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ABSTRACT 

THE INFLUENCE OF GENETIC EFFECTS AND PLASTIC RESPONSES ON 

BRAIN SIZE AND BEHAVIOUR OF POLYMORPHIC BROOK CHARR 

(Salvelinus fontinalis) 

 

Karalea Cantera       Advisor: 

University of Guelph, 2019      Rob McLaughlin 

In fishes, individuals from the same population can differ in morphology, habitat 

use, and diet (resource polymorphism). Delineating the proximate mechanisms shaping 

this diversification remains a challenge. I tested for family differences and plastic 

responses in the brain morphology and foraging behaviour of young-of-the-year brook 

charr (Salvelinus fontinalis) originating from migratory and resident grandparents 

sampled from Lake Superior tributaries. Siblings from 24 families were split and raised in 

conditions favouring a sedentary or an active foraging style. Total brain weight and 

relative volumes of the telencephalon, optic tectum, cerebellum, olfactory bulb, and 

hypothalamus varied between families and between foraging treatments. Three brain 

characters were correlated with activity and foraging location in the water column during 

independent feeding trials and four differed with the family history of migration. My 

findings suggest both family differences and plasticity within families influence brain 

morphology and foraging behaviour, and therefore contribute to phenotypic 

diversification.
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INTRODUCTION 

 There is broad interest in how processes influencing intraspecific variation in phenotype 

contribute to the creation and maintenance of biodiversity. Resource polymorphisms are a form 

of intraspecific variation where individuals within a population display marked differences in life 

history, morphology, behaviour, and exploit different ecological niches (Smith and Skulason 

1996). Examples of resource polymorphism have been studied in all classes of vertebrates 

(Skulason and Smith 1995). These polymorphic populations are often used to explore 

physiological and ecological mechanisms creating biodiversity, because the polymorphisms can 

represent an intermediate stage of divergence that, under the correct conditions, could lead to 

speciation (Gray and Mckinnon 2006). Further, this intraspecific variation in phenotypes can 

influence ecosystem function just as much as interspecific variation in phenotypes, including 

community composition, trophic cascades, and responses to environmental change (Doebeli and 

De Jong 1999; Des Roches et al. 2017). Investigating polymorphisms and the mechanisms 

responsible for them can improve our understanding of the processes that increase biodiversity 

and the ecological consequences of that diversification.  

Investigations of the processes facilitating resource polymorphisms are needed because of 

the number and complexity of mechanisms promoting and limiting diversification. At an 

ecological scale, these mechanisms include intraspecific competition, which can promote 

diversification, and gene flow, which can limit diversification within a population. At a 

proximate scale, genetic variation can facilitate diversification and the coexistence of multiple 

phenotypes. The absence of genetic variation can typically hinder this diversification. However, 

when individuals can respond plastically to environmental heterogeneity the development of 

different phenotypes can occur even when genetic variation is absent. Plastic responses can 
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essentially buffer the population from evolutionary change until genetic variation arises or it can 

possibly slow selection for alternative genotypes when genetic variation exists. Much of our 

current knowledge of genetic influences and plastic responses in polymorphic populations has 

developed from studies investigating differences in external morphology, including body size, 

shape, and colour (Sandlund et al. 1992; Schluter 1993; Sinervo et al. 2001; Nachman 2005). 

Divergence in key aspects of internal morphology and physiology are likely also involved. The 

brain, for example, is the cognitive processing centre of an organism and coordinates an animal’s 

behaviour (Striedter 2005). Behaviour is believed to play a critical role in the origin of resource 

polymorphisms within and across generations. It can allow individuals to exploit spatial and 

temporal variation in resources before changes in morphology can occur (West-Eberhard 1989; 

Skulason and Smith 1995). Size, shape, and the compartmentalization of brains can vary among 

species, and among individuals within a species, and these differences in brain morphology have 

been correlated with differences in learning, habitat use, and feeding ecology (Kotrschal et al. 

1998; Shumway 2008). Studies examining changes in the brains of individuals from populations 

displaying resource polymorphisms could therefore provide valuable insights into the proximate 

mechanisms involved in the behavioural divergence of phenotypes. 

This study tested the degree to which genotypic effects and plastic responses shape brain 

morphology and behaviour in a fish (brook charr, Salvelinus fontinalis) known to display 

resource, dispersal and migration polymorphisms. Studies of brook charr have made useful 

contributions to the broader understanding of mechanisms promoting resource polymorphisms. 

Earlier investigations of young brook charr foraging in stream pools found individuals either 

actively forage for insect prey from the upper portions of the water column or sit-and-wait for 

crustacean prey from the lower portion of the water column (McLaughlin et al. 1992; Biro and 
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Ridgway 1995). It is believed that the active foragers, who move around their environment more 

than sit-and-wait foragers, may need to process more spatial information. Active individuals 

have a relatively larger telencephalon, the part of the brain involved with spatial and 

environmental memory in fish (Vargas et al. 2006), than the sit-and-wait individuals (Wilson and 

McLaughlin 2010). Studies of brain differences in other fish species may also suggest that 

differences in cognitive demands experienced by migrant and resident fish could result in 

differences in brain morphology, with migrant fish possibly having a larger total brain, olfactory 

bulb, optic tectum, cerebellum and hypothalamus than resident fish (Demski and Knigge 1971; 

Davis and Kassel 1983; Laberge and Hara 2001; Durán et al. 2014; Edmunds et al. 2016a). Such 

diversification in brain morphology and its correlation to natural behaviour reinforces the 

potential value of investigating proximate mechanisms. These mechanisms can shape variation in 

brain structure and the functional behavioural and may have ecological significance.  

My examination of the roles of genotypic effects and plastic responses (proximate 

causes) for brain size and structure was conducted using F2 descendants from a Lake Superior 

population of brook charr. This population consists of migrant individuals that originate in 

streams, migrate into the lake, grow fast and attain large body size, and resident individuals that 

remain in their natal stream, grow slower, and attain a smaller body size. The divergence of these 

phenotypes begins in the first year of life (Robillard et al. 2011). Although the behaviour of early 

life stages in this specific system remains poorly studied, studies of other river and lake 

populations have demonstrated that young brook charr recently emerged from their gravel nests 

tend to specialize at actively foraging for insect prey from the upper portions of the water column 

or at sitting-and-waiting for crustacean prey from the lower portion of the water column 

(McLaughlin et al. 1992; Biro and Ridgway 1995; Wilson and McLaughlin 2010). For my study, 
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recently hatched brook charr from the same family were reared in treatments that encouraged 

them to adopt either an active or a sit-and-wait foraging tactic. The role of genetic effects in total 

brain size and regional volume was assessed using the variation in brain morphology among 

families. Plastic responses in brain morphology were tested by comparing offspring from the 

same family reared in different foraging treatments. For each individual, I measured the total 

brain weight and the volumes of the olfactory bulb, telencephalon, optic tectum, cerebellum and 

hypothalamus. Although Wilson and McLaughlin’s (2010) study focused on the telencephalon 

(and the olfactory bulb as a control), the additional brain regions I examined could also differ 

between individuals using different foraging tactics or habitats (Edmunds et al. 2016a). For the 

telencephalon, I specifically tested whether individuals in the active search treatment had a 

relatively larger telencephalon than individuals in the sit-and-wait treatment, as observed by 

Wilson and McLaughlin’s (2010) study of wild caught fish. For the remaining brain regions, I 

tested for differences between treatments, because there is insufficient theory and empirical 

observation to develop strong directional expectations for these regions. 

I then examined possible functional consequences of any brain differences by testing for 

relationships between behaviour and brain morphology. I first tested if relative brain size 

(corrected for body size) and the volumes of specific brain regions correlated with activity levels 

and foraging attempts in behavioural trials. I expected that activity and foraging attempts should 

be related to differences in brain weight and regional volume. Second, I tested whether 

differences in brain morphology occur between the offspring from migrant and resident cross 

types to consider if differences in brain morphology of the fish are related to the migratory 

behaviour of their grandparents collected from the field. 
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METHODS 

Crosses 

 My study was completed using F2 descendants from crosses made in Fall 2011 with wild 

migrant and resident brook charr from three tributaries of Lake Superior near Nipigon, Ontario. 

