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Fishes reared in conventional hatchery conditions can show reduced ability to respond to
novel situations, potentially reducing their post-release survival and contribution to wild
population recovery. Research has hypothesized that rearing fish under more complex and
variable conditions will (1) encourage brain development, (2) improve behavioral performance in
novel situations, and (3) potentially increase individual survival upon release. I evaluated the
first two hypotheses by rearing subsets of juvenile brook charr (Salvelinus fontinalis) from eight
families under treatment conditions differing in habitat complexity, and variability in the location
of habitat structure and the timing and location of feeding. After a three-month rearing period,
individuals were tested for risk taking in a novel environment and time to consume a novel prey
item. Afterward, brains were extracted and weighed. Here, I demonstrate that rearing fish under
more complex and variable environmental conditions encourages brain development and
influences behavioural performance in novel situations.
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1
INTRODUCTION

Increasing environmental impacts and the resultant threats to biodiversity from human
activities worldwide present complex challenges for global conservation (Brooks et al. 2006). As
numbers of endangered species increase across the globe, various conservation programs and
techniques are being established to help rehabilitate and restore declining populations. The
purpose of these programs is to provide relief and support to species and/or populations that have
problems, or are incapable of surviving in their natural habitats. Direct or indirect human impacts
such as habitat loss, pollution, introduced predators, competitors, or diseases are responsible for
the requirement of these programs (IUCN 2006). Popular examples of such programs and
techniques include habitat restoration and manipulation, translocation, and captive conservation
programs, such as captive-breeding and captive-rearing. Each program is constructed with
specific goals, objectives and intended outcomes in mind. Proper selection, implementation, and
success of these programs is critical to conservation practitioners, policy makers, financial
donors, and the future of the species of concern (Kapos et al. 2008).
Captive conservation programs have become one of the most important conservation
techniques to manage populations and to prevent the extinction of critically endangered species
(IUCN 2002; Seddon et al. 2007; Willoughby and Christie 2019). Originally, captive
conservation programs were considered a last resort tool. The release of a large number of
captive individuals to an area where the animals already exist, known as reintroduction or
restocking, has also become common practice in the management of populations subject to
hunting or recreational fishing (Piorno et al. 2015). The importance and growing popularity of
captive conservation programs over the years has been emphasized by zoos, aquaculture, and
other captive facilities (Tudge 1991; Rabb 1994). Conservation objectives of captive programs
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focus on maintaining populations in captivity that are unable to survive in the wild for at least a
portion of their lifecycle (Utter and Epifanio 2002). By maintaining genetic diversity and fitness
within populations until the threats to these populations are removed, the ultimate goal is to
reintroduce these populations to their natural environment to be self-sustaining (Utter and
Epifanio 2002; Pollard and Flagg 2004). Other aims of captive conservation programs focus on
population enhancement through which animals are raised in captivity, and then released into
naturally reproducing populations to supplement the populations of recreationally, commercially,
and ecologically important species (Stottrup et al. 2002; Lorenzen 2005; Jonsson and Jonsson
2011).
Historically, many captive conservation programs have been met with considerable
challenges and difficulties, often recording low success rates attributed to an array of causes
(Smokorowski et al. 1998; Griffith et al. 1989; Snyder et al.1996; Frankham 2008). Problems
establishing self-sufficient captive populations, poor reintroduction survival, disease
transmission to native populations, deleterious gene transfer due to domestication, and high costs
have all contributed to the controversy around captive conservation programs as an effective
management tool. Debates about these programs focus primarily on program issues thought to be
responsible for poor success rates, such as lack of clearly defined objectives, lack of monitoring,
and uncertainty of outcomes (Snowdon 1989; Fraser 2008). Success of these programs is most
commonly measured by the ability of captive animals to survive, reproduce, and contribute to
wild populations once they are reintroduced to their natural environment (Griffith et al. 1989;
Waples et al. 2006; Neuman et al. 2013). While success of these programs varies greatly from
case to case, the survival of captive individuals is commonly lower than the survival of their wild
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counterparts (Vincent 1960; Brown and Day 2002; Salvanes and Braithwaite 2006; Saikkonen et
al. 2011).
Low survival rates among released captive animals have fostered concerns about captive
rearing environments and the loss of natural behaviours in captivity that are associated with
Darwinian fitness in the wild (Rabin 2003; Braithwaite and Salvanes 2005; Kelley et al. 2006;
Jule et al. 2008). The importance of early rearing environments on shaping natural animal
behaviours has been reported in many species over several taxa by studying the brains and
behaviour of animals reared in captivity. Captive animals have been found to have smaller brains
with less neuronal activity, in addition to a reduced ability to adjust their behaviour in response
to changing environmental conditions, also known as behavioural plasticity (Salvanes et al.,
2013; Mery and Burns 2010). Captive animals often perform more poorly than their wild
counterparts in a wide range of behaviours critical to survival in the wild, such as foraging,
habitat use, detection of predators, and establishment of quality territories (Berejikian et al. 2000,
Sol et al. 2002; Alvarez and Nicieza 2003; Mathews et al. 2005). Popular examples of
behavioural deficiencies are those that have been found in in captive bank voles (Clethrionomys
glareolus) deemed incompetent in using important natural food resources (Mathews et al. 2005),
and in golden lion tamarins (Leontopithecus rosalia rosalia) whose poor post-release
survivability has been accredited to poor foraging and locomotor skills established in captivity
(Stoinski and Beck 2004). For fishes, captive individuals consistently display considerable
deficits in nearly all aspects of their behaviour, such as foraging efficiency, migration, and
antipredator response (Brown and Day 2002). These behavioural deficits have been ascribed to
the mundane hatchery rearing environment’s production of naïve fish, since virtually all
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behaviours rely on learning from prior experience (Berejikian 1995; Brown and Smith 1996;
Hossain et al. 2001).
Differences between wild and captive animals can arise via two main processes, not
mutually exclusive to one another: domestication selection and plasticity. Domestication
selection refers to differences that develop as evolved responses. Such differences arise over
generations due to genetic adaptation to captivity, whereas plastic responses to experiences and
the captive environment, occur within a lifetime (Williamson et al. 2010; Christie et al. 2012;
Thompson and Blouin 2015). Captivity often leads to unintentional selection of extreme
morphological, behavioural, and physiological traits that are favourable in captivity, but rarely
seen under natural conditions (Balon 2004; Teletchea and Fontaine 2014). Examples of selected
traits in hatchery fish are extreme growth rates (Biro and Post 2007; Saikkonen et al. 2011),
aggressive behaviour (Blanchet et al. 2008), risk-taking behaviour (Roberts et al. 2011), and poor
antipredator response (Alvarez and Nicieza 2003). In the wild, these traits likely increase the
probability of encountering predators or fishing gear (Biro and Post 2007). The contrast between
captive environments and natural environments renders fish with captive phenotypic traits
disadvantaged, deprived of key experiences, and unprepared for the transition from hatcheries to
the wild (Kelley et al. 2006). While selection of phenotypic traits in captivity may take several
generations to establish, reversing the effects of selection is a difficult, timely, and costly
undertaking.
Identifying and understanding environmental conditions that cause domestication
selection may point to a way to lessen selection pressures in captivity and reduce extreme
phenotypic differences between captive animals and their wild conspecifics. Researchers and fish
culturalists have tried a variety of captive rearing methods to avoid development of maladaptive
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traits, especially in fish destined for release to the wild. Many of these rearing methods intend to
exploit an animal’s ability to vary morphological, behavioural, and physiological traits in
response to their environment, known as phenotypic plasticity, and attempt to modify the captive
environment to better resemble the wild habitat. Some examples of practices that aim to take
advantage of plasticity in captive animals are streamside rearing, which uses water from streams
targeted for release to maximize the probabilities of imprinting (Crossman 2011), social and life
skills training which involves exposing fish to conditions and situations that they are expected to
experience in the wild (Rosenzweig and Bennett 1996; Brown and Laland 2001), and various
forms of environmental enrichment. Environmental enrichment, as defined by Näslund and
Johnsson (2016), is a deliberate increase in environmental complexity intended to reduce
maladaptive traits in fish that are reared in otherwise stimuli-deprived environments. Enrichment
can be provided in various ways, with most research and attention focused on physical
enrichment - manipulation of the structural complexity of the rearing environment (Näslund and
Johnsson 2016).
Research has demonstrated an ability to modify the behavioural traits of captive animals
through the implementation of environmental enrichment (Braithewaite and Salvanes 2005; Lee
& Berejikian 2008; Salvanes et al. 2013). Behavioural traits in animals are guided by the
cognitive processes of the brain such as perception, learning, memory and decision making
(Shettleworth 2010). Neural processes within the brain that occur during development and
growth, such as neurogenesis and cell proliferation, are responsible for the establishment of brain
tissue (Kotrschal et al. 2013). It is therefore reasonable to suggest that differences in neural
processes could play an important role in the formation neural networks responsible for
individual cognitive and behavioural abilities. Elevated levels of neurogenesis are thought to
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mediate life-long brain growth in fish (Mueller and Wullimann 2002; Lema et al 2005), and the
brains of fish reared in enriched environments are typically larger than those living in simplified
captive environments (Marchetti and Nevitt 2003; Salvanes et al. 2013; Näslund and Johnsson
2016; Zhang et al. 2019). Many recent studies in a variety of taxa have found larger brain sizes to
be associated with increased cognitive ability (Miller and Penke 2007; Sol 2009; Kortschal et al.
2013; Buechel et al. 2018). Shettleworth (2010) explains cognitive ability as the ability of an
individual to absorb information through their senses, retain it, and use that information to adjust
their behaviour. It has been suggested that larger brained individuals use their increased
cognitive abilities to process more information about their environment, or to respond more
effectively to new environments and/or sudden environmental changes (Kotrschal et al. 2013).
Individuals with smaller brains that base their behavioural decisions on less information or
respond less effectively to environmental situations should therefore behave differently than
larger brained individuals. Thus, researchers have hypothesized that larger brained individuals,
with their improved cognition capacity and ability to respond more effectively to novel
environments, possess an increased chance of survival upon release into the wild (Braithwaite
and Salvanes 2005; Kortschal et al. 2013; Kortschal et al. 2015).
For the purpose of this thesis, I have developed a conceptual framework to distinguish
four interrelated hypotheses and their associated predictions (Table 1). I have named these
hypotheses as follows: the Brain & Behaviour Hypothesis, the Enrichment Hypothesis, the
Variable Habitat Hypothesis, and the Variable Foraging Hypothesis (Table 1). The Brain &
Behaviour Hypothesis describes a possible cause and effect mechanism where relative brain size
influences behaviour through cognition, so differences in brain size between individuals will also
be reflected in behaviour (Moller 2010). If the Brain & Behaviour Hypothesis is true, individuals
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with larger brains will be slower to explore a novel habitat (P1) and quicker to consume a live
prey (P2) than smaller brained individuals. Larger brained individuals are predicted to use their
increased cognitive abilities to process the risk associated with exiting an enclosure to explore a
novel habitat. This processing of additional information is predicted to result in slower response
times to a novel habitat. Larger brained individuals are also predicted to use their increased
cognitive abilities to more quickly identify a novel food source and develop a foraging technique
for a live prey item, despite no prior experience. The Enrichment Hypothesis describes a
mechanism where an animal’s brain and behavioural development are influenced by the
structural complexity of its rearing environment. Providing animals with structural complexity is
hypothesized to demand higher levels of learning, cognitive, motor, and sensory stimulation
which encourages neurogenesis, overall brain growth, and influences individual behaviour
(Kempermann et al. 2002; Strand et al. 2010; Johnsson et al. 2014). If the Enrichment
Hypothesis is true, then individuals reared in environments with increased structural complexity
will have a larger overall brain mass (P3), will be slower to explore a novel habitat (P4), and
faster to consume a live prey (P5) than individuals reared with low structural complexity. The
Variable Habitat Hypothesis asserts that persistent changes in the spatial positioning of habitat
features places greater demand on the use of spatial cues and spatial learning (Salvanes and
Braithwaite 2006; Lee and Berejikian 2008; Näslund and Johnsson 2016). If true, the Variable
Habitat Hypothesis predicts that individuals reared in environments with variable habitat
positioning will have a larger overall brain mass (P6), will be slower to explore a novel habitat
(P7), and faster to consume a live prey (P8) than individuals reared with low structural
complexity. Similarly, the Variable Foraging Hypothesis asserts that implementing variability in
the spatial and temporal distribution of food enhances social interactions and improves foraging
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efficiency by requiring individuals to continually learn where and when to access food,
encouraging neurogenesis and the development of more adaptable behaviour (Kucazaj et al.
2002; Watters 2007; Moberg et al. 2011). If the Variable Foraging Hypothesis is true, individuals
reared in environments with a variable feeding regime will have larger brains (P9), will be
slower to explore a novel habitat (P10), and faster to consume a live prey (P11) than individuals
reared in environments with a stable, predictable feeding schedule.
The goal of this thesis is to evaluate the conceptual framework of hypotheses and their
generated predictions. In order to achieve this goal, predictions 1-11 were tested in a three-month
study combining laboratory rearing, to allow brain and behaviour development, with behavioural
trials, to quantify risk taking and foraging behaviours in novel situations, with brain dissections
and measurements, to quantify brain size (Table 1). Behavioural trials were used to characterize
individual differences in willingness to exit an enclosure into a novel habitat, a measure of risktaking, and proficiency in identifying and consuming a novel live prey, a measure of foraging
and diet-transfer ability (P4-P5, P7-P8, and P10-P11). Brain measurements were used to evaluate
individual differences in relative brain size among individuals reared in environments differing
in complexity and variability (P3, P6, and P9). Predictions P1 and P2 were tested by evaluating
the relationship between behavioural performance and relative brain size.

