RMR; 

Metcalfe et al., 2016; Velasque & Briffa, 2016) of larger individuals of all species is higher 

than that of smaller individuals (Glazier, 2005), and thus easier to accurately detect, only 
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anemones with a PDD of over 20mm, the largest individuals in the population, were selected. 

Further, because pilot work found the measurement of wet weight to be highly invasive and 

cause significant damage to anemones, and because the volume of A. equina is not static 

(Griffiths, 1977b) so cannot be reliably measured, this size-matching was also used to 

minimise any effect of anemone volume on metabolic results. 

Each group of five anemones was returned to the laboratory, again using previously described 

methods (Chapter 2), and left to acclimate to their surroundings for 48 hours. Anemones were 

housed in a 13 ±1oC temperature-controlled room on a 12h:12h day-night cycle. Each 

anemone was placed in a 7 cm x 15 cm plastic cup containing drainage holes and a rock to 

which the anemone could adhere. Cups were situated in one of two 80 cm x 45 cm x40 cm 

tanks filled to ca. 12 cm with artificial seawater, at a salinity of 34 ±1 ppt (RO water with 

Tropic Marin Pro Reef Salt, Germany). One of these tanks, which housed 10 individuals, was 

maintained at the ambient temperature of 13oC (±1oC), while the other, which housed 5 

individuals, was maintained at 21oC (±1oC). Tanks were themselves situated in two flow-

through systems, which each contained three tanks. Every tank contained anemones at least 

once and the order in which tanks were used was randomised across blocks.  Across the four 

blocks, each system was maintained at each temperature twice, and the order of this was 

randomised. Water quality (salinity, pH, nitrate, nitrite, ammonia) and water temperature in 

holding tanks were regularly recorded and full water changes in each system were carried out 

before each block. 

After 24 hours of the 48-hour acclimation period, anemones were fed ad libitum on defrosted 

Artemia (Monkfield Nutrition, Ely, UK). This gave anemones time to bind to substrate and 

limited variation between individuals in levels of satiation, whilst also allowing a period of 

24 hours without food before metabolic experimentation commenced.  After the full 48 

hours, each group of five anemones was first subject to a ca. 5pm immersion response-time 

(IRT) measurement, using anemones’ natural response to changes in tides to measure 

boldness. IRTs have previously been shown to be repeatable over time (Chapter 2) so only 

one measurement was taken before the commencement of metabolic testing. Cups containing 

anemones were removed from holding tanks and drained. Anemones were left emersed for 

half an hour, before being re-immersed in their holding tank. After re-immersion, IRT, 

defined as the length of time to re-extend feeding tentacles fully (Chapter 2), was recorded by 

two GoPro Hero 4 (GoPro Inc., San Mateo, CA) cameras mounted directly above the tank, 

taking time-lapse photographs every 30 s. 50 minutes of footage was recorded, of which the 
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45 minutes immediately after each individual’s immersion was used to determine IRT. The 

number of photos an anemone took to re-extend its tentacles was recorded and converted into 

seconds. Anemones which showed no complete response within 45 minutes were given a 

maximum value of 2700 s (Chapter 2).  

After their evening IRT measurement, anemones were gently separated from their pebbles 

and transferred to one of six freshly sterilised (with bleach-water and rinsed with fresh water) 

14 cm x 6 cm 425 ml glass intermittent-flow respirometry chambers sealed with 

polypropylene lids (IKEA, Älmhult, Sweden) and each containing a 2.5 g magnetic stir bar 

with which anemones could not interact. One of these chambers was designated as the blank, 

and thus remained empty. For identification purposes, anemones of the same morphotype 

were grouped in adjacent chambers, but where the morphotypes were, and which chamber 

was designated as the blank, was randomised. Chambers were situated in a temperature-

controlled respirometry tank (67 cm x 46 cm x 38 cm) filled to a depth of 20 cm with freshly 

made artificial seawater (salinity 34 ±1 ppt). The seawater was heated or chilled to the 

appropriate temperature (±0.3oC) prior to anemone introduction. Chambers were also subject 

to blank measurements prior to the introduction of anemones to ensure that only negligible 

background respiration was present; where background was detected, chambers were re-

sterilised to ensure minimal microbial activity. After their introduction, anemones were left 

for 12 hours overnight to acclimate and attach to their chamber. We used automated 

intermittent-flow respirometry (Svendsen et al., 2016) to measure aquatic RMR, so this 12-

hour period also served to acclimate anemones to the intermittent-flow cycle. Measurements 

were unable to be conducted throughout the night due to difficulties with having the magnetic 

stir-bars move continuously for 12 hours. The intermittent-flow cycle consisted of a three-

minute water flush period and a 38-minute closed period where oxygen consumption was 

measured. This measurement period was shorter than those used in previous A. equina 

respirometry studies (Navarro et al., 1981), but with this volume of chamber, pilot 

investigations found it produced sufficient data with which to measure oxygen consumption, 

while allowing more repeated metabolic measurements to be taken each day. After this 12-

hour overnight acclimation period, experimentation was carried out for four hours in the 

morning and four hours in the afternoon, with a brief (ca.10 minutes) break period between 

the two where any small bubbles that had formed were removed from chambers. During 

trials, aquatic oxygen concentration within chambers never fell below 80% saturation. Four 
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metabolic slopes of oxygen consumption were produced for each anemone at each time of 

day (for full descriptions and pictures of metabolic apparatus, see Appendix A4.A.).    

At the end of their first day of testing, groups were transferred back to one of the two holding 

tanks and the whole cycle was repeated, beginning with another 48h acclimation period. To 

account for temporal variation and treatment order effects we utilised a crossed-over design 

(Briffa et al., 2013) and a temporal control (White & Briffa, 2017). Within blocks, each group 

of five anemones was designated to one of three treatment groups, each with an overall 

sample size of 10 red and 10 green individuals:  

 The temporal control (L-L) group was housed and tested at 13oC throughout.  

 The low temperature to high temperature group (L-H) was first housed and tested at 

13oC, then at 21oC. 

 The high temperature to low temperature group (H-L) was first housed and tested at 

21oC, then at 13oC. 

After the second round of metabolic testing, anemones were placed directly into a -20C 

freezer in individually labelled plastic bags, to be stored for later drying and weighing. This 

method of euthanasia added an extra step compared with previous studies of A. equina, where 

anemones have been dried from live (e.g. Navarro et al., 1981; Rudin & Briffa, 2012). See 

Appendix A4.B. for a visualisation of this schedule. 

4.4.2. Morphological measurement 

To measure the dry weight of each individual, frozen anemones were placed in a Carbolite 

(Hope, UK) CWF100 muffle furnace, maintained at 110oC for 90 hours. Dry anemones were 

then weighed using a Sartorius (Stonehouse, UK) R2000 balance scale, accurate to the 

nearest hundredth of a milligram. 

4.4.3. Statistical analysis 

Calculation of RMR 

Metabolic data were analysed using the respR package (Harianto et al., 2019) in R version 

3.6.2 (R Core Team, 2020). A minimum of two slopes were extracted for every chamber for 

both morning and afternoon sets of readings, providing up to six measurements of oxygen 

consumption per chamber, per day. The first 41 minute cycles in both the morning and 

afternoon were always excluded, as preliminary data indicated that RMRs settled during the 
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first cycle, such that they were different from subsequent slopes in a sampling repeat. After a 

wait period before recording of at least a minute to ensure only the linear portion of slopes 

were measured (Svendsen et al., 2016), the r2 of recorded oxygen consumption slopes for all 

anemones fell above a threshold of 0.9.  For each repeated measure, slopes from blank 

chambers were used to calculate background-adjusted whole-organism oxygen consumption 

(RMR) by subtracting blank oxygen consumption values from the values of each 

experimental chamber. Raw blank-adjusted measurements were converted to provide final 

whole-organism RMR estimates in milligrams of oxygen per hour (mgO2/h; Appendix 

A4.C.).  

Bayesian Analyses 

All individual level models were run within a Bayesian Markov Chain Monte Carlo 

framework using the R package MCMCglmm (Hadfield, 2010). See Appendix A4.D. for 

details of general model specification and convergence checks, additional analytical details 

and discussion of a confirmatory analysis into the relationship between RMR and dry weight.  

Repeatability and Plasticity of RMR 

After comparative testing against a random intercepts model (Appendix A4.D.), effect 

estimates were extracted from a random slopes model to determine the degree of between-

individual variation in RMR, and how that related to metabolic changes between different 

temperatures. RMR (z-transformed) was the response variable and morphotype, temperature, 

treatment, dry weight (z-transformed), sampling occasion, sampling day (i.e. whether it was 

an individual’s first or second day of metabolic testing), and data collection block were all 

included as fixed effects. Temperature was allowed to interact, separately, with morphotype 

and treatment order. A random-slope effect, accounting for individual variation and the 

interaction between individual identity and metabolic plasticity to temperature (IxE), was 

specified as the random effect.  

To investigate whether individual differences in metabolic rate were consistent across the two 

temperatures, adjusted across-context repeatability was calculated. To investigate individual 

variation in metabolic plasticity to temperature (IxE), the individual level slope effect, 

indicating the explanatory importance of individual differences in predicting plasticity 

between the two temperatures, was extracted. Finally, to explore how an individual’s 

metabolic rate at 13oC related to their metabolic plasticity to temperature, the correlation 

between individual intercepts at 13oC and their slopes between 13oC and 21oC was 
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calculated. Statistical significance was inferred for fixed effects and covariance terms where 

95% credible intervals did not cross zero. For repeatability and slope estimates, significance 

was inferred where 95% credible intervals were not close to zero and histograms of the 

term’s posterior estimates were not pushed up against zero (Chapter 2). 

The relationship between RMR and immersion response-time (IRT) 

To investigate the relationship between RMR and IRT, how it might relate to POLS at 

different temperatures, and whether boldness at 13oC or 21oC could be used to predict RMR 

at 21oC, two separate datasets were used (for justification see Appendix A4.D.). The ‘13oC 

dataset’ included all values measured at 13oC, while the ‘crossover dataset’ included all 

values measured in the crossed-over temperature treatments. A bivariate mixed effects model 

was run on the 13oC dataset to determine the covariance between the two traits at 13oC, with 

RMR and IRT (both z-transformed) set as response variables. For the crossover dataset, a 

multivariate model was run where the four response variables were z-transformed RMR and 

IRT at each temperature. For both models, morphotype, dry weight (z-transformed), 

treatment, sampling occasion and data collection block were all fixed effects, with individual 

identity included as a random effect. Residual (within-individual) covariance was not 

identifiable and values within the residual variance-covariance matrices of each model were 

therefore fixed at 1. After the appropriate model checks had been carried out, between-

individual correlations between IRT and RMR within each temperature and between 

temperatures, alongside associated 95% credible intervals, were extracted. Statistical 

significance was inferred where 95% credible intervals did not cross zero.  

4.4.4. Ethical Note 

No licenses or ethical approval were required to carry out this study as this species is not 

currently protected under UK legislation. Nonetheless, anemones were treated humanely, 

temperatures to which anemones were exposed fell within their tolerance ranges (Chapter 2), 

and no mortality occurred during the experimental periods.  
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4.5. RESULTS 

4.5.1. Repeatability and Plasticity of RMR 

There was a general trend across almost all animals for increased RMR at 21oC such that 

sample mean RMR increased by over 50% from 0.12 mgO2/h (SD= 0.04) at 13oC to 0.19 

mgO2/h (SD= 0.06) at 21oC. This translated into a significant modelled temperature effect on 

RMR, but the size of this effect was estimated with a large degree of uncertainty (estimate= 

0.98, 95% CI= 0.01, 1.83).  Both morphotype and dry weight were also significant predictors 

of RMR, and neither of these relationships were affected by temperature. The green 

morphotype exhibited significantly higher mean RMRs than the red morphotype at both 

temperatures (25% higher at 13oC and 21% higher at 21oC; estimate= -0.34, 95% CI= -0.59, -

0.09), although figure 4.1 does show a wider range of RMR values for both morphotypes at 

21oC. Heavier individuals exhibited significantly higher RMRs than lighter individuals 

(estimate= 0.41, 95% CI= 0.28, 0.54). Data collection block also had a significant 

relationship with RMR (estimate= -0.12, 95% CI= -0.23, -0.01), such that animals in later 

blocks had lower RMRs than those in earlier blocks. 
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Figure 4.1. Variation between red and green morphotypes in z-transformed predicted mean routine metabolic 

rate (RMR) at 13oC and 21oC for all individuals (n= 60), derived from a Bayesian random slopes analysis. 

Boxes denote the median value, with the first and third quartiles forming the box limits, and dotted lines 

denoting the mean. Whiskers extend to encompass all data or 1.5 times the interquartile range. Any point falling 

outside the whiskers can be deemed to be an outlier.  
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At the individual level, repeatability estimates indicate that RMR varied consistently between 

individuals and that some of this variation was retained across temperatures, such that the 

rank-order of individual RMRs at 21oC remained partially similar to the rank order at 13oC. 

As such, adjusted across-context repeatability was low, but still significant (Radj= 0.17, 95% 

CI= 0.11, 0.25). Most of the between-individual variation in RMR was explained by IxE, 

translating into a highly significant, strong slope effect (estimate= 0.70, 95% CI= 0.60, 0.80). 