The original crosses used 6 females (all migrants) and 10 males (6 migrants, 4 residents). Female 

residents occur in these tributaries (Robillard et al. 2014), but none could be captured in the year 

the crosses of wild fish were completed. The F1 offspring were reared in the OMNRF Codrington 

Fisheries Research Facility (Codrington, Ontario), where they were used for earlier studies of 

behaviour (Sicoly 2015; Strnad 2016; Wajmer 2016). In 2016, the crosses used for my study 

were conducted at Codrington using the F1 individuals. Twenty-four families were created using 

a partial factorial design where MM males originating from crosses of migrant parents were 

crossed with MM females to create 12 MM x MM families and MR males originating from 

crosses of migrant and resident parents were mated with MR females to create 12 MR x MR 

families (Table 1a & 1b). This cross design allowed for the creation of maternal and paternal 

half-siblings between families.  

 

Rearing Environment 

 The embryos were reared in trays of vertical incubators with mesh lids that allowed 

constant water flow but no mixing of families. Once eggs hatched in February 2017, the 

eleutheroembryos were transported to the Hagen Aqualab, University of Guelph. The rearing 

experiment to test the hypothesis whether brain morphology is influenced by genetic effects or 

plastic responses was carried out for 108 days from March to July 2017. At the start of the 

experiment, 50 - 60 individuals from each family were randomly selected and divided into one of 
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two 50L “KSI Omni Boxes” each placed randomly within one of 10 larger flow-through trays 

(243 cm long, 60 cm wide and 17 cm deep). Forty-eight boxes within 10 trays were used to 

house the 48 half-families. Each box was filled with a handful of large river stones and two 

artificial plants for structure. Each box was assigned randomly to a foraging treatment. For fish 

in the active foraging treatment, EWOS #0 slow-sinking starter feed was provided across the 

water surface to encourage an active foraging tactic. For fish in the sit-and-wait foraging 

treatment, EWOS #0 slow-sinking starter feed mixed with water was pipetted approximately 

half-way into the water column near an artificial plant to encourage a sit-and-wait foraging 

tactic. The amount of food provided per day was determined based on body weight (Skretting 

2014). The daily ration was divided between 5 feedings per day, which occurred every 2 hours 

from 0900 to 1700h. Water temperature and lighting were set to mimic conditions in the field. 

Water temperature was raised incrementally from 5o to 12oC over the first month of the rearing 

and maintained at 12oC for the remainder of the experiment. Lighting began at a 12:12 

photoperiod and was adjusted daily to match the photoperiod in Nipigon, ON. 

 

Behavioural Trials 

 Behavioural trials were conducted to determine if variation in brain size correlated with 

differences in behavioural performance. The behavioural trials occurred daily between 3 and 13 

July 2017 at the Hagen Aqualab (University of Guelph) on 10 randomly selected individuals 

from each family: five from the sit-and-wait treatment and five from the active treatment. The 

experimental setup consisted of four 5-gallon tanks (40.6 x 20.3 x 25.4 cm) placed side by side, 

with three sides covered so that each test fish could not see the test fish in adjacent tanks. The 

same type of light source from the rearing period was used above the tanks and two cameras 
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were mounted around each tank, one positioned to look down into the tank and one at the front 

of the tank. Each tank included one artificial plant for structure and was supplied with fresh 12oC 

water before each trial. Forty-eight trials were completed each day over the 10-day period for a 

total of 240 fish tested. Each fish participated in two trials over consecutive days. Approximately 

20 hours before each two-day trial period, the test fish were randomly selected from their 50L 

box, placed individually in a 250 mL Mason jar with a mesh lid, and placed back into the 

individual’s box. This prevented the test individuals from feeding but allowed them to remain in 

their familiar surroundings before and in between consecutive trials. During the trials, the order 

of testing fish was randomized. Once a fish was selected, they were released into a 5-gallon tank 

and allowed 10 minutes to acclimate. At the end of the acclimation period the video recording 

began and the fish were given food in a randomized treatment order, either receiving the active 

foraging style in the first trial, with the food sprinkled on the top, or the sit-and-wait style, with 

the food pipetted into the water column, or vice versa. Five-minute video recordings were made 

to later determine the proportion of time spent moving and the foraging attempts directed to the 

top and bottom of the water column. After the five-minute trial period, each test fish was placed 

back into the Mason jars and returned to its original rearing bin. On the second trial day, each 

test fish was tested under the alternative foraging treatment, i.e. if it received food in the active 

foraging style on the first trial day, it received the sit-and-wait style for trial 2, and vice versa. 

After a fish completed both trials it was euthanized with a lethal dose of MS-222 and placed into 

jar of buffered neutral formalin (10%) solution for fixation. Over a 10-day period, 480 trials were 

completed using 240 fish so that 10 fish from every family had completed two experimental 

trials.  
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Brain Analysis 

 Following fixation, the total length and weight of each fish was measured (Table 2) and 

the brains were removed, trimmed of excess cranial nerves, and placed back in a formalin 

solution until a later time when digital images were taken. The brains were then put into a buffer 

solution to prevent drying out and placed under an Olympus SZ61 dissection microscope 

equipped with a Cannon Powershot G9 digital camera. PSREMOTE v. 1.7 software was used to 

obtain images of the dorsal, ventral, and side views of each brain. Each brain was then removed 

from the buffer solution, blotted dry using Kimwipes, and weighed (nearest 0.0001g) using a 

Fisher Scientific accu-124D scale. Neurolucida software (MBF Bioscience, Williston, VT, USA) 

was used to measure the length (L), width (W), and depth (D) of each brain region. The volume 

of each region was estimated using the ellipsoid formula: V = (LxWxD)π/6. 

The measurement error for brain weight was calculated by randomly selecting one 

individual weighing the brain ten times, as described above. The calculated standard error was 

0.7% of total brain weight. Measurement error of the volumes of specific brain regions was 

determined by randomly selecting one individual and measuring length, width and depth of each 

brain region 10 times from the same pictures as above. The calculated standard errors were 1.7% 

of olfactory bulb volume, 1.8% of telencephalon volume, 1.7% of optic tectum volume, 2.3% of 

cerebellum volume and 0.9% of hypothalamus volume. 

 

Behavioural Analysis 

J watcher software was used to analyse video recordings of the behavioural trials. This 

allowed observers to watch the 5-minute trial and use key strikes to determine when a fish was 

active, inactive, making a foraging attempt and where they were positioned in the water column. 
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A fish was considered active while its spatial position was changing in any direction; fish were 

considered inactive while their spatial position was not changing. These measurements were 

used to calculate proportion of time spent moving by dividing the total time a fish was active by 

the 5-minute trial duration. Foraging attempts were determined by recording strikes toward food 

particles at the surface or in the water column. The location of the fish during active or inactive 

periods and during foraging attempts was determined by recording if the fish was in the top or 

the bottom half of the water column. The top and bottom halves were established by measuring 

the trial tank and marking the halfway point between the top and bottom of the water column. 

 

Statistical Analysis 

I tested how family level (potential genetic) effects and plastic responses influenced brain 

weight and the volumes of each brain region using generalized linear mixed effects models and 

likelihood ratio tests (Bolker et al. 2009). For brain weight, I fitted three models where the log10 

brain weight (g) was the dependent variable and mother identification, father identification, log10 

total length (mm), and rearing treatment were included as independent variables. In all models, 

mother identification and father identification were treated as random effects. In the reduced 

(without-family) model, treatment was modelled as a fixed effect and family was excluded. In 

the random intercept (with-family) model, treatment was modelled as a fixed effect with family 

included as a random effect. In the random slopes (family by treatment interaction) model, a 

treatment by family interaction was modelled as a random effect. The three different models 

were compared in a likelihood ratio test (Table 3). The model without family was compared to 

the model with family to test if families differed in relative brain weight. The model with family 

was compared with a family by treatment (random slopes) model to assess if there is a common 
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plastic response or among-family differences in the plastic response of brain weight. For each 

brain region a similar analysis was completed as above, except regional volume (mm3) was 

included as a dependant variable and brain weight replaced total length as an independent 

variable. Post-hoc generalised linear mixed effects models were used to assess how brain weight 

and region size differed between family by treatment combinations.  

