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Social Learningin Fish

Abstract

Socia learning is known to be a common phenomenon in fish, which they utilise under
many different contexts, including foraging, mate-choice and migration. Here | review
the literature on social learning in fish and present two studies. The first examines the
ability of threespined sticklebacks to use socia learning in the enhancement of food
preferences. The second study examines the ability of both threespined sticklebacks and

ninespined sticklebacks to use socia learning in the avoidance of predators.

Introduction

In a dynamic environment, information about biologically important aspects of life,
such as the location of the most profitable food patches, the most nutrient rich food
types, areas safe from predators, and the best mates, rapidly becomes outdated. Animals
are therefore required to consistently gather information about their environment in
order to make biologically important decisions that can increase their fitness and
chances of survival. The way they gather this information can vary. They can either
choose to collect it for themselves by exploring and interacting with their immediate
surroundings or they can learn this information by copying others. Collecting personal
information can be risk prone, as exploring the environment leads to exposure to
predators and can be associated with large costs in both energy and time. It is therefore
often advantageous to rely on socia learning. Social learning is essentialy the
utilisation of information produced by others or can be more specificaly defined as
occurring “when individuals acquire a new behaviour or information about their
environment via observation of, or interaction with, other animals or their products’
(Brown & Laland 2003). Here | review the different processes by which social learning
can occur and the contexts under which it occurs in fish. This will be followed by two

studies examining two different aspects of socia learning in sticklebacks.



Social learning processes

There are many processes through which social learning can occur, including local and
stimulus enhancement, response facilitation, imitation, emulation and the socid
enhancement of food preferences. In this section | shall give a brief overview of each of

these processes.

Local enhancement or stimulus enhancement

The term local enhancement was first introduced by ethologist William Thorpe. It was
originally defined as “apparent imitation resulting from directing the animal's attention
to aparticular object or to a particular part of the environment” (Thorpe 1963, p.134). In
other words, an individual's attention is attracted to a specific location by others, making
them more likely to visit that location and subsequently learn something. A very similar
process is stimulus enhancement whereby an individual learns something after their
attention is attracted to a particular object after observing interaction with this object by
others. A good example of local enhancement isfound in Old World vultures, Gyps spp..
Vultures circling over a carcass attract conspecifics to the same location, despite having
not seen the carcass themselves (Buckley, 1996). Another example is found in great tits,
Parus major. Krebs et a. (1972) showed that a“type” of location was more likely to be

interacted with after conspecifics were observed to locate food in a similar location.

Response facilitation

Response facilitation is a term introduced by Byrne (1994) to describe a process of
socia learning in which an observer witnesses a demonstrator performing an act of
behaviour and increases the likelihood of the observer performing that behavioural act
itself. Response facilitation may lead to social learning, as by synchronizing behaviour,
an animal may learn when and where is appropriate to perform certain actions (Hoppitt
and Laland 2008). A good example of response facilitation comes from a study by
Hoppitt et al. (2007). It was observed that chickens would preen at arate related to the
number of conspecifics also preening within the same aviary.



Imitation

The process of imitiaion can be divided into two sub-categories, contextua imitation
and production imitation. Contextual imitation can be said to have occurred when “by
directly through observing a demonstrator perform an action in a specific context, an
observer becomes more likely to perform that action in the same context.” (Hoppitt and
Laland 2008, p.117). Conversely production imitation occurs when “after observing a
demonstrator perform a novel action, or novel sequence or combination of actions, that
is not in its own repertoire, an observer then becomes more likely to perform that same
action or sequence of actions.” (Hoppitt and Laland 2008, p. 118). Production imitation
differs from contextual imitation in that the action or sequence of actions performed was
not previously in the observer's repertoire. Several good examples of contextual
imitation can be found in laboratory experiments using quail and pigeons (Akins and
Zentall 1996; Kaiser et a. 1997; Zentall et a. 1996). In these experiments afood reward
could be achieved by either stepping or pecking on a treadle. The action used by
observers to receive this award was found to be dependent on the action previousy
demonstrated to them by conspecifics. Evidence for production imitation comes from
work by Moore (1992). Moore presented data from a single grey parrot, which was
demonstrated severa patterns of behaviour made up of both vocal and motor
behaviours, such as waving followed by saying “ciao”. The parrot learned to imitate
each of these combined actions, which are highly unlikely to have already been within

its repertoire.

Emulation

Emulation differs from imitation in that the observer is not copying the actions of a
demonstrator but rather the results that the demonstrator achieves. More formally
“Emulation occurs when, after observing a demonstrator interacting with objects in its
environment, an observer becomes more likely to perform any actions that bring about a
similar effect on those objects.” (Hoppitt and Laland 2008, p. 122). A good example of
emulation can be found in chimpanzees, Pan troglodytes. Whiten (1998) presented the
chimpanzees with “artificial fruit” from which three defences had to be removed in
order for the chimpanzees to access the food reward contained within. Each defence
could be removed by either one of two methods. Whiten discovered that observer
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chimpanzees were more likely to use the method demonstrated to them, however the
specific action used to complete this method was not necessarily copied exactly,

suggestive of emulation rather than imitation.

Socia enhancement of food preferences

This is a process of social learning by which animals can learn about the distribution
and availability of different food types within their local environment by using food
derived cues, such as residua odour or the metabolic by-products of ingested food to
identify foods recently consumed by conspecifics (Galef and Wigmore 1983; Galef
1988). The socia enhancement of food preferences is discussed in greater detail in
Study 1.

Social learning in fish

Investigations into animal social learning have been undertaken over a broad range of
both contexts and taxa. The processes by which socia learning can occur and the
contexts under which it does occur has been well documented in fish (Brown and
Laland 2003; 2006). Here | give a brief overview of how socia learning can be utilised
by fish under several different contexts.

Mate choice copying

Mate choice copying can be defined as an individual selecting a partner because others
of the same sex have selected that individual as a partner previously (Gibson &
Hoglund 1992). Socia learning has been shown to influence mate choice in several
species of fish including gobies, Pomatoschistus microps (Reynolds and Jones 1999),
guppies, Poecilia reticulata (Dugatkin 1992; Dugatkin and Godin 1992, 1993; Briggs et
al. 1996), Japanese rice fish, Oryzias latipes (Grant and Green 1996), threespine
sticklebacks, Gasterosteus aculeatus (Ridley and Rechten 1981; Goldschmidt et al.
1993), European bullheads, Cottus gobi, (Marconato and Bisazza 1986) and sailfin
mollies, Poecilia latipinna (Schlupp et a. 1994; Sclupp and Ryan 1997; Witte and Ryan
1998, 2002).



