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Abstract

A fundamental challenge in biology is to understand how animals can respond to the
unprecedented environmental changes caused by human activities. In aquatic systems,
pollution and disturbance from anthropogenic activities often impacts upon the
sensory environment, and affects a number of important fitness-related behaviours.
This PhD focuses on how a degraded environment impacts the behavioural responses
of fish. The first section (chapters 2, 3 and 4) examines whether a degraded visual
environment immediately affects the aggregation behaviour of fish as prey, and
explores the implications for fish as predators. The second section (chapters 5 and 6)
considers the way that previous experiences of a degraded or variable environment
shape behavioural responses. Together, the results highlight the importance of
considering the relationship between environmental conditions and behaviour over
different time spans and during different developmental stages in order to understand

how fish may respond to anthropogenic environmental change.

The first section offers new evidence on the ways that groups of fish respond to
predators in turbid water, and how predators target individuals within those groups. In
chapter 2, | investigate how shoals of guppies respond to a simulated aerial predator
attack in increasing levels of turbidity. | find that, in turbid water, guppies form looser
shoals, and alter their behaviour in response to a simulated attack by showing weaker
escape manoeuvres and increasing freezing behaviour as opposed to darting escape
manoeuvres. In chapter 3, | explore the ‘selfish herd movement’ rules that guppies
use to form shoals in response to a predator attack in clear and turbid water. | find that
guppies use more complex rules (moving towards a location determined by the
position of multiple individuals) in clear water, resulting in large compact shoals. By
comparison, guppies are unable to use these rules when forming groups in turbid
water, resulting in smaller, more fragmented shoals. In chapter 4, | consider the effect
of turbidity from the perspective of both predator and prey, in the context of the
oddity effect. Firstly, | assess the effect of turbidity on how stickleback predators
target Daphnia prey individuals of different sizes from within mixed groups. Secondly, |

explore how turbidity influences the social choices made by sticklebacks. From the



perspective of the predator, sticklebacks selected large bodied Daphnia from mixed
groups more than expected by chance in clear water, but not in turbid water. From the
perspective of the prey, large individuals lost their preference for size-matched
shoalmates in turbid water, whereas small individuals showed no social preference in
either clear or turbid water. The oddity effect appears weakened in turbid water,
relaxing predation pressure on large odd individuals at the expense of small
individuals. Together, these three chapters consider the immediate, flexible responses

of both predator and prey to short-term changes in turbidity.

The second section of the thesis explores the longer-term impacts of a degraded or
variable environment on the behavioural responses of fish. In chapter 5, | investigate
how adult guppies respond to different food cues (visual, olfactory, or a combination
of both) with increasing levels of experience of a visually poor environment. Previous
work rearing guppies under similar conditions found that individuals make a sensory
switch from vision to olfaction. | find that, although guppies with more experience of a
dark environment increase their foraging success in visually poor environments, they
do not make a sensory switch from vision to olfaction as seen in juvenile fish. Finally, in
chapter 6, | step away from the visual environment and look at how recent experience
of a variable habitat combined with low or high food levels affects boldness and
exploratory behaviour in guppies. While some behaviours are modified with
experience of low food, for example, the time to attack a food item, | find that
exploratory behaviour was not influenced by either energy state or experience of a
variable environment, remaining remarkably stable over time. These final two chapters
highlight the importance of investigating behavioural responses to the environment

over different time spans and during different developmental stages.
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Chapter 1: General Introduction

Dealing with environmental change

Humans are having a drastic, often negative impact on the natural world. Changes to
the environment caused by human activities can happen rapidly, well within the life
span of an individual (Goudie 2013). Environmental stressors such as habitat loss or
fragmentation, pollutants, climate change and the spread of exotic species place
animals in novel situations more rapidly than they have experienced in their
evolutionary past (Palumbi 2001; Sih et al. 2011; Sih 2013). The ability to respond
flexibly to this kind of change is vital for the survival of an individual in the short-term
and a species in the long-term (Sih et al. 2011). Behaviour is often the first mechanism
employed for dealing with rapid change, as it can be altered almost instantaneously.
To prevent their songs being masked by noise pollution, for example, urban birds sing
more loudly (Nemeth and Brumm 2010) and alter the frequency of their song (great
tits Parus major: Slabbekoorn and Peet 2003, song sparrow Melospiza melodia: Wood
and Yezerinac 2006, European robins Erithacus rubecula: MclLaughlin and Kunc 2012),
while grey squirrels Sciurus carolinensis respond more to the visual component of a
visual-auditory alarm signal from conspecifics (Partan et al. 2010). Behavioural
plasticity, however, may be limited in circumstances where change becomes more
permanent or dispersal away from a potential threat is limited (Schwartz et al. 2006;
Thomas 2011). In these circumstances, other mechanisms may help an individual
adapt to their environment, such as developmental plasticity, whereby an organism
changes physiology or behaviour in response to the environment experienced during
development (Tollrian 1990; Pigliucci 2001; Chapman et al. 2010b; Bell et al. 2011;
Jonsson and Jonsson 2014). Adaptations such as this often depend on a critical
developmental window (Dufty et al. 2002; West-Eberhard 2003), therefore the stage

of life at which an animal is exposed may influence how an animal will respond.

Environmental change often impacts upon an organism’s sensory environment.
Disrupting senses can change the way animals communicate, find mates, forage and
detect and respond to predators. For example, chemical pollution disrupts shoaling

behaviour in fish (Ward et al. 2008), light pollution disrupts foraging behaviour of
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moths (Macgregor et al. 2014) and noise pollution affects communication in terrestrial
(Slabbekoorn and Peet 2003) and aquatic (Popper and Hastings 2009; Slabbekoorn et
al. 2010) systems. Sensory channels can also interact in interesting ways, for example
cuttlefish respond to increased noise by changing their colour more frequently (Kunc
et al. 2014), suggesting that changes to an individual’s sensory environment may have
multiple effects on behaviour. In this thesis | concentrate on the visual environment, as
this is often heavily impacted in aquatic environments (Richter et al. 1997; Smith et al.
2006) and may therefore have significant effects on the behaviour or aquatic

organisms.

Visual environment and increasing turbidity

The visual environment varies temporally and spatially in aquatic systems due to water
depth, canopy cover and water clarity. Despite this, the majority of fish have excellent
vision (Guthrie and Muntz 1993) and often rely heavily on vision for a number of
important behaviours, including mate choice (Endler 1991; Seehausen et al. 2008),
detecting predators (Kelley and Magurran 2003a) and forming social groups (Partridge
and Pitcher 1980). Human activities such as deforestation, urbanisation, increased
disturbance and eutrophication have substantially increased levels of turbidity
worldwide (Richter et al. 1997, Smith et al. 2006), and indeed, have caused an
increasing number of areas to become permanently turbid (e.g. Lake Victoria: Hecky
1993, Baltic sea: Bonsdorff et al. 2002). Suspended particles such as algal cells or clay
reduce the amount of light that can enter the water column, and increase light
scattering and absorption, degrading the visual environment. Suspended particles
disrupt vision in water in a comparable way to fog on land; it decreases the visibility of
objects over long distances, although it has little effect over short distances (De
Robertis et al. 2003). This is different from dark conditions, which degrade the visual

environment more evenly (Miner and Stein 1993; Grecay and Targett 1996)

Increasing turbidity has strong implications for reproduction, growth and survival;
particles can interfere directly by changing an organism’s physiology (Bruton 1985), or
indirectly by altering behaviour. Crucially, turbidity disrupts communication between

individuals by altering the transmission of signals and the ability of an animal to receive

11



signals (reviewed in van der Sluijs et al. 2011). This type of disruption can interfere
with sexual selection and mate choice in species that rely on visual cues to assess mate
quality (Jarvenpaa and Lindstrom 2004; Engstrom-Ost and Candolin 2007; Wong et al.
2007; Sundin et al. 2010). Turbidity caused by eutrophication is thought to have led to
the collapse of diversity in cichlids in Lake Victoria (East Africa), which use colour to
discriminate between species (Seehausen et al. 1997; Seehausen et al. 2008). Turbidity
can also affect social interactions and group dynamics, by reducing the extent to which
individuals move between groups and by altering shoal choice (Fischer and Frommen
2012; Borner et al. 2015), although the extent of these impacts is not yet fully
understood. Here, | consider firstly how increased turbidity interferes with grouping
behaviour in the context of predator-prey interactions, and secondly how experience

of a degraded visual environment affects cue use during foraging.

Predator-Prey interactions

A key driver of community structure is the complex interactions between predators
and prey (Holt 1977). Predators can act directly on a community by consuming prey
(Holling 1959) or indirectly, by altering prey behaviour and morphology (Lima and Dill
1990). A classic example of the influence of predation on the behaviour of organisms is
diel vertical migration, whereby organisms move up towards the surface of the water
at night, and return to the depths during the day to avoid predation pressure. This
behaviour is observed in all oceans across a large number of taxa, and is strongly

controlled by the presence of predators (Gliwicz 1986).

Predator-prey interactions are intrinsically linked to environmental conditions. In
aquatic systems, for example, organisms rely on an array of cues to detect both
predators and prey: olfaction, vision and the lateral line system are all important
sensory modalities (Pitcher 1993). Environmental changes that impact the sensory
environment can disrupt these interactions by affecting how predators detect and
consume prey, and by changing prey behaviour. Chemical pollution in aquatic systems,
for example, can disrupt the use of olfactory cues, which in turn interferes with a
predator’s ability to detect and capture prey (Kasumyan 2001) and a prey’s ability to

detect and respond to early warning signs of predators, such as alarm substances from
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conspecifics (Scholz et al. 2000; Scott et al. 2003) or olfactory cues from predators
(Olivier et al. 2006). Vision is an important cue for detecting predators or prey, as it
relays the most accurate information about where an individual is in space and time.
Other cues, such as olfaction, give important information about the presence, diet and
even hunger level of predators (Licht 1989; Brown et al. 2001), although these cues
can quickly become outdated (Giske et al. 1998; Brown 2003). From a predator’s
perspective, individuals can suffer from reduced capture rates when vision is
disrupted, as prey become harder to locate and encounter rates between predator and
prey decrease (Engstrom-Ost et al. 2006; Turesson and Bronmark 2007). This depends
on the predator in question, as piscivorous fish that detect prey over long ranges are

more negatively impacted than ambush predators (De Robertis et al. 2003).

These examples show how changes to the environment can alter predation pressure.
This in turn can affect community structure by altering the levels of risk and survival
experienced by prey. A dramatic effect of this can be seen when a predator is removed
from the system; the loss of wolves from Yellowstone national park caused elk
populations to explode, which subsequently caused overgrazing of Aspen (Beschta and

Ripple 2009).

Focusing specifically on the impact of turbidity in aquatic environment, many studies
have — perhaps surprisingly — found that prey capture rates in turbid environments
remain the same as those in clear water. This suggests that predators can flexibly
adjust their behaviour to overcome visual constraints (Webster et al. 2007;
Johannesen et al. 2012). However, the type of individual captured in turbid water
often differs from that in clear (Reid et al. 1999; Shoup and Wahl 2009; Jonsson et al.
2013). This suggests that while overall risk remains the same, individual risk changes,

which could influence how prey responds and affect community structure.

Turbidity can significantly reduce the ability of prey to detect and respond to predators
appropriately (Meager et al. 2006; Leahy et al. 2011; Sohel and Lindstrém 2015).
Individuals often adjust their behaviour in turbid water, decreasing important anti-
predatory responses. Organisms reduce their use of shelter and increase use of open
habitat (Abrahams and Kattenfeld 1997; Lehtiniemi et al. 2005), recover more quickly

from a predator attack (Gregory 1993) and continue to forage in the presence of a
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predator (Lehtiniemi et al. 2005) in turbid conditions compared with clear water. It has
been hypothesised that turbidity can act as a refuge for prey, affording individuals
protection from predators (Gregory 1993; Engstrom-Ost et al. 2006; Engstrom-Ost and
Mattila 2008), although this is not always the case (Abrahams and Kattenfeld 1997;

Gregory and Levings 1998; Jonsson et al. 2013).

Anti-predatory responses are often costly, as they take time and energy away from
other important behaviours such as foraging and mating; however, failure to respond
to a predator appropriately can be lethal. Individuals need to balance the costs and
risks in a given environment, and will adjust behaviour according to the level of risk
(Lima and Dill 1990). For example, kangaroo rats Dipodomys spectabilis adjust their
social behaviour with levels of moonlight, balancing the cost of missing mating
opportunities, with the higher predation threat in a lighter environment (Rosenzweig
1974). If individuals are no longer able to accurately detect predators, they may
decrease anti-predatory behaviours through a reduced perception in risk, even if
actual levels remain unchanged. Overall, turbidity appears to reduce the distance over
which prey and predators detect one another. This reduces selectivity of predators
(Abrahams and Kattenfeld 1997; Reid et al. 1999; Jonsson et al. 2013) and makes anti-
predatory responses less effective (Gregory 1993; Meager et al. 2006). Interactions in
turbid water are thus defined by encounter rates and less by active targeting by

predators and responses by prey (Abrahams and Kattenfeld 1997).

While changes in the anti-predatory behaviour of fish in turbid water have been
considered extensively on an individual level, less is known about how they respond in
a group. As the majority of fish spend some or most part of their lives living in groups
(Shaw 1978), in part for anti-predatory benefits (Magurran 1990), it is important that

we understand how changes in the environment impact this behaviour.

Grouping as an anti-predatory response

Living in groups provides multiple benefits, including improved foraging efficiency
(Templeton and Giraldeau 1996), communal care of young (Gandelman et al. 1970)
and reduced cost of transport (Herskin and Steffensen 1998; Weimerskirch et al.
2001). However, the main driver behind the formation and maintenance of groups is

14



thought to be the anti-predatory benefits (Krause and Ruxton 2002). Groups of prey
show increased vigilance (Fitzgibbon 1989), communal defence (Krams and Krama
2002) and coordinated escape manoeuvres (Magurran 1990). Larger groups dilute an
individual’s risk of being successfully targeted (the dilution effect: Foster and Treherne
1981), and can visually confuse a predator, as they find it more difficult to lock on to
and target a particular individual from within a group (the confusion effect: Landeau
and Terborgh 1986). The confusion effect is enhanced when individuals within the
group are morphologically and behaviourally similar. Phenotypically or behaviourally
odd individuals within a group are often preferentially targeted (the oddity effect:
Theodorakis 1989). The confusion and oddity effects are thought to have led to the
formation of phenotypically similar groups; across taxa, animals are known to
associate with individuals based on phenotypic characteristics such as body size
(Svensson et al. 2000; Rodgers et al. 2011) colouration (McRobert and Bradner 1998)
and species (Ward et al. 2002).

Under the threat of predation, individuals move towards one another to form large,
compact groups, reducing individual risk (the selfish herd hypothesis: Hamilton 1971).
As individuals will find it difficult to visually locate conspecifics in turbid conditions, the
process of forming groups may be disrupted. In visually poor environments, shoals of
fish form looser aggregations (Ryer and Olla 1998; Ohata et al. 2013), with fish more
likely to be found as individuals rather than collectively as a shoal (Borner et al. 2015)
and individuals lose their preference for associating with numerically larger shoals
(Fischer and Frommen 2012). Coupled with a reduced perception of risk, this
behaviour may influence how groups respond to predation, yet surprisingly little
research has been conducted on this subject. In chapters 2 and 3 | expand upon the
idea that turbidity affects grouping behaviour by investigating how groups form and
respond to predators in increasing levels of turbidity, hypothesising that turbidity will
influence the ability for individuals to detect one another and respond appropriately to

predators.

In turbid water, predators appear less able to selectively target individuals (Abrahams
and Kattenfeld 1997; Reid et al. 1999; Jonsson et al. 2013). It could therefore be
hypothesised that the oddity and confusion effects play a less important role in turbid

environments relative to their role in clear water. When choosing between groups,
15



animals often make choices that minimise their oddity, although this can depend on an
individual’s level of risk. Under the threat of predation, armoured sticklebacks Culaea
inconstans preferentially group with non-armoured fat head minnows Pimephales
promelas over conspecifics, as shoaling with the more vulnerable prey overrides the
cost of being odd (Mathis and Chivers 2003). Many non-gape limited predators
preferentially target large-bodied prey, as they represent the “better meal” (Manicom
and Schwarzkopf 2011). In turn large-bodied individuals show a strong preference for
size match shoals, whereas small-bodied individuals do not (Rodgers et al. 2011). |
explore this idea further in Chapter 4, investigating how size selectivity is altered in
predatory fish, and whether individuals take their size and level of risk into account

when forming groups in turbid water.

Experience influences behaviour

Animals can adjust their behaviour in response to novel or degraded environment over
very short time scales. However over longer time scales, these behavioural responses
may be inadequate or unsustainable. For example, cod Gadus morhua increase activity
when foraging in turbid conditions (Meager and Batty 2007), but this behaviour may
be energetically costly over longer time periods. There are consequently alternative
mechanisms by which animals can adjust their phenotype to better match their
environment when experiencing altered or degraded conditions over the longer term
(Stearns 1989; Tollrian 1990; Bronmark and Miner 1992; Jonsson and Jonsson 2014).
Some types of plasticity may be limited to a particular life stage or age, making
adjustments outside of these time periods more difficult (West-Eberhard 2003; Fischer
et al. 2014). For example, stress resistance in rats can only be induced by maternal
care if experienced a week after birth (Szyf et al. 2007). Changes in phenotype during
early life may therefore only benefit an individual if the adult environment matches
that experienced as a juvenile. Rapid changes to an animal’s environment could disrupt
this correlation, negating the benefits of the altered phenotype (Bateson et al. 2004;
Monaghan 2008).

Evidence that organisms remain flexible throughout life is increasing (Marchinko 2003;

Zhang and Meaney 2010; Ebbesson and Braithwaite 2012). Enriched environments
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experienced as an adult can reverse the negative effects of an early stressful
environment (llin and Richter-Levin 2009), and early experience of an enriched
environment can be reversed by placing an individual in barren holding conditions
(Naslund et al. 2012). The effects of early experience can therefore be altered by adult
experience, although the extent to which this occurs is less well understood. If traits
remain flexible throughout life, it could be hypothesised that adults will be able to
make similar switches to those observed in juveniles. Conversely, individuals may use
different mechanisms over the course of their lifespans to deal with environmental
change such as behaviour modification via direct or social learning (Brown and Laland
2003). Although an individual’s ability to learn is tightly linked to innate behaviour
(Lima and Dill 1990), learning allows an individual to fine-tune responses in order to
better match their behaviour to the environment. For example, organisms have an
innate ability to respond to a generalised predator cues, but individuals can learn to
recognise specific predators based on olfactory or visual cues (Chivers and Smith 1998;
Brown 2003; Kelley and Magurran 2003b). In some circumstances, past experience has
limited or no effect on behaviour, and the current environment alone defines how an
animal behaves. For instance, Chapman et al (2009) reared guppies in high and low
light conditions, but found that current lighting environment was the most important
factor when looking at sexual display rates in males, with rearing environment having

no effect on behaviour.

With regards to the sensory environment, organisms can compensate for the loss of
one sense by increasing their reliance on an alternative sense (compensatory sensory
plasticity: Rauscheker 1995). For example, blind humans increase their reliance on
auditory cues (Roder et al. 1999) and juvenile guppies reared in a dark environment
make a sensory switch from vision to olfaction (Chapman et al. 2010b). Such change
can buffer an individual from the costs of an altered environment — the guppies in
Chapman et al. (2010b) maintained foraging rates in visually poor environments — but
there is scarce evidence for whether such sensory compensation can occur during later
stages of life. Studies of sensory switches during later life give mixed results, as some
species appear able to switch between vision and olfaction (Webster et al. 2007;
Johannesen et al. 2012) while others cannot (McMahon and Holanov 1995; Fraser and

Metcalfe 1997). In chapter 5, | test how recent experience (2 and 4 weeks) of a
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degraded visual environment affects foraging behaviour in adult guppies, with the aim
of providing evidence on whether a developmental window for sensory compensation

exists in this species.

