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Abstract
The Effect of Perceived Predation on the Neural Development of Convict Cichlids.

Braeden P. Donaldson, MSc Candidate
Concordia University, 2018

Elevated levels of background risk have been shown to elicit changes in behaviour,
physiology, morphology, and cognitive function. While there is a growing body of research
investigating how various aspects of the environment influence brain growth, research examining
neuroplastic responses to local predation is lacking. Using lab-reared convict cichlids
(Amitatlania nigrofasciata) as a model species, | tested the hypothesis that neuroplastic
responses will vary between two levels of perceived predation risk in both juveniles and adults.
In a series of laboratory trials, convict cichlids at two different ontogenetic stages (juveniles and
adults) were exposed to either the alarm cues of injured conspecifics (high risk) or distilled water
(low risk). When juvenile convict cichlids were exposed to high risk cues, they showed a
significant increase in olfactory bulb size (19.7%) compared to the low-risk control.
Additionally, all brain regions, when exposed to high risk cues, increased in size when compared
to the low risk group: 13.5% in the telencephalon, 20.8% in the optic bulb, 11.9% in the
cerebellum, and 18.2% in the hypothalamus. Overall the entire brain increased by 16.2% when
compared to the low risk group, however no allometric growth of any single brain region was
observed. Unlike the results seen in juveniles 1 day post treatment, examination of adult cichlid
brains revealed no difference in olfactory bulb size, or any brain region, between the high and
low risk groups. Furthermore, high risk juveniles that were given an 11-day latency period
following treatment, showed no significant difference in any brain region, including olfactory
bulb size, when compared to those given distilled water. Taken together these results suggest that
juvenile cichlids may exhibit a bidirectional neuroplastic response to high risk cues and that
these responses are ontogenetically constrained.
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Introduction

Predation is a pervasive selective pressure acting on prey populations (Lima & Dill,
1990; Priesser et al. 2005; Carreau-Green et al., 2008; Ferrari et al., 2009, 2010a), shaping their
behaviour (Wisenden & Sargent, 1997; Foam et al., 2005a, 2005b; Gonzalo et al., 2012; Brown
et al., 2014a), morphology (Bronmark & Miner, 1992; Bronmark & Pettersson, 1994; Chivers et
al., 2007), and life history (Chivers et al., 1999). The capture and consumption of prey, which is
termed the consumptive effect of predation, has a direct cost on prey fitness (Preisser et al.,
2005). Although this direct cost of predation is high, there is an additional toll incurred via the
struggle to avoid predators (Preisser et al., 2005; Jarvis, 2010; Peacor et al., 2011). These
avoidance costs are referred to as the non-consumptive effects (NCE) of predation (Preisser et
al., 2005; Peacor et al., 2011). They result from prey having to balance the avoidance of
predators with the need to sustain other fitness-related activities (Helfman, 1989; Wagner &
Luksch, 1998; Lima & Bednekoff, 1999). These activities include, but are not limited to,
foraging (Foam et al., 2005a, 2005b; Dadda & Bisazza, 2006; Ferrari et al., 2010a), mating (Kats
& Dill 1998; Kotrschal et al., 2015), and defending territories (Kim et al., 2011)

In response to predation pressure, most species can alter some aspect of their phenotype
(Schoeppner & Relyea, 2005). This is known as a phenotypically plastic response: a single
genotype that can produce multiple phenotypes under different environmental conditions (Smith
& Smith, 2011). The ability to change phenotype allows individuals to minimize the potentially
negative impacts of varying environmental conditions (Auld et al., 2009). Plasticity in response
to predation has been demonstrated in behaviour, such as induced neophobia (Brown et al.,
2013b, Joyce et al., 2016) and antipredator responses (Roh et al., 2004; Schoeppner & Relyea.,

2005; Chivers et al., 2016b), as well as in life-history alterations that facilitate predator



avoidance at specific life stages (Chivers et al., 1999), and physiology as seen in the endocrine
responses to increased perceived risk (Day et al., 2004). Increased predation has also been shown
to induce morphological plasticity in prey species (Relyea, 2003; Hoverman & Relyea, 2007).
Chivers et al., (2007) showed that goldfish (Carassius auratus) increased their body depth and
weight in response to high risk, which was associated with increased survival during predation
events. Similar results were observed in research conducted on the crucian carp (Carassius
carassius) by Bronmark & Miner (1992) and Bronmark & Pettersson (1994). In addition, there is
evidence that predator-induced morphological plasticity is reversible when the threat of
predation is removed (Relyea, 2003; Chivers et al., 2007). For example, freshwater snails
(Helisoma trivolis) show a reversal of predator-induced shell growth shortly after the predator is
removed from their environment (Hoverman & Relyea, 2007). Prey often live in close proximity
to their predators (Ward & Mehnerb, 2010). Morphological plasticity is becoming widely
accepted as a means for individual prey to mitigate the risk posed by nearby predators.
Neuroplasticity

Different types of environmental information are processed by different regions of the
brain in fish (Ebbesson & Braithwaite, 2012; Wagner, 2002). Olfactory bulbs process chemical
cues (i.e. foraging and risk assessment information) from the surrounding environment
(Ebbesson & Braithwaite, 2012; Kotrschal et al., 2012a). The telencephalon integrates spatial
information (Burns & Rodd, 2008; Ebbesson & Braithwaite, 2012). A larger telencephalon may
increase the accuracy and speed to make a decision (van der Bijl et al., 2015). The area of the
brain that facilitates visual perception is the optic bulb (van der Bijl et al., 2015). The cerebellum

is responsible for associative learning (Ebbesson & Braithwaite, 2012) and coordination of



movements (Kotrschal et al., 2012a). Lastly, the hypothalamus plays a major role in the
regulation of hormones and neurochemicals (Blanton & Specker, 2007).

The relative size of each brain region corresponds to the individual’s ecological niche
(Néslund et al., 2012; Wagner, 2002). For example, reef fishes, irrespective of phylogenetic
group, have large brains with well-developed telencephala and highly-foliated cerebella because
of the complex environment that they inhabit (Yopak et al., 2012). This relationship indicates
that environmental complexity requires a great deal of spatial processing and associative
learning.

In general, the vertebrate brain is very plastic only in early life (Fernandez et al., 2011;
Kotrschal et al., 2012a). The brains of fish, however, remain plastic even in adulthood (Zupanc,
2001; Mayer et al., 2011; Ebbesson & Braithwaite, 2012). Adult fish brains have an enormous
potential for the neural cell proliferation that underlies neuroplasticity (Lema et al., 2005;
Shumway, 2008; Fernandez et al., 2011). For example, during any given two-hour period, adult
brown ghost knifefish (Apteronotus leptorhynchus) have on average 0.2% of brain cells in the s-
phase of mitosis (Zupanc, 2001). Similar neural cell proliferation was also observed in three
species of adult teleost fish (Fernandez et al., 2011). The brain-wide neural cell proliferation seen
in fishes underlies their experience-dependent neuroplasticity (Shumway, 2008). As the
environmental information being processed shifts, there is an associated change in brain
development (Gittleman, 1994).

An increase in the amount of environmental information being processed is positively
associated with brain development (Gittleman, 1994). The greater the extent to which an
individual encounters the same environmental cues, the more the associated synapses will grow

and strengthen via long term potentiation (LTP) (Nabavi et al., 2014). If a stressor, such as the



threat of predation, is consistently present, then the brain structures associated with predator-
detection and avoidance are expected grow (Kotrschal et al., 2012b). However, an experiment by
Gonda et al. (2010) showed that tadpoles (Rana temporaria) under conditions of low-density and
high-predation developed smaller brains relative to those at high-density and high-predation and
smaller brains than those at low-predation regardless of density (Gonda et al., 2010). In response
to these unexpected results, the authors offered an explanation. They suggest that at low-density
there is not enough group protection from a live predator. Less group protection means that the
tadpoles must increase time sheltering from the predator, whose presence is constant throughout
the experiment. The reduction in energy intake results in less energy available for brain
development (Gonda et al., 2010).

The results of the above experiment indicate that the inability to obtain food can limit
neural development, and there is no definitive effect of elevated risk by itself, stressing the
importance of adequate feeding regimes during experiments. Indeed, zebra finch chicks
(Taeniopygia guttata) subject to food deprivation develop smaller brains and smaller song
repertoires than chicks exposed to a stable food source (Brumm et al., 2009). With the exception
of the study by Gonda et al. (2010), there is virtually no available information regarding the
influence of predation on neuroplasticity.

Environmental conditions can effectively influence the rate of cell proliferation in fish
brains (Lema et al., 2005) despite the fact that neural processing is expensive, metabolically
speaking (Laughlin et al., 1998; Marino et al., 2006; Monk et al., 2015). Increasing the size of
the brain escalates the amount of energy required to maintain the Na/K ion concentration
gradient across neural cell membranes (Laughlin et al., 1998). An enhanced nervous system must

therefore provide an ecological benefit to compensate for the energy consumption (Monk et al.,



2015). In spite of the energetic cost, plastic reorganization of neural structures can benefit
animals that inhabit areas with more socially available information (Lema et al., 2005) through
enhanced sensory processing (Lefebvre et al., 1997). The ability of larger brains to process,
store, and integrate copious amounts of environmental information has fitness benefits (Lefebvre
et al., 1997; Lema et al., 2005; Sol et al., 2005), such as the heightened ability to recognize and
thereby evade predation threats (Beston et al., 2017). Positive neuroplastic responses are likely
the result of a balance between the constraining energetic costs of developing and maintaining a
larger brain (Johnson, 1999) against the increased cognitive benefits (Kotrschal et al., 2013).