Perhaps the most widely known example of mate choice copying is in the guppy.
Dugatkin (1992) conducted a series of experiments using wild caught Trindadian
guppies. Two males were secured at either end of an aguarium, with a model femae
residing near one of the males. A focal female was then placed into the middle of the
tank and allowed to observe the males. After the model female was removed, the focal
female was then allowed to swim freely within the aquarium during which time it was
observed that focal females would spend a significantly larger amount of time with the
male that had been near to the model female. This significance was upheld even when
the male's locations were reversed after the observation period (Dugatkin 1992).
Dugatkin and Godin (1992) then went on to demonstrate that the mate preference of
another female guppy was influential enough to reverse previous mate choice
preferences. A further study by Dugatkin and Godin (1993) revealed the interesting
finding that female guppies will copy the mate choice of larger (and therefore likely to
be older) females, whilst the previous mate choice of smaller females had no effect.
Witte and Ryan (2002) carried out mate choice trials on both male and female sailfin
mollies similar to the original experiment undertaken on guppies by Dugatkin (1992).
However the trials by Witte and Ryan (2002) were implemented in-situ in the Comal
River, New Braunfels, Texas. Mate-choice copying is therefore known not simply to be
an artefact of the laboratory (Witte and Ryan 2002), at least in sailfin mollies.

Mate choice copying has also been shown to occur between species. The Amazon
molly, Poecilia formosa, is a species consisting entirely of females which reproduce
clondly, however they are reliant on the sperm of heterospecific males, in this case
sailfin mollies, to initiate embryogenesis (Ryan 1997). Mating with gynogenetic species
should incur no benefit to the male and therefore reduce the mal€e's fitness due to both
energy costs from courting and time costs taken away from courting femae
conspecifics. Mae sailfin mollies have been shown to be able to distinguish between
females of their own species and Amazon mollies. However the continued existence of
Amazon mollies suggests that sailfin molly males incur a benefit from such interactions
(Schlupp et a. 1994). These benefits were identified by Schlupp et al. (1994) when they
showed that female sailfin mollies will copy the mate choice of Amazon mollies. Males
therefore increase their attractiveness to conspecific females by mating with the

heterospecific gynogens.



Migration and orientation

For most fish species, biologically important locations, such as profitable foraging sites,
areas safe from predators and suitable areas in which to find mates and reproduce, are
all subject to environmental variation. Information as to the location of such areas can
therefore not be entirely inherent and must be learned. Whilst this information can be
learned asocidly, it is not without risk. It may often therefore be more beneficial to
learn such information via observation of and communication with others, even though
this information may not be as accurate or up to date. One method for learning the
location of good resources is simply to follow others and in the process learn the route
for themselves. There are several experiments in which it has been demonstrated that an
individual fish will follow another. For example, Reebs (2000) showed that a minority
of informed golden shiners, Notemigonus crysoleucas, were able to lead a shoal of naive
conspecifics away from a preferred darker area of the tank to an expected food source.
Kohler (1976) demonstrated a similar phenomenon in carp, Cyprinus carpio. A single
trained individual was able to lead up to 10 conspecifics to a feeding tube in response to
an acoustic stimulus. Even though thisis clear evidence of informed individuals leading
uninformed conspecifics to a resource, it does not signify social learning, as thereis no
evidence that the naive conspecifics could remember the route or signal and relocate the
resource by themselves. However, Helfman and Schultz (1984) have indicated social
learning of this type. They showed that transplanted French grunts, Haemulon
flavolineatum, could learn the daily migration route between the foraging and resting
sites used by resident conspecifics. The transplanted individuals only needed to follow
the informed residents twice before being able to navigate the route themselves in the
absence of al previous residents. Migratory traditions have also been shown to be
present in bluehead wrasse, Thalassoma bifascatum. Bluehead wrasse have mating-site
locations which remain in place over many generations. When entire populations were
removed and replaced with transplanted populations, the wrasse were observed to
establish new mating sites, which remained constant over a 12 year study period
(Warner 1988, 1990). This provides strong evidence of cultura variation in fish (Brown
and Laland 2006).

The use of social learning to acquire knowledge of a route to a resource has also been

shown to occur under laboratory conditions. Laland and Williams (1997) trained
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individual guppiesto follow a particular route (out of two alternatives) to afood source.
After being placed in the experimental aguarium with the demonstrators once a day for
5 days, it was apparent that the observers showed a significant preference for the route
demonstrated to them and consistently chose to follow this route to a food source in the
absence of a demonstrator, despite there being an alternative route of equal distance and
complexity. Laland and Williams (1998) then went on to demonstrate the surprising
level of influence these social cues impart. They used a transmission chain design,
where small shoals were trained to take one of two routes, of which one route was
substantially longer and therefore more energetically costly. These trained founders in
each group were then gradually replaced by naive individuals. After three days with no
original founders in the groups, the more costly route was still being utilised by those
groups with founders that were trained to use it.

Foraging

Increased foraging efficiency is known to be an advantage fish can acquire from social
learning. For example, when an individual discovers a food patch, the foraging
behaviour of that individual will attract others to the same area through local
enhancement. Juvenile Atlantic salmon, Salmo salar, dart to the water’s surface to catch
prey items from their benthic foraging stations. This darting motion has been shown to
be able to be used as a cue by conspecifics that food is available (Brown and Laland
2002). Fish have aso been shown to use social learning to learn novel foraging
behaviours. Juvenile European sea bass, Dicentrarchus labrax, after observing trained
conspecifics press a lever to gain a food reward, subsequently learned this behaviour
themselves (Anthouard 1987).

The social learning of foraging information is aso known to be transmitted via the use
of public information. Templeton & Giraldeau (1996) describe public information as
“sampling information acquired vicariously by monitoring the sampling behaviour of
others’. The use of public information has been studied most extensively in a foraging
context (Templeton and Giraldeau 1995; Smith et al. 1999; Coolen et a. 2003; Coolen
et a. 2005; Clark 2007; Kenda et al. 2009). Using public information allows an
individual to collect information about the quality of a resource, such as a foraging

patch without the costs associated with personal sampling, such as increased exposure
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to predators and travel time incurred between patches to make comparisons, simply by

watching others' success (Coolen et al. 2003).