Behavioural consistency

Although behaviour is a remarkably flexible trait, animals show consistency in
behaviour across time and context. Repeatability of behaviours have been termed
“animal personality” (Sih et al. 2004a; Reale et al. 2007; Biro and Stamps 2008) and
correlations between these traits “behavioural syndromes” or “behavioural type” (Sih
et al. 20044a; Sih et al. 2004b; Bell 2007). Animal personality been observed in a diverse
array of taxa (insects: Tremmel and Miiller 2013, birds: Dingemanse et al. 2002,
mammals: Koteja et al. 2003, fish: Bell and Sih 2007), with researchers generally
focusing on 5 main axes of animal personality, thought to be important for fitness:
boldness - shyness, exploration - avoidance behaviour, aggression, activity and
sociability. These traits vary across individuals within a population but are consistent
within individuals across time and context (Sih et al. 2004a). For example, an individual
who is bold and aggressive towards rival mates will also take unnecessary risks in the
face of predation (Huntingford 1976). This may appear maladaptive at first, as you
would predict unlimited flexibility across situations would be favourable. This is not to
imply that personality results in fixed behaviours, rather an individual’s behaviour in a
particular situation or context differs consistently from that of other individuals of the
same population (figure 1.1a). Thus individuals can alter their behaviour, but retain
rank differences (behavioural reaction norm: Dingemanse et al. 2010). Both plasticity
and consistency in behaviour can be favoured in an environment, and investigating the
balance between these two trade-offs is an important area of research (Briffa et al.
2008, figure 1.1). This way of considering animal behaviour differs from the traditional
view that selection favours an optimal behaviour, treating individual differences as
non-adaptive noise around an ideal mean, by suggesting that natural selection can

favour a diversity of traits (Dingemanse and Reale 2005).
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Figure 1.1: Different combinations of behavioural consistency and plasticity for 3
individuals (represented by the different colours) across 3 situations (1,2 and 3) where:
(a) represents plasticity in response from each individual, but with individuals

maintaining consistent relative differences (evidence for personality), (b) plasticity

across situations for each individual, however consistent differences between
individuals are not retained, (c) consistency in behaviour across all contexts, with no

evidence of plasticity (evidence for personality), (d) no significant differences in

plasticity, and no consistency in the response from individuals. (Adapted from Briffa et

al. 2008)

Behaviour or personality observed in wild populations is formed by the complex
interaction between genes, environment (social and physical), experience and
selection pressure. At the proximate level, personality is tightly linked to an individual’s
internal state (Koolhaas et al. 1999; Rands et al. 2003; Dall et al. 2004; Carere et al.
2005) and experience (Braithwaite and Salvanes 2005; Dingemanse et al. 2009;

Chapman et al. 2010a; Adriaenssens and Johnsson 2013; Salvanes et al. 2013), leading
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to the question: how stable are personality traits in an unstable environment? An
animal’s state (such as its energy reserves or size) is intrinsically linked to the actions it
performs. For example, when an individual’s energy reserves are very low, they may
take more risks in order to find food, as the benefits from obtaining food outweigh the
potential risks (Krause et al. 1992; Godin and Crossman 1994; Mikheev et al. 1994).
This coupled with experiential factors such as level of predation risk, environmental
variability and an individual’s social environment could set an individual’s personality
early on in life (Stamps 2003; Briffa et al. 2008). This can often be demonstrated when
comparing captive bred and wild populations; captive bred salmon Salmo salar that
experience no predation threat and high quality diets exhibit bolder and more
aggressive behaviour when compared to their wild counterparts (Fleming and Einum
1997). If certain traits are set on a developmental pathway, experience later on in life
could have little effect on personality traits. For example when guppies are reared on
an unpredictable food supply they display bolder, more exploratory behaviours, but

recent experience as an adult had no effect (Chapman et al. 2010a).

In a rapidly changing environment, understanding how individuals respond to
environmental across different life stage is key to understanding how particular
species will respond and survive. Comparing repeatability of behaviours between
juveniles and adults of the same species is an important and relatively unexplored
guestion (Bell et al. 2009). Is early experience more important than recent experience,
or are traits altered throughout life? Evidence is growing that personality traits can be
altered over short time scales; exposure to predation pressure generates a correlation
between aggression and boldness in sticklebacks after just a few hours, partly through
selected and plastic responses to predation (Bell and Sih 2007), and differences in bold
and shy fish disappear after populations are kept in the laboratory conditions for ~ 1
month (Wilson et al. 1993). If experience of particular environments can change or
erase differences in personality traits over short time scales, this could suggest that
these traits are caused less by innate individual differences, rather individual
differences are maintained by ecological and social forces on flexible individuals
(Wilson et al. 1993). Experiments that help separate how early and adult experience
shape animal personality will help us better understand the proximate causes behind

consistent behaviour observed. In chapter 6, | test how recent experience of a variable
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environment and energy reserves (created by using high and low feeding regimes)

affects boldness and exploratory behaviours in adult guppies.

Model species

| used two species of fish to answer the questions within this thesis. The first, guppies,
are small fresh water fish native to Trinidad, found in a diverse range of habitats, from
high flowing rivers, to small stagnant ponds. They have been very well studied over the
last 30 years, becoming an important model species in ecology and evolution. Guppies
were particularly well suited to my experiments for a number of reasons. Firstly, they
are highly visual organisms, responding strongly to visual cues from predators (Kelley
and Magurran 2003a) and from potential mates (Long and Houde 1989; Endler 1991;
Houde 1997), making them an ideal organism to study the effects of visual degradation
of the environment. Secondly, guppies are a highly social species, forming loose shoals
of 2 — 47 individuals in the wild (Croft et al. 2003). They are predated on by a wide
variety of species including pike cichlids, crayfish and a number of bird species
(Magurran 2005), and respond to predators by forming tight aggregations. Finally, they
have been used in a wide range of studies considering phenotypic plasticity and early
experience (Chapman et al. 2007; Chapman et al. 2008; Chapman et al. 2009;
Chapman et al. 2010a; Chapman et al. 2010b), work | expand in the latter section of

my thesis.

We also used 9-spine sticklebacks Pungitius pungitius, from a local population in
Noddle Hill Nature Reserve, Bransholme, Hull (Grid Reference: 4111E, 5348N). 9-spine
sticklebacks are a common species in the UK, found to inhabit a wide range of lakes,
ponds and streams. Closely related 3-spined sticklebacks show strong size selectivity
for large prey (Rodgers et al. 2015) and a preference for size matched conspecifics
(Ranta and Lindstrom 1990; Ranta et al. 1992), making them an ideal study organism to
investigate questions on size selection and oddity. Turbidity is known to affect the
foraging (Webster et al. 2007; Johannesen et al. 2012) and social (Fischer and
Frommen 2012) behaviours of in 3-spined sticklebacks. Sticklebacks are a small, robust
and easy to house species that has become increasingly important to behavioural

ecology (von Hippel 2010).
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Ethical note

Sticklebacks were captured from Noddle Hill Nature Reserve, Hull, with the permission
from Hull City Council. Guppies were descendants of wild-caught guppies from
Trinidad. All fish were kept in aquaria approved and licenced by Home Office
regulations under the Animals (Scientific Procedures) Act 1986. Experiments were
approved by the ethical review committees of the School of Biological Biomedical and
Environmental Sciences and the Faculty of Science and Engineering at the University of

Hull (reference numbers U021 and U023).
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Chapter 2: Turbidity influences individual and group level

responses to predation in guppies (Poecilia reticulata)

Abstract

Increasing turbidity (either sedimentary or organic) from anthropogenic sources has
significant negative impacts on aquatic fauna, both directly and indirectly by disrupting
behaviour. In particular, anti-predator responses of individuals are reduced, which has
been attributed to a reduced perception of risk. Here, we explore the effect of
turbidity on shoaling behaviour, which is known to carry important anti-predator
benefits, predicting that fish in turbid water should show reduced shoal cohesion
(increased inter-individual distances) and reduced responses to a simulated predatory
threat. We explore both the individual and shoal level responses to a predation threat
at 4 different levels of turbidity. At the shoal level, we find that shoals are less cohesive
in more turbid water, but that there is no effect of turbidity on shoal-level response to
the predation threat. At an individual level, guppies in turbid water were more likely to
freeze (rather than dart then freeze), and those that darted moved more slowly and
over a shorter distance than those in clear water. Fish in turbid water also took longer
to recover from a predation threat than fish in clear water. We suggest that because
fish in turbid water behaved in a manner more similar to that expected from lone fish
than to those in a shoal, the loss of visual contact between individuals in turbid water
explains the change in behaviour, rather than a reduced perception of individual risk as
is widely supposed. We suggest that turbidity could lead to a reduced collective

response to predators and a loss of the protective benefits of shoaling.

Introduction

Intensified agricultural practices, urbanisation and deforestation are increasing levels
of turbidity from suspended sediment and algal overgrowth in fresh water
environments (Smith et al. 2006). This can have multiple negative implications for
aquatic communities and is thought to be a significant contributor to declines in

aquatic fauna worldwide (reviewed in Richter et al. 1997; Henley et al. 2000). At high
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levels of turbidity, particles can directly affect growth and survival: sediment particles
can damage gills leading to infection (Sutherland and Meyer 2007) and large algal
blooms can deoxygenate water (Bruton 1985). Turbidity at lower levels acts indirectly
by altering the behaviour of aquatic organisms due to the degradation of the visual
environment. Turbidity can disrupt communication signals (van der Sluijs et al. 2011),
impair mate choice (Engstrom-Ost and Candolin 2007; Sundin et al. 2010) and reduce

the ability to detect food resources (Aksnes and Giske 1993; Utne-Palm 2002).

Crucially, turbidity can mean that individuals can no longer accurately detect predation
threats (Swanbrow Becker et al. 2012), leading to changes in anti-predator behaviour
and survival. In highly turbid environments, individual Atlantic cod Gadus morhua
display poorly timed, weakened anti predatory responses (Meager et al., 2006). Other
species increase behaviours often viewed as more risky (Van de Meutter et al. 2005)
and decrease use of shelter in the presence of a predator (Abrahams and Kattenfeld
1997; Lehtiniemi et al. 2005). This may indicate a reduced perception of risk for some
species, suggesting that turbidity acts as a shelter for prey, affording them protection
from predators (Gregory and Northcote 1993; Snickars et al. 2004; Engstrom-Ost et al.
2006; Engstrom-Ost and Mattila 2008). In support of this theory, some visually-
orientated predators can suffer from reduced capture success in turbid water (Utne
1997; Ljunggren and Sandstrom 2007), however many do not (Abrahams and
Kattenfeld 1997; Gregory and Levings 1998; Reid et al. 1999; Jonsson et al. 2013).
Primarily, turbidity acts to shorten the distance at which predators and prey detect
each other so although prey detection by predators is impaired, those prey that are
detected have less time to respond. This can make escape manoeuvres less effective
(Gregory 1993; Meager et al. 2006), although shorter distances are required to move

prey out of sight of predators in turbid conditions (De Robertis et al. 2003).

While changes in behaviour on an individual level have been well documented, less is
known about responses to turbidity in the context of shoaling, a common and
important anti-predatory tactic among many fish species (Magurran 1990; Krause and
Ruxton 2002). Groups of animals detect potential threats more quickly (Magurran et
al. 1985; Godin et al. 1988), perform coordinated evasive manoeuvres (Magurran and
Pitcher 1987), dilute individual risk of predation (Treherne and Foster 1981; Godin

1986) and visually confuse predators, resulting in reduced targeting success (Landeau
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and Terborgh 1986; Krakauer 1995; loannou et al. 2009). Groups become larger,
tighter and more polarised when at risk from predation (Seghers 1974b; Caraco et al.
1980; Magurran and Pitcher 1987; Watt et al. 1997), enhancing these benefits. Thus, a
reduced perception of risk in turbid water (Gregory and Northcote 1993; Snickars et al.
2004; Engstrom-Ost et al. 2006; Engstréom-Ost and Mattila 2008) could lead to reduced
shoal cohesion. However, most fish rely strongly on vision for shoaling (Partridge and
Pitcher 1980) meaning reduced visual distances could also disrupt this important anti-
predator tactic: at low light intensities fish shoals tend to break apart (Ryer and Olla
1998; Miyazaki et al. 2000; Einfalt et al. 2012; Paciorek and McRobert 2012). Increasing
turbidity is therefore expected to lead to reduced levels of shoal cohesion through
either reduced perception of risk or reduced visual distances. Empirical data suggests
that while moderate levels of turbidity may enhance shoaling in some species with
well-developed eyes (Ohata et al. 2013), in highly turbid water, fish lose their
preference for shoals composed of more individuals (Fischer and Frommen 2012) and

form looser aggregations (Ohata et al. 2013).

During a predation attempt, fish in shoals perform a fast burst of motion to accelerate
themselves away from the threat, leading to the flash expansion of the group
(although some species remain highly cohesive during this response; Radakov, 1973).
Individuals then regroup to form more cohesive shoals (Ryer and Olla, 1998). Increased
cohesion reduces risk through increased predator confusion (Milinski 1977a; Krakauer
1995; loannou et al. 2009) and selfish herd effects, where individuals seek cover
behind other shoal members (Hamilton 1971). If turbidity disrupts shoal cohesion
(Fischer and Frommen 2012; Ohata et al. 2013) and reduces the perception of risk
(Gregory 1993; Engstrom-Ost and Mattila 2008), responses to a predation event may
be negatively impacted, increasing predation risk. Here, we explore how shoaling
patterns of guppies Poecilia reticulata are influenced by increasing turbidity, and in
particular, how turbidity affects both individual and shoal level responses to the visual
detection of a simulated aerial predation threat. Anti-predatory behaviour is well
studied in this species: guppies form loose, uncoordinated shoals (as opposed to
tightly polarised schools) of 2 — 47 individuals (Croft et al. 2003), and respond to
predators by using escape responses or freezing, and by increasing shoal cohesion

(Magurran 2005; Fischer et al. 2015). Guppies have excellent vision (Endler 1991),
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responding strongly to visual predator cues (Kelley and Magurran 2003b), making
them an ideal species for this study. Our aim is to assess whether increased turbidity is
likely to have negative impacts on grouping as an anti-predator response, by changing
the way fish within shoals respond to a threat when they can no longer easily detect

one another.

Methods

Study species and housing

All fish used in this experiment were descendants of wild-caught guppies from
Trinidad. Fish were maintained in aquaria (20 x 40 x 40 cm) on a recirculating system at
the University of Hull at approximately 26°C (+1°C) on a 12:12hr light:dark cycle and
fed daily on ZM small granular feed (0.5-0.8mm; ZM Systems, Hampshire, UK). Shoals
consisting of 4 guppies were created by taking female fish of similar size (all fish in a
shoal measured within 0.5cm of each other) from stock tanks and moving them to
separate holding tanks 20cm x 20cm x 20cm (26 shoals in total). Mean body size of
individuals within shoals ranged from 1.4cm to 2.5cm. Only females were used as they
form the core of guppy shoals (Croft et al. 2004) and to reduce the confounding effect
of sexual behaviour on association patterns. Shoals were left in these tanks for 14 days
before experiments began to allow fish to become familiar with one another (Griffiths
and Magurran 1999), as familiarity can enhance anti-predator responses (Chivers et al.

1995).

Experimental design

Each shoal was exposed to 4 turbidity treatments (0, 50, 100 or 200 * 10NTU) in a
randomised order, with one week between exposures to allow for recovery. Thirty min
before each trial, shoals of fish were moved to separate cylindrical holding tanks
(diameter 10cm, depth 33cm) to allow the fish to acclimitise to the turbidity level.
Turbidity levels were chosen as turbidity is known to reach 200NTU during rainy
seasons in Trinidad (Luyten and Liley 1985), making the levels ecologically relevant.
Turbidity was created using a bentonite clay-water solution and measured using an

Oakton T100 portable turbidity meter. A concentrated bentonite clay solution was
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created using 100g of clay suspended in 4 litres of purified water. This was filtered
through fine mesh to remove larger, heavier particles that sank faster when placed in
suspension, to allow for the maintenance of turbidity levels over the course of the
experiment. The resulting filtrate (>1000NTU) was further diluted with water taken
from the aquarium system to obtain the desired turbidity level. Turbidity was
maintained in the acclimatisation tanks by pumping air into the bottom of the

cylindrical tank, which re-suspended any particles that fell to the bottom.

After the acclimatisation period shoals were transferred to a white circular tank with
grey sides (diameter 40cm, depth 15cm, filled to a depth of 2cm with water of the
required turbidity). A monofilament fishing line ran above the centre of the tank at a
30° angle, the end of which was attached to the back of the tank 10cm above the
waterline. From this a model bird predator could be dropped such that it passed over
the centre and came to rest against back of the tank. This approach elicits a rapid
escape response in fish (Seghers 1974a; Chapman et al. 2010a), leads them to initiate
aggregation (Krause and Tegeder 1994) and increase shoaling tendency (Krause et al.
1998). Thus, fish respond to the approaching aerial stimulus as if it were a predation
threat, without the need for a predation event to occur. Guppies are predated on by a
number of bird species in their natural habitat (Magurran 2005) and preliminary trials
in clear water indicated it was effective in eliciting a behavioural response in our study
fish, and thus would be appropriate for investigating the effect of turbidity on
responses to a visually-detected predator. It is possible fish may respond to a
mechanical stimulus caused by the model coming to rest at the back of the tank rather
than the visual stimulus from flying overhead, but the majority of individuals
responded when the model bird was overhead (ONTU =79%, 50NTU = 76%, 100NTU =
73%, 200NTU = 77%).

The water in the tank was kept at a depth of 2cm to allow for observation of the fish in
highly turbid water and to minimise vertical movement (increasing accuracy in
measuring inter-individual distances). Guppies are found in very shallow pools and
streams in their natural environment, making the depth used ecologically relevant
across at least some of their habitat (Luyten and Liley 1985). The shallow water also
ensured that guppies were not impeded significantly in the detection of the stimulus,

and that any differences in behavioural response at different turbidity levels were not
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due to differences in the detection of the threat. Turbidity was maintained in the test
tank by gently circulating water using an external filter. A Microsoft webcam
suspended 60cm above the tank was used to record trials at 15 frames/s, and the tank
was illuminated from above to ensure that a shadow passed over the tank when the

predator was released.

A model bird predator was used to elicit a startle response in the guppy shoals. The
model predator was an oval piece of black card 10cm long and 4cm at its widest point
attached to a small circular ring at its centre through which the monofilament line was
threaded. At the start of the trial, the predator was positioned at the highest point of
the wire, out of sight of the tank. Fish were acclimatised in the test tank for 5 min (all
fish had begun swimming normally by this point) and then their shoaling behaviour
was recorded for 10 min. To initiate a startle response after the 10 min of shoaling, the
model predator was released. Video recording continued through the simulated
predation event and for 2 min afterwards, when trials were terminated. Water in the

test tank was changed between each trial to remove any olfactory cues.

Shoal cohesion was defined as the mean inter-individual distance between individuals
within a group (Miller and Gerlai 2007). As guppies form lose shoals, rather than
schools, we did not measure alignment or activity synchrony, which may also
component of overall cohesion. To measure shoal cohesion, videos files were
converted into an image stack using VirtualDub (http://www.virtualdub.org) at 1 frame
every 10 s (analysis at different frame intervals confirmed this gave an accurate
representation of shoaling behaviour), which were then manually analysed in Image)
(http://imagej.nih.gov/ij/). A scale bar drawn on the base of the tank and the tank
diameter allowed accurate setting of scale for each video (pixels/cm). The XY
coordinate of every fish (taken from the nose of each individual) was recorded every
10 s for 12 min (10 min before the simulated predation event, and 2 min after) and the

average pairwise distance between the 4 fish calculated.

At an individual level, we observed two responses to the predator: fish would either
freeze immediately (‘freeze’), or dart away from their position, using a fast burst of
motion, and then freeze (‘dart then freeze’), and we recorded the number of each type

of response performed by each individuals. All individuals showed one of these two
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responses: no individuals darted without freezing, and no individuals remained
swimming normally or showed another response. For fish that darted and then froze,
we recorded their response in detail, by tracking individual movement of each of the 4
fish in the shoal for 15 consecutive frames (1 second) immediately after the predator
had passed over the tank, using the plugin Mtrack)

(http://www.imagescience.org/meijering/software/mtrackj/) for Imagel. The latency

to respond to the attack (defined as the number of frames taken till the fish responded
by either darting or freezing), the distance moved (cm), the maximum speed reached
(cm/s) and the time taken to regain normal swimming (when the fish had moved more
than approximately one body length from the frozen position) were recorded for each

fish in each shoal.

Individual fish were not identifiable between turbidity treatments, although shoal
membership remained constant throughout the experiment. 7 fish died during the
experiments and these shoals were excluded from further treatments. 2 videos were

excluded as the fish were disturbed before the startle response.

Statistical analysis

Shoal cohesion was measured as the mean of the inter-individual distances between
each pair of fish within the shoal at each time point for 10 min before the predator
release and 2 min after. The effect of the appearance of a predator on shoal cohesion
was assessed using a linear mixed effects model (LME) with time (before and after) and
turbidity set as the main effects and shoal identity as a random effect to account for
repeated measures and non-independence of individuals within a shoal. No interaction
between time and turbidity treatment was observed, so this was removed to give the
minimum adequate model (MAM; Crawley 2007). Model assumptions were checked
by visual inspection of plots of residuals and were found to conform to the
assumptions of normality. In order to test for differences between each of the
turbidity treatments, the model was repeated using each turbidity level as the main

intercept (re-levelled data).

To assess the effect of turbidity on the proportion of individuals freezing we used a
generalised linear mixed effects model (GLMER) with a binomial error distribution.

Turbidity was set as the main effect and shoal identity as a random factor. A GLMER
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with a Poisson error distribution was used to analyse the latency to respond, with
turbidity set as the main effect and shoal identity as a random factor. An additional
observation-level random effect was used to account for overdispersion of the data
(Harrison 2014). For fish that responded with the darting response, individual startle
responses (distance moved, maximum speed) were analysed using LME models with
turbidity included as a main effect and shoal as a random effect to account for both
repeated measures and non-independence of individuals within a shoal. Fish that froze
were excluded from this analysis as they did not move as part of their response. In
order to assess whether there was a difference between each pairwise of the turbidity
treatments, each model was repeated using each turbidity level as the main intercept.

All analysis was carried out in R 2.15.1 (R Development Core Team 2011)

Results

Shoal Cohesion

Shoals were observed to expand and contract (decrease and increase cohesion)
throughout the experiment, resulting in a large variability in shoal cohesion over time.
Despite this variation, there was a significant effect of turbidity (LME: F514, = 4.98, P =
0.0026), but no effect of time (before or after predator simulation) on shoal cohesion
(LME: F1142 = 0.15, P = 0.7) and no interaction. The expansion of the shoals during the
predator exposure was well within the normal shoaling range, with post-predator

exposure shoals showing similar patterns to the pre-exposure distances.

