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ABSTRACT

SHOULD I STAY OR SHOULD I GO? RISK TAKING, NOT FORAGING

TACTICS, PREDICTS DISPERSAL PREDISPOSITIONS AMONG RECENTLY
EMERGED BROOK CHARR

Allan Holmquist Edelsparre Advisor:

University of Guelph, 2010 Robert L. McLaughlin

There is interest in whether variation in long-distance movement (dispersal) can
be predicted by individual differences in routine behaviour. I tested whether the

propensity of brook charr (Salvelinus fontinalis) to disperse in laboratory dispersal
channels was related to differences in their activity during prey search in the field or

in the time taken to exit a dark tube into an unfamiliar field environment (a measure
of risk taking). Propensity to disperse was only related strongly to risk taking, but,
unexpectedly, individuals with short exits times (bold) dispersed farther than those
with long exit times (shy). This pattern was repeatable and unrelated to physical
features affecting the rate of dispersal in the channels or to individual differences

in affinity for cover. My study suggests it is possible to predict dispersal distance

from behaviour exhibited at smaller spatio-temporal scales, but the nature of the

relationship can depend on the environmental context.
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Introduction

The movement of animals has important ecological and evolutionary consequences. At

the level of individuals, movement can influence rates of encounter with prey, mates,

and predators in ways that affect reproduction, survival and, ultimately, Darwinian

fitness (Nathan, 2008; Nathan et al., 2008). At the level of populations, movement

can influence rates of birth, immigration, death, and emigration, as well as gene

flow (Hanski and Gilpin, 1991; Kot et al., 1996). At the level of communities and

ecosystems, the movement of animals can facilitate the spatial transfer of energy,

nutrients, diseases, and contaminants (Hoekstra et al., 2003; van Putten et al., 2007;

Dybiec et al., 2009), and movement by top predators between habitats can couple

food webs in ways that stabilize or destabilize food web structure (McCann et al.,

2005; Dolson et al., 2009).

Biologists often perceive, interpret, and investigate the movement of an individual

at different spatial and temporal scales (grain). At the smallest spatial and temporal

scales, movement can be described in terms of individual stops, starts, steps and turns

(Nathan et al., 2008). At slightly larger spatial and temporal scales, the stops, starts,

steps, and turns make up movement patterns that characterize foraging (e.g. such as

sitting and waiting versus actively searching, perching versus flying, or area restricted

searching), mate searching behaviour (e.g. sneaker male versus defending male), or
escape responses to predators (e.g. hiding versus predator inspection). At even larger

spatial and temporal scales, these movements can represent displacements from natal

to new unfamiliar habitats (dispersal), or synchronous, cyclic movements made by a

large proportion of the population (migration) (Dingle, 2006). At the largest spatial

and temporal scales, all movement carried out by an animal from birth to death can

be described in terms of the animal's lifetime track (Milne, 1991; Nathan et al., 2008).
There is growing interest in understanding how animal movements observed at

small spatial and temporal scales, and the mechanisms responsible for them, are re-
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lated to movements observed at larger spatial and temporal scales (Jones et al., 1980;

Morales and Elmer, 2002; Samu et al., 2003). For individuals, there is interest in

determining whether movements at small spatial and temporal scales can be used to

predict an individual's lifetime track or significant parts of it (Nathan, 2008; Nathan

et al., 2008). Such predictions would be particularly valuable in the many situations

where an animal's lifetime track or significant parts of it are difficult to measure

directly. Conversely, when observations of movements are remotely sensed at large

spatial and temporal scales, with corresponding error, there is interest in inferring

sub-components of movements that are associated with foraging or search for patches

(Morales et al., 2004), or diurnal foraging movements along migratory routes (Jonsen
et al., 2006). For populations, there is also interest in understanding whether the
movement of individuals measured at small spatial and temporal scales can explain

key features of aggregate models that summarize the distribution of distances moved

by individuals within a population. Aggregate distributions are frequently leptokurtic

with more propagules near the centre (high peak) and tails (fat tails) of the distribu-

tion than expected from a normal distribution (Dobzhansky and Wright, 1943; Jones,

1977; Paradis et al., 1998). The high peaks and fat tails of aggregate distributions are

considered important in common ecological processes. The high peaks of aggregate

distributions are considered important to the mechanisms responsible for promoting

local adaptation and biodiversity (Kerr et al., 2002; Gros et al., 2006). The fat tails
of aggregate distributions are considered important to the mechanisms responsible

for the spread of invasive species, diseases (Kot et al., 1996; Dybiec et al., 2009), and
gene flow between populations (Ahmed et al., 2009). Understanding these ecological
processes will likely involve understanding the mechanisms and which individuals in-

fluence the shape of the high peak and the long fat tails (Kerr et al., 2002; Dybiec

et al., 2009).

There is theoretical justification, but limited empirical evidence, to expect that
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movements at small spatial and temporal scales are linked to movements at larger

spatial and temporal scales, although contrary perspectives exist. Grinnell (1931)
hypothesized that long distance movements (e.g. dispersal and migration) evolved
as extensions of smaller scale movements that make up routine daily activities, such

as foraging and prey search. This hypothesis was based on observations that resi-
dent birds were highly active and covered as much distance during their routine daily

activities within a home range as did migratory birds during a day of continuous

flight. Similarly, in a review of the ecological implications of animal temperaments,
Reale et al. (2007) hypothesized that large scale movement behaviours, such as dis-
persal and migration, are likely outcomes of elemental temperament behaviours, such
as general activity, boldness or risk taking, exploration, aggression, and sociability.
Empirical support is limited, but in great tits (Parus major), individuals with bold
temperaments explore farther than individuals with shy temperaments (van Oers
et al., 2004) and in the common lizard (Lacerta vivipara) individuals with a social
temperament settle under high population densities and disperse under low densi-

ties while less social individuals disperse under high population densities and settle

under low densities (Cote and Clobert, 2007). From a contrary perspective, Fausch
et al. (2002) cautioned against linking movement responses that describe different
foraging tactics in stream fishes (e.g. "movers" and "stayers" (Grant and Noakes,
1987; Hughes, 2000)) to movement at large spatial and temporal scales. Fausch et al.
(2002) hypothesized that large spatial and temporal scale movements, such as dis-
persal, are distinctively different responses that are replaced by foraging movements,

predator escape responses, and mating movements once patches of suitable resources
are encountered .

There is also theoretical justification to expect that the movement of individuals

observed at small spatial and temporal scales can explain the high peaks and fat

tails of aggregate distributions (Gurarie et al., 2009). Skalski and Gilliam (2000) and
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Rodriguez (2002) hypothesized that alternative patterns of foraging exhibited by re-

cently emerged brook charr (McLaughlin et al., 1992), could be a possible source of
the high peaks and fat tails of aggregate distributions observed in number of stream

fishes, including brook charr (Skalski and Gilliam, 2000; Rodriguez, 2002; Coombs
and Rodriguez, 2007). Although the mechanisms involved are unclear, one possible
mechanism is that individuals that are more active during prey search would cover

more space leading to greater net displacement than individuals that are less active

during prey search. Another possible mechanism is that some individuals may be

predisposed to disperse and others not, and that future dispersers exhibit greater

foraging activity to acquire the resources necessary for dispersal than residents. Con-

versely Fraser et al. (2001) proposed that the high peaks and long fat tails of aggregate
distributions could arise if individuals differ in their willingness to take risks and move

into unfamiliar habitat. Fraser et al. (2001) showed that bold individuals of Trinidad

killifish (Rivulus hartii) exhibited longer dispersal distances in the field compared to
shy individuals, consistent with their hypothesis.

