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The propensity for animals to migrate can vary markedly among species, populations
within species, and individuals within populations. Many taxa displaying variation in
migratory behaviour and life history are attracting conservation concern as migratory
populations decline in abundance. I developed a conceptual framework for delineating
the nature of the broad phenotypic variation observed among and within migratory
populations and apply this to Lake Superior brook trout (Salvelinus fontinalis). My
literature review of variation in the migratory behaviour of fishes revealed that subsets of
the predictions outlined in my framework have been tested for most study systems, but
few systems had tested all five predictions. My field studies of Lake Superior brook trout
(i) compared isotopic signatures of brook trout sampled from Lake Superior and tributary
streams to demonstrate that the fish sampled from the lake and stream differ
consistently in habitat use and trophic ecology, (ii) applied age and growth analyses to
demonstrate that fish sampled from the lake live longer and grow faster than fish
sampled from the streams, with the differences in growth apparent by the end of the first
year of life, (iii) used histological measures to demonstrate that fish residing in streams,
and exhibiting a stream growth history, reach sexual maturity, and (iv) provided no
evidence based on growth histories to suggest that individuals change migratory
behaviours later in life. Together, these field studies suggest that partial migration is the

best hypothesis to describe the variation observed in the migratory behaviour of brook
trout in the Nipigon Bay area of Lake Superior. Although the possibility remains that
some individuals could complete their life cycle in the lake. My review and field studies
demonstrate that the conceptual framework can be used to help delineate variation in
the migratory behaviour exhibited by fishes whose lifetime movements can be difficult to
track.
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PREFACE
This thesis is organized as four separate manuscripts suitable for independent
publication in scientific journals, as permitted by Graduate Studies. In accordance with
the guidelines, a general abstract, introduction and concluding discussion chapter have
been added, and the figures and tables have been incorporated into the text to improve
readability. Since the different chapters have been prepared as independent
publications, they contain some redundancies. I apologize to the reader for this
inconvenience. The first person plural is used in all chapters because they were or will
be co-authored for publication.

I was the principal author of all manuscripts and led the design of the research projects,
and the preparation and writing of the manuscripts. My role in the completion of each
manuscript and the status of each manuscript are as follows:

Chapter 1 is a manuscript to be co-authored with my thesis supervisor Dr. Rob
McLaughlin and supervisory committee member Dr. Rob Mackereth. The development
of the conceptual framework benefited from discussion with both co-authors, as well as
my supervisory committee members. The presentation and description of the framework,
literature review, synthesis of information and preparation of the manuscript were
completed solely by me. My co-authors contributed to the development and
organization of the manuscript, and commented on earlier drafts of this manuscript.

Chapter 2 was recently published in Transactions of the American Fisheries Society
(2011; vol. 140: 943-953) and was co-authored with Drs. John Casselman, Rob
McLaughlin and Rob Mackereth. Chapter 3 was recently published in Biological
Conservation (2011; vol.144: 1931-1939) and was co-authored with Rob McLaughlin
xiii

and Rob Mackereth. Chapter 4 is a manuscript to be co-authored with Rob McLaughlin
and Rob Mackereth. Chapters 2 to 4 are based on information collected during field
research that I designed, led and conducted. All statistical analyses, interpretation of
research findings and preparation of the manuscripts were completed solely by me. My
co-authors contributed to the development and organization of the manuscripts, and
commented on earlier drafts of these manuscripts.

xiv

GENERAL INTRODUCTION
Initially, the goal for my thesis was to test hypotheses concerning the factors that trigger
an individual to adopt a migratory life history. I was specifically interested in the role of
stream productivity, catchment characteristics and interspecific competition on the
propensity of Lake Superior brook trout (Salvelinus fontinalis) to adopt a migratory life
history. My interest stemmed from my desire to address key ecological uncertainties in
support of the effective conservation and management of migratory brook trout in Lake
Superior. At the start, I thought an improved understanding of the factors that influence
the adoption of a migratory life history would allow me to predict the abundance and
distribution of migratory brook trout, which would assist in the development of strategies
to rehabilitate and manage these populations. However, early on I realized that testing
hypotheses regarding the mechanisms responsible for triggering individuals to migrate
was premature. There was insufficient basic information on the movements and life
history of brook trout in Lake Superior, due in part to the historical decline in the
abundance and distribution of brook trout in Lake Superior proper prior to any significant
biological investigation (Newman and Dubois 1997). As a result my thesis focused on
the development and evaluation of hypotheses about the habitat use and life history of
Lake Superior brook trout, which could be used to make inferences about migratory
behaviour, given that these fish could not be tracked over their lifetime. I believed that
this variation needed to be sorted out first to clarify what variation mechanistic
hypotheses have to explain.

Migration has been described and studied in a variety of taxa from insects to higher
vertebrates (Kaitala et al. 1993; Lundberg 1988; McDowall 1997; Nelson et al. 2002;
Olsson and Greenberg 2004). The study of migration is fascinating because of the
diversity of forms, patterns and mechanisms observed, the influence of proximate and
1

ultimate factors, the fitness costs and benefits, the spectacular journeys some animals
undertake, and the sophisticated sensory and energetic mechanisms they use to
navigate and travel to their destination. Migration presents significant scientific
challenges because it is a complex and variable form of behaviour (Dingle 1996;
Northcote 1997; Sugden and Pennisi 2006). For many taxa, the diversity in migratory
behaviour within populations remains poorly characterized and understood for logistic
reasons related to the challenges of tracking animals over their lifetime (Alerstam 2006;
Dingle and Drake 2007; Hendry et al. 2004).

For many migratory species and populations, alternative forms of individuals differing in
body size and shape, can be observed co-existing in one habitat for part of the year, but
are observed apart during other times of the year. By forms I mean classes of
individuals differing conspicuously in ecology and potentially morphology, irrespective of
whether the variation represents different genotypes or phenotypes. Such variation in
habitat use and life history could represent any one of several migratory systems. These
forms could represent different life stages (juvenile/adult) from a population where all
individuals migrate (migration), as in pink salmon (Oncorhynchus gorbuscha) and chum
salmon (O. keta) populations in the Pacific northwest (Waples et al. 2001). They could
represent members of sub-cohorts that differ in the age at which individuals migrate
(staggered migration), as in Atlantic salmon (Salmo salar; Metcalfe et al. 1989; Utrilla
and Lobón-Cerviá 1999). Alternatively, they could represent a combination of resident
and migrant individuals within a single population (partial migration), as in brook trout
(Doucett et al. 1999; Morinville and Rasmussen 2003), brown trout (Salmo trutta; Olsson
and Greenberg 2004) steelhead trout (O. mykiss; McPhee et al. 2007) and white perch
(Morone saxatilis; Kerr et al. 2009). They could even represent sympatric populations
differing in migratory behaviour (e.g. brook trout; Fraser and Bernatchez 2005; Jones et
2

al. 1997), or newly evolving resident and migratory species (e.g. sockeye and kokanee
salmon; O. nerka; Wood and Foote 1996).

Unravelling the complexity in migratory systems of many taxa remains an outstanding
challenge (Wilcove 2007). It is becoming apparent that the classification of migratory
systems, once considered straightforward can be challenging and complicated (Gross
1987) because many populations or systems don’t conform to the conventional
classifications of migratory systems (Klemetsen et al. 2003; Olsson and Greenberg
2004). Further, many classifications of migratory systems fail to consider individual
variation among populations or variation between populations (Jonsson 1985; Northcote
1992).

To meet my thesis goal of delineating among complex migratory systems I designed a
structured approach that identified key ecological uncertainties related to understanding
variation in ecology, life history and movement behaviour of fishes. The framework
consists of six hypothesized migratory systems that could explain the observation of
multiple forms, with at least one exhibiting migration. The framework identifies five
uncertainties (Us) that can be used to distinguish among the different migratory systems.
Those uncertainties include whether there is reasonable evidence of: multiple forms
(U1), restricted gene flow between the forms (U2), distinct growth histories (U3),
members of each form reaching sexual maturity (U4), and sexually mature individuals
changing migratory behaviour later in life (U5).

In the end, the goals for my thesis were to 1) develop and test a conceptual framework
allowing scientists to delineate among migratory systems that could explain observations
of alternative forms of individuals differing in body size and shape, co-existing in one
3

habitat for part of the year and apart during other times of the year; and 2) evaluate the
usefulness of this framework using a literature review of migratory fishes and field
studies of Lake Superior brook trout. In order to achieve this goal, it was necessary to
satisfy the following specific objectives:

1.

Develop the conceptual framework and review the literature on migratory fishes to
determine the extent to which the uncertainties outlined in the framework have
been addressed in fish populations that show a polymorphism in migratory
behaviour (Chapter 1).

2.

Test for distinct forms of brook trout differing in habitat use and trophic ecology in
Lake Superior and its tributary streams (Uncertainty 1; Chapter 2).

3.

Test for distinct life histories between brook trout inhabiting Lake Superior and its
tributary streams and whether those life histories revealed any evidence of
individual changing migratory behaviours later in life (Uncertainties 3 and 5;
Chapter 3).

4.

Test whether brook trout resident in tributaries to Lake Superior mature sexually
(Chapter 4).

In Chapter 1 I describe the conceptual framework that can be used to delineate among
migratory systems that could explain observations of alternative forms of individuals
differing in body size and shape, co-existing in one habitat for part of the year and apart
during other times of the year. I then review the literature describing variation in the
migratory behaviour of fishes to assess how well the predictions generated by the
hypotheses outlined in the framework have been tested. Based on a synthesis of the
information on fishes collected in my review, I conclude that (1) variation in migratory
behaviour between sympatric or parapatric populations, and within populations, occurs
4

widely; (2) there is strong interest in characterizing the nature of the variation in
migratory behaviour among and within populations; and (3) the framework developed
here can help structure that characterization for many migratory systems. This
structured approach will benefit plans to conserve variation in the migratory behaviour of
fishes.

Chapters 2 to 4 each address an uncertainty and test hypotheses about the nature of
variation in habitat use and migratory behaviour of Lake Superior brook trout. Chapter 2
tests for distinct forms of brook trout differing in habitat use and trophic ecology in Lake
Superior and its tributary streams. Brook trout in Lake Superior and tributary streams
are believed to exhibit two forms broadly described as the larger lake dwelling or coaster
form and smaller stream resident form, however, uncertainties regarding the movements
and life histories of these fish remain unresolved (Huckins and Baker 2008; Mucha and
Mackereth 2008). Characterization of the diversity in habitat use and trophic ecology
involves two steps. First, I evaluate whether there are two apparent forms of brook trout
differing in habitat use and trophic ecology based on δ13C and δ15N signatures. Second,
I test whether the apparent forms of brook trout represent lake and stream residents, a
lake resident and a stream-lake generalist, or a lake-stream generalist and a stream
resident.

Chapter 3 tests for different life histories between brook trout inhabiting Lake Superior
and its tributary streams. This chapter builds on the findings of Chapter 2, and earlier
research on these populations, which provided evidence of two forms differing in shortterm habitat use and trophic ecology (Chapter 2), that do not represent different
populations or cryptic species (Uncertainty 2; D’Amelio and Wilson 2008). Testing for
evidence of distinctly different life histories will help to determine which of the
5

hypotheses outlined in the framework best applies to this population of brook trout. My
test for different life histories relies on interpretations of vertebrae and otoliths to
determine length-at-age (growth) relationships for brook trout sampled from Lake
Superior and from tributary streams. Testing for different life histories involves three
steps. First, I test whether individuals sampled from the lake grow faster and live longer
than individuals sampled from streams. Second, I test whether some individuals
experience an abrupt change in growth history that might reflect switching from stream
to lake habitats. Third, I compare the length-at-age relationships observed for brook
trout sampled from the lake and streams and estimates of life history parameters with
corresponding measures reported for migrant and resident populations, or subpopulations, of brook trout from elsewhere in the Northern hemisphere.

Chapter 4 tests whether brook trout occupying tributaries to Lake Superior mature
sexually and spawn in the stream habitats. This chapter builds on the findings of the
previous two chapters and rounds out our understanding of the migratory behaviour and
life history of brook trout from this population. Addressing this uncertainty is needed to
distinguish between hypotheses involving two distinct phenotypes and the hypothesis
where older life stages occupy a different habitat than younger life stages. I was only
able to partially address this uncertainty due to restrictions related to conservation
concerns that prevented sampling fish or re-capturing tagged fish during the spawning
period. My test involves two steps. First, I visually assess the maturational development
and measure egg diameter to assess whether female brook trout sampled from streams
in August are likely to spawn in the coming autumn. Second, I combine the assessment
of maturity with age estimates for individual fishes to determine the median age at
maturity and spawning, and compare that age at maturity with values predicted from a

6

biphasic von Bertalanffy growth model relating body size with age (Chapter 3) and
values compiled by Ridgway (2008) for other stream dwelling brook trout.

The natural history of brook trout in Nipigon Bay, Lake Superior
Lake Superior brook trout provide an ideal system for field testing my framework. They
represent a case where an improved understanding of the nature of the broad
phenotypic variation observed in migratory behaviour and habitat use is needed. There
is evidence that brook trout in Lake Superior and tributary streams display complex
variation in migratory behaviour and habitat use. Resolving what the variation
represents is challenging given that these fish could not be tracked over their lifetime,
and the framework could be useful to make inferences about their migratory information
based on other aspects of their ecology. Furthermore, resolving what the variation
represents is needed to support the development of scientifically defensible conservation
and management initiatives.

Brook trout in Lake Superior and tributary streams are believed to exhibit two forms
broadly described as larger fish that reside in the lake for most of the year and spawn in
the tributary streams in the fall (migrant or lake form) and smaller fish considered
resident in tributary streams (stream form). This interpretation is based on anecdotal
observations of where the forms are observed at different time throughout the year and
analogy with marine coastal populations of brook trout (Castonguay et al. 1982; Malette
1993; Morinville and Rasmussen 2003). However, the actual movements and life
histories of Lake Superior brook trout remain unknown (Huckins and Baker 2008; Mucha
and Mackereth 2008).