Over the course of the experiment (before and after the aerial predation attempt), fish
were found to shoal more cohesively in the lowest two levels of turbidity (0 and
50NTU) compared to the highest two level of turbidity (100 and 200NTU) (Figure 2.1:
ONTU vs 100NTU: t = 2.7, P = 0.0077, effect size = 11.15; ONTU vs 200NTU: t=2.79, P =
0.006, effect size = 11.11; 50NTU vs 100NTU: t = 2.67, P = 0.0084, effect size = 11.15;
50NTU vs 200NTU, t = 2.77, P = 0.0064, effect size = 11.12). No significant differences
in shoal cohesion were observed between ONTU and 50NTU (t = 0.09, P = 0.93, effect
size = 8.93) or 100NTU and 200NTU (t = 0.048, P = 0.96, effect size = 11.11)
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Figure 2.1: Mean shoal cohesion (cm) of fish within a shoal, measured every 10
seconds for 12 minutes in increasing levels of turbidity (S.E.). Asterisks indicate p

<0.01

Individual responses to simulated predation threat

There was a significant effect of turbidity on the proportion of fish freezing (rather
than darting then freezing) immediately after the predator attack (figure 2.2a). With a
higher proportion of fish found to freeze in highly turbid water compared to clear
water (ONTU vs 200NTU; z = 3.05, P = 0.0023) and the 50NTU treatment (50NTU vs
200NTU, z=2.43, P = 0.015; table 2.1).

We found no effect of turbidity treatment on the latency to respond to the predation
threat (LME: F5,33 = 1.28, P = 0.28, table 2.1), however, the strength of response
differed depending on turbidity. Fish reached a higher maximum speed within the first
second of movement when in clear water compared to turbid (LME: F3533 = 2.95, P =
0.034, figure 2.2b). Fish in clear water (ONTU) moved more quickly during the escape

manoeuvre than fish in 50NTU (t = -2.60, P = 0.01) and 200NTU (t = -2.75, P = 0.0064),
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but not 100NTU (t = -1.85, P = 0.065). No differences were observed between the 3

turbid treatments (table 2.1).

The total distance moved in the first second also differed between the turbidity
treatments (LME: F3 ;33 = 4.98, P = 0.0023, figure 2.2c). Significant differences were
found between clear water and highly turbid water (ONTU vs 200NTU, t= -3.74, P
<0.001, table 2.1) and the lowest level of turbidity (ONTU vs 50NTU, t = -2.08, P =
0.038), with fish in the clear treatment swimming increased distances in response to
the threat. A difference was also observed between the two highest turbidity
treatments; 200NTU and 100NTU (t= -2.57, P = 0.010), with fish moving further in
100NTU compared to 200NTU (table 2.1).

Individuals took less time to recover from the simulated predation in clear water
compared to all turbid treatments (Figure 2.2d. LME: F33,7 = 5.01, P = 0.002). Fish
recovered (began swimming normally) significantly faster in clear water compared to
200NTU (t = 3.85, P < 0.001), 100NTU (t = 2.06, P = 0.046) and 50NTU (t = 2.39, P =
0.017). No differences were observed between any of the turbid treatments (table

2.1).
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Figure 2.2: Individual level responses. a) Proportion of fish freezing in response to a
simulated predator attack. b) Maximum speed (cm/s) reached in the first second of
movement, c¢) Total distance moved (cm) within the first second of response and d)
Time taken to recover normal swimming (s) after the predator simulation (S.E.).

Asterisks indicate significance: * = P < 0.05, ** = P <0.01, *** = P<0.001.
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Table 2.1. Pairwise comparisons from the GLMER (proportion of individuals freezing

and latency to respond) and LME (maximum speed, total distance travelled and

recovery time) models for the individual level responses of guppies to a simulated

aerial predation threat at the 4 levels of increasing turbidity. Bold P-values represent

significant results.

Turbidity D.F z- or t- value | P-value Effect size
Proportion of individuals freezing

0 50 3 0.86 0.38 0.37
0 100 3 1.86 0.063 0.81
0 200 3 3.03 0.002 1.23
50 100 3 -1.10 0.27 0.44
50 200 3 -2.42 0.015 0.86
100 200 3 -1.17 0.24 0.42
Latency to respond (log seconds)

0 50 3 -0.63 0.49 -2.22
0 100 3 -0.99 0.73 -2.16
0 200 3 -0.96 0.15 -2.28
50 100 3 1.59 0.28 -2.23
50 200 3 -0.59 0.47 -2.28
100 200 3 -1.88 0.078 -2.29
Maximum speed (cm/s)

0 50 3,233 -2.60 0.01 38.85
0 100 3,233 -1.85 0.065 40.89
0 200 3,233 -2.75 0.006 38.04
50 100 3,233 0.61 0.54 40.88
50 200 3,233 -1.45 0.15 38.02
100 200 3,233 -0.83 0.41 38.08
Total distance travelled (log cm)

0 50 3,233 -2.43 0.015 -0.76
0 100 3,233 -1.03 0.30 -0.33
0 200 3,233 -3.77 <0.001 -1.21
50 100 3,233 1.034 0.21 0.36
50 200 3,233 -0.25 0.80 -0.4
100 200 3,233 -2.61 0.01 -0.84
Recovery time (s)

0 50 3,327 2.23 0.027 72.43
0 100 3,327 1.96 0.05 70.71
0 200 3,327 3.64 <0.001 87.80
50 100 3,327 -0.23 0.88 70.71
50 200 3,327 1.46 0.14 87.80
100 200 3,327 1.55 0.12 87.80
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Discussion

Increasing levels of turbidity influenced the behaviour of guppies at both the individual
and group level. Shoals were less cohesive in highly turbid water, but we found no
effect of turbidity on the shoal level response to a simulated aerial predation threat. At
an individual level turbidity had a strong influence on anti-predator behavioural
responses. In more turbid water, individuals were more likely to freeze (rather than
dart then freeze), and those that did show darting behaviour had a slower escape
speed and moved a shorter distance than those in clear water, even though there was
no difference in the time to initially respond to the predator. Fish in turbid water also
took longer to recover from the predation threat than fish in clear water. Our finding
that turbidity reduced shoal cohesion and caused individual fish to display weaker
darting responses to a predator could either be explained by either a reduced
perception of risk in turbid water (Gregory 1993; Miner and Stein 1996) or by
constraints caused by the poor visual environment (Abrahams and Kattenfeld 1997).
The finding that fish in turbid water had increased recovery times, however,

contradicts the reduced perception of risk theory.

Weakened anti-predator responses in turbid water displayed by fish (Gregory 1993;
Abrahams and Kattenfeld 1997; Snickars et al. 2004; Meager et al. 2006; Engstrém-Ost
and Mattila 2008) have been attributed to a reduced perception of risk. This may be
due to turbidity reducing the probability of encountering a predator (Gregory and
Levings 1998) indicating that individuals are safer in turbid water, or reducing the
ability of individuals to detect a predator (Meager et al. 2006) meaning the level of
actual risk may remain unchanged. Studies reporting the true level of risk in turbid
water show mixed results; in some cases (particularly for small juvenile fish) turbidity
appears to act as a refuge, protecting prey from predators (Snickars et al. 2004;
Engstrom-Ost and Mattila 2008), with some individuals actively seeking out turbid
water (Gregory and Levings 1998). Although perception of risk may be reduced, actual
risk may not: capture rates often remain the same in clear and turbid water (Reid et al.
1999; Jonsson et al. 2013) as predators compensate by using alternative cues to locate
prey (Johannesen et al. 2012) or increase searching activity (Meager and Batty 2007),

and as a result of inappropriate or less effective anti-predatory behaviours displayed

by prey.
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Our finding that fish in turbid water took longer to recover from a threat contradicts
the predictions of the reduced perception of risk theory, which would predict a
reduced recovery time in turbid water (Gregory 1993). Instead, the reduced visual
distances in turbid water may cause fish to act as individuals rather than members of a
shoal, since they are no longer able to easily detect and respond to their group-mates
using vision. Fish in shoals have been found to recover more quickly than individual
fish (Magurran and Pitcher 1987), supporting the suggestion that longer recovery
periods in turbid environments in our experiment could indicate that the guppies’ anti-
predator responses are more comparable to those of lone fish. The idea that altered
behaviour is due to physical constraints imposed by turbidity is further supported by
our finding that, in higher turbidity, a greater proportion of individuals froze rather
than darting: freezing and hiding behaviours are more often associated with lone
individuals than individuals in larger groups (Magurran and Pitcher 1987; Rangeley and
Kramer 1998), although Fischer et al (2015) found lone fish were more likely to dart in
response to a simulated predation threat compared to fish in a shoal. In a shoal, the
darting response may add to predator confusion (loannou et al. 2012), reducing
predator attack success and decreasing risk to prey. For lone fish, however, freezing or
hiding may help an individual reduce risk by avoiding detection (Magurran and Pitcher
1987). In high turbidity, the combination of reduced visual range and more dispersed
shoals suggests fish are no longer able to easily detect conspecifics causing them to
switch anti-predatory tactics to those more commonly associated with isolated

individuals.

In contrast to previous work, we did not see an increase in shoal cohesion after the
simulated attack in any of the groups (selfish herd effect: Hamilton 1971, Krause et al.
1998). This may have been because guppies tended to move to the edges of the tanks
(pers. obs.), which could potentially be used or perceived as a possible refuge location
by the fish, as the grey colour of the sides of the tank made individuals more cryptic
against the background (Rodgers et al. 2013a). In a more open environment, we may
have seen different effects. However, the shallow streams that guppies inhabit in
Trinidad mean that use of refuge areas is likely to be a component of their anti-
predator response. Guppies may also have received directional cues from the over-

head predator stimulus and moved away from a possible attack location (Viscido et al.
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2001), rather than towards their shoal-mates. An individual at risk from predation
would need to balance the relative costs and benefits of protection in a group (e.g.
through dilution, confusion and selfish herd effects; Krause and Ruxton 2002) against
the benefits of seeking refuge as an individual. The low number of guppies in the shoal
(n=4) may have also influenced behaviour within the group, although small shoals are
commonly found in guppies (Croft et al. 2003). To our knowledge the interaction
between group size and turbidity on anti-predatory behaviours has not been

investigated, and represents an interesting avenue for future study.

In turbid water, the benefits of shoaling may be reduced as the distance at which
predators can detect prey is shortened (Utne-Palm 2002), reducing the benefits of
coordinated evasion and resulting in weakened shoaling preferences (Fischer and
Frommen 2012) and the reduced shoal cohesion observed here and in previous studies
(Ryer and Olla 1998; Ohata et al. 2013). Poor visual environments may cause predators
to rely more strongly on olfactory cues (Chapman et al. 2010b), meaning that the anti-
predator benefits of grouping as a means of avoiding detection (the encounter-dilution
effect; Wrona and Dixon, 1991) may be reduced (Treisman 1975; Kunin 1999; Whitton
et al. 2012; Wilson and Weissburg 2012).

Our study focuses on anti-predatory responses mediated by the visual detection of an
over-head threat. In turbid water, however, fish may rely on alternative senses such as
olfaction and the lateral line to detect and respond to both conspecifics and predators
(Partridge and Pitcher 1980; Brown and Godin 1999; Stewart et al. 2013). The cues
used and the responses shown will also depend on the type of predator encountered,
as aquatic predators will produce different cues and may be detected at different
times by members of a shoal. Spiny damselfish Acanthochromis polyacanthus, for
example, respond more strongly to the olfactory cues of an aquatic predator in turbid
water compared to clear (Leahy et al. 2011). Interestingly, the guppies in our study
were able to maintain similar shoal cohesiveness and anti-predatory responses to that
of clear water until relatively high levels of turbidity, suggesting individuals can use
alternative cues to compensate for the poor visual environment. Olfactory cues may
be important in maintaining cohesive shoals; disruption to olfactory cues through
pollution interferes with shoaling behaviour (Ward et al. 2008) and alters individual

responses to predators (Dixson et al. 2010), and therefore may affect group level
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responses to predators. The lateral line may also compensate for the lack of vision, by
providing cues to the speed and direction of other shoal members (Partridge and
Pitcher 1980), although to our knowledge this remains untested in guppies, and

warrants further investigation.

Our study suggests that the reduced visual distances in turbid water constrains
individual responses to an aerial predation threat and may result in a reduced
collective response to predators and a loss of protection gained by shoaling. This may
have implications for individual survival during a predation event and for other
behaviours linked to the benefits of grouping, such as anti-predator vigilance (‘many
eyes effect’), enhanced foraging success, transfer of information and energy
conservation (reviewed in Krause and Ruxton 2002). How predators respond to the
combination of changed prey behaviour and changed environmental conditions

represents an interesting avenue for future study.
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Chapter 3: Selfish herds of guppies follow complex rather than

simple rules when information is not limited

Abstract

Under the threat of predation, animals can decrease their level of risk by moving
towards other individuals to form compact groups. A significant body of theoretical
work has proposed a number of movement rules, varying in complexity, which explain
the process of aggregation. However, if and how animals use these rules to form
compact groups is still not well understood, and how environmental factors affect the
use of these rules even less so. Here, we evaluate the success of different movement
rules, by comparing their movement predictions to the movement seen when shoals of
guppies form under the threat of predation. We repeated the experiment in a visually
poor, turbid environment to assess how the use of the movement rules changed when
individuals could no longer accurately detect one another. In addition, we assessed the
effect of turbidity on group formation by calculating the number of individuals each
fish was associating with before and after the simulated predator attack. During a
simulated predator attack, guppies in clear water were able to use complex rules that
took multiple neighbours into account, forming compact groups. In turbid water,
however, there was an increase in the difference between the rule predictions and
fishes’ movement paths, particularly for complex rules. The resulting shoals in turbid
water were more fragmented, fish associated with a lower number of groupmates
compared with clear water (before the threat, no difference was observed). We
conclude that guppies are able to use complex rules to form dense aggregations, but

that common environmental factors can limit their ability to do so.

Introduction

Aggregation by animals into groups is often considered to arise in response to the
threat of predation, and the anti-predator benefits of grouping have been extensively
considered (e.g. Krause and Ruxton 2002; Davies et al. 2012; Beauchamp 2014). These

benefits include dilution (Foster and Treherne 1981), encounter-dilution (Turner and
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Pitcher 1986; Wrona and Dixon 1991) and confusion effects (Milinski 1977a; Landeau
and Terborgh 1986; Krakauer 1995; loannou et al. 2009), where all individuals benefit
from reduced risk arising from the presence of con- or heterospecifics in close

proximity (Caraco et al. 1980; Magurran and Pitcher 1987; Watt et al. 1997).

The selfish herd hypothesis (Hamilton 1971) suggests a further benefit to individuals:
risk can be reduced for any particular individual in a group, but that reduction occurs
at the expense of other group members, for whom risk is increased. Individual risk is
defined by the ‘domain of danger’ (DOD), the area of space around an individual that is
closer to it than to any other individual, and the selfish herd hypothesis suggests
individuals should position themselves within groups to minimise the size of their own
DOD (Hamilton 1971). A significant body of theoretical work has evaluated the success
of various behavioural ‘movement rules’ in minimising DODs and creating compact
groups of individuals (Morton et al. 1994; Viscido and Wethey 2002; Morrell and James
2008), either once stable aggregations have formed (Hamilton 1971; Morton et al.
1994; Viscido et al. 2001; Viscido et al. 2002; James et al. 2004) or during the process

of aggregation itself (Morrell and James 2008; Morrell et al. 2011b)

In theoretical models, simple rules, where animals move towards their nearest
neighbour (Hamilton 1971) tend to be outperformed by more complex rules, where
the position and distance of multiple neighbours are accounted for (Viscido et al. 2002;
Viscido et al. 2005; Morrell et al. 2015). These complex rules generate more compact
aggregations in which a greater proportion of the group are able to reduce the size of
their DOD. Simple rules can, however, result in more rapid reduction in DOD area
(Morrell et al. 2011b), which is particularly important when animals have little time to
respond following a predatory threat (Morrell and James 2008). Simple rules have
been criticised in that they do not create the dense groups seen in nature (Morton et
al. 1994; Viscido et al. 2002), while more complex rules may be cognitively too complex

for animals to follow (Reluga and Viscido 2005; De Vos and O'Riain 2012).

The empirical study of selfish herd movement rules lags behind theory, with limited
examples providing opposing evidence. Fur seals Arctocephalus pusillus pusillus
moving through areas of high risk of predation from white sharks Carcharodon

carcharias, appear to move towards their nearest neighbour rather than evaluating the
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position of multiple neighbours (De Vos and O'Riain 2012). Domestic sheep move
towards the centre of the group when herded by a sheep dog (King et al. 2012), while
three-spined sticklebacks Gasterosteus aculeatus move towards an individual that can
be reached more quickly rather than one which is spatially closer (Krause and Tegeder
1994), although these latter two cases did not evaluate alternative rules. Here, we
investigate the selfish herd movement rules used by shoals of guppies Poecilia
reticulata in response to a simulated predation threat in an experimental setting,
comparing actual movement paths to the predictions of a simulation model. We assess
the difference between the movement direction of each fish and the predicted
direction if that fish were following a range of different rules, including a range of
simple and complex strategies, and thus provide the first experimental comparison of

multiple movement rules.

Theoretical models assume that individuals using a particular rule are able to gather all
the information necessary to make an informed decision without error. In reality,
errors in the evaluation of the position of neighbours may lead to movement patterns
that are not consistent with optimal movement rules. As errors may be exacerbated by
environmental conditions (Morrell et al. 2015), we explore the impact of increasing
environmental turbidity on the selfish herd responses of our guppy shoals. In aquatic
systems, increasing turbidity degrades the visual environment, shortening response
distances to conspecifics (Borner et al. 2015; Kimbell and Morrell 2015), predators
(Miner and Stein 1996; Meager et al. 2006) and prey (Abrahams and Kattenfeld 1997;
Gregory and Levings 1998; De Robertis et al. 2003) in many species including guppies
(Borner et al. 2015; Kimbell and Morrell 2015). We predict that increasing turbidity will
result in either a) a switch from more complex to simpler rules as fewer shoalmates
can be detected or b) increased error in evaluation of the position of shoalmates,

leading to increased error in following any rule.

Methods

Study species and husbandry

All fish were descendants of wild-caught guppies from Trinidad. Fish were maintained
in groups of approximately 40 in stock aquaria (200x400x400mm) on a recirculating
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system at the University of Hull. Temperature was held at at ~26°C on a 12:12hr
light:dark cycle and fish were fed daily on ZM small granular feed (0.5-0.8mm; ZM
Systems, Hampshire, UK). Experimental shoals consisting of 10 guppies (N = 12 shoals)
were created by taking female fish of similar size (all fish in a shoal measured within
5mm of every other, mean size of fish in shoals varied from 15 — 29mm) from stock
tanks and placing them in separate holding tanks (20 x 20 x 20cm) for 24 hours before
experiments began. Only females were used as they form the core of guppy shoals
(Croft et al. 2004) and to reduce the confounding effect of sexual behaviour on
association patterns. Shoals were kept in these tanks for 24 hours before experiments

began.

Turbid water was created using a unicellular, motile algae species Chlamydomonas
(Phytotech lab, Kansas, USA). Algae was grown in a medium containing de-ionised
water and Bold’s Basal Medium Solution (Phytotech Lab, Kansas, USA) at 20°, in
cylindrical culture vessels (5cm in diameter, 50cm in length) with a constant light
source and airflow. Cultures were left to reach high concentrations (~400NTU) and
then diluted with water from the aquarium system for experiments to reach ~20 NTU.
Using this species ensures algae turbidity remains relatively stable over a period of 75

minutes (Kimbell and Morrell 2015).

Experimental Design

Experiments were carried out in a white circular shoaling tank 50cm in diameter with
graduated sides, such that the water depth decreased from 5cm in a central area
(20cm in diameter) to 0.5cm at the edges. This discouraged guppies from swimming
around the edge of the tank or using the tank sides as a potential refuge. Shallow
water restricted shoals to closer to two dimensions, and facilitated tracking of
individual fish in turbid water. Trials were recorded from above using a Microsoft
Lifecam suspended 40cm above the surface of the water. A monofilament fishing line
was attached to two points either side of the tank out of view of the fish, and ran over
the centre of the tank, passing 5cm above the camera (45cm above the water surface)
at a 45 degree angle. From this a model bird predator (an oval piece of black card
10cm long and 4cm at its widest point) was dropped such that it passed over the

centre of the tank, without obscuring the view of the fish.
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Shoals were allowed to acclimatise in the shoaling tank for an hour. Then, at a point
where the fish were dispersed across the tank (judged by eye), the model predator
was released. Previous work has shown this is sufficient to elicit a clear and distinct
anti-predator response in guppies (Kimbell and Morrell 2015). Each shoal was tested
twice, once in clear and once in turbid water in a randomised order. After the first trial
guppies were placed back into the holding tank and tested 24 hours later in the
alternate water treatment. Guppies shown no acclimitisation to simulated aerial
predation attempts on this timescale (Seghers 1974a; Kimbell and Morrell 2015). The
water in the tank was changed after every experiment to prevent the build up of any
olfactory cues. At the end of the second trial fish were measured to the nearest 0.5mm
using calipers, and returned to stock tanks. As the fish were not marked, it was not

possible to identify individuals within the shoal between the two treatments.

