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Thesis Abstract

Behaviour is arguably the most flexible aspect of the phenotype. It is also an
important determinant for vital components of fitness including survival,
reproduction, and growth. When the local environment is changeable, complete
behavioural flexibility (or plasticity) might seem as though it is the optimal
strategy, allowing for rapid phenotypic responses to maintain fitness. However,
this level of behavioural flexibility is not typically found, perhaps indicating such
a strategy would have costs arising from other adaptive evolutionary processes
or is constrained by the genetics underlying behavioural traits and plasticity.
Such costs and constraints could also help to explain the phenomenon of
animal personality, which is defined as among-individual differences in
behaviour that are repeatable across time and/or context. Although animal
personality is now widely studied, the empirical literature remains dominated by
work on vertebrates and much less is known about this phenomenon in
invertebrates, which represents >90% of the Earth’s animal diversity. This
creates an exciting research opportunity that | address in this thesis, using the
red cherry shrimp as a model for personality research in decapod crustaceans. |
present two empirical studies focussing on shy-bold variation and explore
possible mechanisms underpinning both behavioural consistency and plasticity.
Firstly (Chapter 2), | use a repeated measures design coupled to multivariate
behavioural phenotyping to investigate personality structure. | find significant
individual-level variation in, and covariation among, behaviours putatively
indicative of boldness, although my results do not align fully with a priori
predictions for a simple shy-bold personality axis. | also show sexual
dimorphism and size dependence do not make important contributions to
among-individual variation. Secondly (Chapter 3), | take advantage of the short
generation time and ease of breeding to conduct a quantitative genetic study,
using a full-sib/half-sib breeding design to estimate the genetic contribution to
personality and test the interplay of (heritable) personality and plasticity in the
presence of predator cues. | find behavioural responses are weakly plastic to
perceived predation risk and estimate a moderate heritability of time in refuge
(used as a measure of boldness), although the significance in the additive
genetic contribution, is marginally non-significant. | further find no support for
genotype-by-environmental interactions (GxE), the presence of which would
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imply plasticity was also heritable. My research demonstrates behavioural
differences among individual shrimp which are repeatable across two simple
testing paradigms. Although some statistical caveats apply, it shows that
boldness-related traits (e.g. time in the refuge) have moderate heritability and
should evolve if under directional selection. Conversely, any further adaptive
evolution of behavioural plasticity may be constrained. My description of
personality and plasticity in the red cherry shrimp further adds to the growing
picture of these phenomena in decapod crustaceans. While this research
certainly sets the foundations for more fundamental studies, improved
knowledge of personality may also have applications for welfare, management,

and conservation efforts in decapods.
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Chapter 1: Thesis Introduction
1.1: What is animal personality and why should we study it?

Animal personality is defined as the presence of behavioural differences among
individuals within populations that are repeatable across time and context
(Gosling, 2001; Réale et al., 2007). Theoretical studies in behavioural ecology
have proposed a number of adaptive explanations for the emergence, and
subsequent maintenance of this variation, proposing that among-individual
differences (personality variation) have important functional significance and
thus impact fitness (Dall et al., 2004; Sih et al., 2004). But are personality
differences broadly adaptive, do they act as evolutionary constraints or might
both possibilities be true (Dall et., al 2004)? Over the last two decades empirical
work on personality has been burgeoned. However, while we now know
personality variation is quite ubiquitous in animals, we are only just beginning to
understand its functional and fithess consequences (Smith & Blumstein, 2008).
In other words, just how does natural selection act on personality variation?
This has become an important and active topic of research in behavioural
ecology, with many unanswered questions remaining about why personality

variation persists in animal populations.

While many researchers are focused on the consequences of personality
variation for fitness, there are also important questions about its causes.
Behavioural variation among individuals will certainly reflect differences in
underlying physiological and neurological processes, which in turn are
structured by both genes and environments (Snell-Rood, 2013). Determining
the magnitude of genetic variation relative to the amount of among-individual
variance caused by environmental effects is important to understand the
evolution of personality (Dochtermann et al., 2019; Laine & van Oers, 2017).
This is because while selection depends on how personality impacts fitness,
any response to selection depends on the contribution of genes to among-
individual differences. In fact, individuals can differ not just in their average
behaviour (i.e. personality), but in the extent to which they respond plastically to
environmental cues. Such among-individual variation in plasticity can itself be
heritable, a phenomenon known as genotype-by-environment interaction (GxE).
Its presence means that genotypes differ in their sensitivity to environmental

change and thus elicit differing plastic responses (Nussey et al., 2007). In
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general, behaviours are highly plastic (West-Eberhard, 2003) but this is not
incompatible with personality. For example, the expression of risk-related
behaviours may be reduced on average in a high predation environment, but
some individuals will consistently take more risks than others. However, if GXE
is widespread this could lead to instability of individual personality across
environmental contexts (e.g. if a particular genotype increases aggression
under some, but not all conditions), and also cause changes in the amount of
(heritable) personality variation present (Japyassu & Malange, 2014).Thus to
predict the evolution of personality, we need to determine how much of this
variation is explained by genes, how much by the environmental context, and

potentially, how much is dependent on interactions between the two.
1.2: Research objectives and structure of thesis

In this thesis, | use the red cherry shrimp (Neocaridina heteropoda), as a model
system to investigate an aspect of animal personality known as ‘shy-bold’
variation or simply ‘boldness’. Boldness is one of the most studied personality
traits in behavioural ecology and can be defined as a variation among
individuals in their tendency to engage in risk-taking behaviours (Wilson et al.,
1993). Even though we might expect natural selection to favour a situation in
which all individuals optimally vary their behaviour according to changes in
immediate risk in the environment (Piersma & Drent, 2003), we commonly find
that individuals within populations differ consistently in behaviour when
observed repeatedly. This among-individual variation lies on a continuum from
risk-averse (shy) individuals through to risk-prone (bold) ones (Briffa et al.,

2015). Starting from this general idea, this thesis presents two empirical studies.

First, in Chapter 2, | explore personality variation in red cherry shrimp, with the
goal of characterising the amount and structure of variation among-individuals
for a set of behavioural traits putatively indicative of shy-bold differences. | use
two distinct behavioural assays that are based on modifications of standard
open field trials, and subject individuals to repeated trials using both assays.
This allows me to test for among-individual behavioural differences in shy-bold
type behaviours that are repeatable across both time (repeated observations)
and context (i.e. assay). | also investigate the correlation structure among-traits

at the individual level and ask whether the multivariate ‘shape’ of personality
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variation revealed by the assays matches expectations for an underlying

continuum of shy-bold variation.

Building upon this study in Chapter 3, | also assess the stability of personality
variation across contexts in a more ecologically informed way. | test shrimp in
the presence and absence of predator (fish) cues to alter the perceived risk-
reward balance of engaging in risky (bold) behaviour. | use a shelter-seeking
behaviour as a measure of boldness and test the hypothesis that shrimp will
increase shelter-use in response to heightened (perceived) predation risk. This
follows from the idea that personality (consistent differences among individuals)
and plasticity (within individual change across context) are not mutually
exclusive. However, perhaps the main goal of Chapter 3 is to investigate the
importance of genetic factors for personality variation. To investigate this, |
conduct the behavioural trials on shrimp from known families produced in full-
sib/half-sib breeding design. | then conduct behavioural assays similar to those
described in Chapter 2. Although only a single observation per individual was
obtained in this study, each family was split across the two treatments. | then
used quantitative genetic models to test for behavioural plasticity to predator
cues, estimate heritability of shelter use, and test for genotype-by-environment

interactions (GxE).
1.3: Why study personality variation in decapods?

Animal personality has been shown in several hundred species. However, while
most animals are invertebrates (10 million or more species (Kellert, 1993)),
empirical personality research has been heavily biased towards vertebrates
(Horvath et al., 2013). The extent to which ideas and patterns generalise across
diverse taxa remains unclear, such that increasing our understanding of
invertebrate personality variation is important. Historically, behaviour in
invertebrates has often been viewed as ‘simple’ when contrasted with that of
‘higher’ vertebrates. Similarities have been used to infer the capacity of
invertebrate species to obtain analogous experiences to vertebrates (including
ourselves). Conversely, inconsistencies and differences have sometimes been
taken as support for the premise that invertebrates are insentient (or at least,
less sentient than vertebrates (Gherardi, 2009; Sherwin, 2001)) or cognitively
limited and display largely ‘pre-programmed’ behavioural patterns (e.g. some

insects continue feeding whilst being eaten by predators or, as in the case for
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the male praying mantis, by their sexual partners (Eisemann et al.,1984)).
Whilst these views no longer dominate behavioural research, it remains true
that vertebrate behaviour receives far more attention. However, empirical work
on invertebrate behaviour and personality is growing. This is needed firstly, to
understand the evolutionary and behavioural ecology of understudied groups,
and secondly, because behavioural variation is increasingly relevant to more
applied fields including, for example, toxicology, welfare science, and

ecosystem management (Horvath et al., 2013).

Decapod crustaceans provide one good example of an understudied
invertebrate group. Many species in this order are commercially important in
food production, while others are playing an increasing role as models for
pharmaceutical and ecotoxicological studies. Despite this, decapods have not
been widely considered in the recent surge of personality research. Moreover,
studies that have been done have focussed on only a small sample of species
such as the mud crab, the swimming crab and the hermit crab (see examples;
Hazlett, 1981; Su et al., 2022; Wall et al., 2009). Many billions of wild-caught or
aquaculturally raised decapod crustaceans such as prawns, crabs, crayfish and
shrimp are reared for the purpose of human consumption annually (Elwood,
2012), and paucity of behavioural data in decapod crustacean studies may well
limit our ability to improve both production and welfare traits. For example, feed
conversion depends on individuals being attracted to a potential food resource,
and then how they feed given extrinsic factors (e.g. perceived predation risk,
competition with conspecifics) that are known to depend on personality
(Bardera et al., 2019). Personality and related concepts (e.g. stress coping
style) are recognised in finfish aquaculture and becoming incorporated into
selective breeding regimes (Castanheira et al., 2013; Ibarra-Zatarain et al.,
2016). Consequently, it seems likely that increased understanding of decapod
personality could provide feeding efficiency gains that support the expanding

crustacean aquaculture sector (Barki et al., 2010; FAO, 2016).
1.4: The study system - Neocaridina heteropoda

Neocaridina is a genus of Atydid shrimp in the sub order Caridea. It consists of
twenty-six species of freshwater shrimp native to Japan, China, Taiwan, Korea,
and Vietnam. Many of these species have become popular in the aquatic pet

trade, none more so than the red cherry shrimp, Neocaridina heteropoda
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(Yixiong, 1996). Commercial cultivation of this species is viable and occurs
globally due to aesthetic appeal (with many selected colour morphs now
available), small size (<30mm in length), adaptability to captive environments,
and fast development. In 2009 international trade values for global ornamental
production of animals was approximately US $717 million with average growth

increases of 14% approximately a year (FAO, 2014).

Despite its growing economic importance within the ornamental trade, there is
very little information on this species available in the peer-reviewed scientific
literature. AlImost nothing is known about their basic biology and ecology in the
wild, and only a few studies on growth and reproductive performance in relation
to environmental parameters in captivity have been published (Tropea et al.,
2015). There is however growing evidence that cherry shrimp can successfully
invade habitats outside their native range. Neocaridina can tolerate a wide
range of water and temperature parameters, and careless release by aquarists
can therefore be followed by rapid establishment and dispersal. Feral
populations are now known in Japan, USA, and several European countries.
Consequences for native freshwater invertebrate communities are expected to
follow (Klotz et al., 2013; Pantaleao et al., 2017; Weber & Traunspurger, 2016).
For instance, a recent laboratory study demonstrated the top-down control of
Neocaridina davidi can have on meiofaunal assemblages due to its omnivorous
nature (Weber & Traunspurger, 2016). Of relevance for my work is that
personality traits have been linked to invasion success in signal crayfish
(Daniels & Kemp, 2022; Galib et al., 2022; Taylor, 2016) and thus are plausibly
important in this species too. Therefore, understanding personality trait biases
that enhance decapod establishment success, native species interactions, and
dispersal within ecosystems is crucial (Brodin & Drotz, 2014; Daniels & Kemp,
2022).

Although basic knowledge is limited, red cherry shrimp are nevertheless
emerging as a model system for studies in quantitative genetics,
pharmaceutical, reproductive, and toxicological research (Hu et al., 2019;
Razekenari et al., 2023; Sung et al., 2011). This is largely because of
convenience. They are exceptionally easy to house in captivity and are
amenable to experimental manipulation of environmental conditions (e.g. social

contexts, food availability, predator cues and abiotic factors). They are also
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relatively short-lived but also reach maturity quickly which facilitates genetic
studies and means trait inheritance across generations can be studied in a
reasonable time frame (Kralj-FiSer & Schuett, 2014; Passantino et al., 2021).
Usefully, mature animals are sexually dimorphic, females being larger, darker in
colouration and having a curved lower abdomen shape. Females also have a
visible “saddle”, which is the name given to the appearance of eggs in the
ovaries situated behind the head (Oh et al., 2003; Serezli et al., 2017; Vazquez
et al., 2017). Females carry their eggs after fertilisation and, since the species
shows direct development, these then hatch into fully formed juvenile

‘shrimplets’ rather than going through a nauplius larval stage.

