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ABSTRACT 

 

UNDERSTANDING BEHAVIOURAL DIVERSITY AND ITS LINK TO MIGRATION 

IN LAKE SUPERIOR BROOK TROUT 

 

  

Lauren Sicoly                                                              Advisor: 

University of Guelph, 2015                                         Dr. Robert L. McLaughlin 

 

I used crosses between migrant and stream resident brook trout (Salvelius 

fontinalis) from Lake Superior to test for phenotypic and genetic variation in personality 

traits hypothesized to be tied to migratory behaviour. Two ecotypes of brook trout 

originate in Lake Superior: a large-bodied ecotype that migrates to the lake and a small-

bodied ecotype that remains stream resident. The migrant form is of conservation 

concern. In 2011, migrant and resident adult brook trout were captured in the field and 

crossed to generate 26 families. In spring and summer of 2012 (young of the year) and 

2013 (yearling), I quantified personality measures of risk-taking, general activity, 

sociability, and propensity to disperse in ten fish from each family. YOY and yearlings 

displayed repeatable, heritable differences in behaviours. The migratory status of parents 

was not related to the behaviour of offspring, suggesting that migratory behaviour in 

brook trout is not influenced by personality.  
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INTRODUCTION 

Individuals from wild animal populations can differ in behaviour, beyond that 

expected based on differences in body size, sex, and life stage (Bolnick et al. 2003). When 

behavioural differences are repeatable through time and across contexts they are often 

termed consistent individual differences in behaviour (CIDs) (Réale et al. 2007). CIDs in 

behaviour have been observed in a wide range of vertebrates, including fishes, lizards, 

amphibians, reptiles, birds and other mammals (Stamps & Groothuis 2009). CIDs in 

behaviour measured in standardized tests are termed personality and personalities are 

often characterized along five behavioural axes: response to known risks (shyness-

boldness), response to new situations (exploration-avoidance), general level of activity 

(active-inactive), agonistic reaction towards conspecifics (aggressive-unaggressive), and 

affinity towards conspecifics (social-asocial) (Réale et al. 2007). When personality 

reflects suites of correlated traits that co-vary across contexts or situations, they are often 

defined as behavioural syndromes (Conrad et al. 2011). The terms CIDs, personality, 

behavioural syndrome, as well as coping strategy and temperament are often used 

interchangeably (Réale et al. 2007, Conrad et al. 2011). 

 

Evidence of consistent individual differences in behaviour is challenging scientists 

to assess the ecological and evolutionary significance of personality (Réale et al. 2007, 

Dall et al. 2012, Wolf & Weissing 2012). Assessment of the ecological and evolutionary 

significance of personality requires four steps (Réale et al. 2007). The first step is 

rigorous characterization of the variation in personality traits (Dingemanse & 

Dochtermann 2013). Typically this entails quantifying the repeatability of the personality 
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measurement (Bell et al. 2009). The second step requires demonstration that measures of 

personality are related to field behaviours important in an animal’s daily life (Réale et al. 

2007). For example, individual differences in boldness can influence migratory tendency 

(Chapman et al. 2011a), dispersal distance (Fraser et al. 2001) and mate choice (Godin & 

Dugatkin 1996). The third step requires assessment of the genetic basis of the behavioural 

variation. Narrow sense heritability (h2) provides an estimate of the proportion of 

behavioural variation that can be explained by additive genetic variance and quantifies the 

resemblance between relatives (Lynch & Walsh 1998, Wilson et al. 2010). Additive 

genetic correlations (rG) between phenotypic traits estimate the proportion of phenotypic 

covariation that can be explained by heritable genetic factors (Wilson et al. 2010). The 

final step requires linking personality behaviours to the animal’s Darwinian fitness.  

  

Fish species exhibiting resource polymorphisms could provide valuable 

opportunities to assess the ecological and evolutionary significance of personality 

differences. Resource polymorphism refers to the latency for fish populations to become 

divided into sub-populations differing in habitat use with associated differences in diet, 

size and shape, and life history (Smith & Skualson 1996). In fishes, resource 

polymorphisms are observed commonly where resource segregation is clear between lake 

and river habitats, and morphs display distinctly different patterns of migration (e.g. 

migrant and resident) (Smith & Skualson 1996). Migration is considered an important 

ecological trait, being tightly linked to life history and reproductive success (Bronmark et 

al. 2013), and there is evidence suggesting migration could be related to personality 

(Chapman et al. 2011a). Fishes commonly exhibit differences in migratory patterns and 
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provide an opportunity to examine the link between personality and resource 

polymorphisms. Fishes in general, and fishes known to exhibit resource polymorphisms in 

particular, have played an important role in establishing evidence for personality 

differences in wild animals (Conrad et al. 2011). For example, studies on fishes have 

established relationships between personality and foraging, dispersal, and migration 

(Farwell & McLaughlin 2009, Cote et al. 2010, Chapman et al. 2011a). The development 

of CIDs may precede diversification of morphological and life history traits, making 

behaviour a important feature of resource polymorphisms (Skulason & Smith 1995). The 

study of animal personality could help assess the role that behaviour plays in resource 

polymorphisms and, in return, studying resource polymorphisms can shed light on the 

ecological and evolutionary importance of personality. 

  

I used crosses between migrant and stream resident brook trout caught from 

tributaries along the north shore of Lake Superior to test for phenotypic and genetic 

variation in personality traits hypothesized to be tied to migratory behaviour. My study 

populations consist of two types of individuals differing in ecology and life history: 

smaller fish that are resident in tributary streams and larger fish that inhabit Lake Superior 

for most of the year and return to tributary streams to spawn (Mucha & Mackereth 2008). 

The migrant form has declined in distribution and abundance across the lake and is the 

focus of conservation concern (Schreiner et al. 2008). The populations are poorly studied 

and a better understanding of migratory behaviour is needed to assist in rehabilitation 

efforts and management decisions. 
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My investigation of personality and migration involved three steps. First, I 

characterized the phenotypic variation in the behaviour of offspring from migrant and 

resident parents by quantifying the repeatability of, and phenotypic correlations between, 

four measures of personality quantified in standardized tests. The personality measures 

selected were time to exit a refuge and enter a novel environment (measure of risk-

taking), proportion of time an individual spent moving in an open aquarium (measure of 

general activity), net displacement in a dispersal channel (measure of propensity to 

disperse), and proportion of time an individual spent close to its reflection in a mirror 

(measure of sociability). These behaviours were chosen based on theoretical justification 

and empirical evidence suggesting CIDs in risk-taking, sociability, and activity are linked 

to dispersal and migration (O’Riain et al. 1996, Fraser et al. 2001, Dingemanse et al. 

2002, Blumstein et al. 2009, Chapman et al. 2011a, Edelsparre et al. 2013). Second, I 

characterized the genetic variation in behaviour by estimating heritability of, and genetic 

correlations between, the personality measures. In the final step, I tested whether 

personality of offspring was related to the migratory phenotype of the offspring’s parents. 