Movement rules: fish

To identify the movement pathways of individual fish, we first used VirtualDub
(http://www.virtualdub.org) to convert videos into a stack of images at 15fps for each
shoal. These were then manually analysed in image) (http://imagej.nih.gov/ij/) using
the manual tracker plugin Mtrackl). Each fish was tracked by taking the XY coordinate
(taken from the nose of each individual) starting from just before the simulated
predator flew over the tank until they had stopped moving in response to the
predator. As our interest lay in the aggregation rules used, we used only this part of
the anti-predator response in our analysis. Fish typically respond to a threat using a
range of responses including a C-start, darting and freezing motion: aggregation
typically begins after this initial response, and so we restricted our analysis to
movement occuring after this. For each individual, we used only the movement in the
first 6 frames (0.4 s) after aggregation movement began, and calculate the movement
speed of each individual (distance moved/time) for use in the modelling.
Simultaneously, we recorded the position of every other fish in the shoal at the point
at which the focal fish began aggregation, regardless of where in their own movement
sequence they were. These positions were used as the start locations for the fish in
modelling the predicted paths (see below). For individuals which did not initiate

aggregation (remained frozen), we could not predict a path, and so these fish are
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excluded from our analysis as focal fish, but are included as group mates for other fish

(N =18/120 individuals).

Movement rules: model predictions

Predicted paths were generated using the agent-based selfish herd modelling
framework described in Morrell and James (2008) and Morrell et al. (2011a, b, 2015).
For each shoal 10 point-like agents representing the fish were placed into a circular
arena at the positions defined by the locations of the fish in the experimental trials.
We assume that all individuals follow the same movement rule, and track the
predicted paths of each fish over 6 timesteps. We considered 5 different movements
rules (see table 3.1), following previous work on the topic: nearest neighbour (NN), 2
nearest neighbours (2NN), local crowded horizon (LCH), group centre (GC) and

movement away from the final position of the simulated predator (AP).

The start of the simulation represented the time at which the focal fish started moving,
and all individuals began moving simultaneously (Hamilton 1971; Morton et al. 1994;
Viscido et al. 2002; Morrell and James 2008). In each timestep t (t = 1/15th s to match
the frame rate of the video), each prey identified its target location, and moved
towards that location using the speed of that individual as measured from the video.
All individuals moved simultaneously and updated their target location in each

timestep.

At the end of the simulation, we calculated the difference in movement direction
between the start and end points of the focal fish, and the start and end points of the
predicted movement path of that fish for each of the rules, giving us a movement error
measured in degrees (hereafter, ‘error’). The error measurement took values between
0° (representing an exact follow of the rule) and 180° (a fish moving in the opposite
direction to the predictions of the movement rule; figure 3.1). We also investigated
how the predicted pathway of each rule for each fish differed, and if the best-
performing rule acted in combination with movement away from the predator (See

supplementary material). All modelling was carried out in MATLAB R2011a.
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Table 3.1: Description of the proposed movement rules for individuals aggregating

under the threat of predation (adapted from Morrell and James 2008)

Rule Description
Nearest neighbour (NN)? Individuals moves towards closest neigbour in
space
Group centre (GC)° Individuals move towards the area in the

centre of all individuals within the group

2 nearest neighours (2NN)° Individuals moves towards the average
location of 2 nearest neighbours

Local crowded horizon (LCH)d Individuals moves towards the area with the
densest concentration of conspecifics. Closer
individuals have a stronger influence on
direction, whereas distant individuals exert a
weaker force: f(x) = 1/1+kx, where x is the
distance from the focal individual, and k =
0.375.

Movement away from predator (AP)° | Individuals move in the opposite direction
(180 angle) away from movement of
predator (i.e. a potential strike location)

® Hamilton (1971)

® Viscado (2001), De Vos and O’Brien (2012)
° Morton et al. (1994)

4 Viscido et al. (2000; 2002)

¢ Viscido et al. (2001)

Shoal cohesion

To evaluate overall aggregation levels, we counted the number of group-mates within
3 body lengths (Pitcher and Parrish 1993) of each fish, one frame before the simulated
predator threat, and once a stable aggregation had formed. As fish were variable in
size, but it was not possible to individually identify fish from the video, we used the

mean body length of each shoal as our measure of distance for that shoal.
Statistics

To assess the success of each rule in explaining the movement of the fish, we
compared the error measurements (difference in movement angle between the fish
and the prediction) for each rule using linear mixed effects models (LME), with rule

and water type as fixed effects, and shoal identity a random effect to account for the
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repeated measures nature of the data. Error was square root transformed to meet the
assumptions of normality. The model was then re-run on clear and turbid water
separately, using rule as the fixed effect. Pairwise comparisons of rules were achieved
by setting each movement rule as the main intercept (re-levelled the data) in clear and
turbid water. To assess how the error for each rule changed between clear and turbid
water, we compared the difference using paired Wilcoxon Signed Rank tests on each
rule separately. If fish were moving randomly (i.e. not following any rule), we would
predict a mean error of 90°, so we assessed whether movement was closer to each
rule than to random movement using Wilcoxon Signed Rank tests. P-values were
corrected for multiple testing using the Benjamini and Hochberg (1995) False Discovery

Rate (FDR) control method.

We assessed the effect of turbidity, predation threat and their interaction on shoal
cohesion using a generalised linear mixed effects model (GLMER) with a Poisson error
distribution (as is appropriate for count data) and shoal identity as a random factor (to
account for repeated measures). All analysis was carried out in R 3.1.2 (R Development

Core Team 2011).

(a) (b)

Figure 3.1: Graphical representation of the movement pathways used by fish (solid
lines) compared to model simulations (dashed lines) for (a) group centre (GC) and (b)
nearest neighbour (NN) movement rules. Errors are calculated in degrees from the

start and end points of the actual vs simulated pathway.
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Results

Movement rule

Both water clarity (F11121 = 32.1, P < 0.001) and rule (F11121 = 8.87, P < 0.001) had an
effect on error, but there was no significant interaction. In clear water, we found a
significant effect of movement rule on error rate (LME: F4571 = 7.74, P < 0.001; figure
2a). More complex rules, accounting for more neighbours (GC and LCH), had a lower
error relative to fish movement compared to the more simple rules (NN, 2NN), and
movement away from the predator (AP). In terms of their ability to predict the path of
the fish, there was no significant difference between GC and LCH or between the 3
simple rules, but GC and LCH were significantly better at predicting movement paths
than NN or 2NN (table 3.2). In turbid water, we saw no effect of movement rule on
error rate (F4500 = 2.61, P = 0.3035, figure 3.2b). Pairwise comparisons suggest AP is
less good at predicting movement that 2NN, GC or LCH (table 3.2). We found the more
complex rules, and movement away from a predator (AP) had lower errors in clear
water compared to turbid (GC: V = 3673, P = 0.002, LCH: V = 3477, P = 0.008, AP: V =
3411, P = 0.008), whereas we found no difference in the use of more simple rules
between clear and turbid water (NN: V = 2895, P = 0.37, 2NN: V = 3164, P = 0.091). In
clear water, all rules were better (lower error) at predicting the movement path of fish
that would be expected if movement were random (P < 0.001 for all rules, table 3.2,
figure 3.2). In turbid water, the more complex rules (2NN, GC, LCH) predicted
movement more accurately than expected by chance while the simpler rules (AP, NN)

were no better than chance at predicting movement (table 3.3).
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Figure 3.2. Mean error (degrees) + S.E. between the movement path used by the fish in
response to a predator attack and the 5 different movement rules (AP: away from
predator, NN: nearest neighbour, 2NN: two nearest neighbours, GC: group centre,
LCH: local crowded horizon) in (a) clear water and (b) turbid water. Dashed line at 90°

is the prediction of random movement.
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Shoal cohesion

There was a significant interaction between treatment (clear and turbid) and time
(before and after) on the number of nearest neighbour an individual had (GLMM: Z =
3.12, P = 0.0018, effect size = -0.62, figure 3.3). Number of neighbours increased after
a simulated attack in both clear and turbid water, but this was more pronounced in

clear water

O Before
B After

Number of Fish an Individual is Shoaling with
3
|

Clear Turbid

Water

Figure 3.3: The mean (z S.E) number of fish an individual is associating with, before

(open bars) and after (filled bars) a simulated predator attack in both clear and turbid

water
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Table 3.2: Pairwise comparisons of the ability of the 5 different movement rules to

predict the movement path of the fish in clear (white) and turbid (shaded) water.

Significant p-values are highlighted in bold. In all cases, N = 12 shoals of 10 fish each.

Rule AP NN 2NN GC LCH
AP t=0.71 t=-1.17 t=-3.72 t=-3.3
P=0.48 P=0.24 P<0.001 P=0.001
NN t=-0.81 t=-1.88 t=4.440 t=4.02
P=0.42 P=0.061 P<0.001 P<0.001
2NN t=-2.1 t=-1.28 t=2.55 t=2.14
P=0.04 P=0.20 P=0.011 P=0.033
GC t=-2.5 t=1.68 t=04 t=0.41
P=0.01 P=0.09 P=0.69 P=0.68
LCH t=-2.59 t=1.78 t=0.5 t=-0.096
P=0.01 P=0.08 P=0.62 P=0.92

Table 3.3: Results (P values correct for multiple testing using FDR) from one sample
Wilcoxon signed rank tests, testing if the movement used by the fish is significantly
different from random (90°) for each of the movement rules. N = 12 shoals each

containing 10 individuals

AP GC LCH NN 2NN
Clear water | V=2352 V=620 V=643 V =2220 V =1357

P =0.004 P <0.001 P <0.001 P <0.001 P <0.001
Turbid V =27955 V=1719 V=1702 V=2181 V =1875
water

P=0.97 P =0.0019 P =0.0016 | P=0.082 P =0.0092
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Discussion

Our results demonstrate that shoaling guppies are more likely to use complex (LCH or
GC) rather than simple (NN or AP) movement rules when aggregating under the threat
of predation, resulting in the formation of more compact shoals, as predicted by the
selfish herd hypothesis (Hamilton 1971). Our study provides the first evidence that
grouping animals are able to use the position of multiple neighbours when making
facultative aggregation decisions under the threat of an imminent predatory attack.
Fish are able to consistently choose the numerically larger (Keenleyside 1955; Krause
et al. 1998) or denser of a pair of shoals (Frommen et al. 2009) and are able to
distinguish between shoal sizes of 40 and 60 individuals (Thiinken et al. 2014), yet
pairwise interactions are sufficient to capture spatial patterns of shoaling in groups of
30 under non-threat conditions (Katz et al. 2011). The ability of animals to use
complex rules has been questioned (Morton et al. 1994; Viscido et al. 2002; Reluga and
Viscido 2005), but our results suggest that guppies are cognitively capable of

responding to the position of multiple group mates.

Under the degraded visual conditions associated with turbidity, we predicted that
guppies would either switch from complex to simpler rules, or show a decreased ability
to follow any particular rule. Our results support the second of these predictions: in
turbid conditions, the difference between the predicted and actual paths of the fish
increased, particularly for GC and LCH rules. This led to the formation of shoals that
were more fragmented than those seen in clear water. Turbidity acts to reduce the
visual information available to the individuals, and may explain why Cape fur seals
move towards one or two nearest neighbours when under threat, rather than

accounting for multiple group members (De Vos and O'Riain 2012).

The inability to form cohesive groups in visually poor environments could ultimately
alter predation risk and survival, although this is not specifically tested here. In our
study, the mean number of close neighbours did not differ between clear and turbid
water before the simulated predation attack, previous work has shown that high levels
of turbidity can lead to the formation of looser aggregations under non-threat
conditions (Borner et al. 2015; Kimbell and Morrell 2015). This implies that already
increased inter-individual distances could exacerbate the reduction in ability to

respond to multiple neighbours we observed here, leading to further dispersal of prey
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shoals. If aggregation is a successful predator avoidance strategy in turbid water
(Johannesen et al 2014), then dispersed prey could be more at risk. This may depend
on group size and the searching behaviour of predators. Further studies are needed to
determine how susceptible dispersed groups of prey survive when visual cues are

limited.

We found no evidence that fish were moving away from the likely location of a
predatory threat (following an AP rule): error associated with movement towards
conspecifics was lower than the error associated with moving away from the predator.
One might expect that the direction of a predatory approach to have a significant
effect on movement direction. Indeed, Viscido et al. (2001) predicted that movement
paths should include movement both towards conspecifics and away from the
predator, and this behaviour has been observed in fiddler crab Uca pugilator flocks
(Viscido and Wethey 2002) and mini herds separated from droves (McLain et al. 2005)
We found no evidence to support the suggestion that a combination of GC (one of the
best predictors of movement) and AP resulted in a smaller error than GC alone (see
Supplementary information). It is likely, therefore, that the directional information
provided by the overhead stimulus was not sufficient to trigger this type of response,
and our design more closely reflected the non-directional stimulus of Hamilton’s
(1971) ‘hiding lion’, where prey perceive the threat, but receive no information as to

the possible direction of attack.

Although we find support for complex movement rules, we considered only a single,
relatively small group size of 10 individuals (although this falls well within the normal
range of shoal sizes found in the wild for this species; Croft et al. 2003). Theoretical
work predicts that shoal size and density may be important in determining the best
movement rule to follow, with simpler rules favoured when shoals are larger and the
individuals within them are more dispersed (Morrell and James 2008). Further work is
needed to investigate whether patterns of rule following differ as a function of group
size both within and between species, and whether there is commonality across
species in the use of different rules. Different predation strategies, for example
dispersing prey before attacking, or delaying the attack until further into the centre of

the group, may favour the evolution of different avoidance strategies (Demsar et al.
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2015), either dynamically, as the same group faces different predators or threats, or as

evolved responses across populations or species.
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Supplementary Material

a) Choice of 6 frames as a reference point

For each individual, we report the error (difference between the movement direction
of the fish and the predicted movement direction from the modelling) calculated 6

frames after movement began. To assess the robustness of this choice, we evaluated
the error at 4, 8 and 12 frames, and found that the mean errors for each rule are very
similar to those at 6 frames (table S1). Thus, our findings are robust to the timeframe

we chose.

Table S1. Mean (1 SE) error (in degrees) evaluated at 4 different time points for all 5

rules, in clear (white) and turbid (shaded) water. In all cases, N = 12 shoals of 10 fish.

Time point | AP NN 2NN GC LCH

4 frames 72.7(5.2) |77.3(45) |60.1(4.4) |49.9(3.6) |50.9(3.7)
6 frames 73.7(53) |74.6(43) |61.8(4.1) |47.8(3.7) |50.0(3.6)
8 frames 72.4(5.2) |71.6(45) |60.3(4.5) |47.3(3.8) |49.8(3.8)
12 frames | 71.2(4.9) |722(45) [59.4(43) [485(3.8) |[52.8(3.8)
4 frames 89.0(5.4) |785(47) |73.0(5.2) |[71.8(5.2) |70.2(5.2)
6 frames 92.5(5.4) |81.8(4.6) |758(51) |[73.7(5.2) |72.2(5.1)
8 frames 90.1(5.3) |82.6(4.7) |75.0(4.9) |[73.9(5.1) |73.7(4.9)
12 frames | 90.6(5.3) |86.7(4.8) |76.9(5.1) [713(51) |74.4(5.3)

b) Combined AP and GC rules

Movement away from a predator (AP) may act in combination with other movement
rules (NN, 2NN, GC or LCH) to affect the direction of movement. Viscido et al (2001)
predicted that movement pathways of aggregating animals would be influenced by a

combination of predator direction and the location of conspecifics.
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Methods

To assess this for this, we generated a rule that combined AP and GC rules at different
ratios, so that the strength of the effect of the direction of the predator decreased in
10% increments from a AP:GC ratio of 100:0 (pure AP) to 0:100 (pure GC). We then
compared each of these combinations to the movement pathways of individual fish

using identical methology to that of the main paper.

Results

Rules including a higher level of influence from the direction of the predator (AP rule)
increased the error observed, the rule was more accurate (i.e. lower error) when just
GC rules (AP:GC ratio of 0:10) were compared to the movement pathway of fish, in

both clear and turbid water (figure S1)
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Figure S1: Mean error (x S.E.) when comparing the movement pathways of individual
fish against a combined rule containing AP and GC rules at different ratios, represented

here as a decreasing influence of the AP rule.

¢) Rule comparisons

55



Some pairs of movement rules may predict similar movement paths, for example,
movement following a GC rule may be similar to movement following a LCH rule as
both account for multiple individuals within the small groups we evaluated. To assess
the similarity of movement rule predictions, we explored the difference in predicted
angle between each possible pair of rules for each individual fish. We tested whether
the error was significantly different from 0° (what we would expect if the rules
predicted the fish moved in the same direction) by using a one sample Wilcoxon Rank
Sign test, correcting for multiple testing using the FDR method (Benjamini and

Hochberg 1995)

This analysis revealed that GC and LCH made the most similar predictions (mean
difference of 27.8 + 2.5; table 1a), and that 2NN was similar to LCH (mean difference of
40.1 + 2.9 degrees), but all pairs of rules were significantly different from one another

(table S2).

Table S2: Comparison in the error (angle) + S.E. between the different rules. A lower
angle represents a similar direction. In all cases, d.f. = 2200. P-values are after

correction using Benjamini & Hochberg’s (1995) False Discovery Rate control method.

Rule 1 Rule 2 Mean SE \" P
difference

AP NN 92.2 34 24753 <0.001
2NN 90.5 3.5 24753 <0.001
GC 87.3 3.5 24753 <0.001
LCH 89.7 34 24753 <0.001

NN 2NN 45.6 3.0 24753 <0.001
GC 66.8 3.2 24753 <0.001
LCH 55.1 3.1 24976 <0.001

2NN GC 59.3 3.5 24753 <0.001
LCH 40.1 2.9 24753 <0.001

GC LCH 27.8 2.5 24753 <0.001
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Chapter 4: Turbidity weakens selection for assortment in body

size in groups: predator attack decisions and prey responses

Abstract

Prey animals commonly associate with similar-looking individuals to reduce predation
risk, via a reduction in predator targeting accuracy (the confusion effect) and
preferential targeting of distinct individuals (the oddity effect). These effects are
mediated by body size, as predators often preferentially select large bodied
individuals, which are at an increased risk within a group. The selection pressure to
avoid oddity by associating with similar sized group-mates is therefore stronger for
large individuals than small. This selection depends on the ability of both predators
and prey to accurately assess body size and respond accordingly. In aquatic systems,
turbidity degrades the visual environment and negatively impacts on the ability of
predators to detect (and consume) prey. We assessed the effect of algal turbidity on
predator-prey interactions in the context of the oddity effect from the perspective of
both predator and prey. We find that sticklebacks Pungitius pungitius preferentially
target larger Daphnia in mixed swarms in clear water, but not in turbid water. From
the perspective of the prey, large sticklebacks preferentially associate with size-
matched individuals in clear water as predicted, but not turbid water, while small
individuals showed no social preference in either clear or turbid water. We suggest
that a reduced ability or motivation to discriminate between prey in turbid water
relaxes the predation pressure on larger prey individuals allowing greater flexibility in
their shoaling decisions. Thus, turbidity may play a significant role in predator-prey

interactions, altering the selection pressures on both predators and prey.

Introduction

Predator-prey interactions and anthropogenic change are two key factors influencing
community structure (Holt 1977). Predation alters abundance, distribution and
composition of species in a community either directly through the consumption of

prey (Holling 1959), or indirectly by modifying prey behaviour (Lima and Dill 1990).
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Interactions between predators and prey are highly sensitive to disturbances in the
environment caused by anthropogenic activities. In aquatic environments increased
turbidity, caused by de-forestation, urbanisation and eutrophication, degrades the
visual environment, affecting how predators detect and target prey (De Robertis et al.
2003) and how prey responds (Gregory 1993; Meager et al. 2006). This can cause a
shift in predator-prey interactions (Abrahams and Kattenfeld 1997), ultimately

changing community structure through altered levels of risk and survival.

In clear water aquatic predators often show active preferences for particular prey
types (Lehtiniemi et al. 2007). When there are no handling constraints, larger bodied
prey are generally more profitable (optimal foraging: MacArther and Pianka 1966), and
are often over-represented in the diets of planktivorous fish (Li et al. 1985; Wetterer
and Bishop 1985). Thus, larger prey individuals are often at greater risk of predation
(Lehtiniemi et al. 2007; Manicom and Schwarzkopf 2011). In turbid water, however,
size selectivity is often impaired (Reid et al. 1999; Jonsson et al. 2013), as turbidity
directly affects a predator’s ability to locate and target prey. Predator reaction
distances are shortened, which can lower capture success per unit of effort (Gregory
and Northcote 1993; Utne 1997), or the type of prey targeted may change, while
overall predation rates remain constant (Abrahams and Kattenfeld 1997; Shoup and
Wahl 2009). This alters the level of risk experienced by individuals; for prey animals
that aggregate, this may mean that while overall risk to the group remains constant,

relative risk to individuals within the group changes.