I tested whether foraging tactics and risk taking behaviour exhibited by recently

emerged brook charr (Salvelinus fontinalis) in the field could predict an individuals'
willingness to move into and explore a novel benign laboratory environment (hereafter
propensity to disperse). In Canada, brook charr are distributed from the Atlantic
seaboard (including Newfoundland, Labrador, and Quebec), throughout lakes and
streams of Ontario and north to James and Hudson Bays, extending along the coast

to northeastern Manitoba (Scott and Crossman, 1998). Spawning depends on tem-
perature and latitude but occurs usually in gravel substrate during late September

and October where eggs incubate (Scott and Crossman, 1998). Fry hatch in February
and remain in the gravel within the nest until the yolk is fully absorbed and exoge-

nous feeding commences (Scott and Crossman, 1998). At my study site in the Credit
River, Ontario fry emerge from the gravel redd in early April and begin to colonize
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still water pools along the river bank.

My study focused on fish because subgroups of "slow" and "fast" dispersing indi-

viduals have been observed in a number of species (Bradford and Taylor, 1997; Skalski

and Gilliam, 2000; Coombs and Rodriguez, 2007). My study focused on stream fish

because their movements are relative simple to model because small streams can be

conceptualized as one-dimensional habitats (Skalski and Gilliam, 2000; Rodriguez,

2002). My study focused on brook charr in particular, because recently emerged

brook charr in Mykiss Lake exhibit "slow" and "fast" dispersers (Coombs and Ro-

driguez, 2007). My study focused on recently emerged brook charr in still-water pools

along the bank of the Credit River because some individuals tend to actively search

for insects in the upper portion of the water column, while others tend to sit and

wait near the bank and feed on crustaceans that pass by or emerge from the sedi-

ment (Grant and Noakes, 1987; McLaughlin et al., 1992, 1994, 1999). More active
individuals are also more willing to take risks than less active individuals (Farwell

and McLaughlin, 2009). I chose to focus on propensity to disperse for two reasons,

i) because for realized dispersal to be related to foraging tactics and risk taking be-

haviour, individuals must exhibit differences in their propensity to move into and

explore new and unfamiliar habitat, ii) because propensity to disperse under benign

laboratory environments has been found to empirically correlate with dispersal be-

haviour in the wild for a number of stream fishes (Raleigh, 1971; Northcote and Kelso,

1981; Bradford and Taylor, 1997; Kobler et al., 2009).

My study combined field observations of focal individuals with field and lab ex-

periments to test whether foraging tactics and risk taking behaviour could predict an

individuals' propensity to disperse in a benign laboratory environment. It entailed

observing a focal individual in a still water pool in the field and quantifying the pro-

portion of time it spent moving during prey search (a measure of foraging tactics)
(McLaughlin et al., 1992, 1999), capturing the focal individual, measuring the time it
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took for the individual to exit a dark refuge (a measure of risk taking) (Fraser et al.,
2001; Brown et al., 2005), transporting the individual to the lab and quantifying its

movement in a dispersal channel with 15 different compartments connected by holes

(a measure of the propensity to disperse) (Raleigh, 1971; Northcote and Kelso, 1981;
Bradford and Taylor, 1997). I then tested whether individuals that were more active

during prey search in the field exhibited greater propensities to disperse in a con-

trolled lab environment than individuals that were less active during prey search. I

also tested whether individuals that took less time to exit a dark tube into an un-

familiar but natural stream environment (Farwell and McLaughlin, 2009) exhibited
greater propensities to disperse in a controlled lab environment than individuals that

took longer to exit from a dark refuge.

My initial findings suggested that the propensity to disperse in the lab was related

to risk taking, but contrary to what I expected individuals that took longer to exit

the dark refuge in the field (low risk taking) exhibited greater dispersal propensities

in the lab than individuals that exited faster in the field (high risk taking) . I therefore

tested the repeatability of this relationship by conducting the experiment again the

following year. I also tested if the relationship observed reflected an artificial response

to the holes that connected the 15 compartments in the dispersal channel. This

experiment entailed comparing the dispersal of individuals in the original dispersal

channel with the dispersal of individuals in a second type of dispersal channel where

I enlarged the passageway between compartments in the dispersal channel. I also

tested whether the relationship observed reflected a search for a dark refuge inside

the dispersal channel. This entailed determining if individuals remained longer in a

compartment provided with overhead cover compared to when no overhead cover was

provided. Lastly, I tested whether individuals associating more with structure would

be more likely to move through the holes in the dispersal channel. This experiment

first entailed determining whether individuals differed in their affinity to structure
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and then testing whether individuals with higher affinity for structure were more

likely to move through the holes in the dispersal channels.

Materials and Methods

Quantification of Activity During Prey Search in the Field

Field observations were made from 31 March to 25 May in 2008 and in 2009. In

2008, observations were carried out in still-water pools at the North Branch of the

Credit River, upstream of Highway 24 near Caledon ON (43°52'iV, 800OOW) and the
West Branch of the Credit River, 2 km north east of Erin ON (43°45'iV,80o07W).
In 2009, all observations were carried out in still-water pools at the North Branch of

the Credit River because the West Branch study site did not have still-water pools

due to high flows. Pools ranged from 4 to 45 m2 (x = 10m2) in area and 4 cm to 51
cm (x = 20 cm) in depth.

Activity during prey search was quantified daily between 09:00 and 18:00 using

focal animal sampling (Altmann, 1974). Upon arrival at a pool, I would lay down close
to the bank and wait 5 to 10 minutes for charr to resume normal foraging behaviour.

If disturbed by an observer approaching the bank, recently emerged brook charr tend

to leave the pool or seek refuge at the stream bottom or under the bank or other

available structure. It takes 2 minutes on average for charr to return and resume

foraging (Grant and Noakes, 1987). Once the charr resumed foraging, I scanned the
pool and counted the number of individuals that were moving and not moving. A focal
individual was selected depending on its activity. On each sampling day, I attempted

to observe and capture two individuals that were less active and two individuals

that were more active during prey search to ensure my sample included individuals

exhibiting different levels of activity during prey search (Biro and Dingemanse, 2009).
Behaviour of the focal individual was recorded on a Sony mini-cassette recorder.
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I recorded behaviour for 20 minutes on 154 out of 158 observations. Duration of the

remaining four observations was shorter (7.45 to 17 minutes) due to poor weather

conditions. Once an observation started, behaviour of the focal fish was recorded

every 5 seconds. During a 5 second interval, an individuals' behaviour was recorded

as a move if the focal individual moved a body length or more or no move if it moved

less than a body length. I also recorded whether that behaviour was associated with

an attempt to capture a prey item (foraging attempt) or aggression with another

conspecific. A foraging attempt entailed a conspicuous and rapid change in direction

and speed towards a potential prey item (during move), or an adjustment in hovering

position to intercept a prey item (during no move). Aggression entailed a rapid chase
directed towards another individual or an escape response away from an aggressive

individual. Five second intervals not including a foraging attempt or aggression were

considered prey search and these intervals were used to calculate the proportion of

time spent moving during prey search for each individual. This protocol was the same

as that used in earlier studies conducted on this system (McLaughlin et al., 1994).