There are several recent publictions on the utilisation of public information by fish.
Coolen et al. (2003) were able to demonstrate that ninespined sticklebacks, Pungitius
pungitius, are capable of utilising public information in a foraging context. Observer
fish were secured in a centra compartment and allowed to observe two groups of
demonstrators being fed through artificial feeders at different rates. The set-up was
arranged so that the observer could not see the actual food items, only the reactions of
the demonstrators to the food. After observing the demonstrators feeding for a period of
ten minutes, all demonstrators and remaining food items were removed from the tank
and the observer was released and allowed into all sections of the test tank. It was
observed that the observers spent a significantly larger proportion of time in the feeding
zone of the demonstrator group that was fed at the faster rate, thus they were able to use
the behaviour of the demonstrators to establish which of the two foraging patches was
the more profitable. Coolen et a. (2003) then went on to discover that athough
threespined sticklebacks, Gasterostues aculeatus, and P. pungitius are a closely related
and often co-occurring species, G. aculeatus show no evidence of being able to utilise
public information in the same context. The hypothesis from Coolen et a. (2003) for
this species difference in public information use is that G aculeatus possess greater
armour, in the form of lateral plates and longer dorsal spines (Fitzgerald and Wooton
1996) this difference in armour is to such an extent that piscivorous fishes have been
shown to display a predatory preference for P. pungitius over G aculeautus (Hoogland
et a. 1957). The superior defences of G aculeatus mean that they are more likely to
withstand the higher predation risk associated with personal sampling and therefore
benefit more from maximizing their opportunities to feed. P. pungitius however, are
more vulnerable to predation and will therefore benefit from observing the success rate
of others and only leaving an area of relative safety when high patch profitability is
assured. Coolen et a. (2003) aso demonstrated that P. pungitius are not only capable of
utilising public information in a foraging context from conspecifics but from the

heterospecific G aculeatus as well.
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Sudy I:

Social enhancement of food preferences

Abstract

Some animals have the capability of using food derived cues from conspecifics such as
residual odour or the metabolic by-products of ingested food to indirectly learn what
food types conspecifics have recently consumed. By presenting threespined sticklebacks
with recently fed conspecifics, this study has shown that threespined sticklebacks are
capable of this aso and are able to use this information to associate a particular food

type with stress and subsequently avoid consuming this food type.

Introduction

Generalist foragers are often faced with the opportunity to exploit several different food
types at a single point in time and must be able to choose between them in order to
forage efficiently. Individuals that live in groups have the advantage of being able to use
socia information through observation of the actions and choices of their groupmates.
The use of social information allows foraging animals to learn about the distribution and
availability of different food types within their local environment without having to
incur the costs associated with sampling the area for themselves (Kendal et al. 2005).
This socia information can either be acquired directly by observing the rea-time
actions of their groupmates, or it can be acquired indirectly using food derived cues,
such as residual odour or the metabolic by-products of ingested food (Galef and
Wigmore 1983; Galef 1988). Thisindirect form of socialy learning about food has been
termed the social enhancement of food preferences (Hoppitt & Laland 2008) and has a
distinct advantage to the observer in that it does not require the learner to be present
while the demonstrator is exploiting the food resource. Most of the studies into this
form of socia learning have focused on rodents, including the Norway rat, Rattus
norvegicus (Galef 1983; Gaef & Wigmore 1983; Galef 1988; Galef 2005), Mongolian
gerbils, Meriones unguiculatus (Valsecchi et a. 1996) and two hamsters, Mesocricetus
auratus and Phodopus campbelli (Lupfer et a. 2003). It has also been documented in
other social mammals, including the short-tailed fruit bat, Carollia perspicillata
(Ratcliffe & ter Hofstede 2005), and the domestic dog, Canis familiaris (Lupfer-
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Johnson & Ross 2007).

The social enhancement of food preferences has been studied most extensively in R.
norvegicus. Galef and Wigmore first demonstrated this phenomenon in adult rats in
1983. It was observed that a naive rat (henceforth the observer), after interacting with a
recently fed conspecific (a ‘demonstrator’), when given a choice between two novel
foods, would preferentially consume the same food type as the demonstrator. Galef et
al. (1988) were able to determine that it is the presence of carbon disulphide on the
breath of the demonstrator rats which is the key to observer rats developing a preference
for a demonstrated food type. Observers exposed to a demonstrator that had recently
consumed a cinnamon flavoured diet and observers exposed to a piece of cotton batting
powdered with cinnamon and in addition, moistened with CS,, both showed significant
preferences for cinnamon flavoured food. In comparison, rats exposed to a cinnamon
powdered cotton batting moistened with distilled water did not exhibit a preference for
cinnamon (Galef et a. 1988).

The phenomenon of socially enhanced food preferences in rats has been shown to have
a strong influence on observers. Even observer rats that have been conditioned to show
an aversion toward a particular food as a result of experiencing gastrointestina distress
immediately after consumption, were observed to reverse this previously learned
negative response when presented with demonstrators that had eaten the same food
(Galef 1986). There are severa functions for which this phenomenon can be used. One
is to increase the repertoire of foods available to an individual. Galef (1993) noted that
observer rats were more influenced in their food choices by demonstrator rats that ate an
unfamiliar food than by those that ate a familiar one. Galef (1993) points out that if the
socia learning of food preferences were to have a greater influence on observer rats
eating foods already familiar to them, it would increase the tendency for rats to limit
their diets only to foods aready in their repertoire. However, with observers being
influenced more by demonstrated novel food, socia interactions serve as a means to
expand dietary repertoires (Galef 1993).

A second possible function is the avoidance of unpalatable or poisoned food types.
Direct evidence for the avoidance of foods has consistently been found not to be present
in rats (Galef et al. 1983, Galef and Beck 1985, Galef et a. 1990). However indirectly,
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rats may inadvertently avoid consumption of unpalatable or poisoned foods through
traditions for consuming palatable aternatives. Socialy learned food avoidance has
also been shown to be absent in Japanese macaques, Macacca fuscata (reviewed by
Visalberghi 1994). There is however, substantial evidence for the social transmission of
the avoidance of foods in several avian species. For example, house sparrows, Passer
domesticus were observed to consume significantly less red coloured food after
watching conspecifics consume red food treated with quinine, which gave the food a
bitter taste (Fryday and Grieg-Smith 1994). Another example is red-winged blackbirds,
Agelaius phoeniceus, avoiding food associated with conspecifics displaying toxin-
induced illness (Mason and Reidinger 1982, 1983). Also domestic layer strain chicks,
Gallus g. domesticus, avoided pecking beads of the same colour to which they had
previously observed conspecifics pecking at displaying a disgust reaction due to them
being coated in bitter tasting methyl anthranilate (Johnston et a. 1998)