In this final step, I predicted that offspring of migrant parents would take less time to exit 

the refuge compared to offspring of resident parents because bold individuals may be 

more prone to leave their natal stream and enter the lake (Chapman et al. 2011a). I 

predicted that offspring of migrant parents would spend a greater proportion of time 

moving than offspring of resident parents. More active individuals may have a greater 

propensity to disperse (Cote et al. 2010), making them more likely to move downstream 

and enter the lake. I predicted that offspring of migrant parents would have a greater net 

displacement than offspring of resident parents. A greater propensity to disperse could 
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reflect a greater propensity to migrate because although dispersal and migration are 

different processes, they include many of the same challenges (Dingle 2006). I predicted 

that offspring of migrant parents would spend less time near their reflection in the mirror 

than offspring of resident parents. Individuals that are less socialized may be more likely 

to leave their natal stream and stray from conspecifics (Blumstein et al. 2009).  

 

METHODS 

SITE SELECTION AND DESCRIPTION 

My study was conducted using brook trout collected from Nipigon Bay, Lake 

Superior, Ontario, one of few areas where large migratory brook trout are still observed in 

Lake Superior. Nipigon Bay is a sheltered bay on the northern shore of the lake (Figure 1) 

within the Canadian waters of Lake Superior (Mucha & Machereth, 2008). The bay is 

shallow, with approximately one third being less than 10 m deep, but maximum depth 

reaching 140 m (Mucha & Mackereth, 2008).  

 

Adult brook trout were collected from four tributaries draining into Nipigon Bay: 

Cypress, Little Cypress, and Jackpine Rivers, and Dublin Creek (Figure 1). These 

tributaries were selected because, for these and neighbouring tributaries, earlier research 

established that juveniles leave the tributaries to feed in Lake Superior (Coppaway 2011) 

and adult sized brook trout sampled from the lake and radio tagged entered these 

tributaries at the time of spawning (Mucha & Mackereth, 2008). Catchment sizes of the 

study streams are 166.2, 8.4, 288.1, and 22.5 km2, respectively (Mucha & Mackereth 



 6 

2008). Watersheds of these tributaries consist of mainly bedrock, morainal deposits, and 

glacial outwash (Gartner, 1979). 

 

SAMPLING OF ADULT BROOK TROUT 

Spawning adults were collected using electrofishing from 24 October to 27 

October 2011 by staff from Ontario Ministry of Natural Resources and Forestry 

(OMNRF). Captured fish were held in holding pens in the river of capture for 2-3 hours 

until sampling was complete for the day. The fish were then anesthetised in a bath of 

tricaine methane sulphonate (TMS®, Syndel Laboratories) and examined to determine 

their sex and state of ovulation or spermiation. Fish determined to be ready to spawn 

included females with a full abdomen that easily released eggs, and males with 

pronounced spawning colours that easily released milt. Adults ready to spawn were 

measured for fork length (nearest mm) and weight (nearest g). A piece of adipose fin was 

taken from each individual, air dried, and stored singly in a labelled bleach-free envelope. 

Adults were then assigned to life history type (migrant or resident) in the field based on 

body size and colouration. Individuals over 250 mm were assigned as migrants.  Adults 

classified as migrants were longer and heavier than adults classified as residents  

(fork length: �̅� = 432.3±15.3 mm vs. �̅� = 184.8±31 mm, respectively; wet weight: �̅� = 

849.3±79.2 g vs. �̅� = 84.8±31 g, respectively). 

 

Accuracy of our assignment of fish as migrants and residents was tested post hoc 

using stable isotope analysis of adipose fin clips. Measurements of δ13C and δ15N were 

made by the Stable Isotopes in Nature Laboratory (University of New Brunswick, 
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Fredericton, NB). Adults classified as migrants had higher mean δ13C and δ15N values 

than adults classified as residents (δ13C: �̅� = -19.1±0.23% vs. �̅� = -23.5±0.38%, 

respectively; δ15N: �̅� = 9.0±0.11% vs. �̅� = 7.7±0.32%, respectively) (Figure 2). Values of 

δ13C and δ15N for migrants and residents in this study were similar to values observed in 

2006 for brook trout sampled from the lake and from tributaries (δ13C: �̅� = -20.0±0.2% vs. 

�̅� = -23.7±0.2%, respectively; δ15N: �̅� = 9.0±0.1% vs. �̅� = 7.0±0.2%, respectively) 

(Robillard et al. 2011a, Figure 2). 

 

GENETIC CROSSES 

Gametes from 10 females (all migrant) and 18 males (10 migrant, 8 resident) were 

used to perform crosses to generate 26 families of fish. Sperm from each male were 

crossed with eggs from 1-3 females and eggs from each female were crossed with sperm 

from 1-5 males to produce 14 migrant x migrant (MxM) families and 12 migrant x 

resident (MxR) families (Appendix C, Figure 1). Families were either half-sib or 

unrelated. I had sought to complete a partial factorial design with 20 females and 20 

males, but did not capture mature resident females in 2010, even though mature resident 

females have been sampled previously from these tributaries (Robillard et al. 2011a). 

 

Crosses were completed streamside and fertilised embryos were transported to the 

OMNRF Dorian Fish Culture Station (Dorian, ON) within 6 hours of fertilisation. 

Embryos were incubated as individual families until deposition of eye pigment. In 

January 2011, the embryos were transported to the Codrington Fisheries Research Facility 
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(Codrington, Ontario) where the eggs were hatched and reared, and behavioural 

experiments completed.  

 

At the onset of exogenous feeding, families were culled to equalize family size. 

They were then moved into one of two 25 L compartments created by partitioning a 50L 

tank in half with a divided tank insert. Throughout 2012, each family was housed in a 

separate 25L insert compartment. In 2013, individuals from one of the families in each 

pair of 25L compartments within a tank were fin clipped for identification purposes, the 

insert divider was removed, and the two families were housed together in the 50L tank. 

Fish were fed a high protein commercial trout feed (Ewos Canada Limited) several times 

daily to satiation and were held in a building with windows that allowed fish to be reared 

under a natural light regime. Ambient water temperature of holding tanks ranged from 

8.4-13.5 °C in 2012 and 7.4-14.3°C in 2013. 

 

BEHAVIOURAL EXPERIMENTS  

Behavioural experiments were conducted from 13 June to 30 July 2012 with age 

0+ fish (young of year; YOY) and 28 May to 26 June 2013 with age 1+ fish (yearling). 

These life stages were selected because although the age at which migrant fish leave their 

natal stream is unknown, analyses of age and growth histories has suggested that migrant 

individuals are larger (fork length) than stream resident individuals by the end of the first 

year of life (Robillard et al. 2011b). 
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During each study year, four sequential behavioural experiments were completed 

to assess an individual’s time to exit a refuge, proportion of time spent moving in an open 

aquarium, proportion of time an individual spent close to its reflection in a mirror, and net 

displacement in a dispersal channel. Two hundred and sixty individuals (26 families x 10 

individuals per family) were sampled at the YOY life stage and 240 individuals (24 

families x 10 individuals per family) were sampled at the yearling life stage. Two families 

at the YOY life stage had only 10 individuals and were used up during the first year of 

behavioural experiments. Sampling was done each year in a stratified random sequence. 

The value of 10 individuals per family was selected based on Monte Carlo simulations 

assessing the expected power of heritability estimates, given our crossing design. The 

sampling sequence within each year consisted of 10 strata of 26 fish (one individual per 

family per stratum). The order of sampling individuals within a stratum was randomized 

with respect to family. This approach was taken to minimize temporal clumping of 

sampling in terms of family and cross type, given the extended time required to complete 

all of the trials. Twelve individuals were assessed per day. The trials were conducted 

concurrently in four experimental setups with each trial assessing a single individual. 