After an observation, I attempted to capture the focal fish using two dip nets (18 ?

25cm). In my first year I did not record my capture success. During the second field

season I captured 69 out of 100 of focal individuals (69 percent) . Once captured each

fish was held individually in a labelled IL glass Mason jar with a mesh cap. The glass

Mason jar was placed in a shaded section of the stream away from where the focal
observations were made.

Quantification of Risk Taking in the Field

Risk taking was quantified using a refuge-exit experiment similar to those used by

Fraser et al. (2001), Brown et al. (2005), and Farwell and McLaughlin (2009). The
experimental arena consisted of a clear Plexiglas aquarium (55 ? 26 ? 35 cm) with

an open top and a 1 mm2 mesh bottom set in a pool at the river's edge. Within
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the arena was a vertical, free standing opaque PVC tube (32 cm high and 12 cm

diameter) with a 2 cm wide opening that could be opened manually by pulling a
sliding door upwards. The tube was positioned at one end of the experimental arena

with the opening facing the opposite end and providing a view of an unfamiliar but
natural stream environment.

Experimental trials commenced approximately 30 minutes after an individual was

captured. An experimental trial involved carefully placing a captured individual into

the tube from the top. An individual was given 10 minutes to adjust to its new

surroundings whereafter the sliding door was manually pulled upwards until removed

from the tube. This provided the focal individual a refuge in the tube and a choice

between staying in or exiting from the tube. An observer, positioned approximately

90 deg to the tube opening, recorded the time(s) a focal fish took to exit the tube. The
time an individual took to exit from the tube was assumed to reflect its assessment

of the risk of remaining in the tube versus the risk of exiting into a novel, natural

environment. If a fish did not exit the tube after 1800 seconds, the trial was ended

and the exit time was assigned 1800 seconds.

Each fish was tested under two treatments. One treatment quantified the time

the focal individual took to exit the PVC tube upon opening the sliding door in the

absence of a novel object. A second treatment quantified the time the focal individual

took to exit the PVC tube in the presence of a novel object (white Plexiglas plate; 36

cm ? 22.5 cm) placed on the bottom of the aquarium extending away from the base
of the tube opening. In 2008, each individual was tested in the absence of a novel

object first and in the presence of a novel object last. In 2009, the sequence of the

treatments was randomized to minimize sequential effects. After the first trial the

focal individual was carefully retrieved with a dip net and placed back into the tube

for 10 minutes before the second trial. If an individual did not exit the tube during

the first trial, the tube was carefully removed and the focal individual was retrieved
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with a dip net. The individual was again placed in the tube for 10 minutes before

the second trial. After completion of the risk taking experiment, the fish was placed

back in its labelled Mason jar and returned to the shaded section of the stream. At

the end of all treatments for a day, the captured fish were transported to the Hagen

Aqualab, University of Guelph where they were kept overnight in individual labelled

containers with constant water flow and a water temperature of 10 — 12°C and 12:12

hour light/dark conditions.

Quantification of the Propensity to Disperse in the Laboratory

In 2008, propensity to disperse was quantified for each focal fish in one of four dispersal

channels similar to those used by Northcote and Kelso (1981) and Bradford and

Taylor (1997). The dispersal channels were arranged side by side in an isolated room

in Hagen Aqualab. Black plastic screens hung along the lengths and ends of the

channels minimized any disturbance of the fish by observers. Each dispersal channel

consisted of a green 4 m long PVC pipe (radius 37.5 cm) cut in half along its length.

Preliminary trials suggested that individuals moved quickly to the end of the dispersal

channel. To slow down the movement of fish each dispersal channel was divided into

15 equal sized compartments (26 cm ? 19 cm) labelled 1 to 15 (Bradford and Taylor,

1997). The 15 compartments were constructed by inserting dividers made from 0.6

cm thick opaque PVC sheets (Fig. IA). The dividers had a 2.5 cm diameter hole

positioned 7.43 cm from the bottom extending 4.8 cm from the wall. Hole position was

determined based on earlier measurements of water column use by recently emerged

brook charr in the lab (Wilson and McLaughlin, 2007). The dividers were arranged
so that the holes were on alternate sides of the dispersal channel from one divider to

the next so that a test fish could not move through all compartments in a straight

line. This presented a situation where individuals had to seek out the openings to

travel from one compartment to another.
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For the repeated experiment in 2009, two of the four dispersal channels used had

compartments made from dividers with holes, as described for 2008. The remaining

two dispersal channels were modified by cutting away a third of each divider thereby

removing the holes and making the dividers more permeable to movement by the

fish (Fig. IB). This modification was done to test whether movement was affected by
holes.

Dispersal trials commenced between 10:30 and 11:30. Prior to the trials, each

dispersal channel was emptied and refilled with oxygen-saturated water (10 — 11°C)

after which an individual was randomly assigned to a dispersal channel, placed indi-

vidually into compartment 1 with the opening blocked, and provided 30 minutes to

adjust to its surroundings. Holes (Fig. IA) and openings (Fig. IB) of compartment

1 were blocked by a piece of opaque PVC sheet. After 30 minutes, the PVC sheet

was removed and movement of an individual from compartment to compartment was

recorded on video tape by four overhead video cameras that each covered a 1 metre

section of each dispersal channel. Movement between compartments was quantified

for two hours (following the protocol of Northcote and Kelso (1981)) by recording

the time when the focal fish switched between adjacent compartments. There was a

small rise in ambient water temperature (1 — 20C) during the two hour trials. After

the two hours, video recording was ended and fish were left to disperse overnight until

07:00-07:30 the following morning when the location of each fish was determined by

an observer. Fish were then captured with a dip net, euthanized by an overdose of

clove oil (60mg/L), measured for fork length (2008: 1.8 to 2.9 cm; ? = 59; 2009: 2.1

to 3.3 cm; ? = 66), and wet weight (2008: 0.04 to 0.32 g; ? = 59; 2009: 0.04 to 0.23
g). Following each trial, dispersal channels were drained, and cleaned by spraying the

inside of all compartments with fresh water to minimize transmission of any chemical

cues released by test individuals from one set of trials to another.
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Effect of Overhead Cover on Exit From the First Compartment

An exit experiment in the dispersal channel with holes was used to test if individuals

remained longer in compartment 1 if provided with overhead cover, compared to when

no overhead cover was provided. Forty individuals, measuring between 2.2 to 3.4 cm

(fork length) and 0.04 to 0.32 g in wet mass were haphazardly dip netted (18 ? 25

cm) from still-water pools at the North Branch of the Credit River during early May,

2009. Following capture, individual charr were placed overnight in an aerated 20 litre

container and transported back to the Hagen Aqualab. Charr were kept together

overnight in a holding aquarium (40 cm long, 30 cm wide, and 30 cm high) with a

mean water now of 6.7mL ? sec-1 and water temperature of 10 — 12°C.