7

Evidence that brook trout residing in Lake Superior in summer move into tributary
streams in fall was provided by the radio-tagging study of Mucha and Mackereth (2008).
Large brook trout in the lake used shallow nearshore areas in Nipigon Bay throughout
the summer. In the late summer and early fall, the onset of the spawning period, these
fish moved from the lake into tributary streams. While in the streams these fish were
located near areas suitable for spawning, and exhibited acts of courtship, redd
excavation and egg deposition. Mean residency time in tributaries was 46 days, after
which all radio-tagged fish returned to the lake (early November). Additional evidence
that fish residing in Lake Superior in summer move into tributary streams in fall was
provided by Nicholls et al. (personal communication) who captured male and female
brook trout in reproductive condition in tributary streams in fall during the spawning
period. These fish were of a body size representative of fish sampled in the lake in
summer, and had δ13C and δ15N signatures reflective of feeding in the lake within the
previous three to five weeks.

Evidence that a few brook trout sampled from tributaries to Nipigon Bay move into the
lake in summer was provided by Coppaway (2011). He observed that in summer 2% of
fish (>10 cm in length) tagged with Passive Integrated Transponders emigrated from the
streams and were never encountered again, and 8% of fish exhibited diel migrations
between the streams and the lake. He suggested that fish exhibiting diel migration might
represent the early life stages of the migrant form of brook trout. On average, fish that
undertook diel migrations were larger than fish that remained in the streams and had
δ13C signatures consistent with that of fish sampled from the lake.

8

Further evidence that brook trout move between the lake and tributary streams can be
inferred from the population genetics study conducted in the Nipigon Bay area by
D’Amelio and Wilson (2008). Based on microsatellite DNA genotyping they suggested
that fish sampled from the lake act as a vector for gene flow among stream populations,
providing genetic connectivity among interdependent components of a larger
metapopulation. Results of their study showed that brook trout sampled from the lake
are a life history variant or ecotype derived from stream populations and not a
genetically distinct lineage.

There is lake-wide binational interest in conserving the remaining populations of these
apparently polymorphic brook trout and restoring populations in tributaries believed to
have produced the lake form in the past (Horns et al. 2003). The morphological and
migratory variation observed in these populations has held considerable interest and
cultural and economic significance over the past two centuries. These populations were
the basis of commercial fishing efforts in the 1800s and the basis of a world-renowned
trophy fishery in the 1890s and early 1900s (Newman and Dubois 1997; Schreiner et al.
2008). The lake-wide abundance and distribution of the large fish caught in the lake
declined dramatically beginning in the early 1900s (Newman and Dubois 1997), prior to
any biological investigation (Schreiner et al. 2008). Only a few small, scattered remnant
populations remain (Newman and Dubois 1997). Conservation initiatives began in the
1970s (Schreiner et al. 2008) and the lake form was recently put forward,
unsuccessfully, for protection under the US Endangered Species Act (Sierra Club
Mackinac, Chapter 109 E. Grand River Lansing, MI 48906; Huron Mountain Club N 4700
Co. Rd. KK PO Box 70 Big Bay Michigan 49808 and M. J. Robinson, 3900 W. Liberty
St., Ann Arbor, MI 48103). Fishery managers and scientists have emphasized the need
to better understand the ecology, life history, and genetics of Lake Superior brook trout
9

to support conservation and management initiatives (Ridgway 2008; Wiland et al. 2006;
Wilson et al. 2008).
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CHAPTER 1: DELINEATING VARIATION IN MIGRATORY BEHAVIOUR AMONG
AND WITHIN POPULATIONS OF FISHES: A CONCEPTUAL FRAMEWORK AND
LITERATURE REVIEW

Abstract
Migratory behaviour varies markedly among species, populations within species and
individuals within populations, and is important because variation in migratory behaviour
is often related to variation in life history and ecology. In many taxa, variation in
migratory behaviour and life history is becoming the focus of conservation concern as
migratory populations or parts of populations decline. Addressing these declines can be
challenging due to uncertainty regarding the form of migratory behaviour individuals
exhibit, particularly in species where movement is difficult to track over an individual’s
lifetime. I describe a conceptual framework that uses information on habitat use and life
history to help characterize the nature of migratory behaviours displayed among and
within populations of fishes. I then review the literature describing variation in the
migratory behaviour of fishes to assess how well the framework’s predictions have been
tested in fish populations that display broad variation in migratory behaviour. My review
considered 179 studies covering 77 migratory systems from 19 species and six
taxonomic families living in a wide variety of environments. Despite much interest in
resolving the form of migration exhibited in these systems, delineations of the variation
remain incomplete because all the predictions from the framework have been tested for
only two systems, and, for the remaining systems, the predictions considered, and the
rigour of the tests, have varied. My findings suggest that for many populations of fishes
(i) variation in migratory behaviour between sympatric or parapatric populations, and
among individuals within populations, occurs widely, (ii) there is considerable interest in
resolving the nature of this variation, and (iii) my framework can help delineate the
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nature of the variation in migratory behaviour in species that are difficult to track over an
individual’s lifetime. Stronger understanding of the intraspecific variation in migratory
behaviour and life history of fishes could benefit plans to conserve many fishes.

Introduction
For scientists and resource managers migration can be a fascinating and challenging
aspect of the ecology of many animals. It is fascinating because of the spectacular
journeys migratory animals undertake (Wilcove 2007), the fitness benefits and costs they
incur (Gross 1987; Hendry et al. 2004), and the sophisticated sensory and energetic
mechanisms they use to travel to their destinations (Alerstam 2006). It is challenging
because for many animals our understanding of migration routes, fitness consequences,
and mechanisms of migration remain poorly understood (Dingle and Drake 2007; Holden
2006), and because of the technological challenges related to tracking migrating animals
(Holland et al. 2006). Addressing these challenges could be valuable because migration
represents a valued form of biodiversity; many migratory populations of animals are at
risk due to human actions such as habitat fragmentation, degradation and loss (Dingle
1996; Wilcove 2007), and migratory populations present unique conservation and
management challenges when animals move across political and management
boundaries (Hobson 1999; Nelson et al. 2002; Northcote 1997).

Studying migration can also be challenging because migration can be viewed as a
complex form of individual behaviour, or as a population level outcome of that behaviour.
For example, some authorities define migration as a persistent, straightened out,
undistracted movement made by an individual, resulting from a directed, and not entirely
random process (Dingle 1996; Dingle and Drake 2007). Other authorities define
migration as an alternation between two or more well separated habitats, occurring with
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regular periodicity, and involving most members of a population or species, and is
directed rather than random movement (McDowall 1997; Northcote 1978; Northcote
1997). I use the latter definition here. Studying and managing migration is further
challenging because migration can also vary with spatial and temporal scale, such that
short-term migrations, such as daily migrations between feeding and refuge habitat, can
be nested within longer-term migrations, such as annual migrations between habitats
used for feeding and reproduction. For this review, I consider migration to involve
movement on a greater spatial scale and much longer duration than those made during
normal daily activities (e.g. feeding or refuge seeking) (Dingle and Drake 2007;
Northcote 1978).

In order to resolve complexity in migratory behaviour, scientists have sought to classify
migrations based on the movements they observed animals making between
environments where they breed, rear and feed. In fishes, for example, diadromy is a
broad term for migrations between marine and freshwater environments (McDowall
1997). Some fishes, such as salmonids, hatch in freshwater lakes and rivers and
migrate to marine environments to rear and feed for significant parts of their life cycle,
before returning to spawn in freshwater (anadromy) (McDowall 1997). Other fishes,
such as eels, hatch in marine environments and migrate to freshwater environments to
rear and feed, before returning to spawn in marine environments (catadromy) (McDowall
1997). Similar classification systems have been developed to describe freshwater fishes
that migrate between rivers and lakes (potadromy) (Lucas and Baras 2001; Northcote
1997).

The complexity and diversity of migrations are reflected in observations of individuals of
the same species differing in body size, morphology and colouration being observed in
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different habitats at one time of the year and together at another time of the year. Such
observations are challenging to scientists and resource managers because there are
several possible explanations for the observation. The observation could reflect younger
and older life stages, respectively, from a population where all individuals migrate
(migration), as in populations of pink salmon (O. gorbuscha; Waples et al. 2001). It
could reflect members of sub-cohorts that differ in the age at which individuals migrate
(staggered migration), as in some Atlantic salmon (Salmo salar; Metcalfe and Thorpe
1992; Utrilla and Lobón-Cerviá 1999). It could also reflect a mix of resident and migrant
individuals present in the same population (partial migration), as in some arctic charr
(Salvelinus alpinus; Naslund 1990; Naslund et al. 1993) and white perch (Morone
saxatilis; Kerr et al. 2009). These three possible explanations consider a single
population. However, the observation could further reflect sympatric or parapatric
populations that differ in their migratory behaviour, as in brook charr (Salvelinus
fontinalis; Fraser and Bernatchez 2005; Jones et al. 1997), or recently divergent
populations of resident and migratory sockeye and kokanee salmon (O. nerka; Wood et
al. 2008; Wood and Foote 1996; Wood et al. 1999). In the absence of observations
where individuals differing in morphology occur together, the observation could even
reflect individuals from separate populations that are resident in each of the habitats (no
migration).

A structured framework for addressing this complexity and diversity could be valuable for
(i) delineating the nature of the migratory behaviour that occurs among and within
populations of fishes, (ii) evaluating how frequently different forms of migratory system
occur across populations, species, and environments; (iii) assisting researchers in
testing causal hypotheses about the origin and maintenance of the variation in migratory
behaviour (e.g. genetic polymorphism, plastic developmental responses); and (iv)
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assisting resource managers tasked with developing programs to conserve and manage
migratory populations of fishes.

Ideally, the behaviour leading to the observation of individuals of the same species being
observed in different habitats at one time of the year and together at another time of the
year would be resolved by observing directly or tracking indirectly (e.g. telemetry) the
movements over an individual’s lifetime. However, this can be a significant challenge for
many taxa where the lifetime tracks of individuals are difficult to quantify (Wilcove 2007),
due to logistic and technological hurdles of tracking migrating animals (Holland et al.
2006). Knowledge of the lifetime tracks of many fishes remain limited (Baker 1978). As
an alternative, scientists have relied on other aspects of an individual’s life history and
ecology to make inferences about their movements.

My goal here was to develop and evaluate a structured conceptual framework relying on
information about life history and habitat use that could be used to characterize the
nature of migratory behaviours displayed by fishes where individuals are difficult to track
over their lifetimes. In order to achieve my goal, it was necessary to satisfy two specific
objectives. I first describe set of predictions that can be used to distinguish among
different migratory systems that could result in the observation of two seemingly different
forms. I then organize and prioritize those predictions into a decision tree. Following
this, I carry out a literature review to evaluate the usefulness and practicality of my
framework by examining how widely scientists studying migratory fishes have observed
and tried to resolve seemingly broad variation in migratory behaviour among and within
populations, and how thoroughly the predictions from my framework have been tested in
these examples.
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A framework that identifies key uncertainties for characterizing the nature of the
variation observed in migratory populations
My framework consists of six possible explanations (hypotheses; Hs) proposed to
explain the mechanisms leading to the observation of two apparent forms of individuals
differing in migratory behaviour and potentially, morphology and life history, occurring in
the same general location. This set of hypotheses may not be exhaustive, but they
encompass the set of known explanations currently applied to fishes. Testing and
rejecting hypotheses in any particular system narrows down the set of possible
explanations for variation in migratory behaviour and, if no hypothesis is supported
could, possibly reveal the existence of a new explanation worthy of further study.

Ontogenetic switch hypotheses 1 and 2 consider a single migratory population where
individuals vary about a single growth history involving a young juvenile stage that
resides in its natal habitat and older juvenile and adult stages that migrate to an alternate
habitat (Figure 1a,b). The hypotheses differ in when individuals migrate from the natal to
alternate habitat, before (early ontogenetic switch; H1) or after (late ontogenetic switch;
H2) sexual maturation. The next two hypotheses consider a population composed of
adults that exhibit alternate distinct growth histories (Figure 1c,d). In the staggered
ontogenetic switch hypothesis (H3), a portion of a juvenile cohort migrates to an
alternate summer or annual habitat at age, t, while the remainder of the juvenile cohort
migrates at a later age, t+1. In the partial migration hypothesis (H4), a portion of the
cohort completes its lifecycle in the natal habitat, while the remainder of the cohort
migrates to and from an alternate habitat. The final pair of hypotheses consider two
spatially-overlapping populations exhibiting different growth histories that correspond
with one population being non-migratory and the other population completing a migratory
cycle between two habitats (Figure 1e,f). In the allopatric spawning hypothesis (H5)
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each population spawns in a different habitat (A&B), and offspring from the population
that spawned in habitat A migrate to habitat B early in life. Later in life, individuals from
both populations take up residency in habitat A. In the sympatric spawning hypothesis
(H6) the two populations spawn in the same habitat. Individuals from one population are
non-migratory and remain in the natal habitat throughout their life. Individuals from the
other population reside in the natal habitat early in life and later in life migrate to an
alternate habitat for at least part of the year.

The hypotheses outlined in the framework generate a set of predictions related to five
key ecological uncertainties (Us; Table 1), which if addressed could reliably distinguish
between the hypothesized model migratory systems. Uncertainties are key questions
raised about the patterns observed in migratory behaviour, life history and ecology, they
include whether there is evidence for or against:
U1: The occurrence of different forms.
U2: Restricted gene flow between forms.
U3: Distinct growth histories for each form.
U4: Resident individuals reaching sexual maturity in their natal habitat.
U5: Individuals changing migratory behaviour later in life.
Testing for the occurrence of distinct forms is crucial because the approach outlined in
the framework can only be pursued when U1 is not rejected because it’s a prerequisite
of migratory polymorphisms in any system. By forms I mean classes of individuals
differing conspicuously in ecology and potentially morphology, irrespective of whether
the variation represents different genotypes or phenotypes. Failing to find evidence of
multiple distinct forms in a migratory system would result in the rejection of all
hypotheses outlined in the framework, and suggest that hypotheses that do not involve
multiple forms should be pursued.
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Testing for restricted gene flow (non-random mating) between forms (U2) distinguishes
hypotheses involving phenotypic differentiation within a single population from those
involving different populations or newly evolving species. For example, evidence of
restricted gene flow between forms would result in the rejection of hypothesized
migratory systems that involve a single population (H1-4), and so suggest that
hypotheses that involve two or more populations should be pursued (H5-6).

Testing for multiple distinct growth histories (U3) distinguishes hypotheses where
different forms represent juvenile and adult life stages from a migratory population with a
common growth history from hypotheses where different forms represent distinct growth
phenotypes. Distinct growth histories would be evidence against hypotheses where all
individuals migrate (H1, 2, and 5) and support hypotheses where only some individuals
migrate (H4 and 6) or a portion of the cohort migrates at one point in time and the
remainder of the cohort migrates at another time (H3).