Three sets of trials (morning, afternoon, and evening) were conducted over a day.  

 

Six groups of randomly selected fish among all families were retested to assess the 

repeatability of the behavioural measurements. At the end of year 1, one group of 12 

randomly selected fish was run through behavioural trials each day for 7 days. In year 2, 

five groups of 8 randomly selected fish were run through the behavioural trials each day 
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for 3 days. The trials were run for groups at the end of the 2nd, 4th, 6th, 8th, and 10th strata, 

respectively.  

 

EXPERIMENTAL SET UP 

The experimental setup for experiments 1-3 consisted of four aquaria (60.96 cm x 

30.48 cm x 43.18 cm) with open tops. The four aquaria were arranged so that one 

observer observed two of the aquaria and a second observer observed the remaining two 

aquaria. The front (long) side of each aquarium was transparent so that the test fish could 

be observed. The remaining three sides of each aquarium were opaque so that fish in 

adjacent tanks could not observe each other. Behavioural observations were made from 

behind an opaque curtain hung from ceiling to floor, with small openings at eye level to 

facilitate observations of the test fish. Lighting level was just adequate for the fish to be 

observed.  

 

The experimental set-up for experiment 4 consisted of four compartmentalized 

dispersal channels, similar to those used by Northcote & Kelso (1981), Bradford & Taylor 

(1997), and Edelsparre et al. (2013). Each dispersal channel consisted of a 4 m length of 

opaque PVC pipe (46 cm diameter) cut in half along its length. The channels were each 

subdivided into 15 compartments of 26 cm using Plexiglas dividers extending perpendicular 

from the channel wall and spanning two thirds of the width of the channel. Openings from 

one compartment to the next were alternated from side to side so that a test fish could not 

move straight down the channel. The system was flow through, with water added a rate of 
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0.24 L*s-1. Black semi-transparent cloth was hung on both sides and ends of the channels to 

minimize disturbance from observers and to reduce the lighting.  

 

 TIME TO EXIT A REFUGE (RISK-TAKING) 

Risk-taking behaviour was measured using a refuge-exit experiment similar to 

those used by Brown et al. (2005), Farwell & McLaughlin (2009), and Edelsparre et al. 

(2013). In this experiment, the aquarium was considered a new environment and the time 

to exit a dark tube (refuge) was considered to represent the fish’s assessment of the 

relative risk of remaining in the tube versus entering the open aquarium.  

 

In each aquarium, a vertical, freestanding, dark grey PVC tube (refuge) was 

positioned at one of the narrow ends of the aquarium. In year 1, the tube was 38.1 cm high 

and 8.9 cm in diameter. In year 2, the tube was 38.1 cm high and 15.2 cm in diameter. 

Each tube had a vertical opening with a sliding door that could be pulled upwards from 

the top of the aquarium. The tube opening was 2 cm wide in year 1 and 4 cm wide in year 

2. Sizes of the tubes and their openings were changed across years to accommodate 

changes in the body sizes of test fish between year 1 and year 2 (fork length: �̅� = 

56±0.39mm vs. �̅� = 112.1±0.64mm, respectively). 

 

Thirty minutes before the start of the experiment, a test fish was placed singly into 

each tube from the top, the top was covered, and the test fish was given 30 min to adjust 

to the tube. The experiment commenced with the door of the tube being opened and test 

fish allowed up to 1800s to exit the tube. The time when the test fish exited entirely from 
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the tube was recorded to the nearest s. If the fish had not exited after 1800s, it was 

assigned a time of 1800 s and it was forced into the open aquarium by gently tipping the 

tube. 

 

PROPORTION OF TIME SPENT MOVING (GENERAL ACTIVITY) 

Experiment 2 commenced immediately after all fish from experiment 1 had exited 

their tube. Proportion of time spent moving was assessed by taking point in time 

measurements, known as event sampling (Martin & Bateson 1986). This type of sampling 

is recommended for estimates of proportion or frequencies of behaviour (Altman 1974). 

The activity of each individual was assigned as moving or not moving at 60 s intervals for 

1800 s. The fish was assigned as moving if it was actively beating its caudal (tail) fin to 

change location within the aquarium. It was assigned as not moving if it was hovering in 

the water column without beating its caudal fin or lying on the aquarium bottom. This 

type is measurement. The number of intervals in which the test fish was assigned as 

moving was divided by 30 to estimate proportion of time spent moving during the 

experiment. 

 

PROPORTION OF TIME SPENT NEAR A REFLECTION (SOCIABILITY) 

Experiment 3 commenced immediately after experiment 2. A mirror image 

stimulation (MIS) experiment was used to assess how an individual responded to a 

potential conspecific.  MIS tests have been criticized because they probably do not elicit 

the full diversity of behavioural responses and do not necessarily represent normal social 

interactions (Ruzzante 1992, Holtby 1992, Balzarini et al. 2104). Intruder tests are often 
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used because they are more representative of natural interactions (Holtby et al. 1993), but 

this test was not practical given the number of individuals we intended to screen. A MIS 

test also offered greater control over differences in body size, condition, and other factors 

such as sex, than would an intruder test (Swain & Riddell, 1990).  MIS have been used 

successfully in other salmonid fishes to obtain a standardized index of social behaviour 

that can be compared among offspring from different families and parental phenotypes 

(Svendsen & Armitage 1973, Taylor & Larkin 1986, Swain & Holtby 1989, Swain & 

Riddell 1990).  

Experiment 3 was conducted in the same aquaria as experiments 1 and 2. Prior to 

the start of this experiment, the PVC tube was gently removed from the test aquarium and 

the test fish was confined to one end of the aquarium using a piece of Plexiglas spanning 

the aquarium width. A mirror spanning the aquarium width and height was then inserted 

against the opposite end of the aquarium. After 5 minutes, the Plexiglas divider was 

removed and the test fish was allowed to interact with the mirror and its reflection. 

Proportion of time spent near a reflection in a mirror was assessed using event sampling. 

Every 30 s for 10 minutes a measurement of the fish’s distance relative to its reflection 

was taken (third of aquarium closest to reflection, middle third of aquarium, or third of 

aquarium furthest from reflection). The number of intervals that the test fish spent in the 

third of the aquarium closest to its reflection was divided by 20 to estimate the proportion 

of time the test fish spent near its reflection. I also recorded the percentage of fish that 

exhibited charging behaviour (19% and 5% for YOY and yearling life stages, 

respectively). These percentages were low, and I can be confident that I was assessing 

social behaviour rather than aggression.  
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NET DISPLACEMENT (PROPENSITY TO DISPERSE) 

Experiment 4 was conducted immediately following experiments 1-3. Each test fish 

was placed singly into the center compartment of a dispersal channel. Opaque PVC dividers 

were placed at the openings temporarily to prevent the test fish from leaving the 

compartment. The center compartment was used as the starting point in case individual fish 

differed in propensity to move upstream or downstream. After 30 min, the dividers were 

removed and the test fish were allowed to move freely throughout the channel. Movements 

between compartments were video-recorded continuously for 2 hours using two sets of 4 

CCTV cameras (Speco Technologies, Amityville, New York) mounted directly overtop of 

the channels (one set per two dispersal channels) and wired to a four-channel quad processor 

and VCR video recording system (Panasonic model PV-4624S-K). Each camera spanned a 

1-m section of two dispersal channels. Following the dispersal experiment, each test fish 

was euthanized with a lethal dosage of MS-222, measured for fork length to the nearest mm 

and body weight to the nearest g. In preparation for the next trial, aquaria were emptied, 

rinsed, and re-filled with fresh water.  