In all these respects, Neocaridina heteropoda makes an ideal laboratory model
system in which to investigate the causes and consequences of personality
variation even if we don’t yet know anything about if, or how, selection acts on

behaviour in the wild.
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Chapter 2: Among-individual behavioural variation in the ornamental red

cherry shrimp, Neocaridina heteropoda
2.1: Abstract

Personality variation, defined as among-individual differences in behaviour that
are repeatable across time and context, is widely reported across animal taxa.
From an evolutionary perspective, characterising the amount and structure of
this variation is useful since differences among individuals are the raw material
for adaptive behavioural evolution. However, behavioural variation among
individuals also has implications for more applied areas of evolution and
ecology from invasion biology to ecotoxicology and selective breeding in captive
systems. Here, | investigate the structure of personality variation in the red
cherry shrimp, Neocaridina heteropoda, a popular ornamental species that is
readily kept and bred under laboratory conditions and is emerging as a decapod
crustacean model across these fields, but for which basic biological, ecological,
and behavioural data are limited. Using two assays and a repeated measures
approach, | quantify behaviours putatively indicative of shy—bold variation and
test for sexual dimorphism and/or size-dependent behaviours (as predicted by
some state-dependent models of personality). | find moderate-to-high
behavioural repeatabilities in most traits. Although strong individual-level
correlations across behaviours are consistent with a major personality axis
underlying these observed traits, the multivariate structure of personality
variation does not fully match a priori expectations of a shy—bold axis. This may
reflect ecological naivety with respect to what really constitutes bolder, more
risk-prone behaviour in this species. | find no evidence for sexual dimorphism
and only weak support for size-dependent behaviour. My study contributes to
the growing literature describing behavioural variation in aquatic invertebrates.
Furthermore, it lays a foundation for further studies harnessing the potential of
this emerging model system. In particular, this existing behavioural variation
could be functionally linked to life-history traits and invasive success and serve
as a target of artificial selection or bioassays. It thus holds significant promise in

applied research across ecotoxicology, aquaculture and invasion biology.
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2.2: Introduction

Within populations, individual animals often exhibit behavioural differences that
are consistent across time and context (Réale et al., 2007; Réale et al., 2010a;
Sih et al., 2004). Although this phenomenon, widely referred to as animal
personality (Gosling, 2001), has been demonstrated across very diverse animal
taxa (Bell et al., 2009), the empirical literature is dominated by vertebrate
studies (Kralj-FiSer & Schuett, 2014; Mather & Logue, 2013). In comparison,
personality variation in invertebrates generally, and aquatic invertebrates in
particular, has been less well studied (Gherardi et al., 2012). This omission
matters because understanding personality variation is not only central to
fundamental research on animal behaviour, but also increasingly relevant
across more applied fields such as welfare (Prentice et al., 2022), ecotoxicology
(Bertram et al., 2022; Ford et al., 2021) and invasion biology (Juette et al.,
2014).

From a fundamental perspective, among-individual variation in behaviour is
widely assumed to have functional importance, impacting fitness via effects on
survival and/or reproduction (Bertram et al., 2022; Briffa & Weiss 2010; Moiron
et al., 2020; Smith & Blumstein, 2008). While quantitative genetic studies have
also shown that among-individual differences are often heritable (Charmantier
et al., 2014; Dochtermann et al., 2019; Stirling et al., 2002), understanding the
evolutionary causes and consequences of this variation remains a challenge.
Why does variation persist? Are among-individual differences adaptive, or do
they reflect evolutionary constraints (e.g. trade-offs)? Why can’t all individuals
adjust behaviour plastically to be optimal for the conditions they find themselves
in? Hypothesised answers to these questions often invoke state-dependence,
predicting that personality will covary with other traits (e.g. metabolic rate, body
size) or intrinsic variables (e.g. age, sex) as a consequence of feedback
between behaviour and state (Biro & Stamps, 2008; Dingemanse & Wolf, 2010;
Ferderer et al., 2022; Luttbeg & Sih, 2010; Wolf & Weissing, 2010). For
example, if small individuals face greater starvation risk, they may need to be
‘bolder’ (less risk averse) and more explorative to find resources faster, even if
this behaviour increases predation risk (Biro & Stamps, 2010; Sih et al., 2015).
State-dependence means behaviour is likely to be integrated within broader life
history strategies (Dammhahn et al., 2018; Mathot & Frankenhuis, 2018; Réale
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et al., 2010b), and differ systematically between sexes (Patrick & Weimerskirch,
2014). For example, in some systems males, on average, need to adopt riskier
behaviour than females in order to obtain mating opportunities (Harris et al.,
2010; Nathan et al., 2008). Conversely, female behaviour may be selected for to

reduce costs from male harassment (Clutton-Brock et al., 1995).

Although evolutionarily motivated studies dominate the literature on animal
personality (Briffa & Weiss, 2010), this phenomenon is increasingly recognised
as having wider implications and applications. For example, Prentice et al.
(2022) argues how the integration of personality traits with stress physiology
means artificial selection on behavioural biomarkers could be used to improve
welfare in fish aquaculture (see also e.g. Castanheira et al., 2013; Ibarra-
Zatarain et al., 2016). Ecotoxicology is another applied field in which the
potential importance of among-individual differences in behaviour has been
recently highlighted (Bertram et al., 2022). For example, great tits (Parus major)
with high levels of lead in their blood and high levels of multiple metals in their
feathers, should lower explorative behaviours on average (Grunst et al., 2019),
while insecticide exposure lowered behavioural repeatabilities in spiders
(Royauté et al., 2015), reducing the relative importance of among-individual
differences. Furthermore, Polverino et al. (2021) found long-term fluoxetine
exposure in guppies (Poecilia reticulata) erodes variation in activity levels
between individuals. Ubiquitous contamination may therefore impair behaviour
and future adaptive potential of phenotypic variation to anthropogenic-induced

alterations within both terrestrial and aquatic landscapes.

In decapod crustaceans, such as the species | investigate here, several
applications of personality variation have been suggested. First, just as in
fishes, personality traits may be relevant to welfare outcomes in captivity, which
are under increasing scrutiny following recognition of sentience (Birch et al.,
2021; Gherardi, 2009). Second, decapod behavioural change following sub-
lethal exposure to environmental pollutants could contribute to bioassays
relevant for monitoring ecosystem health and susceptibility of benthic and/or
sediment dwelling invertebrates to pollutants (Razekenari et al., 2023). Third,
since decapods demonstrate trait-biased dispersal, with bolder individuals
outcompeting conspecifics, variation in boldness and activity may link to

invasive success (Galib et al., 2022; Malmqvist, 2002). Furthermore, many
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billions of decapod crustaceans are harvested from wild fisheries and raised in
aquaculture systems for human consumption annually (Elwood, 2012).
Personality differences have been shown to predict trappability in decapods
(Biro & Sampson, 2015; Moland et al., 2019) just as in vertebrates (Garamszegi
et al., 2009; Vanden et al., 2021), and this differential trappability may exert
selection pressures on behaviour in wild populations. Finally, behavioural
differences are also expected to be integrated with life-history traits important
for production in aquaculture, where, for example, traits associated with

foraging can affect growth rates (Bardera et al., 2019; Daly et al., 2021).

Here | investigate the presence and structure of among-individual variation in
the red cherry shrimp Neocaridina heteropoda (syn. N. davidi), a small (<30mm)
caridean species. This is a popular ornamental species that, being easy to
maintain and breed under laboratory conditions, is an emerging model for
pharmaceutical and ecotoxicological research, with relevance to ecosystem
stability (Bardera et al., 2019; Horvath et al., 2013; Hu et al., 2019; Pantaledo et
al., 2017; Razekenari et al., 2023.; Sung et al., 2011; Weber & Traunspurger,
2016). A short generation time and fast development also make it amenable to
genetic studies and potentially a convenient model system for decapod
aquaculture (Bondad-Reantaso et al., 2012; Hauton, 2012). Cherry shrimp are
of commercial aquaculture importance themselves as an ornamental species
(Heerbrandt & Lin, 2006). Unfortunately, release by aquarists combined with a
wide tolerance of water and temperature parameters means they have become
invasive outside their native range (Klotz et al., 2013; Pantaledo et al., 2017,
Weber & Traunspurger, 2016). Despite this, basic biological information on this
species is scarce (but see e.g. Pantaleao et al., 2017; Razekenari et al., 2023).
In particular there is a lack of baseline behavioural data that may, for example,
impede use of ‘behavioural endpoints’ in ecotoxicology (Agerstrand et al., 2020;
Faimali et al., 2017; Melvin & Wilson, 2013). Very little is currently known about
the amount or structure of behavioural variation among-individuals. Nor is it
known whether state-dependent behavioural variation, if present, is linked to

intrinsic variables such as size or sex.

| focus specifically on ‘shy-bold’ variation (Wilson et al., 1993), an aspect of
personality that describes differences in behavioural response to (perceived)

risk (Toms et al., 2010). | use two simple testing paradigms, Open field trials
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(OFT) and Food and shelter trials (FST), coupled with multivariate behavioural
phenotyping and a repeated measures design. My specific aims are to (i) test
for repeatable among-individual differences of the behavioural measures of
boldness across the OFT and FST, (ii) determine whether the structure of
multivariate behavioural variation observed is consistent with expectations given
an underlying shy-bold among-individual axis (i.e. “bold” individuals explore
more actively the arena, show less thigmotaxis and stress response, and are
more willing to feed than “shy” individuals), and (iii) determine whether size

and/sex explains behavioural variation among-individuals.
2.3: Methods
2.3.1: Study animals and husbandry

All shrimp used were from a captive-bred colony sourced from the aquarium pet
trade in February 2022 and subsequently maintained in the Freshwater
Laboratory of the Animal Facility in Penryn, Cornwall. The founding colony
consisted of 200 red morph adult shrimp, with unknown sex ratio. On arrival in
the laboratory, adult shrimp were housed in large breeding stock tanks (28cm x
19.5cm x 18.5cm) for several months to establish the breeding colony.
Behavioural data for this study were collected during October and November
2022 under the local ethical approval (University of Exeter approval ID 517031).
Forty-eight individuals were taken from stock tanks and moved to individual
housing containers (22cm x 8.5cm x 15¢cm) connected to a shared recirculating
water supply. Each individual tank contained a short piece of black plastic
(3.5cm x 3.5cm) and a plastic plant to provide refuge. Shrimp moved to these
containers were sampled haphazardly from stock, but with the condition that
they needed to have a body length of at least 6mm. These were presumed to
be adult females and males since individuals with a total length of >7mm can be
sexed (De Silva, 1988; Pantaledo et al., 2017; Schoolmann & Arndt, 2018) and
to ensure the effective tracking of behaviour in the experimental set-up
(described below). Water temperature was maintained at 25 °C and shrimp
were fed every two days on commercial ORGANIX granulate shrimp pellets. A
constant light:dark cycle was enforced (lighting hours 07:00-19:00).
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2.3.2: Overview of experimental design

To test for and characterise among-individual variation in N. heteropoda, |
aimed to subject each of the 48 individuals to three repeats of two separate
behavioural assays: an Open field trial (OFT) and a Food and shelter trial
(FST). The order of assays was held constant, with all individuals completing 3
x OFT followed by 3 x FST over a five-week period, with a minimum of 48 hours
between any two successive trials. This design would have yielded 288 trials
(48 individuals x3 repeats x2 assays). However, some mortalities occurred
during the investigation period. In some cases, | opportunistically replaced
mortalities with new stock shrimp such that my final data set analysed actually
comprised 273 trials on 53 shrimp, with a mean of 2.5 OFT and 2.6 FST per
individual. In my final sample, 43 individuals were tested in both assays (41 of
which had at least 2 repeats for each assay), 5 only in the OFT, and 5 only in
the FST. | note that a small number of assays (5 OFT and 1 FST) took place but
was discarded later for technical videotracking issues. Stress responses (e.g. to
handling or changes in conditions due to the behavioural assays) can trigger
moulting in crustaceans, which is known to affect behaviour (see Bacqué-
Cazenaze et al,. 2019). Before each trial, | recorded the presence of an exuvia
from moulting in the housing tank; 23 shrimp out of 273 moulted over the
experimental period. However, because this was recorded only on the day of
the assay, exuviae could be remains from moulting in previous days, and | do

not know how long the possible behavioural changes may persist after moult.