Shoaling fishes have recently been shown to be able to detect prey-specific cues
generated by foraging conspecifics, a process that resembles the social enhancement of
dietary preferences described above. However, it is not known whether these fish can
use this information to form food preferences. Fish shoals tend to be arranged by a
variety of different phenological factors, including size, species, and age class (Krause
et a. 2006, Hoare et a. 2000). However, there are also more subtle factors at play.
These include specific individua recognition (Griffiths and Ward 2006) and resource-
specific chemical cues (Webster et al. 2008a). When making shoaling decisions,
individual threespined sticklebacks have been repeatedly shown preferentially to choose
to shoal with others that have recently occupied the same micro-habitat as themselves
(Ward et al. 2004, 2005, 2007; Webster et a. 2007, 2008, 2008b). Fish are also able to
recognise and choose to shoal with others that have recently consumed the same prey
type as themselves. This has been shown to occur in a variety of species including
Arctic charr, Salvelinus alpinus (Olsen et a. 2003), guppies, (Morrell et al. 2007), and
threespine sticklebacks (Ward et a. 2004, 2005, 2007; Webster et al. 2007, 20083,
2008b). Ward et al. (2005) even observed this phenomenon occurring between species.
Threespined sticklebacks showed self-referent matching to both habitat and diet cues,
not only to conspecifics but also to stimulus shoals of ninespine sticklebacks.
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It is clear therefore that fish are able to employ a mechanism allowing them to detect
and identify food cues from others. There are several hypotheses as to why this
mechanism has evolved. Shoaling fishes gain a number of benefits from shoaling with
individuals with a need or preference to exploit the same resources as themselves
(Webster et al. 2008a). Social foragers are known to benefit from higher rates of prey
detection than those foraging on their own. By shoaling with conspecifics that are
exploiting the same prey type as themselves, individuals may be able to gan
information about the distribution of the prey types they are exploiting by monitoring
the foraging success of their shoal mates. It is aso reasonable to hypothesise that unfed
fish might use this source of social information to match their own prey use patterns
with prospective shoal mates. It could also allow them to learn about prey types that are
locally abundant, or that they have not previously encountered before, by indirectly

monitoring the prey use of others.

In this experiment | tested whether or not threespined sticklebacks employ the food
recognition mechanism they have been shown to possess to influence their own prey
selection. It is predicted that observers will match their prey selection to the prey type
previously consumed by demonstrator shoals. | aso examined whether threespined
sticklebacks possess the ability to avoid a prey type shown to have detrimental effects
upon the demonstrators, not through illness but by placing both the observers and

demonstrators under stressful conditions.

Methods

Subjects

Threespine sticklebacks of were collected from the Kinnesburn, a small estuarine river
in Fife, Scotland, in October and November 2008. They were held in the laboratory in
groups of 15 fish in 30 L aguaria, at 8°C under a 12 hour light / dark cycle. The fish
were fed on adaily diet of bloodworm. Experiments were carried out between January

and April 2009. The sex of each fish was indeterminate at the time of experimentation.

Apparatus

The first stage of the experiment used tanks measuring 30 x 30 cm with a water depth of
14



20cm. All vertical sides of the tanks were blacked out to prevent outside disturbance.

The second stage of the experiment was a 2x2 design, with two conditions, stressful or
not stressful, and two different prey types. The tanks measured 30 x 30 cm with awater
depth of 10cm. In the centre of each tank was a holding compartment measuring 5cm in
diameter and 15cm in height through which both visual and olfactory cues could be
transferred. Half of the tanks were placed on a white surface and half were placed on a
black surface. Being housed against a white base makes the sticklebacks highly visible
to aeria predators, therefore placing them in a stressful situation (see loannou et al.
2008). All vertical sides were shielded from outside disturbance. The two prey types
used were frozen blocks of Artemia spp. and tubifex worms, Tubifex tubifex, chopped
into Imm pieces and alowed to thaw in water. Both foods were novel to the test fish.
Artemia naturally occur in hypersaline conditions, while tubifex are found in sty
sediments in slow flowing or still water. The fish used in this study came from a fast
flowing freshwater stream with a sand and gravel substrate and are therefore unlikely to

have encountered these prey types previously.

The third stage of the experiment was the test tank measuring 30 x 30 cm with a water
depth of 15cm. Two petri dishes containing the two different food types (artemia and
tubifex) were placed at opposite ends of the tank. There was also a cylindrical holding
compartment in the centre of the tank measuring 5¢cm in diameter and 15cm in height

through which the focal fish could receive both visua and olfactory cues about the two

prey types.

Procedure

Shoals of 4 demonstrator fish, size matched to within 2mm in length of each other, were
placed into the first tank and allowed to settle for 15 minutes, after which an excess
amount of one of two food types was added to the water, ensuring al individuals had
the opportunity to feed. All fish were deprived of food for 24 hours prior to test to
ensure motivation to feed.

The demonstrators were allowed to feed for 1 hour during which time all were observed

to feed. They were then placed into the second tank alongside a focal fish (also size
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matched to within 2mm) contained in the holding compartment. They were left for a
further hour after which the focal fish was removed and placed into the test tank. The
focal fish was alowed to settle within a holding compartment for 10 minutes, after
which it was released and allowed to feed from the two petri dishes containing the two
different food types (artemia and tubifex) one of which was previously eaten by the
demonstrator shoal. Each food type was demonstrated in equal proportion. The position
of the two foods within the test tank was alternated between trials. During each trial |
recorded the first food that was selected, and the number of food items of each food
type that were eaten in 2 minutes following the first selection. The selection of a food
item by the fish was determined by an obvious strike action within the petri dishes
containing the food. If neither food was selected after 20 minutes, the trial was
abandoned.

Results

White base

The non-demonstrated food was consumed by the focal fish first significantly more
often when conditioned with the demonstrator shoal under stressful conditions (with a
white base). 20 focal fish consumed the non-demonstrated food first, while 8 focal fish

consumed the demonstrated food first (Chi squared: xz = 5.143, n = 28, P = 0.023)
(Figure 1).

257 White Base

20

Number First Eaten

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

Figure 1: The number of times the demonstrated foods and non-demonstrated foods were consumed first

when observers were conditioned with demonstrators in tanks with a white base.
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In the two minutes after the first food item was consumed, there was a trend for the non-
demonstrated food to be consumed by the observers more often than the demonstrated
food when the focal fish was conditioned with the demonstrators under stressful
conditions (Wilcoxon Signed Ranks Test: Z 571 =-1.915, P = 0.055) (Figure 2).

White Base

|
L

4.00

-]
I

T T
Demonstrated Food Non-Demonstrated Foo

Mean Number Eaten

Error bars: +- 2 SE

Figure 2: The mean number of demonstrated and non-demonstrated food items consumed within two

minutes after the first selection when conditioned with demonstrators on a white base.
Black base

The demonstrated and non-demonstrated prey types were equally selected first by the
observers when conditioned with the demonstrator shoal in tanks with a black base,
with 12 focal fish consuming the demonstrated food first and 13 focal fish consuming
the non-demonstrated food first (Chi squared: x* = 0.04, df = 1, P = 0.841) (Figure 3).