 

Water used in all behavioural trials was supplied by an unnamed creek that supplies 

water to the research facility. Water temperature ranged from 8.4-13.5 °C in year 1, 7.4-

14.3°C in year 2.  

 

STATISTICAL ANALYSIS 

My experiments provided measurements of: (i) time to exit a refuge (a measure of 

risk-taking), (ii) proportion of time an individual spent moving in an open aquarium (a 
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measure of general activity), (iii) proportion of time an individual spent close to their 

reflection (a measure of sociability), and, (iiii) net displacement in a dispersal channel after 1 

h (a measure of propensity to disperse).  

 

I tested if brook trout exhibited CIDs in behaviour by calculating the repeatability of 

the personality measures using the subset of fish repeated each year. Repeatability was 

assessed using the interclass correlation coefficient (r = σA
2/σ2 + σA

2), where σA
2 represents 

the variance among individuals and σ2 represents the variance within individuals. The 

variance components for each of the behavioral measures were calculated with generalised 

linear mixed-effects models using restricted maximum likelihood (Nakagawa & Schielzeth 

2010). In each model, individual identity was a random effect. Water temperature, fork 

length and trial number were fixed effects. Water temperature and fork length were included 

as fixed effects because the behaviour of fish is known to vary with water temperature and 

body size (Theriault et al. 2007, Biro et al. 2009). Trial number was included as a fixed 

effect to control for potential habituation between trials. The generalised linear mixed-effect 

models were run using the R package lme4 (Bates et al. 2014).  

 

Statistical significance of repeatability estimates were assessed using an exact 

likelihood ratio test (LRT) for time to exit the refuge and comparison of deviance for the 

proportion of time spent moving, proportion of time an individual spent near its reflection, 

and net displacement. Both methods involved comparing models including the random 

effect of individual identity with models excluding individual identity. Likelihood ratio tests 

were implemented using the R package RLRsim (Scheipl et al. 2008). 
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I tested for phenotypic correlations between personality measures in two ways. First, 

raw phenotypic correlations between pairs of personality measurements were calculated for 

YOY and yearling brook trout separately, using Pearson’s correlation coefficient (r). This 

analysis was implemented using all individuals measured in each age class (N=260 and 

N=240, in YOY and yearling age classes, respectively). Second, between- and within-

individual correlations between pairs of personality measures were calculated using 

multivariate mixed-effect models in the Baysian MCMCglmm package in R (Hadfield 2010), 

as outlined by Dingemanse & Dochtermann (2013). This analysis was implemented for the 

subset of fish whose behaviour had been quantified for repeated trials.  A model relating the 

four personality measures to the random effect of individual identity and fixed effects of 

water temperature and fork length was estimated. This model estimated the variances of each 

personality measure and the covariances between personality measures. The model was run 

using a non-informative inverse-Wishart prior distribution, with 50 000 iterations, a burn-in of 

10 000, and a thinning interval of 25 (Hadfield 2010). Convergence of models was confirmed 

by inspection of trace and density plots.  The between-individual (𝑟𝑖𝑛𝑑0𝑦,𝑖𝑛𝑑0𝑧 ) and within-

individual (𝑟𝑒0𝑦,𝑒0𝑧
) correlation between two behavioural traits was estimated by calculating: 

𝑟𝑖𝑛𝑑0𝑦,𝑖𝑛𝑑0𝑧
=

𝐶𝑂𝑉𝑖𝑛𝑑0𝑦,𝑖𝑛𝑑0𝑧

√𝑉𝑖𝑛𝑑0𝑦𝑉𝑖𝑛𝑑0𝑧

    and   𝑟𝑒0𝑦,𝑒0𝑧
=

𝐶𝑂𝑉𝑒0𝑦,𝑒0𝑧

√𝑉𝑒0𝑦𝑉𝑒0𝑧

   

where COVy,z  represents the covariance between trait (y) and trait (z), and Vy  and Vz  are 

the corresponding phenotypic variances for each trait (Dingemanse & Dotchtermann, 

2013).  Statistical significance of each between- and within- individual correlation was 

estimated by determining if the 95% credible intervals overlapped with zero.  
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I estimated narrow sense heritabilities (h2) of personality measures and genetic 

correlations (rG) between personality measures on the main subset of fish for YOY and 

yearling age classes separately. These analyses were run using the Baysian MCMCglmm 

package in R (Hadfield 2010). Narrow sense heritability was calculated using a univariate 

animal model, y = μ + a + e. The mixed model considers how a single trait (y) is predicted 

by the matrix of additive genetic effects (a), residual effects (e), and population mean μ 

(Wilson et al. 2010). Narrow sense heritabilies (h2) were calculated as the proportion of 

additive genetic variance (Va) to total phenotypic variance (Vp), while statistically 

controlling for water temperature and fork length. Genetic correlations (rG) between 

personality measures were estimated using a bivariate animal model. Bivariate animal 

models provide estimates of variances and covariances for each pair of personality 

measures. Genetic correlations between personality measures were estimated as the 

proportion of additive genetic covariance (COVa) to total phenotypic variance (Vp), while 

statistically controlling for water temperature and fork length.  

Both univariate and bivariate animal models were run using a non-informative 

inverse-Wishart prior distribution (Hadfield 2010). Univeriate animal models were run with 

65 000 iterations, a burn-in of 15 000, and a thinning interval of 50. Bivariate animal models 

were run with 130000 iterations, a burn-in of 30 000, and a thinning interval of 100. 

Convergence of models was confirmed by inspection of trace and density plots.    

Statistical significance of additive genetic variance was determined by comparing 

deviance information criteria (DIC) of the full model including the pedigree of additive 

genetic variance to a reduced model with the pedigree of additive genetic variance removed.  
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Additive genetic variance components were considered significant to the model if a 

difference between DICs was greater than two (Ferrari et al. 2013). Heritability estimates 

were considered significant if the inclusion of the pedigree of additive genetic variance was 

determined significant in the model. Statistical significance of genetic correlations was 

estimated by determining if the 95% credible intervals overlapped with zero.  

 

I assessed the biological significance of heritability estimates by comparing my 

estimates with values from a literature compilation of 18 published heritability estimates for 

personality traits in animals (Appendix A, Table 1). My literature search was conducted 

using the Google Scholar search engine with the search terms: behaviour, heritability, 

animal, personality, and temperament.  

 

I tested whether the personality traits of offspring were linked to the migratory 

behaviour of their parents using a univariate animal model with each behaviour as a 

response variable and parental cross type (MxM and MxR) as a predictor. In the model, 

the pedigree of additive genetic variance was a random effect and parental cross type, 

water temperature, and fork length were fixed effects. The pedigree of additive genetic 

variance was included as a random effect to account for non-independence between data 

points, because some individuals measured share genes (Wilson et al. 2010). P-values and 

F statistics were estimated using Kenward and Roger adjustments. The animal model was 

run using the software ASReml 3.0 in R (VSN International).  

To meet assumptions of normality in each analysis, time to exit the refuge was log 

transformed, both proportion of time spent moving and proportion of time spent close to a 
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reflection were arcsine square root transformed, and net displacement was square root 

transformed.  