Figure 4.2 shows that individuals differed greatly in the degree to which their RMR increased 

as the temperature was raised. 2/39 exhibited lower RMRs at 21oC than at 13oC and 2/39 

showed minimal change between the two temperatures. How the RMR of different 

individuals changed between temperatures was associated with their RMR at 13oC, with 

individuals that exhibited lower RMRs at 13oC showing larger increases at 21oC than those 

that exhibited higher RMRs at 13oC. This translated into a significant negative correlation 

between individual RMRs at 13oC and the gradient of individual slopes between the two 

temperatures (r= -0.47, 95% CI= -0.70, -0.19).  
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Figure 4.2.  The change in individual level posterior mean predictions for experimental individuals (n= 39) for 

z-transformed routine metabolic rate (RMR) between 13oC and 21oC, with each line corresponding to a single 

individual’s predicted RMR at each temperature. Individuals are coloured based on their RMR quartiles, 

compared with other experimental individuals, at 13oC. Predictions are derived from a random regression model 

across 13oC and 21oC run using the full dataset incorporating control individuals (n= 60). For visualisation 

purposes, one individual that exhibited especially high scaled estimates at both temperatures (13oC= 1.54, 21oC= 

3.76) is excluded from the plot.
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4.5.2. The relationship between RMR and immersion response-time (IRT) 

RMR was correlated with IRT, and the nature of this correlation was related to environmental 

temperature such that it did not always follow the assumptions of POLS. At 13oC, shyer 

individuals (exhibiting longer IRTs) showed higher RMRs than bolder individuals, 

translating into a moderate, significant positive correlation between IRT and RMR at that 

temperature (r= 0.34, 95% CI= 0.03, 0.64; Figure 4.3a). At 21oC, the pattern of this 

correlation was swapped, such that bolder individuals (with shorter IRTs) at either 

temperature exhibited higher RMRs at 21oC than individuals that were shyer at either 

temperature (Figures 4.3.b, 4.3.d). This correlation, while still of interest, was not significant 

between IRT and RMR both measured at 21oC (r= -0.29, 95% CI= -0.65, 0.06; Figure 4.3b). 

It was, however, at the bound of significance between IRT at 13oC and RMR at 21oC, as 

repeated runs of the model found the lower bound of the 95% credible interval to hover 

within 0.01 units either side of 0 (r= -0.34, 95% CI= -0.67, 0.00; Figure 4.3d). This indicates 

that individuals’ IRTs at 13oC were moderately predictive of their RMRs at 21oC. It is worth 

noting that this significance may have been clearer but for the smaller effective sample size 

of the crossover dataset (n= 39). There was no relationship between RMR at 13oC and IRT at 

21oC (r= 0.04, 95% CI= -0.34, 0.44; Figure 4.3c). 
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Figure 4.3. The relationship between individual level posterior mode estimates (Bayesian BLUPS) for z-

transformed routine metabolic rate (RMR) and z-transformed immersion response-time (IRT) at a) 13oC for 

both traits, b) 21oC for both traits, c) 13oC for RMR and 21oC for IRT and d) 21oC for RMR and 13oC for IRT. 

“***” denotes a statistically significant relationship between the two traits. “**” denotes a relationship falling at 

the bound of statistical significance. Estimates are derived from bivariate (panel a) and multivariate (panels b,c 

and d) Bayesian mixed effects models. Error bars denote 95% credible intervals around each of the traits at each 

temperature. 
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4.6. DISCUSSION 

As the climate warms and marine invertebrates experience extreme temperatures with 

increasing regularity (IPCC, 2013), the survival of individuals under the greatest metabolic 

demand at those temperatures may be placed in jeopardy (Montiglio et al., 2018). The pace-

of-life syndrome hypothesis (POLS; Réale et al., 2010), which predicts positive correlations 

between boldness and metabolic rate, could be used to help indicate those individuals most 

vulnerable to warming, but how these correlations change when individuals are exposed to 

ecologically relevant heat stress has not been tested. In this study we found evidence in 

beadlet sea anemones for a complex association between routine metabolic rate (RMR) and 

immersion response-time (IRT) across temperatures, such that the correlations between the 

two did not follow the assumptions of POLS at 13oC but did at 21oC. We further showed that 

individual differences explained most of the variance in how RMR changed between 

temperatures.  If individuals of certain personality-types are behaviourally or physiologically 

more sensitive to temperature stress, using more energy or experiencing reduced foraging 

opportunities or increased predation risk, then more regular heatwaves could put those 

individuals at a selective disadvantage.  

Under baseline temperatures, shyer individuals exhibited higher RMRs, a result entirely at 

odds with POLS. One explanation for this could be that, at lower temperatures, shyer 

individuals were investing more than bolder individuals in metabolically costly processes 

such as growth. Although population-wide studies tend to find faster growth at warmer 

temperatures in marine invertebrates (reviewed in: Angilletta et al., 2004), this rule is not 

universal (Angilletta & Dunham, 2003). In A. equina, even very regular feeding regimens are 

not enough to counteract a loss of body-mass at high temperatures in laboratory environments 

(Chomsky et al., 2004b). At low temperatures, meanwhile, A. equina is able to grow even 

when fed only once or twice a week (Chomsky et al., 2004a). As such, while 24 hours of 

fasting should have eliminated the costs of digestion (Navarro et al., 1981), individuals likely 

still had flexibility in how they expended their energy at 13oC.  This flexibility could have 

provided the scope for different personality-types to employ different resource allocation 

strategies and for RMR to be positively correlated with growth (Killen, 2014). Shy 

individuals may thus have prioritised growth to a greater degree than bold individuals at low 

temperatures, both because of the greater flexibility in resource allocation that those 

temperatures afforded, and because low risks of predation from ectothermic predators at 

those temperatures (e.g. Twardochleb et al., 2020; Yamane & Gilman, 2009) should have 
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allowed them to forage more freely. Alternatively, the move from holding tanks to 

respirometry chambers, or the slight disturbance in the chambers caused by the intermittent-

flow cycle itself, might have caused disproportionate stress responses in shyer animals as 

compared with their bolder conspecifics, driving their higher RMRs at 13oC (e.g. Martins et 

al., 2011). Future studies could investigate the relationships between growth-rate, dry weight 

and IRT to see whether shy individuals do grow faster than bold individuals at baseline 

temperatures, and what implications this has for selection.   

In contrast to baseline temperatures, individuals that were bolder at either temperature 

exhibited higher RMRs when under thermal stress than those that were shyer. One 

explanation for this could be shy individuals suppressing their RMRs to a greater degree than 

bold individuals at stressful high temperatures, in preparation for cooler “recovery periods” in 

the future (Schulte et al., 2011). Temperature-driven adaptive metabolic suppression (either 

limiting the increase or even decreasing metabolic rates rapidly by curbing processes with 

high energy requirements; Schulte et al., 2011) appears to be specific to intertidal and 

shallow-water marine invertebrates, having been so far documented in gastropods (McMahon 

et al., 1995) and molluscs (Vajedsamiei et al., 2021). Animals employing this strategy may be 

equipped during heatwaves to avoid their energetic demands exceeding their available energy 

supply but, as heatwaves become more frequent, suppression strategies could place 

individuals at a selective disadvantage by creating energetic deficits which they are unable to 

fulfil during progressively shorter recovery periods (Pörtner, 2012). Although they were of 

varying personality-types, those individuals suppressing their RMRs most in our sample 

could have been the four that failed to increase their RMRs at all at 21oC (e.g. Vajedsamiei et 

al., 2021). It is also possible that these individuals had surpassed their metabolic thermal 

maximum (Schulte et al., 2011). Although the high RMRs of all four of these individuals at 

13oC might suggest this is plausible, it would seem unlikely that any of them had surpassed 

this threshold given that lethal temperatures for other UK populations of A. equina are at least 

two degrees higher than the 21oC used in this experiment (Chapter 2).  

The effects of individual and morphotypic variation on the plasticity of RMR could shed 

further light on its relationship with IRT. There was a general trend towards higher RMRs at 

21oC, which remained unexpectedly consistent between the two morphotypes. Importantly, 

however, as predicted, this response was not ubiquitous at the level of the individual, possibly 

indicating variation between individuals in strategies for dealing with extreme high 

temperatures. One potential explanation is that some individuals may compensate for 
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increased RMR induced by higher temperatures by reducing activity. This could have led to 

the observed negative correlation between IRT and RMR at 21oC. After considering the 

available evidence, however, we believe that such a compensatory reduction in activity may 

be unlikely. Foraging tentacle expansion is the main energetically costly activity these 

anemones undertake (Griffiths, 1977b) and IRT is thus not only an excellent proxy for 

boldness but should also act as a proxy for activity. As such, if a change in activity was 

driving changing RMR, IRT at a baseline temperature should not have been more strongly 

correlated with RMR at 21oC than IRT at 21oC.  Previous research also shows differences in 

how morphotypes change their IRTs, and thus their activity, across temperatures (Chapter 2). 

These discrepancies were not reflected in morphotypic patterns of RMR in these data, further 

indicating that changing activity was not driving changing RMR. Instead, it seems more 

likely that relationships between IRT and RMR were at least partly driven by individual 

physiology, either via varied growth strategies at baseline and RMR suppression at high 

temperatures as we speculate, or by other mechanisms.  

Although these data indicate that individual variation was the key predictor of how RMR 

changed across temperatures and suggest that individual plasticity of RMR was associated 

with individual plasticity of IRT, it is also possible that these results could be indicative of 

important variables that we failed to measure. For example, the previous experience of these 

anemones, for which it was impossible to control, could have affected these results. Some 

animals might have been significantly more stressed than others before being transferred to 

the laboratory, and this could have led to unexpected patterns in both their RMRs and their 

IRTs. It is also worth noting here the significant effect of data collection block, which could 

have been indicative of early metabolic acclimation to environmental seasonality (Ortega et 

al., 1984), another effect that may not have been fully captured by these data.   

This study shows that associations between RMR and boldness in A. equina are highly 

temperature-dependent. Individual differences were the key drivers of how RMR changed 

between temperatures, with some individuals likely to experience higher metabolic demand at 

high temperatures than others. Further, these results indicate that individual variation in trait 

plasticity could be part of the reason why evidence for POLS is so inconsistent. By measuring 

the boldness and metabolism of animals living in heterogeneous environments under different 

contexts, researchers could draw a clearer picture of POLS, facilitate a more comprehensive 

understanding of the adaptive value of different personality-types under climate change, and 
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gain insights into how different populations might respond to more regular climate change-

induced heatwaves.  
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APPENDIX TO CHAPTER 4: Differential metabolic responses in 

bold and shy sea anemones during a simulated heatwave  
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A4.A. Metabolic apparatus and measurement detail 

Automated intermittent-flow cycles were precisely controlled by a National Instruments C 

Series Counter Input Module (National Instruments, Austin, USA). Water in the respirometry 

tank was fully aerated throughout testing by a Tetra Second Nature Whisper 800 air pump 

(Tetra GMBH, Melle, Germany). Each chamber contained a central 6 cm x 6 cm x 6 cm 

polypropylene mesh cage containing a magnetic stir bar, which was controlled by an 

IKAMAG multi-position magnetic stirrer plate (IKA England LTD, Oxford, UK) positioned 

under the respirometry tank. For the ambient 13oC measurements, the temperature within the 

respirometry tank was maintained to a precision of ±0.2oC by the laboratory’s temperature 

control. At 21oC, the temperature of the tank was maintained to a precision of ±0.3oC; a 

waterproof DS1820B temperature sensor (Maxim Integrated Products, Sunnyvale, USA) was 

connected to an Arduino Uno (Arduino LLC, Boston, USA) and used to control a 

LightwaveRF wireless control plug socket (LightwaveRF, Birmingham, UK) which was itself 

connected to an Eheim thermocontrol 300W heater (Eheim, Deizisau, Germany) submerged 

in the tank. During experimentation, the temperature in the respirometry tank was recorded at 

half hour intervals, taking measurements directly from the temperature sensor using the serial 

monitor within the Arduino software. Oxygen concentration, and by extension, oxygen 

consumption, was measured at second intervals using two PyroScience Firesting O2 dissolved 

oxygen sensors (PyroScience GmbH, Aachen, Germany) each connected to three 

PyroScience 3mm diameter robust oxygen probes fed directly into chambers. Probes were 

calibrated at the start of each day of metabolic testing. See figures A4.1, A4.2, and A4.3 for 

pictures of metabolic apparatus, and table A4.1 for a full checklist of information on 

intermittent-flow methodology. 
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Figure A4.1. Overhead view of apparatus, including 6 intermittent-flow pumps and a chiller pump in the top 

right corner. 

 

Figure A4.2. Side view of 2 open respirometry chambers, showing external seals and piping. 
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Figure A4.3. Close up of a single chamber, showing brass internal seals, mesh cage and magnetic stirrer. 
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Table A4.1. Full checklist of information on aquatic respirometry methods (from: Killen et al., 2021). 

Number Criterion and Category Response Value (where required) Units 

 

EQUIPMENT, MATERIALS, AND SET-

UP   
  

1 

Body mass of animals at time of 

respirometry 

Pedal disc diameter 

(PDD) threshold used 

as no reliable, non-

invasive measure of 

anemone volume 20 mm 

2 Volume of empty respirometers 422.5 ml 
  

3 How chamber mixing was achieved Magnetic stirrer 
  

4 

Ratio of net respirometer volume (plus any 

associated tubing in mixing circuit) to 

animal body mass  

N/a, no reliable 

measure of live 

anemone volume 

so threshold PDD 

used     

5 Material of tubing used in any mixing circuit N/a 
  

6 Volume of tubing in any mixing circuit N/a      

7 

Confirm volume of tubing in any mixing 

circuit was included in calculations of 

oxygen uptake N/a 
  

8 

Material of respirometer (e.g. glass, acrylic, 

etc.) 

Glass, 

Polypropylene lid     

9 Type of oxygen probe and data recording 

Pyroscience Firesting 

O2 
  

10 

Sampling frequency of water dissolved 

oxygen 1s 
  

11 

Describe placement of oxygen probe (in 

mixing circuit or directly in chamber) Directly 
  

12 

Flow rate during flushing and recirculation, 

or confirm that chamber returned to 

normoxia during flushing 

Chamber returned to 

normoxia (Appendix 

A4.C.)     

13 Timing of flush/closed cycles 3 minutes / 38 minutes 
  

14 

Wait (delay) time excluded from closed 

measurement cycles >60s   
 

15 

Frequency and method of probe calibration 

(for both 0 and 100% calibrations) 

Daily, calibrated to 

100% dissolved 

oxygen saturation 
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16 

State whether software temperature 

compensation was used during recording of 

water oxygen concentration 

Yes, standardised to 

temperature of 

treatment, not to real-

time fluctuation     

 
MEASUREMENT CONDITIONS 

   
17 Temperature during respirometry Variable 13/21 oC 

18 How temperature was controlled Arduino ±0.3 oC 

19 Photoperiod during respirometry 12:12 h 
  

20 

If (and how) ambient water bath was cleaned 

and aerated during measurement of oxygen 

uptake (e.g. filtration, periodic or continuous 

water changes) 

Periodic water changes 

and bleach sterilisation. 

Air stone for aeration.     