An important consequence of this balancing act is the bi-directionality of neuroplastic
responses (Nabavi et al., 2014). If neurons are under-stimulated, such as when there is little to no
specific stimulus and therefore little need for associated neurons, the synapses are expected to
decrease in both number and size (Johnson, 1999), a process called long term depression (LTD)
(Nabavi et al., 2014). A great example of this is seen in Atlantic salmon (Salmo salar). Naslund
et al., (2012) showed that increased salmon brain size due to environmental complexity can
disappear over time when the fish are transferred into barren tanks.

Specific environmental factors contributing to neuroplasticity are difficult to pinpoint
(Lema et al., 2005). To date, most studies on the neuroplasticity of fishes have focused on the
effect of visual environmental complexity (Kihslinger et al., 2006; Mayer et al., 2011; Kotrschal
et al., 2012b; Naslund et al., 2012; Salvanes et al., 2013; also see Ebbesson & Braithwaite,
2012). Despite the fact that predation is such a predominant factor affecting prey species survival
(Lima & Dill, 1990; Roh et al., 2004; Preisser et al., 2005), very little information is available
regarding how brain morphology changes with varying levels of predatation signals.

Assumptions on how neuroplasticity is related to high risk cues can only be made based on



behavioural evidence from several studies. Researchers such as Brown & Smith (1998), Ferrari
etal., (2012), Brown et al., (2013c¢), and Mitchell et al., (2016) have examined the retention
period of behaviours after conditioning prey to high risk. For example, woodfrog tadpoles
(Lithobates sylvaticus) conditioned under high risk lost their neophobic response 11 days post-
conditioning (Mitchel et al., 2016). Responding to predators that are no longer a threat would be
detrimental over time (Brown et al., 2013c¢). These results indicate that anti-predator behaviour is
being gained and then lost. If neurological processes underlie behaviours (Marchetti & Price
1989; Lefebvre et al., 2004; Lefebvre & Sol 2008), it is likely that the associated brain regions
respond to elevated risk by growing in size, then diminishing once there is no longer an apparent
risk.
Ontogenetic Constraints

Throughout ontogeny, most organisms are subject to changes in size, morphology
(Persson et al., 2000), and predation risk (Kelley & Magurran, 2003). Size is a crucial component
influencing an individual’s vulnerability to predation (Joyce et al., 2016). During early stages of
life, organisms are highly susceptible to predators (Kusch & Chivers, 2004). As prey become
larger, they often exceed predator gape limitations (Brown et al., 2002) and may be better at
outmaneuvering predators (Brown et al., 2013c). An individual’s perception of risk may
therefore be influenced by its developmental stage (Marcus & Brown, 2003; Brown et al., 2013a;
Joyce et al., 2016).

Prey respond to acute risks differently based on their body size (Marcus & Brown, 2003;
Harvey & Brown, 2004; Joyce et al., 2016). For example, faster growing individuals appear to

lose their predator recognition retention at a faster rate (Brown et al., 2011b). This suggests that



responses to predators are retained only as long as the predator is still a threat (Brown et al.,
2011a, 2013c), such as when the prey is younger and smaller (Ferrari et al., 2012).

Ontogenetic shifts in anti-predator behaviour have been reported in a number of species.
For instance, yellow perch (Perca flavescens) show a size-dependent response to high risk
(Harvey & Brown, 2004). Juvenile perch respond to alarm cues with anti-predator behaviour,
while adult perch react to the same cues with foraging behaviour (Harvey & Brown, 2004).
Similar results for size-based behavioural differences have been demonstrated by Marcus &
Brown (2003) in pumpkinseed sunfish (Lepomis gibbosus), and also by Brown et al. (2002) in
largemouth bass (Micropterus salmoides). Additionally, Joyce et al. (2016) conditioned convict
cichlids to elevated-risk at three different life stages. Those conditioned to high risk in early life
stages showed an induced neophobic response to novel odors, whereas adults under the same
conditions did not.

Previous research has shown that both juvenile and adult fishes respond to high risk,
although the behavioural response often differs. To date, no studies have specifically examined if
ontogeny constrains neuroplasticity in response to high background risk. Even though Zupanc
(2001) suggests that fish brains remain plastic throughout their lives, brain growth can vary
depending on the life history stage (Kihslinger et al., 2006). If brain development is in fact linked
to risk-induced behavioural responses, then there exists a necessity to investigate the limitations

that ontogenetic stage imposes on neuroplasticity.



Thesis Goal

Plastic responses in morphology can be triggered by the alarm cues of injured
conspecifics (Chivers et al., 2007; Ferrari et al., 2010b) as their presence is a reliable indicator of
elevated predation risk (Hazlett, 2003; Ferrari et al., 2010b; Brown et al., 2013a; Gonzalo et al.,
2012). Alarm cues are common among a wide variety of marine and freshwater fishes (Brown et
al., 2013c), including cichlids and salmonids (Brown et al., 2002).

Using lab-reared convict cichlids (Amitatlania nigrofasciata) as a model species, I tested
the hypothesis that neuroplastic responses will vary between two levels of perceived predation
risk in both juveniles and adults. To test this hypothesis, I manipulated perceived predation risk
levels using conspecific chemical alarm cues or a distilled water control.

First, by exposing juveniles to either elevated risk cues or low risk, I tested for
differences in brain development between the two levels of perceived predation. An increase in
the integration of environmental cues is positively associated with the growth of neural regions
that detect said cues (Gittleman, 1994; Nabavi et al., 2014). The area that integrates chemical
information is the olfactory bulb (Ebbesson & Braithwaite, 2012; Kotrschal et al., 2012a). By
using conspecific chemical alarm cues to simulate predation risk I anticipated that perceived
elevated risk will result in increased olfactory bulb size in juvenile convict cichlids, when
compared to the low risk group. As I am using chemical cues to simulate elevated risk I do not
expect increases in other brain region sizes as they do not integrate chemical information.

Furthermore, by removing the perceived risk followed by a low risk latency period, I
investigated if the neuroplastic response to high risk cues can be lost. Nabavi et al., (2014)
suggest that neuroplasticity is bi-directional. For this reason, I predicted that a latency period of

11 days post-conditioning will be associated with a cessation in juvenile olfactory bulb



development to a point where there is no difference between those conditioned under high risk
and those under low risk. This predicted outcome is centered around behavioural research
conducted on prey animals. Ferrari et al. (2012) and Mitchel et al. (2016) showed that
behavioural responses to predation threats can diminish after 11 days.

Lastly adult cichlids were exposed to either high risk or low risk to investigate if the
neuroplastic response to high risk cues is constrained by ontogeny. Although there is evidence
that neophobia cannot be induced in adult cichlids (Joyce et al., 2016), fish brains are thought to
remain plastic throughout their lives (Mayer et al., 2011; Ebbesson & Braithwaite, 2012). As
such the third prediction of this thesis asserted that adults will show neuroplasticity similar to
that of juveniles when exposed to high risk. Despite the ontogenetic differences in fish
behaviours towards alarm cues, both juvenile and adult conspecifics still react in some way to
alarm cues (Brown et al., 2002; Marcus & Brown, 2003; Harvey & Brown, 2004). This suggests
that there is neural processing involved in cue detection regardless of age. The detection of alarm
cues should therefore elicit neural development in the brain regions responsible for processing
those cues: the olfactory bulbs. Due to a low sample size for adult cichlids, the effect of an 11
day latency period was tested only in juveniles.

The above predictions are rooted in the effect that predation may have on brain
development. However, there exists an alternative hypothesis in the response to adding alarm
cue. It could simply be that the addition of these cues adds complexity to the environment. The
difference between the high and low risk may simply be due to the increase in socially available
information (environmental complexity) in the high risk group. This alternative hypothesis
extends beyond the scope of this experiment but should be kept in mind as an alternative

explanation that can be tested in the future.



Methods

Juvenile convict cichlids (Amatitlania nigrofasciata) were reared from laboratory stock
populations. The 38L holding tanks were kept barren at the time of hatching until the end of the
experiment to minimize stimuli that can influence brain development (Nislund et al., 2012).
Holding tanks were filled with dechlorinated tap water and held at constant conditions (~26°C,
pH ~7.2, 12:12 L:D cycle). Cichlids were fed daily with commercial flake food to satiation
outside of the treatment times. This was done to account for feeding decreases that can occur
from predator avoidance (Gonda et al., 2010).

Conspecific skin extract (alarm cue) was made to be used for the treatment phase (see
experimental methods). Eighteen adult convict cichlids (6.9 cm + 0.12 cm SL) were euthanized
via cervical dislocation (in accordance with the Canadian Council on Animal Care and
Concordia University Animal Research Ethics protocol #30000255). Skin fillets were removed
from both sides of the donor convict cichlids and immediately placed into 100 mL of chilled
distilled water. A total of 326 cm? of skin (diluted to a final volume of 2,178 mL) was collected.
The alarm cue was frozen in 100 mL aliquots at -20°C until required.