RESULTS 

CHARACTERIZATION OF PHENOTYPIC VARIATION 

Individuals differed markedly in all four personality measures at both YOY and 

yearling life stages. At the YOY and yearling life stages, time to exit the refuge ranged 

from 1 to 1800 s, proportion of time spent moving ranged from 0 to 1, net displacement 

ranged from 0 to 7 compartments, and proportion of time an individual spent near its 

reflection ranged from 0 to 1 (Figs. 3 & 4). Individuals used in repeatability trials also 

differed markedly in all four personality measures at both the YOY and yearling life 

stages (Figs. 5 & 6).  

 

The individual differences in personality measures were generally repeatable at 

each life stage, although differences in magnitude existed between life stages (Table 1). 

At the YOY life stage, estimates of repeatability ranged from 0.05 for proportion of time 

spent moving to 0.31 for proportion of time an individual spent near its reflection. At the 

yearling life stage, estimates of repeatability ranged from 0.16 for the proportion of time 

an individual spent close to its reflection to 0.71 for time to exit the refuge. LRTs 

indicated that there were significant, repeatable differences in the personality measures 

(all p-values < 0.05), with the exception of proportion of time spent moving at the YOY 

stage (p = 0.06).    

There was evidence for phenotypic correlations between personality measures at the 

YOY and yearling lift stages. At the YOY life stage, the raw phenotypic correlations based 
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on all individuals revealed that individuals that dispersed farther in the dispersal experiment 

took less time to exit the refuge and spent more time moving in the activity experiment 

(Table 2). As well, individuals that took less time to exit the refuge spent more time close to 

their reflection in a mirror (Table 2). Correlations at the between- and within- individual 

level were not statistically significant (Table 3). At the yearling life stage, raw phenotypic 

correlations based on all individuals revealed that individuals that dispersed farther in the 

dispersal experiment took less time to exit the refuge and spent more time close to their 

reflection in a mirror, and individuals that took less time to exit the refuge spent more time 

moving in the activity experiment (Table 2). Correlations at the between- individual level 

revealed that individuals who dispersed farther in the dispersal experiment took less time to 

exit the refuge and spent more time moving in the activity experiment, and individuals that 

took less time to exit the refuge spent more time moving in the activity experiment (Table 

3).   Correlations at the within- individual level revealed that individuals that took less time 

to exit the refuge spent less time close to their reflection in a mirror. The 95% credible 

intervals for the between- and within-individual correlations were also large, because the 

sample size of individuals was small. 

 

CHARACTERIZATION OF GENETIC VARIATION 

Estimates of narrow-sense heritability suggested there was additive genetic variation 

in the personality measures. At the YOY stage, estimates of heritability ranged from 0.02 for 

proportion of time an individual spent near its reflection to 0.22 for net displacement (Table 

1). All heritability estimates at the YOY stage were considered significant based on ΔDIC 

values, with the exception proportion of time spent near a reflection (Appendix B, Table 1). 



 21 

At the yearling life stage, estimates of narrow sense heritability ranged from 0.02 for net 

displacement to 0.38 for proportion of time spent moving (Table 1). All heritability 

estimates at the yearling stage were significant based on ΔDIC values (Appendix B, Table 

1). Magnitudes of the heritability estimates tended to vary between YOY and yearling life 

stages. For example, the heritability estimate for net displacement was 0.22 at the YOY life 

stage and 0.02 at the yearling life stage (Table 1). For both life stages, the estimates 

provided here were generally similar in magnitude to heritability estimates published for 

personality traits in animals (Figure 7).  

 

There was some evidence for genetic correlations between the personality measures, 

particularly at the yearling life stage. At the YOY life stage, correlations were small to large 

in magnitude but were not statistically significant as determined by credible intervals that 

overlapped zero (Table 2). At the yearling life stage, genetic correlations based on all 

individuals revealed that individuals that spent more time moving in the activity experiment 

dispersed farther in the dispersal experiment and took less time to exit the refuge (Table 2).  

 

OFFSPRING PERSONALITY AND PARENTAL MIGRATORY BEHAVIOUR 

There was no evidence that differences in personality measures quantified for 

offspring were related to the migratory behaviour of their parents. At the YOY life stage, the 

time to exit the refuge (F=0.17, p=0.68, n1=262 individuals, n2=26 families), proportion of 

time spent moving (F=0.40, p=0.53, n1=262 individuals, n2=26 families), and net 

displacement (F=0.08, p=0.77, n1=262 individuals, n2=26 families) quantified for offspring 

were not significantly related to parental migratory behaviour (Figure 8). However, the 
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proportion of time an individual spent near its reflection was lower for migrants than for 

residents (F=4.80, p=0.03, n1=262 individuals, n2=26 families; Figure 8). At the yearling life 

stage, the time to exit the refuge (F=0.08, p=0.78, n1=236 individuals, n2=24 families), 

proportion of time spent moving (F=0.30, p=0.60, n1=236 individuals, n2=24 families), net 

displacement (F=3.11, p=0.09, n1=236 individuals, n2=24 families) and proportion of time 

an individual spent near its reflection (F=0.11, p=0.74, n1=236 individuals, n2=24 families) 

in offspring were not significantly related to parental migratory behaviour (Figure 8). 

 

The absence of a relationship between the personality measures of offspring and the 

migratory behaviour of parents was not due to an absence of differences among families. 

There was significant between-family variation in the personality measures (MANOVA: 

df=25, p=0.001 and MANOVA: df=23, p=0.003 for YOY and yearling life stages, 

respectively; Figure 8). At the YOY stage, the families differed significantly in time to exit 

the refuge (t = 2.23, p = 0.02), proportion of time spent moving (t = 2.68, p=0.003), and net 

displacement (t = 2.95, p = 0.002), but did not differ significantly in the proportion of time 

an individual spent near its reflection (t = 1.03, p = 0.30). At the yearling stage, the families 

differed significantly in time to exit the refuge (t = 3.20, p=0.0006) and proportion of time 

spent moving (t = 2.70, p = 0.001), but did not differ significantly in net displacement (t = 

0.56, p=0.21) and the proportion of time an individual spent near its reflection (t = 1.34, 

p=0.26).  
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DISCUSSION 

My study revealed three main findings. First, the variation in personality measures 

reflecting risk-taking, general activity, propensity to disperse, and sociability for brook trout 

was repeatable and heritable. Significant between family variation also supports a genetic 

basis to the personality measures. Second, between individual phenotypic and genetic 

correlations suggest the possibility of an activity syndrome involving time to exit a refuge, 

proportion of time spent moving, and net displacement, particularly at the yearling life stage. 

Third, variation in the personality measures of offspring was not related to the variation in 

the migratory behaviour of their parents.  

 

Contrary to what was predicted, offspring of MxM parents did not differ from 

offspring of MxR parents in the personality measures, with the exception of proportion of 

time spent near a reflection at the YOY life stage. This latter result suggests that offspring of 

MxM parents were less social than offspring of MxR parents. Similar trends have been seen 

in the literature where social individuals are more likely to disperse or migrate (Cote et al. 

2011). However, this relationship is difficult to interpret because it was significant with a 

large p-value (p=0.03), it was only one of 8 behaviours over both life stages that had a 

significant relationship with cross type, and it was not consistent through the yearling life 

stage.  