Trials were run between 0900 and 1300 hours with individuals tested in a
random order. On any given day, all trials conducted in the laboratory were of a
single assay type, with duplicate experimental arena tanks allowing two shrimp
to be tested simultaneously. These experimental tanks (30 cm x 20.5 cm x
21cm) were filled to 5cm3 with water from the sump of the recirculating water
system to which all individual housing units were connected. The water was
changed every 6 trials to reduce any influence of conspecific cues that might be
produced. Each tank was filmed from above using a Sunkwang C160 video
camera mounted with a 5-50mm manual focus lens, and the tracking software
Viewer Il (BiObserve) used to measure behaviours putatively linked to shy-bold
variation (described below for each assay). The experimental tanks were

surrounded by cardboard screens to exclude external visual stimuli that might
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otherwise impact behaviour. Individuals were randomly assigned before each
trial to one of the two arenas to minimize slight technical differences in setup,
such as lighting and camera angle, that may affect the tracking, or possible

differences e.g. in outside disturbance or other conditions that may affect the

behaviour of the shrimp itself.

At the end of each trial, size and sex data were recorded and the shrimp was
then returned to individual housing. For size both length was measured (mean:
15.77mm, SD: 2.28; from the tip of the rostrum to the posterior end of the telson
using digital callipers to the nearest 0.01mm) and mass (mean: 0.07g, SD: 0.03;
using a digital balance after dabbing the animal with a tissue to remove water
droplets to the nearest 0.01g). However, length and mass measures were highly
correlated across observations (r=0.717, t 26s = 16.843, P<0.001), while mass
was slightly more repeatable at the individual level (Rmass= 0.768 versus, Riength=
0.581). Assuming size was (approximately) constant for individuals over the
study period then this suggests mass has a lower measurement error. |
therefore used mass as my measure of size in all analyses. Sex was estimated
from external morphology after each trial, and shrimp were scored as a male,
female, or of unknown sex. On average, females are larger and more opaque
than males, and have more rounded bellies and body plates (Vazquez et al.,
2017). Females can sometimes be seen carrying eggs in their swimmerets and
may show a distinctive ‘saddle’ marking (Serezli et al., 2017). Given uncertainty
in sex determination, | elected to score it after each trial blind to any previous
assessments of the same individual. After all observations were complete, |
assigned a single sex determination of a male or female if 25/6 trial-specific
assessments were in agreement. | assigned sex as ‘unknown’ if this criterion
was not met. Following this criterion, my final sample consisted of 17 males, 14

females, and 22 shrimp of unknown sex.
Open field trials (OFT)

The OFT is a generic and simple assay widely used across taxa to measure
shy-bold variation related aspects of personality (e.g. exploration in a novel
environment, anxiety-like behaviour, stress coping-style) (Carter et al., 2013;
Champagne et al., 2010; Dingemanse et al., 2002). In this assay, a shrimp was
placed within a tube positioned in the centre of the tank (Figure 1a) and allowed

to acclimate for 120 seconds. The tube was then lifted out and movement
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tracked for a subsequent 240 seconds using Viewer. | extracted four
behavioural traits from tracking data: Track Length, Area Covered, Wall
Distance and Freezings (see Table 1 for definitions). Based on OFT behaviour
in other taxa, the prediction is that bolder individuals will tend to show higher
values for the first three traits (i.e. more active exploration of the arena and less
thigmotaxis) but lower values for freezing (Aparicio-Simén et al., 2010.; Perrot-
Minnot et al., 2017). The latter prediction stems from the fact that freezing
behaviour under perceived risk is a common component of behavioural stress
response (e.g. the ‘flight-fight-freeze’ response) (Houslay et al., 2022). These
behaviours are widely used in studies of shy-bold variation based on similar
assays applied in fishes (Boulton et al., 2014; Polverino et al., 2016; Toms et al.,
2010). | consider this an appropriate starting point, but fully acknowledge that a
priori predictions are naive with respect to decapod biology in general (and N.
heteropoda specifically). Summary statistics for the original variables measured

in the OFT assay are presented in Table S1.
Food and shelter trial (FST)

The FST used a modified arena into which | added (i) a shelter made of black-
plastic (18cm x 5cm x 5.5cm), positioned at one end of the tank, and (ii) a food
zone, comprising a black-plastic square (5cm x 5cm) with food glued to it at the
other end (Figure 1b). The food was a mixture of Repashy Solient Green premix
powder and ORGANIX shrimp granulate pellets (approximately 10) glued to the
black-plastic square using aquarium safe glue (see Figure 1b) to prevent
floating, but still accessible to the shrimp. The food zone was re-used between
trials since the food consumption was minimal compared to the amount
available but changed at the end of each day. Shrimp were introduced via the
black acclimation tube at the centre of the tank for 120 seconds, then tracked
for 240 seconds after being released. Four traits were measured: Track Length,
Time in Open, Food Latency, and Freezings. Predictions for Track Length and
Freezings are as described above but note that movement of shrimp could not
be tracked once they were within the shelter and food zones, so these traits are
recorded only for the portion of the observation period that they are outside
these zones. The prediction is that bolder individuals will spend more time in the
open (i.e. outside the shelter zone) and have a short latency to enter the food
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zone (used as a willingness to feed). Summary statistics for the original

variables measured in the FST assay are presented in Table S1.

(a)
Black acclimation
/ \ tube

Z1s—

30.5cm

21cm

20.5cm

30.5cm
20.5cm

(b)
Shelter Zone
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Black tube \
accliiation tube

¢ 8cm R
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Food Zone 6.25cm 6.25cm
Pty Food Zone |9 >
4
<
% A
I Shelter Zone "9«?" t 3em

N 30.5cm

Figure 1: The tank set-ups used for (a) Open field trials (OFT) and (b) Food and
shelter trials (FST) showing a side view on the left and an overhead view on the
right. The starting set up for both assays has the shrimp to be tested placed

inside the black acclimation tube.
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Table 1: Behavioural traits recorded in Open field trial (OFT) and Food and
shelter trials (FST)

Assay  Trait Definition of measured behaviour (before

transformation)-

OFT Track Length Total distance travelled (cm)
Area Covered Proportion of total arena (%)
Wall Distance Average distance away from tank walls (cm)
-(Freezings)  Number of ‘freezes’ defined as speed dropping
<4cm. s for 22.5s
FST Track Length Distance travelled while outside shelter and food
zones (cm)
Time in Open Time spent outside the shelter zone (s)
-(Food Time to first entry of the food zone (s)
Latency)
-(Freezings)  Number of ‘freezes’ (defined above) outside shelter

and food zones

2.3.3: Statistical analyses

| used mixed effect models fitted with ASReml-R implemented in R version 4.1.1
(R Core Team, 2023). | applied log-transformations (OFT Wall Distance; FST
Food Latency) and square root transformations (OFT Track Length, Freezings;
FST Track Length, Time in Open and Freezings) to improve Gaussian
assumptions, before scaling to standard deviation units which facilitates
multivariate modelling. Finally, | also multiplied the transformed and scaled data
for Freezings (both assays), and Food Latency (FST) by -1. This sign reversal
was to simplify biological interpretation of results by making high values
correspond to a priori expectation of ‘bolder’ behaviour in all cases. Following
these transformations, model residuals were (approximately) Gaussian with the
exception of -(Food Latency), which showed major departures from residual
normality that could not be resolved. Strictly Gaussian residuals are assumed in
generating P values for inference, but, as shown in (Schielzeth et al., 2020),

linear models have proven very robust to this, and therefore deviations from
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Gaussian residuals should not cause bias in the parameter estimates

presented.
Among-individual variance in behavioural traits

| tested for among-individual variation in each of the OFT and FST traits using a
series of univariate linear mixed models. For each trait, | fitted a model with
fixed effects of order (from 1-6 reflecting the order of individuals tested between
experimental water changes), trial repeat number for the individual (from 1-3),
time of day (in minutes after midnight) and experimental arena used (tank A
versus B). The FST traits of Track Length and -(Freezings) are analogous to
OFT traits but were only recorded for the portion of the observation period while
shrimp were trackable outside the food and shelter zones. Since both traits
were square root transformed for analysis, | included the square root of time
spent in the trackable part of the arena as an additional fixed effect in the model
of these traits. All these fixed effects were included simply to control for potential
nuisance variables unrelated to my hypotheses. Each model also contained a
random effect of individual identity (ID), allowing us to estimate among-
individual variance V. For each trait, | then estimated repeatability (R)
conditional on fixed effects as the proportion of phenotypic variance (Ve)
explained by individual differences. Thus R=Vp/(Vi+ VRr) where VRr is the
residual (within-individual) variance. For each trait | compared my model to a
reduced version of the same model without the random effect of individual
identity by likelihood ratio test (LRT) to assess the significance of Vi. For testing
a single variance component, | assumed twice the difference in log-likelihoods
is distributed at a 50:50 mix of x2 on 0 and 1 DF following (Visscher, 2006).

Among individual covariance in behavioural traits

Next, | fitted a multivariate mixed model to estimate the among-individual
behavioural co-variance matrix (ID) for the full set of 8 traits. Fixed and random
effects on each trait were as described above for the univariate models. ID
contains estimates of V| for each trait on the diagonal, with off-diagonal
elements corresponding to COV,), the among-individual covariance for each pair
of traits. Residual within-individual (co)variance was partitioned to the
corresponding matrix R. However residual covariance (COVR) is only

identifiable between trait pairs observed simultaneously (i.e. in the same trial),
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so was fixed to zero between OFT and FST traits. To test the presence of
among-trait covariance in ID, | compared the full model to one in which all COV/
were fixed to zero by LRT assuming twice the difference in model log-

likelihoods as distributed as x%s.

Having estimated ID, | then wanted to assess whether it was qualitatively
consistent with a dominant underlying axis of shy-bold variation as predicted. To
do this | (i) standardised among-individual covariance terms to the more intuitive
correlation scale (where, for any pair of traits x,y the among-individual
correlation rixy)=COVixy)/ V(Vix x Viy)); and (i) subjected the estimated matrix
to eigen decomposition (principal component analysis). Since all traits were
transformed such that high values indicated bolder behaviour, | predict
correlations should be uniformly positive. | also predict that the leading eigen
vector of ID (subsequently referred to as idmax) will explain a large proportion of
among-individual variance and have same-sign loadings on all traits. | used a
parametric bootstrap approach, following (Boulton et al., 2015) with a bootstrap
sample size of 1000, to generate approximate 95% CI on the eigen values of ID

and trait loadings on idmax.
Testing whether sex and size contribute to among-individual variation

To assess the extent of the contribution of sex and/or size to the among-
individual variation in behaviour, | refitted all models described above but with
additional fixed effects of sex (a 3 level factor: male, female, unknown), size
(mass as a covariate) and their interaction sex:size. Using univariate models
and conditional F-tests, | tested the significance of these effects on each trait. |
compared estimates of Vi and R from these expanded models to those obtained
above. | then refitted my multivariate model with the additional fixed effects and
estimated IDsex:mass , the among individual (co)variance matrix conditional on
sex and mass. | scaled covariances to correlations, and subjected IDsex:mass to
eigen decomposition as described above, allowing comparison to its structure to
ID. | also checked for any clustering of personality visually by sex and/or size in
a multivariate personality space, by predicting and plotting individual scores on
idmax for each shrimp.
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2.4: Results
2.4.1: Among-individual behavioural variation

Our shrimp population shows significant among-individual differences in all
behavioural traits measured in OFT and FST assays bar -(Food Latency) (Table
2). Thus, behaviours are repeatable with a median of R=0.353 (range 0.168 —
0.626) conditional on fixed effects (Figure 2, blue points). Fixed effect estimates
from these models are not relevant to biological hypotheses but are presented
in the Supplementary Material (Table S2). Of these, | note that replicate (i.e.
number of repeat) affected OFT Area Covered, OFT Wall Distance, and FST

Freezings, possibly indicating a habituation effect over time.

Table 2: Estimated variance components and repeatabilities (R) from univariate
mixed-effect models of OFT and FST traits. Vi and Vr denote among-individual
and residual variances respectively and standard errors are shown in
parentheses. Also shown are X2 and P derived from LRT to test the significance

of V| for each trait.