Group formation is a common and important response to the risk of predation. In
addition to reducing individual risk (the dilution effect: Foster and Treherne 1981),
groups of moving prey visually confuse predators, reducing targeting accuracy (the
confusion effect: Krakauer 1995, Tosh et al. 2009). This effect is enhanced in larger
groups and when prey individuals are morphologically or behaviourally similar to one
another (Landeau and Terborgh 1986). Predators are better able to overcome the
confusion effect if a distinct or ‘odd’ individual is present within the group (the oddity
effect: Theodorakis 1989). Predators preferentially target odd individuals as they are
easier to visually isolate, making them at increased risk within a group (Milinski 19773;
Ohguchi 1978; Theodorakis 1989). Together, the confusion and oddity effects predict

that individuals should preferentially group with phenotypically similar individuals, a
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phenomenon well-studied in shoaling fishes (Ranta et al. 1992; McRobert and Bradner
1998; Ward and Krause 2001; Rodgers et al. 2011), but observed in other taxa
including birds (Brightsmith and Villalobos 2011) and mammals (Meldrum and
Ruckstuhl 2009).

In the context of the confusion and oddity effects, predator selectivity for particular
prey phenotypes (e.g. large body size) means that the selection pressure to avoid
oddity should be stronger for preferred phenotypes than for less preferred ones
(Rodgers et al. 2015). In support of this, larger fish preferentially associate with large
conspecifics, while small individuals show no such preference (Svensson et al. 2000;
Rodgers et al. 2011), and larger fish are more risk averse than smaller ones when
foraging (Peuhkuri 1997; Peuhkuri 1998). Changes in prey selection by predators
associated with turbidity may thus alter the relative risk experienced by individuals
within groups, which may have significant consequences for group formation and

maintenance.

Here, we explore the effect of turbidity on predator-prey interactions in the context of
the oddity effect, from the perspective of both predators and prey. Firstly, we assess
predator (9-spine sticklebacks Pungitius pungitius) preferences for large prey Daphnia
magna individuals in mixed groups of small and large prey, predicting that preferences
for large individuals, particularly when they are odd (Rodgers et al. 2015), should be
reduced in turbid water due to the previously documented reduction in size selectivity
more generally. Secondly, we assess size-based association preferences of large and
small sticklebacks, predicting that because predator selectivity for large individuals is
reduced in turbid water, preferences for size-matched individuals in clear water should

again be weakened in turbid water.

Methods

Study species and husbandry

9-spined sticklebacks were collected from Noddle Hill Nature Reserve, Hull, (Grid
Reference: 4111E, 5348N) in October 2013 and housed in groups of 15-20 in 30 x 30 x

50cm aquaria (stock tanks) at the University Hull. All tanks were connected on a closed
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re-circulating system, with external UV and bio-filters and a 20% weekly water change.
Tanks were kept at approximately 12°C on a 12:12 light:dark cycle and fish were fed
daily on defrosted frozen bloodworm (chironomid larvae) and frozen Daphnia
(purchased from Ings Lane Garden and Water Centre Ltd, Hull). Fish used were not in
reproductive condition, and therefore no effort was made to sex individual fish. 30 fish
were labelled as “stimulus fish” for the shoaling experiments (see below) and not used
as test fish in either experiment. All other fish were used in both targeting and shoal

choice experiments (see below), with at least a week between experiments.

Turbid water was created using a unicellular, motile algae Chlamydomonas spp
(Phytotech lab, Kansas, USA). Algae was grown in a medium containing de-ionised
water and Bold’s Basal Medium Solution (Phytotech lab, Kansas, USA) at 20°C, in
cylindrical culture vessels (5cm in diameter, 50cm in length) with a constant light
source and airflow. Cultures were left to reach high concentrations (¥200NTU) and
then diluted with water from the aquarium system for experiments to reach 12.5 NTU
(¥2.5NTU), which equated to approximately 30cm visual depth (measured with a

Secchi disc). Turbidity was maintained in experiments using airstones.

Live Daphnia magna were used as prey in targeting experiments (purchased from Ings
Lane Garden and Water Centre Itd, Hull). Upon arrival to the lab Daphnia were placed
in 20 x 10 x 15cm tanks containing a small quantity of algae (Chlamydomonas sp,
~5NTU) for a minimum of 5 days before experiments. This provided a food source for
the Daphnia (Ebert and Bethesda 2005) and ensured they were of a standardized
colour for experiments, which otherwise may affect detection by predators (Jonsson et
al. 2011). Before experiments two size classes of Daphnia (large: 2.5mm and small:
1.5mm) were separated from the main population into two size-matched pools (held

in tanks measuring 20 x 10 x 15cm).

Experiment 1: Targeting of individuals in groups

To investigate how different groups were targeted, we presented sticklebacks with
different combinations of large and small live Daphnia. 12 sticklebacks from the same
stock tank were placed in a test tank (30 x 30 x 50cm) containing either clear or turbid
water to a depth of 15cm and allowed to acclimatise for one hour, after which an
opaque barrier was carefully placed 30 cm from one end of the tank, dividing the tank
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into a smaller holding area at the back and an larger experimental area. Fish were

carefully netted into the holding area and remained there for a further hour.

At the end of the experimental area, a square array of Daphnia, consisting of 16 water-
filled 1cm® transparent cubes arranged in a 4x4 grid (Rodgers et al. 2013b), was
positioned externally on the end of the tank. This ensured visual, but not olfactory
cues from the prey were available to the fish, and that prey individuals remained
separate and could not physically interact during the experiment. Three treatments
with different ratios of Daphnia sizes were used; 1:15 large:small (large-bodied
minority), 8:8 large:small (equal ratios), and 15:1 large:small (small-bodied minority).
In the two treatments with a single odd individual, the position of that individual in the
grid was rotated systematically to control for any positional effects (Krause 1994). In
the equal ratios treatment, large and small individuals were placed in the grid in an
alternating pattern. A Microsoft LifeCam connected to a laptop was placed behind the
array to record the trials, and the test tank was screened by a curtain to minimise

disturbance.

At the start of each trial, a single test fish was carefully netted over the barrier from
the holding area into the experimental area. This caused minimal disturbance to the
fish, with the majority (211/213) of fish resuming normal swimming behaviour less
than 10 seconds after being transferred to the experimental area. Fish that did not
begin swimming within 2 minutes were excluded from the experiment (N=2 fish). The
fish was free to view the Daphnia array as soon as it was netted over the barrier, and a
further 10 minutes were allowed for the fish to attack an individual within the array.
From the videos, we recorded the size (large or small) of the first Daphnia targeted,
defined as the fish making a striking movement towards a particular individual within
the array and making contact with the glass of the tank. Once the first attack had been
made, the trial ended and the test fish was removed and returned to the stock tanks.
Each fish was only used once. Fish that had not made an attack within 10 minutes of
being placed over the barrier were excluded from the experiment (20/98 clear water
trials, 50/119 turbid water trials). During the turbid trials, turbidity was measured
using a handheld Oakton Turbidity Meter every other trial to ensure that it remained
at 12.5+2.5NTU. The water in the experimental tank was changed every 12

experiments (i.e. when all the fish in one set of experiments had been used), and
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Daphnia were returned to their size matched pools. In clear water we recorded N=25,
N=22, N=24 successful attacks for 1:15 (large:small), 8:8 and 15:1 daphnia treatments

respectively, and N=25, N=16 and N=24 successful attacks in turbid water.

Experiment 2: Shoal choice

To investigate the effect of turbidity on social decisions, we carried out a series of
binary shoal choice tests (McRobert and Bradner 1998; Rodgers et al. 2011) in clear
and turbid water. Three days after being introduced and acclimatised to the aquarium,
15 fish measuring between 35-40mm (“large fish”) and 15 measuring between 25-
30mm (“small fish”) were placed in separate aquaria (on the circulating system) and
labelled “stimulus fish”. These fish were never used as test fish in either the targeting
experiment or shoal choice experiments. These sizes were chosen as they were readily
available in the population, and because three-spine sticklebacks Gasterosteus

aculeatus, can distinguish between these size classes (Ward and Currie 2013).

The shoaling preference of each fish was assessed twice: once in clear water and once
in turbid water, such that half the fish were tested in clear water first, and half in
turbid water first. To allow us to identify individual fish between trials without
marking, test fish were moved in groups of 12 (6 large and 6 small) to 4 identical
holding tanks (40 x 20 x 20cm), each separated into 3 equal-sized compartments (each
13 x 20 x 20cm) 24 hours prior to experiments. Compartments were separated with
clear perforated barriers, which allowed visual and olfactory communication between
the test fish, to reduce possible stress caused by separation from conspecifics. Each
fish was placed individually in a holding tank compartment, with all compartments
within a holding tank containing fish of the same size (3 large or small fish per holding
tank). Fish were returned to their individual compartments for 24 hours between

experiments.

Shoal choice experiments were carried out in 60 x 20 x 30cm binary choice tanks. The
tank was split into 3 compartments by two solid glass barriers allowing the
transmission of visual but not olfactory cues, with one larger central compartment (30
X 20 x 20cm) set between two smaller compartments (15 x 20 x 20cm). The two
smaller compartments contained the stimulus shoals during the experiment. Two

10cm preference zones (approximately 3 body lengths; Pitcher and Parish 1993) were
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drawn up beside each stimulus compartment. Test tanks were filled to a depth of
12cm (approximately 15L) using the turbid water (see above) or clear water taken from
the aquarium system and one air stone was placed in each compartment. Water was
changed between each set of experiments (12 test fish, 6 large and 6 small). As no
olfactory cues were exchanged between the stimulus shoals and test fish, it was not
necessary to change the water between each experiment to control for the build-up of
cues from the stimulus fish (which may relay information about size; Ward and Currie
2013). As the water for all experiments was taken from the aquarium system (with
concentrated algae added for the turbid water experiments), cues from sticklebacks of

all body sizes were present in the water.

One hour before experiments, test fish were transferred to individual 20 x 20 x 10cm
tanks containing either clear or turbid water to allow for acclimatisation to test
conditions. One stimulus shoal of 3 large fish and one stimulus shoal of 3 small fish,
selected haphazardly from the stimulus fish tanks, were placed in the two end
compartments of the binary choice tank and allowed to acclimatise for 15 minutes.
After this time the focal fish was placed in the centre compartment. Observations
began when the test fish resumed normal swimming behaviour (between 30 - 120
seconds). One fish was excluded from the trial as it froze for 5 minutes. During a 20
minute observation period the time spent in each preference zone (defined as a fish
having more than 50% of its body within the preference zone) and the number of
times it moved between preference zones (a measure of activity; Fischer and
Frommen 2012, Rodgers et al. 2011) were recorded. The trial was observed from
behind a curtain using a Microsoft LifeCam attached to a laptop to minimise
disturbance. New stimulus shoals were taken from stimulus fish tanks after every third
experiment, and the side containing the shoal of large fish was systematically
alternated. To reduce the overall number of stimulus fish required, each individual was
used more than once over the course of experiments, but haphazard selection of
individuals from the stimulus stock tanks meant that it was unlikely the same
combination of fish was selected more than once. After each trial, test fish were placed
back into the holding tanks and fed defrosted frozen bloodworm. Stimulus fish were

fed on completion of the day’s experiments.
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Statistical analysis

In the targeting experiment (experiment 1) we assessed whether sticklebacks targeted
particular body sizes more than would be expected by chance using exact binomial
tests. In each case, we compared the observed proportion of attacks on large Daphnia
to expected probabilities based on random targeting. Expected proportions for the
large minority, equal ratios and small minority treatments were 0.0625, 0.5 and 0.938
respectively. For example in a 1:15 ratio of large Daphnia: small Daphnia, the large
Daphnia would be targeted 6.25% of time (1/16 x 100) if attack was random with
respect to body size. 95% confidence intervals for the proportion of attacks on large
Daphnia were calculated using the ‘modified Wald’ method recommended by Agresti
and Coull (1998). The per capita risk to individuals was calculated as the proportion of
trials in which an individual was targeted, divided by the number of size matched

individuals present in the group (Rodgers et al. 2015).

For the shoal choice experiments (experiment 2), we used a generalised linear mixed
effects model (GLMER) model with a binomial error distribution (as appropriate for
proportion data) to assess whether the proportion of time spent shoaling with size
matched individuals (shoal choice) was influenced by turbidity (clear or turbid water),
test fish body size and their interaction. Fish ID was included as a random factor to
account for the repeated measured design and an additional observation-level random
effect was used to account for overdispersion of the data (Harrison 2014). To assess
whether the shoaling preference exhibited by large and small fish in clear and turbid
water differed significantly from random expectation (50% of the time with each
shoal), one-sample tests were applied. Data was arcsin square root transformed to
meet the assumptions of normality where possible and a one-sample t-test was used;
otherwise we used a non-parametric Wilcox signed ranks test. The false discovery rate
(FDR) method was applied to correct for multiple testing (Benjamini and Hochberg
1995), and we present the adjusted p-values here. We used a linear mixed effects
(LME) model to assess the effect of turbidity, body size and their interaction on the
total time spent shoaling with both shoals. Fish ID was included as a random effect to
take into account the repeated measures design. Non-significant interactions were
removed following Crawley (2007). Visual inspection of plots of residuals against fitted

values and quantile-quantile plots indicated that a normal error distribution was
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appropriate here (Crawley 2007). Finally, to investigate if activity (the number of times
the fish switched between preference zones) was influenced by body size, turbidity
and their interaction we used a GLMER model with a Poisson error distribution (as

appropriate for count data) with fish ID included as a random factor.

Results

Experiment one: Targeting of individuals in groups

In clear water, large individuals were targeted significantly more than was expected by
chance in the equal ratios treatment (figure 4.1a: large Daphnia targeted in 20/22
trials, 91%, P < 0.001, with random expectation 0.5) and in the large minority
treatment (figure 4.1a: large individual targeted in 10/25 trials, 40%, P < 0.001, random
expectation 0.0625). In turbid water, however, large individuals were no longer
preferentially targeted at either ratio, and were chosen with a rate consistent with
chance (figure 4.1a: equal ratios: large individual targeted 12/16 trials, P = 0.08, with a
random expectation of 0.5, large minority: 4/25, P = 0.076, random expectation
0.0625). When large individuals made up the majority of a group (15:1) large Daphnia
were attacked at a rate consistent with chance in both clear and turbid water (figure

1a: 100% of trials. 25/25 in clear and 21/21 in turbid water).

Per capita risk for large individuals is greatest when they form the minority in the
group, and decreases as the number of large individuals increases, and in turbid water
(figure 4.1b). In small individuals, per capita risk increases as their number within the
group increases. Small individuals are slightly more at risk in turbid water (figure 4.1c)

although they are still at lower risk overall compared to large individuals.
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Figure 4.1: (a) Proportion of attacks on large individuals when large Daphnia were the
minority (1:15), equal ratios (8:8) and majority (15:1) within the group (+ 95% C.I.) in
clear (light bars) and turbid (dark bars) water. Dashed lines represent the proportion
expected if prey selection were random according to each prey group composition.
Asterisks indicate significant differences from random expectation (P < 0.001). (b) The
per capita risk for large Daphnia for each of the treatments (large minority, equal
rations and large majority). (c) The per capita risk for small Daphnia for each of the
treatments (small minority, equal rations and small majority). Open circles represent
clear treatments and dark circles represent turbid treatments. Lines connecting points

are for ease of visualisation.
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Experiment two: Shoal choice

We found a significant interaction between water treatment and body size on the
proportion of time individuals spent associating with size matched shoals (GLMER: Z =
2.22, P = 0.027, figure 4.2a, table 4.1a). Large individuals preferred to associate with
size matched shoals in clear water (t = 3.99, adjusted P = 0.0024), but not in turbid
water (t = 0.56, adjusted P = 0.36). Small individuals showed no active preference for
either sized shoal in clear (V = 94, adjusted P = 0.64) or turbid water (V = 122, adjusted
P = 0.64). Both large and small test fish spent significantly more time shoaling overall
(total time spent shoaling) in turbid water compared to clear (LME: Fy 44= 14.52, P <
0.001, figure 4.2b, table 4.1b), but there was no effect of body size and no interaction
(table 2). Finally, we found a significant interaction between water treatment and fish
size on activity levels (GLMER: z=3.07, p = 0.002, figure 4.2c, table 4.1c). Large test fish
had a higher level of activity in clear water compared to small fish, but both large and
small fish reduced their activity to similar levels in turbid water. Examining the data
more closely, we found that fish in turbid water were more likely to remain in one
preference zone for the duration of the trial than fish in clear water (5/46, 11% clear

water trials, 15/46, 33% turbid water trials).
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Figure 4.2. (a) Proportion of time spent shoaling with a size matched shoal for both
large and small fish in clear (light bars) and turbid (dark bars) water (£S.E.). Dashed line

represents the proportion expected if fish chose shoals by chance (0.5). (b) The total
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time spent shoaling by large and small fish in clear and turbid water (+S.E.). (c) Activity
(number of compartment changes) by large and small fish in clear and turbid water

(S.E.)

Table 4.1: Results of the analyses of the effects of turbidity treatment (clear or turbid),
test fish body size (large or small) and their interaction on a) the proportion of time
spent associating with the size matched shoal (GLMER with binomial errors), b) the
total time spent shoaling (LME) and c) the number of times the test fish moved
between the preference zones associated with the two shoals (activity levels; GLMER

with Poisson errors). Significant p-values are highlighted in bold text.

Fixed effects Test statistic DF P
a) Proportion of time spent with size matched shoal Log odds (+S.E.)
Turbidity Z=-3.17 0.002 -4.14 (1.31)
Size Z=-1.73 0.085 -2.34 (1.35)
Turbidity * Size =221 0.027 4.08 (1.84)
b) Total shoaling time (s) Effect Size
Turbidity F=14.52 1,45 <0.001 1065.72
Size F=0.32 1,45 0.57 943.06
c) Activity (number of preference zone switches) Log odds (+S.E.)
Turbidity Z=-10.05 <0.001 -1.03 (0.10)
Size Z=-2.79 0.005 -0.61 (0.22)
Turbidity * Size Z=3.07 0.002 0.49 (0.16)
Discussion

Our results suggest that turbidity weakens predator preferences for targeting odd,
large-bodied individuals, and relaxes the pressure on large bodied prey to associate
with similarly-sized groupmates. This suggests there is reduced selection pressure for
behavioural assortment in prey, driven by confusion and oddity effects, in turbid

water. Reflecting previous work (Gibson 1980; Li et al. 1985; Wetterer and Bishop
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1985; Rodgers et al. 2015), we found strong predator selectivity for large prey in clear
water, particularly when they were in equal ratios with small-bodied prey or were in
the minority (odd) within the group. In turbid water, however, predators no longer
showed this preference, a finding supported by previous work (Vinyard and Yuan 1996;
Rowe et al. 2003). We suggest that turbidity therefore relaxes predation pressure on
large individuals within groups, reducing the benefits of assorting by size, and resulting
in a loss of the preference for associating with size-matched conspecifics seen in clear

water when turbidity increases.

Large prey may be less at risk in turbid water due to visual constraints: in low-visibility
conditions, predator-prey interactions occur at closer distances (Miner and Stein 1996;
Meager et al. 2006), meaning predators may have reduced choice or reduced time for
selection of prey from a group. Algae absorb photosynthetically active wavelengths
and scatter light (Kirk 2011), reducing the contrast between objects and their
background (Utne-Palm 2002), which negatively affects long-distance detection
substantially more than short distance detection (De Robertis et al. 2003). For large
individuals, therefore, detection distances are reduced to a greater extent than for
small individuals, which may reduce size selectivity by altering encounter rates (Utne-
Palm 2002; Jonsson et al. 2013). Turbidity may impact on predator confusion: if
detection distances are reduced, prey swarms may appear less dense or numerically
smaller, and predators therefore less susceptible to confusion effects (which are
enhanced in larger and denser groups; Milinksi 1977b; loannou et al. 2009). The
importance of oddity for successful predation would therefore also be reduced, and
preferences for odd individuals in groups weakened. Further investigation is needed to

explore the effects of turbidity on confusion and oddity effects.

If predators are less selective in turbid water, then prey could be expected to respond
appropriately to the altered risk environment. Our results suggest that shoaling fish
adjust their shoal choices in response to their immediate environment, with large fish
losing their preference for size-matched shoals under turbid conditions. For large
individuals, at higher risk of predation, association with size-matched individuals
reduces risk by reducing oddity and enhancing confusion effects (Theodorakis 1989;
Ranta et al. 1992; Rodgers et al. 2011), while for small individuals, risk is lowered

through association with larger prey (Rodgers et al. 2015). If predator targeting of
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large-bodied prey is reduced, and the anti-predator benefits of size-matching are
reduced, we would expect to see a reduction in the strength of association
preferences. Association with large-bodied individuals carries a number of costs —
particularly increased competition for food (Metcalfe and Thomson 1995; Hoare 2000),
which can be avoided under the relaxed selection pressures for assortment in turbid

water.

Turbid water is often associated with a reduced perception of overall risk in fish
(Gregory 1993; Engstréom-Ost and Mattila 2008), resulting in reduced anti-predator
behaviour, including weakened escape responses (Gregory 1993; Meager et al. 2006),
reduced use of shelter (Abrahams and Kattenfeld 1997) and decreased shoal cohesion
(Kimbell and Morrell 2015) even if actual risk remains unchanged (Reid et al. 1999;
Shoup and Wahl 2009). A reduction in shoaling preferences could be attributed to this
effect: sticklebacks perceive that overall, rather than individual, risk is reduced and
adjust their social behaviour accordingly. However, our finding that fish both increased
the total time they spent in association with other shoals (figure 4.2b) and reduced
their activity levels (figure 4.2c) suggests an enhanced, rather than reduced,
perception of overall risk levels in turbid water for 9 spined sticklebacks. Reduced
activity levels are thought to reduce encounter rates with predators and have
previously been observed in shoaling fish (Fischer and Frommen 2012). By remaining
with a shoal, rather than moving between shoals, individuals reduce their exposure to
predators under situations where they are at increased risk through isolation (Landeau

and Terborgh 1986).