METHODS

My experimental design consisted of (i) making lab crosses of wild brook charr, (ii)
rearing siblings from these crosses under different levels of habitat structure and different levels
of variability in the spatial location of habitat features and timing of food inputs, and (iii) testing
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how individuals from the treatments differed in their brain size and behavioural performance in
novel situations.
Brook charr were used as a model system for this study since they are a highly valuable
fish species in recreational fisheries and one of the most commonly stocked species in Ontario
(OMNRF 2007). Brook charr are also an important biological indicator of aquatic ecosystem
health due to the specific habitat conditions that they require to fulfill their life cycle, such as
cold, well oxygenated water (Steedman 1988). Specific requirements make this species highly
sensitive to the effects of broad scale stressors, such as climate change, introduced species,
habitat fragmentation, and watershed development (Steedman 1988). Salmonid species are
typically used in captive rearing research because they are easily reared in aquaria, their
behaviour is easily evaluated, and it has been reported that domestication results in rapid changes
in brain morphology (Lee and Berejikian 2008). Behaviour and brain size also vary extensively
among hatchery-reared and wild-reared salmonids (Khislinger and Nevitt 2006).

Crosses
My study was conducted using juvenile brook charr originating from crosses of wild
parents captured from Dickson Lake (45.80°N, 78.21°W) in Algonquin Park, Ontario. Parents
were captured between July and August of 2018 and housed at the Ontario Ministry of Natural
Resources and Forestry (OMNRF) Codrington Fisheries Research Facility (Codrington,
Ontario). In January 2019, OMNRF staff at the Codrington research facility created 25 families
by dry-spawning unique male-female pairs using 5 females and 5 males. My study was
conducted using offspring from 8 of these families, the maximum number that could be utilized
in available lab space. Families were selected based on family size (>150 individuals per family),
to ensure an adequate number of test subjects for experimentation, and proximity of crossing
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date (29 January to 30 January 2019), to minimize differences in stage of development across
families used in this study.