Assay Trait Vi VR R X%1 P
OFT Track Length 0.616 0.368 0.626 48.884 <0.001
(0.158) (0.058) (0.074)
Area 0.529 0.413 0.562 33.988 <0.001
Covered (0.146) (0.065) (0.085)
Wall 0.153 0.759 0.168 3.040 0.041
Distance (0.100) (0.118) (0.102)
-(Freezings) 0.456 0.546 0.455 22.633 <0.001
(0.141) (0.086) (0.094)
FST Track Length 0.102 0.458 0.183 4.032 0.022
(0.060) (0.069) (0.098)
Time in 0.365 0.668 0.353 14.207 <0.001
Open (0.130) (0.102) (0.097)
-(Food 0.000* 0.995 0.000* 0.000 0.500
Latency) (0.122)
-(Freezings) 0.109 0.306 0.263 8.056 0.002
(0.048) (0.046) (0.099)

*For this trait the estimate of VI was bound to zero and no SE is estimable.
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Figure 2: Repeatabilities for OF T and FST traits estimated from initial univariate

models (blue points) and refitted models that condition on additional fixed

effects of size and sex (red points). Error bars depict estimates +1SE.
2.4.2: Among individual (co)variation

The multivariate model provides statistical support for individual-level
covariance among the traits tested (LRT comparison of full model to one in
which all COV,terms fixed to zero; X228=104.87, P<0.001). Pairwise correlations
between traits in ID are generally strong (Figure 3a) with a median absolute
magnitude of 0.736 (range -0.95 to 0.963). Furthermore, correlations among
traits within- and across- assays are of similar magnitude. However, contrary to
the prediction of a simple shy-bold axis of variation, the among-individual
correlations between (transformed) trait pairs are not uniformly positive (Figure
3a). This result is also reflected in the eigen decomposition where

idmax captures 61% (95% ClI, 46.82%-72.23%) of the among-individual
(co)variance, consistent with a strong axis of personality underpinning the

observed behaviours, but loads antagonistically on some traits (Figure 4, blue
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points). These loadings show that individuals appearing bolder than average as
measured by most traits (e.g. OFT Track Length, OFT -(Freezings)), tend to
appear less bold than average as measured by OFT Wall Distance, FST -(Food
Latency), and FST Time in Open. Of these traits, only FST Time in Open clearly
loads significantly on idmax (based on 95% CI not overlapping zero), but this is
particularly notable as it indicates shrimp we might view as bolder based on
most other criteria actually spend more time than average in the shelter during
FST. | present the full ID variance-covariance matrix from which the correlations
are derived in Table S3. | note that as V| was small and non-significant for FST -
(Food Latency), caution must be taken when interpreting correlations with this

trait.
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variance covariance matrix and IDsex:mass, the corresponding matrix conditional on sex and size. Ellipse shape and colour denote

the strength and sign of each correlation. Light grey background shading indicates sets of correlations among-traits measured

within each assay type (FST, OFT), while across-assay correlations have white backgrounds.
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(red points). Error bars denote 95% confidence intervals obtained using a
parametric bootstrap (n=5000) and loadings can be considered nominally

significant if Cl do not cross zero (solid vertical line).
2.4 3: Effects of sex and mass

| find limited support for the hypothesis that among-individual behavioural
differences are explained by sex and/or size (mass). Refitted univariate models
provide no statistical support for differences in behavioural means between
assigned sexes (Table 3), nor did | detect any significant sex:size interactions.
However, | did detect significant main effects of size (mass) on OFT Track
Length and OFT Area Covered. Both coefficients are positive meaning heavier

individuals on average cover longer distances and a larger area in OFT trials.

Page 32 of 91



Estimates of Vi and R from these refitted univariate models were very similar to
those estimated unconditional on the extra fixed effects (Figure 2), providing
further confirmation that neither sex nor size affects considerable among-
individual behavioural variation in single traits. This same result also holds for
the multivariate phenotype in that the correlation structure in IDsex:mass iS very
similar to that in ID (Figure 3). Moreover, the first vector of IDsex:mass captures
65% (95% CIl 47.96%-73.26%) of multivariate variance and has trait loadings
almost identical to those of idmax (Figure 4). Finally, plotting individual
behavioural scores on idmax confirms the absence of clustering by sex (Figure
5). While a net positive association between mean weight and idmax can be
seen, it is also clear that size accounts for only a small fraction of the variation
present. | present the full table of fixed effects estimates in Table S4 and the full
IDsex:mass variance-covariance matrix from which the correlations are derived in
Table S5.

Table 3: Estimated effects of sex and size on OFT and FST behavioural traits.
Sex was fitted as 3 level factor (female, male, unknown) with unknown treated
as the reference level. Size was measured as live mass (g). Estimates are from

univariate models with significance tested using conditional F tests.

Assay Trait Effect Level Coefficient (SE) F DF P
OFT Track Length sex female 1.523 (0.862) 0.271 2,447 0.760
male 1.246 (0.774)
mass 12.380 (6.131) 7.049 1,111.6 0.009

sex:mass female -3.000 (10.140) 0.058 2,115.8 0.944
male 0.792(11.610)

Area
Covered sex female -1.913 (0.876) 0.072 2,45.8 0.931
male -1.870 (0.788)
mass 18.400 (6.232) 4.608 1,110.4 0.034
sex:mass female -17.090 (10.310) 2.073 2,115 0.130
male -19.430 (11.840)
Wall
Distance sex female -0.327 (0.885) 0.251 2,448 0.779
male -0.907 (0.853)
mass 1.9850 (6.303) 0.044 1,749 0.834
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-(Freezings)

-(Freezings)

sex:mass female -9.506 (10.490)
male -0.510 (13.020)

sex female 2.735 (0.939)
male 2.852 (0.860)
mass 12.195 (6.697)

sex:mass female -13.750 (11.090)
male -21.000 (13.000)

Time in
FST Open sex female -0.717 (0.913)
male 1.306 (0.996)
mass -0.608 (5.973)
sex:mass female 11.770 (10.400)
male -15.540 (15.260)
-(Food
Latency) sex female -2.088 (0.775)
male 0.343 (0.937)
mass -0.939 (5.300)
sex:mass female 10.698 (8.915)
male -23.320 (14.520)
Track Length sex female -3.449 (0.666)

male -2.915 (0.756)
mass 5.909 (4.441)
sex:mass female -7.836 (7.673)

male -18.360 (11.650)

sex female 0.187 (0.573)
male 0.028 (0.645)
mass 1.587 (3.804)

sex:mass female 2.223 (6.591)
male 6.008 (9.930)

0.437

0.192

0.764

1.612

2.076

0.081

1.528

0.766

0.025
2.586

0.157

0.267
1.465

0.818

0.937
0.203

2,84.3

2,46.5

1,101.1

2,108.1

2,49.1

1,90.6

2,95.6

2,127

1,127
2,127

2,49.3

1,75.6
2,855

2,48.8

1,77.5
2,87

0.648

0.826

0.384

0.204

0.136

0.776

0.222

0.297

0.874
0.079

0.855

0.607
0.237

0.447

0.336
0.817

Note: Sex was fitted as 3 level factor (female, male, unknown) with unknown

treated as the reference level. Size was measured as live mass (g). Estimates

are from univariate models with significance tested using conditional F-tests.
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Figure 5: A graphical illustration of the relationship between multivariate
personality, mass, and sex. Each point represents an individual’s predicted
behavioural score idmax plotted against mean weight with colours denoting
assigned sex (female, male, unknown). Behavioural scores are calculated for
each individual as idmax.i" where i is a column vector containing the best linear
unbiased predictions (BLUPs) of individual deviations from each trait mean.
Also shown for illustrative purpose are overall (grey dashed) and sex-specific
regressions of behavioural score on mean weight. Behavioural scores are

(uncertain) model predictions and no statistical inference is intended.

2.5: Discussion

Our repeated measure design provided strong statistical support for consistent
among-individual differences in behaviour across the Open field (OFT) and
Food and shelter (FST) assays. As expected, multivariate analyses also yielded
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evidence of strong individual-level correlations among the specific traits
assayed. However, in asking whether the structure of multivariate behavioural
variation was consistent with a priori expectations of an underlying axis of shy-
bold personality variation, my results provided a somewhat mixed picture.
Specifically, | did find a dominant leading eigen vector of ID that explains most
(61%) of individual level variation in, and covariation-among, traits. However,
several of the behaviours measured load antagonistically on this axis, a pattern
that does not match the a priori predictions for a simple shy-bold axis. Further
analyses provided little statistical support for major contributions of size- or sex-
effects to the personality variation described (though some size effects were
found). Below | discuss each of these main results in the context of the existing

literature and highlight some important caveats to my conclusions.

Behavioural repeatabilities were statistically significant in seven of the eight
behavioural traits tested. This confirms the presence of personality variation in
red cherry shrimp and shows it is readily detected using simple testing
paradigms adapted from fish models. Estimates of R were lower than in the
FST assay than in the OFT assay, notably for Track Length. This may result in
some way from the greater environmental complexity of the FST or could
conceivably be due to the set up that only allowed individual tracking outside
the shelter (e.g. if individual activity was more repeatable in the shelter). It
would be useful to develop an assay that allows tracking of animals in the
shelter, and so determination of whether patterns of activity change

systematically between being in the shelter and the open.

Although personality has yet to be widely tested in decapods, the repeatability
estimates align with the conclusions of Bridger et al., (2015) who demonstrated
among-individual variation in startle response duration (a proxy of boldness) in
male hermit crabs (Pagurus bernhardus). Repeatability in traits associated with
shy-bold and/or exploratory personality variation has also been demonstrated in
the European crayfish (Astacus astacus; Vainikka et al., 2011), and the rock
pool shrimp (Palaemon elegans; Maskrey et al., 2018). In these latter examples,
boldness was also negatively correlated with resource holding potential,
suggesting a trade-off whereby bolder individuals may be better at finding
resources but less able to defend them in competition (Maskrey et al., 2018).

We do not yet know if similar relationships hold in N. heteropoda but
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investigating the functional significance of personality in relation to competition
and other ecological processes (Lépez et al., 2005) in this species would be
useful. More generally, testing for associations of behavioural profiles with
individual life histories would permit scrutiny of whether personality variation is
maintained through adaptive processes (e.g., resource allocation trade-offs
(Dingemanse & Wolf, 2010)), and/or arises through differences in resource

acquisition coupled to state-dependent behaviour (Haave-Audet et al., 2022).

While estimates clearly varied among traits, some repeatabilities were notably
high in comparison to the wider animal personality literature. For example,
estimates of R=0.63 and R=0.56 for OFT Track Length and Area Covered are
high compared to a median behavioural repeatability of 0.37 reported by Bell et
al., (2009). This may, at least in part, reflect the use of a short inter-observation
interval; R is known to decline as the time between observations increases
(e.g., Boulton et al., 2014). However, high repeatabilities also have some
implications worth noting. First, R sets an upper limit for heritability (and so
potential rate of selection response) and facilitates more accurate selective
breeding in aquaculture (Hill et al., 2004). Selection on behaviour has been
suggested as a way to improve growth and other production traits in commercial
shrimp cultivation (Bardera et al., 2019) and in this context, high repeatability of
the selection target would be advantageous. In a study of Pacific white shrimp
(Litopenaeus vannamei), Sanchez et al., (2005) found that individuals
interacting more with feed had a lower latency of approach and consumed food
more rapidly. In my FST assay, latency to enter the zone containing food in the
FST was actually not repeatable (and so not heritable). However, if simple
behavioural biomarkers of improved feeding could be identified, then selecting
on these could be valuable in an industry where food waste is a major source of
economic inefficiency (Cuzon et al., 2004; Sick et al., 1973). At the same time,
boldness is often positively correlated with aggressiveness in animals generally
(Garamszegi et al. 2013), and while agonistic behaviours appear rare in red
cherry shrimp (personal observations) this is not generally true of decapods.
Therefore, care must be taken that selection on behaviour to improve feeding
efficiency does not exacerbate welfare and/or production costs by increasing

aggression among conspecifics.

Page 37 of 91



Although the implications are perhaps less clear at present, personality variation
has been widely linked to the likelihood of establishment and/or invasive
spreading of species following accidental or intentional introduction (Chapple et
al., 2012; Rehage et al., 2016). For instance in the American signal crayfish
(Pacifastacus leniusculus), Daniels et al., (2022) found repeatable differences in
shy-bold type behaviour that predicted individual motivation to disperse by
passing through weirs (though not successful at doing so). Invasion processes
could therefore be considered a ‘selective filter’ whereby only individuals with
appropriate combinations of personality and other traits can invade a novel
environment successfully (Chapple et al., 2022). Working on the same species
of crayfish, Pintor et al., (2008), found invasive populations were bolder and
more aggressive on average than populations within their native range.
However, this was only true where invasive populations were allopatric to native
crayfish, and the extent to which differences were present prior to invasions, as
opposed to emerging after as adaptations to a new environment is unclear.
Moreover, whether population level repeatability to shy-bold type behaviours (as
opposed to individual or population mean) influences invasive potential is
unresolved. Low repeatability implies high plasticity- at least relative to ‘fixed’
individual differences- and there is a long-standing hypothesis that plasticity
plays an important role in adaptation to novel environments following dispersal
(Baldwin, 1896). A recent study found differences in behavioural repeatability
between native and invasive species of nudibranchs that is consistent with this
idea (Macali et al., 2023), but more empirical studies are needed to see if low

behavioural repeatabilities reliably predict risk of invasive spread.