As predators, fish are affected by visual constraints in turbid water, and thus the same
constraint might be expected for fish as prey. Our test fish may have been unable to
detect both shoals simultaneously, although the turbidity levels in our experiment
(12NTU, equivalent to a secchi depth of 30cm) were chosen so that fish should be able
to view both shoals simultaneously from any location within the test tank. It remains
possible that distinguishing the body sizes of conspecifics is more difficult in turbid
water, particularly from a distance. As a result, individuals may be unable to assess
whether the shoal they were not associating with at any given time was in fact a better

‘match’ for them, phenotypically, and shoals are therefore formed via chance
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encounters rather than active choice. Further work is needed to tease apart the

precise mechanisms underlying the changes in shoal preference we observed.

Overall, we have shown that reduced size selectivity by predators and reduced shoal
preference by prey are both consequences of increasing turbidity in aquatic
environments. Together, these changes both reduce the selection pressure for prey to
associate with phenotypically matched individuals, and weaken those association
preferences. The confusion and oddity effects are thought to be strong drivers in the
evolution of behaviours leading to the formation of phenotypically associated groups,
but under turbid water we anticipate a reduction in phenotypic assortment in groups,
leading to more diverse, less assorted groups. As assortativeness is associated with
behaviours other than predator avoidance, such as enhanced foraging efficiency
(Lindstrom and Ranta 1993; Ranta et al. 1994) and synchronisation of activity (Conradt
and Roper 2000), a reduction in the pressure for assortment may increase the costs

associated with other activities for animals that live in groups.
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Chapter 5: Exposure to visually poor environments improves
foraging performance in adult guppies under low light

conditions

Abstract

Many aquatic habitats are changing rapidly as a consequence of human activities.
Anthropogenic change can degrade the visual environment, through eutrophication or
disturbance. Exposure to an altered visual environment during early life provides a
mechanism by which animals can compensate for the effects of this change, for
example, by making a sensory switch from vision to olfaction. It remains unclear if
adults can make a similar sensory switch. As the visual environment changes over short
timescales, it is important to understand how aquatic organisms respond at different
developmental stages. We investigated how adult guppies Poecilia reticulata that were
exposed to light or dark environments for 2 and 4 weeks responded to visual, olfactory
and a combination of both food cues. We found no difference in foraging behaviour
between light and dark exposed adults after 2 weeks, however after 4 weeks of
exposure, dark-exposed guppies responded more strongly to food cues in the dark
conditions they had experience of, regardless of the cue provided. We report an
improvement in foraging in dark environments by dark-exposed adults after 4 weeks,
but not via the sensory switch to olfactory cues as reported in guppies reared in dark
environments from birth. Hence adults exposed to visually degraded conditions are
able to forage successfully in low light conditions but the mechanism driving this

compensation differs from juvenile guppies.

Introduction

Organisms live in habitats that are heterogeneous in both space and time. Individual
animals are often able to respond to sudden, short-term changes in their environment
by altering behaviour, an extremely plastic trait. Behavioural plasticity allows animals

to adjust their behaviour rapidly to minimize negative consequences of a stressful
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environment and is usually the first response to altered conditions (reviewed in
Tuomainen and Candolin 2011 and Candolin and Wong 2012). However, behavioural
plasticity can be limited, particularly if stressors in the environment increase, become
permanent, or dispersal away from the threat is restricted (Schwartz et al. 2006;
Thomas 2011). Exposure from birth provides an alternative mechanism by which
animals can adapt to degraded environments, through developmental or
compensatory plasticity (Rauschecker 1995; West-Eberhard 2003; Monaghan 2008).
This type of plasticity is often more costly and less flexible than behavioural plasticity

and can be dependent on a critical developmental window (West-Eberhard 2003).

Many habitats are changing rapidly as a result of human activities. Anthropogenic
environmental change frequently disrupts an organism’s sensory environment;
increased noise created by roads can affect auditory communication in birds
(Slabbekoorn and Peet 2003) and eutrophication in lakes degrades the visual
environment, reducing foraging rates and impacting on a range of other behaviours in
fish (Candolin et al. 2007; Fischer and Frommen 2012). Compensatory sensory
plasticity, whereby experience of a degraded sensory environment leads to an
increased capacity of an alternative sense (Rauschecker and Kniepert 1994), has been
well documented in juvenile animals, including cats (Rauschecker 1995), rats (Ryugo et
al. 1975), humans (Roder et al. 1999) and fish (Chapman et al. 2010b). Guppies Poecilia
reticulata reared from birth in a low light environment, for example, make a sensory
switch from vision to olfaction when detecting food cues, enabling them to maintain
foraging rates (Chapman et al. 2010b). However, evidence is scarce for whether such
‘sensory compensation’ is a property of early ontogeny and a limited developmental

window exists in which juveniles are able to make a sensory switch.

Adult fish can adjust their behaviour in response to rapid changes in the visual
environment: male sticklebacks increase the frequency of mating displays and display
more intense red colouration in turbid water (Candolin et al. 2007; Engstrom-Ost and
Candolin 2007) and juvenile cod Gadus morhua increase searching activity for food
sources (Meager and Batty 2007). These behaviours can compensate for the reduction
in vision, but may be costly terms of time and energy spent by an individual. Adult fish
may also be able to compensate for reduced visual information by increasing their

reliance on an alternative sense. For example 3-spine sticklebacks Gasterosteus
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aculeatus can maintain foraging rates by using olfactory cues after relatively short
acclimatisation periods (Webster et al. 2007; Johannesen et al. 2012), suggesting that
these individuals are able to cope to some extent with short term losses in vision by
altering behaviour. Other species, however, appear unable to make this short-term
switch (salmon Salmo salar: Fraser and Metcalfe 1997; largemouth bass Micropterus

salmoides: McMahon and Holanov 2005).

While many studies investigating how adult fish respond to changes in their sensory
environment consider the effects of immediate change (Webster et al. 2007; Fischer
and Frommen 2012; Johannesen et al. 2012), fewer consider responses during longer-
term exposure. Costly responses such as increased activity (Meager and Batty 2007)
may not be sustained over longer timescales, while mechanisms such as learning
(Odling-Smee and Braithwaite 2003), physiological or morphological changes (Webster
et al. 2011) may allow responses to be maintained or improved. A combination of
behaviour flexibility combined with sensory plasticity may buffer individuals against
potential negative consequences of altered sensory environments, while maintaining

the ability to deal with fluctuations in the environment.

Here we test whether adult guppies exposed to visually degraded conditions are able
to compensate in a foraging task carried out under low light conditions, and test
whether compensation occurs via a sensory switch from vision to olfaction. We
exposed adults for varying lengths of time (2 and 4 weeks) to assess the importance of
exposure duration on foraging performance and compensation. If adult guppies are
able to compensate for reduced availability of visual information, we predict that dark-
exposed fish will respond more strongly to olfactory food cues than light-exposed fish,
improving their foraging success in low-light environments with increasing exposure
time. In contrast, light-reared fish should respond most strongly to visual cues and will
show reduced foraging success in low-light environments. If, however, sensory
compensation is limited to a critical developmental window early in life (West-
Eberhard 2003; Chapman et al. 2010b), dark-exposed fish are predicted to be unable
to compensate for the degraded environment and will not switch to an increased

reliance on olfactory cues.
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Methods

Study species and exposure environments

All fish used in this experiment were descendants of wild-caught guppies Poecilia
reticulata from Trinidad. Stock tanks of guppies were maintained in aquaria (20 x 40 x
40cm) at the University of Hull at ~26°C on a 12:12hr light:dark cycle and fed daily on
ZM fine sinking food (ZM Systems, Hampshire, UK).

135 sexually mature guppies were randomly assigned to one of two light intensity
treatments: relatively high light intensity (~300 lux; “light treatment”) and relatively
low light intensity (~1.5 lux; “dark treatment”). Exposure tanks measured 20 x 20 x
20cm, contained an artificial plant and were held in our aquarium facility on a 12:12
hour light:dark cycle. The dark treatment was created by turning off the aquarium
lights directly above the tanks (but leaving the room lights on the specified light cycle),
and isolating the tanks from the main room using a thin black polycotton sheet. This
ensured fish were not kept in total darkness, as some light still penetrated through the
sheets. To control for the positioning of the sheet, light tanks were isolated from the
room by a thin white sheet. All holding tanks (light and dark) were kept on the same
circulating aquarium system with a 10% daily water change using a 50:50 mixture of
purified water and filtered tap water. In order to keep the algae growth at a minimum
in tanks (which may otherwise be used as a food source), UV filters were used on the
system, and all tanks were carefully cleaned twice weekly and the aquarium plants
changed weekly to prevent algae build up. This appeared to cause minimal disturbance

to the fish.

Fish were placed into the exposure tanks at an initial density of 6 fish per tank and fed
twice a day on equal quantities of crushed ZM flake food using a 5 x 2mm spatula. Fish
were held in the exposure tanks for a total of 4 weeks. After 2 weeks and after 4
weeks, fish were removed from the tanks and randomly assigned to a cue treatment
(visual, olfactory or both). Each fish was tested individually in light and dark test
conditions, with 24 hours between trials before being returned to the tank. We carried
out 21 replicates (21 groups of 6 fish) for the high light intensity treatment and 19

replicates of the low light intensity treatment.
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Foraging experiment

Foraging trials used a similar methodology to that in Chapman et al (2010b). Trials took
place in a rectangular plastic tank (40 x 25 x 15cm, figure 1) filled to a depth of 5cm
with water taken from the aquarium system. At one end of the tank two solid,
transparent cylindrical containers (diameter 7.5cm, height 10cm) also filled to a depth
of 5cm were fixed to the base of the tank. They were positioned in the corners of the
tank with a minimum distance of 10cm between them. The cylinders contained visual
cues from food during the relevant trials, and contained no food during trials that did
not involve visual cues. No olfactory cues were able to pass from the cylinders to the
test tank. A 3cm preference zone was drawn around each container. Two plastic clips
were placed on the outside of these containers, which held tubes to allow for olfactory
cues to enter the test tank below the water line, during the relevant trials. 12cm from

III

the opposite end of the tank a horizontal “start line” was drawn, dividing the tank into

two sections (a starting section and a choice section).

The experimental tank was housed within a wooden shelter (70 x 50 x 65cm) with an
open front and an opening directly above the tank where a Panasonic SDR S26 video
camera was placed, so fish could be observed without disturbance. An aquarium light
attached to a clamp stand was placed inside the shelter to ensure the light trial
treatments received a similar light intensity as the light exposure treatment. In the
dark trials this was switched off. The shelter was then covered with a black (dark trials)
or white (light trials) polycotton sheet to both ensure the correct light intensity and

minimise disturbance to the fish during the trials.

Visual cues were created by placing 0.2g of crushed flake food (ZM fish food) onto the
surface of the water of one of the containers, using a funnel from outside the wooden
shelter to minimise disturbance. Olfactory cues were created by mixing 10g of flake
food in 1 litre of purified water and filtering this through a fine mesh to remove any
visual cues. A control cue was made up of 1 litre of purified water with 0.2ml of yellow
food dye (to match the colour of the food cues). These cues were dispensed via a
peristaltic pump which released the cues through tubes connected to the cylindrical
containers at a rate of 6ml per minute. An overflow pipe was placed 5cm above the

base of the tank at the end of the tank opposite the cue cylinders to maintain a
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constant water level. For the visual only and olfactory only treatments, only the
relevant cue was added. For the both cues treatment, both visual and olfactory cues

were added at the same side. The side containing the cues was randomised.

Experimental protocol

24 hours prior to experiments, all fish within a exposure tank were placed into 2
holding tanks (40 x 20 x 20cm), both separated into 3 equal-sized compartments (each
13 x 20 x 20cm) and fed. Compartments were separated with clear perforated barriers,
which allowed visual and olfactory communication between the test fish, to reduce
possible stress caused by separation from conspecifics. Each of the 6 fish were
randomly assigned to a cue treatment (2 visual, 2 olfactory and 2 both), and tested in
both light and dark trial conditions, separated by 24 hours. An hour before each trial,
the fish were acclimatised to the trial lighting conditions by placing them in a separate
small tank (20 x 20 x 20cm). At the start of each trial, an individual was placed in the
test tank and given 2 minutes to explore the tank. After the acclimatisation period, and
once the fish had returned to the start section, the food cues were added. The trial
began when the fish subsequently crossed the start line (figure 5.1). Each trial lasted 5
minutes. We recorded the time spent in the preference zones of both the cue and
control cylinders, from which we calculated the proportion of time spent with the cue
(Chapman et al. 2010b). At the end of the 5-minute trial fish were returned to their
holding tank compartment, allowing us to track individual fish between trials. When
the trials for each set of fish were completed the fish were fed. They remained in the
holding tanks for a further 24 hours to allow them to be re-tested under the
alternative lighting environment. After the second trial, fish were released into their
home tank and fed. Fish were tested after 2 weeks in their exposure tanks and again at
4 weeks. Individuals were not marked or tagged, so we were unable to track
individuals between the 2 week and 4 week trials. The order the fish experienced light
and a dark condition was alternated. The tank was emptied and rinsed with clean
water between each experiment to remove any olfactory cues from food or the
previous fish. Fish that failed to enter both control and cue zones or did not cross over
the start line were removed from the analysis (2 weeks: n=79/432 and 4 weeks:

73/392).
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20 fish died during the 4 week exposure period (light: 5/106, dark: 15/110), but no
tanks contained fewer than 4 fish at the end of the experiment. Final sample sizes
were: visual cues (2 weeks: light exposed n = 48, dark exposed n = 62. 4 weeks: light
exposed n = 51, dark exposed n = 52), olfactory cues (2 weeks: light exposed n = 57,
dark exposed n = 60. 4 weeks: light exposed n = 49, dark exposed n = 51), both cues (2
weeks: light exposed n = 60, dark exposed n = 66. 4 weeks: light exposed n = 60, dark
exposed n = 56), with each fish tested in both light and dark conditions for one cue

type at both 2 and 4 weeks.

Statistical analysis

All data were analysed using R 2.15.1 (R Development Core Team 2011). A linear mixed
effect (LME) model was performed on the 2 week and 4 week trials independently. As
fish were not identifiable between week 2 and week 4, it was not possible to compare
between trials directly. Exposure environment (light or dark), experimental lighting
(light or dark) and cue type (visual, olfactory or both) were included as main effects,
with individual identify and tank identity as random factors to account for the
repeated measures of the data and non-independence of individuals from the same
exposure tank. Sex had no effect in our analyses and so was excluded. Non-significant

2- and 3 way-interactions were removed from the models following Crawley (2007).

[«}]

Figure 5.1: Experimental tank set up, where a) represents the starting section, where
the fish must be in for a fish to start the experiment, b) 7cm solid cylindrical tube used
to contain visual food cues, c) piping where the olfactory cues enter and d) 3cm

preference zone
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Results

After a two week exposure period, we found a significant 2-way interaction between
trial lighting conditions and the food cue provided (Figure 5.2: Fy,139= 4.34, p = 0.015),
but no effect of exposure environment and no other significant interactions (table 5.1).
Fish spent a greater proportion of time with a cue in the light trial conditions when
visual cues were present (i.e. in the visual and both treatments; figure 5.2a-c), and fish

from both light and dark exposure environments responded to cues in the same way.

After 4 weeks exposure, we found a significant 2-way interaction between exposure
environment and trial lighting condition (Figure 5.2: F; 150 = 8.77, p = 0.0037, table 5.2).
Fish spend a greater proportion of time with the cue in the lighting conditions they
were previously exposed to irrespective of cue (visual, olfactory or both). Guppies
exposed to light environments guppies spent a greater proportion of time with the
food cue in light trials and dark-exposed spent a greater proportion of time with the

cue under dark trial conditions (figure 5.2 d-f).
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Figure 5.2. Mean proportion of time (£S.E) spent in the cue detection zone after adult
fish had been exposed under light and dark conditions for 2 weeks; with (a) both visual
and olfactory cues (b) visual cues and (c) olfactory cues, and for 4 weeks with (d) both
visual and olfactory cues presented, (e) only visual cues and (f) only olfactory cues.
Shaded bars represent dark trial conditions; unshaded bars represent light trial

conditions.
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Table 5.1. 2 week results: Summary of a linear mixed effect (LME) model including the
3 main effects. None-significant interactions have been removed for simplification.

Emboldened p-values represent significance.

Fixed effects DF F-value P-value
Rearing environment 1, 38 8.96 0.0048
Trial conditions 1, 140 12.97 <0.001
Cue 2,168 13.96 <0.001
Trial conditions* Cue 2, 140 432 0.015

Table 5.2. 4 week results: Summary of a linear mixed effect (LME) model including the
3 main effects. Non-significant interactions have been removed for simplification.

Emboldened P-values represent significance.

Fixed effects DF F-value P-value
Rearing environment 1, 38 2.17 0.15
Trial conditions 1,122 0.078 0.78
Cue 2,153 7.67 <0.001
Rearing Environment*Trial conditions 1,122 8.78 0.0037
Discussion

We found no evidence for sensory compensation in adult guppies. Dark reared fish did
not develop an increased reliance on olfactory cues as previously seen in juvenile fish
(Chapman et al. 2010b), suggesting a mechanism other than sensory plasticity is
causing the change in behaviour. After 2 weeks, we found that only trial lighting
conditions and cue type affected the proportion of time spent with the food cue, with
no effect of light exposure environment. All guppies foraged more successfully in light
environments when visual cues were present. This suggests that 2 weeks exposure to
an altered visual environment is not sufficient time to allow guppies to adapt to a low
light environment. After 4 weeks, however, guppies foraged more successfully in the
environment in which they had previously been exposed, regardless of the cue type

offered, suggesting that some adaptation to their environment had taken place.
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More successful foraging in light conditions is unsurprising as guppies are primarily
diurnal foragers (Magurran 2005) and respond strongly to visual cues across a range of
behaviours (Long and Houde 1989; Endler 1991; Kelley and Magurran 2003a). A lack of
short-term (after 1 hour acclimatisation to 2 week exposure) adaptation to an altered
visual environment suggests that guppies cannot adjust their behaviour rapidly in
response to environmental change. This contrasts with observations of sticklebacks,
where foraging rates are maintained in turbid water (Webster et al 2007; Johannesen
et al. 2012), but reflects the behaviour observed in other fish species (striped
trumpeter Latris lineata: Cobcroft et al 2001, Sablefish Anoplopoma fimbria: De
Robertis 2003). If animals are not able to respond flexibly to rapid changes in their
environment, this may have detrimental effects on their foraging success.
Alternatively, as short-term variability in visibility in aquatic environments is common
due to water depth, turbidity or canopy cover, the benefits of changing behaviour may
be outweighed by the costs of doing so (DeWitt et al. 1998), and a change in behaviour
may not be observed. Male guppies reared as juveniles in dark conditions, for example,
respond flexibly to current lighting environment in mating behaviour regardless of

their rearing environment (Chapman et al. 2009).

Over a longer exposure period (4 weeks), however, guppies changed their behaviour,
foraging more successfully in the environment to which they had been exposed
regardless of the cue type available. This may be the result of learned familiarity with
using different cue types, or with the environment itself. Experience of necessarily
feeding in the dark may mean that dark-exposed adult guppies learn to seek out food
in this environment, while light-exposed guppies, who would not normally be foraging
under low light conditions, would not. Fish can learn to expect food at particular times
of day (Reebs 2000), particular locations (Noda et al. 1994) or in association with
particular objects (Warburton 2003) and can retain this information over a number of
days (Brydges et al. 2008), although learned associations are usually built up over
shorter timescales than the 4 weeks in our study. Guppies learn to associate with
familiar conspecifics after 14 days (Griffiths and Magurran 1999) and learn the location
of a food source in 3 trials (Lachlan et al. 1998), for example. Alternatively, guppies
may become bolder in an environment with which they have become familiar, and will

spend more time exploring (Martin and Reale 2008; Goldenberg et al. 2014), allowing
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them to locate a food source more successfully in a test environment with which they
are fully habituated with. Again, we might expect associations like this to develop

more rapidly and further work is needed to tease these potential mechanisms apart.

We found no evidence of sensory plasticity, where individuals compensate for a
reduction in vision by increasing reliance on olfactory cues in response to a degraded
visual environment, as previously seen in juvenile guppies reared from birth (Chapman
et al. 2010b). This suggests that exposure to a degraded environment during a critical
developmental window (such as a transition from one life stage to the next:
McCormick et al 1998) or early in life when the brain is particularly plastic
(Rauschecker 1995; West-Eberhard 2003; Knudsen 2004) is required. Fishes' brains
remain plastic throughout life (Ebbesson and Braithwaite 2012), and adult male
guppies kept in different social conditions show different changes in brain size
(Kotrschal et al. 2012) suggesting that a plastic response may be possible, but that a
longer exposure period may be needed. The juvenile guppies showing evidence of
sensory plasticity were reared for 72 days before testing (Chapman et al. 2010b), and
39 days was needed to see changes in brain size resulting from social conditions

(Kotrschal et al. 2012).