General linear mixed effects models were used to test if the proportion of time spent 

moving and the ratio of foraging attempts (F) directed toward the top and bottom of the water 

column (Ftop/Fbot) were related to differences in brain weight and to the volumes of specific brain 

regions. Each of the dependent variables, proportion of time spent moving and ratio of foraging 

attempts, were related to log10 brain weight, log10 total length, a behavioural trial (surface vs 

bottom feeding) by rearing treatment (active vs sit and wait) interaction and individual ID. Brain 

weight, total length and a behavioural trial (surface vs bottom feeding) by rearing treatment 

(active vs sit and wait) interaction were included as fixed effects and individual ID was a random 

effect. Proportion of time spent moving and ratio of foraging attempts was then tested against 

individual brain regions where log10 regional volume, log10 brain weight and a behavioural trial 

(surface vs bottom feeding) by rearing treatment (active vs sit and wait) interaction were used as 

fixed effects and individual ID was used as a random effect. 

I tested how relative brain morphology correlated with the migratory history by adding 

cross type (MMxMM or MRxMR) to the general linear models above to relate brain 

measurements with family and treatment. For brain weight, I fitted a model where log10 brain 

weight was the dependent variable and log10 total length (mm), a treatment by cross type 

interaction, family, mother and father were included as independent variables. Total length and a 

treatment by cross type interaction were modeled as fixed effects and family, mother and father 
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were modeled as random effects. This model was used to assess if brain weight was influenced 

by a cross type specific plastic response. For each regional volume, I fitted a model where log10 

regional volume was the dependent variable and log10 brain weight, a treatment by cross type 

interaction, family, mother and father were included as independent variables. Brain weight and 

a treatment by cross type interaction were modeled as fixed effects and family, mother and father 

as random effects. These models were used to assess if the volume of an individual brain region 

was influenced by an additive cross type effect and cross specific relationships.  

The decision was made to use total length was chosen over body weight in statistical 

models because when compared to brain weight the R2 values were very similar (R2= 0.9348 and 

0.9399, respectively), however, body weight is known to be more variable depending on the time 

since the fish last fed and how much it ate. 

All statistical analyses were completed in R version 1.0.143 using the “lme4” and 

“lmerTest” packages (R Core Team 2016). 

 

RESULTS 

 My analysis of brain weight revealed among-family differences in the plastic response to 

the foraging treatment. The family by treatment interaction model provided a significantly better 

statistical fit than the with-family model and the without-family model was not significantly 

different than the with-family model (X2=9.18, df=1, p<0.01; X2=0, df=1, p>0.05; Table 3; 

Figure 1A). Although there was a general trend for families to have larger brains on average in 

the active treatment (21 of 24; 88%), there was no overall treatment effect (t=-0.31, df=211.0, 

p>0.05). The analysis of regional brain volume indicated that the plastic responses observed in 

all regions differed among families because the family by treatment interaction model was 



12 
 

significantly better than the with-family model and the without-family model was not 

significantly different than the with-family model (Table 3). For the telencephalon there were 

among-family differences in the plastic response (X2=7.48, df=1, p<0.01; Figure 1B). Although 

there was a general trend for families to have larger telencephalons in the active treatment (22 of 

24; 92%), there was no overall treatment affect (t=0.85, df=211.0, p>0.05). For the optic tectum 

there were among-family differences in the plastic response (X2=7.66, df=1, p<0.01; Figure 1C). 

Although there was a general trend for families to develop larger optic tectum in the active 

treatment (22 of 24; 92%), there was no overall treatment affect (t=-0.80, df=207.6, p>0.05). For 

the cerebellum there was among-family differences in the plastic response (X2=5.28, df=1, 

p<0.05; Figure 1D) and an overall treatment affect (t=-4.05, df=207.6, p<0.0001). Specifically, 

individuals in the sit and wait treatment have an 8% smaller cerebellum than those in the active 

treatment. For the olfactory bulb there were among-family differences in the plastic response 

(X2=5.56, df=1, p<0.05; Figure 1E). Although there was a general trend for families to develop 

larger olfactory bulbs in the active treatment (22 of 24; 92%), there was no overall treatment 

affect (t=1.35, df=206.5, p>0.05). For the hypothalamus there were among-family differences in 

the plastic response (X2=5.79, df=1, p<0.05; Figure 1F). Although there was a general trend for 

families to have a larger hypothalamus in the active treatment (22 of 24; 92%), there was no 

overall treatment affect (t=1.25, df=207.7, p>0.05).           

 Behavioural performance in the foraging trials was correlated with the relative size of the 

brain and some brain regions after accounting for behavioural trial (surface vs bottom feeding) 

and rearing treatment (active vs sit and wait). The proportion of time spent moving was related to 

relative brain weight and the relative volume of the olfactory bulb, but not to the relative volume 

of other regions (Table 5). The proportion of time spent moving in the trials was significantly 
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higher for individuals with a larger relative brain size than individuals with a smaller relative 

brain size (t=2.77, df=208.1, p<0.01; Figure 2). The proportion of time spent moving was 12% 

higher on average for individuals with a brain weight that was 10% larger than average. The 

proportion of time spent moving in the trials was also significantly higher for individuals with a 

smaller relative olfactory bulb volume than individuals with a larger relative olfactory bulb 

volume (t=-2.00, df=209.6, p<0.05; Figure 3). The proportion of time spent moving decreased 

4% when the olfactory bulb volume was 10% larger than average. The ratio of foraging attempts 

between the top and bottom of the test aquarium was related to the volume of the telencephalon 

but not to brain weight or the volume of any other brain region (Table 6). Individuals with larger 

telencephalon volumes directed more foraging attempts toward the top of the tank relative to the 

bottom than individuals with smaller telencephalon volumes (z=2.07, p< 0.05; Figure 4).  

 My investigation of brain morphology and cross type revealed that brain weight did not 

differ statistically between cross types, but that the volumes of the telencephalon, optic tectum, 

cerebellum and olfactory bulbs differed between cross types (Table 7). Relative telencephalon 

volumes were 6% larger, on average, for individuals from MRxMR families than for individuals 

from MMxMM cross families (t= 2.58, df=16.36, p<0.05; Figure 5A). The relative optic tectum 

volume was 11% larger, on average, for individuals from MRxMR families compared to 

individuals from MMxMM families (t= 3.55, df=15.49, p<0.01; Figure 5B) and the individuals 

from MRxMR families also had 13% larger relative cerebellum volumes, on average, than 

MMxMM families (t= 2.89, df=14.05, p<0.05; Figure 5C). Relative volume of the olfactory bulb 

displayed an interaction between rearing treatment and cross type (t=-1.97, df=199.83 p=0.05; 

Figure 6). Individuals from MMxMM families differed more so in relative olfactory volume 

between rearing treatments than individuals from MRxMR families. For MMxMM families, 
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relative size of the olfactory bulb was 6.5% higher for individuals reared in the sit-and-wait 

treatment than for individuals reared in the active treatment, whereas the corresponding 

difference was 0.83% for individuals from MRxMR families.  

 

DISCUSSION 

 My findings support two main conclusions. First, the development of relative brain size 

and structure in brook charr are likely influenced by both heritable differences and plastic 

responses to the foraging treatments. The contributions of these two processes varied across 

families for each brain region. Second, individual differences in relative brain size, and the 

relative size of some brain regions, correlated with differences in behaviour displayed in 

experimental feeding trials and with differences in cross type and therefore, the migratory 

behaviour of the grandparents of the test individuals examined.   

My findings are unique because there are currently only a handful of other studies that 

have specifically investigated brain morphology in the context of resource polymorphisms. 

These studies found differences in brain morphology between ecotypes and individuals that were 

using resources differently (Wilson and McLaughlin 2010; Axelrod et al. 2018). While many 

studies have demonstrated strong plastic responses in brain regions when fish are exposed to 

different spatial and temporal environments (Marchetti and Nevitt 2003; Burns et al. 2009; 

Kotrschal et al. 2012; Park et al. 2012; Gonda et al. 2013; Mccallum et al. 2014; Näslund et al. 