 

My study is valuable because it is one of few studies to assess the link between 

personality and migration in animals, and in particular, in fishes. Migration is considered to 

be an important ecological trait, driving spatial and temporal variation in the density of 
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animals, effecting population, community and ecosystem dynamics (Dingle 2006, Chapman 

et al. 2011a). In fishes, migration is a common feature of the life cycle and is important to 

life history and reproductive success (Bronmark et al. 2013). Mechanisms influencing 

migration are likely complex and important to delineate, and may involve a syndrome of 

behavioural, physiological, life history, and morphological traits (Dingle 2006). There is 

theoretical justification to expect that personality could be related to migration, but empirical 

evidence is limited, especially for fishes (Metcalf 1989, Lahti et al. 2001,Chapman et al. 

2011a). The studies that have related personality to migration or to dispersal have focused 

on a single personality trait, and lacked an understanding of the genetic basis for the 

personality traits.   

 

My study is valuable at a broader scale because it assesses the link between 

personality and resource polymorphisms. Behaviour is thought to play an important role in 

the early stages of resource polymorphisms, and the process of population divergence. 

Furthermore, behaviourally flexible individuals could develop behavioural specializations in 

response to spatially separated food sources and competition for food. Behavioural 

differences then facilitate the development and evolution of morphological and life history 

differences between morphs. Recent studies have proposed that behaviour could be related 

to resource polymorphisms (Skulason et al. 1993, Wilson and McLaughlin 2007, Farwell 

and McLaughlin 2009). For example, individual brook trout foraging in still-water pools 

along the sides of streams tend to be sedentary and feed from the lower portion of the water 

column, or active, feeding from the upper portion of the water column (Wilson and 

McLaughlin 2007). These differences in foraging tactics were related to general activity, 
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space use (Wilson and McLaughlin 2007) and risk-taking behaviour (Farwell and 

McLaughlin 2009).  

 

My study provides additional benefits to the literature regarding personality and its 

relationship to resource polymorphisms and migration. There is rich literature suggesting 

that fishes in general, and salmonid fishes in particular differ in behaviour, such as diet and 

habitat use, boldness, and aggression, under field and lab conditions (Taylor & Larkin 1986, 

Sneddon 2003, Robillard et al. 2011a). Behaviour has been measured in many ways, using 

standardized lab tests, physical tags, telemetry, stable isotopes, and can even be inferred 

from diet and morphology (Cunjak et al. 2005,Coppaway 2011, Edelsparre et al. 2013, 

Hinch et al. 2002, Robillard et al. 2011a, Swain and Holtby, 1989). This rich literature base 

has lead to suggestions of broad and even distinct variation in migration, dispersal, and 

activity while foraging. Studies including fitness related traits, such as migration, require a 

broader understanding of behavioural variation, and should incorporate measures of 

repeatability, heritability, and correlations between traits. There is evidence for heritability 

in behavioural traits, but to date the genetic basis of behavioural traits relating to fitness has 

been neglected (Van Oers et al. 2005). Estimates of repeatability provide initial evidence for 

individual consistency in a personality trait and are assumed to set an upper limit to 

heritability (Réale et al. 2007). Heritability provides an estimate of the genetic variance of 

personality traits and the expected response to natural selection (Van Oers et al. 2005). 

There is increasing evidence, particularly in fishes, that personality traits may evolve as 

suites of correlated traits, or behavioural syndromes, rather than evolving as independent 

units (Conrad et al. 2010, Sih et al. 2004). Estimating correlations (phenotypic and genetic) 
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between traits is fundamental to understanding how personalities and behavioural 

syndromes evolve (Van Oers et al. 2005), yet correlations have rarely been estimated in 

personality studies. I have provided a broader understanding of behavioural variation for a 

study involving migration, a trait related to fitness. I have provided evidence that brook trout 

exhibit repeatable and heritable variation in personality measures. I have also provided 

evidence that personality, at least aspects involving risk-taking, general activity, and 

propensity to disperse, could be correlated in a way that relates to variation in the field.  

 

My conclusions regarding the lack of a relationship between personality and 

migration in brook trout are potentially important for the management of Lake Superior 

brook trout. The migrant form of brook trout in Lake Superior has declined in abundance 

and distribution, and now occurs in only a few isolated areas (Schreiner et al. 2008). 

Population declines occurred before the biology of these populations was understood. The 

goal for rehabilitation efforts of brook trout in Lake Superior is to maintain widely 

distributed, self-sustaining populations in as many of the original native habitats as possible 

(Newman et al. 2003). To meet this goal, managers have focused on three options including 

reducing brook trout harvest via angling regulations, protecting and restoring brook trout 

habitat, and reintroducing brook trout by stocking (Schreiner et al. 2008).  

 

Assessing the roles of genes and environment in influencing migratory behaviour is 

important to decision making for managers because whether an individual becomes a 

migrant could be determined by frequency-dependent selection acting on different 

genotypes or environmental variation acting on plastic phenotypes (Gross 1996, Velez-
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Espino et al. 2013). The nature of the mechanism could influence the management options 

being used.  For example, a recent model of population dynamics suggested that the stability 

of partial migration was linked to the proportion of migrant types in the population (Velez-

Espino et al. 2013). Under this model, it would be important to adjust fishing regulations to 

protect the migrant form, as the model assumes population collapse once the abundance of 

the migrant form falls below a threshold. Assessment of the genetic variation is important 

because the model assumed that migrants and residents represent plastic responses to a 

single genotype. 

 

My study has some important limitations and acknowledging these is important for 

interpreting my results and identifying future research needs. First, the mating design lacked 

female fish that were stream residents. If residency is a recessive trait, the design could have 

lacked the genetic variation in migratory behaviour needed to successfully establish a 

relationship with offspring personality. Second, more research could be done to assess how 

the laboratory measurements used to characterize personality relate to field behaviour. 

However, to a degree, this is what testing personality entails. The standardized lab tests used 

in my study have been used successfully in previous studies (Swain & Riddell 1990, 

Bradford & Taylor 1997, Fraser et al. 2001), although some have had counterintuitive 

outcomes (Edelsparre et al. 2013). Third, there are caveats with my conclusion regarding the 

relationship between personality and migration. I can only conclude the migratory 

phenotype of Lake Superior brook trout is not related to personality measures of risk-taking, 

general activity, sociability, and propensity to disperse. Migration could be related to aspects 

of personality that I did not measure, such as aggression, or boldness (Lahti et al. 2001, 
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Metcalfe 1989, Chapman et al. 2011b). Also, the age at which individuals migrate to the 

lake remains uncertain. If behavioural differences weren’t apparent until after the first year, I 

would not have seen them. Fourth, more replication of individuals could have been 

conducted, especially at the YOY stage. This would provide more precise means of 

individual behaviour and of between-individual correlations (Bell et al. 2009, Dingemanse 

& Dochtermann 2013). In reality, trade-offs were required, given the constraints created by 

the time required to complete the behavioural trials and the number of fish required to for 

heritability and genetic correlation estimates.  