Fish were selected haphazardly from their holding aquarium and each individual

assigned its own dispersal channel and placed into compartment 1. An opaque PVC

sheet in front of the hole prevented the individual from exiting into compartment 2.

The test fish was provided 10 minutes to adjust to its new surroundings. It was then

given 1200 seconds to exit through the hole, and if it had not left compartment 1 after

1200 seconds, it was assigned an exit time of 1200 seconds. Each fish was tested twice,

once in each of two treatments. One treatment measured the time taken to exit from

compartment 1 into compartment 2 when a piece of cardboard that fully covered

compartment 1 was provided as overhead cover. Another treatment measured the

time taken to exit from compartment 1 into compartment 2 in the absence of a piece

of cardboard on top of compartment 1 (no overhead cover). In all treatments, the

hole between compartment 2 and 3 was blocked to prevent individuals from exploring

dispersal channels. Assignment of an individual to a dispersal channel and the order

of treatment presented were randomized. All treatments were recorded on VHS and

at the end of the experiment each individual was placed in its own aquarium designed

for the structure experiment (see below).
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Quantification of Affinity for Structure

A laboratory experiment was used to determine whether individuals differed in their

affinity for structure. The test arena consisted of 20 aquaria (40 cm long, 30 cm wide,

and 30 cm high). Simulated in-stream vegetation (structure) made from shreds of

green plastic bags was placed at one long end of the aquarium extending from the

bottom to the water surface. Two lines were drawn inside on the bottom dividing the

length of the aquarium into three equal sized sections. The aquaria had a mean water

now of 6.7mL ? sec-1 and water temperature of 10 — Vl0C. Black plastic bags were

hung across the lengths and ends of the experimental set up to minimize disturbance

by the observer.

The fish used in this experiment were the same subjects used in the Effect of

Overhead Cover on Exit From the First Compartment experiment described above.

Individual charr were assigned randomly and singly to an aquarium. Observations

of the horizontal and vertical position of each fish in the water column were made

twice daily between 08:00 and 10:00 and between 16:00 and 19:00 for 14 consecutive

days. Horizontal position of an individual was scored as 1 if the fish was in the

section closest to the simulated grass, 2 if the fish was in the middle section, or 3 if

the fish was in the section farthest from the grass. Vertical position was determined

by recording whether the fish was on or just off the bottom (1), whether it was just

under the surface (3), or in the space between the bottom and surface (2). After

14 days, mean horizontal and vertical positions were calculated for each individual.

Throughout the duration of the experiment, fish were hand fed with trout chow ad

lib twice daily at times outside the observation periods. When feeding the fish, the

observer attempted to spread the feed uniformly over the surface of each aquarium.
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Statistical Analysis

Modelling the Propensity to Disperse

Testing predictions regarding the propensity to disperse required measures of activity

during prey search, risk taking, and the propensity to disperse for each individual.

Activity during prey search was quantified by calculating the proportion of time

each individual spent moving while searching for prey in the field. Risk taking was

quantified as the times each individual took to exit the tube in the presence and

absence of a novel object, providing two measures of risk. The propensity to disperse

for each individual was quantified by modelling the rates at which individuals moved

between adjacent compartments using multi state Markov models in continuous time.

Multi state Markov models were adopted for two reasons. First, Markov mod-

els can be fitted to individual movement data, possibly including potential predic-

tor/explanatory variables, to estimate rates of movement from one compartment to

another. Second, Markov models can estimate the probabilities of an individual's

present location based on its previous locations (typically only immediate past lo-

cations in a first order Markov chain) (Jackson et al., 2003; Patterson et al., 2008).
This conditioning avoids problems with data that are temporally correlated, which

often violate assumptions of independent data points required by many conventional

statistical models (Patterson et al., 2008).

Markov models in continuous time are often used to quantify the progression

of diseases in individuals by predicting the transition between stages of illness (e.g.
healthy, ill, death) (Jackson et al., 2003). By analogy, the movement of individu-
als between compartments in a dispersal channel is analogous to the transition of

individuals between stages of disease.

Markov models were fitted using time series of each individual's location within the

dispersal channel over time. The time series were used to develop a matrix summariz-
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ing the transitions between adjacent compartments. These movements (transitions)

between compartments were modelled as a homogeneous continuous time Markov pro-

cess (Jackson et al., 2003). A general model for the movement between compartments

(Fig. 2) can be described by a transition intensity matrix, Q

Qn 9i2 0 0 ¦·· qln

921 922 923 0 ··· q2n

0 fe 933 934 '¦¦ 93n
U¿ = W)

0 0 <?43 944 '·· 94n

v0 0 0 0 ·-. g„,ny
where qrs represents the instantaneous rate of movement from the rth compartment

into an adjacent compartment s and has a value greater than 0. qrr represents the

instantaneous rate of remaining in compartment r and has a value less than 0. In the

models constructed, here the instantaneous rate of moving forward or backward was

equal to qrs. The diagonal entries are

Qrr = ~^2 Qrs- (2)

Q is estimated using maximum likelihood from observations of movement into the S(t)

compartment by individual i at time t. The (r, s) entry of Q represents the instanta-

neous rate of movement to compartment s, conditionally on occupying compartment

r:

lim [Pr {Si (t + St) = s\Si (t) = r,Ft, Z] /St] (3)
d—>0

where F is the observation history of the process up to the time preceding time

t, and in models with individual behaviour from the field, Z are individual-specific

explanatory variables. Q is then used to calculate a transition probability matrix
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Pit)

P(í) = exp(tQ) (4)

which is used to estimate probabilities of individuals being in specific compartments

at specific times. P(t) is time dependent whereas Q is not.
Incorporation of the proportion of time spent moving in the field and exit times

in the absence and presence of a novel object was done by relating the transition

intensities qrs at time t to each explanatory variable Z at that time. For each entry of

Q, how the rate of movement for individual i at observation time j (qrs) was related

to the explanatory variable (Z) was estimated using a proportional hazard model

with an additional parameter ß:

Ql8(Zi) = Q^ BXP^r3Zi) (5)

where q^ is a baseline estimate of q before considering individual differences in ex-
planatory variables. Each explanatory variable was constant through time because

they were measured in the field prior to the dispersal experiment, but varied across
individuals.

Evaluating Predictions

My evaluation of whether behaviours measured in the field were related to propen-

sity to disperse in the lab first involved examining whether individuals differed in

their propensity to disperse in the channels. This was done by fitting a model that

estimated the instantaneous rate of movement q min-1 and 95 percent confidence
limits for each individual. Individuals were ranked from lowest to highest movement

rate. Evidence of individual differences in the propensity to disperse was assessed

by calculating the mean movement rate across all individuals. Ninety-five percent

confidence limits of individual instantaneous rates of movement not encompassing
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the mean across individuals was taken as evidence for individual differences in the

propensity to disperse.