Experiment 1: Response to perceived predation in juveniles

At 86 days post-hatching, on June 20 2017, a single brood of sample fish were randomly
assigned to a treatment or control group with five replicates of each treatment. Each 38L
treatment tank housed 28 cichlids (n.=280), all of which were identified as juveniles, since
cichlids do not reach maturity until six months post hatching (Ishikawa & Tachihara, 2010).
Treatments were administered for 14 days at the same three times each day: 10:00am, 12:00pm,

and 2:00pm.
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The juvenile low-risk/control group (n.g=140) received 10 mL of distilled water to
control for the disturbance of adding a treatment. The juvenile high-risk/alarm cue group
(ngr=140) was given 10 mL of conspecific chemical alarm cue three times per day to simulate a
nearby predation event. At the end of the 14-day treatment period, 14 juveniles from each of the
experimental tanks (ngr=70, n; g=70) were haphazardly removed for analysis. The remaining fish
were kept in their tanks to be used in Experiment 2. Mean (= SD) standard length at removal was
2.14 + 0.40 cm. Standard length was not measured prior to treatments.

Fish were anesthetized in accordance with Concordia University Animal Research Ethics
protocol number AREC30000255 using > 0.4 mL clove oil L' of water. Fish were preserved in
10% buffered formalin and stored cold for a minimum of 30 days to allow for adequate tissue
fixation (Mu & Sanders, 2010). Standard body length (SL) was measured after anaesthetization
and before dissection. These measures were taken using ImageJ software to the nearest 10™ m.

Heads were mounted with the ventral side down in high-contrast wax on small dissection
plates. Under a dissection microscope, surgical scissors were inserted into the eye socket
posterior to the eye, and the dorsal region of the hyomandibular plate was severed on each side.
Additional cuts made between the nares and from the nares to the anterior region of the eye-
socket severed the frontal plate of the skull. The spinal cord was cut immediately posterior to the
skull and needle-nose tweezers were used to fully remove the parietal and frontal plates of the
skull thereby exposing the brain. The remaining debris was carefully removed, and surgical
tweezers were used to fully remove the brain.

Images of the dorsal and ventral surfaces of the brain were taken using a three mega-pixel
microscope camera. Cross-sectional measurements of each region were taken using ImageJ

software to the nearest 10°m (Figure I). 29.7% of olfactory bulbs, 10.3% of telencephala, 7.6%
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of optic bulbs, 9.0% of cerebella, and 8.3% of hypothalami were removed from the analysis as
they were damaged or unmeasurable.

Experiment 2: 11-day latency period for juveniles

This experiment was conducted between June 20 and July 14 2017. Only juveniles were
examined due to the small number of available adults. Half of the fish treated in Experiment 1
were left in the treatment tanks (n,=140). They were kept for an 11-day latency period in order
to determine if brain development reverts back to a low predation condition. During this time, no
treatments were administered. At the end of the latency period, the remaining fish were removed
for morphometric analysis. The procedure followed parts 2-5 of experiment 1. Mean (£ SD)
standard length at removal was 2.08 + 0.45 cm. Standard length was not measured prior to
treatments.

Experiment 3: Response to perceived predation in adults

At 12 months post-hatching, commencing March 13 2017, a single brood of sample fish
were randomly assigned to a treatment or control group with 2 replicates of each treatment. Each
38L treatment tank housed 11 adult cichlids (n=44). The adult groups received the same
treatment as the juveniles. At the end of the 14-day treatment period, all of the adults were
removed for analysis. The procedure followed parts 2-5 of Experiment 1. Mean (+ SD) standard

length at removal was 6.65 + 1.02 cm. Standard length was not measured prior to treatments.

Statistical analysis

Measurements were log transformed in order for the data to meet the assumptions of
normality and homogeneity of variance. To determine the differences in brain growth between
high and low risk groups I ran a linear mixed model ANCOVA using the /m function in R studio.

Two different models were employed using either the sum of each brain region (all-brain) or

12



standard length (SL) as a cofactor. The dependent variable used was log transformed olfactory
bulb surface area. In order to account for the effect that different tanks may have had on neural
growth, tank number was included in the ANCOVA as a random factor. All data met the
assumptions of normality (Shapiro-Wilk test) and equality of variance (Levene’s test).
Additionally, log transformed telencephalon, optic bulb, cerebellum, hypothalamus surface areas
and the sum of all regions were analyzed as dependent variables (See Appendix 1 for SL as a
covariate and Appendix 2 for all-brain as a covariate). Percent differences between high and low
risk groups were found for each brain region using the estimated marginal means for high and
low risk.

To determine the repeatability of results, 20 bodies and 33 brains were randomly selected
and re-measured by a colleague. A two-way mixed model intraclass correlation comparison
between the first and second measurements was conducted to assess their absolute agreement
(Table 1). Analysis yielded intraclass correlation average measures for standard length = 0.991

(p <0.001), all-brain = 0.967 (p < 0.001), and olfactory bulb = 0.966 (p < 0.001).

Results
Experiment 1: Juveniles 1 day post treatment

Mixed model ANCOVA, utilizing SL as a covariate and tank number as a random factor,
revealed a significant positive relationship between SL and olfactory bulb size (F;990=91.049, p
< 0.001). The same relationship can be seen between SL and the other four brain regions (7able
2.1). As SL increases, so does the size of the olfactory bulb (Fig. 2.1), as well as each other brain

region measured (Appendix 1).

13



The results of Experiment I were consistent with the first prediction of the thesis. Those
that were exposed to high risk cues had 19.7% larger olfactory bulb sizes compared to those in
the low risk group, when controlling for SL (F; 3= 9.776, p = 0.014; Fig 2.1). The other four
regions also showed significant increases in size when exposed to high risk (Table 2.1; Appendix
1). Indeed, when accounting for differences in SL, the overall brain size was 16.2% larger in
cichlids exposed to high risk cues, when compared to the low risk group (F;3s=15.116, p =

0.005; Fig. 2.4).

There was no interaction between SL and treatment for any brain region except for the
optic bulb (F 12 1= 8.941, p = 0.003; Table 2.1). As body size increases, the effect that high risk
cues have on optic bulb size is less pronounced (4ppendix 1). For the other four regions,
including the olfactory bulb, the effect that treatment had on brain region growth did not depend
on body size (Table 2.1).

Using a mixed model ANCOVA with the sum of all brain regions, “all-brain”, as a
covariate and tank number as a random factor, the relative size of each brain region in response
to high versus low risk was determined. As stated above, olfactory bulbs were larger in the high
risk group when SL was accounted for. Olfactory bulbs did not, however, grow proportionally
larger than the rest of the brain in response to elevated risk cues (Fig. 3.7). In fact, no single
brain region that was measured grew larger in proportion to the rest of the brain in response to
the high-risk cues when compared to the low risk group (Table 3.1; Appendix 2).

Comparable to the model that used SL as a covariate, the all-brain model also yielded a
significant positive relationship between all-brain size and olfactory bulb size (F; gs=249.289, p
< 0.001). A similar relationship was found between all-brain size and the other regions measured

(Table 3.1).
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Interaction between risk level and all-brain size was found for only one brain region.
There was no significant interaction between all-brain size and treatment on olfactory bulb, optic
bulb, cerebellum, nor hypothalamus sizes (7Table 3.1). However, as all-brain size increases, the
effect that elevated risk has on telencephalon size decreases (F; s7=13.028, p = 0.001; Appendix
2).

Experiment 2: Juveniles 11 days post treatment

As in experiment 1, both SL and all-brain size had significant positive relationships with
olfactory bulb size (Fy 114=73.451, p <0.001 and F; ;;; = 88.966, P <0.001 respectively). The
same relationship is seen for all other brain regions with regard to SL (7able 2.2) and all-brain
size (Table 3.2).

Consistent with the second prediction of this thesis, mixed model ANCOVA using SL as
a covariate revealed that after an 11-day latency period, high-risk cues no longer had a
significant effect on olfactory bulb size when compared to the low-risk group (F;s=1.562,p =
0.247; Fig. 2.2). This suggests that the effect that high risk cues have on olfactory bulb size may
not be long lasting. Additionally, there was no significant effect of treatment on olfactory bulb
size when controlling for all-brain size (F; 3= 1.133, p=0.318; Fig. 3.2).

Indeed after 11 days without receiving treatment, no single region showed a significant
difference in relative size between high and low risk groups when controlling for either SL
(Appendix 1; Table 2.2) or all-brain size (Appendix 2; Table 3.2). The overall brain size also
showed no difference in size between risk levels after 11 days without treatment when
accounting for SL (Fig. 2.5).

No interaction was found between treatment and either covariate (SL or all-brain size) on

any brain region.
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Experiment 3: Adults 1 day post treatment

With an increase in SL, there is an associated increase in olfactory bulb size (F 36 =
42.916, p <0.001), as well as in the other four brain regions measured (7able 2.3). Similarly, as
all-brain size increases, so does every brain region measured including olfactory bulb size (F 34 =
75.302, p < 0.001; Table 3.3).

The results found using SL as a covariate were inconsistent with the initial prediction
made for adult brain plasticity. There was no significant effect of high risk cues on adult
olfactory bulb size when compared to the low risk group (F;,=1.251, p = 0.380; Fig 2.3).
Exposure to high risk did not appear to affect the other regions of the brain (Table 2.3; Appendix
1) nor the overall size of the brain when compared to the low risk group (Fig. 2.6). There was no
interaction observed between treatment and body size on any brain region (7able 2.3).

After applying all-brain size as a covariate, there was no proportional increase in
olfactory bulb size (F; > = 0.634, p = 0.509; Fig. 3.3) or any other region (7able 3.3; Appendix 2)
when adults were exposed to high risk cues. Once again there was no interaction between all-

brain size and treatment on any brain region size (Table 3.3).