2017; Pike et al. 2018) and a few have found a significant heritable component to brain and 

region size (Kotrschal et al. 2013; Li et al. 2017), my study is one of the first to find a plastic 

response in brain weight and regional volume that is influenced by family and potential genetic 

effects. My study is also unique because I was able to demonstrate the bidirectional connection 
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between the brain and behaviour, where brain morphology can influence behaviour and 

behaviour can influence brain morphology. Studies of brain morphology and behaviour, such as 

Wilson and McLaughlin (2010), show a connection between foraging behaviours seen in the 

field and differences in brain morphology (telencephalon volume), but it is unclear whether the 

foraging behaviour influences the brain, or the brain influences foraging behaviour. I have shown 

that brain morphology can influence behaviour because of differences in brain size leading to 

differences in proportion of time spent moving and foraging attempts, and that behaviour can 

influence the brain because of the differences in brain morphology between the active and sit and 

wait treatments of my experiment.   

My results suggest the importance of heritable processes in determining the direction and 

magnitude of plastic brain responses. These conclusions are significant because of the limited 

understanding of how variation in internal morphological traits, such as brain morphology, 

contribute to resource polymorphism. The brain can play a key role in the development of 

resource polymorphisms because it is the cognitive processing centre responsible for 

coordinating behaviour (Striedter 2005) and behavioural exploitation of spatial and temporal 

resource variation is hypothesized to precede and drive morphological divergence (West-

Eberhard 1989; Skulason and Smith 1995). This exploitation is also more likely to occur if the 

brain can respond plastically to the environmental variation because plasticity can be highly 

advantageous when spatial and temporal variation in the environment imposes different 

cognitive demands. The amount of brain tissue can influence cognitive performance and when 

mismatches occur between habitat demands and cognitive abilities there can be important fitness 

costs (Jerison 1973; Niven and Laughlin 2008). Finding among-family differences in plasticity is 

important because the degree in which a brain responds plastically can be heritable and therefore 
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evolve in response to selection. In a heterogeneous environment, individuals who have inherited 

a generalist genotype that can respond plastically may be favoured over two fixed specialist 

genotypes (Levins 1968). This kind of family based plasticity can allow some individuals in a 

population to cope with environmental heterogeneity, essentially buying time for more 

permanent genetic adaptations (Pennisi 2018). In the context of resource polymorphism this 

means that permanent divergence between morphs requires distinct, stable niches and more 

specialised fixed genotypes before disruptive selection in a population and speciation can occur 

(Smith 1962).  

My investigation demonstrated correlations between relative brain size and structure, and 

behaviour, suggesting the differences in brain morphology have functional consequences in 

ecologically relevant ways. In feeding trials conducted at the end of the rearing experiment, 

individuals that spent more of their time moving had larger relative brain sizes and relatively 

smaller olfactory bulbs, and those that fed more at the top of the water column and less at the 

bottom had larger relative telencephalons. Further, when comparing crosses involving 

grandparents with different migratory histories, the telencephalon, optic tectum, and cerebellum 

were all relatively larger for individuals with a resident grandfather than for individuals with a 

migratory grandfather. These results support the hypothesis that foraging in different parts of the 

water column and living in open lake environments versus small tributaries present different 

cognitive challenges. Such differences in behaviour correlate with differences in brain size and 

structure because the brain is an energetically demanding organ and the amount of brain tissue 

must match the neural processing requirements needed to output the behaviour and to interpret 

sensory inputs while performing that behaviour (Jerison 1973; Niven and Laughlin 2008). For 

example, when increasing the amount of time spent actively searching for food there are changes 
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in physical demands from outputting that behaviour and also sensory inputs like olfaction and 

visual processing (Kramer and McLaughlin 2001; DeBose and Nevitt 2008). The cost of an 

increased brain size presents a trade-off, where individuals with certain sized brains may be 

better suited for certain environments or tasks. My results are also noteworthy because they 

demonstrate how subtle differences in where food is presented in the water column can lead to 

detectable differences in brain size and behaviour. Previous studies of brain plasticity in 

salmonid fish examined how brains differed between fish held in tanks free of structure versus 

tanks with an enriched environment and between fish held at low versus high densities 

(Kihslinger and Nevitt 2006; Näslund et al. 2012, 2017). My study represents a more realistic 

situation, as would be seen in the wild, where fish are presented with differences in prey location 

leading to difference in foraging behaviour. With these subtle treatment differences, I found that 

all brain regions showed among-family differences that influenced the plastic response and that 

there are functional consequences for behaviour.  

My specific findings regarding plastic responses by the telencephalon are relevant to 

Wilson and McLaughlin’s (2010) demonstration that in the field YOY brook trout displaying an 

active foraging tactic at the water surface have a larger telencephalon than those that forage by 

siting and waiting in the lower portion of the water column. My prediction, based on Wilson and 

McLaughlin’s (2010) findings, that individuals in the active treatment would develop a larger 

telencephalon than individuals in the sit and wait treatment was partially supported by the 

results. I found that there was a plastic response in brain weight and region volume that was 

influenced by among-family differences. Individuals from 22 of 24 families generally developed 

a larger telencephalon for their brain size in the active treatment than for the sit and wait 

treatment. However, 2 families developed a slightly larger telencephalon in the sit and wait 
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treatment than in the active treatment. My prediction that I would see a correlation with 

telencephalon volume and where individuals were foraging was fully supported by my results. In 

my behavioural experiments, I found that individuals with larger telencephalons made more 

foraging attempts at the top of the water column than in the bottom of the water column. Where 

my results differ from Wilson and McLaughlin (2010) is in the activity level of the fish. I found 

that the telencephalon was not correlated with proportion of time spent moving (activity), 

whereas Wilson and McLaughlin (2010) did. This could be due to the fact that there are 

complexities of foraging in the field that can affect behaviour, like habitat size, different prey 

types, perceived predation risks and environmental stochasticity, that were not captured in my 

lab experiment (Dill 1983; Liao 2007). It is possible that actively foraging in the field requires 

different cognitive demands that I was not able to recreate in my lab experiment, and therefore, I 

did not see differences in the telencephalon volume associated with proportion of time spent 

moving. However, one benefit of a lab experiment over the observational study done by Wilson 

and McLaughlin (2010) is that their study could not differentiate if the brain differences were the 

response or the cause of foraging behaviours seen in the field, whereas my experimental test can 

identify the response of the brain to different foraging treatments.   

When looking at the other regions of the brain I had no specific predictions but was 

interested in how changes in the relative regional sizes between treatments and families may 

contribute to foraging abilities. Recent papers have drawn parallels with brain size and littoral 

versus pelagic foraging. Specifically, that overall brain size is increased with littoral foraging and 

littoral-pelagic coupling, that telencephalon size is increased with littoral foraging, and that 

cerebellum size is increased with pelagic foraging (Edmunds et al. 2016a, 2016b; Axelrod et al. 

2018). My results partially reflect these findings because I found that the cerebellum was smaller 
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in the sit and wait treatment, however, I saw no overall differences in the size of the brain or 

other regions between the active and sit and wait treatments. The difference in findings between 

studies may be that it is difficult to compare the location of foraging in the field to my lab based 

active and sit and wait foraging treatments. My results also partially support recent findings 

when looking at some of the behavioural measurements. I found that the proportion of time spent 

moving increased with total brain weight, which is similar to Edmunds et al. (2016a) findings 

that total brain size was linked to an increase in foraging activity across macrohabitats and 

increased relative trophic position. The proposed explanation was that fish in higher trophic 

levels have increased cognitive demands because they use multiple habitats and couple several 

food web compartments. Where my behavioural results differ is when looking at the olfactory 

bulb, which decreased with the proportion of time spent moving. Edmunds et al. (2016b) found 

that the olfactory bulb increased with trophic position, which again could be linked to increased 

foraging activity. This inconsistency raises an opportunity to further investigate the relationship 

between olfactory bulb size and foraging activity. Regardless of this inconsistency, total brain 

weight and relative olfactory bulb volume can be seen as important brain components for the 

cognitive challenges associated with different foraging tasks because of the correlations I found 

between size and foraging related performance. 