Rearing Environment
Embryos were reared in Heath trays of vertical incubators with mesh lids that allowed
constant water flow but kept families separated. Once the eggs hatched in late April 2019, the
newly-hatched embryos were transported to the Hagen Aqualab at the University of Guelph.
The rearing experiment began once the fish had initiated exogenously feeding and
continued for 12 weeks (the end of May until mid-August 2019). My experimental setup
consisted of 40, 18.9 litre (5 gallon) aquaria arranged side-by-side on one of two sets of wet
tables. Each tank contained a water hose that provided constant water input that returned to the
room’s recirculation system. Air stones were provided to aerate each tank and deliver oxygen.
During the experiment, water temperature was maintained at 10 degrees Celsius as the preferred
temperature range of brook charr is 10-16 degrees Celsius (Scholfield et al. 1993). Weatherproof
incandescent fixtures provided lighting, and the photoperiod of these fixtures was programmed
to 12 hours to emulate the natural Ontario photoperiod in spring (lights gradually on at 07:00 and
gradually off at 19:00).
Prior to the start of the experiment, the 40 experimental aquaria were randomly assigned
to one of five rearing treatments using a pseudorandom random number generator. For each
family, subsets of 25-30 individuals were randomly selected, and assigned to one of five
treatment tanks, such that a subset of each family was reared under each treatment (eight families
x five treatments = 40 replicate tanks). The 40 aquaria were similar to the holding tanks used at a
hatchery, but were manipulated to provide different experiences of spatial heterogeneity and
food availability. The five rearing treatments were: (i) a barren tank with no habitat structure,
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and food provided at the same time and position daily (control), (ii) a tank provided with habitat
structure that remained in a constant spatial location (stable habitat), and food provided at the
same time and position daily (stable food) (SHSF), (iii) a tank provided with habitat structure in
a constant spatial location (stable habitat), and food provided at different times and positions
daily (variable food) (SHVF), (iv) variable habitat and stable food (VHSF), and (v) variable
habitat and variable food (VHVF).
Habitat structure was created by adding river stones and PVC pipe to the tank, to mimic
typical habitat features (substrate, woody debris) that wild juvenile brook charr interact with in
nature (Raleigh 1982) (Fig.1). Fish were fed EWOS® #0 slow-sinking starter feed throughout
the rearing phase, but distribution (position of tank) and timing (time of day) of food delivery
was changing in the variable food treatments to simulate the variable nature of prey encounter
that fish experience in nature.
Stable habitat tanks were identical to variable habitat tanks except the spatial position of
rocks and PVC pipe in the variable habitat tanks were moved around once a week throughout the
rearing period. Rocks and PVC pipe were repositioned throughout the tank to ensure that the
spatial habitat was new every week. To minimize the differences in disturbance among
treatments, all spatial repositioning occurred during tank-cleaning days in which tanks from all
treatments were cleaned, ensuring the additional time spent moving around structure was
negligible.
Food uncertainty in the variable food treatment was created by establishing a variable
feeding regime. Food was presented during four possible two-hour interval periods beginning at
10:00 (10:00, 12:00, 14:00, and 16:00). Similar to Braithwaite and Salvanes (2005), fish
received food in one meal in the first two-hour interval, or the daily ration of food was spread
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across two, three, or four feeding intervals. These feeding regimes varied between days and
weeks and were run across a four-week cycle that was determined using a pseudorandom number
generator. Additionally, food was introduced at different positions each day (front, back, or
middle of each tank) and in different ways (spread across the surface of the water or mixed with
water and pipetted towards the bottom of the tank) (Table 2). Fish reared in treatments with
stable food were fed small amounts of food consistently at all four feeding intervals at a fixed
position (on the surface, in the direct centre of the tank) throughout the entire rearing period. All
tanks, regardless of treatment, received the same total quantity of food each day which was
determined by fish biomass in each tank (Skretting 2014). Fish biomass was estimated by
multiplying the total number of fish in a treatment tank (tank density) by the weight (g) of an
average-sized individual.

Quantifying responses to novelty
Following the 12-week experimental rearing, two behavioural trials were conducted to
determine if rearing experience influenced how the juveniles responded to novelty. One trial
used an enclosure exit experiment to assess an individual’s willingness to explore a novel habitat
and the second trial measured an individual’s willingness to feed on a novel prey item. The
behavioural trials were conducted daily between 27 August and 12 September at the Hagen
Aqualab (University of Guelph) using all of the individuals remaining at the end of the rearing
experiment. Following the rearing period, fish were netted and placed individually into labelled
plastic baskets created using 750 mL rectangular plastic containers retrofitted with screen walls
to allow water flow (1 fish per basket) (Figure 2). The individual baskets were placed in one of
two 1.8m diameter fiberglass tanks (2m3) located in the same room where the behavioural assays
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took place. Light and water conditions were the same as those used throughout the rearing
period.
Trials for the enclosure exit experiment were conducted in four, 37.9 L (10 gallon) tanks
while trials for the response to novel food were conducted in four, 3.8 L (1 gallon) tanks. In each
case, tanks were placed side by side and three sides of the tank were covered with corrugated
plastic to prevent trial fish in adjacent tanks from seeing each other or seeing any experimenter
activity away from the tanks.
The enclosure exit trials began on 27 August and were conducted from 9:00 to 16:00
daily for four days. On average, 58 trials were run per day, for a total of 233 trials. A trial
involved randomly selecting a test individual from the large circular holding tanks, placing the
individual singly in an enclosure with a closed door, allowing the test individual 10 minutes to
acclimate, opening the door, and quantifying the amount of time an individual took to fully exit
the enclosure (Braithwaite and Salvanes 2005; Lee and Berejikian 2008). The enclosures were
created using PVC junction boxes (10cm x 10cm x 10cm) that were closed-off by a hinged door
that could be lifted remotely with a string. The substrate outside of the enclosure consisted of
stones and plastic plants that were placed at the opposite end of the tank from the enclosure (Fig.
3). Time to exit the enclosure was measured, in seconds, from the time the door was lifted until
the individual fully exited the enclosure, or 900 seconds was attributed if the individual did not
exit by the end of the trial. A trial length of 15 minutes is commonly used in this type of test
(Brown et al. 2007; Brydges and Braithwaite 2009; Roberts et al. 2011; Scharnweber et al.
2011), and provided sufficient time to complete all 233 trials in four days. Following each trial,
the fish were placed back into their individually labelled plastic baskets and returned to the
circular holding tanks. Trials were originally to be recorded on video using surveillance cameras
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but due to water turbidity, video recordings were difficult to see and deemed an unreliable
method. For this reason, fish were observed by two observers that had two focal individuals to
monitor during the trial to enable correct assessment of time to exit the enclosure.
The novel food trials began on 4 September and were conducted from 9:00 to 16:00 daily
for five days. On average 46 trials were run per day, for a total of 230 trials. A trial involved
randomly selecting a test individual from the large circular holding tanks, placing the individual
singly in the test aquarium, allowing ten minutes to acclimate, adding four live tubifex worms to
the aquarium using forceps, and quantifying the amount of time, in seconds, from when the
tubifex worms were added until the test individual consumed a prey item, or 900 seconds was
attributed if the test individual did not feed during the trial. Tubifex worms were selected as the
food item because they resemble the chironomid larvae and pupae that wild brook charr capture
from the water column (Wurtsbaugh 1975; Fechney 1988; Miller 1974; McNicol et al. 1985).
Moderate flow was provided to each tank using a standard water hose, the same water hose used
to recirculate water in the rearing tanks, to ensure the worms were moved within the tank. All
fish had been starved for 48 hours prior to the trial to increase feeding motivation. The fish were
observed by two observers that had two focal individuals to monitor during the trial to enable
correct assessment of time to first caught prey.
Once an individual had completed both sets of behavioural trials, it was euthanized using
a lethal exposure to MS-222 (1mg MS-222 and 2g NaHCO3/L water), measured for wet weight
(nearest milligram) using an electronic balance scale and measured for fork length (nearest
millimeter) using a ruler. The fish was then placed into a labelled vial of buffered neutral (10%)
formalin solution for fixation.
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Quantifying Brain Volume/Weight
For each test individual, the entire brain was extracted under a dissection microscope
(Olympus SZ61), trimmed of excess cranial nerves, and placed back into a formalin solution to
prevent drying out. Spinal cords of all brains were cut at the level of the obex to ensure
consistency. Later, each brain was blotted using a Kimwipe tissue to remove excess formalin
from the brain surface, and the brain was weighed to the nearest hundredth of a milligram using a
Fisher Scientific accu-124D scale. Brain mass was used to estimate overall brain size (Iwaniuk
and Nelson 2002). All dissections and measurements were carried out by one person, M.G., to
minimize inter-observer variability. The brains of 11 individuals were damaged during dissection
and not used in data analyses.