Discussion

Results using conspecific chemical alarm cue as a proxy of predation risk provide support
to the hypothesis that environments enriched with high risk cues can actuate neuroplasticity in
juvenile convict cichlids. The same response however, does not occur in adults.

I found that environmental cues indicative of predation risk elicit a phenotypically plastic
response in the brain anatomy of juvenile convict cichlids. When exposed to chemical alarm

cues, they exhibited a 19.7 % increase in olfactory bulb growth compared to those in the distilled
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water control group. This suggests that socially available cues regarding potential risk are related
to neural growth. It remains to be determined, however, whether the observed differences
between the high and low risk groups are the result of contrasting environmental complexity or
varied predation risk.

It is important to note that the results of this experiment extend beyond the scope of the a-
priori predictions (see appendix 1). In addition to olfactory bulb size, elevated risk had an effect
on all other brain regions measured. When accounting for SL, the overall brain size was 16.2%
larger in the high risk group compared to the low risk group. Although there was an increase in
overall brain size, there was no significant allometric growth of any singular brain region after
exposure to high risk cues.

The reasons for the growth seen in the other brain regions can only be speculated at this
time. One explanation is that elevated risk alone encourages general neural growth compared to
those in the control group. There is the possibility, however, that the addition of cues that imitate
elevated danger may simply add a complexity factor to the environment, which in turn stimulates
general brain growth. This alternative possibility must not be overlooked as it has been shown
that environmental complexity can result in increased brain growth (Kihslinger et al., 2006;
Mayer et al., 2011; Kotrschal et al., 2012b; Naslund et al., 2012; Salvanes et al., 2013). This
thesis is the first study to examine how chemical alarm cues influence neuroplasticity. The
explanation for why there are size differences between the high and low risk groups remains to
be investigated. Whether they are due to increased complexity or the threat of predation is
outside of the scope of this thesis. However, the morphological consequences of using chemical

alarm cues are certain: they stimulate neural growth.
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I observed that the use of chemical alarm cues promoted growth in optic bulb size by
20.8%. The optic bulbs are the area of the brain that facilitate visual perception (van der Bijl et
al., 2015). These results therefore indicate that the integration of risk related environmental
information via one receiving system may stimulate the growth of other sensory systems. The
complementary growth of multiple processing structures could be explained by the fact that fish
rely heavily on alternative cues to accurately assess their surroundings (Kelley & Magurran,
2003). Brown et al., (2011a) describe how individuals from high ambient background risk
increase their vigilance towards secondary cues when exposed to low concentrations of alarm
cue. Increased vigilance towards a secondary cue can allow prey to reliably assess risk (Foam et
al., 2005a; Ward & Mehnerb, 2010; Brown et al., 2011a, 2014b). Results here provide
substantiation for a morphological alteration behind a prey’s ability to increase cue reliability in
environments that are enriched with high risk indicators.

The telencephalon is the region responsible for integrating spatial information (Burns &
Rodd, 2008; Ebbesson & Braithwaite, 2012). A larger telencephalon may increase the accuracy
and speed to make a decision (van der Bijl et al., 2015). The high risk group had 13.5% larger
telencephala compared to the low risk group. Supplementing habitat complexity with elevated
risk signals may therefore potentially improve the rate and accuracy at which these fish make
decisions about fitness related activities, including predator avoidance strategies.

An 11.9% increase in cerebellum size resulting from the addition of chemical alarm cues
could aid in prey fitness, as it is the brain region in charge of coordinating movement (Kotrschal
et al., 2012a). For example, Chivers et al. (2016a) showed that increased predation strengthens
lateralization (turning bias) in yellow-and-blueback fusiliers (Caesio teres), which is associated

with an increase in escape performance from predators. The alarm cue-related increase in
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cerebellum size may therefore allow for more complex escape maneuvers. However, this remains
to be tested.

Juveniles also showed an 18.2% increase in hypothalamus growth when the environment
was enriched with high risk cues. This brain region is a key component of the hypothalamus-
pituitary-thyroid (HPT) endocrine axis and plays a major role in regulating hormones and
neurochemicals (Blanton & Specker, 2007). A larger hypothalamus is likely associated with an
intense physiological response to chemical alarm cues that has yet to be explored fully. However,
it is probable that the neuroplastic response of the hypothalamus is related to changes in somatic
growth, metabolism, and life history (Blanton & Specker, 2007). For example, increased
neurological connection between the hypothalamus and pituitary corresponds to greater control
of gonad development (Scott, 1987). For this reason, it may be interesting to see how chemical
alarm cues may influence age at maturity for convict cichlids.

Overall, larger brains are thought to increase cognitive ability (Kotrschal et al., 2015;
2013), which in turn improves monitoring and assessment of their environment (Sol et al., 2005,
Lefebvre & Sol, 2008) and predation threats (van der Bijl et al., 2015). The associated increase in
information acquisition likely provides a fail-safe system whereby prey fish are less prone to
errors in decision making (Néslund et al., 2012).

The second prediction of this thesis presumed that 11 days after exposure to alarm cues,
the difference in olfactory bulb size between high and low risk groups would diminish.
Following a latency period, there was no longer an observable difference between treatments in
olfactory bulb, or any other region of the brain. Indeed, the high and low risk groups showed
similar overall brain size. There are two possible explanations that may explain these results. The

first is based on work by Chivers et al. (2007) which showed that after discontinuing high risk
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treatment, the body growth of goldfish showed the same pattern as the distilled water control
group. After stimulation is interrupted, the brains of the high risk group could simply decrease in
growth rate. The rate reduction would then allow the brain of the low risk group to catch up.
Alternatively, what we are seeing could be bidirectional neuroplasticity. After the environment
was no longer being enriched with high risk cues, the brains of the high risk fish reverted back to
an under-stimulated/low risk condition, similar to the reversal in shell growth seen in freshwater
snails (Hoverman & Relyea, 2007).

The third prediction of this thesis, was that adults exposed to alarm cues would have
increased olfactory bulb size, compared to the control group. However, there was no apparent
effect of alarm cue seen on olfactory bulb size. Additionally, I found no difference in neural
growth between high and low risk for any brain region in adults. This indicates that brain
development in adult cichlids is not affected by environmental enrichment via alarm cues.

Reasons for why adults do not exhibit neuroplasticity in this experiment are not known. It
could be that they are exposed to damage release conspecific chemical alarm cues as a result of
aggressive interactions, such as defending territories (Praw & Grant, 1999), during the year
leading up to the experiments. Another explanation is the energetic cost of growing neural
growth acting as a constraint. Adult fish will often trade off growth in favour of allocating more
energy to reproduction (Ferrari et al., 2010b). If fish can trade off somatic growth, then it is
likely that they also trade off neural growth for reproduction. If the neural growth seen in
juveniles is in response to environmental enrichment rather than the threat of predation, then this
explanation for the lack of adult neuroplasticity is very likely.

Alternatively, if brain growth is the result of predation risk, then the lack of difference

between treatments in adults may be attributed to an ontogenetic niche shift. In this case, the
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larger body size of adults may provide protection from predators (Bronmark & Miner, 1992;
Bronmark & Pettersson, 1994; Chivers et al., 2007). By taking refuge in body size alone, adults
may not need to respond to chemical alarm cues as it would be energetically costly (Brown et al.,
2002; Marcus & Brown, 2003; Harvey & Brown, 2004). This explanation would imply that
neuroplasticity in response to chemical alarm cues is ontogenetically constrained. It may also
help to explain why juvenile cichlids exhibit induced neophobia whereas adults do not (Joyce et
al., 2016).

Here I have highlighted that neuroplasticity occurs in juvenile convict cichlids and that
this plasticity may be bi-directional. I have shown that adult cichlids do not have a significant
neuroplastic response to the alarm cues of injured conspecifics. It is likely that the neuroplastic
reactions seen in juveniles could aid in predation responses, however we can't rule out that neural
growth may simply be due to the enhanced environmental complexity. Regardless of the
underlying reason, this thesis demonstrates that chemical alarm cues can stimulate neural growth.

Understanding how environmental cues affect neuroplasticity and cognitive ability at
various life stages is important for the management fish populations (Ebbesson & Braithwaite,
2012). Previous studies have shown that a larger brain relative to body size is associated with
higher cognitive ability (Burns & Rodd, 2008; Kotrschal et al., 2013; 2015), behavioural
flexibility (Sayol et al., 2016), and increased survival (Sol et al., 2007; 2008). My findings may
provide valuable insight for the hatchery industry as hatchery fish are often restocked for
population enhancement and conservation (Brown et al., 2013a). This is important as numerous
fish species, including many species of cichlids (Turner, 2007), have experienced population
declines despite restoration efforts (Salvanes & Braithwaite, 2006). Globally speaking, cichlid

species, such as tilapia, are very important freshwater food sources (Turner, 2007).
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Lab-based results are often criticized due to a lack of ecological relevance (Lefebvre &
Sol, 2008). Nevertheless, laboratory experiments are effective at removing environmental
features (Lefebvre & Sol, 2008), which is important as we need to assess the effect that single
environmental features have on brain size (Shumway, 2008). New investigational paradigms that
explore the cognitive and survival advantages associated with neuroplasticity in both the
laboratory and wild will not only add to my research but could be fundamental to the success of
the hatchery industry. Additional experiments could demonstrate important relationships
between neural development, behavioural changes, and associated survival advantages.
Furthermore, the use of an environmentally irrelevant chemical cue as an additional control
could help distinguish whether the observed increase in brain size is due to elevated predation
risk or the result of environmental enrichment. Aside from the limitations already listed,
measuring SL before and after the experiment would bolster my results by illuminating whether
the observed differences in juvenile brain size were the result of (or related to) differential
somatic growth. Growth rate data would show that individuals may have grown more in the high
risk treatment resulting in an associated increase in brain growth.