Testing for resident individuals reaching sexual maturity in their natal habitat (U4) further
distinguishes hypotheses where juvenile and adult life stages occupy different habitats
from hypotheses that involve multiple distinct phenotypes. For example, evidence of
sexually mature residents would lead to rejecting all hypotheses that involve an early
ontogenetic switch (H1) or a staggered ontogenetic switch (H3) in migratory behaviour
and allopatric spawning populations (H5). Evidence that sexually mature individuals
change their migratory behaviour later in life (switching migratory tactics) (U5)
distinguishes between migration with a late ontogenetic switch (H2) and partial migration
(H4), and directly considers the possibility that apparent resident individuals may migrate
later in life.
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Presented as a decision tree my framework prioritizes the order in which the
uncertainties should to be addressed (Figure 2) in a research programme aimed at
characterizing diversity in migratory behaviours. Testing U1 represents an important
initial step because it distinguishes migratory systems that involve a single form that
displays considerable diversity in ecology and morphology from systems with multiple
forms differing conspicuously in ecology and morphology. Similarly, early testing of U2
is valuable because it distinguishes between migratory systems that involve one versus
multiple local populations with obvious conservation and management implications.
Testing U3 to U5 should be left to later research stages because these address more
subtle aspects of migratory behaviours and so refine our understanding of the nature of
the migratory systems. The outcomes for each uncertainty (node in the tree) are
presented dichotomously, however in nature the outcomes are probabilistic in the sense
that as more studies are completed the weight of the evidence for one outcome over the
other is strengthened.

Analysis of literature using the framework
My review of the available literature on polymorphisms in the behaviour of migratory
fishes entailed three main steps. In the first step I initiated a broad literature survey of
publications and compiled data relevant to the framework. My initial literature survey
involved searching the Web of Science (http://apps.webofknowledge.com) and Proquest
Science and Technology databases (http://search.proquest.com) for publications
referring to “migrant”, “migratory”, “partial migration”, “resident”, “diadromous”,
“anadromous”, “catadromous” or “potadromous” animals. I opted not to search using
terms such as disperser, stray, sedentary, or retentive, because these terms are much
more open ended and, for some terms, used less commonly, and because publications
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addressing individual or inter-population differences in migratory behaviour would likely
be captured in my initial list of search terms.

In addition to compiling a useful data set on migratory polymorphisms in fishes, step one
also identified focal study systems for further evaluation using the framework. I define a
study system as a group of related investigations conducted on a given species at the
same location, or locations close enough geographically that it was reasonable that the
studies considered the same population(s). This definition was broad enough to include
sympatric/parapatric populations, which are of interest because of their relation to
hypotheses 5 and 6. The definition was narrow enough that I did not aggregate data
from distant populations of the same species because allopatric populations can have
divergent migratory behaviours and life histories that do not fall under my definition of
migratory polymorphism. I did not make individual publications the focus of my
evaluation of the framework because I did not expect that single studies would have
addressed all of the uncertainties specified in Table 1.

The second step was a literature survey targeting specific study systems identified in the
first step in order to obtain additional relevant data. My targeted search also involved
examining publications for study systems identified in the first step for additional data
sources cited within those publications, but not found by my original survey.
Additionally, my survey also involved searching the bibliography of natural history
summaries for publications related to the terms and study systems of interest. Targeted
searching ensured a more comprehensive literature survey reducing the likelihood that
available sources of information had been missed in well-studied systems. On the other
hand, targeted searching may risk emphasizing more thoroughly investigated study
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systems at the expense of less-studied or known systems. I considered this acceptable
in order to evaluate the utility of and extent to which my framework has been tested.

While every effort was made to complete as comprehensive of survey of the literature as
possible, I acknowledge that additional information does exist as unpublished “grey”
literature. I chose to limit my survey to publicly available, peer-reviewed published
literature and academic theses in order to focus on information that was readily
accessible to the broad scientific community. This was done for quality control and to
minimize bias against information that was not publicly available. I also chose to limit my
review to well known systems to ensure that there was adequate information to evaluate
each system in detail.

In the third step I screened all publications obtained from my searches for empirical
investigations where the authour(s) indicated the possibility of alternate migratory forms
co-occurring in the same habitat for some part of their life cycle. These publications
were used to create a subset of studies most relevant to my objectives. I excluded
studies that investigated different forms of individuals separated by a physical barrier,
such as a dam (e.g. landlocked Atlantic salmon; Berg 1985) and studies were individuals
did not undertake an obvious migration (e.g. benthivorous and planktivorous morphs;
Skulason et al. 1996). I also excluded publications whose objectives did not focus
explicitly on variation in migratory behaviour or were unrelated to my objectives here.

For each publication included in the subset, I extracted baseline information describing
the species studied and the geographic location where the research was conducted,
which uncertainties from Table 1 were tested, and an assessment of the nature and rigor
of the evidence (quantitative, qualitative, or inferential) provided in the publication.
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Specific data fields are identified and defined in Table 2. My assessment of the nature
and rigour of the evidence was categorized as quantitative if it was based on
measurable data obtained from a rigorous, systematic survey or statistical comparison of
data that would objective analysis. Evidence was categorized as qualitative if it was
based on information expressed in terms of the quality or character of something, and so
was at risk of subjective analysis. Evidence was categorized as inferential when it was a
conclusion or opinion based on inferences about observations or facts.

The evidence
The data set and general results
Ultimately, my review included 179 publications, considering 19 fish species, from nine
genera, and six taxonomic families and grouped into 77 study systems (Table 3). The
systems included examples from stream, lake, brackish and saltwater habitats from
aquatic systems across the globe. My review revealed that there is keen interest in
delineating the nature of the variation in migratory behaviour observed within and among
fish populations. This claim is based on the total number of studies, variety of taxa and
range of habitats represented in my review. Additional support for the claim that there is
interest in delineating the variation is based on the currency of the publications identified
in the literature survey. Publication dates ranged from 1940 to 2011, with the majority of
studies being published within the past 10 years (date of publication median=2003;
mode=2008).

With this information in hand, I determined how many of the uncertainties outlined in the
framework above have been tested for each system. I then determined how consistently
and rigorously individual uncertainties have been tested across studies.
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Overall, my review indicated that the complete framework has not been comprehensively
tested for most study systems. All five uncertainties were addressed in only two of 77
systems (3%) (Figure 3). Four of five uncertainties were addressed in seven systems
(9%), three of five uncertainties were addressed in 15 systems (19%), and only one of
five uncertainties was addressed in 32 systems (42%) reviewed (Figure 3). The median
and modal number of uncertainties addressed per system were 2 and 1, respectively.
The two systems in which all five uncertainties have been considered were arctic charr
(Salvelinus alpinus) in northern Norway and brook charr in Nipigon Bay, Ontario,
Canada.

Particular uncertainties were more often the subject of scrutiny across systems than
others, but it was also not the case that particular uncertainties were not tested in most
of the remaining 75 systems. Variability in comprehensiveness was largely due to
investigations for some systems focusing on specific uncertainties more so than others,
with the uncertainty of focus differing from system to system.

Specific uncertainties
1) Coexistence of distinct forms
Testing for multiple distinct forms was the most commonly addressed uncertainty, being
tested quantitatively at least once in 48 of 77 (62%) systems (Figure 4). Additionally,
qualitative or inferential evidence was provided for a further 17 systems (22%). This
uncertainty was not addressed in 12 systems (16%). Qualitative or inferential evidence
was usually based on differences in physical appearance, including body size (McMillan
et al. 2007), body shape (Currens et al. 1990; Jones et al. 2006), colouration (Hansen et
al. 2000), and the timing and location where the fish were observed (Carlsson et al.
2004; Stolarski and Hartman 2010).
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Quantitatively testing for multiple distinct forms was completed in all freshwater eel
(N=8), temperate bass (N=3), inconnu (N=1) and minnow (N=1) systems (Table 4). It
was commonly evaluated in other systems, including 16 of 23 (70%) charr and five of
eight (63%) stickleback species. Testing for multiple distinct forms was not commonly
evaluated in investigations of systems involving salmon (7 of 16; 44%) and trout (6 of 17;
35%) species.

Japanese eel (Anguilla japonica) in Japan and Taiwan provide an example of a system
where the presence of multiple forms had been rigorously evaluated (Table 3). Eels
spawn in the sea and it was widely believed that all individuals migrate into freshwater
tributaries to rear and return to the sea to spawn (catadromy) (Tsukamoto et al. 1998).
All six studies on this system used the ratio of strontium and calcium isotopes from the
otoliths of individuals to infer periods of time when individuals resided in marine and
freshwater habitats. The ratio of strontium to calcium is higher for periods when an
individual resided in a marine habitat and lower for periods spent in freshwater (Kotake
et al. 2003; Tsukamoto et al. 1998). Each of these studies found evidence of the
occurrence of individuals that spend most of their life in the sea and do not enter
freshwater, thereby leading to rejection of the hypothesis that all individuals are
catadromous (Chino and Arai 2009; Tsukamoto and Arai 2001).

The fact that testing for multiple distinct forms was commonly completed is encouraging
because this reduces the risks of observer expectancy bias and overlooking alternative
ways in which variation in migratory behaviour and habitat use can be expressed.
Testing for distinct forms can lead to a more complete understanding of the population
and the occurrence of migratory behaviours. There are many benefits to addressing this
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uncertainty, including increasing confidence in conclusions related to the type of
migratory behaviour observed in a system and ensuring sufficient information is
available to develop science-based plans to conserve and restore this diversity.

2) Restricted gene flow between forms
Testing for restricted gene flow between forms was the second most commonly
addressed uncertainty, being evaluated at least once in 37 of 77 (48%) systems (Figure
4). All tests were quantitative because allele frequency data was evaluated against
Hardy-Weinberg equilibrium (Jones et al. 2006) or against the null hypothesis of no
difference in allele frequencies between residents and migrants (Wood and Foote 1996;
Wood et al. 1999).

Restricted gene flow commonly evaluated in salmon (13 of 16; 81%) and stickleback (7
of 8; 88%) systems (Table 4). It was not commonly evaluated in other systems,
including eight of 17 (47%) trout, eight of 23 (35%) charr and one of eight (13%)
freshwater eel species. Testing for restricted gene flow was not completed in
investigations of systems involving temperate bass (N=3), inconnu (N=1), lamprey (N=1)
or minnow (N=1) species.

Sockeye salmon systems provide examples where uncertainty in gene flow has been
rigorously addressed. O. nerka occurs both as anadromous sockeye and nonanadromous kokanee, (sometimes referred to as life history ecotypes). Sockeye can be
further grouped into lake and sea ecotypes based on differences in their freshwater life
history (Wood et al. 2008). The widely held belief is that sympatric divergence is
occurring between sockeye and kokanee, and that these ecotypes are reproductively
isolated (Wood et al. 2008; Wood et al. 1999). Evidence for restricted gene flow
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between the sockeye and kokanee ecotypes was tested in six of seven distinct systems
(86%) (Table 3). Significant differences in allele frequencies between the anadromous
and non-anadromous ecotypes were observed in four investigations of a sockeye
system in central British Columbia, Canada (Foote et al. 1989; Taylor et al. 1996; Wood
and Foote 1996; Wood et al. 1999). The studies on this system confirm that the
sympatrically occurring ecotypes are often genetically distinct from one another and so
possibly reproductively isolated populations.

It is encouraging that almost half of the study systems include tests of gene flow
between forms because insights about genetic structure distinguishes one from multiple
co-existing biological populations. This is valuable for two reasons. First, migratory
polymorphisms arise for multiple reasons related to the existence of one or multiple
populations, including ontogenetic changes in body form and behaviour, alternative
morphs arising from genetic polymorphism or developmental plasticity, population
divergence, or newly evolving species (Robinson and Wilson 1994; Schlichting and
Pigliucci 1998; Schluter 1996; Skúlason et al. 1999). Second, the identification of
genetically distinct sub-populations can significantly affect the management options
fishery managers implement for harvested species (Northcote 1997; Waples 1995).
However, this uncertainty was not addressed for almost half of the study systems, which
raises concern that strategies to conserve and restore the diversity observed in these
systems may be chosen with an incomplete understanding of the nature of the migratory
polymorphism. Not knowing whether the variation in body size and behaviour observed
in a migratory system represents individuals from within a single population or spatiallyoverlapping populations is also a concern because it can reduce confidence in claims
regarding the nature of the variation. Systems where this uncertainty has not been
tested, present an opportunity for further study to improve understanding of the observed
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variation in migratory behaviour by examining the gene flow between individuals of each
form.

3) Multiple distinct growth histories
Testing for distinct growth histories was the fourth most commonly addressed
uncertainty, being evaluated at least once in 34 of 77 systems (43%) (Figure 4). It was
commonly evaluated in charr (18 of 23; 78%) and trout (11 of 17; 65%) systems (Table
4). It was not commonly evaluated in other systems, including one of three (33%)
temperate bass, two of eight (25%) freshwater eel, one of nine (11%) stickleback and
one of 16 (6%) salmon species. Testing for multiple distinct growth histories was not
completed in investigations of systems involving inconnu (N=1), lamprey (N=1) or
minnow (N=1) species.

White perch populations in Chesapeake Bay (Maryland, USA) provide one example of a
system where differences in growth histories have been rigorously addressed (Table 3).
White perch were thought to be an estuarine, migratory species where all individuals
spawn and rear in freshwater habitats, and move to brackish habitats in the late-juvenile
and adult life stages (Kerr et al. 2009). However, Kraus and Secor (2004) and Kerr et al.
(2009) found evidence of the occurrence of individuals in these populations that migrate
to brackish water habitats (brackish contingent) during the juvenile stage, while other
individuals remain resident in their natal habitat (freshwater resident contingent), thereby
demonstrating that not all individuals are migratory. Furthermore, all three available
studies clearly demonstrated that adults that dispersed (brackish contingent) achieved a
larger size-at-age than those that remained in freshwater habitats (freshwater resident
contingent) (Kerr and Secor 2009; Kerr et al. 2009; Kraus and Secor 2004).
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On one hand it is encouraging that almost half of the study systems include tests for
multiple distinct growth histories because insight about the life history of individuals
observed in migratory populations is important in identifying mechanisms that could
account for the apparent migratory polymorphism. However, on the other hand this
uncertainty was not addressed in over half of the study systems. Consequently, in these
systems there is a lack of science-based information required to support the
development of ecologically appropriate strategies to conserve and restore all forms of
individuals. Systems where this uncertainty has not been tested, present an opportunity
for further study to refine the understanding of the observed variation in life history.