My predictions that individuals exhibiting greater proportions of time moving

during prey search and shorter tube exit times in the field would also exhibit greater

propensities to disperse were assessed by i) fitting four multi state Markov models

to movement in the lab, ii) comparing their predictive and explanatory ability using

an information-theoretic approach to multimodel inference based on Akaike's Infor-

mation Criterion (AIC: Burnham and Anderson (2002)) and, iii) determining if the
nature of the relationship (positive or negative) between predicted movement rates in

the lab and each explanatory variable was consistent with my predictions. The first

model fitted did not incorporate proportion of time spent moving during prey search

and exit times in the absence or presence of a novel object as predictor variables. It

estimated a single q for all compartments and individuals. This served as a baseline

model for the hypothesis that the propensity to disperse in the lab was unrelated to

individual differences in field measurements. The second, third, and fourth models

estimated movement rates based on individual measures of proportion of time spent

moving during prey search in the field, exit time in the absence of a novel object,

and exit time in the presence of a novel object, respectively. These estimated Qi for

each individual where q's differed among individuals but were the same across all

compartments by estimating the additional scaling parameter ß in equation (5) for

each explanatory variable. The second model was used to test the prediction that in-

dividuals with higher levels of activity during prey search exhibited greater dispersal

propensities than individuals with lower levels of activity during prey search. The

third and fourth models were used to test the prediction that individuals with short

exit times (high risk taking) exhibited greater dispersal propensities than individuals
with long exit times (low risk taking). The proportion of time spent moving dur-

ing prey search and exit time were considered in separate models because they were
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derived from different hypotheses and they were not strongly correlated with each

other. Prior to fitting the models, proportion of time spent moving while searching

for prey in the field was arcsine square root transformed and exit times in the absence

and presence of a novel object were logio transformed to linearize relationships and

reduce the influence of possible outliers. For fish that dispersed in channels with

holes, movement rates were estimated over 2 hours from the time the PVC block-

ing the hole between compartment 1 and 2 was removed. For fish that dispersed in

channels with open dividers, movement rates were estimated over 17 minutes. The

shorter time was used because 7 individuals reached the opposite end of the dispersal
channel after 7-10 minutes. 17 minutes were used rather than 7 minutes because at

7 minutes there were not enough transitions between compartments 9 through 15 to

estimate movement rates. Durations longer than 17 minutes were not used to reduce

any potential effect of the far boundary on the propensity to disperse. I included time

squared as a variable in all models to allow for a change in movement rates over time

(e.g. potentially arising from a habituation or learning effect). Fork length (size) was
not included in any of the models because initial modelling revealed no relationship
between the size of fish and movement rates.

To compare the four models, I calculated values of AIC for each model. The

model with the smallest AIC value was considered as the best "approximating" model

from the model set. The remaining three models were ranked relative to the best

approximating model using differences in AIC values (AAIC) and Akaike weights
(Wi). Models with AAIC values less than 2 are considered to predict and explain
as much of the variation in the data as the best approximating model. Models with

AAIC between 2 and 4 have less support and models with AAIC greater than 4

do not compete in predictive and explanatory ability with the best approximating

model (Burnham and Anderson, 2002). Akaike weight gives the probability that a

given model is the best approximating model within the set of models (Burnham and
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Anderson, 2002).

To test whether the nature of the relationship between predicted movement rates

in the lab and each explanatory variable was consistent with my predictions, I calcu-

lated the 95 percent confidence limits around the mean instantaneous rate of move-

ment q (min-1) across all individuals for each model. Then I plotted movement rates
as a function of proportion of time spent moving in the field as well as movement rates

as a function of exit times in the absence and presence of a novel object. Ninety-five

percent confidence limits not encompassing the mean for a given model was taken

as evidence for significant positive or negative relationship between the propensity

to disperse and a given explanatory variable. For this analysis, proportion of time

spent moving in the field remained arcsine square root transformation and exit times

remained logio transformed to simplified the interpretation of any effect of proportion

of time spent moving in the field and exit times on movement in the lab.

Testing the Effect of Overhead Cover on Exit From the First Compartment

I used a time to event analysis to test whether individuals remained longer in com-

partment 1 when provided with overhead cover compared to when no overhead cover

was provided. This form of analysis is appropriate when data represent time to a

pre-specified event (exiting) and include durations where some trials end before the

event (exit) occurs (censored data). The analysis related exit times to treatment

(overhead cover vs no overhead cover) and tested whether individuals took longer to

exit into compartment 2 in the presence of overhead cover compared to the absence of

overhead cover, after statistically blocking by individual and adjusting for fork length

(size). A Z test with a 1-tailed alpha of 0.05 was used to compare whether charr

remained in compartment 1 longer in the presence of overhead cover compared to
when the overhead cover was absent.
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Testing Whether Affinity for Structure Affects Exit Times From the First Compart-
ment

To test whether individuals differed in their affinity to structure, I used a one-way

analysis of variance to compare mean horizontal position in the water column across

individuals (a Fligner-Killeen tested whether data met assumptions for parametric

testing). Second, I then examined whether the horizontal and vertical locations were

correlated using a Pearson's correlation coefficient.

I used a time to event analysis to test whether individuals with higher affinity

for simulated grass (structure) were more likely to move through the holes in the

dispersal channels. The analysis related exit times into compartment 2 in the absence

of overhead cover to the mean score of horizontal positions of individual fish. A second

analysis related exit times into compartment 2 in the absence of overhead cover to the

mean score of vertical positions of individual fish. Both analyses blocked by individual

and statistically adjusted for size (fork length). A Z test with a one-tailed alpha of
0.05 was used when evaluating the relationship between affinity to structure and exit
times.

All statistical analyses were completed in R (v.2.8.1; R Development Core Team

2005). The msm: Multi-state Markov and hidden Markov models in continuous time

package (R package version 0.9.3; Jackson, 2009) was used to construct the dispersal
models and the survival package (R package version 2.35-4: Therneau and Lumley,

2009) was used when analyzing time to event data.

Results

Individuals differed markedly in their behaviour in the field and in the dispersal

channels. In 2008 and 2009, distributions of proportion of time individuals spent

moving while searching for prey ranged from 0 to 1 and were similar for both years
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(Fig. 3(a) and Fig. 3(b)). Exit times measured in the tube experiment ranged from

1 to 1800 seconds in the trials with the novel object absent in both years. Exit times

ranged from 2 to 1800 seconds for the trials with the novel object present in 2008, and

1 to 1800 seconds for the trials with the novel object present in 2009. Individuals that

took longer to exit the dark tube in the absence of the novel object also took longer to

exit the tube in the presence of the novel object in 2008 (Spearman's rank correlation:

rs = 0.47, P = 0.0001; Fig. 4(a)) and in 2009 (Spearman's rank correlation: rs = 0.27,

P = 0.027; Fig. 4(b)).

Movement rates (q's) exhibited by individuals in the dispersal channels ranged
from 0 to 0.29 q min-1 in 2008 and there were individuals for which the 95 confidence

limits did not encompass the mean q across all individuals (Fig. 5(a)). Movement
rates exhibited by individuals in 2009 ranged from 0 to 0.51 q min-1 in the experiment

where dividers had holes (Fig. 5(b)) and from 0 to 2.15 q min-1 in the experiment
with open dividers (Fig. 5(c)). In all three experiments there were individuals for

which the 95 confidence limits did not encompass the mean q across all individuals.