Data Analysis
I evaluated how relative brain size was predicted to differ with rearing environment in
accordance to the different hypotheses using a linear model relating brain size (log10
transformed) to treatment (H, SHSF, SHVF, VHSF, VHVF), fork length (log10 transformed), and
rearing density in the tank (square root transformed). Fork length was included to statistically
adjust for body size-related differences in brain size and density was included to statistically
adjust for differences in density at the end of the rearing experiment (Table 3). Values of brain
mass, fork length, and density were transformed prior to analysis to normalize their distributions
as closely as possible and to linearize the relationships between them. Family identification was
not included in the model because preliminary analyses indicated that the between family
variance component was small and not statistically significant.
The Enrichment Hypothesis predicts that relative brain size will be larger when the
rearing habitat is enriched by the addition of structure (P3). P3 was tested using a linear contrast
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between the control treatment (low structure), and the remaining treatments where habitat
structure was enriched (Control versus SHSF, SHVF, VHSF, and VHFH). P4, which predicts
that relative brain size will be higher in treatments where spatial positioning of structure is
varied, was tested using a linear contrast comparing the treatments VHSF and VHVF against the
treatments SHSF and SHVF. P5, which predicts that relative brain size will be larger when the
feeding regime is variable, was tested using a linear contrast comparing the treatments SHVF
and VHVF against the treatments SHSF and VHSF.
I evaluated how the two measures of behavioural performance, time to exit the enclosure
and time to first consumption of food, were related to rearing treatment using two linear models.
The first linear model related time to exit the enclosure (log10 transformed) to treatment, fork
length (log10 transformed), and density (square root transformed) at the end of the experiment.
Fork length and density were included as additional factors that could influence the behaviour of
the fish (Christiansen and Jobling 1990; Baker and Ayles 1990; Brown et al. 1992). The second
linear model related the time to first food consumption to the same set of predictors used in the
analysis of time to exit the enclosure. Values of exit time, fork length, and density were
transformed prior to analysis to normalize their distributions as closely as possible, and to
linearize the relationships between them. Specific predictions for how the two measures of
performance differed between treatments (P4-P5, P7-P8, and P10-P11) were tested using linear
contrasts between the same treatment combinations described for testing the predictions for brain
size.
Lastly, to evaluate whether the two measures of behavioural performance were correlated
with relative brain size, two separate linear models were used: one for time to exit the enclosure,
and the other for time to first feeding. Each behavioural variable (log10 transformed) was related
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to brain weight (log10 transformed), fork length (log10 transformed), and density (square root
transformed). The relationship between a behavioural measure and relative brain size was
considered to be statistically significant if the partial regression coefficient differed significantly
from zero.
All statistical analyses were performed using R statistical software 1.1.463
using the “lme4”, “car”, “lsmeans” and “multcomp” packages (RStudio Team 2018).

RESULTS
Rearing Effects on Relative Brain Size
Overall, brain mass differed among rearing treatments after statistically adjusting for fork
length and tank differences in final density. The prediction from the Enrichment Hypothesis that
relative brain mass would be larger in individuals reared with increased structural complexity
(P3) was supported by the results. On average, the relative brain mass was larger for individuals
in the SHSF, VHSF, SHVF, VHVF treatments than for individuals in control treatments (mean
difference = 1.50 mg; linear contrast; F1,213=13.2, p<0.001; Fig.4). The prediction generated by
the Variable Habitat Hypothesis (P6), that individuals reared in environments with variable
habitat positioning will have larger brains, was also supported (mean difference = 2.0 mg; linear
contrast; F1,213=11.39, p<0.001; Fig.4). The prediction generated by the Variable Food
Hypothesis (P9), that relative brain sizes of individuals reared with a variable feeding regime
(SHVF and VHVF) will be larger than those reared with a stable feeding regime (SHSF and
VHSF) (P9), was not supported by the results. No statistically significant differences were found
in the brain sizes of individuals reared with a variable feeding regime and those reared with a
stable feeding regime (mean difference = 0.63 mg; linear contrast; F1,213=1.85, p=0.18; Fig. 4).
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Rearing Effects on Responses to Novelty
The behaviour of brook charr varied considerably in trials measuring individual
responses to novelty (Figure 5). Evidence that the rearing treatments influenced how individuals
performed in novel situations was sought by evaluating the time to exit an enclosure and the time
to consume a live prey. Individuals reared with less structural complexity tended to exit the
enclosure faster than individuals reared with greater structural complexity (control vs. SHSF,
SHVF, VHSF, VHVF) (mean difference = 45.64s; linear contrast; F1,224=3.46, df=1, p=0.06; Fig.
5A). The prediction generated from the Enrichment Hypothesis (P4) that individuals reared with
less structural complexity will take less time to exit the enclosure than individuals reared with
greater structural complexity was supported. Also consistent with the Enrichment Hypothesis,
individuals that had been reared in treatments with lower structural complexity took more time,
on average, to consume their first prey than individuals reared in treatments with higher
structural complexity (P5) (control vs SHSF, SHVF, VHSF, VHVF) (mean difference = 31.62s;
linear contrast; F1,224=4.31, p<0.05; Fig. 5B). The predictions that variability in the position of
habitat structure (P4 and P5) or the timing and location of food inputs (P10 and P11) will
influence how individuals perform in novel situations were not supported. Contrary to the
predictions generated from the Variable Habitat hypothesis, individuals reared in treatments
where the location of habitat features varies did not consume their first prey faster than
individuals reared under treatments where locations of habitat features were stable (P8) (mean
difference = 11.8s; linear contrast; F1,224=0.062, p=0.8; Fig. 5B), nor was time to exit the
enclosure greater for individuals reared in treatments with variability in the location and timing
of food inputs than for individuals reared with stable food inputs (P10) (mean difference = 23.3s;
linear contrast; F1,224=1.09, p=0.3; Fig. 5A). Also contrary to the Variable Habitat hypothesis,

19
individuals reared in treatments with spatial variability in the location of habitat structure did not
consume their first live prey faster than individuals reared in treatments with stable habitat
structure position (P8) (mean difference = 22.4s; linear contrast; F1,224=0.51, p=0.48; Fig. 5B).
Similarly, P11 was not supported since individuals that experienced variability in the timing and
location of food inputs were not faster to consume their first live prey than individuals reared
under treatments that received stable food inputs (mean difference = 27.8s; linear contrast;
F1,224=0.04, p=0.8; Fig. 5B).