Although | found strong support for personality in red cherry shrimp, multivariate
analyses show the structure of behavioural variation differs somewhat from the
initial predictions. My eigen decomposition of the ID matrix is consistent with the
presence of a latent personality axis that describes the majority of among-
individual (co)variation in the measured behavioural traits (Houslay et al., 2018;
White et al., 2020). This was expected: all traits analysed were chosen precisely
because they are putatively measures of the same underlying shy-bold
personality axis. Thus, the important result here is not the presence of
correlation structure in ID, but the overall ‘shape’ of that structure. Specifically,
because traits were scaled such that higher numbers denoted putatively bolder
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phenotypes, | had also predicted that covariances in ID, would be uniformly
positive, and all traits would load on the main eigenvector with concordant
signs. Some, but not all, relationships were as expected. For example,
individuals that travelled further than average in the OFT, also have higher track
length in the FST, cover more area (OFT), and freeze less (both assays). These
behavioural characteristics meet a priori expectations for the bolder end of the
shy-bold continuum indicating that exploratory individuals are associated with
the propensity to take greater risks (Toms et al., 2010). However, the same
individuals also tend to swim closer to the tank walls in the OFT (i.e. be more
thigmotaxic) and take longer to visit the food zone in the FST, which are
characteristics typically associated with shy personality types. Neither of these
traits load significantly on idmax (based on 95% CI not overlapping zero) and
among-individual variance for FST -(Food Latency) was not statistically
supported in the univariate model. However, FST Time in Open loads
significantly on idmax with a negative sign and is also moderately repeatable.
This actually means individuals considered bolder and/or more exploratory in
the OFT spend longer durations than average in the shelter during FST, a result
that is counterintuitive. Very speculatively, it is possible that the shelter provided
may have been perceived as a risky environment (rather than a safe one as
intended). This could arise if, for instance, the shelter mimicked the type of
structure used by drift-feeding and opportunistic foraging predatory fish (Nunn
et al., 2011; Willis et al., 2019). With this considered, it would be interesting to
investigate whether a refuge with greater structural complexity and/or smaller
open spaces may be preferred (as demonstrated in mud crabs Scylla serrata;
Mirera & Moksnes, 2013).

| find limited evidence for sex and size effects on behaviour and conclude that
these aspects of state do not make a major contribution to personality
(co)variation in the shrimp population. The absence of sex effects is perhaps
somewhat surprising given the extensive evidence of behavioural sexual
dimorphism in decapods. For example, male rock pool prawns (Palaemon
elegans) are bolder and more active than females (Chapman et al., 2013), while
aggression is sexually dimorphic in white shrimp (Penaeus vannamei; Chow &
Sandifer, 1991), rock shrimp (Rhynchocinetes typus; Dennenmoser & Thiel,
2007) and American lobsters (Homarus americanus; Karavanich & Atema, 1998
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)- In these species, males tend to be more aggressive and able to monopolise
food for longer durations relative to females. In finding an absence of sexual
dimorphism here | acknowledge that uncertainty in sexing the shrimp reduces
statistical power. Of the 53 shrimp tested, | ultimately classified 22 as being of
unknown sex. These were, on average, smaller individuals than those assigned
to male or female categories and likely to be younger (and potentially sexually
immature). | therefore cannot exclude the possibility that my study partially
conflates sex, age and maturation status in ways that mask any dimorphism,
and thus interpret my results with caution. To check whether my findings may
have been affected by the high number of unknown individuals, | re-run the
univariate models with sex, mass, and their interaction, removing the individuals
of unknown sex (noting that the sample size decreases considerably). For all
the traits, sex and sex:mass interactions were not significant (results not
shown). Nevertheless, | also note that several other decapod studies have
reported an absence of sex effects on shy-bold type traits. For example, Brodin
& Drotz (2014) found no difference in mean boldness or activity between male
and female Chinese mitten crabs Eriocheir sinensis, while sex did not predict
startle response duration in hermit crabs Pagurus bernhardus (Briffa et al.,
2008).

| did find some evidence for size-dependent behaviour. Statistical support was
limited to two traits in the OFT, with larger (heavier) individuals traveling slightly
further and covering more area on average. These trait-specific effects drive a
trend towards larger individuals having higher behaviour scores on idmax. This
could potentially be explained by links between behavioural type and life-history
strategy as proposed under heuristic frameworks such as the ‘Pace of Life
Syndrome’ (Biro & Stamps, 2008; Réale et al., 2010b). For instance, high
metabolic rate may be associated with bolder behaviour, increased resource
acquisition, and faster growth leading to increased size (Careau et al., 2008),
albeit at the likely cost of higher mortality risk (e.g. from predation; Wolf et al.,
2007). At present | lack individual level data on life histories to test these
hypothesised relationships. Also, there is a lack of sufficient ecological data to
explore (arguably) simpler explanations for size-dependence. For instance,
Toscano et al. (2014) argued size-dependent behaviour of mud crabs
(Panopeus herbstii) was linked to size-dependent predation risk. Small crabs
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used refuges more than large crabs and also increased use in the presence of
predators. Other mechanisms proposed for generating size-behaviour
relationships in decapods are related to mating traits. For instance, male-male
competition can drive size-dependent mating tactics (Correa & Thiel, 2003) with
larger males engaging more in mate guarding (Knolton,1980) and contest
behaviour (Jivoff & Hines, 1998; Wilber, 1989) while smaller rivals adopt
exploratory mate searching tactics (Correa & Thiel, 2003). Although we cannot
yet rule out similar processes in cherry shrimp, it is notable that | found no sex
by size interactions on the behaviours assayed here (i.e. both larger males and

females have higher Track Length and Area Covered in the OFT).
2.6: Conclusion

In conclusion, this is the first study to our knowledge that describes patterns of
among-individual variation in putative measures of shy-bold variation in the
cherry shrimp, N. heteropoda. Using simple assays widely applied to small fish
models, my results are consistent with the verbal model of a single major
personality axis underlying among-individual differences observed. However,
the structure of this axis does not fully match a priori expectations of shy-bold.
This could be because my initial assumptions of what constitutes ‘riskier’
behaviour in this species are incorrect. | also found no evidence for sexual
dimorphism in behaviour and only limited support for size-behaviour
relationships. This description of personality variation in red cherry shrimp adds
to the growing picture of this phenomenon in invertebrates generally (Kralj-FiSer

& Schuett, 2014) and decapod crustaceans specifically (Gherardi et al., 2012).

While in this study | investigated the structure of behavioural (co)variation over
time and two experimental contexts, it will be interesting to assess this
structure's stability over ecologically relevant factors, for example the presence
of predator cues (i.e. perceived predation risk) and/or anthropogenic pollutants
known to impact behaviour of aquatic organisms (e.g. pharmaceuticals; Bertram
et al. 2022). Such factors are widely known to impact mean behaviour but can
also alter the magnitude and stability of differences between individuals,
resulting in environmental sensitivity of behavioural repeatabilities and the ID
matrix (e.g. Polverino et al. 2021; Royaute et al. 2015). We have now initiated
experimental work to test for this in red cherry shrimp. | therefore hope this

study will set the foundations for future investigations of mechanism and
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functional significance in this emerging model system, as well as providing
baseline data for more applied research across ecotoxicology, aquaculture, and

invasion biology.
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Chapter 3: Investigating heritability, plasticity and genotype-by-
environment interactions for boldness in the red cherry shrimp,

Neocaridina heteropoda
3.1: Abstract

Among-individual variation in behaviour is widely assumed to have fithess
consequences, which means personality traits such as boldness (i.e. the
propensity to engage in risk-taking behaviour) are subject to natural selection. If
so, characterising the extent to which individual differences in behaviour arises
from genetic effects is vital for understanding if, and how, boldness can evolve.
Here, | conduct a quantitative genetic study of personality in the red cherry
shrimp, Neocaridina heteropoda, to estimate the heritability of a boldness trait,
specifically time spent in a refuge. | employ a full-sib/ half-sib breeding design
and also split families across two different experimental treatments (‘control’ vs
‘predator’). This allowed me to test for behavioural plasticity to increased risk
(presence of predator cues in the water), but also for genotype-by-environment
interaction (GxE) which is heritable variation in plasticity. | find some limited
support for behavioural plasticity, with a small but marginal non-significant
increase in average refuge use in ‘predator’ treatment. Overall, the data does
support the presence of genetic variation for time spent in the refuge, but not
GxE. This suggests there is adaptive evolutionary potential of boldness (time
spent in the refuge) but that further evolution of behavioural plasticity may be

constrained by a lack of genetic variation.
3.2: Introduction

Repeatable differences in behaviour are commonly referred to as animal
personality (Dingemanse & Wolf, 2010; Gosling, 2001; Réale et al., 2007; Sih et
al., 2004), and have been widely demonstrated across taxa. Variation among-
individuals is the raw material for adaptation (Roche et al., 2016) and
personality differences can have important fithess consequences (Bell et al.,
2009; Briffa & Weiss, 2010; Moiron et al., 2020; Smith & Blumstein, 2008).
Characterising the mechanisms that structure and maintain personality variation
within populations is therefore important for understanding behavioural
adaptation and generating evolutionary questions. For instance, we may

intuitively expect selection in risky environments to reduce the propensity to
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engage in risk-taking behaviours over evolutionary time (Réale et al., 2007).
Moreover, selection for a single optimal personality type should erode
quantitative genetic variation (Ebert et al.,1993; Robertson, 1959). However, if
this is the case, why do populations still contain personality types varying widely
from risk-averse (shy) to risk-prone (bold) (Briffa et al., 2015)? Are there
adaptive mechanisms that maintain personality variation? Or could it be that
any selection present is ineffective at causing an evolutionary response?
Determining exactly how constraints or costs might allow personality variation to
persist has become an evolutionary conundrum we are yet to resolve (Dall et
al., 2004; Sih et al., 2004; Wolf et al., 2008).

Although selection acts on variation among individuals (Houle, 1992), the
evolutionary response to any selection depends on whether, and to what extent
phenotypic differences among-individuals are caused by genes (Hill, 2010;
Laine & van Oers, 2017). Quantitative genetic approaches address this
question for any complex, polygenic phenotype (Falconer & Mackay, 1996;
Kruuk et al., 2008; Lynch & Walsh, 1998) such as animal personality.
Specifically, if behavioural variation is quantified among sets of individuals that
include known relatives, it is possible to apply quantitative genetic methods
such as the ‘animal model’ (Kruuk, 2004) to estimate genetic parameters of
interest. Perhaps most importantly, we can estimate heritability (h?), defined as
the proportion of phenotypic variance explained by additive genetic effects,
which determines the rate at which a trait under selection will evolve (Falconer
& Mackay, 1996). Relative to other trait types (e.g. morphology), we know much
less about levels of genetic variation for behaviours. Nonetheless, for
personality traits in natural populations, studies to date have generally reported
moderate h? estimates in the range of 0.2-0.5 (see examples; Brommer &
Kluen, 2012; Dochtermann et al., 2014; Petelle et al., 2015). If this finding
proves general, then it suggests abundant potential for further evolutionary
change if it is broadly true that personality traits are under directional selection
(Stirling et al., 2002). However, there remains a need to investigate the
heritability of personality across more taxa, and in particular more invertebrate
taxa. For instance, while pedigree-based analyses have explored genetic
contributions to behavioural variation in insects (see examples on crickets;

Rudin et al., 2018; Santostefano et al., 2017), little work has been done on other
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groups. Here | address this gap by investigating the quantitative genetics of

risk-taking tendency in a decapod crustacean.

While the study of animal personality emphasises the importance of among-
individual differences and the extent to which they arise from genes (Laine &
van Oers, 2017), we also expect behavioural variation within-individuals as a
consequence of phenotypic plasticity (Dingemanse & Wolf, 1998). Importantly,
plasticity and personality are not exclusive (Dingemanse et al., 2010), so, for
instance, even bold individuals will typically moderate risk-taking to some
degree when there are cues indicating heightened danger (Houslay et al.,
2018). Moreover, we now know plastic responses, as well as average behaviour
(i.e. personality), can differ among-individuals. This means plasticity can itself
be thought of as a trait that is potentially under selection and could evolve if
heritable (Mathot et al., 2011; Nussey et al., 2005; Wolf et al., 2008). Genetic
variation in plasticity is genotype-by-environment interaction (GxE), the
presence of which means that different genotypes have different plastic
responses to environmental changes (Nussey et al., 2007). An alternative, but
equivalent view is that GXE means key evolutionary parameters such as h? will
be sensitive to the environment. Recognising this may help us to understand
the maintenance of among-individual variation (Wilson et al., 2006). For
example, GXE could cause shy-bold personality to have high heritability only in
environments when selection imposed by predators is weak (see; Dingemanse
et al., 2012). Regardless of whether it is thought of as a heritable plasticity or
environmental sensitivity of trait heritability, any GxE interaction present will play
a vital role in shaping adaptive evolution in variable environments (Mulder &
Bijma, 2005; Sartori et al., 2022; Toghiani et al., 2020).