Comparisons of the multi state Markov models supported the hypothesis that

propensity to disperse in the dispersal channel was related to the behaviour individuals

exhibited in the field. Baseline models that excluded the proportion of time spent

moving during prey search in the field and exit times in the field ranked third among

the set of competing models in all three experiments (Tab. 1). In each case there

was a low probability that the baseline model was the best model from the model set

(Tab. 1).

The hypothesis that the propensity to disperse was related to the proportion of

time spent moving during prey search in the field also received little support (Tab. 1).

The models including proportion of time spent moving while searching for prey in the

field consistently ranked last in all three model sets and had very low probabilities of

being the best approximating models in the model sets (Tab. 1). There was also no
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evidence that individuals spending a greater proportion of time moving in the field

during prey search also exhibited greater movement rates in the dispersal channels

(Fig. 6).

Conversely, the hypothesis that the propensity to disperse in the dispersal channel

was related to risk taking was supported. Models that included either exit times in

the absence of the novel object and exit times in the presence of the novel object in

the field were consistently ranked the best approximating models from the model sets

(Tab. 1). However, there was some variability as to which model ranked highest. In
the 2008 experiment with dividers having holes and the 2009 experiment with the open

dividers, the model that included exit times in the absence of the novel object ranked

higher than the models that included exit times in the presence of the novel object.

In the 2009 experiment with dividers having holes, the model that included exit times

in the presence of the novel object ranked higher than the model that included exit

times in the absence of the novel object. However, the relationship between movement

rates (propensity to disperse) in the dispersal channels and exit times in the field (my
measure of risk taking) was opposite to my prediction (Fig. 7). Individuals that
exhibited longer exit times in the field also exhibited greater movement rates in the
dispersal channels than individuals that exhibited shorter exit times in the field.

This unexpected negative relationship between risk taking and propensity to dis-

perse was likely not due to chance. In both experiments with dividers having holes,

individuals exhibiting longer exit times in the tube experiment in the field exhibited

greater movement rates in the dispersal channel than individuals exhibiting shorter

exit times in the field (Fig. 7(a) and Fig. 7(b)). The negative relationship between risk
taking and propensity to disperse was not an artifact of how individuals responded

to the holes in the dispersal channel. When dividers with holes were replaced by

open dividers, individuals that exhibited longer exit times in the field continued to

exhibit greater movement rates in the dispersal channel than individuals with shorter
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exit times in the field (compare Fig. 7(c) with Fig. 7(a) and Fig. 7(b)). The negative

relationship between risk taking and propensity to disperse in the lab did not reflect

a search for a dark refuge inside the dispersal channel. Individuals did not remain

longer in the first compartment when the overhead cover was placed on top of the

first compartment compared to when the overhead cover was removed (Z = 3.49;
Df = 1; one-tailed P> 0.95). In fact, individuals left the first compartment sooner

(median = 192 seconds) when the overhead cover was placed on top compared to

when the overhead cover was removed (median = 268 seconds) (Fig. 8). The negative

relationship between risk taking and propensity to disperse also did not reflect indi-

vidual variation in affinity for in-stream structure and willingness to pass through the

small holes. Although individuals did show differences in their affinity for simulated

in-stream structure (ANOVA: F = 3.47; df = 37; P< 0.000) and vertical position in

the water column (Fig. 9), individuals with higher affinity for structure did not pass
through the hole into the second compartment sooner than individuals with lower

affinity for structure (Z = -1.116; Df = 1; one-tailed P = 0.264). Willingness to pass

through the hole into the second compartment was also independent of where indi-

viduals were positioned vertically in the water column (Z = 1.217; Df = 1; one-tailed

P = 0.224).

Discussion

This study demonstrated that the propensity to disperse in recently emerged brook
charr can be linked to individual differences in movements measured at smaller tem-

poral and spatial scales in the field. Although individuals differed markedly in their

propensity to disperse these differences were not related to the activity exhibited dur-

ing prey search in the field. However, differences in the propensity to disperse were

related to measures of willingness to take risks, although unexpectedly, individuals

that were less willing to take risks exhibited greater propensities to disperse than in-

23



dividuals that were more willing to take risks. This unexpected negative relationship

was repeatable and not related to the structural challenge of moving through holes

in the dispersal channels. Enlarging the openings between compartments resulted

in greater movement rates overall, but individuals with longer exit times in the field

consistently exhibited greater movement rates in the dispersal channels. The negative

relationship between the propensity to disperse and risk taking was also not related

to individual differences in preference for overhead cover. Instead individuals tended

to remain longer in compartment 1 when there was no overhead cover compared to

when overhead cover was provided. The negative relationship between the propen-

sity to disperse and risk taking was also not related to individual differences in how

charr associated with structure. Although individuals did vary in how they spatially

associated with the simulated in-stream vegetation and vertical position in the water

column these differences were independent of how long it would take individuals to

exit times from compartment 1 to compartment 2.

My study is valuable because it provides evidence that movement behaviours

measured at large spatial and temporal scales, such as those involving dispersal, can be

predicted from movement behaviours measured at small spatial and temporal scales.

For example, for dispersal to be related to risk taking behaviour, individuals differing

in risk taking must, i) exhibit differential propensities to move into and explore new

and unfamiliar habitat, and ii) any difference in the propensity to disperse must

be realized in the face of heterogeneity in the physical, competitive, and predatory

environments in which the individuals travel, in addition to any physiological changes

that may prepare an individual for long distance movement (Dingle, 2006). With

respect to the first requirement, my study has demonstrated that individuals differing

in risk taking differ correspondingly in their propensity to explore and disperse in a

novel homogeneous laboratory environment. While my study has not considered

how important this relationship may be under natural conditions, other studies using
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dispersal channels similar to this study have found that dispersive movements under

laboratory conditions were empirically correlated with dispersal behaviour observed

in the wild (Raleigh, 1971; Northcote and Kelso, 1981; Bradford and Taylor, 1997;

Kobler et al., 2009). Also, my observations of dispersal in the lab were carried out

at the life stage immediately after brook charr emerged from gravel redds (nest) and
subsequently disperse into still-water pools along the river bank (McLaughlin et al,

1994), or around the perimeter of lakes (Coombs and Rodriguez, 2007). Nonetheless,
for the brook charr system it still remains to be established how the propensity to

disperse in the lab corresponds to dispersal under natural conditions. I attempted

to examine displacement of brook charr in the field and link it to their propensity to

disperse in the lab, but efforts to recapture marked brook charr in the field resulted

in a low number of recaptures.

The possibility that movement expressed by individuals at larger spatial and tem-

poral scales can be predicted from movement expressed at smaller spatial and tempo-

ral scales may also inform our understanding of long fat tails observed in frequency

distributions summarizing dispersal distances at the population level (e.g. leptokur-

tic distributions). Individuals comprising the long fat tails are considered important

for ecological processes such as invasions and spread of diseases (Kot et al., 1996;

Dybiec et al., 2009; Cote et al., 2010). One class of hypotheses for long fat tails is

that they could reflect individual differences in short term behaviour, such as risk

taking, although alternate hypotheses also exist (see below). The ability to predict

individuals that are likely to exhibit long distance movement, and the magnitude

of their movement, could improve efforts to understand key ecological processes by

allowing the development and testing of models that focus on the individuals that

may be most influential to the process of interest (e.g. key-stone individuals (Sih and
Watters, 2005)).