21 

Total volume of ambient water bath and any 

associated reservoirs 

61640 cm3 (67 cm x 46 

cm x 20 cm) 
  

22 

Minimum water oxygen dissolved oxygen 

reached during closed phases >80% 
  

23 

State whether chambers were visually 

shielded from external disturbance 

Yes, opaque shield 

around water bath 
  

24 

How many animals were measured during a 

given respirometry trial (i.e. how many 

animals were in the same water bath)  Five     

25 

If multiple animals were measured 

simultaneously, state whether they were able 

to see each other during measurements N/a 
  

26 

Duration of animal fasting before placement 

in respirometer >24h     

27 

Duration of all trials combined (number of 

days to measure all animals in the study) 24 days 
  

28 

Acclimation time to the laboratory (or time 

since capture for field studies) before 

respirometry measurements 48 h x 2     

 
BACKGROUND RESPIRATION 

   

29 

Whether background microbial respiration 

was measured and accounted for, and if so, 

method used (e.g. parallel measures with 

empty respirometry chamber, measurements 

before and after for all chambers while 

empty, both) Yes, parallel measures 
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30 

If background respiration was measured at 

beginning and/or end, state how many slopes 

and for what duration N/a     

31 

How changes in background respiration were 

modelled over time (e.g. linear, exponential, 

parallel measures) Parallel measures 
  

32 

Level of background respiration (e.g. as a 

percentage of SMR) 

Temperature and trial-

dependent     

33 

Method and frequency of system cleaning 

(e.g. system bleached between each trial, UV 

lamp) 

System and chambers 

bleached between each 

trial 
  

 

STANDARD OR ROUTINE 

METABOLIC RATE 
   

34 

Acclimation time after transfer to chamber, 

or alternatively, time to reach beginning of 

metabolic rate measurements after 

introduction to chamber 12 h 
  

35 

Duration over which metabolic rate was 

estimated 38 minutes x 6     

36 

Value taken as SMR/RMR (e.g. quantile, 

mean of lowest 10 percent, mean of all 

values) 

N/a, individual slopes 

recorded for analyses 
  

37 

Total number of slopes measured and used to 

derive metabolic rate (e.g. how much data 

were used to calculate quantiles) 

N/a, individual slopes 

recorded for analyses     

38 

Whether any time periods were removed 

from calculations of SMR/RMR (e.g. data 

during acclimation, periods of high activity 

[e.g. daytime]) 

No data were recorded 

during acclimation / 

attachment 
  

39 

r2 threshold for slopes used for SMR/RMR 

(or mean) 0.9     

40 

Proportion of data removed due to being 

outliers below r-squared threshold 0% 
  

 
MAXIMUM METABOLIC RATE 

   

41 

When MMR was measured in relation to 

SMR (i.e. before or after) N/a 
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42 

Method used (e.g. critical swimming speed 

respirometry, swim to exhaustion in swim 

tunnel, or chase to exhaustion) N/a     

43 

Value taken as MMR (e.g. the highest rate of 

oxygen uptake value after transfer, average 

of highest values) N/a 
  

44 

If MMR measured post-exhaustion, length of 

activity challenge or chase (e.g. 2 min, until 

exhaustion, etc.) N/a 
  

45 

If MMR measured post-exhaustion, state 

whether further air-exposure was added after 

exercise N/a     

46 

If MMR measured post-exhaustion, time 

until transfer to chamber after exhaustion or 

time to start of oxygen uptake recording N/a   

47 

Duration of slopes used to calculate MMR 

(e.g. 1 min, 5 min, etc.) N/a      

48 

Slope estimation method for MMR (e.g. 

rolling regression, sequential discrete time 

frames) N/a 
  

49 

How absolute aerobic scope and/or factorial 

aerobic scope is calculated (i.e. using raw 

SMR and MMR, allometrically mass-

adjusted SMR and MMR, or allometrically 

mass-adjusting aerobic scope itself) N/a     

 
DATA HANDLING AND STATISTICS 

   

50 Sample size 

60 overall, 20 control, 

40 crossed-over 
  

51 

How oxygen uptake rates were calculated 

(software or script, equation, units, etc.) 

respr R package 

followed by 

conversions to mgO2/h     

52 

Confirm that volume (mass) of animal was 

subtracted from respirometer volume when 

calculating oxygen uptake rates 

No, size was 

standardised to PDD as 

far as possible  
  

53 

State whether analyses accounted for 

variation in body mass and describe any 

allometric mass-corrections or adjustments 

Yes, all analyses 

incorporated dry 

weight as a fixed effect     
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A4.B. Experimental schedule 

Figure A4.4. Showing a) A full example block schedule, b) the schedule for an L-H group (kept initially at 13oC and then changed to 21oC on day 4) and c) an example 

respirometry schedule.
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A4.C. Example slopes and conversion 

Raw oxygen concentration was measured in % O2 concentration, and chamber volume less 

the volume of the magnetic stirrers was 422.5 ml. Because wet weight and anemone volume 

could not be reliably measured, the volume of anemones was not corrected for. Initial slopes 

were thus measured in % O2/s/422.5 ml. These were first converted, using temperature-

specific concentration conversion tables (Boyd & Pillai, 1985), to mgO2/s/422.5 ml. These 

values were then multiplied by 3600 to give the slopes in mgO2/h/422.5 ml, before being 

further multiplied by 0.4225 to give the values in mgO2/h.  

In the majority of measured slopes of oxygen consumption a steady, linear decline in oxygen 

concentration was observed after an initial wait period of at least one minute (Svendsen et al., 

2016; Figure A4.5), but there were some instances where slopes showed more noise. The 

respR package provides mitigation for this by calculating rolling regressions (Harianto et al., 

2019), allowing accurate slope estimation even with a substantial degree of noise in the data 

around the gradient of the slope (Figure A4.6). In some instances, there were periods of noise 

which influenced the results of the rolling regression (Figure A4.7). In these instances, where 

possible, the longest, most stable, periods of linear decline of oxygen concentration were used 

in slope calculations (White et al., 2016). Where this was not possible, the slope was 

discounted from the dataset. One individual, from the H-L treatment and of the green 

morphotype, was discounted from all analyses as it showed no measurable slopes at 21oC. 

With this individual removed, of 826 oxygen consumption measurements (including blanks), 

42 were measured using substantially truncated slopes. Of 708 anemone consumption 

measurements, nine were discounted from analyses. 
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Figure A4.5. Example of metabolic slopes with no fluctuation or truncation. 

Figure A4.6. Example of metabolic slopes where fluctuations could be dealt with by rolling regression. 
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Figure A4.7. Example of a metabolic slope where a large degree of truncation was required. 

A4.D. Statistical detail and extra analysis 

Model Specification 

Univariate models were fitted over uninformative Inverse-Wishart priors and run for 420000 

iterations with a 20000-iteration initial burn-in period and a thinning interval of 100. 

Bivariate and multivariate models were fit similarly, but over 1000000 iterations with a 

50000-iteration burn-in. To ensure successful convergence visual inspection of convergence 

and autocorrelation plots was carried out. To further confirm this, Heidelberger-Welch and 

Gelman-Rubin diagnostic tests were run on all models. Comparative models were also run 

over alternative, parameter-expanded priors, to ensure robustness to different prior 

specifications. Model estimates and deviance-information criteria (DIC; Spiegelhalter et al., 

2002) did not differ meaningfully between the different specifications. 

Metabolic plasticity model choice: random slopes 

Two models were initially run on our full dataset. A random intercepts model, not taking into 

account individual level variation in metabolic plasticity to temperature, and a random slopes 

model. Once assumptions and convergence of both models had been checked, the two 
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models’ DIC values (Spiegelhalter et al., 2002) were compared. The DIC of the random 

slopes model (DIC= 666) was dramatically lower than that of the random intercepts model 

(DIC= 1110), indicating very clearly that the former, incorporating a random slope effect, 

was a better fit to the data than the latter. 

Covariance analysis split 

The overall covariance analysis was split into a bivariate and a multivariate component to 

allow the incorporation of the control data into the 13oC correlation estimate. The crossed-

over nature of the multivariate dataset means that the multivariate model was still robust to 

both treatment order and temporal effects. 

The relationship between RMR and dry weight 

To explore the relationship between body size and RMR, a further bivariate model was run 

where RMR and dry weight were set as the response variables. Fixed and random effects 

were the same as the bivariate model above but with temperature set as an extra fixed effect. 

This confirmed a strong positive correlation between RMR and dry weight (r= 0.72, 95% CI= 

0.57, 0.87; Figure A4.8). The magnitude of the correlation found here is in line with previous 

work in A. equina (Navarro et al., 1981) and also indicates that RMR in this species, when 

investigated in relation to dry weight, follows a standard scaling relationship (Brown et al., 

2004). 
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Figure A4.8. The relationship between the posterior mode estimates (Bayesian BLUPS) of individual RMR and 

individual dry weight, derived from a bivariate mixed effects model run on the full dataset (n= 60). 
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Chapter 5: 

 

Different proteomic responses to temperature stress in bold and shy 

beadlet sea anemones 
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5.1. KEYWORDS 

Climate change, Boldness, Proteomics, Coping Styles, Stress, Marine invertebrate 

5.2. ABSTRACT 

Behavioural, physiological, and molecular changes are all important mechanisms by which 

animals can mitigate against human-induced environmental perturbation. Proteomic changes, 

representing alterations to the active components of an animal’s cells, are a particularly 

crucial mechanism with which to respond to environmental challenge. Between-individual 

variation in proteomic expression can be associated with individual behavioural consistency, 

termed personality, but investigations of the whole proteomes of animals of different 

personality-types in relation to their behavioural stress responses remain sparse. Here, in the 

first such study in an invertebrate, we assessed variation in the proteomes of bold and shy 

beadlet anemones (Actinia equina) under different thermal stress scenarios. We exposed 

some anemones to a graduated temperature increase, culminating at a near (sub)-lethal high 

temperature (23oC), and maintained others at a baseline temperature (11oC). We repeatedly 

measured anemones’ startle response-times, their latency to re-extend their feeding tentacles 

after a disturbance, in both treatments at 11oC, and took tentacle samples from the boldest 

and shyest animals at the conclusion of each treatment. We found a strong proteomic 

temperature response in A. equina, with individuals down-regulating biosynthetic proteins 

and apoptotic pathways, in favour of up-regulating proteins involved with stress resistance. 

We further found a whole-proteome effect of personality-type which was only apparent under 

heat stress: shy animals down-regulated biosynthetic pathways to a greater degree than bold 

animals and showed less up-regulation of proteins associated with cellular maintenance, 

proliferation, and stress resistance. As such, under extreme temperatures, shy individuals may 

suppress energetically costly cellular processes, thus saving resources to use under less 

stressful future environmental conditions. Contrastingly, bold individuals might maintain a 

greater degree of cellular function by up-regulating proteins involved in stress resistance. 

Both of these strategies could have their own adaptive value but, under increasingly regular 

exposure to high temperatures of the type which might be brought about by climate change, 

some personality-types may be placed under greater selective pressure than others. 
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5.3. INTRODUCTION 

Animal personality, consistent variation between individuals in their behaviour within and 

across contexts, is a well-established, replicable, and measurable phenomenon (Dingemanse 

& Dochtermann, 2013; Sih et al., 2004). However, despite much interest in the adaptive 

underpinnings of personality (Duckworth, 2010; Moiron et al., 2020; Wolf & Weissing, 

2010), the processes driving, or being driven by, consistent differences in behaviour, remain 

an important and poorly understood area of study. The active molecular components of an 

animal are essential factors in the induction and control of all its biological processes (Torson 

et al., 2020), including its behaviour (Gosling, 2008). As such, scientists cannot hope to 

understand the selective drivers underpinning personality variation without marrying the 

proximate cause of that variation, molecular differences, with behaviour. One hypothesis that 

attempts to address this is termed coping styles (Koolhaas et al., 1999). Coping styles place 

different personality-types, specifically risk-takers (bold animals) and risk-avoiders (shy 

animals), along a ‘proactive-reactive’ stress response axis (Coppens et al., 2010). Proactive 

individuals should show less pronounced molecular stress responses, bolder behaviours, and 

reduced behavioural flexibility, while reactive individuals should show the opposite (Geffroy 

et al., 2020; Wong et al., 2019). This intraspecific variation within groups should drive 

individuals within a population to respond differently to acute or chronic stressors such as 

those associated with climate change. 

Although investigations of coping styles indicate associations between behaviour and 

molecular physiology across a range of species (Castanheira et al., 2017; Cockrem, 2007; 

Costantini et al., 2012; Ferrari et al., 2013), much of the work that has been carried out thus 

far has focused on specific neuroendocrine differences (e.g. Houslay et al., 2018; Wong et al., 

2019). While these responses are useful to investigate, complex neuroendocrine pathways are 

not present in all taxa (Hartenstein, 2006; Malagoli & Ottaviani, 2017). As such, 

investigations of the relationships between behaviour and molecular physiology have largely 

been focused on vertebrates (Fürtbauer, 2015). Further, neuroendocrine responses alone may 

not offer a complete picture of an animal’s stress response, often acting as one of many 

stress-induced molecular changes (Gormally & Romero, 2020). In chickens (Gallus gallus 

domesticus), for example, chronic stress drives increases in both corticosterone and heat 

shock protein (HSP) expression, and both molecular indicators are associated with 

personality  (Pusch et al., 2018). In catfish (Horabagrus brachysoma), meanwhile, heat stress 

leads to the induction of multiple layers of molecular change, including changes to 
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gluconeogenesis (and, by extension, blood cortisol levels), increased expression of proteins 

associated with metabolic processes, and increased HSP expression (Dalvi et al., 2017). 

Whole-transcriptome or whole-proteome approaches could thus provide a more 

comprehensive picture of the associations between molecular stress responses and personality  

(Sneddon et al., 2005). Studies such as these have recently begun to receive increased interest 

in some taxa (Ferrari et al., 2020; Nonnis et al., 2021; Rey et al., 2013; Rey et al., 2021; 

Thomson et al., 2011; Toni et al., 2019), but have yet to be conducted in any invertebrate 

with a simpler body plan and divergent life-history. Considering proteomic changes in 

particular, given the direct effects these have on cellular processes and homeostasis (Feder & 

Walser, 2005; Tomanek, 2011), offers the potential to significantly broaden understanding of 

the interplay between molecular and behavioural stress responses. In turn, this could help 

predict whether some personality-types, and by extension some populations (Tomanek, 2010; 

Tomanek, 2008), might be more susceptible to novel stressors brought about by human-

induced environmental change. 