Here, | conduct a quantitative genetic study of personality in the red cherry
shrimp, Neocaridina heteropoda, that builds on my previous study of this
species showing among-individual variation in shy-bold type behaviours
(Rickward et al., 2024). My goals are to characterise the genetic contribution to
personality variation, but also to investigate the interplay of (heritable)
personality and plasticity. Specifically, | focus on behavioural plasticity to the
presence of predator cues that indicate elevated risk in the environment. To do
this, | employ a full-sib/ half-sib breeding design coupled to experimental

manipulation of predator cues in the environment. My specific aims are to;
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firstly, test for plasticity of behaviour under experimental manipulation of
predator cues and so perceived predation risk; secondly, estimate the h? of shy-
bold type variation, and thirdly, to test for genotype by environmental

interactions (GxE).
3.3: Methods
3.3.1: Shrimp husbandry and breeding

This study used individuals from a captive colony of Neocaridina heteropoda
housed in the Penryn Aquatic facility (see Chapter 2 for details on the source of
animals and standard husbandry conditions). Maternal care coupled to direct
development (i.e. absence of a planktonic stage) makes this species amenable
to controlled breeding designs that permit subsequent quantitative genetic
analysis (Correa & Thiel, 2003; Mahmoud et al., 2020; Oh et al., 2003). To
create families in a known pedigree structure, | set up 41 breeding groups of
adult shrimp, each comprising 1 male and 4 females haphazardly sampled from
stock tanks 5.81 (28cm x 19.5cm x 18.5cm). After laying and fertilisation,
females fix their eggs to their swimmerettes and carries them till hatching
(approximately 15 days). | therefore checked groups at least once a week and
any ovigerous females detected were transferred to separate 2.9l tanks (22cm x
8.5cm x 15cm). They were subsequently inspected approximately twice weekly
until eggs hatched, after which the female was removed, and brood data (such
as hatchling date) was recorded. Females were not re-used, but males
remained in breeding groups and so could mate with multiple females. Where
mortalities occurred in breeding groups | replaced, if possible, although

availability of ‘unambigous’ females (see Chapter 2) was somewhat limiting.

Although up to 205 adults were housed in breeding groups at any given time, in
total, 396 adults (M=54, F=342) were used over a period of 8 months. This was
because where possible, mortalities were replaced, as were berried females
removed from the groups in order to collect offspring. However, only 112 (75
female and 37 males individuals actually contributed to the offspring generation.
Thus, here | present analyses based on the behaviour of 1111 individuals from
75 full-sibship families (mean + se total offspring produced per brood: 15+1),

nested within 37 paternal half-sibships. In fact the total offspring generation
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collected for phenotyping comprised 1191 individuals, but 80 were removed

from the present study for a separate purpose.

Each family was raised in its own hatching tank with a recirculating water supply
standardising conditions across families to minimise sources of common
environment effects. Two recirculating water supplies were used, with
approximately half the families on each water supply. Families were checked
regularly to identify and remove any unwanted F2 shrimplets produced by sib-
matings. This species is known to inbreed readily so | removed any F2 found
before they could grow large enough to be mistaken for the F1 offspring. For
analyses described below | treat my pedigree as known without error. This
assumes no errors in paternity and that all stock adults used in breeding are

unrelated.
3.3.2: Behavioural assays

Behavioural data was collected on the offspring generation from September to
November 2023. Phenotyping commenced when shrimp in all families were of
sufficient size for tracking. This means families necessarily differed in age at the
time of behavioural data collection, a source of variation | control for statistically.
Behavioural trials of individual shrimp were run between 0900-1600 hours using
video tracking (Viewer). The assay used was similar to those described in
Chapter 2 but with some modifications as shown in Figure 6. Most notably |
created a ‘refuge zone’ that contained structure (artificial plants) that differed

from the form of refuge provided in the experiments described in Chapter 2.

| tested four shrimps simultaneously using two duplicate ‘set-ups’, each
comprising a single camera mounted over two replicate arenas filled to a depth
of 5cm3. Two experimental treatments were used; a ‘control’ environment with
water used to house shrimp, and a ‘predator’ treatment with water that had
been used to house fish (specifically green swordtails, Xiphophorus helleri).
Each individual experienced only a single trial, and so just one treatment level.
However, families were split across treatment levels (as well as set-ups) and
treatments used in each arena were alternated between ‘blocks’ of data
collection. Each block was a set of 40 shrimp (10 consecutive trials x 2 set-ups
X 2 arenas per set up), with two blocks (i.e. 80 trials) completed per day. Water

was changed between blocks (i.e. after 10 trials in an arena).
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At the end of each trial, length was measured and (putative) sex was recorded
(as described in Chapter 2).
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Figure 6: The tank set up used for ‘control’ and ‘predator’ trials, showing a side
view on the left and an overhead view on the right. The starting set up has the
shrimp to be tested inside the black acclimation tube positioned in the ‘Middle

Zone’.
3.3.3: Statistical analyses

To test for plasticity, genetic variance, and GxE | analysed a single trait, namely
time in the refuge zone (TIR), expected to indicate shy-bold personality (or risk-
proneness). | fitted a series of univariate linear (mixed) models, including
pedigree-based animal models in ASReml-R (R Core Team, 2023). | performed
visual checks of model residuals to check the assumption of Gaussian

residuals, and scaled TIR to standard deviation units before fitting models.

To test for behavioural plasticity to the increased perceived risk (presence of
predator cues in the water) we fitted Model 1 which included: order (1-10
reflecting the order of individuals tested between water changes) as a fixed
covariate and arena (tank 1-4) as a fixed factor. | also included a linear effect of
age at testing (which ranged from 41 to 215 days) to account for this potentially
important source of variation among families. Finally, I included a fixed factor of
treatment (control vs predator water) to test for a plastic response to predator

cues in the water. | predicted TIR would be higher on average in the predator
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treatment and used conditional F-statistics to test this (and all fixed effects).
Model 1 also included a random effect of family to account for non-
independence among full-sibs within tanks. Although family level variance (Vr)
is expected to include the genetic effects under Model 1, it will also capture any
maternal and/or common-environment effects. | tested the significance of Ve by
likelihood ratio test (LRT) of Model 1 to a reduced formulation in which the
random effect was not included. | assumed twice the difference in log-
likelihoods is distributed at a 50:50 mix of x> on 0 and 1 DF (Visscher, 2006).

Next, Model 2 is fitted to test for and estimate the contribution of additive
genetic variance and therefore allows for the estimate of heritability of shy-bold
type variation. This model had identical fixed effects and the random effect of
family but was formulated as an animal model (see Wilson et al., 2010) by
addition of a second random effect of individual genetic merit. This allowed us to
decompose phenotypic variance (VP) not explained by fixed effects into additive
genetic (Va), among-family (Vr) and residual (VR) components. | tested the
significance of Vaby likelihood ratio test (LRT), comparing Model 2 to Model 1
(as described above) to calculate the heritability (h?) conditional on fixed effects
(as h?=Va/Vp where Vp=Va + VF + VR).

Finally, to test for GXE under the character state approach, | formulated
bivariate Model 3 in which TIR was treated as two treatment-specific traits or
‘character states’ (TIRcontrol, TIRpredator). Fixed effects were as described above
and a random effect of family included on each trait. The additive genetic
contribution was modelled as 2x2 genetic covariance matrix containing
treatment-specific estimates of the additive genetic variance (VA control, VA predator),
and the cross-treatment genetic covariance (COVa), which was scaled to the
corresponding genetic correlation rc. Note that in the presence of GXE genetic
effects are environment (i.e. treatment) dependent, meaning that genetic
variances will differ between treatments and/or the cross-treatment genetic
correlation will be less than +1. To test for statistically significant deviations from
the null model of no GxE, | compared Model 3 to a reduced formulation in which
| impose an absence of GXE (i.e. constraining the model such that that Va contral,

= Va predator and re=+1) using a likelihood ratio test (LRT).
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3.4: Results

Visual inspection of the raw data showed TIR observation varied across the full
possible range of 0-300s. Family mean TIR ranged from 84.33-286.56s, while
the ranking of families by mean TIR was broadly conserved across treatments.
This is seen in Figure 7 with the trend across families ordered by mean TIR in
the control treatment also being visually apparent with the same ordering

applied to the predator treatment data.

Across all individual trials, mean TIR was slightly higher in the predator
treatment as predicted, but the effect size is very small (Figure 7). Moreover,
under Model 1 I find limited statistical support for the hypothesis that time in the
refuge increases in the presence of water-born predator cues (Table 1). After
controlling for other effects in the model, average time in the refuge was slightly
higher in the predator treatment, although the difference between treatments
was marginally non-significant under the two-tailed test applied (effect of
predator presence on TIR, +0.103 £0.053 SDU, P=0.050). In this model the
among-family variance associated with the random effect was also significant
(Vr=0.222 + 0.048, x%0,1= 172.665, P<0.001).

Under Model 2 (the animal model), the heritability (h?) of TIR was estimated as
0.302 + 0.195. Under this model the proportion of variance explained by among-
family effects was much estimated as 0.069 as compares to the corresponding
estimate of 0.222 under Model 1 (see Table 4). This strongly suggests the great
majority of among-family variance detected in the simpler model can be
attributed to genetic factors rather than maternal or common environment
factors. Strictly however, the LRT comparisons of Models 1 and 2 is marginally
non-significant (x%0,1 =2.386, P=0.061). Thus, while additive genetic variance
explains approximately 30% of the phenotypic variance, | acknowledge that
formal statistical support is therefore slightly equivocal. | do find significant
among-family variation in behaviour (Model 1) that appears to come primarily
from additive genetic effects (Model 2) but | am unable to completely exclude
the possibility that among-family differences stem from non-genetic sources

(e.g., maternal effects, common environment effects).
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Model 3 provided no significant improvement on Model 2 (x22=0.358, P=0.836).
Moreover, the cross-context genetic correlation between the normal and
predator treatment was estimated at almost exactly +1 (rc=1.0520 + 0.127), and
the two genetic variance estimates were also similar to each other (Va.control =
0.32, Vapredator =0.35). Thus, I find no support at all for genotype by
environmental interactions (GXE), meaning there is no evidence for genetic

variance in plasticity.
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Figure 7: Mean TIR by family under control and predator treatments. In both
plots families are ordered by increasing mean TIR in the control treatment with
error bars denoting 95% confidence interval. Dashed horizontal lines denote the

mean TIR among-individuals within each treatment.
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Table 4: Estimated fixed and random effects from Model 1 and Model 2 of Time in Refuge (TIR). The significance of fixed
effects is tested using conditional F-tests and influence on random effect by likelihood ratio test (LRT). Note that coefficients

are in standard deviation units not seconds.

Model [Fixed Random
Effects Effects
Effect Level Coefficient F DF P Vr (SE) X20,1 P Va (SE) X%1 P
(SE)
1 Treatment  Normal 0.000 (-) 3.839 1, 0.050 |0.222 172.665 <0.001
1035.50 (0.048)
Predator 0.103
(0.053)
Order 0.028 6.607 1, 0.010
(0.0112) 1072.80
Tank 1 0.000 (-) 2.829 3, 0.036
1037.40
2 -0.074
(0.074)
3 -0.090
(0.074)
4 0.105
(0.074)
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Age (days)

0.004 4.989
(0.002)

1,86.8 0.028

2 Treatment

Order

Tank

Age (days)

Normal 0.000 (-) 3.857

Predator 0.104
(0.053)
0.028 6.752
(0.011)
1 0.000 () 2.832
2 -0.073
(0.074)
3 -0.089
(0.074)
4 0.105
(0.074)
0.004 5.536
(0.002)

1, 1036.5 0.050

1,986.3 0.010

3, 1038.3 0.037

1,821 0.021

0.069
(0.084)

0.584

0.222 0.294
(0.197)

2.386 0.061
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3.5: Discussion

| found some support for my first prediction that behaviour would be plastic to
perceived predation risk in the red cherry shrimp. As predicted, average time in
the refuge zone increases in the presence of water-born predator (fish) cues.
Although the effect size was marginally non-significant. If the qualitative pattern
is broadly robust, this would be consistent with the general finding that animals
plastically reduce risk-taking behaviour in response to increased predation risk
(see examples; Johnson & Sih, 2007; Kim, 2016; Sih et al., 2003). Studies of
predator-induced plasticity remain limited in crustaceans but changes in
behaviours thought to influence avoidance or escape have been reported
(Gherardi et al., 2012). These include effects on catatonic postures in crabs
(Hazlett & Mclay, 2005), locomotory tail flips in crayfish (Bouwma & Hazlett,

2001) and the duration of startle responses in hermit crabs (Briffa, et al., 2008).

Little is known about the ecology of wild Neocaridina species, but fish are
known to be major predators of most shrimp populations (see reviews; Minello
& Zimmerman, 1991; Salini et al., 1990). Consequently, increasing use of
refuge areas in response to fish cues is likely an adaptive form of plasticity
(Lima & Dill, 1990). If so, it is perhaps surprising that the average effect size of
predator cues is so small. This may reflect the current choice of the specific trait
or it may prove a general feature of shy-bold behaviours in system. In the latter
case, low levels of plasticity could mean that the costs of plasticity (e.qg.
maintaining sensory capabilities, processing environmental cues) are high
relative to expected benefits (e.g. reduced predation risk; Dall et al., 2004;
Hazlett, 1995). Although, | have only analysed a single behaviour so far, the
tracking data from this experiment will allow a more a multivariate approach (as
used in Chapter 2) and characterising plastic responses across a wider set of
traits putatively linked to boldness is an obvious next step.