My study is valuable further because it provides insights into the phenotypic
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mechanisms that may influence large scale movements in general and in my brook

charr system in particular. Prom a general perspective, my study provides no support

for the hypothesis that "slow" and "fast" dispersers, as observed in a number of studies

on dispersal in lake and stream fishes, are linked to individual differences in foraging

tactics (Skalski and Gilliam, 2000; Fraser et al., 2001; Coombs and Rodriguez, 2007).
The lack of support for any relationship between activity during prey search and

the propensity to disperse suggest that the two types of movement somehow involve

different sensory, motivational, and/or, locomotor or energetic systems. This may

be reasonable because level of activity during prey search involve differences in the

proportion of time individuals spend moving while the distinction between "slow" and

"fast" dispersers involves measures of net displacement (Skalski and Gilliam, 2000;

Coombs and Rodriguez, 2007). The two types of mobility measurements may then

characterize different aspects of movement that are not necessarily related (Rodriguez,

2002).
The lack of support for a positive relationship between activity during prey search

and the propensity to disperse suggests that variation in the propensity to disperse

may be explained by either of three alternative hypotheses: i) individual differences in

the propensity to disperse is related to other aspects of individual behaviour, ii) indi-

viduals are intrinsically similar in propensity to disperse, but movement is determined

by two different underlying movement processes that individuals employ probabilis-

tically (Firle et al., 1998; Rodriguez, 2002), or iii) individuals are intrinsically similar

in their propensity to disperse, but encounter different environmental conditions that

affect how far they disperse (Fausch et al., 2002). My study supports the general

hypothesis that the propensity to disperse may reflect individual differences in risk

taking behaviour. To my knowledge only three other studies have successfully linked

dispersal with measures of risk taking (Fraser et al., 2001) or exploratory behaviour

in a novel environment (van Oers et al., 2004; Verbeek et al., 1996). My study is also
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novel in that it has demonstrated how individual measures of risk taking could be
manifested into movement rates that were modelled from observations on movement

in the lab.

The negative relationship between propensity to disperse and risk taking was

opposite to what I predicted and what has been reported in earlier studies linking

dispersal to risk taking (Fraser et al., 2001; Verbeek et al., 1996; van Oers et al.,

2004). For brook charr, I can rule out the possibility of the relationship being due

to chance because the pattern was consistent over replicates from two different years.

The discrepancy between my results and other studies linking dispersal to risk taking

may suggest that the nature of the relationship between risk taking and propensity

to disperse may vary with environmental conditions (context dependent) (Sih et al.,

2004). For brook charr I can also rule out several environmental conditions hypoth-

esised to influence the nature of the relationship. As such, the negative relationship

between risk taking and propensity to disperse did not reflect an artificial response to

the holes connecting the chambers in the dispersal channel because individuals with

longer exit times in the field consistently exhibited greater propensities to disperse

in the lab when holes were replaced by open dividers in the dispersal channel. The

negative relationship between risk taking and propensity to disperse did not reflect

a search for a dark refuge inside the dispersal channel because individuals did not

remain longer in the first compartment when a cover was placed on top compared to

when the overhead cover was removed. Finally, the negative relationship between risk

taking and propensity to disperse also did not reflect individual variation in affinity

for in-stream structure, vertical position in the water column, and willingness to pass

through the holes because even though individuals differed in their affinity for struc-

ture and vertical position in the water column, individuals with higher affinity for

structure did not exit the first compartment any faster than individuals with lower

affinity for structure. Similarly, individuals staying closer to the surface did not exit
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the first compartment any faster than individuals staying closer to the bottom.

Explaining why low risk takers exhibited greater propensities to disperse and high

risk takers lower propensities to disperse remains to be determined but could reflect

the outcome of either a differential stress response or a differential search response.

Hypotheses regarding a differential stress response would predict a negative relation-

ship between risk taking and propensity to disperse if low risk takers altered their

behaviour more, on average, than high risk takers in a manner that resemble reactive

and proactive coping styles (Koolhaas et al., 1999). Reactive coping styles are usually

associated with a higher vulnerability to stress and thus tend to change behaviour

more, on average, when exposed to stress or novel situations than proactive coping

styles. Proactive coping styles tend to take longer, on average, to adapt to novel

situations. Alternatively, stress could cause low risk takers to panic and consequently

move around more frequently than low risk takers that may on the other hand remain

calmer in a novel environment. Hypotheses regarding a differential search response

would predict a negative relationship between risk taking and propensity to disperse

if less risky individuals had lower ability to learn and remember spatial relationships

in the dispersal channel compared to more risky individuals. There is some evidence

that individual guppies from low and high prédation zones can vary in spatial mem-

ory (Burns and Rodd, 2008). Guppies from low prédation sites tend to have smaller

telencephalons and make quicker and more inaccurate decisions in experimental are-

nas than individual guppies from high prédation sites (Burns and Rodd, 2008). If

this is the case for brook charr, one would predict, as I observed, greater movement

rates for individuals less willing to take risks and lower movement rates for individuals

more willing to take risks. This hypothesis is supported by recent evidence demon-

strating that individuals of recently emerged brook charr vary significantly in their

telencephalon volume in relation to the level of activity they exhibit (Wilson and

McLaughlin in press). Alternatively, animals that exhibit area restricted search will
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turn less frequently where food is unlikely to be found and thereby spend less time in

one area (Benedix, 1993). A negative relationship between risk taking and propensity
to disperse could arise if individuals less willing to take risks initiated this behaviour

sooner than individuals more willing to take risks. The difficulty in explaining when

we should predict a positive (Fraser et al., 2001) or negative (this study) relationship
between risk taking and propensity to disperse therefore reflects the need for a the-

oretical framework that evaluates the adaptive value of exhibiting variation in risk

taking under different circumstances (Sih and McCarthy, 2002).
My study has potential caveats that are important to recognize for appropriate

interpretation of the results. One caveat is that I tested only two behavioural mecha-

nisms for propensity to disperse (activity during prey search and risk taking). There
is emerging evidence from empirical studies on animal temperaments that suggest ag-

gressiveness and sociability may also be linked to dispersal (Duckworth and Badyaev,

2007; Cote and Clobert, 2007; Cote et al., 2010) and I can not rule out that some

of the variation I observed in the propensity to disperse was influenced by individual

differences in these behaviours. The rationale for linking aggressiveness and sociabil-
ity to dispersal in brook charr remains unclear however. Brook charr do not shoal

(measures of social behaviour in fish (Cote et al., 2010)) and although brook charr
can be aggressive (McLaughlin et al., 1999) towards conspecifics, distinguishing be-
tween when the interaction is antagonistic or not is difficult (personal observation).
A second caveat is that although including risk taking in the Markov models signif-
icantly improved prediction of the propensity to disperse compared to the simpler

baseline model, the magnitude of the corresponding reduction in AIC value was not

great. This suggests that relationships between movements measured at different

scales may be subtle and difficult to detect and warrants the question of when to

accept more complex models over simpler models. In cases where researchers aim

to make inferences on components of an individual's life time track (Nathan, 2008;
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Nathan et al., 2008) it may be beneficial to accept the complex model. However in

cases where researchers are interested in determining how rates of movement influ-

ence spread of diseases and range expanses or invasions simpler models may carry an

advantage because less information would be needed to make predictions about the

spread of a population.