Intertidal invertebrates are at particular risk from novel climatic stressors as the highly 

stochastic environment (Brahim et al., 2019; Chapperon et al., 2016) which they inhabit is 

already regularly exposed to environmental extremes, particularly during tidal exposure 

(Harley et al., 2006; Helmuth et al., 2006; Scapini et al., 2019). One of the clearest changes 

being caused by climatic shifts is a significant rise in environmental temperatures (IPCC, 

2018). This rise is especially apparent in marine environments (Doney et al., 2012) and, as it 

continues, not only are intertidal populations experiencing chronically higher environmental 

temperatures (Hoegh-Guldberg & Bruno, 2010), but also increasingly regular periods of 

acute thermal stress in the form of heatwaves (Weitzman et al., 2021). Heatwaves, such as 

those recently experienced in Canada (Ross et al., 2021), can place intertidal populations 

under severely heightened physiological stress (e.g. Hemraj et al., 2020; Vajedsamiei et al., 

2021) and cause some individuals to perish (e.g. Garrabou et al., 2009; Seuront et al., 2019). 

Intertidal invertebrates can exhibit a host of proteomic responses to mitigate against these 

effects. Amongst other changes, they have been shown to up-regulate stress-responsive 

molecules such as heat-shock proteins (HSPs; Choresh et al., 2007; Dong et al., 2008; 

Ravaux et al., 2016), increase or regulate apoptotic activity (Gleason & Burton, 2015; Richier 

et al., 2006), or change the expression of proteins forming complex structures (Ning et al., 

2021; Teranishi & Stillman, 2007). These structures include ribosomes and spliceosomes, 

which are involved in protein biosynthesis (Matera & Wang, 2014; Moore & Steitz, 2002), 
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and proteasomes, whose primary function lies in proteolytic pathways (Sorokin et al., 2009). 

Many intertidal taxa also show adaptive behavioural responses to temperature stress 

(Crickenberger et al., 2020) which vary between individuals (Biro et al., 2013; Briffa et al., 

2013; Scapini et al., 2019), but no work has yet sought to marry behavioural and proteomic 

thermal stress responses in any intertidal invertebrate. 

The beadlet anemone (Actinia equina) is an ideal organism with which to address this gap in 

the literature. This species is both particularly robust to temperature change, with thermal 

tolerances that can span ranges of 20 degrees or more (Griffiths, 1977b), and displays within-

population variation in behavioural and physiological responses to heat stress (Navarro et al., 

1981; Chapter 2; Chapter 4). Closely related anemone species also show varied proteomic 

responses at high temperatures (Choresh et al., 2007; Richier et al., 2006, 2008) and 

genetically determined thermal tolerances (Rivera et al., 2021), so associations between these 

responses and individual behaviour could have important selective implications in A. equina. 

For instance, bold anemones show little plasticity in their startle response-times (SRTs, a 

proxy for boldness measuring the time for an anemone to re-extend its feeding tentacles after 

a threatening stimulus; Briffa & Greenaway, 2011) when exposed to an extreme temperature 

(Chapter 2). This rigidity could be energetically beneficial as it provides more foraging 

opportunities (Griffiths, 1977b) under increased metabolic demand (Navarro et al., 1981), but 

could equally prove costly if higher temperatures lead to increased pressure from ectothermic 

predators (e.g. Twardochleb et al., 2020; Yamane & Gilman, 2009). If bold individuals show 

generally low phenotypic plasticity in response to temperature stress, they might show less 

pronounced up-regulation of stress-mitigating molecules such as HSPs (e.g. Pusch et al., 

2018). In this scenario, pressures to maintain higher rates of biosynthetic and metabolic 

processes to repair damage caused by thermal stress (e.g. Ning et al., 2021; Richier et al., 

2008; Vajedsamiei et al., 2021) could lead bold animals to maximise their time spent foraging 

out of energetic necessity, despite potential selective costs. Insights such as these into the 

interplay between molecular and behavioural stress responses in A. equina could, in turn, help 

inform investigators when examining climatic effects on intertidal invertebrates more 

generally. 

In this study, we examined bold and shy (measured as SRT) A. equina individuals under two 

different temperature treatments. Half of the individuals of each personality-type were 

exposed to a graduated temperature-increase, culminating at a near-lethal temperature, while 

the other half remained at a baseline. We took tentacle samples for proteomic analysis from 
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each individual and examined how proteomic expression was related to both temperature 

treatment and personality-type. We expected that expression would differ significantly 

between hot and cold treatments. We predicted that all individuals in the hot treatment would 

exhibit changes in the expression of proteins related to biosynthetic processes and apoptotic 

pathways and would up-regulate stress resistance proteins, including HSPs. We further 

expected that these discrepancies would be influenced by personality-type, predicting that 

bold individuals would show less pronounced proteomic changes under temperature stress 

than shy individuals.  

5.4. METHODS 

5.4.1. Experimental design 

Collection, housing and behaviour 

Data collection took place between April and August 2018. Anemones were selected from a 

behavioural study detailed fully in Chapter 2. In brief, anemones were subject to either a 17-

day graduated temperature increase from 11oC to 23oC (the temperature stress treatment) or 

spent 17 days at 11oC (the control treatment). Behavioural trials were carried out for the first 

15 days and proteomic sampling occurred on day 17. Anemones were selected for proteomic 

analysis based on the average of three startle response-times (SRTs), a measure of boldness 

using latency to extend feeding tentacles after a fright (Briffa & Greenaway, 2011; Collins et 

al., 2017), measured at 11oC. Six of the boldest (shortest SRT) and six of the shyest (longest 

SRT) individuals were selected from separate pools of 101 in the temperature stress treatment 

and 108 in the control treatment, leading to an overall sample size of 24 animals. The day 

after proteomic sampling, anemones were returned to their collection site at Llandudno North 

Beach, North Wales (lat: 53.330359, long: -3.828975). 

Tentacle Sampling 

Before tentacle sampling for proteomic analysis commenced, individuals were first fully 

emersed from seawater. This took approximately 5 minutes and caused minimal disturbance 

to individuals. Anemones were then immediately (< 1 minute) immersed in 3 litres of 2% 

magnesium chloride (MgCl2) solution and left to become fully anaesthetised for 30 minutes 

before sampling began. 

For each anemone, 2 tentacle samples were taken using sterilised forceps and scissors. Upon 

collection, samples were placed in sterile, labelled Eppendorfs and flash-frozen immediately 
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in liquid nitrogen. Once sampling was complete, all tentacles were transferred to a -80oC 

freezer, where they were stored for between three to five months prior to proteomic analysis. 

Sampling time was approximately 5 minutes per anemone and sampling order was 

randomised within bold and shy personality-types. For ease of identification, shy animals 

were sampled first and bold animals second. As all animals were fully anaesthetised, this 

standardisation should have had no impact on their stress levels at the time of sampling, or on 

their proteomic expression. 

5.4.2. Protein Identification 

Proteomics sample preparation 

The 24 tentacle sections were removed from the -80oC freezer and transferred to a 0.5 ml 

bead beating tube containing 1.4 mm ceramic beads and homogenised at 5,000 rpm for 30 s 

using a Minilys homogeniser (Bertin Technologies, Montigny-le-Brettoneux, France).  

A protein assay was performed using a 75-fold dilution of sample (5 μl homogenate diluted 

to 375 μl). A volume of sample equivalent to 20 μg of protein was transferred to 0.65 ml low 

bind tubes and a balance volume of 25 mM ammonium bicarbonate buffer (ambic) added. 2.5 

μl of freshly reconstituted 1%(w/v) Rapigest surfactant (Waters Ltd., Wilmslow, UK) was 

added and the samples incubated at 80C for 10 minutes. Samples were reduced by the 

addition of 2.5 μl of 9.2 mg/ml dithiothreitol (DTT) in 25 mM ambic and incubated at 60C 

for 10 minutes. Alkylation of cysteine residues was carried out by the addition of 2.5 μl of 33 

mg/ml iodoacetamide followed by incubation in the dark at room temperature for 30 minutes. 

2.5 μl of freshly reconstituted trypsin was added (0.5 μg) and samples incubated in a final 

digestion volume of 50 μl overnight at 37C.  

The following day the 24 digests were acidified by the addition of 0.5 μl of TFA and 

incubated at 37C for 45 minutes to hydrolyse the Rapigest surfactant. Digests were 

centrifuged at 17,200 x g for 30 minutes and the clarified supernatants were transferred to 

fresh tubes. A 10-fold dilution of two digests in 0.1% TFA/3% ACN and analysis on a 30-

minute LC-MS/MS gradient was carried out for sample ranging to determine final loading. 

Digests were transferred to total recovery vials (Waters, Wilmslow, UK) and 4 μl was 

injected on-column in a randomly assigned order (Appendix A5.A.). 
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LC-MS/MS analysis 

Data-dependent LC-MSMS analyses were conducted on a Q Exactive quadrupole-Orbitrap 

mass spectrometer (Thermo Fisher, Waltham, MA, USA) coupled to a Dionex Ultimate 3000 

RSLC nano-liquid chromatograph (Sunnyvale, CA, USA). Sample digest (4 μl) was loaded 

onto an Acclaim PepMap 100 C18 trapping column (Thermo Fisher, Waltham, MA, USA; 75 

µm x 2 cm, 3 µm packing material, 100 Å) using a loading buffer of 0.1% (v/v) TFA, 2% 

(v/v) acetonitrile in water for 7 minutes at a flow rate of 9 µl/minute. The trapping column 

was then set in-line with an EASY-Spray PepMap RSLC C18 analytical column (Thermo 

Fisher, Waltham, MA, USA; 75 µm x 50 cm, 2 µm packing material, 100 Å) and the peptides 

eluted using a linear gradient of 96.2% A (0.1 % [v/v] formic acid):3.8% B (0.1% [v/v[ 

formic acid in water:acetonitrile [80:20] [v/v]) to 50% A:50% B over 55 minutes at a flow 

rate of 300 nl/min, followed by washing at 1% A:99% B for 6 minutes and re-equilibration of 

the column to starting conditions.  The column was maintained at 40oC, and the effluent 

introduced directly into the integrated nano-electrospray ionisation source operating in 

positive ion mode. The mass spectrometer was operated in DDA mode with survey scans 

between m/z 300-2000 acquired at a mass resolution of 70,000 (FWHM) at m/z 200.  The 

maximum injection time was 250 ms, and the automatic gain control was set to 1x106.  The 

10 most intense precursor ions with charges states of between 2+ and 5+ were selected for 

MS/MS at a resolution of 17,500 with an isolation window of 2 m/z units.  The maximum 

injection time was 50 ms, and the automatic gain control was set to 1x105.  Fragmentation of 

the peptides was by higher-energy collisional dissociation using a normalised collision 

energy of 30%.  Dynamic exclusion of m/z values to prevent repeated fragmentation of the 

same peptide was used with an exclusion time of 20 s. 

Progenesis Data Analysis 

Label-free protein quantification was performed using Progenesis QI for Proteomics v.2.0 

(Waters Ltd., Wilmslow, UK). Samples were automatically aligned according to retention 

time. All raw data files aligned well with high alignment scores, apart from a single shy 

individual from the first temperature treatment block, which had to be removed from the 

downstream analysis. Default peak picking parameters were applied and peptides with 

charges between 2+ and 7+ were retained. By assuming that a significant number of peptide 

ions were unaffected by the experimental conditions, normalisation was performed to adjust 

for variation in sample loading. The initial Progenesis experiment was between bold (n= 12) 
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and shy (n= 11) individuals to enable all data files to be represented in the aggregate 

reference file and database search.  

A Mascot Generic File, created by Progenesis was searched in Peaks v10 (Bioinformatic 

Solutions Inc, Waterloo, ON, Canada) against the Nematostellla vectensis database 

downloaded from Uniprot (24,435 sequences), using a peptide mass tolerance of 10 ppm and 

a fragment ion tolerance of 0.01 Da. Carbamidomethyl cysteine and oxidation of methionine 

were selected as fixed and variable modifications respectively. A SPIDER search was then 

performed against more than 250 modifications and amino acid substitutions, and the results 

of this search adjusted to a psm false discovery rate of 1% ( -10 lgP 38.5%, alc 50%). The 

976 proteins identified were uploaded into Progenesis and peptides were assigned to proteins. 

Progenesis reports were generated and all proteins, including those identified via a single 

unique peptide, were included in subsequent analyses.   

Protein Functional ID 

Because many of the proteins in the N. vectensis database have yet to be fully functionally 

described, the FASTA sequences of identified proteins were input into the protein BLAST 

search engine (NCBI, USA) and run against the full database therein of non-redundant 

protein sequences. The named protein results displaying the lowest e values in these searches 

were used as protein identifiers. BLAST-identified results are referenced in all discussion of 

specific proteins.  

5.4.3. Graphical and statistical analyses 

Data quality checks 

Alongside initial normalisation checks, further data quality checks were also carried out. 

Overall proteomic profiles were plotted for both the temperature stress and control treatment 

to ensure coverage of a full spectrum of normalised abundances had been achieved. Further, 

to confirm that any protein differentiation between treatments was not caused by 

methodological discrepancies, the normalised abundances of the full protein profiles within 

each treatment were plotted against each other. A Pearson’s correlation test was then run to 

ensure a tight, linear relationship. For all identified proteins whose BLAST results are 

discussed directly here, BLAST-identified sequences were compared with original N. 

vectensis database sequences using the EMBOSS (Rice et al., 2000) program dotmatcher 

(available: https://www.bioinformatics.nl/cgi-bin/emboss/dotmatcher). Dot plots used a 
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window size of 10 and a similarity threshold value of 23. Upon visual inspection, any 

BLAST-identified proteins that did not show clear alignment with the original sequence were 

discounted and labelled as “uncharacterized” (Appendix A5.B. for examples).     