Although adults did not demonstrate the same sensory plasticity as juveniles, we did
observe some compensatory behaviour in response to a degraded visual environment.
This highlights the importance of considering the impact of environmental change over
different life stages and timescales. Research into the effect of environmental change
on individual behaviour is usually carried out as a long-term study rearing juveniles
from an early age (Cobcroft et al. 2001; Carere et al. 2005; Chapman et al. 2010b; Gray
et al. 2012; Zambonino-Infante et al. 2013), or via the short-term exposure of adults to
degraded conditions (Engstrom-Ost et al. 2006; Ward et al. 2008; Johannesen et al.
2012). While short-term experiments offer important insights into the immediate
response of animals to a pollution event for example, longer-term studies are needed
to understand the impact of more gradual or long lasting change on both adult and

juvenile individuals.

Understanding how animals respond to changes to their sensory environments is

critical to understanding the consequences of environmental change for individuals,

83



populations and communities (Candolin and Wong 2012). In the context of the visual
environment, human-induced eutrophication and sedimentary turbidity is of
increasing concern worldwide (Richter et al. 1997; Henley et al. 2000), with some
areas, such as the Baltic Sea, becoming permanently turbid due to eutrophication
(Bonsdorff et al. 2002). The ability of aquatic organisms to respond flexibly or
plastically to the loss of visual information, or other senses, may differ depending on
the life stage of the organism. Combined with previous work, our results suggest that
extended exposure may allow adult individuals to alter their behaviour, allowing them
to compensate somewhat for the detrimental effects of the change, although not to
the extent to which juveniles can (Chapman et al. 2010b). The negative impact of
turbidity (and other types of change) on growth and survival can occur over relatively
short timescales (Berg and Northcote 1985) and raises the question of whether this

compensation will be sufficient.
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Chapter 6: Recent experience of a variable environment: how

stable are behavioural traits in an unstable environment?

Abstract

Boldness and exploratory behaviours are often associated with how an individual will
respond to rapid environmental change or novel environments. These traits are
influenced by a complex interaction between an animal’s genes, experience and
internal state. Exposure to variable environment and restrictions in diet, for example,
both increase levels of boldness and exploration. To what extent these factors
influence an animal’s behaviour, and over what time scales and life stages is not well
understood. Here, we investigate how recent experience of a variable environment
combined with a high or low food diet influence boldness and exploratory behaviours
in adult guppies. We tested guppies for boldness and exploratory behaviours, by
timing how long individuals took to recover from a disturbance and attack food in a
novel environment, and by observing how individuals explored a novel maze. We then
exposed guppies to a variable environment (created by changing the colour of the tank
daily) in combination with either a high or low food diet for 2 weeks, and re-tested
them. We found that diet had a significant effect on foraging and exploratory
behaviour: guppies on a low food diet attacked food sooner, and those on a high food
diet displayed higher activity in a novel maze, whereas experience of a variable
environment had no effect on behaviour. Neither environment nor diet influenced the
proportion of the maze explored, which remained stable within individuals over time.
Internal state appears more important in explaining differences in behaviour than
experience of a variable environment in adult guppies. These results highlight the

importance of exploring personality traits over different life stages and time scales.

Introduction
Boldness and exploratory behaviours, which define how an individual responds to
stressful situations, are important in determining fitness, and are good predictors as to

how an animal will respond to a novel or altered environment (Wilson et al. 1993;
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Wilson 1998; Sneddon 2003; Ward et al. 2004; Webster et al. 2009). Behavioural traits
are often influenced by an individual’s environment or state: Experience of an
unpredictable environment, for example, can allow animals to alter a number of
behavioural traits important to growth and survival (Moberg et al. 2011; Salvanes et al.
2013). Individuals reared in variable, enriched habitats often show increased levels of
boldness and exploration in novel habitats (Braithwaite and Salvanes 2005), greater
behavioural flexibility across contexts (Salvanes et al. 2013), increased learning ability
(Strand et al. 2010; Salvanes et al. 2013), and forage more efficiently (Moberg et al.
2011) relative to those reared in stable environments. Environmental variability can be
predictable (e.g. diurnal and annual cycles) or unpredictable, such as changes in
predation risk, habitat structure and food availability, which often occur over short
temporal and spatial scales. It is therefore important to understand how change
affects individuals over different time scales and life stages. Although the effect of
early experience of change on behaviour has been well documented, fewer studies
have considered experience across different life stages, particularly how experience as
an adult can alter behaviour. However, evidence is building that individuals remain
remarkably flexible throughout life (Marchinko 2003; Ebbesson and Braithwaite 2012;
Naslund et al. 2012).

Despite this behavioural flexibility (the ability to change behaviour in response to
environmental conditions), it is now understood that individuals exhibit consistent
differences across time and context, which may limit how an animal responds to
environmental cues. Consistent individual differences, or “personalities” (Dall et al.
2004; Sih et al. 2004a; Sih et al. 2004b; Reale et al. 2007), have been observed in a
diverse array of taxa (e.g. insects: Tremmel and Miller 2013, birds: Dingemanse et al
2002, mammals: Koteja et al 2003, fish: Bell and Sih 2007, crustaceans: Briffa et al
2008) and are influenced by both inherited genetic and environmental factors
(Dingemanse et al. 2002; Drent et al. 2003; Dingemanse et al. 2009). The extent to
which traits can be altered throughout life is not clear. If behaviours are set early on in
life, experience as an adult may have little effect on how an animal responds to
change: great tits Parus major remain stable in their exploratory behaviour, despite
changes in season and energy state (Dingemanse et al. 2002) and guppies with

experience of a temporally variable food supply early in life demonstrate bolder more
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exploratory behaviour, but recent exposure as an adult has no effect (Chapman et al.
2010a). However, others have found certain traits or personality to be much more
flexible; levels of boldness (defined as the propensity to take risks) can be altered of

much shorter time scales (Wilson et al. 1993; Bell and Sih 2007; Frost et al. 2007).

Differences in energy state also impact behaviours often related to boldness.
Individuals with lower energy states are often found to display bolder, higher risk
behaviour (Milinski 1984), such as continuing to forage when predation risk is high (Dill
and Fraser 1984; Gotceitas and Godin 1991; Godin and Crossman 1994), more rapid
recovery from disturbances (Godin and Sproul 1988) and being more exploratory in
novel environments (Mikheev et al 1994). In contrast, individuals with high energy
states show more risk adverse behaviour (Godin and Crossman 1994), presumably
because searching for food has a lower marginal benefit (Tremmel and Miiller 2013).
Responding to environmental variability can carry such energy costs: fish respond to
changes in the environment by adjusting body colouration to more closely match their
background over short time scales to minimise predation risk by increasing crypsis
(guppies Poecilia reticulata: Rodgers et al 2013, rock pool gobies, Gobius paganellus:
Stevens et al 2014). Guppies that repeatedly change colour after being exposed to
systematically changing black and white backgrounds attack food items more quickly
and forage for longer in a novel environment, consistent with both lower energy state

and increased boldness per se (Rodgers et al 2013).

Here, we explore whether the behavioural changes observed by Rodgers et al (2013)
are caused by changes in behaviour due to changes in energy state (i.e. increased
boldness associated with hunger), or changes due to the variable environment (i.e.
increased boldness associated with experience of a variable environment). We expose
adult guppies to a colour-changing environment with both low and high food diets,
and assess boldness (recovery time when placed in a novel environment and time to
attack a food item) and exploratory behaviour (activity in a maze) both before and
after exposure to the treatment (table 6.1). We predict that if boldness is associated
with hunger, fish from low food treatments should show a greater increase in
boldness-related behaviours than fish from low food treatments. If boldness is
associated with environmental variability, fish from a variable environment should be

bolder than those from a constant environment. If both contribute, then fish on low
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food treatments in variable environments should be boldest, and those on high food
diets in constant environments should be the least bold. Alternatively, if these
behaviours are set early on in life, experience of variability and changes in energy state

as an adult could have limited effect.

Materials and Methods

Study species and housing

All fish used in this experiment were descendants of wild-caught guppies from
Trinidad. Fish were maintained in aquaria (200x400x400mm) at the University of Hull
on a re-circulating system with a 10% daily water change at approximately 26°C (+1°C)
on a 12:12hr light:dark cycle and fed daily on ZM small granular feed (0.5-0.8mm; ZM
Systems, Hampshire, UK). 24 hours before the first set of experiments, groups of 4
guppies (2 male and 2 female) were removed from the stock tanks and placed into
separate holding tanks (20cm x 20cm x 20cm) on the same aquarium system and fed a
pinch of fine sinking food to standardise hunger levels (n = 96 individuals in total). We
selected fish of different sizes in each group of 4 to allow for individual identification
within each group without marking (large female; 15.2 -21.8mm, small female; 10.5 -
18.0mm, large male; 13.3 — 21mm, small male; 10.9 — 16.2mm). Fish were tested in
two experiments outlined below, once before being placed into the variability and
feeding treatments and once after. The experiments were performed on consecutive

days, always in the same order (experiment 1 followed by experiment 2).

Experiment 1: Feeding trial

To investigate levels of boldness and motivation to feed, we investigated the time
taken to recover after being placed in a novel environment, and the time taken to
attack food pellets. Individual guppies from each treatment were placed in a novel
tank (20 x 20 x 20) filled to the depth of 15 cm with brown card placed on the sides and
base. Brown was used as it was a neutral colour that none of the fish had experienced
during the treatments (see below). When guppies were initially placed in the tank they
would swim to the bottom and suspend movement. We timed how long it took

guppies to recover and resume swimming. After they had recovered, they were given 2
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minutes to acclimatise and explore the tank. A 2.5 x 0.5mm spatula was then used to
add food pellets (small pellet fish food 0.5-0.8mm) to the surface of the water and a
timer started. The proportion of time (out of 5 minutes) taken for a guppy to attack the
first food pellet was recorded. Experiments lasted 5 minutes; if a guppy did not attack
the food, a proportion of 1 was given. The water in the tank was changed after every 4
fish to ensure olfactory cues did not build up in the water. Once the trials were

completed fish were placed back into holding tanks and fed on their normal rations.

Experiment 2: Maze trial

To investigate exploratory behaviour, we placed fish in a simple maze (figure 6.1),
which consisted of a brown tank (40 x 30 x 15cm) with a water depth of 5cm. 3 brown
solid plastic partitions 0.5cm thick, measuring 15cm in length, were placed throughout
the tank at intervals of ~13cm, creating 3 sections in the maze. A Microsoft Lifecam
was suspended 50cm above the tank. The tank and camera were placed in a light cube
(EZCube 51 cm light tent) illuminated from above by a daylight bulb to create even
lighting over the tank to ensure accurate tracking of the fish. At the beginning of the
trial fish were placed in the top right hand corner of the maze (as viewed in figure 6.1),
and the trial started when the fish began swimming. The trials lasted 10 minutes, in

which time the fish could explore the maze.

The videos from the trials were converted to an AVI format at 5fps using VirtualDub
(http://www.virtualdub.org) and then analysed using automatic tracking software

Lolitrack (http://www.loligosystems.com). The size of the tank was used to scale the

videos. For each individual, we collected the XY coordinate (taken from the centre of
the body) from each frame. These were used to compute: the % of time (10 minutes)
spent actively swimming (defined here as movement more than 0.2cm per frame,
which is approximately 1cm per second), the total distance moved (cm), the average
speed (cm/s) when the fish was actively swimming, and the proportion of the maze
explored. To calculate the proportion of the maze explored, we used Matlab

(http://uk.mathworks.com) to create a grid section over the area of the maze. We

created a 0.7cm (approximately twice the maximum width of a guppy) exploration
radius around each fish. Using the XY coordinates taken from each fish at each time

point, we assume the pathway between each pair of points is a straight line, thus
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creating a continuous pathway for each fish through the maze. We then determined
how many grid squares were covered by this pathway. The proportion of the maze
explored was then calculated by dividing the number of explored grid squares by the
total number of grid squares. To ensure that this value was not dependent on the size
of the grid squares, we reduced the dimensions of the grid (increased the total number
of squares) systematically until the calculated proportion of the maze explored
stabilised (a difference of less than 1% between two grid sizes). 3 fish were excluded
from analysis due to poor video quality, and 10 were removed as they froze in the

maze for over 5 minutes.

Figure 6.1: The novel maze experimental setup. Black lines indicate the barriers
created, the circle represents where fish were placed in the maze to start the

experiment (40 x 30 x 15cm).

Variability and feeding treatments

After experiment 2, individuals (in their groups of 4) were placed in holding tanks
under one of 4 treatments for 14 days. All tanks were kept on the same recirculating

system at ~26° with a water depth of 15cm. The treatments were:

e Constant environment and high food (CH, N=24 fish)
e Constant environment and low food (CL, N=23 fish)
e Variable environment and high food (VH, N=24 fish)

e Variable environment and low food (VL, N=23 fish)

A variable environment was created using the protocol from Rodgers et al. (2013) by
changing the background colour of the holding tanks from black to white daily, by
placing either black or white card down both external sides and on the base of the

tank, and by including an artificial plant of the same colour. Guppies are able to
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significantly alter their colouration in response to the background within 24 hours
(Rodgers et al 2013). The rear wall of all tanks was blue, and the front wall was left
uncovered to allow for observation of the fish. The black and white card and plant
could be changed daily with minimal disturbance to the fish. A constant environment
was created by placing grey card on the outside of the tanks and a grey artificial plant
in the tank, which were also changed daily to ensure each tank received the same level
of disturbance. In the high food treatments, fish were fed ZM fine sinking food until
satiated (approximately 0.05g) twice daily. In the low food treatments, guppies were
given a 1/3 of this twice daily (Kolluru et al 2006; Grether et al 2005). Mortality during

the 2 week treatment was low (2/96, 2.1%), and fish that died were not replaced.

Table 6.1: Glossary of behavioural traits observed

Behaviour Description
Recovery time Time taken to recover normal swimming
Time to attack food Time taken to physically attack first food pellet
Activity % time spent actively, defined in the tracking software as

movement more than 0.2cm per frame ( 0.03 seconds)

Speed Average speed (cm/s) of an individual, when actively swimming

Distance Total distance (cm) moved over the 10 minutes

Exploration % of the maze explored. Exploration radius of each fish is taken to
be 0.7cm

Statistical analysis

We used linear mixed effect (LME) models to assess the importance of previous
behaviour (behaviour recorded before the fish were put into treatment), food level
(high and low) and environment (variable and constant) on the measures of boldness
(time to recover and proportion of time to attack food in the feeding trials) and
exploratory behaviour (average speed, total distance, activity and exploration in the
maze trials). All factors and their interactions were included as main effects, with tank
included as a random effect to account for non-independence of individuals within the
same tank. Each model was then simplified by sequentially removing non-significant

interaction terms to achieve the minimum adequate model (MAM) following Crawley
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(2005). Some of the data required transformation to satisfy parametric assumptions;
time to recover was log transformed and the proportion of time taken to attack a food
item and the proportion of time spent active in the maze were arcsine transformed (as

is appropriate for proportion data).

Sex can be important in describing behavioural differences in behaviour (Harris et al
2010; King et al 2013). To evaluate its importance on our results we ran a separate
LME for each behaviour, with sex set as the main effect, and individual ID nested
within tank as a random effect to account for repeated measures. We found sex did
not explain any of the behaviours seen (P > 0.05), as a result of this (and to simplify the
model), we did not include sex as a factor in our analysis (above). To test for
consistency in behaviour, we calculated the intraclass correlation coefficient (Hayes
and Jenkins 1997), which estimates repeatability, for all the behaviours observed for
each of the 4 groups (CH, CL, VH and VL). 95% confidence intervals were calculated
using the Smith method (Smith, 1956). Only individuals that had successfully
completed both trials for each behaviour were included (N = 13 removed). As this
method is based on an ANOVA approach, data was transformed to meet assumptions

of normality (as described above).

Results

Feeding experiment

Time taken to recover in the novel feeding tank was not affected by the environment
(F211 0.19, P = 0.67), diet (F121 = 2.47, P = 0.13) or influenced by previous behaviour
(F1,55 =0.87, P =0.36, figure 6.2a, table 6.2), nor were there any significant interactions
between these variables. The proportion of time (out of 5 minutes) taken to attack
food was influenced by diet, with fish fed on the low food diet found to attack food
faster (F121 = 20.9, P < 0.001, figure 6.2b, table 6.2). Past behaviour (F155 = 0.71, P =
0.4) and environment (F12; = 0.02, P = 0.89) had no effect on this behaviour. Neither
time taken to recover or time taken to attack food was found to be repeatable across
experiments (before and after being placed into treatment) (table 6.3). The water was
not changed between each set of experiments (i.e. one tank of fish), which could have
resulted in a build-up of olfactory food cues that may have influenced the strength of
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response by individual fish. However, we would expect the influence of this to mask

any effect observe, not enhance it
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Figure 6.2: Boldness behaviours from the feeding trials before and after being placed
into treatment: (a) mean time to recover when placed in the novel feeding tank and (b)

time taken to attack a food item * S.E. for each of the 4 treatments.

Maze experiment

Exploration, defined as the proportion of the maze explored, was not influenced by the
environment (F1,;=1.12, P = 0.33) or diet (F1,2; = 0.034, P = 0.86), but was significantly
affected by past behaviour (F;1sg = 21.04, P < 0.001, figure 6.3a, table 6.2). Exploration
remained stable across time, being found highly repeatable across experiments in all
treatments (table 6.3). Activity (the proportion of time spent active), was influenced by
an interaction between diet and past behaviour (F153 = 4.13, P = 0.047, figure 6.3b,
table 6.2). Individuals kept on the low food diet did not alter their behaviour, showing
high repeatability scores (table 6.3), whereas those fed on the high food diet increased
their activity. Average speed (cm/s) moved through the maze was not found to be
influenced by environment (F;,1 = 2.34, P = 0.14), diet (F121 = 0.007, P = 0.94) or by
past behaviour (Fy56 = 1.71, P = 0.2, figure 6.3d, table 6.2) and was not found to be
repeatable across experiments (table 1). Total distance moved (cm) was not influenced
by environment (F12; = 1.49, P = 0.24) or diet (F12; = 0.62, P = 0.44), but was
influenced by past behaviour (F;s¢ = 4.68, P = 0.035, figure 6.3c, table 6.2), although
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this was not found to be repeatable across experiments in any of the treatments (table

6.3).
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Figure 6.3: Exploratory behaviour in the maze trials before and after being placed into
treatment: (a) mean % of the maze explored, (b) activity (% of time spent active), (c)
total distance moved through the maze (cm) and (d) average speed (cm/s) + S.E. for
each of the 4 treatments.Table 6.2: Summary of the effect of diet and environment
variability on the different behaviours observed. Ticks indicate a significant effect,

crosses no effect. Interaction effects are detailed.

Behaviour Environment Diet Previous Consistency
behaviour (table 6.3)

Time to recover X X X X

Time to attack X v X X
Activity X Interaction effect Low food only
Distance X X v X
Speed X X X X
Exploration X X v v
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Table 6.3: Results from the interclass correlation coefficient (ICC), showing
repeatability between experiments (before and after) in each of the 4 treatments (CF,
CV, VF, VH). Repeatable behaviours (those with 95% confidence intervals that do not

cross 0) are shown in bold.

Behaviour Repeatability score 95% Confidence intervals

Food recovery

Constant high food 0.069 -0.41, 0.54
Constant low food 0.3 -0.091, 0.7
Variable high food -0.035 -0.47,0.4
Variable low food 0.02 -0.45,0.48
Time to attack food

Constant high food 0.058 -0.42,0.53
Constant low food 0.13 -0.27,0.56
Variable high food -0.19 -0.61, 0.23
Variable low food -0.18 -0.62, 0.26
Activity

Constant high food 0.18 -0.28, 0.64
Constant low food 0.31 -0.08, 0.7
Variable high food -0.11 -0.54, 0.35
Variable low food 0.44 0.07,0.8
Speed

Constant high food 0.17 -0.29, 0.63
Constant low food 0.058 -0.37,0.49
Variable high food -0.32 -0.71, 0.07
Variable low food 0.21 -0.18, 0.68
Distance

Constant high food 0.38 -0.32,0.61
Constant low food 0.037 -0.16, 0.65
Variable high food -0.21 -0.66, 0.22
Variable low food 0.26 -0.77,0.018
Exploration

Constant high food 0.56 0.24,0.28
Constant low food 0.45 0.1,0.79
Variable high food 0.48 0.15,0.81
Variable low food 0.47 0.1, 0.82
Discussion

We predicted that both environmental variability and limited food supply should
increase boldness-related behaviours in comparison to constant environments and
high food treatments (see table 6.1 for a summary). We found that diet had significant
effects on foraging and exploratory behaviour, but there was no effect of

environmental variability on any of the behavioural measures (table 6.2). Guppies in
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the low food treatment began foraging more rapidly in a novel environment, but in
contrast to our expectations, those fed on the high food diet were more active in a
novel maze environment. We found no effect of treatment on exploratory behaviour:
instead, this measure was highly consistent within individuals. The only other
behaviour that showed evidence of consistency was activity, but only in individuals

exposed to the low food treatments (table 6.3).