 

A number of recent studies have speculated about the ecological and evolutionary 

consequences of personality and proposed verbal arguments on how personality might be 

related to behaviours important to animals in their natural environments. Strong empirical 

tests of these proposals are needed. Here, I have (1) used Lake Superior brook trout to 

characterize the phenotypic variation in the personality measures of risk-taking, general 

activity, sociability, and propensity to disperse, (2) characterized the quantitative genetic 

variation in personality, and (3) linked personality variation in offspring to the migratory 

behaviour of their parents. My study provides no support for a parent-offspring relationship 

between personality and migration, a finding that contributes to the broader efforts to assess 

the relevance for personality of wild animals. However, my study does provide evidence of 

repeatable, heritable variation in personality that could be important to other aspects of 

ecology, evolution, and resource management.  
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FIGURES 

 

 
 

Figure 1: The location of Lake Superior and Nipigon Bay in North America (a) and 

locations of study tributaries where adult migrant and resident brook trout were captured (b). 

Study tributaries are bolded and numbered: 1=Jackpine River; 2=Dublin Creek; 3=Cypress 

River; 4=Little Cypress River.  
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Figure 2: Isotopic signatures of δ13C and δ15N for adult brook trout used in experimental 

crosses. Each circle represents an individual. Adults were classified as migrant (open 

circle) or resident (closed circle) based on size and coloration at the time of capture. Solid 

lines above figure represent ranges of values for brook trout sampled from Nipigon Bay 

(migrant) and its tributaries (resident) (Robillard et al. 2011). 
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Figure 3: Summary of individual variation in personality measures for (a) time to exit the 

refuge, (b) proportion of time spent moving, (c) net displacement, and (d) the proportion 

of time an individual spent near its reflection for 260 individuals from 26 families at the 

YOY life stage. Each point represents an individual. In each panel, individuals were 

ranked from lowest to highest based on the magnitude of the value estimated for the 

behaviour summarized in the panel. An individual’s rank differs between panels.  
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Figure 4: Summary of individual variation in personality measures for (a) time to exit the 

refuge, (b) proportion of time spent moving, (c) net displacement, and (d) the proportion 

of time an individual spent near its reflection for 260 individuals from 26 families at the 

yearling life stage. Each point represents an individual. In each panel, individuals were 

ranked from lowest to highest based on the magnitude of the values estimated for the 

behaviour summarized in the panel. An individual’s rank differs between panels. 
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Figure 5: Summary of individual variation in behavioural measures for (a) time to exit the 

refuge, (b) proportion of time spent moving, (c) net displacement, and (d) the proportion 

of time an individual spent near its reflection for 12 individuals tested for repeatability at 

the YOY life stage. Each point represents a behavioural measurement for an individual. 

Each individual was measured seven times. For each panel, individuals were ranked from 

lowest to highest based on the magnitude of the mean value estimated for the behaviour 

summarized in the panel. Ranking of individuals can differ between panels.  
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Figure 6: Summary of individual variation in behavioural measures for (a) time to exit the 

refuge, (b) proportion of time spent moving, (c) net displacement, and (d) the proportion 

of time an individual spent near its reflection for 40 individuals tested for repeatability at 

the YOY life stage. Each point represents a behavioural measurement for an individual. 

Each individual was measured three times. For each panel, individuals were ranked from 

lowest to highest based on the magnitude of the mean value estimated for the behaviour 

summarized in the panel. Ranking of individuals can differ between panels. 
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Figure 7: Frequency distribution summarizing the magnitude of heritability estimates 

made for personality traits. Values were obtained from 18 literature publications (Table 1) 
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Figure 8: Box plots summarizing the variation that individuals from the same family 

displayed in time to exit the refuge, proportion of time spent moving, net displacement, 

and the proportion of time an individual spent near its reflection. The left column depicts 

the YOY life stage and the right column depicts the yearling life stages. All females were 

migrant. Boxplots are arranged as half sib families where a female was mated with 

migrant (shaded) and resident (open) males. Each box depicts the magnitude of values 

estimated for individuals from each family for the behaviour summarized in the panel. 

Vertical bars represent range of values that lie outside of the upper and lower quartiles. 

Outliers are plotted as individual points.  
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Table 1. Estimates of repeatability (r), heritability (h2), variance components of additive genetic variance (Va) and phenotypic variance 

(Vp), and additive genetic variance relative to mean behavioural score for each personality trait at the YOY and yearling life stages. 

Bolded repeatability values represent significance based on LRTs. Bolded heritability values represent significance based on ΔDIC 

scores greater than 2.  

 

   YOY      Yearling      

               

 

Trait 

 

r 

 

h2 

 

Va 

 

Va/𝑧̅ 
 

Vp 

  

r 

 

h2 
 

Va 

 

Va/𝑧̅ 
 

Vp 

Time to exit the refuge (s) 

 
0.46 0.15 

 

 

0.15 0.001 0.94  0.71 0.15 0.26 0.002 1.07 

Proportion of time spent 

moving 

 

0.05 0.11 0.007 0.08 0.06  0.24 0.38 0.04 0.02 0.07 

Net displacement 

 
0.30 

 

 

0.22 

 

0.10 0.001 0.32  0.17 0.02 0.002 0.54 0.13 

Proportion of time spent 

near a reflection 
0.31 0.02 0.002 1.9 0.18  0.16 0.15 0.001 0.009 0.23 
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Table 2. Estimates of raw phenotypic, rP (above the diagonal) and genetic rG (below the 

diagonal) correlations among personality traits for YOY and yearling brook trout. Credible 

intervals are found below genetic correlations. Bolded phenotypic correlation estimates 

represent significance based on standard errors. Bolded genetic correlation estimates 

represent significance based on values with 95% credible intervals not overlapping with 

zero.  
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YOY   

Trait  Time to exit 

the refuge 

(s) 

Proportion of 

time spent 

moving 

Net 

displacement 

Proportion of 

time spent near a 

reflection 

Time to exit the 

refuge (s) 

 

- -0.09±0.07 -0.33±0.06 -0.13±0.06 

Proportion of time 

spent moving 

 

 0.18 

(-0.37, 0.68) 

-  0.35±0.06 0.12±0.07 

Net displacement 

 

-0.51 

(-0.76, 0.31) 

 

  0.44 

(-0.35, 0.58) 

- 0.08±0.06 

Proportion of time 

spent near a 

reflection 

 0.59 

(-0.54, 0.79) 

-0.04 

(-0.28, 0.53) 

 0.54 

(-0.18, 0.72) 

- 

Trait  Time to exit 

the refuge (s) 

Proportion of 

time spent 

moving 

Net 

displacement 

Proportion of 

time spent near 

a reflection 

Time to exit the 

refuge (s) 

 

- -0.32±0.06 -0.16±0.06  0.02±0.07 

Proportion of time 

spent moving 

 

-0.60 

(-0.92, -0.16) 

- 0.03±0.07   0.003±0.07 

Net displacement 

 

-0.40 

(-0.67, 0.54) 

 

 0.76 

(0.27, 0.92) 

- 0.12±0.06 

Proportion of time 

spent near a 

reflection 

 0.37 

(-0.49, 0.75) 

-0.25 

(-0.45, 0.36) 

-0.09 

(-0.53, 0.56) 

- 

Yearling   
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Table 3. Phenotypic correlations between personality traits at the YOY and yearling life stages. 