Structural groupings 

To determine structural groupings of proteins for analytical purposes, functional labels were 

generated by inputting the original N. vectensis accession numbers into the enrichment tool 

g:profiler (Raudvere et al., 2019). Using g:profiler’s KEGG pathway database, it was 

determined which structures were significantly represented in the overall A. equina protein 

profile, and which proteins were components of those structures. The ribosome, spliceosome, 

and proteasome were all significantly represented. A search for BLAST-identified proteins 

whose names contained structural terms was also carried out: for the ribosome, searches were 

carried out for “ribosome” and “ribosomal”; for the spliceosome, searches were 

“spliceosome” and “spliceosomal”; for the proteasome, searches were “proteasome” and 

“proteasomal”. Any proteins deemed to have been missed by g:profiler were added to 

structural analyses. Proteins forming part of the mitochondrial ribosome were not added. 

Protein expression between treatments 

To determine the significance of fold-changes between temperatures, exploratory between-

subject one-way ANOVAs were first run on each protein, comparing protein expression in 

temperature stressed with control individuals. Where differences in expression between 

treatments had a false discovery rate (q; Storey, 2003) of less than 0.15, proteins were 

deemed to be differentially expressed to a level where they should be included in further 

analyses. 

Functional groupings between treatments 

To investigate functional groupings in differentially expressed proteins, it was first 

determined which proteins were shown by initial ANOVAs to be significantly up or down-

regulated under temperature stress. These groups were split into two separate datasets and 

g:profiler functional enrichment was carried out on each using GO: Molecular Function, 

Biological Process and Cellular Component databases, alongside the KEGG pathway 

database.  
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Proteomic profiles between treatments 

To visualise how proteomic profiles changed between treatments, and whether there was a 

general trend for the up or down-regulation of proteins under heat stress, those proteins that 

were significantly differentiated between treatments in the initial ANOVAs were plotted in a 

cluster heatmap in R version 4.0.4 (R Core Team, 2020), using the package heatmap3 (Zhao 

et al., 2014). Hierarchical clustering was used to group proteomic profiles and determine 

whether they differed between treatments. Because structural components were of particular 

interest, as changes in their expression would, by extension, indicate changes in the rates of 

different cellular processes, further heatmaps were plotted for those significantly 

differentiated proteins that formed part of the ribosome, spliceosome, and proteasome.  

Specific proteins between treatments 

To investigate those proteins that were most clearly differentiated between treatments, the 

full identified protein list was visualised as a volcano plot, and those significantly 

differentiated proteins showing the lowest q values or largest fold-changes were identified 

and functionally investigated. 

Protein expression of different personality-types between treatments 

To investigate if there was a general interaction between personality-type and proteomic 

temperature response, data was first subset by personality-type and further exploratory 

ANOVAs were run using four “personality x treatment” categories. As in the previous 

ANOVAs, differential expression worthy of further analysis was determined using a 

threshold of q< 0.15. Due to lower numbers of significantly differentiated proteins shown by 

these ANOVAs, coupled with four grouping factors instead of two, g:profiler functional 

enrichment was not carried out.  

Proteomic profiles of personality-types between treatments 

To investigate whether separate personality-types showed differing proteomic profiles under 

temperature stress, a cluster heatmap was first plotted using all the significantly differentiated 

proteins from the personality x treatment ANOVAs. Hierarchical clustering was this time 

used to determine profile differences between treatments and between personality-types. A 

PCA analysis was also run on the same data to determine the key axes of variation driving 

any differences between individuals in their proteomic expression, and whether any 

groupings on these axes could be attributed to the effects of treatment or personality-type.  
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Associations between personality-type, treatment, and specific proteins 

To determine which proteins showed strong interactions between personality-type and heat 

stress, and to explore the direction of these relationships, protein-specific GLMs were run in 

R on all the significantly differentiated proteins from the second ANOVAs. Protein 

abundance was the response variable and treatment, personality-type, and their interaction 

were initially specified as fixed effects. Stepwise model simplification was used to determine 

significant fixed effects at P< 0.05. 

Associations between personality-type, treatment, and complex structures 

The differential expression of proteins forming part of the three significantly represented 

structures (ribosome, spliceosome, proteasome) was of particular interest. Discrepancies 

between personality-types in these structures at different temperatures would indicate 

personality-level variation in structure-related processes under heat stress. As such, proteins 

forming parts of these structures (whether significantly differentiated in the initial ANOVA 

or not) were investigated via structure-specific general linear models (GLMs) in R. Z-

transformed (within-protein) protein abundance was the response variable and temperature, 

personality-type, and the interaction between the two were set as fixed effects. Stepwise 

model simplification was again used to determine significant fixed effects at P< 0.05.  

Associations between personality-type, treatment, and HSPs 

Further, because proteins related to stress resistance were also of particular interest, as a 

personality-type exhibiting a more stress-resistant proteomic profile might be more robust to 

chronic high temperatures, a GLM was run on the seven identified heat-shock proteins 

(HSPs) present in the full proteomic profile. This model was specified and simplified in the 

same way as the GLMs described above.  
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5.5. RESULTS 

5.5.1. Quality checks 

Visual inspection of the proteomic data utilised in this study found the quality of the data to 

be high. 606 of the 976 identified proteins were identified by a single unique peptide, but 

figures 5.1a and 5.1b show the expected coverage of normalised abundances across a wide 

range of values in both treatments. Further, single peptide-identified proteins encompassed 

much of the lower end of abundance values and their standard deviations were not unusually 

high, other than at the lowest of abundances (n≈ 20), when compared with proteins identified 

by multiple peptides. As such, the removal of single peptide-identified proteins from analyses 

would have risked hiding much of the proteome and thus weakened the exploratory value of 

the dataset. Figure 5.1c further shows that the proteomic profiles of stressed and control 

individuals, while different, were still highly correlated with one-another as expected (r= 

0.98), indicating that observed differences between the two treatments were due to treatment 

conditions, rather than any experimental error. 
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Figure 5.1. Protein abundances (±SD) showing a) abundance s-curve for the full identified protein list for the 

temperature stressed treatment and b) abundance s-curve for the full identified protein list for the control 

treatment. Panel c) shows the relationship between identified proteins between the two treatments. For all 

panels, proteins are sized based on the number of unique peptides and coloured based on significantly different 

expression across treatments.  
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5.5.2. Protein expression and functional groupings between treatments 

Initial ANOVAs showed substantial differences in the protein expression of temperature 

stressed individuals as compared to controls. Of the 976 identified proteins, 323 were 

differentially expressed between treatments (q< 0.15). Of these, 226 were down-regulated 

under heat stress, and g:profiler functional enrichment analysis found that 124 significant 

(padj< 0.05; Figure 5.2a) functional groupings were present across this profile. Most 

significantly represented in this group (padj< 1x10-16) were proteins related to the biosynthesis 

and metabolism of amides and peptides, ribosomal components, and translational and 

cytoplasmic proteins. All of these groupings indicate a general down-regulation of the 

biosynthesis of new molecules under heat stress. The 97 proteins that were up-regulated 

under heat stress (Figure 5.2b) showed only two weakly significant functional groupings. As 

such, there was no clear up-regulation of stress resistance proteins (e.g. those involved in 

homeostasis, detoxification, oxidative stress response) indicated by this analysis. 
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Figure 5.2. G:Profiler functional profile plots, showing significant functional clusters (using GO: Molecular Function, Biological Process and Cellular Component databases, 

alongside the KEGG pathway database) that were a) significantly more abundant in control anemones than temperature stressed anemones, and b) significantly more 

abundant in temperature stressed anemones than control anemones. Significant clusters above the dotted line have an adjusted p value of less than 1x10-16. 
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5.5.3. Proteomic profiles between treatments 

Figure 5.3a further corroborates the clear difference between the proteomes of individuals in 

the two treatments, showing a general trend towards down-regulation of many proteins under 

heat stress and clear groupings of stressed and control individuals (but note four outliers). 

Both the ribosome (Figure 5.3b) and the spliceosome (Figure 5.3c) also show clear 

groupings, with components of both structures down-regulated in heat-stressed individuals, 

again indicating a reduction in biosynthetic processes. Groupings are not so clear for the 

proteasome (Figure 5.3d), whose function is more varied and includes protein recycling, 

apoptotic initiation, and responding to oxidative stress. It is, however, worth noting that for 

all proteasomal components across the full protein profile, mean normalised abundance was 

higher under control conditions. A possible reason for the lack of clear treatment grouping in 

the proteasome may simply have been its smaller protein sample size compared with the 

other structures (proteasome n= 12; spliceosome n= 18; ribosome n= 28). 
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Figure 5.3. Heatmaps showing; a) hierarchical clustering of all 323 proteins significantly differentially 

expressed (q< 0.15) across temperatures, calculated by between-subject one-factor ANOVAs; b) hierarchical 

clustering of all 28 significantly differentiated ribosomal proteins; c) hierarchical clustering of all 18 

significantly differentiated spliceosomal proteins; d) hierarchical clustering of all 12 significantly differentiated 

proteasomal proteins. All panels are labelled by temperature-treatment above columns. 
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5.5.4. Specific proteins between treatments 

Many of those proteins showing the highest down-regulation or the most clearly significant 

down-regulation under heat stress, visualised in figure 5.4, were also involved in biosynthetic 

processes and protein recycling (e.g. ATP-dependent RNA helicase dbp2; components of the 

spliceosome; the 26S proteasome pathway; cathepsin L). This pattern again indicates a 

reduction in the rates of many of these processes under high temperatures. Further, figure 5.4 

gives a clearer indication that a number of proteins involved in apoptotic pathways were also 

down-regulated under heat stress (caspase 3; the 26S proteasome pathway; adenosine 

receptor A3), while proteins whose functions included stress resistance or mitigation were 

most clearly up-regulated (e.g. asparagine synthetase; acetyl-coenzyme A synthetase YngI; 

NLRC4; mothers against decapentaplegic homolog 3). It should be noted that asparagine 

synthetase, which was the most strongly up-regulated protein and functions in the stress 

response of the endoplasmic reticulum, showed very low normalised abundances and very 

wide standard deviations, which overlapped between the two treatments (Hot mean 

normalised abundance= 94007, Hot SD= 78470; Cold mean normalised abundance= 26237, 

Cold SD= 56892). Nonetheless, figure 5.4 provides much clearer evidence that anemones 

under heat stress were indeed up-regulating stress-mitigation proteins, while down-regulating 

proteins that might have driven stress-induced cell death. 
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Figure 5.4.  Volcano plot showing all 976 identified proteins, sized based on their number of unique peptides 

and coloured based on whether they were significantly differentially expressed between temperature-treatments 

at a threshold of q< 0.15. Labelled are the 15 proteins with the lowest q values, and the proteins showing the 

greatest positive or negative fold-changes (n= 5 for each). As some of these categories overlapped, 22 proteins 

are labelled. Fold-change values are based on whether proteins showed increased or decreased expression in the 

temperature stress treatment as compared with the control treatment. 
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5.5.5. Proteomic profiles of personality-types between treatments 

Splitting the full dataset into within-treatment personality-types yielded significant 

differential expression in 112 proteins (q< 0.15). Upon inspection of figure 5.5a, it becomes 

clear that this was being driven by the interaction between temperature stress and personality-

type, with bold temperature stressed individuals showing the clearest clustering, and four of 

the five shy temperature stressed individuals also clustering together. Figure 5.5b further 

solidifies the evidence for this interaction, with personality-types grouping away from one-

another, but only when under heat stress. No evidence is apparent in figures 5.5a or 5.5b for a 

whole-proteome effect of personality-type alone, with no clustering in control individuals in 

figure 5.5a, and no grouping in figure 5.5b. While control individuals show no clear grouping 

by personality-type, they do appear to group differently on PC1 than their temperature 

stressed counterparts in figure 5.5b (but note very wide errors), indicating that the substantial 

effect of this axis is likely to denote temperature. Although PC2 is necessarily dependent on 

PC1, and should thus be treated with caution, the grouping of bold and shy individuals on 

figure 5.5b appears dependent on an interaction between both axes, suggesting that PC2 may 

be indicative of the more modest effect of personality-type.  

 

 

 

 

 

 

 

 

 

 



157 

 

Figure 5.5. a) Heatmap showing hierarchical clustering of all 112 proteins identified as significantly differentially expressed (q< 0.15) between different personality-types at 

different temperatures by a one-way between-subject ANOVA, with treatment and personality-type shown above columns and b) the results of a principal-components 

analysis on the same 112 proteins, showing the loadings of each individual on each axis and ellipses surrounding each personality-type under each treatment, calculated on a 

multivariate distribution. 
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5.5.6. Associations between personality-type, treatment, and specific proteins 

Protein-specific GLMs found 29 proteins where a significant (P< 0.05) interaction between 

treatment and personality-type was associated with expression. 16 of these were identified by 

a single unique peptide (Figure 5.6). While the proteins represented have a diverse range of 

functions, even at the within-protein level, several patterns of interest arise from inspection of 

figure 5.6. Bold individuals may have been up-regulating proteins involved in stress 

mitigation (e.g. E3 ubiquitin-protein ligase RNF213, Phospholipid-transporting ATPase IA), 

alongside proteins related to cellular proliferation (e.g. protein kinase C, tubulin). Shy 

individuals appeared to show less of a stress response in terms of mitigation and cellular 

replacement, and in most instances showed a down-regulation of these proteins. Shy 

individuals also showed more down-regulation of proteins involved in biosynthetic processes 

and protein recycling (e.g. spliceosomal and ribosomal components, importin 5), while many 

of these proteins showed no change or even up-regulation in bold individuals. There is also 

some indication that different personality-types may have been favouring different pathways 

towards programmed cell death (although note that the analysis of heat stress alone suggested 

an overall reduction in apoptosis): bold individuals showed increased expression of inositol 

polyphosphate 5-phosphatase K and an undescribed death-effector protein under heat stress, 

while shy individuals showed up-regulation of cytochrome c and maintenance of P2X 

purinoceptor 7 expression.  
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Figure 5.6. Box and whisker plots of proteomic expression at each temperature for each personality-type. 