Relationship Between Relative Brain Size and Responses to Novelty
Evaluations of the Brain & Behaviour Hypothesis provided mixed outcomes. After
adjusting for differences in density among rearing tanks, there was weak statistical evidence that
time to consume the first prey item was correlated with relative brain size (regression coefficient:
2.65 ; 95% CL’s: -0.28 to -5.58; t(3)=1.79, p=0.076). However, individuals with relatively larger
brains were slower to consume their first live prey than individuals with smaller brains, contrary
to expectation (Fig. 6A) (P2). Individuals with the largest relative brain weights (>0.038g) took
238 seconds (3.97) minutes longer, on average, to consume a live prey than individuals with the
smallest brains (<0.026g). Further, the prediction that individuals with larger relative brain
weights would be slower to exit the enclosure than fish with smaller relative brain weights (P1),
was not supported (regression coefficient: -0.19; 95% CL’s: -4.40 to -4.02, t(3) = -0.09, p=0.93;
Fig. 6B).

DISCUSSION
My findings provide evidence that hatchery rearing environments influence the brain
development and behaviour of juvenile brook charr. Provisioning greater structural complexity
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led to increased relative brain size, increasing the probability of the Enrichment Hypothesis.
Spatial variability in habitat location in structurally enriched treatments also led to increased
relative brain size, increasing the probability of the Variable Habitat Hypothesis, but temporal
variability in the timing of food provisioning did not, decreasing the probability of the Variable
Foraging Hypothesis. My findings also provided evidence that rearing environment influences
behaviour, although the results were more variable. The prediction generated by the Enrichment
Hypothesis that individuals reared in treatments with high structural complexity were faster to
consume a live prey than those reared in control tanks with limited structure was true (P5).
However, a similar pattern was not observed for my measure of exploration (P4). Neither
response to novelty differed significantly with respect to spatial variability in habitat structure or
temporal variability in food provisioning, reducing the probabilities of the Variable Habitat and
the Variable Foraging hypotheses. Lastly, I found some evidence for a relationship between
relative brain size and time to capture a novel prey item, but the correlation was weak, and the
nature of the relationship was opposite to the prediction generated from the Brain & Behaviour
Hypothesis (P2). No relationship was found between brain size and exploratory behaviour (P1).
While work with other captive fish, mammals, and birds has already illustrated how
increasing structural complexity of the captive environment can increase behavioural plasticity
and brain size, this is the first study to use brook charr as a model system, despite the species’
economic importance, and increasing role in North American stocking programs (Lamaze et al.
2012). Only two other known studies have investigated the effects of environmental variability in
captive environments on fish behaviour (Braithwaite and Salvanes 2005; Lee and Berejikian
2008). This is the first study to investigate the effects of environmental variability on both the
behaviour and the brain development of captive fishes. Previous studies investigated the effects
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of enrichment on the brain development and behaviour of captive animals separately (Brown et
al. 2003; Roberts et al. 2011; Näslund et al. 2012; Rosengren et al. 2017), making this the first
study to investigate the relationship between brain development and behaviour as a result of
environmental enrichment, or the Brain & Behaviour Hypothesis. Testing this relationship
directly is important because relative brain size, and the relative size of specific brain regions,
are often used as a proxy for an individual or species cognitive ability. Cognitive ability is
responsible for the planning, execution, and evaluation of clever behaviours (Wilson 1998; Sih et
al. 2004; Huntingford 2004; McDougall et al. 2006). Intelligent behaviours and decision making
that maximize fitness play an important role in ecology and evolution.
My findings complement earlier studies of the role of enrichment and structural
complexity in promoting brain growth in fishes. Recent studies have shown that structural
complexity influences brain development and growth by stimulating cell proliferation in specific
brain regions known to influence cognition. A study using zebrafish (Danio rerio) found that
individuals reared in structurally enriched environments for a week increased brain cell
proliferation in the telencephalon, a brain region associated with spatial use and memory in
fishes (von Krogh et al. 2010). Other studies have shown that structural enrichment can affect
brain growth directly. In an experiment conducted using juvenile Atlantic Salmon (Salmo salar),
Kihslinger and Nevitt (2006) demonstrated that hatchery fish reared in a more complex,
naturalistic setting had larger brains than their counterparts reared in a simple lab setting. In
terms of behaviour, several studies have indicated that environmental enrichment can be
effective in enhancing adaptability to novel situations and learning. Atlantic cod (Gadus morhua)
behavioural flexibility and social learning can be increased by the implementation of structural
complexity to the captive rearing environment (Braithwaite and Salvanes 2005; Salvanes and
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Braithwaite 2005). Similarly, rainbow trout (Oncorhynchus mykiss) increase exploratory
behaviour in aquaria enriched with stones and plastic plants (Lee and Berejikian 2008). Further,
Atlantic salmon reared with environmental enrichment are more efficient in foraging on novel
prey, but only with prior experience of live food (Brown et al. 2003). Live prey experience in the
absence of environmental enrichment did not improve foraging efficiency on novel food,
implying environmental enrichment is still important in this respect.
The Variable Habitat Hypothesis was supported in my prediction about brain size (P6;
Table 1), but not for my predictions regarding behaviour (P7 and P8). No support was found for
the predictions generated by the Variable Foraging Hypothesis (P9-P11). Sample size and power
were adequate to detect changes in brain size, which can be measured precisely, but less so for
behaviour, which can be harder to measure precisely because of its plasticity and variability. The
decrease in probability for the Variable Habitat and the Variable Foraging Hypotheses regarding
behaviour run counter to evidence from earlier studies that have demonstrated modifications to
behaviour as a result of introducing environmental variability to captive environments. However,
comparisons are difficult to make as other studies have not assessed these hypotheses directly.
Implementing variability to captive rearing environments is intended to increase stimulation in a
way similar to natural environments. The increase in stimulation and formation of cognitive
challenges associated with variability and an unpredictable environment are thought to have
beneficial outcomes, often promoting brain development and more flexible behaviours
(Rodewald et al. 2011; Näslund and Johnsson 2016). Experiments using Atlantic cod have found
that implementation of spatial variability in structure positioning and temporal variability in food
availability to the captive rearing environment reduced anti-predator behaviours and activity, and
increased foraging ability on natural prey (Braithwaite and Salvanes 2005; Salvanes and
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Braithwaite 2005). Lee and Berejikian (2008) used a similar study design to test for the effects of
variability on rainbow trout behaviour but found conflicting results, with greater exploratory
behaviours found in fish from stable environments. The discrepancy in results between these
studies and this thesis may be a result of study design. The rearing treatments used in Braithwaite
and Salvanes’ (2005) study on cod did not allow for the effects of structure alone to be tested. It
is possible that the effects of structure were greater than the effects of variability, but could not
be distinguished from one another. Additionally, it is possible that implementation of variability
to the rearing environment affected other behaviours that I did not measure in my study. The
behaviours measured in this thesis are representative of adaptable behaviours since individuals
reared in treatments with variability responded differently to novel environments and novel food
sources than those reared in stable, barren environments. However, the objective of this study
was to assess behaviours that are best suited to evaluate post-release survival and not necessarily
flexible behaviours that would be promoted by environmental variability.
In this study, it was found that as relative brain size increased, the latency to consume a
novel prey also increased. The prediction that larger brained individuals would respond faster to
live prey (P2), indicating an improved ability to transition from an artificial, pellet diet to a
natural diet likely to increase post-release survival was not supported (Braithwaite and Salvanes
2005). However, the relationship between brain size and behaviour may be complex, and the
opposing direction that was observed empirically in this study is not necessarily unrealistic. It is
possible that the findings of this study actually reflect improved cognitive abilities and decision
making associated with larger brains that were overlooked when establishing predictions. Larger
brained individuals, when performing in foraging trials, may have taken longer to consume a live
prey simply because they allocated more cognitive energy into determining if the risk was worth
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the reward. These results suggest that plastic responses of the brain are reflected in plastic
behaviours that play an important role in decision making processes that may increase fitness and
survival in heterogenous natural environments (Taborsky 2017). Researchers hypothesize that
larger brains have evolved as an adaptation to enhance the cognitive skills necessary for
individuals to respond to novel situations and environmental conditions (Sol et al. 2005).
Previous studies have demonstrated differences in behavioural responses to novel environmental
conditions as brain size increases. A study by Sol et al. (2005) found that birds with larger brains
are quicker to invade novel locations. Similarly, innovative tool use in primates has been found
to increase as relative brain size increases (Reader and Laland 2002). Demonstrating the
relationship between brain size and behaviour is challenging, as relative brain size, versus the
size of specific brain regions, is a crude measure of cognitive ability. Additionally, picking the
correct behaviours to represent the relationship is extremely difficult as animal behaviour is
studied in many different ways, and is variable among species, individuals, and even situations
(Donat 1991).
It is probable that a suite of factors contributed to the brain and behavioural differences
that were observed in individuals from different rearing treatments. While captivity and
subsequent domestication may be responsible for generational changes in brain phenotypes
(Ishikawa et al. 1999), more recent studies have suggested that neural plasticity can occur as a
developmental consequence of rearing conditions (Kempermann et al. 1997; Kempermann and
Gage 1999; van Praag et al. 1999; Jacobs et al. 2000). There are two potential ways that
enriched rearing conditions may have contributed to the differences in relative brain size that
were observed in this study. First, the developmental differences in brain growth may have
resulted directly from the impact of environmental stimuli in enriched rearing tanks on neural