Black Base

20

Number First Eaten

T T
Demenstrated Food Meon-Demonstrated Food

Figure 3: The number of times the demonstrated food and non-demonstrated foods were first to be
consumed by the observers when the observers were conditioned with the demonstrators in tanks with a

black base.
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In the two minutes after the first food item was consumed the number of demonstrated
and non-demonstrated food items consumed by the focal fish was not significantly
different when conditioned with the demonstrators in tanks with a black base (Wilcoxon
Signed Ranks Test: Zy41 = -0.246, P= 0.806) (Figure 4).

Black Base

Mean Number Eaten

—

Figure 4: The mean number of demonstrated and non-demonstrated food items consumed within 2

minutes after first selection when conditioned with demonstrators on a black base.

There was no difference between treatments in the number of times the focal fish
consumed the demonstrated or non demonstrated food types first (2x2 Chi Squared: xz =
1.3755, df = 1, P = 0.2409). However, there was a significant difference between
treatments in the total number of both the demonstrated and non-demonstrated food
types consumed (2x2 Chi Squared: y* = 13.6117, df = 1, P = 0.0002)

Discussion

The threespined sticklebacks used in this experiment were able to detect and identify
prey-specific cues from shoals of conspecific demonstrators and use this information
not to enhance their selection of a demonstrated food, but to avoid a novel food type
when it is demonstrated to them over a white base and therefore presumably under
conditions of stress. Observers conditioned to the demonstrated food in a tank with a
white base chose to consume the non-demonstrated food significantly more often,
whilst those conditioned with demonstrators in tanks with a black base showed no
preference for either the demonstrated or non-demonstrated foods.
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The socia enhancement of food preferences is a phenomenon commonly observed in
rodents and the presence of carbon disulphide on the breath alongside residual food
odours is enough to influence observers to consume the same food type as a
demonstrator. It islogical to assume that there might be a similar mechanism present in
fish, allowing them to detect and identify food cues from demonstrators, to shoal with
those that have recently consumed the same prey type as themselves and, as we have
seen here, to avoid consuming the same food as a demonstrator that is exhibiting signs
of stress.

Previous work in our laboratory has shown that asocial exposure to food-specific
chemical cues failed to influence the prey choice of threespined sticklebacks both in the
presence and absence of conspecifics (Webster at a. Unpublished). This suggests that
the food-specific cues need to be expressed directly by a demonstrator in order for it to
have any effect upon the prey choice of others. One possible mechanism for the
transmission of food-specific cues is via waste excretion, specifically the urine. It is
essential for freshwater fishes to excrete urine on a regular basis, as they have blood
osmolites that are substantially greater than that of the water, resulting in a net influx of
water through the gills (Brix 2002). It is aready known that fish urine contains food-
derived amino acids. By manipulating the diet of bullhead catfish, Ictalurus nebulosus,
Bryant and Atema (1987) were able to change the behaviour patterns exhibited toward
conspecifics, demonstrating that these food-derived amino acids are used in individual
recognition. It may therefore also be possible that these food-derived amino acids could
facilitate recognition of the source food and lead to the deterrence seen in the fish that
are receiving the cues. Another mechanism by which these food cues may be
transmitted is via the epiderma mucus coating (Matsumura 2004, 2007). It is known
that fish skin mucus contains phosphatidylcholines which, like the food-derived amino
acids, are aso involved in individual recognition and may also have an effect upon diet
choice (Matsumura 2007). Both of these possible mechanisms require further
investigation to determine whether either, or both, of them play any role is the social

transmission of food preferences, or avoidance as seen in this case.

Threespined sticklebacks are predated upon by many different species of piscivorous
fish and birds. They possess countershading, the gradation in colour from dark on the
dorsum to light on the ventrum (Ruxton et al. 2004). It is considered to be an adaptive
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trait for protection against predators via the concealment of shadows cast upon the body
(Ruxton et a. 2004). In fish, the dark dorsal side provides cryptic colouration from
aerial predators whilst the lighter ventral side provides camouflage from predators
beneath them in the water. Threespined sticklebacks are therefore highly visible to aerial
predators when placed in tanks with a white base, as their darker dorsal side contrasts
significantly. It is generally well known that threespined sticklebacks will purposefully
avoid areas of white, most likely for this very reason (see loannou et a. 2008). The
demonstrators that were placed into tanks with the observer that had a white base were
therefore highly likely to have been exhibiting some cues indicative of stress, either

chemically or behaviourally, which could be detected by the observers.

Moberg (2000, p. 1) defines stress as “the biological response elicited when an
individual perceives a threat to its homeostasis’. Such threats can be either physical or
psychological. Indicators or symptoms of stress can take many forms. Long terms
effects can include a decrease in immune function and a reduction in Darwinian fitness
(BIAZA 2004). The timescale in which the observers and demonstrators were housed in
the tanks with a white base, being only for an hour at a time, were not long enough to
elicit these long term responses, however it is possible for short term effects to have
been displayed. These can include increased cardiovascular output, changes to
endocrine parameters, such as in increase in adrenaline and cortisol levels, and changes
in behaviour. These effects could have been present in both the observers and the

demonstrators. It islikely that the fish were able to perceive these effects in one another.

The primary response of teleost fishes to a stressful situation includes the rapid release
of the stress hormones catecholamines and cortisol into the circulation (Ellis et al.
2004). The secondary response is for these stress hormones to activate a number of
metabolic pathways, one of which isto increase glucose production, providing energy to
vital tissues such as brain, gills and muscles (Ellis et a. 2004). Teleost fish are known to
excrete cortisol into the water via the gills (Ellis et a. 2004). It is possible that the
observers detect the cortisol alongside the food-derived amino acids excreted via the

urine or epidermal mucus, therefore giving rise to associative learning.

Associative learning results in a change in an animal’s behaviour when one event is

paired with another (Pearce 1997). Pavlovian conditioning is a form of associative
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learning resulting in a conditioned response when a neutral conditioned stimulus is
paired with a biologically significant unconditioned stimulus (Pearce 1997). Pavlovian
conditioning can result in either an excitatory or an inhibitory response and can result in
arelatively permanent change in an animal’s behaviour (Pearce 1997). Only excitatory
conditioning will be discussed here. One good example of excitatory conditioning is
eye-blink conditioning in rabbits. Moore (1972) exposed rabbits to a short burst of an
audible tone (the neutral conditioned stimulus) before receiving a mild electric shock in
the cheek (the biologically significant unconditioned stimulus), the intensity of which is
only enough to cause the rabbit to blink. After a number of repeats the audible tone was

sufficient on its own to €licit a blink response in the rabbit.