Shown are the 29 proteins whose expression was significantly (P< 0.05) influenced by the interaction effect 

between personality-type and temperature in protein-specific GLMs. Where two proteins were identified as the 

same, the less significant is labelled as “B”. The number of peptides a protein was identified from (1, 2, 3 or 

more) are shown in brackets.  
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5.5.7. Associations between personality-type, treatment, and complex structures 

Structure-specific GLMs further corroborate the discrepancy between personality-types in 

their temperature responses. They indicate that shy individuals may have down-regulated 

biosynthetic processes (associated with the ribosome and the spliceosome), but not protein 

recycling and apoptosis (associated with the proteasome), more than bold individuals. Both 

the ribosome (t= -6.11,1353, P< 0.001) and the spliceosome (t= -3.981,893, P< 0.001) showed 

highly significant interactions between temperature and personality-type. The proteasome 

showed no significant interaction (t= 1.51,502, P= 0.13), but showed clear effects of both 

personality-type (t= 5.861,503, P< 0.001) and temperature (t= -9.081,503, P< 0.001) 

independently. The effect sizes of all three models were moderately low (ribosome r2= 0.12; 

spliceosome r2= 0.12; proteasome r2= 0.19), but figure 5.7 shows that there were visible 

differences in the expression of the three structures related to both personality-type and 

temperature. In line with the protein-specific analysis above, shy individuals down-regulated 

ribosomal proteins under heat stress, while bolder individuals showed more similar 

expression of these proteins in both treatments. Spliceosomal expression showed similar 

discrepancies between personality-types, such that shy individuals showed higher expression 

in the control treatment, but down-regulated spliceosomal proteins more than bold 

individuals, leading to similar expression under heat stress for both personality-types. Finally, 

the proteasome showed clear down-regulation under heat stress in both personality-types, 

further indicating that the lack of temperature clustering in figure 5.3 was related to a smaller 

sample size. Shy individuals exhibited higher levels of proteasomal expression at both 

temperatures.  

5.5.8. Associations between personality-type, treatment, and HSPs 

The expression of HSPs also differed between personality-types (GLM; t= 2.231,159, P= 0.03), 

but not between temperatures (t= -0.221,158, P= 0.83), and the interaction between the two 

phenotypic levels was not significant (t= 0.791,157, P= 0.43). This indicates that while two 

HSPs, heat shock cognate 71 kDa (down-regulated under heat stress; q= 0.04) and alpha-

crystallin B (up-regulated under heat stress; q= 0.12), were differentiated between 

temperatures in the first of our ANOVAs, this difference did not extent to HSPs as a whole. 

The overall effect of personality-type on HSP expression was small (model r2= 0.03), and 

while the mean expression of both personality-types remained similar in both treatments, 

figure 5.7 suggests that differences between personality-types could have been driven by 



161 

 

temperature. The expression of HSPs in bold individuals under stress appears to have 

clustered lower, and more uniformly, than under no stress, while shy individuals maintained 

HSP expression at a similar level in both treatments. 

Figure 5.7. Violin plots showing the expression of different groups of proteins at each temperature for each 

personality-type. The top left panel shows components of the ribosome, the top right panel shows components 

of the spliceosome, the bottom left panel shows components of the proteasome, and the bottom right panel 

shows heat shock proteins (HSPs). Dotted lines denote mean values for each personality-type at each 

temperature. 
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5.6. DISCUSSION 

Intertidal invertebrates display complex behavioural (Briffa et al., 2013; Chapter 2) and 

proteomic (Choresh et al., 2007; Dong et al., 2008) responses to heat stress, but the interplay 

between these two phenotypic levels remains poorly understood. Considering changes in 

proteins, which actively induce physiological stress responses through their roles in all 

cellular processes (Feder & Walser, 2005), in relation to behaviour could indicate which 

animals might be least robust to climate change-induced thermal perturbation (Geffroy et al., 

2020; Sih et al., 2011; Tomanek, 2011). Here, in the first study of its kind in an invertebrate, 

we found clear proteomic changes in Actinia equina under near-lethal heat stress, which 

differed depending upon the personality-type of the individual. Indeed, it was only under 

thermal stress that differences in proteomic expression between personality-types became 

obvious.  Overall proteomic changes were, as expected, centred on both stress response 

proteins and proteins involved with biosynthetic processes and apoptosis. Bold individuals 

showed a more uniform proteomic response under heat stress than shy individuals, but each 

personality-type showed a different profile of proteomic change. While shy individuals 

down-regulated biosynthetic proteins, as expected, it was bold individuals that showed more 

apparent up-regulation of stress resistance proteins, and each personality-type showed some 

induction of specific apoptotic pathways. This study points to the coexistence of multiple 

proteomic thermal stress response profiles in this population and indicates that these are 

related to individual personality. 

As predicted, one of the clearest differences anemones under thermal stress exhibited, as 

compared with control individuals, was in proteins involved in molecular synthesis. 

Specifically, many biosynthetic proteins showed lower expression in thermally stressed 

animals. Previous work has suggested that the expression of these processes can be up or 

down-regulated under heat stress. In many marine invertebrates, including some from closely 

related taxa (Onyango et al., 2021), biosynthetic proteins may be up-regulated during 

temporarily stressful periods as a method to stabilise ribosomal structure, increase the 

efficiency of protein-folding, and retain cellular function (Ning et al., 2021; Teranishi & 

Stillman, 2007; Truebano et al., 2010). Equally, down-regulating these processes can come 

with its own benefits. Because biosynthetic pathways are energetically costly (Hawkins, 

1995), limiting their expression could reduce metabolic demand at high temperatures, 

allowing anemones to keep their metabolic rates at lower levels than would otherwise be 

possible (evidenced in: Chapter 4), and to avoid energetic deficits emerging (Pörtner, 2012). 
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This strategy for biosynthetic suppression has been documented in other anemone species 

(Richier et al., 2008) and is so extreme in some intertidal invertebrates that protein synthesis 

ceases completely past a threshold temperature (Tomanek & Somero, 1999). Down-

regulation of biosynthetic processes also provides the scope to up-regulate other proteins such 

as those involved in stress resistance (e.g. Choresh et al., 2007; Dong et al., 2008). The 

increased expression of stress resistance proteins under heat stress observed in this study 

could have allowed animals to mitigate against irreversible cellular damage and to down-

regulate apoptotic initiation (Gleason & Burton, 2015; Ning et al., 2021). However, as the 

frequency of intertidal heatwaves increases (Weitzman et al., 2021), greater lengths of time 

spent under extreme heat stress may cause irreversible cellular damage which cannot be 

prevented or alleviated via proteomic stress-mitigation (Erguler et al., 2013; Yang et al., 

2017). Future work should explore the responses of A. equina to longer-term chronic high 

temperatures, to ascertain whether sustained heat stress might cause severe damage and lead 

to increased induction of apoptotic pathways. Further, time series studies are needed to 

determine the nature of the proteomic stress response during a temperature increase and 

establish when near-lethal temperatures move from an acute to a chronic stressor in these 

anemones. 

In accordance, to some extent, with our predictions of a more prominent proteomic stress 

response in shy animals, they exhibited more profound reductions in biosynthetic proteins at 

23oC than bold animals. In turn, they showed comparatively higher expression of these 

proteins at 11oC. One explanation for this may be that shy anemones were investing more in 

maintenance and growth when not under stress (previously suggested in Chapter 4) than their 

bold counterparts. Increased investment in body condition when not under stress (e.g. 

Fürtbauer, 2015) could benefit shy anemones by allowing them to mitigate against partial 

consumption by nudibranch predators (Aeolidia papillosa: Edmunds et al., 1976), and by 

providing them with more scope to reduce that investment when under stress. However, 

periods where shy anemones can invest in their condition will become fewer and further 

between as heatwaves become more frequent (Pörtner, 2012; Vajedsamiei et al., 2021). 

Elevated HSP expression at both temperatures could further suggest high baseline levels of 

stress in shy animals. Anemones living in highly fluctuating environments are likely to 

exhibit raised HSPs even under baseline conditions (Choresh et al., 2007), and laboratory-

related stress (e.g. Martins et al., 2011) could have exacerbated the differences between shy 

and bold animals. Shyer personality-types exhibit raised stress markers under moderate or 
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baseline stressors in other taxa including fish (Alfonso et al., 2019) and birds (Pusch et al., 

2018), and this pattern could suggest that these anemones too were more prone to responding 

to mild stress than their bolder counterparts (Coppens et al., 2010; Koolhaas et al., 2010). On 

one hand, a propensity to respond to milder stressors and a stress mitigation strategy 

predicated on less stressful recovery spells could put shy animals at a selective detriment 

under increasingly frequent heatwaves. On the other, increased responsiveness to stress could 

drive shy animals towards exhibiting greater behavioural plasticity and a higher tendency to 

disperse (Geffroy et al., 2020), which might improve their chances of survival under 

continued periods of perturbation (Wong & Candolin, 2015). 

Although shy individuals showed a more apparent reduction in biosynthetic proteins under 

heat stress, bold individuals displayed greater overall consistency across individuals in their 

proteomic stress responses, leading them to group closer in both the PCA and heatmap 

analyses. This may have been driven by up-regulation of proteins related to cellular 

maintenance and structure, the replacement of irreparably damaged cells, and stress 

resistance. Bold animals could have been exhibiting a strategy more in keeping with 

maintaining the efficiency of protein synthetic pathways (Ning et al., 2021; Teranishi & 

Stillman, 2007) and cellular structure (Truebano et al., 2010). In turn, although the overall 

pattern appeared to be for anemones to down-regulate apoptotic initiators under heat-stress, 

bold animals may still have up-regulated some apoptotic pathways to ensure efficient cellular 

turnover where maintenance was impossible (Erguler et al., 2013). It is worth noting here that 

this pattern did not extend to the proteasome, which is heavily involved in protein recycling 

and is thus important for both cellular maintenance and turnover (Sorokin et al., 2009). 

However, the proteasome is also particularly susceptible to oxidative stress (Reinheckel et al., 

1998), which can be driven by high temperatures in anemone species (Perez et al., 2001; 

Richier et al., 2006). As such, what may have appeared to be down-regulation could have 

simply been driven by the denaturing (or alteration; Wang et al., 2010) of some proteasomal 

machinery. HSPs were also not up-regulated in bold individuals at high temperatures. Despite 

their common role in thermal stress resistance in intertidal invertebrates (Choresh et al., 2007; 

Dong et al., 2008; Ravaux et al., 2016), HSP expression is particularly energetically costly, 

and thus rapidly declines in many organisms after initial exposure to acute heat shock 

(Bowler, 2005). While bold individuals may have been expressing a more stress-resistant 

proteomic profile, it is possible that the energetic costs of HSP expression in A. equina 

outweigh the benefits during longer periods of thermal perturbation (Brahim et al., 2019). 
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Despite these caveats, a stress response that focuses on the maintenance of cellular function, 

rather than suppressing biosynthetic machinery in the hope of recovery in the future, could 

make bold individuals more robust than their shy counterparts to thermal stress. In turn, 

greater resistance to thermal stress could allow bold anemones to remain more rigid in their 

SRTs at high temperatures (Chapter 2). 

While bold and shy individuals occupy behavioural extremes, and it might thus be predicted 

that their proteomic responses would follow suit, in this study we did not investigate the 

proteomic stress responses of more intermediate individuals. Previous research has provided 

a mixed picture of the relationships between intermediate personality-types and molecular 

stress responses. In sea bass (Dicentrarchus labrax), for instance, intermediate animals show 

stress response profiles similar to less plastic, proactive animals (Ferrari et al., 2020). 

Alternatively, theoreticians have suggested that since intermediate individuals should occupy 

the centre of any bell-curve of behavioural or physiological variation (Réale et al., 2007, 

2010), they might show more pronounced stress responses than either behavioural extreme 

(Rey et al., 2016).  In A. equina, intermediate animals are unique amongst the three 

personality-types in lengthening their SRTs under extreme high temperatures (Chapter 2), 

and how this behavioural response might translate into proteomic changes remains an open 

question. It is also worth noting that the data presented here do not indicate a whole-proteome 

effect of personality-type in the absence of a stressor. Given that physiological discrepancies 

between personality-types in the absence of stress are evidenced in A. equina (Chapter 4), and 

that a key proximate driver of physiological variation is proteomic differences (Tomanek, 

2011), it would seem unusual for personality-types not to show baseline differences in their 

proteomic profiles. It is possible that these differences in A. equina are more subtle, such that 

the sample size of this study was too small to detect them outside of specific proteins, 

structures, or functional groupings. As such, another useful direction for future research could 

be to run larger-scale studies to gain a more complete picture of proteomic discrepancies 

between personality-types. 

This study shows a clear temperature-induced proteomic stress response in A. equina and 

advocates for increased focus on the associations between behavioural and whole-proteome 

stress responses in understudied taxa. The data presented here indicate that at least two 

proteomic strategies for dealing with thermal perturbation are present in this population of A. 

equina and that these are related to personality-type. Bold individuals may directly mitigate 

against temperature stress via proteomic changes, allowing them to maintain a level of 
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normal cellular function at thermal extremes. Higher stress-levels in shy individuals, 

meanwhile, might lead them to disperse more readily under increasingly frequent 

perturbation. If some personality-types in a species display inferior strategies to mitigate 

against environmental changes, they could be placed under increased risk of perishing, which 

could drive a decrease in genetic diversity and population-level robustness to future climatic 

shifts. The proteins identified here could be further investigated in A. equina and other animal 

groups. By using whole-proteome or candidate protein approaches, future studies could 

enhance our knowledge of the relationships between climate change-driven thermal 

perturbation and intraspecific variation in behavioural and molecular phenotypes. 
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APPENDIX TO CHAPTER 5: Different proteomic responses to 

temperature stress in bold and shy beadlet sea anemones 
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A5.A. Sampling order 

 Table A5.1. Order of the injection of the 24 samples (randomly assigned) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Injection 

order 

Date 

Sampled 

Within-Date 

Sampling Order 

Treatment Personality 

1 09/07/2018 2 Temperature stress Bold 

2 09/07/2018 6 Temperature stress Bold 

3 09/07/2018 1 Temperature stress Shy 

4 09/07/2018 3 Temperature stress Shy 

5 11/06/2018 2 Control  Shy 

6 26/04/2018 6 Temperature stress Shy 

7 11/06/2018 5 Control Bold 

8 09/07/2018 4 Temperature stress Bold 

9 11/06/2018 3 No-stress Shy 

10 08/08/2018 3 No-stress Shy 

11 26/04/2018 4 Temperature stress Bold 

12 09/07/2018 5 Temperature stress Shy 

13 08/08/2018 1 Control Shy 

14 11/06/2018 1 Control Shy 

15 11/06/2018 6 Control Bold 

16 26/04/2018 3 Temperature stress Shy 

17 26/04/2018 1 Temperature stress Bold 

18 26/04/2018 5 Temperature stress Bold 

19 11/06/2018 4 Control Bold 

20 08/08/2018 4 Control Bold 

21 26/04/2018 2 Temperature stress Shy 

22 08/08/2018 2 Control Shy 

23 08/08/2018 6 Control Bold 

24 08/08/2018 5 Control Bold 
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A5.B. BLAST homology 

Figure A5.1. Dot plot with acceptable homology to BLAST ID. 