While my study provides interesting findings regarding the mechanisms shaping brain 

morphology, it is important to acknowledge limitations that could affect my interpretation of the 

findings and reveal avenues for future research. I have interpreted the family by treatment 

interactions as potential evidence for genetic effects, but differences could arise from complex 

interactions of multiple genetic and environmental mechanisms. One such mechanism could be 

maternal effects, which are non-genetic contributions to the phenotype from its mother 
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(Bernardo 1996; Green 2008). A mother’s size, age, and condition can influence her egg size 

(Reznick et al. 1996; Johnston and Leggett 2002). These initial differences in egg size have can 

influence growth and survival, where juveniles from large eggs are larger at hatching and 

experience advantages in survival and growth (Hutchings 1991; Chambers and Leggett 1996; 

Einum and Fleming 1999). I accounted for maternal effects to some degree by including mother 

as a random effect in my models; however, this effect could be explored in greater detail. My 

interpretation of the family differences is also complicated because I also accounted for fathers in 

my mixed effect models. The influence of fathers is more likely to be genetic, because the 

fathers’ contributions to eggs are largely restricted to their genes. As such, the family differences 

reveal variation after accounting for paternal genetic effects, because father was included as a 

random effect in my models. Lastly, and importantly because paternal effects were considered in 

my models, the family effects could represent family level environmental influences that 

occurred early in life, prior to my experiments, and differentially influenced the brain 

development prior to or during my experiment. For example, the water temperature entering the 

vertical, flow through incubator was intentionally kept constant during early rearing of the 

families, but it remains possible that families incubated in trays near the bottom of the incubator 

experienced slightly higher temperatures than those incubated near the top. Water entering the 

top was exposed to the higher, ambient air temperatures as it flowed through the incubation trays 

prior reaching the bottom. This exposure could have warmed the water temperature. Temperature 

is an important factor during incubation because it can affect the metabolism and development of 

an embryo (Kinne and Kinne 1962). More involved analyses using the animal model to 

accommodate genetic relatedness of individuals and maternal and paternal effects are needed to 

help sort through the complexities, and associated uncertainties, of these mechanisms. The 
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second limitation is that my results may have been influenced by reduced genetic variation. My 

results suggest a difference in brain morphology and plasticity between the residents and 

migrants in the Lake Superior brook charr population, however, my fish are F2 crosses where 

resident grandparents have been crossed with migrants and not residents. The concern is that the 

variation that would be seen naturally in the field could be greater than that used in my study. 

My results could also be influenced by artificial selection in the hatchery in general. There is a 

common concern with hatchery populations that artificially selected fish have reduced genetic 

variation (Verspoor 1988; Horreo et al. 2008) which impacts egg size, hatching time, viability 

and growth (Tiira et al. 2006; McDermid et al. 2010). Both cases of reduced variation could 

make it difficult to detect heritability and correlations between brain morphology and behaviour 

due to lack of variability among individuals. This can result in a smaller effect size and 

decreased statistical power (Cohen 1988). 

The conclusions of my study provide further understanding about the processes 

facilitating resource polymorphism. Specifically, I have shown that brain structure is shaped by 

among-family differences that influence plastic responses to rearing and that the variation in 

brain morphology can be linked with differences in behaviour related to foraging. Understanding 

the proximate mechanisms responsible for divergence in brain structure and behaviour is crucial 

for developing our knowledge of resource polymorphisms. First, knowing whether genetic 

effects or plastic responses are responsible for divergence is important because a population can 

change and affect ecosystem function differently depending on the mechanism (Des Roches et al. 

2017; Pennisi 2018). Second, looking specifically at the brain is important because the brain and 

subsequent behaviours can be the origin of divergence for resource polymorphisms, as 

individuals can exploit variation in resources before external morphological adaptations occur 
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(West-Eberhard 1989; Skulason and Smith 1995). My results highlight the importance of looking 

at both genetic variation and environmental effects in polymorphic populations because I found 

that variation in brain size is influenced by among-family differences that affect plastic 

responses. The results highlight that the brain is a potentially important trait for resource 

polymorphism because divergence in brain structure underly the differences in behaviour that 

could affect how individuals interact with resources.  
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TABLES 

Table 1. (a) Visual representation of the partial factorial design used to create the 12 migrant-

migrant (MM) x migrant-migrant (a) and 12 migrant-resident (MR) x migrant-resident (b) 

families of brook charr. Numbers in bold depict the families created from 6 MM females and 6 

MM males (a) and from 6 MR females and 6 MR males. This cross design allowed for the 

creation of maternal and paternal half-siblings between families. 

 

 

 

 

  

  Males 

  MM7 MM8 MM9 MM10 MM11 MM12 

  
F

em
al

es
 

MM1  9  10   

MM2 5  6    

MM3    3  4 

MM4   11  12  

MM5  1    2 

MM6 7    8  

  Males 

  MR7 MR8 MR9 MR10 MR11 MR12 

  
F

em
al

es
 

MR1  21  22   

MR2 17  18    

MR3    15  16 

MR4   13  14  

MR5  19    20 

MR6 23    24  
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Table 2. Summary of the geometric mean and standard error (SE) of total length (mm) for family 

in each rearing treatment (active and sit and wait). n= ~5 per family (2-5 individuals).  

 Active Sit and Wait 

Family Geometric Mean SE Geometric Mean SE 

1 55.35 0.008 28.90 0.017 

2 63.53 0.013 41.92 0.041 

3 58.35 0.017 38.56 0.040 

4 63.34 0.015 46.32 0.050 

5 52.69 0.014 46.88 0.040 

6 53.25 0.018 53.62 0.020 

7 56.44 0.014 46.74 0.042 

8 57.02 0.007 46.16 0.057 

9 48.95 0.015 41.07 0.046 

10 50.67 0.015 55.61 0.021 

11 52.93 0.011 45.29 0.040 

12 57.24 0.006 50.09 0.020 

13 51.26 0.061 41.46 0.064 

14 62.97 0.013 41.10 0.031 

15 57.27 0.016 44.17 0.074 

16 59.77 0.020 55.26 0.040 

17 61.80 0.014 42.36 0.035 

18 61.92 0.026 35.18 0.030 

19 57.34 0.020 33.28 0.055 

20 61.18 0.014 44.25 0.051 

21 60.48 0.017 44.77 0.065 

22 50.22 0.077 54.83 0.009 

23 55.75 0.021 51.39 0.056 

24 57.54 0.016 39.30 0.032 
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Table 3. Assessment of model sets for each brain metric (response variable) according to the log 

likelihood test, where the 1st (without-family) model is compared to the 2nd (with-family) model 

and the 2nd model is compared to the 3rd (family by treatment interaction) model. Random effects 

in each model are indicated by italicized font. Total length, brain weight and regional volumes 

were logged.  

 #df LogLik df Chisq p 

Total Brain Weight      

1. Total Length (TL), treatment, mother, father 6 410.34    

2. TL, treatment, family, mother, father 7 410.34 1 0 1 

3. TL, treatment by family, mother, father 8 414.93 1 9.18 0.002 

Telencephalon Volume      

1. Brain weight, treatment, mother, father 6 373.61    

2. Brain weight, treatment, family, mother, father 7 373.61 1 0 1 

3. Brain weight, treatment by family, mother, father 8 377.35 1 7.48 0.006 

Optic Tectum Volume      

1. Brain weight, treatment, mother, father 6 369.36    

2. Brain weight, treatment, family, mother, father 7 369.36 1 0 0.98 

3. Brain weight, treatment by family, mother, father 8 373.19 1 7.66 0.006 

Cerebellum Volume      

1. Brain weight, treatment, mother, father 6 304.54    

2. Brain weight, treatment, family, mother, father 7 304.86 1 0.65 0.42 

3. Brain weight, treatment by family, mother, father 8 302.22 1 5.28 0.021 

Olfactory Bulb Volume      

1. Brain weight, treatment, mother, father 6 279.84    

2. Brain weight, treatment, family, mother, father 7 279.84 1 0 1 

3. Brain weight, treatment by family, mother, father 8 282.61 1 5.56 0.018 

Hypothalamus Volume      

1. Brain weight, treatment, mother, father 6 274.05    

2. Brain weight, treatment, family, mother, father 7 274.05 1 0 1 

3. Brain weight, treatment by family, mother, father 8 276.94 1 5.79 0.016 
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Table 4. Summary table of variances and estimates of random and fixed effects from the 3rd 

model (family by treatment) from Table 3. Total length, brain weight and regional volumes were 

logged.   