It is also possible to shape an individual of awide variety of different speciesto avoid a
certain food or property of afood by making the animal ill after consumption. This type
of conditioning is often very effective with a marked aversion often being observed
after just asingle trial (Pearce 1997). Taste-aversion conditioning often has a practical
use, with sheep and cattle being able to be trained to avoid posinous plants after
consuming only a small amount. Lane et a. (1990) conditioned cattle to refrain from
consuming barbey larkspur, Delphinium barbeyi, a highly palatable toxic plant,
responsible for a high number of cattle deaths in the mountain ranges of North America
By following ingestion of the plant with gastrointestinal distress through the injection of
lithium chloride, a non-lethal gastrointestinal poison, Lane et a. (1990) were able to

stop the test subjects from consuming D. Barbeyi for the two year observation period.

Associative learning is alogical explanation for the results seen in this experiment. The
experiments of Fryday and Greig-Smith (1994) and Johnston et al. (1998), discussed in
the introduction, show that birds are able to learn a negative association to a particular
object or food characteristic by observing the disgust reactions of conspecificsto abitter
taste. A negative association can therefore be formed without the observer having to
experience the negative effect themselves. This is one possible explanation for the
results we have seen in this experiment. Although not a disgust reaction, the G
aculeatus demonstrators in tanks with a white base may have been displaying signs of
stress, either behaviourally or chemically, that were perceivable to the observers. In this
instance the food-derived amino acids of the prey fed to the demonstrator shoa and

excreted in the urine or epidermal mucus in terms of Pavlovian conditioning would be a
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neutral conditioned stimulus, while the perceived signs of stress from the demonstrators
would be abiologically significant unconditioned stimulus, resulting in the avoidance of

that particular prey type.

An aternative hypothesis is that the food derived amino acids in the urine or epidermal
mucus may have been the neutral conditioned stimulus, but instead of the biologically
significant unconditioned stimulus being the perceived stress of the demonstrators, it is
the stress inflicted upon the observer itself by being in atank with awhite base.

The next step of this investigation is to determine if either of these hypotheses is
correct. This can be tested by taking water from a tank in which demonstrators have
been housed in after consuming a known prey item which has a white base, and adding
this water to a tank with a solitary observer fish in atank with a black base. If it is the
detection of stress hormones from the demonstrators received alongside the food-
derived amino acids, the observer fish will still exhibit an aversion to the demonstrated

food.
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Sudy I1:

Anti-predator behaviour

Abstract

Socia cues can be highly influential in facilitating the learning of when to initiate
predator avoidance behaviour. There are two mechanisms by which fish can learn about
potential predators through socia learning. One is the alarm pheromone, Shreckstoff,
most commonly released after damage to the skin and the other is through visual cues of
a fright response. It has been shown previously that fish are able to use social learning
to associate a particular area with predators in the presence of Shreckstoff, however this
study has shown that neither ninespined sticklebacks nor threespined sticklebacks are

able to devel op this association viavisua cues from conspecifics alone.

Introduction

It would make evolutionary sense for anti-predator responses to be inherent and elicited
on first encounter with a predator (Griffin 2004). In some cases this does occur. For
example, two adjacent black circles can trigger an avoidance response in a variety of
taxa with no prior experience of any predator (Coss, 1978; Csanyi, 1985). However
there are aso advantages to be had from learning when to utilise anti-predator
behaviour. An animal's environment is subject to change, creating the possibility of
exposure to predators previously unencountered by ancestors. Learning about predators
allows novel changes and potential threats to be recognised and responded to
appropriately (Griffin 2004).

As might be expected, direct experience with a predator has been shown to lead to
learning. For example, being chased can both initiate an anti-predator response to a
novel predator and refine an existing one (Jarvi & Uglem, 1993). However, socia cues
can also be highly influential in facilitating the learning of when to initiate predator
avoidance behaviour. One mechanism by which this can be attained in fishes is via an
alarm pheromone, known as Shreckstoff. These chemicas have two mechanisms of

release, depending on the family. They may be released only as aresult of damage to the
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skin (Von Frisch 1938) or in some species can be released voluntarily, in which case
they are labelled disturbance pheromones (Wisenden et al 1995). When such alarm or
disturbance pheromones are detected by conspecifics, and in some cases
heterospecifics, the receivers exhibit an anti-predator response (Brown and Godin
1997). It has also been shown that a receiver does not need to have visua
communication with the emitter of the alarm cue but that exposure to the chemical
alarm substances alone is enough to elicit a fright response (Magurran 1989; Suboski et
al. 1990).

An aternative mechanism alowing social learning about predators is reliant on visual
stimuli. It is known that the observed fright behaviour of one individua will induce a
similar response in others despite them having not seen the predator themselves (Krause
1993). This phenomenon is known as the Trafalgar effect, first introduced by Treherne
and Foster (1981). Shoaling fish are therefore made aware of a potential predator earlier
than they would if solitary and the shoal can respond to the threat more effectively with
coordinated evasion behaviour (Krause 1993). Magurran and Higham (1988) discovered
that minnows, Phoxinus phoxinus, even though unable to see a predator, €elicited
predator avoidance behaviour upon observing the fright reaction of conspecifics to a
model pike, Esox sp. It has aso been shown that fish are able to learn and retain
information about a novel predator, most likely through Pavlovian conditioning (Brown
and Laland 2003) and therefore can be classed as learning socialy. There have been
several other studies in which visual stimuli elicited an anti-predator or fright response
in an observer. For example both Chivers and Smith (1994) and Suboski et a. (1990)
recorded that naive observers receiving visual cues of a fright response from
demonstrators through a clear barrier, acquire anti-predator responses to predator cues,

if experiencing them simultaneously (Griffin 2004).

Associative learning has also been shown to occur via olfactory cues. Minnows have
been shown to learn to elicit anti-predator behaviour to olfactory cues from a novel
predator when these olfactory cues are received at the same time as observing a fright
response from conspecifics or when able to detect alarm pheromones (Suboski et al.
1990). They are also capable of associating spatial areas with predator risk through the
same association mechanism. Chivers and Smith (1995) were able to demonstrate thisin

fathead minnows, Pimephales promelas. They conducted an experiment in which they
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exposed individual minnows to one of two habitats, with either the addition of alarm
pheromones or distilled water. The minnows later elicited an antipredator response
when exposed to water from these habitats alone, which had previously, but not at test,
had the addition of the alarm pheromone. This therefore demonstrates that fish are able
to develop associations between spatial areas and previous experience of predators
being in that location. Another interesting finding from this study is that naive minnows,
previously unexposed to alarm pheromones in the two habitats, were also observed to
elicit anti-predator behaviour on observation of the reactions of previously trained
conspecifics. Importantly they were also shown subsequently to respond to untreated
water from these habitats when tested alone, demonstrating the cultural transmission of
learned recognition of habitats with high predation risk (Chivers and Smith 1995).