Between- individual level correlations are located above the diagonal and within-individual 

level correlations are located below the diagonal. Credible intervals are found below correlation 

values. Bolded correlations estimates represent significance based on values with 95% credible 

intervals overlapping with zero. 
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Yearling  

 

  
 

Trait  Time to exit 

the refuge 

(s) 

Proportion of 

time spent 

moving 

Net 

displacement 

Proportion of 

time spent near 

a reflection 

Time to exit the 

refuge (s)  

 

- -0.32 

(-0.72, -0.07) 
-0.38 

(-0.68, -0.05) 

-0.01 

(-0.39,0.34) 

Proportion of time 

spent moving 

 

-0.03 

(-0.27,0.29) 

- 0.60 

(0.26,0.85) 

-0.08 

(-0.48,0.27) 

 

Net displacement 

 

-0.12 

(-0.69,0.21) 

 

0.32 

(-0.34,0.64) 

- -0.05 

(-0.47,0.33) 

Proportion of time 

spent near a 

reflection 

 0.26 

(0.03,0.67) 

0.16 

(-0.25,0.49) 

-0.09 

(-0.52,0.47) 

- 

 

Trait 

 

Time to exit 

a refuge (s) 

 

Proportion of 

time spent 

moving 

Net 

displacement 

Proportion of 

time spent near 

a reflection 

Time to exit the 

refuge (s) 

 

- -0.23 

(-0.92,0.07) 

0.32 

(-0.40,0.85) 

 

-0.22 

(-0.81,0.47) 

Proportion of time 

spent moving 

 

-0.25 

(-0.58,0.06) 

- 0.01 

(-0.68,0.59) 

0.11 

(-0.37,0.82) 

Net displacement 

 

0.18 

(-0.49,0.70) 

 

   0.003 

(-0.47,0.56) 

- -0.28 

(-0.78,0.43) 

Proportion of time 

spent near a 

reflection 

0.14 

(-0.41,0.50) 

0.03 

(-0.47,0.51) 

-0.04 

(-0.40,0.55) 

- 

YOY   
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APPENDIX A 

Table 1. A literature-based summary of heritability estimates made for personality traits in non-human animals. “Multiple” represents 

methods using more than one of full-sib analysis, half-sib analysis, and parent-offspring regression, or studies that used an average 

value from multiple estimates taken at different life stages.  

Personality Trait 
 

h2 Scientific name Common Name Method Reference 

 
Anti-predator 0.45 Thamnophis radix Garter snake Full-sib Arnold & Bennett (1984) 

Risk-taking 0.19 Parus major Great tit Full-sib Van Ores et al. (2004) 

Boldness 0.53 Parus major Great tit Parent Drent et al. (2003) 

Exploration1 0.37 Parus major Great tit Multiple Dingemanse et al. (2002) 

Boldness2 0.04 Gasterosteus aculeatus Three-spine stickleback Multiple Bell (2005) 

Boldness2 0.002 Gasterosteus aculeatus Three-spine stickleback Multiple Bell (2005) 

Boldness 0.21 Euprymna Tasmanica Dumpling squid Full-sib Sinn et al. (2006) 

Boldness 0.08 Euprymna Tasmanica Dumpling squid Full-sib Sinn et al. (2006) 

Docility 0.28 Bos taurus Domestic cow Full-sib Le Neindre et al. (1996) 

Docility3 0.47 Bos taurus Domestic cow  Half-sib Gauley et al. (2001) 

Confidence 0.2 Alopex lagopus Blue fox Full-sib Kenttimies et al. (2002) 

Condifence 0.12 Alopex lagopus Blue fox Full-sib Kenttimies et al. (2002) 

Fearfulness4 0.29 Bos taurus Domestic cattle Full-sib Morris et al. (1994) 

Fearfulness 0.32 Gallus gallus Domestic chicken Full-sib Campo and Carnicer (1993) 

Fearfulness 0.56 Coturnix coturnix Japanese quail Half-sib Gerken and Petersen (1992) 

Social impulsivity2 0.25 Chlorocebus aethiops Vervet monkey Multiple Fairbanks et al. (2004) 

Aggression2 0.61 Chlorocebus aethiops Vervet monkey Multiple Fairbanks et al. (2004) 

Aggression2 0.01 Gasterosteus aculeatus Three-spine stickleback Multiple Bell (2005) 

Aggression2 0.14 Gasterosteus aculeatus Three-spine stickleback Multiple Bell (2005) 
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Activity2 0.05 Gasterosteus aculeatus Three-spine stickleback Multiple Bell (2005) 

Activity2 0.016 Gasterosteus aculeatus Three-spine stickleback Multiple Bell (2005) 

Activity 0.67 Euprymna Tasmanica Dumpling squid Full-sib Sinn et al. (2006) 

Activity 0.05 Euprymna Tasmanica Dumpling squid Full-sib Sinn et al. (2006) 

Aggression 0.46 Oncorhynchus kisutch Coho Salmon Parent Swain and Riddell (1990) 

Swim-against-mirror 0.25 Oncorhynchus kisutch Coho Salmon Parent Swain and Riddell (1990) 

Lateral display 0.001 Oncorhynchus kisutch Coho Salmon Parent Swain and Riddell (1990) 

Submissive display 0 Oncorhynchus kisutch Coho Salmon Parent Swain and Riddell (1990) 

Boldness 0.27 Canis domesticus German Shepard dog Multi Strandberg et al. (2005) 

Dominance 0.63 Pan troglodytes Chimpanzee Multiple Weiss et al. (2000) 

Openness 0 Pan troglodytes Chimpanzee Multiple Weiss et al. (2000) 

Dominance 0.66 Pan troglodytes Chimpanzee Multiple Weiss et al. (2002) 

Well-being 0.4 Pan troglodytes Chimpanzee Multiple Weiss et al. (2002) 
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APPENDIX B 

Table 1. Deviance information criterion (DIC) used to test for significance of additive  

genetic variance component estimates for each personality measure at the YOY and 

yearling life stages. The full model (DICf) included the pedigree of additive genetic 

variance as a random effect and water temperature and fork length as fixed effects. The 

reduced model (DICr) included water temperature and fork length as fixed effects, with 

the pedigree of additive genetic variance as a random effect removed. ΔDIC > 2 represent 

significant additive genetic variance components and are shown in bold.  

 

 

 YOY    Yearling     

           

 

Trait 

 

DICf  

 

DICr 

 

ΔDIC 

  

DICf 

 

DICr 

 

ΔDIC 

Time to exit the refuge (s) 

 

751.59 775.99 24.49  732.64 754.68 22.04 

Proportion of time spent 

moving 

 

40.92 52.10 11.18  88.74 144.94 56.2 

Net displacement 

 

400.44 530.07 

 
129.63  538.19 541.24 3.05 

Proportion of time spent 

near a reflection 

 184.05 185.29 1.24  134.05 136.50 2.45 
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APPENDIX C 

Figure 1. Genetic crosses made with wild adult migrant and resident brook trout to 

produce 26 families of offspring used in behavioural experiments. Migrant parents are 

shown with an asterisk. Ten migrant females (F) were mated with 18 males (M) that were 

either migrant or resident. Sperm from each male were crossed with eggs from 1-3 

females and eggs from each female were crossed with sperm from 1-5 males to produce 

14 migrant x migrant (MxM) families and 12 migrant x resident (MxR) families. Families 

were either half-sib or unrelated 

 

F1* 

M2 M10* 

F2* 

M9 M4* 

M1* M13* 

F3* 

M13* 
M8 

F4* 

M5 M4* 

M7* 

M15 

M11* 

F5* 

M6 M14* 

F6* 

M12* 

F7* 

M2 M7* 

F8* 

M3 M16* 

F9* 

M2 
M17* 

M7* M9 

F10* 

M3 M18* 