In this experiment | did not obtain repeat observations on individuals so cannot
directly assess individual consistency of the form (as demonstrated in Chapter
2). However, it is notable that, we do see variation among-families and also
consistency of family mean behaviour across treatments. If family differences

are genetic, this suggests that (i) there is underlying genetic basis of
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behavioural variation, and (ii) genetic effects are broadly similar in the control
and predator treatments (i.e. any GXE present is of a limited effect size).
However, ‘common environment’ effects (Kruuk & Hadfield, 2007) could
increase phenotypic similarity between-full siblings and upwardly bias estimated
genetic variance (see examples of brood effects in birds; MacColl & Hatchwell,
2003; Merila & Sheldon, 2000). Here, | sought to control for common
environment effects both experimentally (e.g. the use of recirculating systems to
standardise water chemistry) and statistically (e.g. inclusion of age as a
covariate in all models). Moreover, under the animal model (Model 2), the vast
majority of among-family variance (as estimated under Model 1) was estimated
as additive genetic. Nonetheless, additive genetic variance was estimated with
quite high uncertainty, and | acknowledge that heritability was marginally non-
significant. | suspect this reflects power limitations arising from the pedigree
structure. Ideally, my breeding effort would have resulted in more paternal half-
sibship structure (i.e. more females mated to each male) to improve this.
Reiterating the above caveat about statistical significance, my model yielded an
estimate of heritability of 0.3 for TIR. This is moderately high for a behavioural
trait, but within the range of estimates reported in other animal studies (see
examples; Brommer & Kluen, 2012; Dingemanse et al., 2002; Kralj-Fiser&
Schneider, 2012; Prentice et al., 2023). Since heritability indicates the relative
contribution of genes to behavioural variation (Dochtermann et al., 2019), the
obtained estimate supports the view that boldness, as measured here by time
spent in the refuge, could evolve under selection. Nothing is yet known about
natural selection on personality in cherry shrimp populations, though boldness
variation can have important fithess consequences in some systems (Rudin et
al., 2019).

For labile behaviours, natural selection could potentially act on individual
plasticity as well as average (across environment) trait value. This possibility
arises if plasticity varies among-individuals (Laine & van Oers, 2017). Although
we cannot directly test this here due to the absence of repeated observations
on individuals, | was able to test for GXE (i.e. genetic variance in plasticity)
using a character state approach. | found no support for differences in genetic
variance in TIR between treatments and my estimate of the cross-treatment

genetic correlation is (effectively) +1. From this | can conclude that there is no
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support for GXE on TIR across the two treatment environments tested. From an
evolutionary perspective, this means genetic effects on the trait are independent
of environmental context, or (equivalently) that plasticity of TIR to predator cues
is not genetically variable and so would not be expected to evolve if selection
does not act on plasticity. Tests of GXE for traits specifically associated with
shy-bold personality variation remain rare (but see e.g. Prentice et al., 2023).
However, more broadly, there is compelling evidence of GXE on labile animal
behaviours across a range of environmental factors (e.g. see work done on
male crickets; Callander et., 2013, Kasumovic et al., 2012; Rapkin et al., 2017).
It would therefore be interesting to determine whether the current results hold
true across a wider set of behavioural traits and/or a wider set of external
environments (e.g. visual cues of predator) and internal states (e.g. hunger
level) that may influence the costs and benefits of engaging in risk-taking

behaviours.

3.6: Conclusion

In conclusion, | find some support for behavioural plasticity to the presence of
water-born predator cues although the average effect size is small and
marginally non-significant. Since | analyse only a single behaviour, | cannot yet
conclude whether (putatively adaptive) plasticity to predator cues is an
important driver of within-individual variation in shy-bold type behaviour for this
species. | do find evidence for heritable genetic variation in TIR, but not for GXE.
This implies that the trait could evolve under directional selection but that the
scope for further adaptive evolution of behavioural plasticity may be limited.
Currently, little is known about wild cherry shrimp and, as a consequence, how
predation regimes select on behaviour in the field. Addressing this gap would
provide valuable ecological context for these findings. In the meantime, the
results provide insights into the genetics of personality variation in an emerging

model for behaviour of decapod crustaceans.
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Chapter 4: General Discussion

Characterising the amount and structure of behavioural variation in decapod
crustaceans is an important step for investigating their behavioural and
evolutionary ecology. Since among-individual differences act as the raw material
for adaptive evolution, investigating behavioural variation will enrich our
fundamental understanding of this invertebrate group, but also has potential to
inform several areas of more applied science. For example, improved
understanding of behavioural variation is useful for species management,
conservation efforts and, for improving efficiency in aquaculture production. The
red cherry shrimp is emerging as a valuable laboratory model for decapod
biology, and my research has set the foundations for personality research in this
species. In what follows, | briefly summarise the main findings of my thesis,
providing some additional ecological and evolutionary context, and also suggest

some future research avenues that | think would be valuable next steps.
4.1: Identifying among-individual variation in shy-bold type behaviours

In Chapter 2, my analyses of among-individual behavioural variation provided a
key outcome of this thesis. Here, | showed statistically significant repeatabilities
with moderate to high effect sizes for behaviours expected to a priori reflect shy-
bold variation. This finding, together with, structure of individual-level
(co)variation and correlation among traits, is consistent with the ideas of a
single major personality axis underlying individual differences in the set of traits
observed. Consideration of multiple behaviours and the (co)variance structure
among them therefore gives a greater holistic portrayal of personality
differences than would be obtained by using just one trait. In this chapter, |
show the danger of the latter approach because the structure of personality
uncovered did not fully match our predictions of how each indicator trait would
be linked to boldness. This could be attributable to naive assumptions of what
exactly comprises risk-proneness in cherry shrimp. | also highlight the lack of
among-individual variation for food latency. This means for example, if this trait
alone had been used to investigate boldness, | would have erroneously
concluded a lack of among-individual variation in this species. Decapod
crustaceans perform feed-grabbing behaviours through pleopod beating to
generate water currents (Bardera et al., 2019), so not visiting the food zone may

not fully equate with not feeding. If so, then within-individual (across trial)
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changes in the extent of reliance on foraging movements versus feed-grabbing
may have led to low among-individual variation in visits to the food zone, even if
some shrimp consistently fed more than others. It was not possible to measure
feed-grabbing through pleopod beating using video tracking, but this can

potentially be scored from video in future studies.

| find no evidence for sex effects contributing to this personality variation and
only limited support for size-behavioural relationships. This was perhaps
surprising since many studies have argued state-dependent selection is argued
to seemingly drive behavioural traits shared between sexes (Han et al., 2015).
However, it is also the case that the direction of predictions is quite variable. For
instance, in some species, smaller individuals are predicted to be bolder and
more explorative because high metabolic rates increases proportional energy
demands relative to larger individuals (Cooper & Frederick, 2007; Krause et al.,
1998; Peters, 1986). Conversely, in cases, bigger individuals tend to be bolder,
perhaps because predation risk decreases with size (Brown et al., 2007).
Specifically, in caridean sexual system diversity, body size may particularly
affect male mating and be linked to among-individual variation in ‘pure
searching’ behaviour as evident for Heptacarpus pictus and Palaemonetes
pugio (Bauer & Abdalla, 2001; Correa & Thiel, 2003). For instance, where size-
dependent behaviour driven by mating competition does occur (Blenderman,
2020; Wolf & Weissing, 2010), larger decapod males are more likely to defend
females and/or refuges whilst smaller ones ‘search’ for mates (see reviews;
Correa & Thiel, 2003; Wickler & Seibt, 1981) and may therefore be perceived as

more exploratory and bold.

In Chapter 2, | have thus provided a baseline description of among-individual
behavioural variation in red cherry shrimp. There is now a need to investigate
the functional role of personality in relation to predation risk, competition, mating
tactics and individual life histories. This research is needed to understand what
the consequences of personality differences are for evolutionary fitness, and so

whether variation might be explained by trade-offs or other adaptive processes.
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4.2: |dentifying the genetic contribution to shy-bold type behaviours

If phenotypic selection is acting on personality traits in natural populations, then
it may or may not be effective at causing any changes in behavioural response.
This will depend on the role of genes in causing and maintaining personality
(Jensen et al., 2008; Laine & van Oers, 2017). However, there is very little
knowledge of the extent to which personality variation is genetically determined
in decapods. In Chapter 3, | addressed this for the trait of ‘time in the refuge’,
using this as an indicator of shy-bold personality. | also investigated plasticity in
this trait, testing the prediction that shrimp would increase their average time in
the refuge in the presence of predator cues. Whilst noting the effect size is
small, | find some support for behavioural plasticity to predator exposure in the
direction predicted. | also find some support for heritable genetic variation in
time spent in the refuge, but no evidence for genotype-by-environment
interactions (GxE). The evolution of behavioural plasticity may sometimes be
constrained by costs (e.g. of maintaining sensory capabilities) that offset its
advantages. In decapods, it has been argued that limited plasticity of
behaviours that are risky but facilitate resource acquisition may also reflect
genetic constraints (Gherardi et al., 2012). My analysis supports this because
the absence of GxE indicates that plasticity is not heritable and so would not

evolve further even if a stronger plastic response was selected for.

A limitation of Chapter 3 is that | have, thus far, only analysed a single
behaviour putatively indicative of shy-bold variation. Fully investigating the
interactions between genetic and plastic effects on behaviour will likely benefit
from the more multivariate approach as employed in Chapter 2. Additional traits
can be extracted from tracking records of individuals tested in Chapter 3. This
will allow, for example, testing of whether perceived risk (i.e. presence of
predator cues) impacts estimated genetic correlations among traits. Future work
expanding the set of traits to include (e.g. aspects of physiology (Houslay et al.,
2022)) would be useful, as would measuring traits at different ages or life
stages. Together, this would facilitate a better understanding of how behavioural
differences develop and provide insights into how physiological processes might
stabilise personality (Stamps & Groothuis, 2010). To date few studies have
investigated how among-individual and/or genetic correlations among

behavioural traits change across ontogeny and little is known, for example,
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about whether early life experience can impact later life correlation structure
(Bell, 2007; Frost et al., 2007; Groothuis & Carere, 2005).

4.3: Concluding Remarks

Despites its popularity in the aquatic trade and increasing use a biological
model, currently, very little is known about the red cherry shrimp, Neocaridina
heteropoda. The research presented here provides important behavioural data
that | hope will further develop our appreciation of personality in decapod
crustaceans and stimulates more research into the mechanisms that explain it. |
have also set out several future research avenues that could build upon current
findings to further explore the function, causation, and evolution of personality in
this group of animals. My work demonstrates the presence of among-individual
behavioural variation but also of among-family differences, in accordance with a
contribution of genetic factors to behavioural profiles that are consistent across
time and context. This holds promise for aquaculture where artificial selection
on genetically-based behavioural profiles could improve welfare and productivity
(e.g. if behaviours are genetically integrated with life-history traits such as
growth). The cherry shrimp is also now being used as an ecotoxicology model,
and work on sensitivity to pharmaceutical pollutants (including non-lethal effects
on behaviour) has begun in our captive population. Thus, | hope that the data
from this thesis will provide a useful baseline against which to assess
environmental-sensitivity and impacts of environmental pollutants. However,
perhaps the main contribution of this work will be in evolutionary and
behavioural ecology. | have tried to highlight the value of cherry shrimp as a
behavioural genetic model and provided a foundation for personality research in
this species. More work is now needed to understand the functional significance
of this behavioural variation and to determine if, and how, correlations with

fitness related traits may promote or constrain evolutionary adaptation.
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Appendix tables and figures

Table S1: Summary statistics for the OFT and FST untransformed behavioural

traits observed in Chapter 2.

Assay
OFT
OFT
OFT
FST
FST
FST
FST
FST

Trait
Track Length
Area
Wall Distance
Freezings
Track Length
Time in Open
Food Latency
Freezings
size (mm)

mass (9)

sd median  min
365.15 703.90 58.5
16.29 39.90 0.7
1.26 2.40 0.8
6.34 10.00 0
13556 104.80 0
75.09 53.45 0
103.67 33.10 0
3.75 2.00 0
2.28 16.00 9.00
0.03 0.07 0.01

max

1752.2

71.2
9.1
31.0
667.3
240.0
240.0
19.0
21.54
0.14

Table S2: Fixed effects from univariate models presented in Chapter 2.

Estimated effects of experimental tank set up, order, replicate, and time of day

on OFT and FST behavioural traits. Tank set up was fitted as a two-level factor
(Tank A, Tank B) with Tank A being treated as the reference level. Order (1-6)

reflects the order shrimp were tested between water changes. Replicate reflects

the trial repeat number for the individual (from 1-3). Time of day is recorded as

minutes after midnight. Estimates are derived from univariate models with

significance tested using conditional F tests.