The socia transmission of anti-predator behaviour has also been shown to occur
between heterospecifics in mixed species shoals. Brook sticklebacks, Culaea
inconstans, were observed to elicit a fright response on the detection of chemica alarm
pheromones (Chivers et al. 1995) or through seeing fright responses (Mathis et al. 1996)
of fathead minnows. It is clear therefore that fish are able to use visua stimuli to
recognise when others are exhibiting anti-predator behaviour and to use this information
to learn about novel threats or risky habitats.

While the aforementioned studies established fish are able to learn about the potential
predator threat within a specific area through alarm pheromones, no previous study has
tested the ability of fishes to recognise predator threats associated with an area through
observing the behaviour of others via visua stimuli. The aim of this study is to test if
threespined and ninespined sticklebacks are able to learn about the safety of two shelters
by observing the behaviour of demonstrator shoals seemingly within these shelters. It is
predicted that the observer would avoid the shelter adjacent to a demonstrator shoal
displaying afright response to an artificia predator.
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M ethods

Subjects

Threespine sticklebacks were collected from the Kinnesburn, a small estuarine river in
Fife, Scotland, in October and November 2008. Ninespine sticklebacks were collected
from Melton Brook, Leicester at the same time. They were held in the laboratory in
groups of 15 fish in 30 L aguaria, at 8°C under a 12 hour light / dark cycle. The fish
were fed on adaily diet of bloodworm. Experiments were carried out between June and
August 2009.

Pilot studies

Pilot studies were carried out prior to test to ensure that the demonstrators displayed an
obvious anti-predator response to which the focal fish could respond.

Apparatus

The pilot studies were carried out using two tanks measuring 10 x 30 cm with a water
depth of 18cm and a sand substrate of 1cm in depth. These two tanks abutted either end
of an additional tank measuring 45 x 30cm with a water depth of 18cm with a sand
substrate of 1cm. All vertical sides were shielded from outside disturbance. An artificial
light source was positioned directly above. A shadow was cast and moved across the top
of one of the end tanks using a length of black plastic of the same proportions as the
tank.

Procedure

Shoals of 5 fish size matched to within 2mm of one another and placed into the tank.
They were allowed to acclimatise for 10 minutes after which they were filmed for 30
seconds immediately prior to and 30 seconds immediately after the shadow was cast and
their behaviour was analysed. This was carried out for both threespined and the
ninespined stickleback shoals with 20 repeats of each species. Further pilot studies were

undertaken to ensure that the behaviour of the demonstrator shoal on the opposite side
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of the test tank to which the shadow was cast was not affected. This was done by
recording the behaviour of the opposite demonstrator shoal for 30 seconds immediately
prior and 30 seconds immediately after the shadow being cast on the other side. The
recordings were then analysed, taking into account the height a which each
demonstrator occupied within the water column and the level of activity. The height was
recorded by point sampling every 3 seconds the location of each fish in relation to three
pre-designated areas within the water column. The levels of activity were recorded by
selecting one of the individuals within the demonstrator shoal at random and recording

the length of time they spent actively swimming.

Trids

Apparatus

The apparatus for the trials can be seen in Figure 1. It included two tanks measuring 10
x 30 cm with a water depth of 18cm and a sand substrate of 1cm in depth. These two
tanks abutted either end of an additional tank measuring 45 x 30cm with a water depth
of 18cm. The central test tank had the addition of a secure, transparent central holding
compartment measuring 5x5 cm, and two shaded areas measuring 10 x 30 cm at either
end, adjacent to the tanks containing the demonstrators. All tanks had a sand substrate
of 1cm in depth. All vertical sides and the area above the three experimental tanks were
boxed in to prevent outside disturbance and to control the level of light entering the test
tank. An artificial light source was located directly above the test tank. This ensured that
no other shaded areas were available within the test tank, providing incentive for the
observer to select either of the shaded shelter areas provided.

Procedure

Two shoals of five demonstrators, size matched to within 2mm of one another, were
placed in the two outer tanks. The demonstrators were allowed to acclimatise for a
period of 15 minutes, after which an observer, size matched to within 2mm of the
demonstrators, was placed in the central compartment of the test tank. They were left an
additional 10 minutes, after which a shadow was cast and moved across the length of

one of the tanks containing a demonstrator shoal. This shadow was used to imitate an
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aerial predator and therefore elicit an anti-predator response from the demonstrator
shoal. The observer was then immediately released from the centra compartment and
allowed to move freely within the test tank. The observer was filmed for a period of 2
minutes, after which the observer was removed and the trial ended. If the observer did
not select a shelter within two minutes, the trial was abandoned. On first detection of a
potential aerial predator, a stickleback will immediately cease whatever activity it was
engaged in and raise its spines. It then will either perform an evasive manoeuvre, such
as a rapid swim to cover, or will remain frozen and slowly sink to the bottom of the
water column (Huntingford et al 1994). As the option of swimming to cover was not

available in this experiment, the demonstrator shoals performed the latter behaviour.

Severa parameters were measured from the video recordings; the latency of the focal
fish to select a shelter, the first shelter chosen, the amount of time spent in the central
section and each shelter, and the number of switches made by the focal fish between the
two shelters. The observer was said to be in the shelter zone when the whole of its head
was in the shadowed area.

Sheltered area Test tank

Demanstratar
shoal |

L Demanstrator shoal 2

Holding compartment

Figure 1: An aerial view of the experimental setup (not to scale).

28



Results

Pilot study

There was no significant difference observed in the behaviour of the demonstrators on
the opposite side of the test tank before and after the mock predator shadow was cast
with regard to location within the water column. The demonstrators were found to spend
an equa proportion of time at the bottom of the water column before and after the
shadow (Mann-Whitney U Test: U = 84.5, n =12, P = 1) (Figure 2). There was also no
significant difference in the mean levels of activity in the demonstrators on the opposite
side of the test tank before and after the mock predator shadow was cast (Student's t
Test: t =-0.728, df = 24, P = 0.473) (Figure 3).

This shows that the demonstrator shoal at the opposite side of the test tank either could
not see the shadow or the other demonstrator shoals response, or that they were not
affected by it. Either way, they did not exhibit anti-predator behaviour and therefore

should not have had an effect upon the observer.
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Figure 2: The mean proportion of demonstrators on the opposite side of the test tank to which the mock
aerial predator shadow was cast that were found in the bottom section of the water column during a 30
second period both before and after the mock aerial predator shadow was cast over the top of the

aguarium.
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Figure 3: The mean proportion of time the demonstrators on the opposite side of the test tank to which the
mock aerial predator shadow was cast spent actively swimming in the 30 second observation period

before and after the mock aerial predator shadow was cast over the top of the aquarium.