Brain Weight 

Random Effects Variance SD    

Family 1.16e-06 0.001    

Family|treatmentSW 1.20e-04 0.011    

Mother 3.67e-04 0.019    

Father 0.00e+00 0.000    

Fixed Effects Estimate SE df t value p value 

Intercept -4.26 0.043 113.7 -97.55 <2e-16 

Total length  1.54 0.025 117.6  60.88 <2e-16 

Telencephalon Volume 

Random Effects Variance SD    

Family 0.00e+00 0.000    

Family|treatmentSW 1.053e-18 1.03e-09    

Mother 2.982-04 1.73e-02    

Father 2.59e-05 5.089e-03    

Fixed Effects Estimate SE df t value p value 

Intercept 1.61 0.031 220.9 52.41 <2e-16 

Brain weight 0.82 0.018 213.3 44.63 <2e-16 

Optic Tectum Volume 

Random Effects Variance SD    

Family 1.17e-05 0.003    

Family|treatmentSW 1.45e-05 0.004    

Mother 7.50e-04 0.027    

Father 0.00e+00 0.000    

Fixed Effects Estimate SE df t value p value 

Intercept 2.40 0.031 210.3 76.45 <2e-16 

Brain weight 0.91 0.019 183.2 49.28 <2e-16 

Cerebellum Volume 

Random Effects Variance SD    

Family 7.40e-07 0.001    

Family|treatmentSW 7.39e-04 0.027    

Mother 1.20e-03 0.035    

Father 0.00e+00 0.000    

Fixed Effects Estimate SE df t value p value 

Intercept 2.21 0.045 135.8 49.14 <2e-16 

Brain weight 1.22 0.027 114.6 44.78 <2e-16 

Olfactory Bulb Volume 

Random Effects Variance SD    

Family 0.00e+00 0.000    
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Family|treatmentSW 5.08e-14 2.25e-07    

Mother 4.57e-04 2.14e-02    

Father 3.98e-04 2.00e-02    

Fixed Effects Estimate SE df t value p value 

Intercept 1.17 0.047 218.7 24.94 <2e-16 

Brain weight 1.04 0.028 210.3 37.09 <2e-16 

Hypothalamus 

Random Effects Variance SD    

Family 3.96e-07 0.001    

Family|treatmentSW 2.55e-05 0.005    

Mother 6.36e-04 0.025    

Father 3.23e-04 0.018    

Fixed Effects Estimate SE df t value p value 

Intercept 1.83 0.048 148.6 38.05 <2e-16 

Brain weight 0.96 0.029 116.8 33.56 <2e-16 
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Table 5. Summary table for the logistic generalized linear mixed effects model testing for the 

influence of each brain metric as a predictor variable on the Proportion of Time Spent Moving as 

a response variable. Each model included log10 brain metric, log10 size component and a 

behavioural trial (surface vs bottom feeding) by rearing treatment (active vs sit and wait) as fixed 

effects and individual as a random effect. The size component was total length for brain weight 

and brain weight for regional volumes.  

 Estimate SE df t value p 

Total Brain Weight 1.78 0.52 208.6 3.46 0.001 

Telencephalon Volume -0.09 0.47 209.2 -0.18 0.86 

Optic Tectum Volume 0.33 0.42 208.3 0.79 0.43 

Cerebellum Volume -0.11 0.32 214.7 -0.34 0.73 

Olfactory Bulb Volume -0.62 0.31 209.6 -2.00 0.05 

Hypothalamus Volume -0.53 0.29 208.4 -1.80 0.07 

 

Table 6. Summary table for the logistic generalized linear mixed effects model testing for the 

influence of each brain metric as a predictor variable on the Feeding Ratio (Ftop/Fbot) as a 

response variable. Each model included log10 brain metric, log10 size component and a 

behavioural trial (surface vs bottom feeding) by rearing treatment (active vs sit and wait) as fixed 

effects and individual as a random effect. The size component was total length for brain weight 

and brain weight for regional volumes.   

 Estimate SE z value p 

Total Brain Weight -4.01 12.46 -0.32 0.74 

Telencephalon Volume 24.30 11.73 2.07 0.04 

Optic Tectum Volume -0.67 10.43 -0.06 0.94 

Cerebellum Volume 7.46 7.03 1.06 0.28 

Olfactory Bulb Volume -8.00 7.88 -1.01 0.31 

Hypothalamus Volume 1.73 6.54 0.27 0.79 
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Table 7. Summary table for the generalized linear mixed effects models testing for the influence 

of cross type as a predictor variable on each brain metric as a response variable. Each model 

included log10 size component and cross type as fixed effects and a treatment by family 

interaction, mother and father as random effects. The size component was total length for brain 

weight and brain weight for regional volumes.   

 Estimate SE df t value p 

Total Brain Weight      

Cross Type (MRxMR) -0.24 0.01 12.0 -1.90 0.08 

Telencephalon Volume      

Cross Type (MRxMR) 0.03 0.01 16.4 2.58 0.02 

Optic Tectum Volume      

Cross Type (MRxMR) 0.04 0.01 15.5 3.55 0.002 

Cerebellum Volume      

Cross Type (MRxMR) 0.05 0.02 14.1 2.89 0.01 

Olfactory Bulb Volume      

Cross Type (MRxMR): Treatment (SW) -0.03 0.02 199.8 -1.97 0.05 

Hypothalamus Volume      

Cross Type (MRxMR) 7.52e-3 2.23e-2 0.02 0.34 0.74 
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FIGURES 
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Figure 1. Reaction norm plots depicting the predicted total brain weight (g) (A), telencephalon 

volume (mm3) (B), optic tectum volume (mm3) (C), cerebellum volume (mm3) (D), olfactory 

bulb volume (mm3) (E), and hypothalamus volume (mm3) (F) for 24 brook charr (Salvelinus 

fontinalis) families, in active and sit-and-wait treatments. Food was delivered across the water 

surface in active treatments and within the water column near vegetation in the sit-and-wait 

treatments. Symbols represent least square mean for each family, lines represent the slope 

between treatments for each family. Predicted values for brain weight have been adjusted 

statistically for differences in total length (mm), and mother and father. Volumes of specific 

brain regions were adjusted statistically for differences in the total brain weight (g), and mother 

and father.   
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Figure 2. The plot of the predicted average proportion of time spent moving in two five-minute 

behavioural trials in relation to the log transformed brain weight after statistically adjusting for 

total length, treatment, behavioural trial and individual. Each point represents an individual’s 

average proportion of time spent moving between two behaviour trials, as predicted from a 

generalized linear mixed effects model. Values were only averaged between the two trials for 

visualization of the figure. In the model, individual was included as a random variable. An 

outlier was excluded from the figure for visualization, but remained in the dataset that was used 

beacuse it did not impact the significance of the correlation between brain weight and proportion 

of time spent moving (t= 1.61, df=208.1, p=0.006).  
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Figure 3. Leverage plot depicting the proportion of time spent moving in five-minute behavioural 

trials in relation to the log transformed volume of the olfactory bulb after statistically adjusting 

for brain weight, treatment, behavioural trial and repeated individual measurements. Each point 

represents an individuals average proportion of time spent moving between two behaviour trials 

(top feeding and bottom feeding), as predicted from a generalized linear mixed effects models.  
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Figure 4. Predicted ratio of foraging in the top versus bottom of the water column in two five-

minute behavioural trials in relation to the log transformed telencephalon volume after 

statistically adjusting for brain weight, treatment, behavioural trial and individual. Each point 

represents an individuals average foraging ratio (Ftop/Fbot) between two behaviour trials (top 

feeding and bottom feeding), as predicted from a generalized linear mixed effects models. 
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Figure 5. Box and Whiskers Plot depicting the predicted telencephalon volume (A), optic tectum 

volume (B), and cerebellum volume (C) between the two cross types, Migrant-Migrant by 

Migrant-Migrant (MMxMM) and Migrant-Resident by Migrant-Resident (MRxMR) after 

statistically adjusting for brain weight (g), cross type, treatment by family, mother and father. 