Assay

Trait

Track
Length

OFT

Area

Covered

Effect Level

SetUp Tank A

Tank B
Order
Replicate

Time of Day

SetUp Tank A

Coefficient
(SE)

1.884 (1.186)

1.836 (0.122)
0.012 (0.038)
-0.100 (0.067)
-0.003 (0.002)

-2.237 (1.231)

0.154

0.102
2197
2.044

14.800

DF

1,94.5

1,92.6
1,86.5
1,110.8

1,96

0.695

0.750
0.142
0.156

0.000
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Wall

Distance

(Freezings)

Time in
FST
Open

-(Food
Latency)

Track
Length

Tank B
Order
Replicate
Time of Day

SetUp Tank A

Tank B
Order
Replicate

Time of Day

SetUp Tank A

Tank B
Order
Replicate
Time of Day
Set
Tank A
Up
Tank B
Order
Replicate
Time of Day
Set
Tank A
Up
Tank B
Order
Replicate
Time of Day
Set
Tank A
Up
Tank B

Time in Arena

-1.743 (0.128)
-0.016 (0.039)
0.210 (0.071)
0.002 (0.002)

-0.975 (1.439)

-1.454 (0.161)
0.022 (0.050)
-0.233 (0.094)
0.002 (0.002)

2.375 (1.367)

2.700 (0.145)
0.034 (0.045)
-0.072 (0.081)
-0.004 (0.002)

-0.267 (1.782)
-0.227 (0.167)

-0.052 (0.053)

0.025 (0.086)
0.001 (0.003)

-0.143 (1.787)

-0.393 (0.178)

0.071 (0.057)
-0.060 (0.103)
0.000 (0.003)

-3.34 (1.360)

-3.204 (0.131)
0.159 (0.016)

0.155
8.728
1.658

8.881

0.209
6.064
1.149

4.979

0.574
0.776
3.170

0.058

0.943

0.088
0.041

1.974

1.518
0.342
0.008

1.070

1,93.8
1,85.7
1,114.3

1,117.0

1,1141
1,89.2
1,127.9

1, 101.7

1,99.1
1,87.6
1,120.8

1,1229

1,120.8

1,89.8
1,132.6

1, 133

1,133
1, 133
1, 133

1,130

0.695
0.004
0.200

0.004

0.648
0.016
0.286

0.028

0.451
0.381
0.078

0.810

0.333

0.767

0.841

0.162

0.220

0.560
0.930

0.303

99.480 1,129.4 <0.001
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Order
Replicate
Time of Day
- Set
(Freezings) Up Tank A
Tank B

Time in Arena
Order

Replicate

Time of Day

-0.02 (0.042)
0.067 (0.07)
0.003 (0.002)

-0.078 (1.157)
-0.308 (0.110)
-0.181 (0.014)
0.046 (0.036)
0.178 (0.058)

0.002 (0.002)

0.216
0.903
2.224

4.372

178
1.634
9.502

0.722

1,129.8
1,91.2
1,129.3

1, 126.7

1,131.9
1,126.3
1,90.2

1, 131.7

0.643
0.344
0.138

0.039

<0.001
0.204
0.003
0.397
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Table S3: Variance-covariance ID matrix estimated from the multivariate model presented in the main text of Chapter 2.

Variances and covariances with associated standard errors are presented on the diagonal and lower off diagonal respectively.

. FST FST -
_ OFT Track OFT Area OFT Wall OFT - FST Time FST -(Food _
Trait _ ) ) Track (Freezing
Length Covered Distance (Freezings) in Open Latency)
Length S)
0.611
OFT Track Length - - - - - - -
(0.154)
0.470 0.488
OFT Area Covered - - - - - -
(0.13) (0.137)
-0.134 0.017 0.155
OFT Wall Distance - - - - -
(0.087) (0.081) (0.099)
_ 0.373 0.284 -0.120 0.423
OFT -(Freezings) - - - -
(0.117) (0.103) (0.081) (0.133)
o -0.239 -0.237 0.017 -0.149 0.371
FST Time in Open - - -
(0.105) (0.099) (0.079) (0.095) (0.13)
FST -(Food -0.134 -0.073 0.052 -0.090 0.081 0.069
Latency) (0.084) (0.077) (0.065) (0.077) (0.080) (0.099)
0.129 0.047 -0.104 0.123 -0.046 0.000 0.140
FST Track Length -
(0.073) (0.066) (0.057) (0.067) (0.070) (0.058) (0.066)
_ 0.130 0.148 -0.004 0.120 -0.036 0.029 0.088 0.128
FST -(Freezings)
(0.065) (0.061) (0.049) (0.059) (0.061) (0.050) (0.042) (0.051)
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Table S4: Fixed effects from expanded univariate models including sex and size

(mass) presented in Chapter 2. Estimated effects of experimental tank set up,

order, replicate, time of day, sex, and size on OFT and FST behavioural traits.

Tank set up was fitted as a two level factor (Tank A, Tank B) and sex as a 3

level factor (female, male, unknown). Tank A, unknown, and unknown:mass are

treated as the reference level. Order (1-6) reflects the order shrimp were tested

between water changes. Replicate reflects the trial repeat number for the

individual (from 1-3). Time of day is recorded as minutes after midnight.

Estimates are derived from univariate models with significance tested using

conditional F tests.

Assay Trait Effect Level
Track
OFT Length sex Unknown
Female
Male
Mass
Order
Replicate
Time of Day
Set Up Tank A
Tank B
Sex:Mass  Unknown
Female
Male
Area
Covered sex Unknown
Female
Male
Mass
Order
Replicate
Time of Day
Set Up Tank A
Tank B

Coefficient (SE)

1.114 (1.244)
1.528 (0.862)
1.246 (0.774)
12.387 (6.131)
0.004 (0.039)
-0.0854 (0.704)
-0.003 (0.002)
1.114 (1.244)
1.082 (0.126)
1.114 (1.244)
-1.883 (10.140)
1.906(11.608)

-3.086 (1.273)
-1.913 (0.876)
-1.870 (0.788)

18.397 (6.232)
-0.017 (0.040)
0.221(0.072)

0.002 (0.002)

-3.086 (1.273)
-2.581 (0.129)

F.,con

0.271

7.049
0.009
1.470
2.453
0.068

0.058

0.0717

4.608
0.179
9.329
1.047
15.32

DF

2,44.7

1,111.6
1,935
1,82.4

1,112.3
1,93.2

2,115.8

2,45.8

1,1104
1,94.9
1, 83.6
1, 113.5
1,94.8

0.764

0.009
0.924
0.229
0.120
0.7944

0.944

0.931

0.034
0.673
0.003
0.308
0.000
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Sex:Mass

Wall

Distance sex

Mass
Order

Replicate

Time of Day

Set Up

Sex:Mass

(Freezings) sex

Mass
Order

Replicate

Time of Day

Set Up

Sex:Mass

Time in

FST Open sex

Mass

Unknown
Female

Male

Unknown
Female

Male

Tank A
Tank B
Unknown
Female

Male

Unknown
Female

Male

Tank A
Tank B
Unknown
Female
Male

Unknown
Female
Male

-3.086 (1.273)  2.073
-20.171 (19.308)
-22.517 (11.844)

-0.912 (1.512)  0.251
-0.326 (0.885)

-0.907 (0.853)

1.983 (6.303) 0.045
0.0287 (0.051)  0.318
-0.220 (0.096)  5.284
0.002 (0.002) 0.906
-0.911 (1.512)  9.116
-1.404 (0.163)

-0.911 (1.512)  0.437

-10.417 (10.489)
-1.422 (13.017)

1.586 (1.424) 0.192
2.735 (0.939)
2.852 (0.861)
12.195 (6.697)  0.764
0.035 (0.046) 0.574
-0.074 (0.0829)  0.803
-0.004 (0.002)  3.112
1.586 (1.423) 5.044
1.915 (0.147)
1.586 (1.424) 1.612

-12.163 (11.088)
-33.117 (11.088)

-0.161 (1.878)  2.076
-0.718 (0.913)
1.306 (0.996)
-0.608 (5.973)  0.081

2,115

2,448

1,74.9
1,1104
1, 88.3
1, 123
1, 1125

2,843

2,46.5

1,101.1
1,99.4
1, 85.7
1, 1179
1,99.6

2,108.1

2,49.1

1, 90.6

0.130

0.779

0.834
0.574
0.024
0.343
0.003

0.648

0.826

0.384
0.451
0.373
0.080
0.027

0.204

0.136

0.776
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Order

Replicate
Time of Day
Set Up Tank A
Tank B
Sex:Mass Unknown
Female
Male
-(Food
Latency) sex Unknown
Female
Male
Mass
Order
Replicate
Time of Day
Set Up Tank A
Tank B
Sex:Mass  Unknown
Female
Male
Track
Length sex Unknown
Female
Male
Mass

Time in Arena

Order
Replicate
Time of Day
Set Up Tank A
Tank B
Sex:Mass  Unknown
Female

-0.054 (0.054)  0.980
0.051 (0.085) 0.362
0.000 (0.003) 0.000
-0.161 (1.878)  0.046
-0.125 (0.167)

-0.161 (1.878)  1.528

11.61 (10.402)
-15.556 (15.261)

-0.827 (1.9136)  1.225
-2.088 (0.775)

0.343 (0.937)

-0.939 (5.300)  0.025
0.0341 (0.059)  0.329
-0.050 (0.104)  0.228
-3.086 (1.273)  0.395
-0.827 (1.914)  3.805
-1.186 (0.184)

-0.827 (1.914)  2.586

9.870 (8.915)
-24.151 (14.518)

-4.143 (1.477)  0.157
-3.449 (0.666)

-2.915 (0.756)

5.910 (4.441) 0.267
0.157 (0.017)  89.060
-0.022 (0.044)  0.2473
0.081 (0.072) 1.267
0.004 (0.002) 2.721
-4.143 (1.477)  0.951

-4.010 (0.136)
-4.143 (1.477)
-11.978 (7.673)

1.465

1,114.5
1,87.9

1,126.3

1,1149

2,95.6

2,127

1, 127
1, 127
1, 127
1, 127
1, 127

2,127

2,49.3

1,755
1,125.1
1,122.5

1,89.4
1,124.6
1,120.9

2,855

0.324
0.549
0.994
0.830

0.222

0.297

0.875
0.567
0.634
0.531
0.053

0.079

0.855

0.607
0.000
0.620
0.263
0.102
0.332

0.237
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(Freezings)

Male
sex Unknown
Female
Male
Mass
Time in Arena
Order
Replicate
Time of Day
Set Up Tank A
Tank B

Sex:Mass Unknown
Female
Male

22.498 (11.652)

0.199 (1.251)
0.187 (0.573)
0.028 (0.645)
1.587 (3.804)
-0.187 (0.014)
0.056 (0.037)
0.176 (0.060)
0.001 (0.002)
0.199 (1.251)
-0.001 (0.114)
0.199 (1.251)
2.421 (6.591)
6.201 (9.926)

0.818

0.937
175.700
2.249
8.657
0.162
3.054

0.203

2,48.8

1,77.4
1,125.7
1,121.1

1, 88.4
1,1254
1,1194

2,87

0.447

0.336
0.000
0.136
0.004
0.688
0.083

0.817
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Table S5: Variance-covariance IDsex:mass matrix estimated from the multivariate model with sex:mass included presented in
the main text of Chapter 2. Variances and covariances with associated standard errors are presented on the diagonal and

lower off diagonal respectively.

FST
OFT OFT OFT - _ FST - FST
' OFT Wall . Time FST -
Trait Track Area _ (Freezing . (Food Track _
Distance in (Freezings)
Length Covered ) Latency) Length
Open
0.444
OFT Track Length - - - - - - -
(0.133)
0.355 0.425
OFT Area Covered - - - - - -
(0.116) (0.131)
-0.171  -0.012 0.188
OFT Wall Distance - - - - -
(0.088) (0.086) (0.111)
. 0.321 0.251 -0.168 0.419
OFT -(Freezings) - - - -
(0.111) (0.103) (0.090) (0.141)
o -0.340 -0.307 0.071 -0.199 0.377
FST Time in Open - - -
(0.107) (0.103) (0.086) (0.101) (0.134)
FST -(Food -0.097 -0.042 0.070 -0.108 0.095 0.087
Latency) (0.085) (0.081) (0.076) (0.086) (0.085) (0.106)
0.154 0.058 -0.121 0.128 -0.096 0.001 0.170
FST Track Length -
(0.077) (0.073) (0.067) (0.076) (0.078) (0.065) (0.078)
_ 0.102 0.132 -0.008 0.120 -0.062 0.038 0.095 0.130
FST -(Freezings)
(0.064) (0.063) (0.054) (0.064) (0.065) (0.054) (0.047) (0.055)
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Average Family Refuge Duration by Treatment

300 -
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Average Time in Refuge (TIR), s

100 -
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Figure S8: Mean time in the refuge by family across the control and predator

treatments described in Chapter 3 presented in reaction norm format.

Refuge Duration by Family

300 .

[
(=
S

Mean Normal Refuge Duration

e

S
8
4

100 200 300
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Figure S9: Mean time in refuge by family across the control and predator
treatments described in Chapter 3 presented as a scatter plot (with error bars
denoting 95% confidence intervals) to illustrate the positive family level

correlation.
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