Evidence for biological adaptations comes from studies on neuro-anatomy, neuro-
physiology and behaviour (Chandroo, 2004). This thesis has contributed to the overall
understanding of the neuro-ecology of a cichlid species. Convict cichlids likely experience two-
way neuroplasticity in response to alarm cues as juveniles, but no neuroplastic response as
adults. Although fish brains may remain plastic throughout their lives (Ebbesson & Braithwaite,
2012, Mitchel et al., 2016), the effect that chemical alarm cues have on brain morphology in

convict cichlids is ontogenetically constrained.
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Figure 1: Dissected Brain Views
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Figure 2.1: Juveniles 1 day post treatment.
Scatterplot showing the difference in olfactory bulb size (mm?) between high and low risk
treatments, using standard length (mm) as a covariate. Low risk n=46, high risk n=56.
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Figure 2.2: Juveniles 11 days post treatment.
Scatterplot showing the difference in olfactory bulb size (mm?) between high and low risk
treatments, using standard length (mm) as a covariate. Low risk n=63, high risk n=62.
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Figure 2.3: Adults 1 day post treatment.
Scatterplot showing the difference in olfactory bulb size (mm?) between high and low risk
treatments, using standard length (mm) as a covariate. Low risk n=22, high risk n=19.
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Figure 2.4: Juveniles 1 day post treatment.
Scatterplot showing the difference in overall brain size (mm?) between high and low risk

treatments, using standard length (mm) as a covariate. Low risk n=44, high risk n=55.
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Figure 2.5: Juveniles 11 days post treatment
Scatterplot showing the difference in overall brain size (mm?) between high and low risk

treatments, using standard length (mm) as a covariate. Low risk n=61, high risk n=61.
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Figure 2.6: Adults 1 day post treatment
Scatterplot showing the difference in overall brain size (mm?) between high and low risk

treatments, using standard length (mm) as a covariate. Low risk n=22, high risk n=17.
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Figure 3.1: Juveniles 1 day post treatment
Scatterplot showing the difference in olfactory bulb size (mm?) between high and low risk
treatments, using “all-brain” size (mm) as a covariate. Low risk n=44, high risk n=55.
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Figure 3.2: Juveniles 11 days post treatment
Scatterplot showing the difference in olfactory bulb size (mm?) between high and low risk
treatments, using “all-brain” size (mm) as a covariate. Low risk n=61, high risk n=61.
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Figure 3.3: Adults 1 day post treatment
Scatterplot showing the difference in olfactory bulb size (mm?) between high and low risk
treatments, using “all-brain” size (mm) as a covariate. Low risk n=22, high risk n=17.
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Table 1: Repeatability Measures. SPSS intraclass correlation. 20 bodies and 33 brains were
selected at random and re-measured. 2-way mixed model was used to determine the absolute
agreement of the measurements. Average measure correlation coefficient is provided to indicate
the average consistency of the two measurements relative to each other.

Juveniles: 1 day post Average measure CI (95%) F test
treatment (intraclass correlation
coefficient)

Olfactory Bulb 0.966 0.931-0.983 F31,31 =29.028
(p=0.000)

Telencephalon 0.969 0.937 - 0.985 F32,32 =34.263
(p=0.000)

Optic Bulb 0.959 0.916 - 0.980 F32,32 =25.151
(p=0.000)

Cerebellum 0.961 0.923 - 0.981 F32,32 =26.050
(p=0.000)

Hypothalamus 0.964 0.875-0.986 F31,31 =38.876
(p=0.000)

Sum of All Regions 0.965 0.925 - 0.984 F31,31 =32.185 (p=0.000
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Table 2.1: ANCOVA results for juveniles 1 day post treatment. ANCOVA was used to test the
effect of treatment on 5 brain regions and the sum of all regions using standard length as a
covariate. Tank number was included in the model as a random factor.

Juveniles: 1 day F df p value Sig. effect?
post treatment

Olfactory Bulb

Standard length 91.049 1,90 0.000 Yes
Treatment 9.776 1,8 0.014 Yes
Interaction 1.199 1, 89 0.277 No interaction
Telencephalon

Standard length 158.524 1,118 0.000 Yes
Treatment 12.096 1,8 0.008 Yes
Interaction 3.719 1,117 0.056 No interaction
Optic Bulb

Standard length 135.113 1, 121 0.000 Yes
Treatment 20.875 1,8 0.002 Yes
Interaction 8.941 1,121 0.003 Sig. interaction
Cerebellum

Standard length 174.632 1, 120 0.000 Yes
Treatment 6.836 1,8 0.002 Yes
Interaction 2.320 1,119 0.130 No interaction
Hypothalamus

Standard length 135.861 1, 121 0.000 Yes
Treatment 25415 1,8 0.001 Yes
Interaction 0.243 1, 120 0.623 No interaction
Sum of All Regions

Standard length 138.632 1,88 0.000 Yes
Treatment 15.116 1,8 0.005 Yes
Interaction 3.259 1,87 0.075 No interaction
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Table 2.2: ANCOVA results for juveniles 11 days post treatment. ANCOV A was used to test
the effect of treatment on 5 brain regions and the sum of all regions using standard length as a
covariate. Tank number was included in the model as a random factor

Juveniles: 11 days F df p value Sig. effect?
post treatment

Olfactory Bulb

Standard length 73.451 1,114 0.000 Yes
Treatment 1.562 1,8 0.247 No
Interaction 0.270 1,113 0.604 No interaction
Telencephalon

Standard length 76.886 1,122 0.000 Yes
Treatment 1.513 1,8 0.254 No
Interaction 0.156 1,121 0.694 No interaction
Optic Bulb

Standard length 84.199 1,123 0.000 Yes
Treatment 0.425 1,8 0.533 No

Interaction 0.043 1,122 0.836 No interaction
Cerebellum

Standard length 124.823 1,122 0.000 Yes
Treatment 0.053 1,8 0.824 No

Interaction 0.325 1,121 0.570 No interaction
Hypothalamus

Standard length 100.011 1,123 0.000 Yes
Treatment 0.030 1,8 0.867 No
Interaction 0.006 1,122 0.938 No interaction
Sum of All Regions

Standard length 134.324 1,111 0.000 Yes
Treatment 0.072 1,8 0.794 No

Interaction 0.841 1,110 0.361 No interaction




Table 2.3: ANCOVA results for adults 1 day post treatment. ANCOVA was used to test the
effect of treatment on 5 brain regions and the sum of all regions using standard length as a
covariate. Tank number was included in the model as a random factor

Adults: 1 day post F df p value Sig. effect?
treatment

Olfactory Bulb

Standard length 42916 1,36 0.000 Yes
Treatment 1.251 1,2 0.380 No
Interaction 0.004 1,35 0.948 No interaction
Telencephalon

Standard length 57.647 1,39 0.000 Yes
Treatment 2.209 1,2 0.276 No

Interaction 1.147 1,38 0.291 No interaction
Optic Bulb

Standard length 69.240 1,39 0.000 Yes
Treatment 3.366 1,2 0.208 No

Interaction 0.022 1,38 0.883 No interaction
Cerebellum

Standard length 85.953 1,39 0.000 Yes
Treatment 0.023 1,2 0.893 No

Interaction 2.547 1,38 0.119 No interaction
Hypothalamus

Standard length 47.882 1,35 0.000 Yes
Treatment 5.436 1,2 0.145 No

Interaction 0.047 1,34 0.830 No interaction
Sum of All Regions

Standard length 96.973 1,34 0.000 Yes
Treatment 10.766 1,2 0.082 No

Interaction 0.735 1,33 0.397 No interaction




Table 3.1: ANCOVA results for Juveniles 1 day post treatment. ANCOVA was used to test the
effect of treatment on 5 brain regions using all-brain as a covariate. Tank number was included

in the model as a random factor

Juveniles: 1 day
post treatment

Olfactory Bulb
All-brain size
Treatment
Interaction
Telencephalon
All-brain size
Treatment
Interaction
Optic Bulb
All-brain size
Treatment
Interaction
Cerebellum
All-brain size
Treatment
Interaction
Hypothalamus
All-brain size
Treatment

Interaction

F

249.289

0.010

0.079

482.799

10.739

13.028

665.537

2.041

2.791

334.788

4.429

0.101

518.343

1.028

0.139

df

1,88
1,8

1,87

1,87
1,8

1,87

1,88
1,8

1,87

1,88
1,8

1,87

1,88
1,8

1,87

p value

0.000
0.922

0.779

0.000
0.011

0.001

0.000
0.191

0.098

0.000
0.069

0.752

0.000
0.340

0.710

Sig. effect?