25
growth and proliferation. More complex environments have been found to increase levels of cell
proliferation in a wide variety of taxa, which enhances behaviours such as learning and memory
(van Praag et al. 2000). In mammals, cell proliferation rates of animals reared in environmentally
enriched environments have been found to be greater than those of animals reared in standard
captive environments with little environmental stimuli (Kempermann and Gage 1999; Faherty et
al. 2003; van Praag et al. 2000). Differences in behaviour among individuals from more
complex environments may therefore have resulted from larger brains that drive increased
capacity for information acquisition and decision-making abilities (Polani 2009).
A second possibility is that the differences in relative brain size and behaviour observed
in this study stem from indirect effects of environmental rearing conditions that alter the nature
of certain behaviours. For example, structural enrichment has been shown to influence learning
and how fish respond to social stimuli (Strand et al. 2010). Strand et al. (2010) found that
juvenile cod are capable of learning to capture and feed on novel prey, and that the complexity of
the spatial environment that the cod were raised in influenced their ability to learn and how they
responded to visual cues from conspecifics. Previous studies have also found the social skills of
fish reared in enriched environments to be more sophisticated than in fish reared without
enrichment (Berejikian et al. 2000, 2001; Salvanes and Braithwaite 2005; Salvanes et al. 2007).
In this study, it is likely that individuals in rearing environments with structural complexity had
to compete for tank structures and positioning that individuals in tanks without structure would
not. It is possible that being reared with spatial structures allows individuals to experience
aggressive interactions associated with territory defence behaviour (Salvanes and Braithwaite
2005). Exposure to structure also likely promoted the use of social and visual cues from
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conspecifics for learning purposes. These behavioural skills associated with environmentally
enriched environments are likely to be important to success and survival in the wild.
One potential explanation why this study observed changes in brain size with the
implementation of variability of structure but not with variability of the feeding regime could be
a result of our aquarium set up. Small tank sizes used in our study may have made it easy for
individuals to find food regardless of our attempts to provide food inputs in different positions of
the tank. Experiments using standard hatchery tanks would improve the ability to provide food in
a manner that challenges individuals to search and adapt to variable food inputs. Variability of
structure may have had a greater impact on brain size because in order to implement variability
in the position of structure, tanks needed to be disturbed once a week which may have been
stressful for individuals in those treatments. Previous studies have shown that mild stress can
increase brain size by altering cell proliferation and neurogenesis (Poole et al. 2003; Marchetti
and Nevitt 2003; Khislinger et al. 2003). It is also possible that changes to the position of
structure provided social enrichment, as rearrangement of structure would have required
individuals to re-establish their territories upon disturbance. This need to continuously establish
new territories may encourage the development of social behaviours that those in stable structure
environments wouldn’t experience. Increased social behaviours have been reportedly linked to
neurogenesis in rats (Becker et al. 2008; Czeh et al. 2007) and when these increased social
requirements are combined with increased cognitive stimulation as a result of structural
variability, could explain the increased brain masses we found in individuals reared with
structural variability.
In terms of foraging, a possible reason that variability in the rearing environment had no
effect on an individual’s ability to transition from an artificial diet to live prey could be
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associated with search effort. Brook charr that had been reared in aquaria enriched with river
stone substrate and PVC pipe were faster at recognizing and consuming live prey upon their first
exposure compared with fish that were reared in barren aquaria. It is likely that fish reared in
structurally enriched tanks had to search for pellets among the substrate and complex
background, whereas the pellets in the barren aquaria would not require the same search effort.
An improved ability of fish from structurally enriched tanks to recognize and consume live prey
could provide an example of how implementing structural enrichment in hatchery rearing
environments may stimulate the brain, advance foraging performance, and ultimately improve
post-release survival. It is also possible that a greater latency to consume a live prey may be
beneficial in the wild. Individuals with larger brains may be more wary and less willing to take a
risk, as in our experiments. While bolder individuals may make the transition from pellet food to
live prey faster, the risk associated with their quick response time may not be advantageous in
the wild (Sih et al. 2004).
While providing interesting results and potential implications for hatchery rearing, there
are some limitations to the study worth considering as they offer possibilities for future research.
First, our study may have been impacted by variability in rearing densities. Density is important
to the establishment of social hierarchies in salmonids, especially in laboratory or hatchery
settings (Ejike & Schreck 1980; Jenkins 1969; Gilmour et al. 2005) and these hierarchies play an
important role in fish growth and development. I also experienced unforeseen mortality across
tanks that were at least partly due to unknown bacterial and/or viral infections. Densities, on
average, ended up being higher in control tanks than in experimental tanks. To account for these
differences in tank density, density was included as a variable in all of our statistical models.
However, teasing apart the effects of physical and social environments on brain size and
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behaviour is difficult. Differences in density across treatments also make it difficult to determine
whether the outcomes of this study are a result of plasticity or differential mortality. Second, the
behaviours tested in our experiments may have not been adequate for gauging success in the
wild. Additional behaviours, such as predatory avoidance and recovery from stress may reveal
important findings and implications for hatchery rearing as a large proportion of post-release
mortality has been found to occur through predation (Olla et al. 1998). Third, we did not address
how variation in the size of specific brain regions may relate to behavioural performance. In
response to environmental conditions, relative brain region size has been found to shape some
aspects of behaviour and cognition (Schellart 1991; Kotrschal et al. 1998; Healy and Rowe
2007). Looking at differences in the size of specific brain regions may have provided stronger
links between brain morphology and behaviour and provide a good opportunity for further
investigation. Further, few studies have been made to assess the post-release effects of
environmental enrichment and those conducted so far show mixed effects. Because brain
dissections were needed to test hypotheses about brain size and behaviour, our study provided an
incomplete test of the conceptual model as we were unable to test the hypothesis that changes in
brain size and behaviour may result in improved post-release survival. More such investigations
of post-release survival are warranted and likely provide the best indications of how hatchery
rearing environments can be amended.
The results of this study provide further understanding about the role of enrichment in
facilitating brain and behavioural development in captive fishes. The insights from this study,
and previous studies investigating the influence of captive rearing environments on the brains
and behaviour of animals, reveal that there are indeed positive effects of enrichment. These
results indicate that simple implementation of structure and more variable environmental