Despite these caveats my study has demonstrated a novel and potentially valuable

assessment of behavioural mechanisms that link movement expressed at different spa-

tial and temporal scales. As such, my study ruled out a relationship between foraging

activity and the propensity to disperse, as has been proposed (Grinnell, 1931; Skalski

and Gilliam, 2000; Coombs and Rodriguez, 2007) but to my knowledge never tested.

This suggests that alternative hypotheses need to be evaluate to explain "slow" and

"fast" dispersers. My study did find a relationship between risk taking behaviour

and propensity to disperse, but unexpectedly the relationship was opposite to what

I predicted. This relationship demonstrates the potential to predict important com-

ponents of an individual's lifetime track (Nathan et al, 2008), and the potential to

understand key individuals that are most influential to ecological processes such as in-

vasiveness and colonization of new habitat (Sih and Waiters, 2005; Cote et al., 2010).

Similarly, my study has also demonstrated that the relationship between movements

expressed at small and large spatial and temporal scales is likely complex and require

a better understanding of how individuals perceive and undertake risky situations.
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Figures

/
/ (A) / / (B)

Figure 1: Illustrations of the two types of dispersal channels used in assessing the
propensity of recently emerged brook charr to disperse the laboratory. Dashed arrows
illustrate travel paths for individuals moving between compartments. The dispersal
channel depicted in (A) was used for all trials in 2008 and half the trials in 2009. The
dispersal channel depicted in (B) was used for the other half of the trials in 2009.
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Compartment: 12 3 14 15

Figure 2: General model describing the movement process and corresponding move-
ment rates (q's) for the dispersal channel. Above: each rectangle represent individual
compartments, and arrows represent movement from one compartment to another.
Below: each rectangle represents individual compartments, arrows represent move-
ment from one compartment to another, grs's and çsr's represent instantaneous rates
of movement forward and backward respectively, and çrrr's represent the instantaneous
rate of remaining in a given compartment.
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Figure 3: Frequency distributions summarizing the number of individuals exhibiting
a given proportion of time spent moving while searching for prey in the field during
the 2008 (a) and 2009 (b) field seasons.
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Figure 4: Time taken by individual brook charr to exit from a dark tube in the
absence of a white Plexiglas plate (x-axis) and in the presence of a white Plexiglas
plate (novel object) (y-axis) during the 2008 (a) and 2009 (b) field seasons. Exit
times [sec] are logio transformed.
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Figure 5: Movement rates (q min-1) and 95 percent confidence limits estimated for
the 59 individual brook charr used in 2008 (a) and for 34 individuals used in 2009
(b) in experiments with dividers having holes, and for 32 individuals used in the 2009
experiments with open dividers (c). Each point represents an individual. Individuals
were ranked from lowest to greatest movement rate. The dotted line represents the
mean for all individuals used in the experiment. The y-axis in (c) differs in scale
from (a) and (b). Movement rates were greater in that experiment due to the greater
permeability of the open dividers.
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Figure 6: Estimated movement (q min-1) rates in relation to proportion of time spent
moving while searching for prey in the field, (a): 2008, dividers with holes (n = 59;
(b): 2009, dividers with holes (n = 34); (c): 2009, open dividers (n = 32). Each
point represents the predicted movement rate and 95 percent confidence interval for
a given value of proportion of time spent moving while searching for prey in the field.
Proportion of time spent moving while searching for prey in the field was arcsine
square root transformed. The dotted line represents the mean movement rate across
all individuals. The scale of the y-axis for (c) differs from the y-axes of (a) and (b)
due to higher movement rates observed when the dividers were open.
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Figure 7: Estimated movement rates (q min-1) in relation to exit times from the
tube exit experiment in the field, (a): 2008, dividers with holes (n = 59); (b): 2009,
dividers with holes (n = 34); (c): 2009, open dividers (n = 32). Each point represents
the predicted movement rate and 95 percent confidence interval for a given value
of exit time. Exit times were logio transformed and scaled to a mean of 0 and a
standard deviation of 1. The dotted line represents the mean movement rate across
all individuals. The scale of the y-axis for (c) differs from the y-axes of (a) and (b)
due to higher movement rates observed when the dividers were open.

45



C/3
T5
C
O
?
CD
U).
?-
a?
>
?
?
-s
co
?
?:
i—
?
>
?

5
?
E

?
LU

O
O
O

O
O
co

?
?
CD

O
O
-3-

O
O
CN

O H

1000 1200

Exit time without overhead cover [seconds]

Figure 8: Exit times of individual brook charr from compartment 1 to compartment 2
in the absence (x-axis) and presence of overhead cover (y-axis). Each point represents
an individual's exit time in seconds. The diagonal dotted line represents where values
of exit times were the same across trials in the presence and absence of overhead
cover.
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Figure 9: Mean horizontal (x-axis) and vertical (y-axis) position of individual brook
charr relative to simulated in-stream vegetation. Each point represents the mean
position of an individual, observed twice daily over a two week period. The line
represents the regression equation relating mean vertical position (y) to the mean
horizontal position (x) (y
0.002).

2.789 + -0.562x; F = 11.75; Df = 33; H = 0.26; P =
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Tables

(a) 2008 dividers with holes

Model description: AIC AAIC (wi) Parameters ?
Exit time
Exit time, novel object
Baseline (no covariates)
Proportion of time spent moving

7389.77 0 0.91 4 59
7394.88 5.11 0.07 4 59
7398.57 8.81 0.01 3 59
7400.00 10.23 0.01 4 59

(b) 2009 dividers with holes

Model description: AIC AAIC (wi) Parameters ?
Exit time, novel object 4624.98 0 0.74 4 34
Exit time 4627.33 2.35 0.23 4 34
Baseline (no covariates) 4632.82 7.84 0.02 3 34
Proportion of time spent moving 4634.47 9.48 0.01 4 34

(c) 2009 Open dividers

Model description: AIC AAIC (wi) Parameters ?

Exit time 1475.02 0 0.66 4 32
Exit time, novel object 1476.99 1.97 0.25 4 32
Baseline (no covariates) 1479.51 4.49 0.07 3 32
Proportion of time spent moving 1481.52 6.5 0.03 4 32

Table 1: Model rankings for the set of models; the baseline model (no covariates in-
cluded), the model that included the proportion of time spent moving while searching
for prey in the field, and the models that included exit times in the absence and in
the presence of a novel object in the field, ? is the number of individuals, AAIC is
the differences between the AIC of the best approximating model and the AIC score
of each model, u>¿ is the Akaike weight for each model.
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