Yes
No

No interaction

Yes
Yes

Sig. interaction

Yes
No

No interaction

Yes
No

No interaction

Yes
No

No interaction
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Table 3.2: ANCOVA results for juveniles 11 days post treatment. ANCOV A was used to test
the effect of treatment on 5 brain regions using “all-brain” as a covariate. Tank number was
included in the model as a random factor

Juveniles: 11 days F df p value Sig. effect?
post treatment

Olfactory Bulb

All-brain size 88.966 1,111 0.000 Yes
Treatment 1.133 1,8 0.318 No
Interaction 2.682 1,110 0.104 No interaction
Telencephalon

All-brain size 804.454 1,111 0.000 Yes
Treatment 3.790 1,8 0.087 No

Interaction 2.647 1,110 0.107 No interaction
Optic Bulb

All-brain size 1395.934 1,111 0.000 Yes
Treatment 0.034 1,8 0.859 No
Interaction 0.822 1,110 0.367 No interaction
Cerebellum

All-brain size 683.094 1,111 0.000 Yes
Treatment 0.590 1,8 0.465 No

Interaction 1,288 1,110 0.261 No interaction
Hypothalamus

All-brain size 393.723 1,111 0.000 Yes
Treatment 3.024 1,8 0.120 No

Interaction 0.400 1,110 0.528 No interaction




Table 3.3: ANCOVA results for adults 1 day post treatment. ANCOVA was used to test the
effect of treatment on 5 brain regions using “all-brain” as a covariate. Tank number was included
in the model as a random factor

Adults: 1 day post F df p value Sig. effect?
treatment

Olfactory Bulb

All-brain size 75.302 1,34 0.000 Yes
Treatment 0.624 1,2 0.509 No
Interaction 1.420 1,33 0.242 No interaction
Telencephalon

All-brain size 261.185 1,34 0.000 Yes
Treatment 0.850 1,2 0.454 No

Interaction 0.999 1,33 0.325 No interaction
Optic Bulb

All-brain size 148.396 1,34 0.000 Yes
Treatment 0.019 1,2 0.904 No

Interaction 0.182 1,33 0.672 No interaction
Cerebellum

All-brain size 108.712 1,34 0.000 Yes
Treatment 6.593 1,2 0.124 No

Interaction 0.118 1,33 0.733 No interaction
Hypothalamus

All-brain size 96.973 1,34 0.000 Yes
Treatment 10.766 1,2 0.082 No

Interaction 0.735 1,33 0.397 No interaction

39



References

Auld, J.R., Agrawal, A.A., & Relyea, R.A. (2009). Re-evaluating the costs and limits of adaptive
phenotypic plasticity. Proceedings of the Royal Society of London B. Biological Sciences
227(1681), 503-511.

Beston, S. M., Broyles, W., & Walsh, M. R. (2017). Increased juvenile predation is not
associated with evolved differences in adult brain size in Trinidadian killifish (Rivulus hartii).

Ecology and Evolution 7(3), 884-894.

Blanton, M. L., & Specker, J. L. (2007). The hypothalamic-pituitary-thyroid (HPT) axis in fish

and its role in fish development and reproduction. Critical Reviews in Toxicology 37,97-115.

Bronmark, C., & Miner, J. G. (1992). Predator-induced phenotypical change in body
morphology in crucian carp. Science 258(5086), 1348-1350.

Bronmark, C., & Pettersson, L.B. (1994). Chemical cues from piscivores induce a change in

morphology in crucian carp. Oikos 70, 396-402.

Brown, G. E., Chivers, D. P., Elvidge, C. K., Jackson, C. D., & Ferrari, M. C. (2014a).
Background level of risk determines the intensity of predator neophobia in juvenile convict

cichlids. Behavioral Ecology and Sociobiology 68(1), 127-133.

Brown, G. E., Elvidge, C. K., Ramnarine, 1., Chivers, D. P., & Ferrari, M. C. (2014b).
Personality and the response to predation risk: Effects of information quantity and quality.

Animal Cognition 17(5), 1063-1069.
Brown, G. E., Ferrari, M. C., & Chivers, D. P. (2011a). Learning about danger: Chemical alarm

cues and threat-sensitive assessment of predation risk by fishes. In Fish cognition and behavior

(pp. 59-80). Wiley-Blackwell London.

40



Brown, G. E., Ferrari, M. C., & Chivers, D. P. (2013a). Adaptive forgetting: Why predator

recognition training might not enhance poststocking survival Fisheries 38(1), 16-25.

Brown, G. E., Ferrari, M. C., Elvidge, C. K., Ramnarine, 1., & Chivers, D. P. (2013b).
Phenotypically plastic neophobia: A response to variable predation risk. Proceedings of the

Royal Society of London B. Biological Sciences (Vol. 280, p. 20122712).

Brown, G. E., Ferrari, M. C. O., Malka, P. H., Oligny, M., Romano, M., & Chivers, D. P.
(2011b). Growth rate and retention of learned predator cues by juvenile rainbow trout: Faster-

growing fish forget sooner. Behavioural Ecology and Sociobiology 65(6), 1267-1276.

Brown, G. E., Ferrari, M. C. O., Malka, P. H., Fregeau, L., Kayello, L., & Chivers, D. P.
(2013c). Retention of acquired predator recognition among shy versus bold juvenile rainbow

trout. Behavioral Ecology and Sociobiology 67(1), 43-51.

Brown, G. E., Gershaneck, D. L. Plata, D. L., & Golub, J. L. (2002). Ontogenetic changes in
response to heterospecific alarm cues by juvenile largemouth bass are phenotypically plastic.

Behaviour, 139(7), 913-927.

Brown, G. E., & Smith, R.J.F. (1998). Acquired predator recognition in juvenile rainbow trout
(Oncorhynchus mykiss): conditioning hatchery reared fish to recognize chemical cues of a

predator. Canadian Journal of Fisheries and Aquatic Sciences 556, 116-117.

Brumm H., Zollinger S.A., & Slater P.J.B. (2009). Developmental stress affects song learning
but not song complexity and vocal amplitude in zebra finches. Behavioural Ecology and

Sociobiology 63, 1387-1395.

Burns, J. G., & Rodd, F. H. (2008). Hastiness, brain size and predation regime affect the

performance of wild guppies in a spatial memory task. Animal Behaviour 76(3), 911-922.

41



Carreau-Green, N. D., Mirza, R. S., Martinez, M. L., & Pyle, G. G. (2008). The ontogeny of
chemically mediated antipredator responses of fathead minnows Pimephales promelas. Journal

of Fish Biology 73(10), 2390-2401.

Chandroo, K. P., Duncan, L. J., & Moccia, R. D. (2004). Can fish suffer?: Perspectives on
sentience, pain, fear and stress. Applied Animal Behaviour Science 86(3), 225-250.

Chivers, D. P., Kiesecker, J. M., Marco, A., Wildy, E. L., & Blaustein, A. R. (1999). Shifts in
life history as a response to predation in western toads (Bufo boreas). Journal of Chemical

Ecology 25(11), 2455-2463.

Chivers, D.P., McCormick, M.1., Allan, B.J.M., Mitchell, M.D., Gongalves, E.J., Bryshun, R., &
Ferrari, M.C.O. (2016a). At odds with the group: changes in lateralization and escape

performance reveal conformity and conflict in fish schools. Proceedings of the Royal Society B

283(1841) 20161127.

Chivers, D. P., Mitchell, M. D., Lucon-Xiccato, T., Brown, G. E., & Ferrari, M. C. O. (2016b).
Background risk influences learning but not generalization of predators. Animal Behaviour 121,

185-189.

Chivers, D. P., Zhao, X., Brown, G. E., Marchant, T. A., & Ferrari, M. C. O. (2007). Predator-
induced changes in morphology of a prey fish: The effects of food level and temporal frequency
of predation risk. Evolutionary Ecology 22(4), 561-574.

Dadda, M., & Bisazza, A. (2006). Does brain asymmetry allow efficient performance of
simultaneous tasks? Animal Behaviour 72(3), 523-529.

Day, H. E., Masini, C. V., & Campeau, S. (2004). The pattern of brain c-fos mRNA induced by a

component of fox odor, 2,5-dihydro-2,4,5-trimethylthiazoline (TMT), in rats, suggests both

systemic and processive stress characteristics. Brain Research, 1025(1-2), 139-151.

42



Ebbesson, L. O., & Braithwaite, V. A. (2012). Environmental effects on fish neural plasticity and
cognition. Journal of Fish Biology 81(7), 2151-2174.

Fernandez, A. S., Rosillo, J. C., Casanova, G., & Olivera-Bravo, S. (2011). Proliferation zones in
the brain of adult fish austrolebias (cyprinodontiform: Rivulidae): A comparative study.

Neuroscience 189, 12-24.

Ferrari, M. C. O., Elvidge, C. K., Jackson, C. D., Chivers, D. P., & Brown, G. E. (2010a). The
responses of prey fish to temporal variation in predation risk: Sensory habituation or risk

assessment? Behavioral Ecology 21(3), 532-536.

Ferrari, M. C. O, Sih, A., & Chivers, D. P. C. (2009). The paradox of risk allocation: A review
and prospectus. Animal Behaviour 78, 579-585.

Ferrari, M. C., Vrtelova, J., Brown, G. E., & Chivers, D. P. (2012). Understanding the role of

uncertainty on learning and retention of predator information. Animal Cognition 15(5), 807-813.

Ferrari, M. C., Wisenden, B. D., & Chivers, D. P. (2010b). Chemical ecology of predator-prey
interactions in aquatic ecosystems: A review and prospectus. Canadian Journal of Zoology 88,
698-724.

Foam, P. E., Harvey, M. C., Mirza, R. S., & Brown, G. E. (2005a). Heads up: Juvenile convict
cichlids switch to threat-sensitive foraging tactics based on chemosensory information. Animal

Behaviour 70(3), 601-607.
Foam, P. E., Mirza, R. S., Chivers, D. P., & Brown, G. E. (2005b). Juvenile convict cichlids
(Archocentrus nigrofasciatus) allocate foraging and antipredator behaviour in response to

temporal variation in predation risk. Behaviour 142(2), 129-144.