29
conditions that promote brain growth and foster behaviours more favourable in the wild could
have beneficial outcomes on the survival of captive fishes after release into a natural
environment. Further, these results highlight the importance of looking at both brain morphology
and behaviour in response to environmental enrichment and variability, as important links
between the two are expected to help explain organismal responses to novel and variable
environments that have important ecological and evolutionary outcomes (Snell-Rood 2013).
Whether modifications to hatchery rearing environments can influence the post-release success
of hatchery fishes used to rehabilitate and restore declining natural populations is an ongoing
concern and active area of research for hatchery managers and conservationists. Understanding
how captive rearing environments can drive changes in brain morphology and behaviour that
may impact post-release success is critical to the productivity, resilience, and management of
hatchery programs.
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TABLES

Table 1. A summary of the hypotheses and predictions tested, whether the prediction was
supported (Yes/No), and the treatment contrasts used to test the hypotheses and predictions.
Hypothesis

Predictions tested

Support

Linear Contrasts

Larger relative brain size correlates with
increased time to exit enclosure (P1)

No

Larger relative brain size correlates with
decreased time to consume live prey (P2)

Yes*

Enrichment

Increased Relative Brain Size (P3)
Increased Exit Time (P4)
Decreased Time to Consume (P5)

Yes
Yes
Yes

Control vs SHSF, SHVF, VHSF, VHVF

Variable Habitat

Increased Relative Brain Size (P6)
Increased Exit Time (P7)
Decreased Time to Consume (P8)

Yes
No
No

SHSF, SHVF vs VHSF, VHVF

Variable
Foraging

Increased Relative Brain Size (P9)
Increased Exit Time (P10)
Decreased Time to Consume (P11)

No
No
No

SHSF, VHSF vs SHVF, VHVF

Brain &
Behaviour

SHSF = stable habitat and stable food; SHVF = stable habitat and variable food; VHSF = variable habitat and stable food;
VHVF = variable habitat and variable food; * = support provided in opposite direction than predicted.
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Table 2. Chart depicting the feeding regime used throughout the rearing period for variable food
treatments. Schedule is a 4-week cycle. N indicates no food provided at that time, T represents
food provided at the top of the water surface, and B represents food pipetted into the water
column. The section of the tank (either front, middle, or back) where food is distributed is
represented by 1,2,3 accordingly.

Week 1

Monday
Tuesday
Wednesday
Thursday
Friday
Saturday
Sunday

Week 2

Monday
Tuesday
Wednesday
Thursday
Friday
Saturday
Sunday

Week 3

Monday
Tuesday
Wednesday
Thursday
Friday
Saturday
Sunday

Week 4

Monday
Tuesday
Wednesday
Thursday
Friday
Saturday
Sunday

10:00
T1
B1
B3
B1
N
T2
T3
10:00
T3
N
N
T2
T1
N
T3
10:00
N
T1
B3
N
B3
B2
T2
10:00
N
N
T2
T3
N
N
T2

12:00
T2
B2
B2
N
B2
B2
T2
12:00
B2
B2
B1
N
N
N
B3
12:00
T1
B2
T2
T1
B2
T2
N
12:00
T1
B2
T1
N
B1
T3
B2

14:00
N
N
T3
T3
T2
N
T1
14:00
N
T3
B2
T2
T2
T1
B2
14:00
T3
B3
N
T1
B2
N
N
14:00
N
N
N
T1
N
B2
T3

16:00
N
B1
T2
N
N
T2
T2
16:00
T2
T1
N
B3
N
B3
N
16:00
T1
N
N
B2
T3
N
N
16:00
T2
B3
B2
T3
N
B2
N

43
Table 3. Univariate statistics summarizing the median response time in behavioural trials for
each individual, their brain mass, body lengths, body mass, and variation in the number of fish
remaining in each tank at the end of the rearing experiment (tank density).

1

Variable

Median

Range

N1

Brain mass (mg)

31.19

21.59 – 41.41

219

Time to exit enclosure (s)

21

1 – 900

233

Time to consume live prey (s)

139

2 – 900

230

Fork length (cm)

6.6

5 – 8.6

230

Body mass (g)

2.5

0.9 – 5.9

230

Fish/tank (density)

8

1 – 23

40

Sample sizes are provided as number of individuals for brain mass, time to exit enclosure, time to consume live
prey, fork length, and body mass, and number of tanks tank density.
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FIGURES

8”

16”

Figure 1. Photo showing a dorsal view of the habitat structure, in the form of PVC pipe and river
stones, added to the 5-gallon aquaria of treatments with high structure (SSSF, SSVF, VSSF,
VSVF).

4.8”

Figure 2. Photo representation of the 750mL plastic baskets used to separate fish following the
rearing period. Plastic baskets contained one individual each, were retrofitted with screen walls
to allow water flow, and were placed into one of two 1.8 diameter fiberglass tanks (2m3 ).

45

12”
3.9”

3.9”

B

A
20”

Figure 3. Side profile of the experimental setup for enclosure exit trials used to measure
exploratory behaviour. The arrow depicts the direction that brook charr would exit the enclosure
(A) to explore a novel habitat (B) located on the opposite side of the enclosure.
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Figure 4. Violin plot depicting how the mean relative brain mass (mg) of individuals differed
across rearing treatments. Error bars represent ± standard error of the mean. To remove variation
due to fork length and rearing density, estimates of brain mass have been adjusted statistically to
correspond to a mean geometric fork length of 6.6cm, the mean length of individuals at the end
of the study, and a mean tank density of 7.9 individuals, the mean density across tanks at the end
of the study. Significant planned comparisons between treatments are depicted by coloured lines.
Statistical significance is indicated by asterisks. ***P<0.001, **P<0.01, *P<0.05. P-values were
calculated following Holm’s adjustment for multiple comparisons.
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A

B

Figure 5. Violin plots representing how the mean latency to consume exit a start-box (A; y-axis),
and the mean latency to consume a live prey (B; y-axis) of individuals differed across rearing
treatments (x-axis). Error bars represent ± standard error of the mean. Estimates of brain mass
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have been adjusted statistically to correspond to mean a geometric fork length of 6.6cm, and a
mean tank density of 7.9 individuals, the mean density across tanks at the end of the study, to
remove variation. Significant planned comparisons are depicted by coloured lines, with asterisks
indicating significance. *P<0.05, • 0.05<P<0.10. P-values were calculated following Holm’s
adjustment for multiple comparisons.
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Adjusted Time to Exit (s)

A

Residual log10 Brain Weight (mg)

Adjusted Time to Consume (s)

B

Figure 6. Leverage plot depicting the relationship between brain mass (mg) presented on a log10
scale (x-axis) and the predicted time taken to consume a live prey (s) (A) or to exit an enclosure
(s) (B) in fifteen-minute behaviour trials (y-axis). To remove variation due to fork length and
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rearing density, estimates of brain mass have been adjusted statistically to correspond to a mean
geometric fork length of 6.6 cm and mean tank density of 7.9 (See Fig.4). Each dot represents a
single trial and the regression line is represented in orange.
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APPENDIX
Appendix 1. Summary of mean measurements made by family and treatment. Maximum and
minimum values for each variable are in parentheses.
Family
1

2

3

4

5

6

7

8

6.40

7.20

6.32

7.20

6.95

6.41

6.50

6.70

(5.3-7.0)

(6.5-8.0)

(5.4-7.1)

(6.3-7.7)

(6.3-7.8)

(5.0-7.0)

(5.8-7.2)