Dots represent the individual values of outliers.  
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Figure 6. A reaction norm depicting the predicted olfactory bulb volume (mm3), between two 

rearing treatments: Active (A), where food was delivered at the water surface, and Sit and Wait 

(SW), where food was delivered within the water column for two crosstypes, Migrant-Migrant 

by Migrant-Migrant (MMxMM) and Migrant-Resident by Migrant-Resident (MRxMR) after 

statistically adjusting for brain weight (g), cross type, treatment by family, mother and father. 

Dots represent the least square means for each cross type and lines represent the slope between 

each treatment.   

 

 

 

  

0.29

0.30

0.32

0.33

Active Sit and Wait

P
re

d
ic

te
d
 O

lf
a

c
to

ry
 B

u
lb

 V
o

lu
m

e
 (

m
m

^3
)

Treatment

MMxMM

MRxMR



37 
 

REFERENCES 

Axelrod, C.J., Laberge, F., and Robinson, B.W. 2018. Intraspecific brain size variation between 

coexisting sunfish ecotypes. Proc. R. Soc. B Biol. Sci. 285(1890). 

doi:10.1098/rspb.2018.1971. 

Bernardo, J. 1996. The particular maternal effect of propagule size, especially egg size: patterns, 

models, quality of evidence and interpretations. Am. Zool. 36: 216–236. 

doi:10.1093/cdj/35.4.428. 

Biro, P.A., and Ridgway, M.S. 1995. Individual Variation in Foraging Movements in a Lake 

Population of Young-of-the-Year Brook Charr (Salvelinus fontinalis). Behaviour 132: 57–

74. 

Bolker, B.M., Brooks, M.E., Clark, C.J., Geange, S.W., Poulsen, J.R., Stevens, M.H.H., and 

White, J.S.S. 2009. Generalized linear mixed models: a practical guide for ecology and 

evolution. Trends Ecol. Evol. 24(3): 127–135. doi:10.1016/j.tree.2008.10.008. 

Burns, J.G., Saravanan, A., and Helen Rodd, F. 2009. Rearing environment affects the brain size 

of guppies: Lab-reared guppies have smaller brains than wild-caught guppies. Ethology 

115(2): 122–133. doi:10.1111/j.1439-0310.2008.01585.x. 

Chambers, R.C., and Leggett, W.C. 1996. Maternal Influences on Variation in Egg Sizes in 

Temperate Marine Fishes. Am. Zool. 36: 180–196. doi:10.1093/icb/36.2.180. 

Cohen, J. 1988. Statistical Power Analysis for the Behavioural Sciences. In 2nd edition. 

Lawrence Erlbaum Associates, New York. 

Davis, R.E., and Kassel, J. 1983. Behavioural functions of the teleostean telencephalon. Fish 

Neurobiol. 2: 238–263. doi:10.1016/S0091-6773(77)91060-4. 

DeBose, J.L., and Nevitt, G.A. 2008. The use of odors at different spatial scales: Comparing 

birds with fish. J. Chem. Ecol. 34: 867–881. doi:10.1007/s10886-008-9493-4. 

Demski, L.S., and Knigge, K.M. 1971. The telencephalon and hypothalamus of the Bluegill and 

reproductive behavior with representative frontal sections. J. Comp. Neurol. 143: 1–16. 

doi:10.1002/cne.901430102. 

Dill, L.M. 1983. Adaptive Flexibility in the Foraging Behavior of Fishes. Can. J. Fish. Aquat. 

Sci. 40: 398–408. doi:10.1139/f83-058. 

Doebeli, M., and De Jong, G. 1999. Genetic variability in sensitivity to population density affects 

the dynamics of simple ecological models. Theor. Popul. Biol. 55(1): 37–52. 

doi:10.1006/tpbi.1998.1385. 

Durán, E., Oca, F.M., Martín-monzón, I., Rodríguez, F., and Salas, C. 2014. Cerebellum and 

spatial cognition in goldfish. Behav. Brain Res. 259: 1–8. doi:10.1016/j.bbr.2013.10.039. 

Edmunds, N.B., Laberge, F., and McCann, K.S. 2016a. A role for brain size and cognition in 

food webs. Ecol. Lett. 19: 948–955. doi:10.1111/ele.12633. 

Edmunds, N.B., Mccann, K.S., and Laberge, F. 2016b. Food Web Structure Shapes the 

Morphology of Food Web Structure Shapes the Morphology of Teleost Fish Brains. Brain. 



38 
 

Behav. Evol. 87: 128–138. doi:10.1159/000445973. 

Einum, S., and Fleming, I.A. 1999. Maternal effects of egg size in brown trout (Salmo trutta): 

Norms of reaction to environmental quality. Proc. R. Soc. B Biol. Sci. 266(1433): 2095–

2100. doi:10.1098/rspb.1999.0893. 

Gonda, A., Herczeg, G., and Merilä, J. 2013. Evolutionary ecology of intraspecific brain size 

variation: A review. Ecol. Evol. 3(8): 2751–2764. doi:10.1002/ece3.627. 

Gray, S.M., and Mckinnon, J.S. 2006. Linking color polymorphism maintenance and speciation. 

Trends Ecol. Evol. 22(2): 71–79. doi:10.1016/j.tree.2006.10.005. 

Green, B.S. 2008. Chapter 1 Maternal Effects in Fish Populations. Adv. Mar. Biol. 54(08): 1–

105. doi:10.1016/S0065-2881(08)00001-1. 

Horreo, J.L., Machado-Schiaffino, G., Griffiths, A., Bright, D., Stevens, J., and Garcia-Vazquez, 

E. 2008. Identification of differential broodstock contribution affecting genetic variability in 

hatchery stocks of Atlantic salmon (Salmo salar). Aquaculture 280(1–4): 89–93. 

doi:10.1016/j.aquaculture.2008.05.004. 

Hutchings, J.A. 1991. Fitness Consequences of Variation in Egg Size and Food Abundance in 

Brook Trout Salvelinus fontinalis. Evolution (N. Y). 45(5): 1162–168. doi:10.2307/2409723. 

Jerison, H.J. 1973. Evolution of the Brain and Intelligence. Academic Press, New York. 

Johnston, T.A., and Leggett, W.C. 2002. Maternal and Environmental Gradients in the Egg Size 

of Iteroparous Fish. Ecology 83(7): 1777–1791. 

Kihslinger, R.L., and Nevitt, G. a. 2006. Early rearing environment impacts cerebellar growth in 

juvenile salmon. J. Exp. Biol. 209: 504–509. doi:10.1242/jeb.02019. 

Kinne, O., and Kinne, E.M. 1962. Rates of development in embryos of a Cyprinodont fish 

exposed to different temperature-salinity-oxygen combinations. Can. J. Zool. 40: 231–253. 

Kotrschal, A., Rogell, B., Bundsen, A., Svensson, B., Zajitschek, S., Brännström, I., Immler, S., 

Maklakov, A.A., and Kolm, N. 2013. Artificial selection on relative brain size in the guppy 

reveals costs and benefits of evolving a larger brain. Curr. Biol. 23(2): 168–171. 

doi:10.1016/j.cub.2012.11.058. 

Kotrschal, A., Rogell, B., Maklakov, A.A., and Kolm, N. 2012. Sex-specific plasticity in brain 

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

Sociobiol. 66: 1485–1492. doi:10.1007/s00265-012-1403-7. 

Kotrschal, K., Van Staaden, M.J., and Huber, R. 1998. Fish brains : evolution and environmental 

relationships. Rev. Fish Biol. Fish. 8: 373–408. 

Kramer, D.L., and McLaughlin, R.L. 2001. The behavioral ecology of intermittent locomotion. 

Am. Zool. 41: 137–153. 

Laberge, F., and Hara, T.J. 2001. Neurobiology of fish olfaction : a review. Brain Res. Rev. 36: 

46–59. 

Levins, R. 1968. Evolution in Changing Environments. In Monographs in Population Biology. 



39 
 

Princeton University Press, Princeton, New Jersey. 

Li, Z., Guo, B., Yang, J., Herczeg, G., Gonda, A., Balázs, G., Shikano, T., Calboli, F.C.F., and 

Merilä, J. 2017. Deciphering the genomic architecture of the stickleback brain with a novel 

multilocus gene-mapping approach. Mol. Ecol. 26: 1557–1575. doi:10.1111/mec.14005. 