4) Sexual maturation of residents
Evaluating the sexual maturity of residents was tied for the second most commonly
addressed uncertainty among systems, being evaluated at least once in 37 of 77 (48%)
systems (Figure 4). Sexual maturity of residents was commonly evaluated in stickleback
(7 of 8; 88%), charr (12 of 23; 53%) and salmon (8 of 16; 50%) systems (Table 4). It
was not commonly evaluated in other systems, including six of 17 (53%) trout and one of
three (3%) temperate bass species.

Threespine stickleback systems provide examples where the sexual maturity of
residents has been rigorously addressed (Table 3). Information on sexual maturity of
resident and migrant forms was present for six of eight (75%) systems, including
populations in British Columbia, Canada, Alaska, United States, Japan and Scotland.
Stickleback species complexes are frequently studied as model systems for speciation
research because of the occurrence of phenotypically and ecologically divergent forms
(e.g. Karve et al. 2008; Kitano et al. 2007; McKinnon and Rundle 2002). Determinations
of sexual maturity was a component of studies on mate selection (Jones et al. 2008),
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reproductive compatibility (McKinnon et al. 2004) and reproductive isolation (Jones et al.
2006; Karve et al. 2008) in systems where distinct forms differing in migratory behaviour
coexist. Sexual maturation was not the explicit purpose of the study; and instead was a
necessary methodological aspect of studies making inferences about the origins and
maintenance of reproductive isolating mechanisms.

It is encouraging that testing for sexually mature residents was completed for half of the
study systems, since individual variation in migratory behaviour may have important links
with variation in life history, and population dynamics and persistence (Dingle 1996;
Nathan et al. 2008; Northcote 1997). In my review it became apparent that in many
study systems investigating the sexual maturity of individuals was a necessary
methodological aspect of a broader study of the reproductive ecology of a species. For
example in studying assortative mating in freshwater and anadromous threespine
stickleback in the River Tyne, Scotland, Jones et al. (2008) evaluated the reproductive
readiness of individuals collected from wild populations. Systems where it was not
known whether resident individuals were reaching sexual maturity present an
opportunity for further study to refine our understanding of the variation in migratory
behaviour.

5) Changes in migratory behaviour later in life
Testing if individuals change their migratory behaviour later in life was a remarkably
rarely addressed uncertainty, being evaluated at least once for only five of 77 systems
(6%) (Figure 4). It was evaluated in four of 23 (17%) charr and one of three (33%)
temperate bass systems (Table 4).
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Arctic charr and brook charr systems provide examples where this uncertainty had been
rigorously addressed (Table 3). In both species, individuals can change their migratory
behaviour later in life, after sexual maturation. The nature of the change varied among
systems. In Lake Visjön, Sweden, some arctic charr were thought to migrate annually
from the lake to tributaries in spring, and return to the lake in fall to over-winter and
spawn. Others were thought to remain resident in the lake throughout the year. Studies
of the movement patterns and growth of these fish found that migrant individuals
became non-migratory lake residents once they reached 5 to 6 years of age and little
difference in the growth rate of the largest individuals of both forms (Naslund 1990;
Naslund et al. 1993).

Conversely, in the Sila River system, Norway, arctic charr were thought to migrate from
Lake Silavatn to the sea (anadromous) or remain resident in the lake throughout the
year (classified as stationary). Svenning et al. (1992) studied the growth patterns of
anadromous and stationary charr, and observed a decline in the abundance of stationary
individuals greater than 6 years of age, and a predominance of anadromous individuals
older than 5 years of age, which they attributed to slow growing stationary individuals
reaching a critical size for migration and switching from being stationary to anadromous.
Similarly, brook charr in the Sutton River, Canada, have been thought to exhibit partial
migration, with some individuals remaining in the river and others migrating to the sea
and back annually. Malette (1993) examined the otolith microchemistry of purported
resident individuals and inferred that some of these individuals were likely becoming
migrants later in life, after reaching sexual maturity.

It is unfortunate that little effort has focused on addressing changes in migratory
behaviour related to ontogeny in the majority of systems because this would round out
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our understanding of the nature of the life history variation observed in migratory
systems. Although it has been observed in some populations, a change in migratory
behaviour (switching tactics) following sexual maturity may be considered unlikely if
reproduction entails trade-offs with growth and mortality (Hutchings 1996). However,
Malette (1993) inferred from otolith microchemistry that purported resident Sutton River
brook charr may switch to anadromy after reaching maturity. Likewise in some songbird
populations adults have been shown to switch from migrant to resident tactics because
the access to resources provided by residency increases an individual’s reproductive
success (Schwabl 1983 in Lundberg 1988). In addition to being rarely tested,
determining whether mature individuals change migratory behaviour was rarely
mentioned as being necessary to characterize the nature of the variation observed in
migratory behaviour. Most studies did not acknowledge that a change in migratory
behaviour could be occurring later in life, or how knowing this information might shape
our view of the migratory system. The life history consequences of changing migratory
behaviour could be as extreme as distinguishing between strategies where some
individuals in a migratory population migrate later in life than others, strategies where
some individuals in population migrate while others remain resident throughout their life,
and more complicated strategies where individuals may display resident, migrant and
switching tactics.

Discussion
My review has revealed a keen interest in the phenotypic diversity in populations of
migratory fishes. My findings suggest that variation in migratory behaviour occurs widely
between sympatric or parapatric fish populations, as well as within populations. These
conclusions arise from 179 studies available for review, including 19 species, from six
taxonomic families, studied in a variety of aquatic environments across the globe. My
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review also reveals progress in our understanding of the broad phenotypic variation
observed in migratory fishes; subsets of the predictions about migratory polymorphisms
have been tested for most study systems. However, the specific predictions tested and
the rigour of any tests (qualitative versus quantitative tests) varied among systems, and
in some systems considerable effort is still needed to better understand the nature of the
migratory polymorphisms. Furthermore, my review revealed that the framework
developed here is valuable because it can be used to evaluate alternative explanations
for the observed phenotypic variation particularly in species whose individuals are
difficult to track over a lifetime.

My review has shown that progress is being made to characterize the nature of the
variation in migratory behaviour and life history in many study systems. However,
opportunities remain to expand our knowledge in many study systems because all
predictions have not been tested for each system. I found many examples where the
author’s inferences about the nature of migratory variation in their system would be
improved by additional study of the life history and ecology. First, instances of
incomplete tests of alternate explanations for migratory polymorphisms present an
opportunity to strengthen our understanding of the study system. Second, strengthening
confidence in inferences about the type of migratory system ensures that studies do not
proceed prematurely to test hypotheses regarding the mechanisms responsible for
triggering individuals. For example, this would reduce the chance of initiating a
premature study of the factors that influence an individual to migrate or not in a
population purported to display partial migration without first evaluating the assumption
of partial migration. Third, conducting empirical studies in systems where
polymorphisms are poorly understood ensures that management decisions are
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scientifically defensible, and as a result the fish population’s response to the prescribed
management action may be more likely to be as desired.

Claims about the nature of the phenotypic variation observed in a migratory system were
well supported in several study systems. These cases highlight the value of striving to
gain a comprehensive understanding of the migratory behaviour observed in a study
system. Brook charr populations throughout the Canadian and American waters of Lake
Superior provide an example of a system where all five uncertainties have been well
addressed. These populations have been thought to display partial migration (Huckins
et al. 2008; Newman and Dubois 1997). In the Nipigon Bay area of Lake Superior,
Canada, this widely held assumption has recently been well tested. Brook charr
sampled from Lake Superior and tributary streams were found to represent two relatively
distinct forms (Chapter 2) that arise from a common population (D'Amelio and Wilson
2008). Fish inhabiting the lake and steams also exhibit different growth histories
(Chapter 3) and there was no evidence of individuals abruptly switching growth histories
in a way consistent with changes in migratory behaviour later in life (Chapter 3).
Sexually mature stream resident individuals were detected (Chapter 4). Collectively,
these studies provide strong support for the claim that the variation in Lake Superior
brook charr represents a system of partial migration (Table 1).

My review identifies systems requiring further empirical tests of alternate explanations
for migratory polymorphisms. For example, there was a tendency for studies to rely on
qualitative or inferential evidence to support claims about the presence of multiple forms
in a study system. Evidence often focused on differences in physical appearance such
as body size (McMillan et al. 2007), body shape (Currens et al. 1990; Jones et al. 2006)
and colouration (Hansen et al. 2000), and the timing and location of where the fish were
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observed (Carlsson et al. 2004; Stolarski and Hartman 2010). Preferably, studies that
rely on rigorous, repeatable measures, such as stable isotope analysis (Etheridge et al.
2008), would be conducted to reject alternate explanations involving a single form.

A structured approach to studying the variation in migratory behaviours observed among
and within populations is valuable and more efficient than current unstructured
approaches in several ways. First, variation in migratory behaviour between sympatric
or parapatric populations, and within populations occurs widely and there is interest in
delineating the variation in migratory behaviour. The framework can help structure that
delineation when investigating species that are difficult to track over an individual’s
lifetime. Second, the framework is valuable because it presents a novel approach to
studying variation in migratory behaviour. The framework I developed builds on previous
knowledge, and is rigorous because it considers multiple, competing hypotheses yielding
explicit, testable, straightforward predictions. In fact I know of no other framework or
similarly structured approach that has been proposed to facilitate the study of variation in
migratory systems. Third, understanding of the variation in migratory behaviour is
incomplete. In these cases the framework is valuable because it helps to identify
uncertainties or areas requiring additional study and helps to guide research by
identifying and prioritizing research projects aimed at filling information gaps. Fourth, a
structured approach to studying variation in migratory behaviour will provide a strong
basis for decisions about the type of migratory behaviour that is observed, which may be
particularly valuable for species of conservation concern or resource management
interest. Testing the predictions outlined in the framework (Table 1) will clarify the life
history and ecology of resident and migrant individuals in migratory populations in ways
that could help to structure and parameterize efforts to construct reasonable models of
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population dynamics and help guide and execute empirical studies of any refinements to
the hypotheses.

The framework is flexible and could be expanded to include additional hypotheses. If
necessary the depiction of growth histories could be refined considering that real growth
histories that may differ in appearance from those depicted in Figure 1 and may exhibit
variability about them. The framework could be modified to consider features such as
sex differences or the proximate mechanisms influencing whether a specific individual
migrates. In addition, the individual hypotheses and the criteria used to assess them
can be refined further, based on experiences from better-studied systems, although
completing thorough tests of the individual hypotheses and refinements will be
challenging (Gross 1996). The set of hypotheses included in my framework may not be
exhaustive, however, it does encompass the diversity of known examples, and testing
among the hypotheses could narrow the possibilities and, if none are supported,
facilitate the discovery of new alternatives. Furthermore, to be widely applicable the
framework may need to be modified for species that display determinate growth (e.g.
birds and mammals) when attempting to explain the linkages between life history and
migration. Alternative frameworks are also possible, but existing alternatives are
complex and emphasize description over prediction (Randall et al. 1987).

Occurrence of partial migration in fishes
Based on my review of the available literature on migratory polymorphisms in fishes I
could not support or refute Kerr et al.’s (2009) speculation that partial migration is a
widely occurring phenomenon in fishes, or Chapman et al.’s (2011) supposition that
partial migration is a common type of migratory system. While these claims may be true,
my review demonstrated that for many study systems additional uncertainties would
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need to be addressed in greater detail before I can be certain. I could not support or
refute their claims because for many systems it has not been conclusively shown that
they display partial migration (or any other migratory pattern), since only a subset of the
predictions has been tested for most systems. In cases where the system has not been
adequately studied the hypothesis of partial migration cannot be eliminated, therefore
partial migration may be widespread, but in these cases the evidence in support of the
claim is incomplete.

Conclusions
The diversity in migratory behaviours observed among and within animal populations
continues to fascinate and challenge scientists and resource managers because for
many species individual variation in migratory behaviour has important consequences
for ecology and life history. My review revealed that variation in migratory behaviour
occurs widely between sympatric or parapatric fish populations and within populations,
and there is strong interest in delineating the nature of this variation. The framework
developed here is valuable because it presents an evidence-based and structured
approach to test alternate explanations for migratory polymorphisms, particularly where
individuals are difficult to track over extended periods of their life. The framework has
proven effective when developing a plan of study and conducting research to investigate
the variation observed in the migratory behaviour of Lake Superior brook charr. I hope
that it will prove as helpful to other researchers when it is applied to other study systems.
Stronger understanding of the intraspecific variation in migratory behaviour and life
history of fishes should help scientists select and test mechanistic hypotheses that might
explain the origin and maintenance of intraspecific variation in migratory behaviour, and
assist managers tasked with developing scientifically defensible programs to conserve
and manage migratory populations or subpopulations of fishes.
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Yes
No
No
No

NA

Evidence of multiple
forms?

Evidence of restricted
gene flow between forms?

Evidence of multiple
growth histories?

Evidence of sexual
maturity in the resident
form?

Evidence of changing
migratory behaviour later
in life?