A significantly larger proportion of individuals were found at the bottom of the water
column in the 30 second observation period after the shadow was cast than in the 30
second observation period before the shadow. This was the case for both the ninespined
sticklebacks (Student's t Test: t = -4.403, df = 38,1, P = <0.0001) (Figure 4) and the
threespined sticklebacks (Mann Whitney U Test: U = 36.5, n = 40, P = <0.0001) (Figure
5).
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Figure 4: The mean proportion of ninespine stickleback individuals of a shoal of 5 found in the bottom
section of the water column during a 30 second period both before and after the mock aerial predator

shadow was cast over the top of the aguarium.
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Figure 5: The mean number of threespine stickleback individuals of a shoal of 5 found in the bottom
section of the water column during a 30 second period both before and after the mock aerial predator

shadow was cast over the top of the aquarium.

They aso spent a significantly lower proportion of time actively swimming after the
shadow was cast than before in the case of both the ninespined sticklebacks (Student's t
Test: t = 5.896, df = 38,1, P = <0.0001) (Figure 6) and the threespined sticklebacks
(Student'st Test: t = 8.248, df = 38,1, P = <0.0001) (Figure 7).
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Figure 6: The mean proportion of time the ninespine stickleback demonstrator shoal spent actively
swimming in the 30 second observation period before and after the mock aerial predator shadow was cast

over the top of the aquarium.
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Figure 7: The mean proportion of time the threespine stickleback demonstrator shoal spent actively
swimming in the 30 second observation period before and after the mock aerial predator shadow was cast

over the top of the aquarium.

This demonstrates that both the ninespined and threespined stickleback demonstrators
were exhibiting an anti-predator response to the mock-predator shadow which would be

visible to the observer during the test phase.

Response of the focal fish

There was no significant difference between which sheltered area the ninespined
stickleback focal fish selected first (Binomia Test: n = 44, P = 0.451) (Figure 8) and

also between which sheltered area the threespined stickleback focal fish selected first
(Binomial Test: n=20, P =1) (Figure9).
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Figure 8: The number of trials in which the ninespined stickleback observers went to either the shelter
behind which the demonstrators were exhibiting anti-predator behaviour in response to the mock aerial
predator shadow (scared) or the opposite side to which the shadow was cast (non-scared).
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Figure 9: The number of trials in which the threespined stickleback observers went to either the shelter
behind which the demonstrators were exhibiting anti-predator behaviour in response to the mock aerial

predator shadow (scared) or the opposite side to which the shadow was cast (non-scared).

There was aso no significant difference in the proportion of time both the focal fish
spent in either sheltered area. This was observed in both ninespined sticklebacks
(Wilcoxon's Signed Rank Test: Z431 = -0.753, P = 0.451) (Figure 10) and the
threespined sticklebacks (Wilcoxon's Signed Rank Test: Zy3; = -0.880, P = 0.379)
(Figure 11).
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Figure 10: The mean proportion of time for which the ninespined stickleback observers spent in each
shelter goal zone. Either the shelter behind which the demonstrators were exhibiting anti-predator

behaviour in response to the mock aerial predator shadow (scared) or the opposite side to which the
shadow was cast (non-scared).
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Figure 11: The mean proportion of time for which the threespined stickleback observers spent in each
shelter goal zone. Either the shelter behind which the demonstrators were exhibiting anti-predator

behaviour in response to the mock aerial predator shadow (scared) or the opposite side to which the

shadow was cast (non-scared).

Discussion:

Neither the ninespined sticklebacks nor the threespined sticklebacks showed a
significant tendency to select the sheltered area behind which the demonstrator shoa
was exhibiting no anti-predator behaviour, either in their first choice or subsequently
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(Figures 8 and 9). Figures 10 and 11 also show that neither species spent significantly
more time in either shelter. It appears therefore that even though Chivers and Smith
(1994) and Suboski et al. (1990) demonstrated that sticklebacks are able to identify and
respond to visual anti-predator behaviour of conspecifics, they did not use this
information to select the non-threatening shelter.

The most likely explanation for the threespined and ninespined sticklebacks' inability to
select the non-threatening shelter is that they are making a trade-off between speed and
accuracy. When the focal fish is in the test tank, they are exposed and directly under
bright light. It is possible that the focal fish will therefore take the earliest opportunity to
move into one of the shaded areas, and therefore become less visible to predators. The
focal fish are therefore less likely to take the time required to assess each shelter before

selection, resulting in the non-significant result seen here.

On awider, more general, scale fish and other animals will often be faced with choosing
between two conflicting behaviours and will have to make a trade-off between them.
For example a possible increase in fitness by increasing foraging rates and courtship
intensity could also lead to a decreased probability of survival due to increased exposure
to predators and a decrease in vigilance (Magnhagen and Magurran 2008). The length of
time in which an individual makes such decisions and the potential benefit that could be
obtained from the information they gather during the assessment time is another such
trade-off they must make when assessment time itself is costly (Krause et al 1997). One
such trade-off decision has been seen here, between the speed of leaving an area in
which the individual is an easy target for predators and the benefit gained from the
shelters they may choose.

A trade-off decision similar to this was observed by Krause et a. (1997). Individual
chub, Semotilus atromaculatus, were given a choice between two shoals of different
sizes in the presence or absence of a fright stimulus, provided by a flash of light from a
lightbulb directly above the test tank, simulating the shadow of an avian predator. With
this fright stimulus, assessment time would be more costly, as the fish is exposed and
vulnerable to predators. The fish must therefore make a trade-off between between
continued exposure to predators and assessing which of the two shoals is the larger and

will therefore provide subsequent improved protection from predators via the dilution
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effect. Krause et al. (1997) found that when exposed to the fright stimulus, the test
fishes significantly reduced both their response time in choosing a shoal and their ability
to select the larger of the two stimulus shoals, suggesting that the benefits acquired from
successfully selecting the larger of the two stimulus shoals were outweighed by the need

to minimise the immediate predation risk.

Another possible explanation for the unpredicted results is one of experimenta design.
It may be that even though the demonstrators were exhibiting anti-predator behaviour
by being at the bottom of the water column, it may not have been obvious to the
observer due to insufficient water depth. The difference in depth between the top of the
water column and the bottom may not have been large enough to signify a response by
the demonstrators. The observer also may not have selected the predicted shelter, as in
reality, when faced with a predation threat, a fish shoal would most likely vacate the
area in which they are threatened. They are therefore perhaps unlikely to have evolved a
mechanism by which they are able to recognise, and in turn avoid, a risk-prone area by
socialy acquired visual cues aone. More redlistic results may therefore be achieved by
replicating the experiment but have the demonstrator shoal |eave the area after receiving

predator cues.
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