Liao. 2007. A review of fish swimming mechanics and behaviour in altered flows. Philos. Trans. 

R. Soc. B 362: 1973–1993. doi:10.1098/rstb.2007.2082. 

Marchetti, M.P., and Nevitt, G.A. 2003. Effects of hatchery rearing on brain structures of 

rainbow trout, Oncorhynchus mykiss. Environ. Biol. Fishes 66(1): 9–14. 

doi:10.1023/A:1023269221678. 

Mccallum, E.S., Capelle, P.M., and Balshine, S. 2014. Seasonal plasticity in telencephalon mass 

of a benthic fish. J. Fish Biol. 85(5): 1785–1792. doi:10.1111/jfb.12507. 

McDermid, J.L., Sloan, W.N., Wilson, C.C., and Shuter, B.J. 2010. Early Life History Variation 

among Hatchery- and Wild-Origin Lake Trout Reared in a Hatchery Environment. Trans. 

Am. Fish. Soc. 139(1): 21–28. doi:10.1577/T08-130.1. 

McLaughlin, R.L., Grant, J.W.A., and Kramer, D.L. 1992. Individual Variation and Alternative 

Patterns of Foraging Movements in Recently- Emerged Brook Charr (Salvelinus fontinalis). 

Behaviour 120(3): 286–301. 

Murray, C.B., and Beacham, T.D. 2008. Effect of varying temperature regimes on the 

development of pink salmon ( Oncorhynchus gorbuscha ) eggs and alevins. Can. J. Zool. 

64: 670–676. doi:10.1139/z86-099. 

Nachman, M. 2005. The genetic basis of adaptation: lessons from concealing coloration in 

pocket mice. In Genetica. doi:10.1017/CBO9781107415324.004. 

Näslund, J., Aarestrup, K., Thomassen, S.T., and Johnsson, J.I. 2012. Early enrichment effects 

on brain development in hatchery-reared Atlantic salmon (Salmo salar): no evidence for a 

critical period. Can. J. Fish. Aquat. Sci. 69(9): 1481–1490. doi:10.1139/f2012-074. 

Näslund, J., Larsen, M.H., Thomassen, S.T., Aarestrup, K., and Johnsson, J.I. 2017. 

Environment-dependent plasticity and ontogenetic changes in the brain of hatchery-reared 

Atlantic salmon. Zool. Soc. London 301: 75–82. doi:10.1111/jzo.12392. 

Niven, J.E., and Laughlin, S.B. 2008. Energy limitation as a selective pressure on the evolution 

of sensory systems. J. Exp. Biol. 211: 1792–1804. doi:10.1242/jeb.017574. 

Park, P.J., Chase, I., and Bell, M. a. 2012. Phenotypic plasticity of the threespine stickleback 

Gasterosteus aculeatus telencephalon in response to experi- ence in captivity. Curr. Zool. 

58(1): 189–210. 

Pennisi, E. 2018. Buying time. Science (80-. ). 362(6418): 988–991. 

doi:10.1126/science.362.6418.988. 

Pike, T.W., Ramsey, M., and Wilkinson, A. 2018. Environmentally induced changes to brain 

morphology predict cognitive performance. Philos. Trans. R. Soc. B 373(1–8). 

doi:10.1098/rstb.2017.0287. 



40 
 

R Core Team. 2016. R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. Available from http://www.r-project.org/. 

Reznick, D., Callahan, H., and Llauredo, R. 1996. Maternal effects on offspring quality in 

poeciliid fishes. Am. Zool. 36: 147–156. doi:10.1093/icb/36.2.147. 

Robillard, M.M., Casselman, J.M., McLaughlin, R.L., and Mackereth, R.W. 2011. Alternative 

growth histories in populations of Lake Superior brook trout: Critical support for partial 

migration. Biol. Conserv. 144(7): 1931–1939. Elsevier Ltd. 

doi:10.1016/j.biocon.2011.03.022. 

Robillard, M.M., McLaughlin, R.L., and Mackereth, R.W. 2014. Sexual maturation in stream 

residents from migratory populations of brook trout inhabiting Lake Superior tributaries. J. 

Great Lakes Res. 40(4): 1016–1021. International Association for Great Lakes Research. 

doi:10.1016/j.jglr.2014.09.018. 

Des Roches, S., Post, D.M., Turley, N.E., Bailey, J.K., Hendry, A.P., Kinnison, M.T., 

Schweitzer, J.A., and Palkovacs, E.P. 2017. The ecological importance of intraspecific 

variation. Nat. Ecol. Evol. 2: 57–64. Springer US. doi:10.1038/s41559-017-0402-5. 

Sandlund, O.T., Gunnarsson, K., Jónasson, P.M., Jonsson, B., Lindem, T., Magnússon, K.P., 

Malmquist, H.J., Sigurjónsdóttir, H., Skúlason, S., and Snorrason, S.S. 1992. The Arctic 

Charr Salvelinus alpinus in Thingvallavatn. Oikos 64: 305–351. 

Schluter, D. 1993. Adaptive Radiation in Sticklebacks : Size , Shape , and Habitat Use 

Efficiency. Ecology 74(3): 699–709. 

Shumway, C.A. 2008. Habitat Complexity , Brain , and Behavior. Brain, Behav. Evol. 72: 123–

134. doi:10.1159/000151472. 

Sicoly, L. 2015. Understanding behavioural diversity and its link to migration in Lake Superior 

brook trout by. MSc Thesis (January): 1–54. 

Sinervo, B., Bleay, C., and Adamopoulou, C. 2001. Social causes of correlational selection and 

the resolution of a heritable throat color polymorphism in a lizard. Evolution (N. Y). 55(10): 

2040–2052. doi:10.1111/j.0014-3820.2001.tb01320.x. 

Skretting. 2014. Skretting Trout Feeding Chart. 

Skulason, S., and Smith, T.B. 1995. Resource polymorphisms in vertebrates. Trends Ecol. Evol. 

Evol. 10(9): 238–239. 

Smith, M. 1962. Disruptive selection, polymorphism and sympatric speciation. Nature 195: 60–

62. 

Smith, T.B., and Skulason, S. 1996. Evolutionary Significance of Resource Polymorphisms in 

Fishes , Amphibians , and Birds. Annu. Rev. Ecol. Syst. 27(1): 111–133. 

doi:10.1146/annurev.ecolsys.27.1.111. 

Striedter, G.F. 2005. Principles of Brain Evolution. Sinauer Associates, INC., Sunderland, MA. 

doi:10.1038/scientificamericanmind0714-76. 

Strnad, C.J. 2016. Consistent individual differences in behaviour are not predicted by metabolic 



41 
 

phenotype of offspring from migrant and resident Brook Trout. 

Tiira, K., Piironen, J., and Primmer, C.R. 2006. Evidence for reduced genetic variation in 

severely deformed juvenile salmonids. Can. J. Fish. Aquat. Sci. 63(12): 2700–2707. 

doi:10.1139/f06-154. 

Vargas, J.P., Bingman, V.P., Portavella, M., and López, J.C. 2006. Telencephalon and geometric 

space in goldfish. Eur. J. Neurosci. 24(10): 2870–2878. doi:10.1111/j.1460-

9568.2006.05174.x. 

Verspoor, E. 1988. Reduced Genetic Variability in First-Generation Hatchery Populations of 

Atalntic Salmon (Salmo salar). Can. J. Fish. Aquat. Sci. 45: 1686–1690. 

Wajmer, N. 2016. Understanding phenotypic and genetic variation in behaviours linked to 

migration in Lake Superior Brook Trout. Univ. Guelph Master’s Thesis. 

West-Eberhard, M.J. 1989. Phenotypic plasticity and the origins of diversity. Annu. Rev. Ecol. 

Syst. 20: 249–278. 

Wilson, A.D.M., and McLaughlin, R.L. 2010. Foraging behaviour and brain morphology in 

recently emerged brook charr, Salvelinus fontinalis. Behav. Ecol. Sociobiol. 64(11): 1905–

1914. doi:10.1007/s00265-010-1002-4. 

 

 