Uncertainty

Yes

Yes

No

No

Yes
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NA

No

Yes

No

Yes

Age

No

Yes

Yes

No

Yes

NA

No

No

Yes

Yes

No

Yes

Yes

Yes

Yes

Table 1. Predictions (cell entries) regarding the number of forms, gene flow between forms, number of distinct growth histories,
occurrence of sexual maturation, and changes in habitat use following sexual maturation (U1-5, respectively) that distinguish among
six hypotheses (alternate explanations) for an observed migratory polymorphism. NA indicates that no prediction is made for that
uncertainty under a given hypothesis.
Hypotheses
Migration
Migration
Migration
Partial
Overlapping
Overlapping
(early
(late
(staggered
migration
populations
populations
ontogenetic
ontogenetic
ontogenetic
(allopatric
(sympatric
switch)
switch)
switch)
spawning)
spawning)

Table 2. Information collected while reviewing each study.
Relevance to
framework
Description
Basic details Species
Location

Explanation
Scientific name of species studied
Where the study was conducted, e.g.
country, region, name of waterbody

System
State or claim that partial migration Y/N - Did the authors explicitly state
was observed
that the species displayed partial
migration
Objectives
No. of uncertainties addressed
Uncertainty 1 No. of forms stated
Description of forms
Test for distinct forms
Rigour of test for distinct forms

Evidence of multiple forms
Uncertainty 2 Test for restricted gene flow
between forms

Evidence of restricted gene flow
No. of populations observed
Genetic basis for strategy
Uncertainty 3 Test for multiple distinct growth
histories
Evidence of distinct growth
histories
No. of growth histories
Description of growth histories
Uncertainty 4 Test for residents spawning or
sexually maturing
Evidence of mature or maturing
individuals of the resident form
Uncertainty 5 Test for adults changing migratory
behaviour

Evidence of adults changing
migratory behaviour

Stated objectives or purpose of the
study
#
#
Description
Y/N
Conclusions were based on:
quantitative/qualitative/inferential
evidence
Y/N
Y/N - considered differences in allele
frequencies, non-random mating or
deviation from Hardy-Weinberg
equilibrium as evidence of restricted
gene flow between forms
Y/N
#
Description
Y/N
Y/N
#
Description
Y/N
Y/N
Y/N - considered information related to
sexually mature individuals or
individuals that had spawned in the
past
Y/N
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fontinalis (brook charr)

Taxon, Genus, Species
Salmonidae (charr, salmon,
trout and whitefish):
Salvelinus (charr):
alpinus (arctic charr)

System
L. Visjon, northwest
Sweden
North eastern Alaska
North shore of St.
Lawrence R, Quebec,
Canada
Northern Norway
southern Baffin I.,
Nunavut, Canada
Spitsbergen I., Svalbard,
Norway
West Kitikmeot Region,
Nunavut, Canada
Atlantic coast of Canada
East coast of New
Brunswick, Canada
Gaspe, Quebec,
Canada
Hudson and James Bay,
Canada
Lake Superior,
Canada/USA
Mistassini L., Quebec,
Canada
Nipigon Bay, Ontario,
Canada
North shore of St.
Lawrence R, Quebec,
Canada
4
1
1
5
4

4
3
3
7
6
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2

2

2

1

3

3

2
3

5
3

9
2

2
3

2
2

1
1

2

2

2

1
2

2

1

5
1

1

2

2

2

1

1
1

1

2

1

4

1

1

1

2

6
1

1
1

1

1

4

1

1

4

1

1

5
2

1

# of studies
# of studies
that
# of studies that tested for # of studies # of studies
distinct
# studies
# of
quantitatively that tested for
that tested forthat tested for
growth
included in uncertainties tested for ≥2 restricted
changes in
sexual
histories
review
tested ( /5)
forms
gene flow
behaviour
maturity
4
3
3
3
2

Table 3. Summary of published information compiled for fish taxa and systems that display an apparent migratory
polymorphism.

trutta (brown trout)

Salmo (trout)
salar (Atlantic salmon)

confluentus (bull charr)

Atlantic coasts of
Europe and North
America
Eastern Newfoundland,
Canada
Newfoundland Exploits
R, Canada
northwest Spain
Perth, United Kingdom
southwest Norway
Ungava Bay, Quebec,
Canada
Denmark
France
Gulf of Bothnia,
southern Finland
large rivers in central
Europe
Norway
Norway, coastal
Scandinavia
Scotland
Sweden

Nova Scotia, Canada
Prince Edward Island,
Canada
South shore of Lake
Superior, USA
West Virginia, USA
northwestern
Washington, USA
South Fork Salmon R.,
west-central Idaho, USA
South Fork Walla Walla
R., Orgeon, USA
Western Montana, USA
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1
4
0
1
3
3
0
1
3

1
3
2
1
1
4

2
1
1
2

1
1
2
3
2
5
1

1

2

5

1

4

3

4

1

2

4

1
3

1
2

1

2

3

1

2
1

3
1

1
2

1

4

1

3

4

2

2

1

1
1

1

2

1

1
2

1

3

1

1

1
1

2

1
1
2
3

3

1

1

1

1
1

1

1

3
1

4

1

4

1

1

1

Stenodus (inconnu)
leucichthys
Anguillidae (freshwater eels)
Anguilla (freshwater eels)
anguilla (European eel)

Nerka (sockeye salmon)

Oncorhynchus (salmon)
mykiss (rainbow trout)

Alaska, USA
Babine R., central
British Columbia,
Canada
California, USA
Cowichan R.,
Vancouver Island,
British Columbia,
Canada
Deschutes R., Oregon,
USA
Kamchatkan
Penninsual, Russia
Pacific coast, British
Columbia, Canada
Santa Cruz R.,
Patagonia, Argentina
Washington, USA
Alsek R., Alaska, USA
Central British
Columbia, Canada
Lower Shuswap R.,
British Columbia,
Canada
Ozette L., Washington,
USA
pacific northwest Alaska
to Washington
Redfish L., Idaho, USA
Southern British
Columbia, Canada
North America, western
Arctic
Baltic Sea, Sweden
River Elbe, Germany
and North Sea
west coast of Ireland
1
1
1
1
1

1
1
1
1
4
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2
1
3

3
1
4

2

3

2

1

2

2

1
2

1

1

1
1

3

3

2

3
1

2
1

3

1
3

1
1

1

1
1

2

1

2

1

2

1
1

1

1

1

1

1

3
1
4

1

2

1

1

1

1

1

2

1

2

1

1

1

2

2

2

1
1

Segara Anakan, Java
Island, Indonesia
Japan and Taiwan
Lake Ellesmere, New
Zealand

Eastern Canada
Bonin Islands, Japan

Cyprinidae (minnow)
Rutilus (roaches)
Rutilus (roach)
Lake Krankesjon,
southern Sweden

Bering Glacier, Alaska,
USA
Japan; Japan Sea form
Japan; Pacific Ocean
form
Little Campbell R.,
British Columbia,
Canada
Mud L., Alaska, USA
Navarro R., California,
USA, lab
Tyne R., Scotland
Alaska (USA), British
Columbia (Canada),
Scotland, Japan
Moronidae (temperate bass) Chesapeake Bay,
Morone (family of temperate Maryland, USA
bass)
Hudson R., New York,
saxatilis (stripped bass)
USA
americana (white perch)
Chesapeake Bay,
Maryland, USA
Petromyzontidae (lamprey)
River Endrick, Scotland
Lampetra (lamprey)
fluviatilis (river lamprey)

bicolor bicolor (Indonesian
shortfin eel)
japonica (Japanese eel)
australis (shortfinned eel)
and dieffenbachii (longfinned
eel)
Gasterosteidae
Gasterosteus
aculeatus (threespine
stickleback)

eel)

rostrata (American eel)
marmorata (giant mottled
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2
3
2
3
2
1
1
4
1

1
1
2
2
1
1
3
3
1

1

1
4

3
5

2

1

3
1

6
2
1

1

2
1

1

4
1

2

1

2

2

1

1

1

2
4

1

6
2

1

4
1

2
1

1
2

1

2

1

3

1

2

1

2

2
1

1
2

1

2

3

Taxonomic group
Charr
Trout
Salmon
Inconnu
Freshwater eel
Threespine stickleback
Temperate bass
Lamprey
Roach
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# of studies that # of studies that
# of studies that
# of studies that
# of studies that
quantitatively
tested for
tested for
tested for ≥2
restricted gene tested for distinct changes in tested for sexual
growth histories
maturity
# of species # of systems
forms
flow
behaviour
3
23
16
8
18
4
12
2
16
6
8
11
0
6
2
16
7
13
1
0
8
1
1
1
0
0
0
1
6
8
8
1
2
0
2
1
8
5
7
1
0
7
2
3
3
0
1
1
1
1
1
1
0
0
0
0
1
1
1
0
0
0
0

Table 4. Summary of published information compiled for genus that display apparent migratory polymorphisms.

Figure 1. Idealized growth histories of individuals predicted under the six hypotheses of
migratory polymorphisms. Panels depict body size-at-age. Times at which an individual
switches between their natal habitat and an alternate habitat are shown as ‘t’. Shading
indicates period of sexual maturity. (a and b) Growth histories of individuals in a
migratory population where juvenile individuals reside in their natal habitat and, at age t,
migrate into an alternate habitat. Migration from the natal to alternate habitat occurs
before (a) and after sexual maturation (b). (c) Growth histories of individuals in a
migratory population where a portion of the juvenile cohort migrates to an alternate
habitat at age t1, and the remainder of the cohort migrates at age, t2. (d) Growth histories
of individuals in a migratory population where a portion of the cohort completes their
lifecycle in their natal habitat and the remainder of the cohort migrates to an alternate
habitat at age t. (e) Growth histories for individuals in two spatially-overlapping
populations spawning in different habitats (A and B). Offspring from the population that
spawned in habitat A migrate to habitat B at age t1, individuals from both populations
residency in habitat A at age t2. (f) Individuals in two spatially-overlapping populations
spawning within the same habitat. Offspring from one population reside in the natal
habitat throughout their life. Offspring from the other population migrate from their natal
habitat to an alternate habitat at age t, but later return to their natal habitat to spawn.
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N

N
(e)

e) Allopatric
spawning
populations

Y

N
N
(e&f)

N
Y
(f)
Y

Y
(a, b, c,
d, e, f)

Y
(a, b, c, d)

1. Multiple 2. Restricted 3. Multiple
forms?
gene flow?
growth
histories?

N

a) Migration:
early switch

Y

b) Migration:
late switch

N

c) Staggered
migration

Y

d) Partial
migration

N
(a&b)

Y
(c&d)

4. Sexually
mature
residents?

f) Sympatric
spawning
populations

5. Changing
behaviour later in
life?

Figure 2. A decision tree organizing and prioritizing the uncertainties (bottom) and
predictions (Y/N) used to delineate among the migratory systems (right). Figures to the
left of each migratory system and the letter denoting each system are described in Table
1 and Figure 1.
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Figure 3. Frequency distribution summarizing the number of study systems where a
given number of uncertainties (see Table 1) have been tested.
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Figure 4. Frequency distribution summarizing the number of systems for which a given
uncertainty has been tested. The number of published studies that evaluated each
uncertainty are indicated above each box.
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CHAPTER 2: DIVERSITY IN HABITAT USE AND TROPHIC ECOLOGY OF BROOK
TROUT IN LAKE SUPERIOR AND TRIBUTARY STREAMS REVEALED THROUGH
STABLE ISOTOPES

Abstract
Distinct forms of brook trout (Salvelinus fontinalis) have been hypothesized to occur in
Lake Superior: large fish inhabiting Lake Superior for much of the year, but spawning in
tributary streams, and small fish resident in tributary streams. The lake form has
declined markedly in range and abundance and a greater understanding of the
behaviour and ecology of these populations is needed to support conservation efforts.
Comparisons of δ13C and δ15N signatures for fish sampled from the lake and in streams
supported the hypothesis of relatively distinct forms differing in habitat use and trophic
ecology. Comparisons of δ13C values for brook trout, other fishes, and aquatic
invertebrates from stream, stream mouth, and lake habitats suggested that the large
form is a lake-specialist and the small form represents a stream specialist, a stream-lake
generalist, or some mixture of the two. Delineating the diversity in habitat use and
trophic ecology represents a crucial, initial step toward understanding the mechanisms
responsible for the observed phenotypic diversity and for developing science-based
plans to conserve or restore it.

Key words: coaster brook trout, habitat use, partial migration, potamodromy, Salvelinus
fontinalis, stable isotope
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Introduction
In fishes, individuals differing markedly in habitat use and movement, body size and
shape, and life history can be observed co-existing in the same geographical area and
their movements can be challenging to observe directly or track indirectly (e.g.
telemetry). The diversity may be expressed or interpreted as different forms of
individuals. By form we mean classes of individuals differing conspicuously in ecology
and potentially morphology, irrespective of whether the variation represents different
genotypes or growth phenotypes. Characterizing this diversity in phenotype in general
and migration systems in particular can present a significant challenge for taxa when the
lifetime tracks of individual animals are difficult to quantify (Wilcove 2007). Different
forms may reflect different life stages (juvenile/adult) occupying different habitats, but
arising from a population where all individuals migrate (migration), as for example, in
pink salmon (Oncorhynchus gorbuscha) and chum salmon (O. keta) populations in the
Pacific northwest (Waples et al. 2001). Different forms may represent members of subcohorts that differ in the age at which individuals migrate (staggered migration), as for
example, in Atlantic salmon (Salmo salar; Metcalfe et al. 1989; Utrilla and Lobón-Cerviá
1999). Alternately, the different forms may represent a combination of resident and
migrant individuals within a single population (partial migration). Examples of partial
migration have been reported for brook trout (Salvelinus fontinalis; Doucett et al. 1999;
Morinville and Rasmussen 2003), brown trout (Salmo trutta; Olsson and Greenberg
2004), steelhead trout (O. mykiss; McPhee et al. 2007) and white perch (Morone
saxatilis; Kerr et al. 2009). The different forms may even represent sympatric
populations differing in migratory behaviour (e.g. brook trout; Fraser and Bernatchez
2005; Jones et al. 1997) or newly evolving resident and migratory species (e.g. sockeye
and kokanee salmon; O. nerka; Wood and Foote 1996). Similar complexity is seen in
other taxa, including birds, mammals and insects (Eichhorn et al. 2009; Holden 2006;

61

Kaitala et al. 1993). Unravelling this diversity in migration systems and phenotypic
variation remains a challenge for many taxa (Wilcove 2007) and a crucial initial step
towards understanding the mechanisms responsible for the diversity and for developing
science-based plans to conserve or restore the diversity (Nelson et al. 2002; Northcote
1997; Ryther 1997).

Considerable progress in understanding migratory systems with apparently different
forms can be made by addressing four uncertainties (U). First, is there reasonable
evidence of multiple forms (U1)? Second, is there evidence of non-random mating
(restricted gene flow) between the forms (U2)? Third, is there evidence of distinct
developmental trajectories corresponding with individuals migrating early versus late in
life (Metcalfe et al. 1995), or with resident and migrant individuals (Kerr et al. 2009)
(U3)? Fourth, do members of each form reach sexual maturity (U4)? The outcome of
uncertainty 1 establishes that there are multiple forms, characterizing the nature of the
phenotypic variation, and identifying mechanistic explanations that should be pursued.
The outcome of uncertainty 2 distinguishes between systems involving phenotypic
differentiation within a single population versus systems involving phenotypic
differentiation between sympatric populations or cryptic species (D’Amelio and Wilson
2008; Magnan et al. 2002). The outcome of uncertainty 3 can distinguish between
systems with multiple distinct phenotypes (e.g. partial migration) and systems where
older life stages occupy a different habitat than younger life stages (e.g. migration). The
outcome of uncertainty 4 further distinguishes systems with multiple phenotypes and
systems where older life stages occupy a different habitat than younger life stages.