 

Figure A5.2. Dot plot with acceptable homology to BLAST ID. 
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Figure A5.3. Dot plot with acceptable homology to BLAST ID. 

 

Figure A5.4. Dot plot without acceptable homology to BLAST ID which would be deemed ‘uncharacterised’. 
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Figure A5.5. Dot plot without acceptable homology to BLAST ID which would be deemed ‘uncharacterised’. 

 

Figure A5.6. Dot plot without acceptable homology to BLAST ID which would be deemed ‘uncharacterised’. 
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Chapter 6: 

 

General Discussion 
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6.1. KEY FINDINGS 

Understanding the implications of animal personality in a changing climate is an emerging 

goal for many biologists, including ecologists and conservationists (Brooker et al., 2016; de 

Azevedo & Young, 2021; Sih, 2013; Tuomainen & Candolin, 2011). In much the same way 

as different behavioural traits are often correlated to form a behavioural syndrome 

(Adriaenssens & Johnsson, 2013; Bell, 2007; Sih et al., 2012), recent evidence indicates that 

separate levels of an animal’s phenotype, such as behaviour, physiology, and molecular 

expression, are also associated with one another (Coppens et al., 2010; Cornwell et al., 2020; 

Debecker & Stoks, 2019; Koolhaas et al., 2010; Polverino et al., 2018). In turn, between-

individual differences in behavioural plasticity, which is an important and rapid mechanism 

by which animals can respond to environmental change (Mery & Burns, 2010; Snell-Rood, 

2013; van Baaren & Candolin, 2018), should be correlated with intraspecific variation in 

plasticity at other phenotypic levels (Dammhahn et al., 2018; Montiglio et al., 2018). Multi-

faceted plastic responses are an important mechanism by which animals can avoid mortality 

under climatic shifts (Acasuso-Rivero et al., 2019; Ducatez et al., 2020; Seebacher et al., 

2015), so knowledge of how different personality-types will respond to climate change at 

multiple phenotypic levels could be of great value in identifying the most vulnerable 

individuals in a population.   

In this thesis, I took a multidisciplinary approach to investigate the phenotypic plasticity of 

different beadlet anemones (Actinia equina) when exposed to stressful temperatures that they 

might experience during climate change-induced heatwaves or cold snaps. Over the course of 

four data chapters, I tested three hypotheses: 

1. “Different A. equina individuals will show consistent differences in their startle 

response-times (SRTs) and immersion response-times (IRTs), and individuals will 

vary in how those behaviours change across temperatures. The morphotype and 

environmental history of an individual will also affect these patterns.” 

2. “Anemones will show consistent between-individual differences in their metabolic 

rates both within and across temperatures. These patterns will be influenced by 

morphotypic differences and will covary with an individual’s boldness.” 

3. “Anemones will show a strong proteomic thermal stress response which will be 

associated with their boldness.” 
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Complex relationships between behaviour, metabolism, and proteomic expression emerged, 

indicating that different personality-types employ different multi-level plastic strategies for 

dealing with thermal stress.  

6.1.1. Hypothesis 1: Results 

In my first two studies, I investigated different aspects of behavioural plasticity under thermal 

stress. In Chapter 2, I addressed this at the mean level and showed that different anemones, 

of different morphotypes and from different shore heights, varied in their behavioural 

responses to rising temperatures. I found that two ecologically relevant boldness-related 

behaviours, startle response-time (SRT) and immersion response-time (IRT), were only 

partially associated in A. equina, and that they showed very different plastic changes as the 

temperature increased. For SRT, individuals from the low-shore showed longer response-

times at higher temperatures than those from other shore heights, possibly in line with 

predictions, but morphotypic differences remained consistent across temperatures. At the 

between-individual level, as predicted, bold individuals showed the most rigid SRTs, while 

shy individuals shortened their SRTs as the temperature rose and individuals with 

intermediate personality-types lengthened theirs. For IRT, the shore height anemones were 

collected from was unrelated to behaviour, but the two morphotypes showed opposite 

patterns of change as the temperature rose. The red morphotype, which favours the high-

shore, exhibited what appeared to be a more appropriate behavioural response to high 

temperatures. Between individuals, IRT variation was reduced at high temperatures, such that 

both bold and shy animals showed similar magnitudes of behavioural change away from 

behavioural extremes towards intermediate response-times. This was contrary to expectations 

that bold animals would show less behavioural plasticity than shy animals.  

In Chapter 3 I expanded my behavioural investigation to incorporate the plasticity of 

unpredictability under temperature change. The unpredictability of both SRT and IRT varied 

between A. equina individuals, and this was related to mean level behaviour. For both 

behaviours, bold animals showed low levels of unpredictability as expected, but so too did 

the shyest individuals. For SRT, intermediate personality-types exhibited the highest 

unpredictability, while moderately shy individuals were most unpredictable for IRT. Patterns 

of unpredictability were further affected by temperature. Shore height was again a predictor 

of SRT, as individuals from lower down the shore became more unpredictable at 21oC than 

those from other shore heights. For IRT, unpredictability was significantly higher at 21oC 



177 

 

than 6oC, and that difference was more apparent in animals from the cooling treatment, first 

tested at 21oC, than those from the heating treatment, first tested at 6oC. Individuals further 

varied in how the unpredictability of their IRTs changed between temperatures, exhibiting 

what appeared to be several coexisting strategies that were associated with mean level 

behavioural change. 

6.1.2. Hypothesis 2: Results 

Having investigated temperature-driven plasticity at multiple behavioural levels, I then 

moved on to incorporate other phenotypic traits. In Chapter 4, I tested how between-

individual variation in plastic strategies might influence adherence to the pace of life 

syndrome hypothesis (POLS; Réale et al., 2010) by measuring the relationship between 

routine metabolic rate (RMR;Metcalfe et al., 2016; Velasque & Briffa, 2016) and IRT in the 

same individuals at different temperatures. I found that the association between RMR and 

IRT at 13oC ran unexpectedly counter to POLS, such that shy individuals showed higher 

RMRs than bold. This pattern reversed at 21oC, where individuals that were bolder at either 

temperature had higher RMRs. Individual differences were the most important variable in 

predicting RMR change between temperatures, and contrary to predictions, morphotypic 

differences remained stable across both temperatures, with red individuals exhibiting lower 

RMRs than green individuals. 

6.1.3. Hypothesis 3: Results 

Finally, in Chapter 5, I addressed the molecular underpinnings of responses to temperature 

stress and how these related to boldness. I found a clear proteomic thermal stress response in 

A. equina as predicted, with 323 proteins showing differential expression in anemones under 

heat stress when compared with controls. Most prominent amongst these were biosynthetic 

proteins and proteins involved with apoptotic initiation, both of which were down-regulated, 

alongside stress-mitigating proteins, which were up-regulated. Unexpectedly, the expression 

of heat shock proteins (HSPs) did not show any overall change in temperature stressed 

anemones. As I also anticipated, personality-types differed in their proteomic responses to 

thermal stress. Shy individuals showed more evidence of a reduction in biosynthetic 

processes, while bold individuals retained higher levels of biosynthetic proteins and up-

regulated proteins related to cellular structure, proliferation, and stress resistance. 
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6.2. IMPLICATIONS 

Phenotypic plasticity, in the form of behavioural, physiological, and molecular 

changes, has important implications for the survival of animal populations in the face of 

climate change (Kelly, 2019; Seebacher et al., 2015; Sih et al., 2011). Within species, 

particularly those living in highly heterogeneous environments such as the intertidal zone 

(Bockelmann et al., 2002; Brahim et al., 2019), different strategies for addressing 

perturbation coexist with one-another (Data Chapters; Chapperon et al., 2016; Cornwell et al., 

2019). These strategies may be maintained by delicately balanced selective processes (Wolf 

et al., 2007; Wolf & McNamara, 2012), allowing different individuals of the same species to 

occupy subtly different environmental niches (Bolnick et al., 2003; e.g. Harris et al., 2020; 

Hensley et al., 2012). Many intertidal invertebrates, including A. equina, display patterns of 

niche differentiation across different habitats (Chapperon et al., 2016; Cornwell et al., 2019; 

Quicke et al., 1985). However, alterations to environmental gradients, driven by climatic 

changes such as more regular heatwaves and cold snaps (IPCC, 2013), could upset the 

selective balance, leading some plastic strategies to no longer be of selective value. Further, if 

extreme weather events change the habitability of the preferred habitats of some phenotypes 

(e.g. Suryan et al., 2021; Weitzman et al., 2021), animals from different levels on the shore 

may be forced into direct conflict with one-another.  

In the case of A. equina, temperature fluctuations caused by climatic change should be more 

acutely felt further up the seashore (Huggett & Griffiths, 1986; Somero, 2002). As such, 

anemones from the high-shore might be driven towards the low-tide line, altering the 

selective equilibrium of a population and placing some phenotypes at risk of mortality. At the 

morphotypic level, the red morphotype, which favours the high-shore (Quicke et al., 1985), is 

competitively superior to the green morphotype in both direct competitive interactions (Brace 

et al., 1979; Brace & Reynolds, 1989) and in dealing with extreme weather. The red 

morphotype is more adhesive (Quicke et al., 1983), meaning it is less likely to be dislodged 

under tidal exposures driven by climate change-induced storms (Cheng et al., 2019; Hoegh-

Guldberg & Bruno, 2010), and the results of Chapters 2 and 4 contend that it is also likely to 

be more robust to heatwaves, foraging more than the green morphotype at high temperatures 

(Chapter 2) and exhibiting lower metabolic demand even as the temperature increases 

(Chapter 4). Alongside morphotypic differences, individuals originally from the low-shore 

may also be placed under greater stress by regular thermal perturbation than anemones from 

other shore heights (Chapter 2; 3). High stress levels can lead to selectively detrimental 
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phenotypic changes (Ma et al., 2018; Seuront et al., 2019), particularly if an animal surpasses 

its critical thermal maximum (Abram et al., 2017; Schulte, 2015). As such, anemones of the 

green morphotype and from lower down the shore could be at risk of perishing under 

increasingly frequent thermal perturbation (IPCC, 2013). These findings have implications 

for the diversity of A. equina and for other organisms that live across the gradient of the 

shore. Through forcing conspecifics into direct or indirect conflict, increasingly frequent 

temperature extremes could have important consequences for the genetic diversity, and in 

turn future survival, of a number of intertidal species. 

Temperature-driven changes to the selective landscape will also have consequences at the 

between-individual level (Geffroy et al., 2020; Merrick & Koprowski, 2017), but this thesis 

suggests that the nature of those consequences in A. equina is likely to be highly complex. 

Chapters 2 and 3 indicate multiple coexisting behavioural strategies for dealing with thermal 

perturbation, and Chapters 4 and 5 demonstrate that temperature-driven changes in behaviour 

are closely related to other phenotypic traits. In each case the interplay between behavioural 

plasticity and metabolic or proteomic changes could drive selective outcomes, and in each 

case it is unclear which personality-types these outcomes might favour. While individuals 

exhibiting shy tentacle extension behaviours at high temperatures (Chapter 2) might appear to 

place themselves at a selective disadvantage by limiting their foraging opportunities (Bell et 

al., 2006), Chapters 3, 4, and 5 indicate that the situation is not so simple. Other behavioural 

levels might provide greater strategic flexibility for risk-averse animals (Chapter 3), and 

physiological and molecular changes, such as lower metabolic and biosynthetic demand at 

high temperatures, could reduce the energetic deficits incurred by shy individuals during 

thermal perturbation (Chapters 4; 5). Further, energetically costly molecular mitigations, such 

as up-regulating proteins involved with stress resistance (Brahim et al., 2019), could underpin 

bold animals’ ability to retain their behavioural phenotype under thermal stress (Chapters 2; 

5). As such, the inferred fitness benefits or costs of behavioural changes in the face of 

environmental challenges may be less clear than they initially seem. This could be an 

especially important consideration in species such as A. equina, whose life-histories and body 

plans diverge substantially from well-studied vertebrate taxa and which might therefore be 

under different selective pressures. The phenotypic underpinnings and fitness consequences 

of behavioural plasticity remain very poorly understood  (Buchholz et al., 2019; Killen et al., 

2013; Montiglio et al., 2018; van Baaren & Candolin, 2018), and studies empirically 

determining selectively optimal plastic phenotypes are currently rare (but see: Ducatez et al., 
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2020; Hall & Chalfoun, 2019). Without more detailed investigations of both the proximate 

drivers and selective outcomes associated with behavioural plasticity, ecologists cannot hope 

to fully understand how different populations, in the intertidal zone and elsewhere, will 

respond to climate change.  

6.3. LIMITATIONS 

The data chapters in this thesis are not without their limitations, and where these are specific 

to a given chapter they are discussed therein. However, some more overarching limitations 

are also present, and I outline these below. 

6.3.1. Over-representation of bold animals  

Although care was taken in Chapters 2-5 to collect population-representative samples, the 

techniques used were still necessarily not truly probability-based (Biro, 2013). Non-random 

sampling can bias studies towards collecting bolder animals because they are less likely than 

shy animals to avoid collection (Merrick & Koprowski, 2017). On the seashore, shy 

anemones could completely evade collection by placing themselves in unreachable tide pools 

or crevices (Biro et al., 2013). Further, some shore heights might offer more favourable 

locations for individuals to avoid certain types of risk, such as exposure (McQuaid et al., 

2000) or predation (Bucklin, 1987). As such, samples collected from different shore heights 

might contain different proportions of risk-averse individuals. Over-representation of bold 

animals could influence the patterns presented in this thesis. For example, if the high and 

mid-shore offer a more favourable environment for evading collection, the relationship 

between SRT and shore height in Chapters 2 and 3 could be artificially enhanced. Further, 

given that different phenotypic levels are correlated in many species (Chapters 4, 5; Cornwell 

et al., 2020; Debecker & Stoks, 2019; Ferrari et al., 2020; Pusch et al., 2018), over-

representation of bold animals could impact the results of any study investigating 

intraspecific phenotypic variation (Biro, 2013). Future investigators should attempt to design 

methods to mitigate against the discrepancies inherent in convenience sampling to produce 

more reliable pictures of phenotypic variation within and across populations. 