(5.9-7.2)

2.43

3.40

2.22

3.53

2.95

2.48

2.50

2.85

(1.4 – 3.3)

(2.5-4.4)

(1.3-3.3)

(2.3-4.3)

(2.1-4.0)

(1.2-3.3)

(1.6-3.4)

(1.9-4.0)

Brain Mass
(mg)

29.36

33.67

29.12

33.56

32.15

30.43

29.79

31.74

(24.4633.38)

(28.7639.20)

(21.9839.50)

(29.6536.18)

(29.9433.90)

(21.5935.09)

(25.5933.98)

(28.8335.32)

Time to Exit
(s)
Time to
Consume (s)
Final Density

22.36

55.43

70.93

180.75

(1-661)

(1-900)

(76-900)

(2-699)

203.05

812.29

201.27

367.50

459.00

385.63

(2-900)

(286-900)

(9-900)

(107-900)

(6-900)

(18-900)

(101-900)

23
Family
1

8

17

3

491.25
(42-900)
206.25
(19-585)
4

488.00

(2-213)

113.33
(6-231)
447.00

140.17

(1-280)

14

2

9

2

3

4

5

6

7

8

6.57

6.49

6.39

5.00

6.73

6.60

6.40

7.00

(5.3-7.0)

(5.6-7.0)

(6.0-6.7)

(5.0-5.0)

(6.1-7.9)

(6.3-6.9)

(5.9-6.9)

(7.0-7.0)

2.61

2.49

2.20

0.90

2.70

2.70

2.50

3.15

(2.2-4.0)

(1.5-3.1)

(1.6-2.8)

(2.3-4.3)

(2.1-4.2)

(1.2-3.3)

(1.8-3.2)

(3.0-3.3)

31.13

30.95

28.66

22.78

33.03

32.83

29.77

31.44

(28.4535.37)

(25.8135.61)

(22.3332.21)

(22.7822.78)

(29.2239.89)

(29.6436.01)

(25.6434.47)

(30.9331.95)

189.29

56.14

75.29

900.00

365.00

(1-900)

(1-166)

(1-229)

(900-900)

(13-878)

137.00

149.29

269.57

40.00

698.50

27.00
(1-53)
475.50

44.50
(1-157)
144.75

442.50
(1-884)
471.50

(15-415)

(16-300)

(23-900)

(40-40)

(236-900)

(64-887)

(13-278)

(43-900)

9
Family
1

8

7

1

4

3

4

3

2

3

4

5

6

7

8

6.58

6.41

6.19

8.60

6.75

6.61

6.47

6.55

(5.9-7.5)

(6.0-7.1)

(5.7-6.8)

(8.6-8.6)

(6.1-7.4)

(6.3-6.9)

(6.3-6.6)

(6.0-7.0)

2.48

Variable
H
Fork Length
(cm)
Body Mass (g)

Variable
SHSF
Fork Length
(mm)
Body Mass
(mg)
Brain Mass
(mg)
Time to Exit
Time to
Consume
Final Density
Variable
SHVF
Fork Length
(mm)
Body Mass
(mg)
Brain Mass
(mg)
Time to Exit

2.30

2.03

5.90

2.75

2.64

2.60

2.58

(1.7-3.7)

(1.8-3.1)

(1.5-2.8)

(5.9-5.9)

(2.1-3.4)

(2.2-3.2)

(2.3-2.9)

(1.9-3.2)

29.88

30.36

30.77

41.13

33.87

31.64

32.26

32.40

(26.3734.67)

(26.5034.63)

(25.5637.78)

(41.1341.13)

(28.7139.03)

(29.0134.33)

(30.7633.16)

(28.6135.70)

252.00

27.56

73.13

318.00

110.50

161.25

360.67

173.67

(2-900)

(1-64)

(1-442)

(318-318)

(70-151)

(1-900)

(14-900)

(2-900)
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Time to
Consume
Final Density
Variable
VHSF
Fork Length
(mm)
Body Mass
(mg)
Brain Mass
(mg)
Time to Exit
Time to
Consume
Final Density
Variable
VHVF
Fork Length
(mm)
Body Mass
(mg)
Brain Mass
(mg)
Time to Exit
Time to
Consume
Final Density

467.20

100.44

336.13

529.00

516.50

255.88

474.33

352.67

(16-900)

(4-225)

(38-900)

(529-529)

(211-822)

(8-900)

(249-900)

(52-900)

5
Family
1

9

8

1

2

8

3

6

2

3

4

5

6

7

8

7.60

6.70

6.47

7.50

NA

7.03

6.80

6.25

(7.3-7.9)

(6.1-7.5)

(6.1-6.7)

(7.5-7.5)

(6.5-7.9)

(6.4-7.4)

(5.7-6.7)

4.30

2.79

3.39

2.80

2.28

(1.8-3.9)

(2.6-4.6)

(2.4-3.4)

(1.5-2.7)

38.26

31.15

2.50
(2.3-2.7)
30.31

4.00

(3.8-4.8)

34.76

33.72

31.45

(35.1041.41)

(27.0335.94)

(29.2731.11)

(39.9039.90)

(30.9338.60)

(30.3737.30)

(27.6834.87)

456.00

25.86

2.67

578.00

72.50

346.20

35.77

(12-900)

(1-160)

(1-6)

(578-578)

(2-177)

(1-900)

(1-154)

628.50

163.43

109.33

693.00

386.38

256.00

259.31

(357-900)

(36-331)

(45-152)

(693-693)

(19-900)

(39-900)

(9-900)

2
Family
1

9

3

1

0

8

5

13

2

3

4

5

6

7

8

6.63

7.10

6.46

7.20

7.60

6.95

7.10

6.13

(6.2-6.9)

(7.1-7.1)

(5.4-7.0)

(6.3-8.1)

(7.0-7.9)

(6.7-7.2)

(6.5-7.7)

(5.1-6.7)

2.67

3.40

2.31

3.75

3.90

3.15

3.35

2.23

(2.0-3.1)

(3.4-3.4)

(1.2-3.0)

(2.2-5.3)

(2.8-4.5)

(3.0-3.3)

(2.5-4.2)

(1.1-2.9)

32.44

35.77

31.58

34.95

38.44

36.08

34.88

30.51

(29.1635.42)

(35.7735.77)

(27.0736.65)

(31.7838.11)

(37.4039.40)

(33.6438.51)

(30.8238.94)

(27.2534.54)

161.71

18.00

35.20

569.50

586.33

23.50

574.50

25.75

(7-900)

(18-18)

(1-179)

(239-900)

(157-900)

(1-46)

(249-900)

(1-92)

229.57

900.00

244.10

95.50

416.67

134.50

297.00

359.00

(2-900)

(900-900)

(12-900)

(69-122)

(96-900)

(43-226)

(133-461)

(9-900)

7

1

10

2

3

2

3

4

NA

(4.0-4.0)

39.90

NA
NA
NA
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Appendix 2. The allometric relationship between log10 brain mass (g) and log10 body mass (g).

Appendix 3. Relationship between log10 brain mass (g) and density.

Log10 Brain Mass (g)

54

1

9

4

16

Density

Appendix 4. Graphical depictions of the relative effect sizes of the variables used to model brain
mass (A), time to exit (B) and time to consume (C). LogWorth is defined as -log10 (p-value).
A. Brain Mass
Source
log10(length)

LogWorth
47.464

PValue
0.00000

treatment

4.278

0.00005

sqrt(density)

0.417

0.38249

LogWorth
4.337
0.978
0.581

PValue
0.00005
0.10523
0.26229

B. Time to Exit

Source
sqrt(density)
log10(length)
treatment

C. Time to Consume

Source
sqrt(density)
log10(length)

LogWorth
3.326
1.648

PValue
0.00047
0.02248