We tested for distinct forms of brook trout differing in habitat use and trophic ecology in
Lake Superior and tributary streams (U1). Salmonids (trout, salmon and charr) exhibit
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enormous variation in habitat use, life history, and migratory behaviour (Doucett et al.
1999; Forseth et al. 1999; Hendry et al. 2004). Loss of migratory populations, or the
migratory component of polymorphic populations, is a broad, increasing concern (Haro
et al. 2009; Ryther 1997). Brook trout in Lake Superior and tributary streams are
believed to exhibit two forms broadly described as larger fish that reside in the lake for
most of the year and spawn in the tributary streams in the fall (migrant or coaster form)
and smaller fish considered resident in tributary streams (stream form). This assumption
is based on anecdotal observations of where the forms are observed and analogy with
marine coastal populations of brook trout (Castonguay et al. 1982; Malette 1993;
Morinville and Rasmussen 2003). However, uncertainties regarding the movements and
life histories of Lake Superior brook trout remain unresolved (Huckins and Baker 2008;
Mucha and Mackereth 2008).

Our study focuses on Lake Superior brook trout because of lake-wide binational interest
in conserving the remaining populations of these apparently polymorphic brook trout and
restoring populations in tributaries believed to have produced the lake form in the past
(Horns et al. 2003). The morphological and migratory variation observed in these
populations has held considerable interest and cultural and economic significance over
the past two centuries. It was the basis of commercial fishing efforts in the 1800s and
the basis of a world-renowned trophy fishery in the 1890s and early 1900s (Newman and
Dubois 1997; Schreiner et al. 2008). Lake-wide abundance and distribution of the large
fish caught in the lake declined dramatically beginning in the early 1900s (Newman and
Dubois 1997), prior to any significant biological investigation. Only a few small,
scattered remnant populations remain (Newman and Dubois 1997). Conservation
initiatives began in the 1970s (Schreiner et al. 2008) and the lake form was recently put
forward, unsuccessfully, for protection under the US Endangered Species Act (Sierra
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Club Mackinac, Chapter 109 E. Grand River Lansing, MI 48906; Huron Mountain Club N
4700 Co. Rd. KK PO Box 70 Big Bay Michigan 49808 and M. J. Robinson, 3900 W.
Liberty St., Ann Arbor, MI 48103). Fishery managers and scientists have emphasized
the need to better understand the ecology, life history, and genetics of Lake Superior
brook trout to support conservation and management initiatives (Ridgway 2008; Wiland
et al. 2006; Wilson et al. 2008). Characterizing the diversity in habitat use and trophic
ecology represents an important initial step toward resolving the nature of the phenotypic
variation. Our approach to characterizing the diversity in coaster brook trout by
addressing the four uncertainties identified above, and the corresponding results, could
have broad relevance given declines of anadromous brook trout throughout North
America (Ryther 1997) in particular, and of migratory salmonids in general (Nelson et al.
2002; Northcote 1997).

Our characterization of the diversity in habitat use and trophic ecology was addressed in
three steps. First, we tested whether isotopic signatures from adipose fin tissue
sampled non-invasively were strong predictors of isotopic signatures from dorsal muscle
requiring invasive sampling (Step 1). This was necessary because of severe restrictions
on lethal sampling of our study populations. Stable isotopes have been used to infer the
migratory biology and habitat use of animal populations (Cunjak et al. 2005; McCarthy
and Waldron 2000; Rubenstein and Hobson 2004) applications to fishes have typically
relied on isotope measurement for dorsal muscle. Use of adipose fin tissue represents a
valuable, non-invasive alternative to dorsal muscle (Jardine et al. 2005; McCarthy and
Waldron 2000; Rounick and Hicks 1985). Second, we evaluated whether there were two
apparent forms of brook trout that differed in habitat use and trophic ecology based on
δ13C and δ15N signatures (Step 2). This step involved testing whether fish sampled from
the lake had higher values of δ13C and δ15N than fish sampled from the streams and
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testing how accurately site of capture (lake or stream) could be predicted from isotopic
values. Isotopic signatures for 13C and 15N integrate a fish’s habitat use and trophic
ecology over a period of three to five weeks (Hanisch et al. 2010; Kennedy et al. 2005;
Suzuki et al. 2005). Third, we tested whether the apparent forms of brook trout
represented lake and stream residents, a lake resident and a stream-lake generalist, or
a lake-stream generalist and a stream resident (Step 3). This step involved comparing
δ13C and δ15N values of brook trout sampled from the lake and streams with values
obtained for other pelagic fish species (lake residents), brook trout above impassable
barriers (stream residents), and sedentary invertebrates sampled from the lake, stream
mouths and streams. If brook trout sampled from the lake and streams represent
residents, their δ13C signatures were expected to be similar to the δ13C signatures
obtained from other taxa known to be resident in the lake and stream habitats,
respectively. If brook trout were lake-stream generalists, their δ13C signatures would be
intermediate in magnitude.

Methods
Study area
Our study was conducted in Nipigon Bay, Lake Superior, Ontario (48˚55’29” N, 87˚51’10”
W), one of the few areas within Lake Superior where the large, lake form of brook trout is
still observed. Nipigon Bay is located along the northern most shore of Lake Superior
(Figure 1) and drains a catchment of approximately 40,000 km2 (Jones and Stockwell
1995). The bay is sheltered, being nearly enclosed by several large islands and a
peninsula. Relative to Lake Superior proper, Nipigon Bay is shallow and productive.
Maximum depth is 138 m and approximately one third of the bay is less than 10-m deep.
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The study area consisted of nine streams located along a 100 km stretch of shoreline
between the towns of Nipigon and Rossport, Ontario: Stillwater Creek, Dublin Creek,
MacInnes Creek, Cypress River, Little Cypress River, Little Gravel River, Nishin Creek,
McLeans Creek, and Hewitson River (Figure 1). Urban development in this area is
minimal, although some forest harvesting has occurred within the area. Catchment
sizes of the study streams ranged from 6.7 to 160.9 km2 and the streams are cold, high
gradient, low productivity systems that generally lack instream cover and deep pools.
The streams support naturally reproducing populations of brook trout, rainbow trout,
coho (O. kisutch), Chinook (O. tshawytscha) and pink salmon, and several species of
cyprinids, catostomids, gasterosteids, and cottids. Most streams had an impassable
waterfall or culvert within 2 km of the lake.

Sampling of fish
Sampling surveys were conducted in Nipigon Bay and in the study streams to collect
information on sizes of fish and to sample adipose fin tissue and muscle tissue for
isotopic analyses. Lake sampling was conducted 8 May to 4 September 2005 and 10
June to 10 August 2006. Stream sampling was conducted 8 June to 24 August 2005
and 20 June to 30 August 2006. Numbers of fish we could sample lethally from each
habitat were restricted by the Upper Great Lakes Management Unit of the Ontario
Ministry of Natural Resources, due to conservation concerns regarding these
populations.

Brook trout in the lake were sampled by angling from a boat or the shoreline at areas
along the mainland and island coasts. Gear types, baits, hook sizes, and angling
locations were varied to catch fish from a range of sizes and reduce any bias toward
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large fish. Captured fish were stored in an aerated live well. Seventy lake fish were
sampled in 2005 and 21 in 2006.

Brook trout in the streams were sampled monthly below impassable in-stream barriers
using single-pass electrofishing. Sampling entailed selecting two stream reaches 50 m
in length, placing block nets at the upstream end of the reach, and making a single
upstream pass with a Smith-Root backpack electrofisher equipped with a gas generator.
Captured fish were stored in buckets equipped with an aerator. In 2005, 168 fish were
sampled from nine streams, Stillwater Creek (n=6), Dublin Creek (n=20), MacInnes
Creek (n=16), Cypress River (n=18), Little Cypress River (n=18), Little Gravel River
(n=30), Nishin Creek (n=13), McLeans Creek (n=27) and Hewitson River (n=13). In
2006, 48 fish were sampled from six streams, Stillwater Creek (n=7), Dublin Creek
(n=5), MacInnes Creek (n=7), Little Cypress River (n=6), Little Gravel River (n=10) and
Nishin Creek (n=13).

All captured fish were measured for total length (± 1 mm) and a small sample of tissue
was collected from the tip of the adipose fin using dissection scissors. Each tissue
sample was placed in a labelled, unbleached paper envelope. All fish were released at
their site of capture, except in 2005 when 26 fish were retained to collect muscle tissues
samples. This included six fish caught in the lake and killed by recreational anglers and
10 fish each from Dublin and McLeans Creeks that were caught and sacrificed during
our electrofishing surveys. Fish from the streams were sacrificed by overdose in a clove
oil solution (60 mg/L). Samples were stored on ice, transported to the laboratory, and
measured for total length. Adipose fin tissue was sampled as described above. Dorsal
muscle tissue was sampled just posterior to the dorsal fin by removing the skin and
using a scalpel to remove a 1 cm3 piece of white muscle tissue. At the end of the
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sampling day, tissue samples were oven-dried at 60˚C for 48 h and stored in labelled,
unbleached paper envelopes.

In 2006, tissue samples of fish that could be reliably considered resident in the lake
(n=10) and brook trout that could be reliably considered resident in the stream habitats
(n=36) were collected to help interpret the isotopic values obtained from the lake and
stream surveys. Samples from rainbow trout (n=1; total length=573 mm), lake trout
(Salvelinus namaycush) (n=1; total length=435 mm), coho salmon (n=3; total length,
range 413 – 529 mm) and rainbow smelt (Osmerus mordax) (n=5; total length, range
112 – 130 mm) angled in July from Nipigon Bay were collected to obtain δ13C and δ15N
values for fishes considered to be representative of lake residents. Samples from brook
trout electrofished in July above impassable instream barriers on Dublin Creek (n=18;
total length, range 88 – 212 mm), Little Gravel River (n=3; total length, range 149 – 159
mm) and Stillwater Creek (n=15; total length, range 132 – 210 mm) were collected to
obtain δ13C and δ15N values for brook trout considered representative of being resident in
the stream habitats given their occurrence above impassable barriers. Adipose fin
tissue was sampled from salmonids and muscle tissue from rainbow smelt.

Sampling of invertebrates
Invertebrates were sampled from lake, stream mouth, and stream habitats in July 2006.
Invertebrates were collected from four lake sites in Nipigon Bay. The sites were
accessed by boat and were approximately 2-3 m deep and within 50 m of the shore. All
sites had a rocky, cobble substrate, and two of four had macrophytes present.
Invertebrate samples were collected with an Eckman grab sampler, sweep net, or by
lifting cobble out of the water and manually picking invertebrates from the cobble
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surface. For Stillwater Creek, Dublin Creek, and Little Gravel River, invertebrates were
sampled from sites at the stream mouth and 100-m upstream of the mouth. Samples
were collected using a Surber sampler to collect benthic organisms or by manually
picking invertebrates from the cobble. Individual invertebrates were identified to family,
except gastropods which were identified to order, sorted by taxa, removed from shells in
the case of snails, oven-dried at 60˚C for 48 h, and aggregated (5-8 individuals), as
necessary, to achieve sufficient biomass for stable isotope analysis. Samples were
ground with a mortar and pestle, and stored in airtight glass vials.

Stable isotope analysis
Approximately 0.2 mg of tissue was combusted in a NC2500 elemental analyzer
connected to a Thermo Finnigan Mat Delta Plus isotope ratio mass spectrometer to
analyze for stable isotopes of carbon and nitrogen. Analyses were conducted by the
Stable Isotopes in Nature Laboratory, Canadian Rivers Institute & Department of
Biology, University of New Brunswick, Fredericton, NB. Isotope ratios are expressed as
delta values (δ) and measured as parts per thousand differences (‰) between the
isotope ratio of a sample and that of an international standard, according to the formula:
δ13C or δ15N = [(Rsample - Rstandard)R-1standard] x 1000
where R = 13C/12C or 15N/14N. Repeat analyses of two common laboratory standards
demonstrated that the measurements were accurate and precise [IAEA-CH6: δ13C= 10.45±0.01‰ (mean ± SE); IAEA-N1: δ15N=0.26±0.08‰]. Replicate samples of internal
standards also produced reliable measurements. These known standards included
smallmouth bass muscle tissue and bovine liver: mean (± SE) values for smallmouth
bass muscle tissue were -23.25±0.01‰ for δ13C and 12.45±0.03‰ for δ15N and for
bovine liver -18.73±0.01‰ for δ13C and 7.21±0.04‰ for δ15N. These standards also
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included commercially available organic analytical compounds: mean (± SE) values for
acetanilide -33.60±0.01‰ for δ13C and -3.21±0.04‰ for δ15N and nicotinamide 34.2±0.01‰ for δ13C and -1.76±0.02‰ for δ15N.

Data analysis
We tested whether isotopic values from adipose fin tissue were strong predictors of
values from dorsal muscle tissue, respectively, by calculating for each isotope, the
correlation coefficient and regression between values from adipose fin and muscle tissue
(Step 1). We assessed each regression for a 1:1 relationship between values for
adipose fin and muscle tissue by testing whether the regression coefficient differed
significantly from 1 and whether the intercept significantly from 0. Values were
considered significant at α< 0.05.