6.3.2. A species complex 

It is currently accepted that A. equina exhibits several genetically distinct morphotypes 

(Collins et al., 2017; Quicke et al., 1983). However, this assertion is contentious. Species that 

exhibit very similar physiological and behavioural characteristics to A. equina, such as the 
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strawberry anemone, Actinia fragacea (Turner et al., 2003), and the green anemone, Actinia 

prasina (Collins et al., 2017), were previously thought to be morphotypes themselves (Carter 

& Thorpe, 1981; Solé-Cava & Thorpe, 1987). Indeed, the morphotypes as they are currently 

defined may genetically diverge further from one-another than they do from A. prasina 

(Schama et al., 2005). As such, there is much debate concerning whether the different 

morphotypes of A. equina may actually represent separate species (Perrin et al., 1999; Watts 

et al., 2000). Recently, further genotypic evidence has more strongly suggested that the green 

morphotype may represent a different species from the red morphotype (Wilding & Weedall, 

2019). If true, this could indicate that some of the phenotypic variation presented in this 

thesis may be interspecific, rather than intraspecific. While this would not change the overall 

implications of climate change placing the two morphotypes in direct conflict, it could 

influence the interpretation of some other results. For example, rather than the heterogeneity 

of the seashore leading to greater intraspecific phenotypic variation (Dingemanse & Wolf, 

2013; Quicke et al., 1983), the intertidal zone may in fact be so heterogeneous that it has 

driven Actinia towards sympatric speciation (Haylor et al., 1984; Wolf & Weissing, 2012). 

The implications of the results contained herein may thus be moderately altered in the future 

as the nature of the Actinia species complex continues to become clearer.  

6.3.3. An incomplete picture of boldness 

Predation risk to A. equina is inherently linked to foraging tentacle extension. A fully 

expanded anemone occupies a much larger space in the water, and is thus more likely to 

come into contact with a predator (Edmunds et al., 1974, 1976). Even so, SRT and IRT may 

not present a complete picture of boldness in this species. The two are only moderately 

correlated, and that correlation decouples at higher temperatures (Chapter 2), indicating that 

multiple risk-related behavioural axes may be present in these anemones (e.g. Houslay et al., 

2018; Maskrey et al., 2018; Moran et al., 2016). Furthermore, although measured under 

different conditions, both SRT and IRT only represent a specific aspect of boldness: 

emergence (Beckmann & Biro, 2013). Researchers could expand future investigations to 

encompass other behaviours that might be related to risk-taking, and use multivariate 

approaches such as eigen decomposition (Houslay & Wilson, 2017) to build a more complete 

picture of their related axes. For example, future studies could quantify dispersal and 

exploration (e.g. Maskrey et al., 2018; Mouchet et al., 2021), the risks of which encompass 

not only predation, but also selectively detrimental environmental perturbation (e.g. Ma et al., 

2018). For A. equina, these risks are particularly stark, as individuals often place themselves 



182 

 

at the mercy of the tides when they disperse (Edmunds et al., 1976). As such, dispersal and 

exploration behaviour could elucidate a different aspect of risk-taking than SRT and IRT. 

Future work could also consider foraging effort (e.g. Hall & Chalfoun, 2019; Lei et al., 

2019), which might be defined as the time an animal spends with its foraging tentacles 

extended in a given period. Animals behave differently when not under stress (Killen et al., 

2016; Killen et al., 2013) or reacting to different stimuli (Beckmann & Biro, 2013; Carter et 

al., 2013), so foraging activity is also likely to encompass a subtly different aspect of risk-

taking than SRT or IRT. Studies could also incorporate other known repeatable behaviours in 

A. equina, which themselves show intraspecific variation in plasticity, such as aggression and 

competition (Lane & Briffa, 2017; Rudin & Briffa, 2011). Defining and investigating a wider 

range of behaviours in future studies of A. equina could provide useful insights into 

behavioural syndromes in this species and indicate how these might influence individual 

responses to climate change. 

6.4. FUTURE DIRECTIONS 

Widening the scope of behavioural assays of boldness is one of several avenues for future 

research raised by this thesis. I outline some other possible future directions below. 

6.4.1. Boldness, metabolism, and the proteome 

Expanded behavioural investigations, to build a more complete picture of boldness, could 

drive further research into the interplay between personality, metabolic rate, and the proteome 

in A. equina. Chapter 5 indicates that the lack of flexibility bold individuals showed in their 

SRTs in Chapter 2 may have been partly facilitated via proteomic changes. This is in contrast 

to established theories of coping styles, which argue that bolder, “proactive”, individuals 

should exhibit a less prominent molecular stress response and reduced behavioural plasticity 

when compared with shyer, “reactive” individuals (Coppens et al., 2010; Koolhaas et al., 

2010). Although emergence forms part of proactive syndromes in some species (Alfonso et 

al., 2019; Skov et al., 2019), these syndromes also often incorporate exploration and foraging 

(Ruiz-Gomez et al., 2011; Wong et al., 2019). Investigations of the proteome in relation to a 

more diverse array of risk-related behaviours could thus illuminate relationships between 

different behavioural axes and molecular stress responses. Similarly, while IRT may be a 

partial proxy for both boldness and foraging, incorporating foraging effort and SRT into 

future investigations of POLS across temperatures could provide clearer information as to 
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whether energetic demand or risk avoidance was driving the unexpected relationships 

presented in Chapter 4. 

6.4.2. Personality and the proteome at baseline temperatures 

While investigations of POLS frequently fail to account for phenotypic plasticity 

(Dammhahn et al., 2018; Montiglio et al., 2018), investigations of the molecular 

underpinnings of personality often suffer from the opposite problem by measuring molecular 

traits only when animals are under stress (e.g. Alfonso et al., 2019; Ferrari et al., 2020; Pusch 

et al., 2018; Chapter 5). Given that molecular expression should be an important proximate 

driver of behavioural variation (Bell & Aubin-Horth, 2010) and metabolic rate (Tomanek, 

2011), discrepancies in behaviour or metabolism at baseline temperatures would be expected 

to be reflected in an individual’s proteomic profile. Chapter 5 does not provide strong 

evidence that this is the case in A. equina, but it does show that the expression of specific 

structures and proteins may differ between personality-types. As such, the presence (or 

absence) of a relationship between personality and the proteome at baseline temperatures 

warrants further investigation. One way to address this could simply be to use a larger sample 

size in a follow-up whole-proteome study. While this might seem the intuitive solution, 

proteomic investigations are both expensive and labour-intensive (Torson et al., 2020), and 

there would be no guarantee that a whole-proteome approach, even with a larger sample, 

would pick up subtle associations between specific proteins and personality. Alternatively, 

researchers could firstly run a transcriptomic study as a follow-up. While still costly, this 

would be more affordable than the proteomic alternative, as transcriptomic approaches allow 

the analysis of multiple samples simultaneously (Torson et al., 2020). Multi-‘omics’ 

approaches can provide a more comprehensive picture of the complexity of an animal’s 

biology (Cavigelli et al., 2021; Zhang et al., 2010), and using broad transcriptomic analyses 

could allow the production of reference transcriptomes for bold and shy anemones (e.g. 

Stefanik et al., 2014; Tulin et al., 2013). In turn, researchers could use these transcriptomes 

and data from Chapter 5 to identify specific candidate genes for proteomic follow-up (e.g. 

Bellis et al., 2016; Zhu et al., 2016) and clarify the results contained in this thesis. For 

instance, if HSP expression were higher in shy animals under baseline conditions as 

suggested by Chapter 5, it could also indicate that higher baseline stress-levels, not 

investment in growth, was driving those animals’ RMRs at baseline temperatures in Chapter 

4. By taking an initially broader-scale approach, future studies might ultimately facilitate a 
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more comprehensive, but simultaneously finer-scale, understanding of the molecular 

underpinnings of personality variation in A. equina. 

6.4.3. Chronic Heat Stress 

Though not strongly associated in control animals, personality and proteomic expression 

were much more clearly related under heat stress in Chapter 5. However, although Chapters 2 

and 5 in tandem provide a strong indication that behavioural plasticity and proteomic stress 

responses are likely to be associated in A. equina, neither chapter explicitly tests this. Time-

series approaches (Nieto-Barajas et al., 2012; Wilkins, 2009) could address this knowledge 

gap, investigating how an anemone’s behavioural phenotype and proteomic expression shift 

over the course of heat-shock. At the purely proteomic level, a time-series study could shed 

light on some of the unexpected patterns shown in Chapter 5, such as determining whether 

HSP expression is up-regulated during the initial acute phase of heat stress (Bowler, 2005; 

Brahim et al., 2019). Further, repeated measurements of proteomic expression and behaviour 

could help provide insights into sustainable strategies for dealing with chronic heat stress, and 

indicate whether behavioural mitigations, such as increasing foraging effort (e.g. Chiba et al., 

2007) or reducing exposed surface area (e.g. Ng et al., 2017), might facilitate those strategies. 

A truly comprehensive study would also take metabolic rate measurements at different points 

during heat shock. This could establish how different proteomic stress responses influence 

metabolic outcomes (Tomanek, 2011), and determine the validity of hypotheses presented in 

the discussion of Chapter 5, such as proteomic stress resistance driving a rise in a bold 

animal’s metabolic rate at high temperatures, or biosynthetic suppression facilitating 

metabolic suppression in shyer animals. Despite the logistical challenges it would present, 

combining all three phenotypic levels in a single study could provide a unique impression of 

how between-individual differences in plasticity at one level might potentially affect 

between-individual differences at another. 

6.4.4. Life-history implications: inference vs. evidence 

Continued investigation of the physiological and molecular underpinnings of personality and 

plasticity is crucial to understanding the different strategies that individuals might employ to 

deal with climate change. However, another key direction that arises from this thesis, as 

mentioned earlier in this chapter, is to explore the ultimate outcomes of different plastic 

strategies. Despite a general acceptance that behavioural change is an important tool with 

which animals can respond to climatic shifts, the actual selective implications of behavioural 
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plasticity remain very under-explored (Ducatez et al., 2020; Maspons et al., 2019). While 

informed inferences as to the fitness benefits or costs of different strategies can be made, 

there is no substitute for empirical study, without which the true conservation implications of 

between-individual variation in behavioural plasticity will remain opaque (Montiglio et al., 

2018; van Baaren & Candolin, 2018). Indeed, investigations of the fitness outcomes of 

personality often find unexpected results. For example, shy animals, traditionally 

hypothesised as favouring risk avoidance over investment into short-term life-history 

advantages (Réale et al., 2010; Smith & Blumstein, 2008), exhibit higher body condition 

(Fürtbauer, 2015), greater resource holding potential (Courtene-Jones & Briffa, 2014; 

Maskrey et al., 2018), and improved survival at high population densities (Nicolaus et al., 

2016) in some species. As such, it is no great leap to anticipate that the fitness outcomes of 

different plastic behavioural strategies for dealing with climate change may also diverge from 

expectations in some species.  

The current lack of study means that possible avenues of research abound in this area, but one 

of particular interest in relation to this thesis concerns the adaptive value of unpredictability. 

Although simulations (Scott-Samuel et al., 2015), and studies using humans as a proxy for 

prey (Jones et al., 2011; Richardson et al., 2018) have suggested that unpredictability may 

reduce predation risk, thus far only one study to my knowledge has empirically investigated 

this relationship in an animal model (Chang et al., 2017). The results of this study were 

mixed: while high levels of unpredictability improved the survival of the jumping spider 

Cosmophasis umbratica under predation by docile predators, this pattern was reversed when 

predators were aggressive. Chapter 3 provides some of the first evidence of between-

individual variation in the plasticity of unpredictability (but see: Cornwell et al., 2019; 

Mitchell & Biro, 2017; Nakayama et al., 2016), but the adaptive value of these plastic 

changes remains to be explored. One method of investigating this could be to incorporate a 

nudibranch predator, Aeolidia papillosa (Edmunds et al., 1974), into future investigations. By 

measuring between-individual variation in mean level behaviour, unpredictability, and 

predator avoidance at different temperatures, future work could explicitly define any trade-off 

between predation risk and foraging in A. equina, and describe how that trade-off may be 

altered by thermal perturbation. In turn, it could provide just the second true empirical 

measure of the value of unpredictability in avoiding predators, expanding on the results of 

Chang et al (2017) to show how prey and predator behaviour might alter the adaptive value of 

different strategies under different environmental contexts. For example, while ectothermic 
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predator activity should be expected to increase at high temperatures (Miller et al., 2014; 

Twardochleb et al., 2020), evidence suggests that nudibranch foraging effort rapidly declines 

beyond a thermal threshold (Pires, 2012). If temperatures exceed the thermal maximum of A. 

papillosa, energetically costly predator avoidance in the form of shyness and unpredictability 

could become entirely maladaptive for A. equina. Incorporating measures of fitness into 

future work is thus essential, both in A. equina and beyond, to truly address the adaptive 

value of different behavioural responses to anthropogenic climate change. 

6.5. CONCLUSIONS 

This thesis highlights the multi-faceted nature of behavioural plasticity in A. equina and 

advocates that future work take account of physiological and molecular correlates of 

behavioural variation when investigating individual susceptibility to climate change. 

Alongside showing temperature-driven plasticity at multiple behavioural levels, it offers the 

first evidence that individual level relationships between boldness and metabolic rate are not 

static across temperatures, and demonstrates clear differences in proteomic thermal stress 

responses between personality-types. Under increasingly frequent extreme weather events, 

the selective equilibrium maintaining the expression of different responses to environmental 

perturbation may be upset, leading some animals to perish. This could drive a loss of 

diversity in populations of intertidal invertebrates living across the gradient of the seashore. 

Future studies should expand investigations of the proximate drivers of behavioural plasticity, 

in conjunction with addressing the selective implications of different responses to thermal 

perturbation by incorporating measurements of individual fitness outcomes. 
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