Gittleman, J. L. (1994). Female brain size and parental care in carnivores. Proceedings of the

National Academy of Science 91, 5495-5497.

43



Gonda, A., Trokovic, N., Herczeg, G., Laurila, A., & Merild, J. (2010). Predation- and
competition-mediated brain plasticity in Rana temporaria tadpoles. Journal of Evolutionary

Biology 23(11), 2300-2308.

Gonzalo, A., Cabido, C., Lopez, P., & Martin, J. (2012). Conspecific alarm cues, but not predator
cues alone, determine antipredator behavior of larval southern marbled newts, Triturus

pyvgmaeus. Acta Ethologica 15, 211-216.

Harvey, M. C., & Brown, G. E. (2004). Dine or dash?: Ontogenetic shift in the response of
yellow perch to conspecific alarm cues. Environmental Biology of Fishes 70(4), 345-352.

Hazlett, B. A. (2003). Predator recognition and learned irrelevance in the crayfish Orconectes

virilis. Ethology 109, 765-780.

Helfman, G. S. (1989). Threat-sensitive predator avoidance in damselfish-trumpetfish

interactions. Behavioural Ecology and Sociobiology 24, 47-58.

Hoverman, J. T., & Relyea, R. A. (2007). How flexible is phenotypic plasticity? Developmental
windows for trait induction and reversal. Ecology 88(3), 693-705.

Ishikawa, T., & Tachihara, K. (2010). Life history of the nonnative convict cichlid amatitlania
nigrofasciata in the haebaru reservoir on okinawa-jima island, japan. Environmental Biology of

Fishes 88(3), 283-292.

Jarvis, L. E. (2010). Non-consumptive effects of predatory three-spined sticklebacks
(Gasterosteus aculeatus) on great crested newt (Triturus cristatus) embryos. The Herpetological
Journal 20(4), 271-275.

Johnson, M. H. (1999). Ontogenetic constraints on neural and behavioral plasticity: Evidence

from imprinting and face processing. Canadian Journal of Experimental Psychology 53(1), 77.

44



Joyce, B. J., Demers, E. E., Chivers, D. P., Ferrari, M. C., & Brown, G. E. (2016). Risk-induced

neophobia is constrained by ontogeny in juvenile convict cichlids. Animal Behaviour 114, 37-43.

Kats, L. B., & Dill, M. L. (1998). The scent of death: Chemosensory assessment of predation risk
by prey animals. Ecoscience 5(3), 361-394.

Kelley, A. E., & Magurran, J. L. (2003). Learned predator recognition and antipredator responses
in fishes. Fish and Fisheries 4, 216-226.

Kihslinger, R. L., Lema, S. C., & Nevitt, G. A. (2006). Environmental rearing conditions
produce forebrain differences in wild chinook salmon Oncorhynchus tshawytscha. Comparative

Biochemistry and Physiology Part A: Molecular & Integrative Physiology 145(2), 145-151.

Kim, J., Wood, J. L., Grant, J. W., & Brown, G. E. (2011). Acute and chronic increases in
predation risk affect the territorial behaviour of juvenile Atlantic salmon in the wild. Animal

Behaviour 81(1), 93-99.

Kotrschal, A., Corral-Lopez, A., Amcoff, M., & Kolm, N. (2015). A larger brain confers a
benefit in a spatial mate search learning task in male guppies. Behavioral Ecology 26(2), 527-
532.

Kotrschal, A., Rogell, B., Bundsen, A., Svensson, B., Zajitschek, S., Brannstrom, L., Immler, S.,
Maklakov, A.A., & Kolm, N. (2013). The benefit of evolving a larger brain: Big-brained guppies

perform better in a cognitive task. Animal Behaviour 86(4), e4-e6.
Kotrschal, A., Rogell, B., Maklakov, A. A., & Kolm, N. (2012a). Sex-specific plasticity in brain

morphology depends on social environment of the guppy, Poecilia reticulata. Behavioral

Ecology and Sociobiology 66(11), 1485-1492.

45



Kotrschal, A., Sundstrom, L. F., Brelin, D., Devlin, R. H., & Kolm, N. (2012b). Inside the heads
of david and goliath: Environmental effects on brain morphology among wild and growth-

enhanced coho salmon Oncorhynchus kisutch. Journal of Fish Biology 81(3), 987-1002.

Kusch, R. C., & Chivers, D. P. (2004). The effects of crayfish predation on phenotypic and life-

history variation in fathead minnows. Canadian Journal of Zoology 82, 917-924.

Laughlin, S. B., de Ruyter van Steveninck, R. R., & Anderson, J. C. (1998). The metabolic cost
of neural development. Nature 1(1), 36-41.

Lefebvre, L., & Sol, D. (2008). Brains, lifestyles and cognition: Are there general trends? Brains,
Behaviour and Evolution 72(2), 134-144.

Lefebvre, L., Reader, S. M., & Sol, D. (2004). Brains, innovations and evolution in birds and
primates. Brain, Behavior and Evolution 63(4), 233-246.

Lefebvre, L., Whittle, P., Lascaris, E., & Finkelstein, A. (1997). Feeding innovations and
forebrain size in birds. Animal Behaviour 53, 549-560.

Lema, S. C., Hodges, M. J., Marchetti, M. P., & Nevitt, G. A. (2005). Proliferation zones in the
salmon telencephalon and evidence for environmental influence on proliferation rate.

Comparative Biochemistry and Physiology. Part A, Molecular & Integrative Physiology 141(3),
327-335.

Lima, S. L., & Bednekoff, P. A. (1999). Temporal variation in danger drives antipredator
behavior: The predation risk allocation hypothesis. The American Naturalist 153(6), 649-659.

Lima, S. L., & Dill, L. M. (1990). Behavioral decisions made under the risk of predation: A
review and prospectus. Canadian Journal of Zoology 68, 619-640.

46



Marchetti, K., & Price, T. (1989). Differences in the foraging of juvenile and adult birds: The

importance of developmental constraints. Biological Reviews 64, 51-70.

Marcus, J. P., & Brown, G. E. (2003). Response of pumpkinseed sunfish to conspecific chemical
alarm cues: An interaction between ontogeny and stimulus concentration. Canadian Journal of

Zoology 81, 1671-1677.

Marino, L., Sol, D., Toren, K., & Lefebvre, L. (2006). Does diving limite brain size in cetaceans.

Marine Mammal Science 22(2), 413-425.

Mayer, 1., Meager, J., Skjeraasen, J. E., Rodewald, P., Sverdrup, G., & Fernd, A. (2011).
Domestication causes rapid changes in heart and brain morphology in Atlantic cod (Gadus

morhua). Environmental Biology of Fishes 92(2), 181-186.

Mitchell, M. D., Chivers, D. P., Brown, G. E., & Ferrari, M. C. O. (2016). Living on the edge:
How does environmental risk affect the behavioural and cognitive ecology of prey? Animal

Behaviour 115, 185-192.

Monk, T., Paulin, M. G., & Green, P. (2015). Ecological constraints on the origin of neurones.
Journal of Mathematical Biology 71(6-7), 1299-1324.

Mu, L., & Sanders, 1. (2010). Sihler's whole mount nerve staining technique: A review.

Biotechnic & Histochemistry 85(1), 19-42.

Nabavi, S., Fox, R., Proulx, C. D., Lin, J. Y., Tsien, R. Y., & Malinow, R. (2014). Engineering a
memory with LTD and LTP. Nature 511(7509), 348-52.

Naslund, J., Aarestrup, K., Thomassen, S. T., & Johnsson, J. I. (2012). Early enrichment effects

on brain development in hatchery-reared Atlantic salmon (Sa/mo salar): No evidence for a

critical period. Canadian Journal of Fisheries and Aquatic Sciences 69(9), 1481-1490.

47



Praw, J.C. & Grant, J.W. (1999). Optimal territory size in the convict cichlid. Behaviour 136(10)
1347-1363.

Peacor, S. D., Pangle, K. L., Schiesari, L., & Werner, E. E. (2011). Scaling-up anti-predator
phenotypic responses of prey: Impacts over multiple generations in a complex aquatic

community. Proceedings of the Royal Society of London B. Biological Sciences, rspb.2011.0606.

Persson, L., Bystrom, P., Wahlstrom, E., Nijlunsing, A., & Rosema, S. (2000). Resource
limitation during early ontogeny: Constraints induced by growth capacity in larval and juvenile

fish. Oecologia 122(4), 459-469.

Preisser, E. L., Bolnick, D. 1., & Benard, M. F. (2005). Scared to death? The effects of

intimidation and consumption in predator-prey interactions. Ecology 86(2), 501-509.

Relyea, R. A. (2003). Predators come and predators go: The reversibility of predator-induced
traits. Ecology 84(7), 1840-1848.

Roh, E., Mirza, R. S., & Brown, G. E. (2004). Quality or quantity? The role of donor condition
in the production of chemical alarm cues in juvenile convict cichlids. Behaviour 141(10), 1235-

1248.

Salvanes, A. G. V., & Braithwaite, V. (2006). The need to understand the behaviour of fish

reared for mariculture or restocking. Journal of Marine Science 63, 346-354.

Salvanes, A. G., Moberg, O., Ebbesson, L. O., Nilsen, T. O., Jensen, K. H., & Braithwaite, V. A.
(2013). Environmental enrichment promotes neural plasticity and cognitive ability in fish.