We then tested for evidence of two distinct forms of brook trout differing in summer
habitat use and trophic ecology (Step 2). Linear contrasts from one-way analyses of
variance (ANOVA) were used to test whether fish sampled from the lake and stream
habitats differed in δ13C and the δ15N values, and in total length. ANOVAs of δ15N for
snails and caddis flies sampled from streams, stream mouths and lake habitats were
conducted to determine whether δ15N values at the base of the food web differed across
habitats. Differences in trophic position within each habitat were measured as the
difference between the δ15N values of brook trout and invertebrates within a habitat and
calculated using a two-way ANOVA with animal group (brook trout, invertebrate) and
habitat (lake, stream) as factors. Discriminant function analysis (DFA) was used to
determine how accurately values of δ13C and δ15N values could distinguish between
brook trout sampled from the lake and streams, and to provide a potential tool for
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classifying the habitat of residency for adult brook trout sampled near the time of
spawning McCarthy and Waldron (2000). DFA results presented here only include δ13C
and δ15N. Total length was not included because different collection methods were used
to capture lake and stream fish and because angling in the lake could have potentially
missed small migrants. Analyses were conducted for the 2005 and 2006 data
separately to assess whether the effectiveness of δ13C and δ15N for distinguishing
between fish sampled from the lake and streams was repeatable across years.
Analyses were conducted using the within-group covariance matrices because the
variance-covariance matrices differed between groups. Classification accuracy was
tested using a cross-validation approach whereby each observation was considered a
new sample and classified using a DFA calculated for the remaining N-1 observations
(jackknife approach).

We examined the degree to which fish sampled from the lake and streams might be
habitat specialists or generalists by visually comparing their isotopic signatures with
those of other fish that could reliably be considered lake and stream specialists, and with
invertebrates sampled from the lake, stream mouths, and streams (Step 3). Our
comparison relied on isotopic measurements made for a multi species sample of fish
from the lake, to estimate the isotopic signature of lake dwelling fish, because we had no
way of sampling brook trout that could reliably be considered lake resident in the way we
could sample stream resident brook trout from above impassable barriers.
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Results
Validating the use of adipose fin tissue
Values δ13C and δ15N from adipose fin were strong predictors of corresponding values
for muscle tissue (δ13C: r2= 0.92, P<0.001, n=26; δ15N: r2=0.84, P<0.001, n=26; Figure
2). For δ13C, the slope (± SE) of the regression relating adipose fin to muscle tissue did
not differ significantly from 1 (1.14 ± -0.07; t24= 2.00, P=0.06) and the intercept did not
differ significantly from 0 (2.79 ± 1.61; t24= 1.73, P=0.10). Similarly, for δ15N, the slope (±
SE) of the regression relating adipose fin to muscle tissue did not differ significantly from
1 (0.92 ± 0.08; t24= -0.908, P=0.06) and the intercept did not differ significantly from 0
(0.92 ± 0.70; t24= 1.31, P=0.20).

Evidence of two forms
Analyses of stable isotopes supported the hypothesis of two forms differing in habitat
use and trophic ecology. Brook trout sampled from the lake were longer, on average,
than those sampled from streams, as expected based on earlier natural history
observations (linear contrast comparing fish sampled from the lake and streams in 2005:
F9,207=141.4, P<0.001; 2006: F6,63=42.1, P<0.001; Figure 3). Moreover, fish sampled
from the lake had higher mean δ13C values than those sampled from the stream (linear
contrast comparing fish sampled from the lake and streams in 2005: F9,208=33.8,
P<0.001; 2006: F6,63=24.5, P<0.001; Figure 4). Mean (± SE) values of δ13C for brook
trout sampled from the lake were -20.9 ± 0.2‰ in 2005 and -20.0 ± 0.3‰ in 2006
compared to δ13C= -23.4 ± 0.1‰ and δ13C= -23.7 ± 0.2‰, respectively, for brook trout
sampled from streams. Fish sampled from the lake also had higher mean δ15N values
than those sampled from streams (linear contrast comparing fish sampled from the lake
and streams in 2005: F9,208=36.8, P<0.001; 2006: F6,62=17.9, P<0.001; Figure 4). Mean
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δ15N values for brook trout sampled from the lake were δ15N= 9.0 ± 0.1‰ in 2005 and
8.3 ± 0.2‰ in 2006 compared to 7.8 ± 0.1‰ and 7.0 ± 0.2‰, respectively, for brook trout
sampled from streams.

Differences in δ15N between the brook trout sampled from the lake and streams were not
due to δ15N values at the base of the food chain being higher in the lake than in streams.
On the contrary, values of δ15N for snails and caddis flies were significantly lower on
average (± SE) in the lake (snail= 0.2 ± 0.1‰; caddis fly= 1.5 ± 0.3‰) than in the
streams (snail= 3.0 ± 0.1‰; caddis fly= 3.4 ± 0.1‰) (snail: F2,18=32.4, P<0.001; caddis
fly: F2,29=21.5, P<0.001). In addition, the difference between δ15N values for brook trout
and invertebrates (a measure of trophic position) sampled from the lake was 4.5 units
greater, on average, than between brook trout and invertebrates sampled from the
streams (F1,102=75.8, P<0.001).

Further evidence of two forms was provided by the DFA’s (Figure 5a,b). For the sample
from 2005, δ13C and δ15N could be used to correctly classify fish sampled from the lake
and streams with a classification success of 90% (207/231) overall, 93% (65/70) for fish
sampled the lake, and 88% (142/161) for fish sampled from streams (Wilk’s λ= 0.50,
F2,228= 112.80, P<0.001). For the sample from 2006, δ13C and δ15N could be used to
correctly classify fish sampled from the lake and streams with a classification success of
94% (65/69) overall, 90% (19/21) for fish sampled the lake, and 96% (46/48) for fish
sampled from streams (Wilk’s λ= 0.29, F2,66= 81.87, P<0.001).
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Inferences regarding degree of habitat specialization
Comparisons of δ13C values of brook trout sampled from the lake and streams with those
of other fishes and invertebrates suggested that the large form of brook trout was a
summer lake specialist and the small form a lake-stream generalist or mixture of lakestream generalists and stream specialists (Figure 6). The inference that brook trout
sampled from the lake are specialists was supported by the similarity of their δ13C values
(mean ± SE:-20.0 ± 0.3‰) relative to those for pelagic rainbow trout (-22.7‰) and lake
trout (-21.2‰), and the greater magnitude of their δ13C values relative to values for
pelagic rainbow smelt (mean ± SE:-23.9 ± 0.2‰) and coho salmon (mean ± SE:-23.5 ±
0.2‰). It was also supported by the similarity of δ13C values for fish sampled from the
lake and δ13C values of invertebrates sampled from the lake (Figure 6). The inference
that brook trout sampled streams represent lake-stream generalists or a mixture of lakestream generalists and stream specialists was supported by the δ13C values for these
brook trout (mean ± SE) (-23.7 ± 0.2‰) being significantly higher than values for brook
trout resident above impassable barriers (-25.2 ± 0.2‰) and higher than δ13C values
obtained for invertebrates sampled in the study streams (Figure 6).

Discussion
Our study provides scientific support for two forms of brook trout differing in habitat use
and trophic ecology on the north shore of Lake Superior (U1). One form occupies the
lake throughout the summer, grows larger, and appears to achieve higher trophic status,
on average, while the other form occupies streams throughout the summer, or streams
and the lake, is smaller, and achieves lower trophic status, on average. Our conclusions
are restricted to residency during the summer because this is the period over which our
study was conducted. The conclusion of two forms is supported by our analyses
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demonstrating differences in the stable isotope signatures of the two apparent forms,
and by comparisons of the isotopic signatures of each form with those of other fish and
invertebrate species sampled from lake and stream habitats. The conclusion that one
form resides in the lake is supported by the similarity of the isotopic signatures of brook
trout sampled from the lake with piscivorous fishes and invertebrate species also
sampled from the lake. The conclusion that one form is a stream-lake generalist, or a
mix of generalists and stream specialists is supported by the similarity of the isotopic
signatures of brook trout sampled from the streams below and above impassable
barriers, and invertebrates sampled in the streams.

Although the notion of migrant and resident brook trout is widely accepted for Lake
Superior populations (D’Amelio and Wilson 2008; Newman and Dubois 1997), our
findings are valuable because failing to test whether there is evidence for two relatively
distinct forms, versus just broad phenotypic variation, risks observer expectancy bias
and overlooking alternative ways in which variation in migratory behaviour and habitat
use can be expressed. Scientists and fishery managers have acknowledged that the
ecology and life history of these populations are poorly understood (Huckins et al. 2008;
Ridgway 2008; Schreiner et al. 2008). This understanding is lacking because the
distribution and abundance of the apparent lake form declined before rigorous biological
studies were conducted (Newman and Dubois 1997), and because the ecology and life
history of the stream form has been assumed to be similar to that of other streamresident populations in areas where the lake form is not observed. The notion of two
distinct forms has been inferred based on physical appearance, observations of large
fish entering tributaries during the fall spawning season, and analogy with anadromous,
coastal populations of salmonids (Huckins et al. 2008). Life history variants differing in
appearance, habitat use, and migratory behaviour have been reported for brook trout
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populations in northern New Brunswick (Doucett et al. 1999), the Gulf of St. Lawrence,
New Brunswick (Jones et al. 1997), Hudson Bay, Ontario (Malette 1993), the Saguenay
River, Quebec (Morinville and Rasmussen 2003) and Gaspe, Quebec (Castonguay et al
1982).

Studies of other populations of salmonid fishes provide reason for uncertainty around the
resident-migrant dichotomy. Tracking studies of stream-resident fishes, including brook
trout, have demonstrated that stream resident fish can be more mobile than previously
thought (Gowan and Fausch 2002). This is noteworthy for our study tributaries because
impassable barriers are often present within 0.5 – 2 km of the lake. Investigations of the
movements made by brook trout occupying our study streams, and streams on the south
shore of Lake Superior, are underway and suggest that some individuals occupying the
streams make forays into the lake (Huckins and Baker 2008; Kusnierz et al. 2009;
Coppaway Unpublished). Stocked brook trout also move between tributaries (Carlson
2003). Other techniques for assessing migratory history have similarly revealed
complexities and uncertainties in other populations. Malette (1993) used analyses of the
chemical composition of otoliths to examine the resident-migrant dichotomy for brook
trout in the Sutton River, a tributary to James Bay, ON. His findings suggested that
purported residents migrate to sea later in life, in a manner similar to staggered
migration, rather than partial migration. In addition, stable isotope examinations of
salmonid fishes in coastal freshwater-marine systems have revealed examples where
individuals assigned as resident based on physical appearance were determined to be
migratory based on their isotopic signatures (McCarthy and Waldron 2000).

The outcome to the question of whether there are two forms versus a single, variable
phenotype can influence what questions are addressed in future studies. These
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uncertainties include whether the variation in behaviour and appearance represents
different life stages, forms of individuals, or populations (see Introduction). In this
context, brook trout populations in the Nipigon Bay area of Lake Superior exhibit two
forms differing in habitat use and trophic ecology (U1; this study) that arise from a
common population, based on the genetic research of D’Amelio and Wilson (2008) (U2).
Furthermore, a concurrent study of this population demonstrated that fish sampled from
the lake and streams exhibit distinctly different growth histories, with fish sampled from
the lake living longer and growing faster than fish sampled from streams, with growth
rates similar to those reported for other migrant and resident populations and subpopulations of brook trout, respectively (U3; Chapter 3). Together, results of these
recent studies suggest that the variation in Lake Superior brook trout represents a
system of partial migration, and not migration or staggered migration, but it remains to
be determined whether residents complete their life cycle in their natal stream (U4).

Assessing whether the variation reflects two relatively distinct forms or broad individual
variation can also elicit different questions regarding the behavioural and ecological
mechanisms that foster the variation in phenotype, although some overlap exists. With
two distinct forms, density-, frequency-, and status (condition)-dependent selection
(Gross 1987; Hendry et al. 2004) and environmental stochasticity (Mangel 1991) are
often posed as potential ecological mechanisms for maintaining the alternative forms.
With broad individual variation in migratory behaviour, the potential mechanisms can
include the above, plus a balance between mutation and weak selection (Santiago
1998), phenotypic plasticity (Skúlason et al. 1999) in response to features in the physical
environment, and a relatively flat fitness set arising from a trade-off between either early
and late reproduction (Wolf et al. 2007) or growth rate and mortality (Biro and Stamps
2008; Stamps 2007). Answers to these mechanistic questions could be helpful in the
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process of selecting effective management actions (Huckins and Baker 2008), but
remain premature until the nature of the migratory system is better understood.
Understanding the mechanisms maintaining the alternative forms will help fishery
managers anticipate how populations might respond to different management actions,
such as habitat restoration, modification of angling regulations, or stocking (Nelson et al.
2002; Northcote 1997).

Broad individual variation in propensity to migrate, such as the distinction between
migrant and resident individuals, is widespread taxonomically and ecologically, with
examples in insects, fishes, birds, and mammals (Dingle 1996). Consequently, the
uncertainties, questions, and challenges presented by Lake Superior brook trout have
the potential to extend to other taxa. From a scientific perspective, individual variation in
behaviour and life history challenges the commonly held notion of a single, best way to
behave and live (Wilson 1998) and delineating ecological and evolutionary mechanisms
explaining individual variation in migratory behaviour and life history is currently the
focus of broad interest (Brodersen et al. 2008; Eichhorn et al. 2009). From a
management perspective, resolving uncertainties surrounding complex migratory
systems and life histories is becoming increasingly important as concerns regarding the
loss of migratory populations and sub-populations heighten (Ryther 1997; Wilcove
2007).