Recent experience and current environments are known to affect behavioural traits. In
particular, increased hunger levels fuel risk taking and exploratory behaviour (3-spined
stickleback Gasterosteus aculeatus: Godin and Crossman 1994, Milinski and Heller
1978, salmon Salmo salar: Mikheev et al. 1994), behaviours often associated with
boldness. In contrast, we found that diet only affected the speed at which guppies
attacked the food, not any of our other measure of boldness. This is consistent with a
need to gain energy, but not necessarily through a general increase in risky behaviours.
Environmental variability can also enhance risk taking: guppies experiencing
unpredictable variation in the timing of food delivery behave in a bolder manner
(Chapman et al. 2010a), and guppies experiencing a colour changing environment also
recover more rapidly from a disturbance and attack food more readily (Rodgers et al.
2013a), a finding we were unable to replicate with our study. In contrast to our
expectation that hunger would be linked to bolder behaviours, guppies from high food
treatments were more active than those from low food treatments, which could
perhaps be interpreted as a constraint caused by the lower energy reserves (Tremmel
and Miller 2013), and reflecting a potential trade off in the allocation of energy
budgets to different behaviours. This increased activity could be linked to increased
motivation to seek out a shoal over finding food (Krause 1993), or increased mate
searching activities (Lima and Dill 1990). For example male guppies are less attracted

to food and more attracted to females with increasing satiation (Pitcher 1993).

While the majority of our behavioural measures were highly variable within and
between individuals, we found that exploratory behaviour was highly consistent within
individuals, and unaffected by treatment. Previous work has similarly reported
exploratory behaviour to be a stable trait across time and context, not easily
influenced by environment or internal state (Dingemanse et al. 2002; David et al.

2012). This may be linked to physiological mechanisms (Koolhaas et al. 1999); for
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example, rainbow trout Oncorhynchus mykiss with reduced cortisol responses to stress
tend to be bolder than those with higher responses (@verli et al. 2005). If behaviours
are linked to physiological or morphological traits, altering behaviour in response to
short-term perturbations may be more complex or costly (DeWitt et al. 1998). The
development of consistent behavioural traits may be linked to early experiences during

prenatal or juvenile periods, where critical windows for their development may occur.

The environment experienced during development is known to shape behavioural
traits such as boldness, aggression and sociability. Guppies exposed to a temporally
unpredictable food supply increase exploratory and boldness behaviours (Chapman et
al. 2010a), and early experience of complex habitats reduces stress responses and
increases exploratory behaviour (Braithwaite and Salvanes 2005), and leads to
increased brain development (Naslund et al. 2012). Early and recent experiences
interact in shaping behaviour. Different behavioural traits may show different levels of
flexibility, meaning some behaviours appear more sensitive to short term
environmental change (Magnhagen and Staffan 2004; Frost et al. 2007; Frost et al.
2013). For example, aggressiveness is more plastic than boldness (Bell and Sih 2007).
Within a trait, some individuals may be more flexible than others, and this may be
linked to their overall level of that particular trait. The behaviour of bold individuals is
often considered to be more stable than that of shy individuals (Carere et al. 2005;
Nakayama et al. 2012) (although see Frost et al. 2013), and less aggressive mice adjust
their aggressiveness in response to social context, while aggressive mice do not

(Natarajan et al. 2009). This may lead to a masking of effects in studies such as ours.

Exposure to a variable environment and differences in energy state can both influence
levels of boldness and exploratory behaviours in individuals (Godin and Crossman
1994; Mikheev et al. 1994; Braithwaite and Salvanes 2005; Chapman et al. 2010a).
Here, we found internal state was more important than experience of a variable
environment in explaining differences in behaviour of adult guppies, suggesting that
short term variations in the physical environment do not have a strong influence on
behaviour. This could indicate that early experience of variability is more important
than recent (Chapman et al. 2010a), although further work is needed to fully
understand this process. Personality traits and behavioural syndromes are more stable

at certain life stages than others: Bell and Stamps (2004) found juveniles and adults
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displayed consistent correlations between boldness and aggression, however these
were weakened during subadulthood. Information on how animals respond over the
course of their lives will provide valuable information on the flexibility of personality

traits important for growth and survival.
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Chapter 7: General Discussion

The aim of this thesis was to investigate how exposure to a degraded environment
affected the behavioural responses of fish, and to better understand at what time
scales and developmental stages these responses are effective. In the first section, |
investigated how both predators and prey altered their behaviour with short-term
exposure to turbidity, specifically from the perspective of the group. In the second
section, | considered how previous experience of a visually degraded or variable
environment influenced the behavioural responses of adult fish. In this final chapter |
summarise my findings in a broader context, and discuss the importance of
understanding how behavioural responses to environmental conditions vary over

different time scales and developmental stages.

Turbidity influences on predator-prey interactions

In chapters 2 - 4, | explored how groups of prey formed and responded to predators,
and how predators targeted individuals from within groups in a turbid environment.
Turbidity is known to influence both how predators detect and target prey, and how
prey responds. At the individual level, prey often show weakened, poorly timed anti-
predatory responses (Gregory 1993; Meager et al. 2006), and increase behaviours
viewed as more risky (Abrahams and Kattenfeld 1997; Lehtiniemi et al. 2005;
Engstrom-Ost and Mattila 2008). It has been suggested that reduced anti-predatory
responses are caused by reduced perception of risk in some species, indicating that
turbidity can act as a refuge, affording prey protection from predators (Gregory 1993;
Engstrém-Ost and Mattila 2008). In support of this, predators often suffer from
reduced capture success in turbid water (Utne 1997; Ljunggren and Sandstrom 2007).
However, many find that while predators lose the ability to target specific prey, overall
capture success remains the same (Reid et al. 1999; Jonsson et al. 2013). In turbid
water therefore, overall predation risk can remain the same, but individual risk may be
altered. At the level of the group, turbidity disrupts how individuals detect and group

with one another, with shoals of fish often breaking apart in turbid conditions (Ohata
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et al. 2013; Borner et al. 2015); however how groups form and respond to predation in

turbid environments is less understood.

In chapter 2, | investigated individual and group level responses of guppies to a
simulated aerial predation attack in increasing levels of turbidity. In support of other
studies, | found shoals were more dispersed in highly turbid water (Ohata et al. 2013;
Borner et al. 2015), a pattern | observed both before and after the simulated predator
attack. At the individual level, | found that while guppies at all levels of turbidity
detected the threat at the same time, individuals in turbid water displayed higher
levels of freezing behaviour, as opposed to darting, and that those that did dart moved
slower and covered a shorter distance. The altered responses in our study could
suggest a reduced perception of risk (Gregory 1993; Miner and Stein 1996; Engstrom-
Ost and Mattila 2008); however guppies in turbid water also took longer to recover
normal swimming, contradicting this theory. As such, | proposed that the response
observed was due to constraints caused by the degraded visual environment. In turbid
water, guppies are unable to accurately detect one another, and are thus responding
as lone individuals, rather than collectively as a shoal, an effect that is enhanced by the

decreased shoal cohesion observed at higher levels of turbidity.

Further work is needed to fully tease apart the motivation (either reduced perception
or risk or visual constraints) behind the responses observed. An interesting experiment
would be to compare the anti-predatory responses of lone fish with those of fish in
groups in both clear and turbid water. How groups and individuals compare in
response to predation has shown mixed results: some studies suggest lone prey will try
to avoid detection by freezing or hiding (Magurran and Pitcher 1987; Rangeley and
Kramer 1998), while others suggest that lone fish will dart in response to a simulated
predation attack, whereas individuals in groups will freeze (Fischer et al. 2015).
Repeating Fischer et al’s (2015) experiment in turbid water would allow for assessment
of whether social context and turbidity interact to influence behavioural responses to a

predatory threat.

In chapter 3 | further explored how shoaling behaviour was affected by turbidity, by
investigating the movement rules fish use to form cohesive groups under the threat of

predation. Here, | compared the initial movement pathways guppies used to form
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groups against 5 model simulations of movement rules, varying in complexity.
According to the selfish herd hypothesis (Hamilton 1971) individuals can reduce their
domain of danger (DOD), the area of space around an individual that is closer to it than
to any other individual, by moving towards their nearest neighbour. Increasingly
complex rules that include the position of multiple neighbours have since been
proposed, with the aim of finding a “realistic” movement rule that generates patterns
of aggregation similar to those seen in nature (Morton et al. 1994; Viscido et al. 2002;
Morrell and James 2008). Simple rules, such as nearest neighbour (where individuals
move towards the spatially closest group mate), have been criticised for failing to
result in one cohesive group (Hamilton 1971), while complex rules accounting for
multiple neighbourism, which generate dense cohesive groups, have been criticised for
being too cognitively difficult for animals to follow. | provided evidence that the
movement behaviour of guppies more closely matches the predictions of complex
rules, which resulted in the formation of compact groups. Turbidity interfered with this
behaviour, presumably by reducing visual information about the location of group
members. In turbid water, guppies showed a greater error compared to the predicted
movement pathways, particularly for the most complex rules, which resulted in more

dispersed, fragmented shoals.

In contrast to the results of chapter 2, in chapter 3, guppy shoals had similar shoal
cohesion in clear and turbid water before the simulated predator attack. Guppies
appear able to maintain shoal cohesion until relatively high levels of turbidity, a result
supported by chapter 2 and other researcher (Borner et al. 2015). In chapter 3
however, | found a significant difference in cohesion after the threat, whereas in
chapter 2, where | found cohesion stayed the same before and after a threat. This
could highlight the importance of considering shoal size; in chapter 2 | used shoals of 4
fish, whereas in chapter 3 | used shoals of 10 fish. Smaller shoals of fish respond
differently to larger: Shoals of 10 minnows Phoxinus phoxinus are more likely to
abandon shoaling and hide in response to predation, whereas shoals of 20 or 50 will
remain as a group (Magurran and Pitcher 1987). Future work could explore how
differences in shoal size affects grouping behaviour in turbid water. Theoretical models
predict that size and density are also important in determining the rules to follow

when grouping (Morrell and James 2008). For example complex rules are useful in
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small compact populations, such as ours, but simpler rules are more successful in

large, low density populations (Morrell and James 2008).

In chapter 4, | explored how turbidity affected predator-prey interactions in the
context of the confusion and oddity effects. Moving groups of animals can visually
confuse predators (Krakauer 1995), an effect which is enhanced when individuals
within the group are morphologically or behaviourally similar. Phenotypically distinct,
or “odd” individuals allow a predator to overcome the confusion effect, and are often
preferentially targeted (Landeau and Terborgh 1986). The confusion and oddity effects
together put pressure on individuals to assort by phenotype (Ranta et al. 1992;
McRobert and Bradner 1998; Ward and Krause 2001). However, the level of risk
experienced by an individual can affect the level of pressure to associate with
phenotypically matched individuals. In clear water, predators often chose larger
bodied prey, as they are generally more profitable (Li et al. 1985; Wetterer and Bishop
1985), meaning large individuals have a higher level of risk within a group. The oddity
and confusion effect are therefore mediated by body size, with smaller individuals
being less at risk in a mixed-sized group, even if they are odd (Rodgers et al. 2015).
Turbidity disrupts a predator’s ability to preferentially select prey by size (Abrahams
and Kattenfeld 1997; Reid et al. 1999; Jonsson et al. 2013), which may influence levels
of risk and survival, and may have implications for the structuring of animal groups in

relation to phenotypic characteristics.

In chapter 4, | explored how sticklebacks (as predators) targeted individual Daphnia
magna of different sizes from within a group, and how sticklebacks (as prey) chose to
form groups based on body size. In line with previous work, | found preferential
targeting of large bodied prey in clear water, particularly when they were in equal
ratios with small-bodied prey, or the odd individual within the group (Rodgers et al.
2015). This preference, however, was lost in turbid water, leading to a relaxed
predation pressure on large individuals within groups, but an increase in risk to small-
bodied individuals. This difference in risk has the potential to change the pressure to
assort by phenotype: indeed, | found large bodied sticklebacks lost their preference for
shoaling with size-matched conspecifics in turbid water, while small bodied
sticklebacks showed no preference in either clear or turbid water. Behavioural

assortment in prey, driven by confusion and oddity effects appeared weakened in
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turbid water. My results suggest that relaxed pressure on large individuals reduces the
benefits of assorting by size, which could impact community structure through altered

levels of risk and survival.

The change in shoaling behaviour of the sticklebacks observed in chapter 4 could be
attributed to a reduced perception of risk or to visual constraints in turbid water
(Gregory 1993; Engstrom-Ost and Mattila 2008). If sticklebacks perceive a reduced
predation threat they may alter their behaviour accordingly, as the costs associated
with grouping with large individuals, such as increased competition, may no longer
outweigh the anti-predatory benefits of minimising oddity. However in chapter 2, |
suggested that visual constraints, rather than reduced perception of risk, better
explained the reduced anti-predatory responses observed. In support of previous work
(Fischer and Frommen 2012), | found sticklebacks reduced their activity when choosing
between shoals in turbid water relative to clear water. In turbid water individuals
switched between shoals less, occasionally remaining with one shoal for the duration
of the experiment. This behaviour suggests an enhanced, rather than reduced
perception of risk: by remaining with a shoal, rather than moving between shoals,
individuals reduce their exposure to predators under situations where they are at
increased risk through isolation (Landeau and Terborgh 1986). | therefore suggested
that test fish may have been unable to distinguish between two simultaneous shoals
simultaneously, with shoals being formed via chance encounters, rather than active

choice.

Chapters 2-4 suggest that turbidity could have a range of effects on predator confusion
and the role of phenotypic oddity in structuring animal groups. In chapter 4 | found the
oddity effect was weakened in turbid water, and in chapters 2 and 3 that turbidity
disrupts shoal formation and cohesion, potentially reducing the benefits associated
with predator confusion as shoals become more dispersed. Turbidity disrupts a
predator’s ability to detect and locate prey (Utne 1997; Ljunggren and Sandstrom
2007), and could reduce the ability of a predator to detect all individuals within a
group, consequently reducing its susceptibility to the confusion effect, which is
enhanced with increasing group size and density (Krakauer 1995). My research
suggests that some of the benefits associated with group living may be reduced in

turbid water. However, some benefits of grouping may remain: research has suggested
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grouping is a beneficial strategy to prey, as it reduces the likelihood of being
encountered by a predator, particularly if that predator is using olfaction (Johannesen
et al. 2014). Grouping provides a range of other benefits: The encounter-dilution effect
suggests that predators are less likely to encounter groups of prey than the size of the
group would predict (Wrona and Dixon 1991). This effect is likely to be maintained or
even enhanced in turbid water, as the detection of prey is generally hampered (Utne

1997; Granqvist and Mattila 2004).

If aggregation is a beneficial strategy in turbid conditions (Johannesen et al. 2014),
then dispersed groups observed may be detrimental to survival. My research focused
primarily on the use of visual cues, however many predators rely on tactile or olfactory
cues to locate and target prey. Predators relying on olfactory cues, for example, may
not be impacted by increasing levels of turbidity in the same way as visual predators.
Tactile predators, however can suffer from confusion effects (Jeschke and Tollrian
2007), as they lack the high spatial resolution thought necessary to single and target
individuals from within a group. If exposure to a degraded environment means
predators switch to alternative cues more susceptible to confusions effects, how
predators respond to groups may be changed in other ways. Further work teasing
apart how different cues influence group detection and targeting for predators using

different sensory modalities is needed.

In chapters 2, 3 and 4 | considered short term, flexible behaviour of individuals when
faced with the loss of the vital visual sense. However, an animal’s response may be
altered with the length of time it is exposed to a degraded environment, and its stage
of life. For example guppies are unable to respond to short term changes in their visual
environment by relying on olfactory cues, however long term experience over
ontogeny allows them to make a sensory switch from vision (Chapman et al. 2010b). In

chapters 5 and 6 | focus on the effect recent experience has on adult behaviour.

Recent experience and behavioural responses

In chapters 5 and 6 | explore the effect of longer-term exposure to degraded or
variable environments on fish behaviour. In chapter 5 | exposed adult guppies to a
visually poor low light environment for 2 and 4 weeks, and assessed their ability to
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locate food using visual or olfactory food cues or a combination of both. Previous work
has shown guppies experiencing a dark environment during development make a
sensory switch from vision to olfaction, thus enabling them to successfully locate food
sources in visually poor environments (Chapman et al. 2010b). | found no evidence for
similar sensory compensation in adult guppies. After 2 weeks | saw no change in
behaviour, with both light and dark exposed guppies responding more strongly to
visual cues in a light environment. After 4 weeks exposure, however, guppies foraged
more successfully in the environment they had experience of, regardless of the cue
provided. This suggests that although guppies are able to adapt to their environment
with prolonged exposure, the mechanism behind the change differs from that of

juveniles.

Intriguingly, my research suggests that individuals respond to an altered environment
differently over the course of their life span. This could suggest the existence of a
critical period in an individual’s life where sensory plasticity can develop. One
weakness with directly comparing this study to those conducted on juveniles is the
difference in the length of exposure time. Chapman et al (2010b) reared guppies for 72
days, whereas | exposed adult guppies for a maximum of 28 days. More research is
needed to fully understand how animals alter the use of senses throughout life, and to
fully understand the flexibility of this behaviour. Some species appear able to flexible
use alternative cues flexibly when vision is limited (Webster et al. 2007; Johannesen et
al. 2012) whereas others do not (McMahon and Holanov 1995; Fraser and Metcalfe
1997). One possibility would be to rear juvenile guppies in light and dark conditions,
and then switch them into an alternate environment at maturity. By looking at the
flexibility of response within an individual, we could better understand the timing in
the expression of sensory plasticity, and better understand the importance or recent vs
early experience. This has important implications when considering the rate of change
of aquatic environments, particularly in terms of turbidity (Richter et al. 1997; Henley
et al. 2000), raising the question of whether the types of behavioural compensation
observed in juveniles and adults will be enough to buffer individuals against the

negative impacts of turbidity.

Finally, in chapter 6, | move away from the visual environment, to consider how recent

exposure to a variable environment together with a high or low feeding regime
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influenced boldness behaviour in adult guppies. Personality traits, such as boldness
and exploratory behaviour, are formed by a complex interaction between an
individual’s genes (Dingemanse et al. 2002), internal state (Koolhaas et al. 1999) and
experience (Braithwaite and Salvanes 2005). Early experience of a variable
environment can increase boldness and exploratory behaviours (Braithwaite and
Salvanes 2005; Chapman et al. 2010a), as can low energy states (Godin and Crossman
1994; Mikheev et al. 1994). However, the two do not always act independently, as
responding to a variable environment can come at an energetic cost: guppies exposed
to an environment that varied in daily in colour attacked food items more quickly and
foraged for longer in novel environment (Rodgers et al. 2013a). Here, | explored
whether changes in guppy behaviour were due to a variable environment, or the
energetic costs, by exposing adult guppies to a variable environment (daily colour
change) in combination with a high or low food diet for two weeks. | investigated their
latency to recover and attack food in a novel environment, and their propensity to

explore a novel maze environment both before and after being placed into treatment.

Diet had a significant effect on foraging and exploratory behaviour, whereas exposure
to a variable environment had no effect. Guppies in the low food treatment attacked
food more quickly; consistent with both increased boldness and increased hunger, but
this did not translate into any other measures of boldness. Those receiving the higher
food diet showed an increase in activity compared to those on the low food diet,
potentially reflecting an increase in other behaviours such as searching for mates, or
shoal mates (Lima and Dill 1990; Pitcher 1993). Exploratory behaviour (the proportion
of the maze explored) was highly repeatable, suggesting consistency in behaviour
despite changes to energy state and environment, at least over a time scale of a few

weeks.

| found that recent experience had little effect on an individual’s behaviour. A number
of studies have considered development of personality across different life stages: Bell
and Stamps (2004) assessed behavioural traits in sticklebacks multiple times at
different stages in their development, finding that correlations between aggression
and boldness were repeatable at juvenile and adulthood, but not subadulthood.
Kandra et al. (2012) found that as Siberian dwarf hamsters Phodopus sungorus aged,

correlations between boldness and activity changed from negative to positive.
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Juveniles and adults may differ in their levels of repeatability, depending on selection
pressures. For example Bell et al. (2009) hypothesised that if traits expressed early in
life are under strong selection pressure, we would see an increase in repeatability with
age. How important early experience is in comparison to recent experience within the

same species is a fascinating question that requires greater attention.

In this experiment | chose to concentrate on levels of boldness, perhaps the most well
studied personality trait, as is it particularly important in predicting how an individual
will respond to change. Bold individuals out compete shy (Ward et al. 2004; Webster et
al. 2009), are more willing to consume novel food sources (Wilson 1998) and will more
readily explore a novel environment (Budaev 1997), although there are higher
mortality risks associated with bold behaviour (Bell and Sih 2007; reviewed in Smith
and Blumstein 2008). Levels of boldness are also correlated to other traits, such as
aggression (Bell and Stamps 2004) and sociability (Budaev 1997). By narrowing my
search down to boldness and exploratory behaviours, | could have missed other
changes in behaviour, such as changes in shoaling behaviour (Chapman et al. 2010a).
Understanding how flexible animals are across different traits and throughout life may
provide us with a greater understanding of how particular species will respond to

environmental change.

Conclusion

In conclusion, short term exposure to turbidity severely impacts the ability of fish to
form groups and respond to predators, and reduces selective foraging by predators. |
find that individuals can vary their behavioural responses to a degraded or variable
environment with increasing exposure time; however these appear to differ from the
responses of juveniles. Together, these results highlight the importance of considering
behavioural responses over different time spans and during different developmental
stages when trying to understand how individuals will respond to anthropogenic

environmental change.
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