Proceedings of the Royal Society of London B. Biological Sciences 280(1767), rspb.2013.1331.
Sayol, F., Maspons, J., Lapiedra, O., Iwaniuk, A. N., Székely, T., & Sol, D. (2016).

Environmental variation and the evolution of large brains in birds. Nature Communications 7,

13971.

48



Schoeppner, N. M., & Relyea, R. A. (2005). Damage, digestion, and defence: The roles of alarm
cues and kairomones for inducing prey defences. Ecology Letters 8(5), 505-512.

Scott, A.P. (1987). Reproductive Endocrinology of Fish. In: Comparative Vertebrate
Endocrinology, 1. Chester-Jones, P.M. Ingleton, and J.G. Phillips. pp. 223-256. Academic Press,

London.

Shumway, C. A. (2008). Habitat complexity, brain, and behavior. Brain, Behavior and Evolution
72(2), 123-34.

Smith, T. M., & Smith, R. L. (2011). Ecological Genetics: Adaptation and Natural Selection. In:
Elements of Ecology 8th Edition. Pearson Benjamin Cummings. pp. 82-89. San Francisco, CA.

Sol, D., Bacher, S., Reader, S. M., & Lefebvre, L. (2008). Brain size predicts the success of
mammal species introduced into novel environments. The American Naturalist 172

(Supplemental material 1), S63-71.
Sol, D., Duncan, R.P., Blackburn, T.M., Cassey, P., & Lefebvre, L. (2005). Big brains, enhanced
cognition, and responses of birds to novel environments. Proceedings of the National Academy

of Sciences of the USA 102(15), 5460-5465.

Sol, D., Székely, T., Liker, A., & Lefebvre, L. (2007). Big-brained birds survive better in nature.
Proceedings of the Royal Society of London B. Biological Sciences 274(1611), 763-769.

Turner, G. F. (2007). Adaptive radiation of cichlid fish. Current Biology 17(19), R827-R831.
van der Bijl, W., Thyselius, M., Kotrschal, A., & Kolm, N. (2015). Brain size affects the

behavioural response to predators in female guppies (Poecilia reticulata). Proceedings of the

Royal Society of London B. Biological Sciences 282(1812), rspb.2015.1132.

49



Wagner, H.J., (2002). Sensory brain areas in three families of deep-sea fish (slickheads, eels and

grenadiers): comparison of mesopelagic and demersal species. Marine Biology 141, 807-817.

Wagner, H., & Luksch, H. (1998). Effect of ecological pressures on brains: Examples from avian

neuroethology and general meetings. Naturforschung 53(c), 560-581.

Ward, A. J., & Mehnerb, T. (2010). Multimodal mixed messages: The use of multiple cues
allows greater accuracy in social recognition and predator detection decisions in the

mosquitofish, Gambusia holbrooki. Behavioural Ecology 21, 1315-1320.
Wisenden, B. D., & Sargent, R. C. (1997). Antipredator behaviour and suppressed aggression by
convict cichlids in response to injury-released chemical cues of conspecifics but not to those of

an allopatric heterospecific. Ethology 103(4), 283-291.

Yopak, K. E. (2012). Neuroecology of cartilaginous fishes: The functional implications of brain
scaling. Journal of Fish Biology 80(5), 1968-2023.

Zupanc, G. K. (2001). Adult neurogenesis and neuronal regeneration in the central nervous

system of teleost fish. Brain, Behaviour and Evolution 58(5), 250-275.

50



Appendix 1: How Treatment Affects the Other Four Brain Regions Measured, Using
Standard Length as a Covariate.
Results

The effect between treatments was assessed with a linear mixed model ANCOVA using
the Im function in R studio. Standard length (SL) was used as a covariate and tank number was
used as a random factor. The dependent variables, telencephalon, optic bulb, cerebellum, and
hypothalamus surface areas were analyzed after log transformations in order to meet the
assumptions of normality.
Experiment 1: Juveniles 1 day post treatment

In addition to the main results of this thesis, there was a significant effect of risk level on
the other four brain regions measured. Compared to the low risk group, the cichlids that were
exposed to high risk cues had 13.5% larger telencephala (F; g = 12.096, p = 0.008), their optic
bulbs were 20.8% larger (F;, s=20.875, p = 0.002), cerebella were 11.9% greater in size (F;g=
6.836, p=0.031), and hypothalamus was 18.2% bigger (F; 3= 25.415, p=0.001) when
accounting for differences in SL. However, even though there was a main effect of risk on optic
bulb size, there was significant interaction (F; 121 = 8.941, p = 0.003). As standard length
increases the effect that risk has on optic bulb size decreases (Figure A1.1).

No Interaction was found for any other region. Additionally, every region measured had a
positive relationship with SL (Table 2.1).
Experiment 2: Juveniles 11 days post treatment

Linear Mixed model ANCOVA revealed that after an 11-day latency period, there was no
longer a significant difference between high and low risk on telencephalon size (F13=1.513,p =

0.254), optic bulb size (F; 3= 0.425, p = 0.533), cerebellum size (F; s= 0.053, p = 0.824), or
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hypothalamus size (F; g= 0.030, p = 0.867). Comparisons between treatments for each region can
be seen in Figure A1.2.

There was no interaction between risk level and SL on any brain region (7able 2.2).
Standard length significantly affected the size of all regions (7able 2.2). As SL increases, the size
of each brain region also increases (Figure A1.2).

Experiment 3: Adults 1 day post treatment

Compared to the low risk group, there was no significant effect of elevated risk on adult
telencephalon size (F;,=2.209, p = 0.276), optic bulb size (F;,=3.366, p = 0.208), cerebellum
size (F;2,=10.023, p = 0.893), or hypothalamus size (F;,=5.436, p = 0.830) when SL was used
as a random factor. Comparisons are visualized in Figure A1.3.

No interaction between SL and treatment was observed for any region. As SL increases,
there is an associated increase in all four regions (7able 2.3).

Repeatability

The same methods were used to determine repeatability as in the methods section of the
main thesis. 20 bodies and 33 brains were randomly selected and re-measured by a colleague. A
two-way mixed model intraclass correlation comparison between the first and second
measurements was conducted to assess their absolute agreement (7able ). Analysis yielded
intraclass correlation average measures for telencephalon = 0.969 (p < 0.001), optic bulb = 0.959

(p <0.001), cerebellum = 0.961 (p < 0.001), and hypothalamus = 0.964 (p < 0.001).
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Figure Al.1: Effect of treatment on four brain regions and the sum of all regions in juveniles 1
day post treatment. Standard length is used as a covariate.
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Figure A1.2: Effect of treatment on four brain regions and the sum of all regions in juveniles 11
days post treatment. Standard length is used as a covariate.
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Figure A1.3: Effect of treatment on four brain regions and the sum of all regions in adults 1 day

post treatment. Standard length is used as a covariate.
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Appendix 2: How Treatment Affects the Other Four Brain Regions Measured, Using All-
Brain as a Covariate.
Results

The effect between treatments was assessed with a linear mixed model ANCOVA using
the Im function in R studio. The sum of all brain regions measured (all-brain) was used as a
covariate and tank number was used as a random factor. The dependent variables, telencephalon,
optic bulb, cerebellum, and hypothalamus surface areas were analyzed after log transformations
in order to meet the assumptions of normality.

Experiment 1: Juveniles 1 day post treatment

In addition to the main results of this thesis, linear mixed model ANCOVA revealed that
elevated risk did not result in increased proportional growth in optic bulb (F;g=2.041,p =
0.191), cerebellum (F; s =4.429, p = 0.069), or hypothalamus (F, = 1.028, p = 0.710) sizes
when all-brain size was used as a random factor when compared to the low risk group (Fig.
A2.1).

Although there was no main effect of risk level on telencephalon size (F; s=10.739, p =
0.011), there was a significant interaction (F; g7 = 13.028, p = 0.001). As all-brain size increases,
the effect that high risk cues have on telencephalon size decreases (Fig. A2.1). No Interaction
was found for any other region (7able 3.1). All regions measured had a positive relationship with
all-brain size (Table 3.1).

Experiment 2: Juveniles 11 days post treatment
Similar to juveniles 1 day post treatment, after an 11-day latency period, there was still

no significant proportional growth in telencephalon size (F; 3= 3.790, p = 0.0.087), optic bulb
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size (F; 3= 0.034, p = 0.859), cerebellum size (F; g=0.590, p = 0.465), or hypothalamus size (F; 3
=3.024, p = 0.120) when all-brain size was used as a covariate (Figure A1.2).

No interaction between all-brain size and treatment was observed for any region (Table
3.2). As all-brain size increases, there is an associated increase in all four regions (7able 3.2).
Experiment 3: Adults 1 day post treatment

Utilizing all-brain size as a covariate, there was no effect of high risk cues on adult
telencephalon size (F;, = 0.850, p = 0.454), optic bulb size (F;2=0.019, p = 0.904), cerebellum
size (F12=6.593, p = 0.124), or hypothalamus size (F;,=1.622, p = 0.331) when compared to
the low risk group (Figure A2.3).

There was no interaction between risk level and all-brain size on any brain region (7able

3.3). As all-brain size increases, the size of each brain region also increases (7able 3.3).
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Figure A2.1: Effect of treatment on four brain regions juveniles 1 day post treatment. “All-
brain” is used as a covariate.
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Figure A2.2: Effect of treatment on four brain regions juveniles 11 days post treatment. “All-
brain” is used as a covariate.
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Figure A2.3: Effect of treatment on four brain regions adults 1 day post treatment.

used as a covariate.
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