There are at least five sources of uncertainty with our analyses that merit further
consideration. Acknowledging these can ensure our findings are interpreted
appropriately and identify opportunities for future research. First, we could not infer
satisfactorily whether the fish sampled from streams represent a stream specialist, a
stream-lake generalist, or some mixture of the two. δ13C signatures for fish sampled
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from streams below impassable barriers were significantly higher, on average, than
those for fish sampled from above impassable barriers (true residents). On one hand,
the difference could reflect normal longitudinal changes in δ13C values (France and
Peters 1997; Rasmussen et al. 2009). On the other hand, the values of δ13C could also
suggest that fish sampled from streams are moving between the stream and lake, but
movements of these fish have gone undetected because in-stream sampling is typically
restricted to periods of day light, and individual fish are not marked (see above). The
difference could also reflect a nutrient subsidy from the lake provided when fishes such
as rainbow smelt and rainbow trout migrate into the streams in early spring to spawn.
However, we found no evidence of δ13C values decreasing from late spring to summer
(unpublished data). Second, and related to the above, our findings cannot address
whether individuals are resident in a single stream or migrate via the lake from stream to
stream. The possibility of movement between watersheds has received little
consideration (Carlson 2003), although studies in Nipigon Bay are underway (M. Chase,
Ontario Ministry of Natural Resources, personal communication; C. Coppaway,
University of Guelph, personal communication). Third, stable isotope analysis facilitates
indirect inferences regarding habitat use. Additional, complementary studies directly
tracking movements of individuals from each form, like Mucha and Mackereth’s (2008)
study that used radio-telemetry to track the movements of summer resident fish from
Lake Superior into tributaries of Nipigon Bay in fall, remain needed. Such tracking
studies should be viewed as complementary because they can determine where an
individual fish is, but not what it is doing, whereas stable isotope analysis allows for
inferences of an individual’s habitat use and trophic ecology, but not precisely where it
has gone. Fourth, out of necessity different methods were used to sample fish in the
stream and lake habitats. Consequently, body sizes of fish in our samples could be
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biased if, for example, we failed to capture smaller individuals inhabiting the lake due to
gear selectivity (angling). However, the smallest 10% of fish sampled from the lake
ranged from 206 to 280 mm in total length and were below the minimum lengths (300
mm) reported for migratory and lacustrine brook trout in studies from the south shore of
Lake Superior (Huckins and Baker 2008; Huckins et al. 2008). Fifth, and related to four,
it remains uncertain whether the differences in isotopic signatures are due to differences
in habitat use, trophic ecology, body size, or some combination of the three, and hence
whether the two former characteristics might be influencing body size, or vice versa. We
conducted analyses of covariance to examine whether the isotopic signatures of fish
sampled from the lake and streams differed after adjusting statistically for total length,
but interpretation of these analyses were problematic because the fish sampled from the
lake and streams differ so markedly in total length. For now, the key point is that fish
sampled from the lake and streams differ in multiple ecological and morphological ways.

Broad variation in migratory behaviour, physical appearance and life history appears to
be a widespread phenomenon in fishes (Kerr et al. 2009). For many populations, the
nature of the variation is inferred from opportunistic observations of movement, habitat
use, and corresponding differences in the physical appearance of individuals. Our study
recognizes that such variation in behaviour and appearance can reflect a number of
different migratory systems, and presents a set of uncertainties that can be used to
distinguish between these migratory systems when individual animals are difficult to
track over extended periods of their life. It then demonstrates for populations of Lake
Superior brook trout that individuals sampled from the lake differ markedly from those
sampled from tributary streams in both summer habitat use and trophic ecology.
Delineating the diversity in habitat use and trophic ecology represents a crucial, initial

80

step toward understanding the mechanisms responsible for the phenotypic diversity
observed and for developing science-based plans to conserve or restore it.
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Figure 1. Location of study streams and Nipigon Bay, Lake Superior, Ontario. Study
streams are labelled and their catchments are bolded (west to east: Stillwater Creek [1],
Dublin Creek [2], MacInnes Creek [3], Cypress River [4], Little Cypress River [5], Little
Gravel River [6], Nishin Creek [7], McLeans Creek [8], and Hewitson River [9]).
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Figure 2. δ13C (a) and δ15N (b) signatures for adipose fin and dorsal muscle tissues of
individual fish sampled from streams (solid circles) and the lake (open circles) in 2005.
Values presented are parts per thousand differences (‰). The dotted line represents
the 1:1 relationship between adipose fin and dorsal muscle tissues and the solid line
represents the least-squares regression line (δ13C: y= 1.14x + 2.79; δ15N: y= 0.92x +
0.92).
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Figure 4. Box plots showing the isotopic signatures of brook trout sampled from streams and Lake Superior in 2005 (a & c) and 2006
(b & d). δ13C (a & b) and δ15N (c & d) values presented as parts per thousand differences (‰). Box plots depict 10th, 25th, 50th, 75th,
and 90th percentiles as horizontal lines and the middle half of the data (25th to 75th percentiles) as a box. Values above each box plot
indicate the number of individuals measured. The horizontal dashed line represents the mean value for all streams. Fish sampled
from the lake had higher mean δ13C and δ15N values than those sampled from streams.
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encompasses the mean values for invertebrates sampled from each type of location ± 1
SE.

93

CHAPTER 3: ALTERNATIVE LIFE HISTORIES IN POPULATIONS OF LAKE
SUPERIOR BROOK TROUT: CRITICAL SUPPORT FOR PARTIAL MIGRATION

Abstract
Age and growth analyses were used to test for alternative life histories in Lake Superior
brook trout. Anecdotal observations suggest two forms of brook trout (Salvelinus
fontinalis) inhabit Lake Superior and some tributary streams: large fish hypothesized to
originate in streams and reside in Lake Superior for significant parts of the year and
small fish hypothesized to be stream resident. Declines in the distribution and
abundance of the large lake form have generated conservation concern. An improved
understanding of the migratory system is needed to assist conservation efforts. Analyses
of vertebrae and otoliths demonstrated that fish sampled from the lake live longer and
grow faster than fish sampled from streams. Mean back-calculated lengths-at-age
differed between forms by the end of the first year of life and there was no evidence of
individuals switching from one growth history to another. Growth histories of brook trout
sampled from the lake and streams were similar respectively to those of migrant and
resident brook trout reported for populations from elsewhere, but Lake Superior fish
grow more slowly and allocate less energy to reproduction. Our findings suggest the
variation in Lake Superior brook trout represents a migrant/resident dichotomy (partial
migration), and not adult and juvenile stages from a migratory population, or individuals
differing in the age at which they first migrate to the lake.

Key words: coaster brook trout, partial migration, potamodromy, growth rate,
Salvelinus fontinalis
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Introduction
Populations of migratory fishes, insects, birds and mammals are becoming the focus of
increasing conservation concern. By migration we are referring to directed, regular,
periodic movements between habitats that are made by a significant portion of a
population (McDowall 1997; Northcote 1978; Northcote 1997). The heightened
conservation concern reflects (i) the recognition that migration is an important and
valued form of biodiversity (Wilcove 2007); (ii) the losses of migratory forms in many
taxa due to habitat fragmentation and alteration, and exploitation (Dingle 1996; Wilcove
2007); and, (iii) the challenges associated with conserving migratory animals because
migration routes are poorly known, can encompass great distances, and extend across
multiple political and management jurisdictions (Hobson 1999; Nelson et al. 2002;
Northcote 1997).

For many taxa, the diversity in migratory behaviour within populations remains poorly
characterized and understood (Alerstam 2006; Dingle and Drake 2007; Gowan and
Fausch 2002), despite advances in tracking methods and the analysis of tracking data.
Often, migratory behaviour is inferred from point observations of where different life
stages or individuals are observed at a given time, while knowledge of an individual’s
movement over its lifetime track (Baker 1978), and the corresponding ecological
consequences, remain poorly quantified. Given these data limitations, conventional
descriptors of migratory behaviours, such as migrant and resident, are assigned to
populations or subpopulations (Dingle and Drake 2007; Northcote 1997). Such
classifications can have questionable value when migratory behaviour is poorly
documented (Dingle and Drake 2007), because they can overlook or conceal significant
diversity in migratory behaviour among individuals (Klemetsen et al. 2003; Olsson and
Greenberg 2004).
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In this study, we used age- and growth analyses of vertebrae and otoliths to test for
different life histories between brook trout (Salvelinus fontinalis) inhabiting northern Lake
Superior and its tributary streams. We focused on Lake Superior brook trout because
populations inhabiting this lake and its tributary streams have been hypothesized to
exhibit two forms differing in migratory behaviour: larger fish that reside in the lake for
most of the year and spawn in streams in the fall (migrant or coaster form) and smaller
fish considered resident in tributary streams (stream resident form) (Huckins et al. 2008;
Newman and Dubois 1996). This hypothesis is based on anecdotal observations of
where the forms are observed and analogy with other marine coastal populations of
brook trout (Malette 1993; Morinville and Rasmussen 2003). There is now bi-national,
lake-wide interest in conserving existing populations of Lake Superior brook trout and
restoring populations in tributaries believed to have produced the lake form in the past.
The lake form once provided the basis for strong commercial and recreational fisheries
(Schreiner et al. 2008); however, its abundance and distribution declined dramatically
beginning in the late 1800s and, in the US, the lake form was recently petitioned
unsuccessfully for protection under the US Endangered Species Act (Sierra Club
Mackinac, Chapter 109 E. Grand River Lansing, MI 48906 Huron Mountain Club N 4700
Co. Rd. KK PO Box 70 Big Bay Michigan 49808 and M. J. Robinson, 3900 W. Liberty
St., Ann Arbor, MI 48103). Despite conservation and rehabilitation efforts, which began
in the 1970’s (Schreiner et al. 2008) there has been no evidence of the scattered,
remnant populations rebounding (Newman and Dubois 1996). Many of the uncertainties
fishery managers are facing with Lake Superior brook trout are common to the broader
decline in migratory brook trout across North America (Ryther 1997), salmonid
populations in general (Northcote 1997), and migratory animals globally (Wilcove 2007).
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Explicitly testing for evidence of multiple distinct life histories represents an important
step toward resolving uncertainty surrounding the migratory system and for developing
biologically sound, scientifically defensible conservation and management plans.
Understanding of the migratory system and factors controlling migratory behaviour will
help fishery managers anticipate how populations might respond to different
management actions (Nelson et al. 2002; Northcote 1997). Alternative forms of
individuals differing in body size and shape and habitat use that co-exist in the same
geographical area can reflect different life stages (juvenile/adult) of a population where
all individuals migrate (migration; Thorpe 1989), members of sub-cohorts that differ in
the age at which individuals migrate (staggered migration; Klemetsen et al. 2003;
Metcalfe et al. 1989), a combination of resident and migratory individuals within a single
population (partial migration; Doucett et al. 1999; Forseth et al. 1999; Kerr et al. 2009),
sympatric populations differing in migratory behaviour (Fraser and Bernatchez 2005;
Jones et al. 1997), or even newly evolving resident and migratory species (e.g. Sockeye
and Kokanee salmon; Oncorhynchus nerka; Wood and Foote 1996). These different
forms of migratory systems will present fishery managers with different restoration
challenges. Earlier research on populations on the north shore of Lake Superior
supported the hypothesis of two forms differing in short-term habitat use and trophic
ecology (Chapter 2), that do not represent different populations or cryptic species
(D’Amelio and Wilson 2008). Testing for evidence of distinctly different life histories will
help distinguish whether the forms represent (i) different life stages from a migratory
population with a common growth history, (ii) individuals from a migratory population that
differ in their age of first outmigration, and correspondingly, their growth histories, or (iii)
sub-populations differing in their migratory behaviour and, correspondingly, their longterm habitat use and growth histories.
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Our test for different life histories relied on interpretations of vertebrae and otoliths to
estimate the ages and length-at-age (growth) relationships for brook trout sampled from
Lake Superior and from tributary streams. Vertebrae were used to estimate length-atage. In brook trout and other fishes, the growth of bone corresponds with somatic
growth more consistently than does the growth of otoliths and growth increments
observed in vertebral centra reflect subtle changes in an individual’s size and nutritional
status (Casselman 1990). Otoliths were used to corroborate ages obtained from
vertebrae. Otoliths provide reliable and accurate estimates of age and, relative to scales,
otoliths record cyclical, seasonal changes in growth and age more accurately than do
scales in older, slower growing fish (Casselman 1987; Casselman 1990; Steele 1986).
However, growth history is better inferred from bones (i.e., centra) than from otoliths
(Casselman 1990).

Our test for different life histories involved three steps. First, we tested whether
individuals sampled from the lake grew faster and lived longer than individuals sampled
from streams. Evidence of different length-at-age relationships for fish sampled the lake
and streams would reject the hypothesis that the forms represent adult and juvenile
stages of a migratory population. Second, we tested for evidence of individuals
switching between the length-at-age distributions for fish sampled from the lake and
streams. Evidence of switching would be consistent with the hypothesis of individuals
differing in age at outmigration. No evidence of switching would be consistent with the
hypothesis of partial migration. Third, we compared the length-at-age relationships
observed for brook trout sampled from the lake and streams, and estimates of juvenile
growth, age at maturity, and allocation of energy to reproduction obtained from the
length-at-age relationships, with corresponding measures reported for migrant and
resident populations, or sub-populations, of brook trout from elsewhere in the Northern
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hemisphere. This comparison was made to put the life history variation of Lake Superior
brook trout in context with the broader geographical variation reported in brook trout life
history variation (Ridgway 2008).

Methods
Study area
This research was conducted in Nipigon Bay, Lake Superior, Ontario (48˚55’29” N,
87˚51’10” W); one of few areas in Lake Superior where the lake form of brook trout is still
observed. Nipigon Bay forms the most northerly portion of Lake Superior (Figure 1).
The bay is sheltered, being nearly enclosed by a peninsula and several islands, and is
shallow and productive. Approximately one third of the bay is less than 10 m deep.
Maximum depth is 138 m.

The study area consisted of eight streams and the associated coastline of Nipigon Bay.
The streams included, MacCleans Creek, Nishin Creek, Little Gravel River, Little
Cypress River, Cypress River, MacInnes Creek, Dublin Creek and Stillwater River. All
study streams were located along 100 km of shoreline between Nipigon and Rossport,
Ontario (Figure 1). Catchment sizes range from 6.7 to 160.9 km2. Development in these
watersheds is minimal, although most areas have had some level of forest management
activities in the recent past. The streams are high gradient, low productivity systems
lacking in-stream cover and deep pools. Stream discharge drops considerably in
summer, reducing the wetted area of the stream, but rapid increases in discharge follow
heavy rainfalls. Seven of eight streams have an impassable waterfall or poorly
constructed culvert within 2 km of Lake Superior. Brook trout are found, and believed to
reproduce, in all of the study streams. Rainbow trout (Oncorhynchus mykiss), coho
(Oncorhynchus kisutch), chinook (Oncorhynchus tshawytscha) and pink salmon
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(Oncorhynchus gorbuscha), and several species of Cyprinids, Catostomids,
Gasterosteids, and Cottids, also occur in the streams. Not every species of Pacific
salmonid is found in every stream.

Sampling methodology
Calcified tissues for age analyses were collected as part of sample surveys conducted in
Nipigon Bay and in the study streams to collect information on size structure and habitat
use of the brook trout (Chapter 2). Lake sampling was conducted June 24 to August 25,
2005 and July 9 to August 21, 2006. Stream sampling was conducted July 4, 2005 to
August 22, 2005 and June 28 to August 23, 2006. Start dates were determined by when
water levels in the streams were suitable for wadeable, electrofishing surveys. End dates
were selected so that stream surveys would not interfere with the migration of the lake
form into streams to spawn (Mucha and Mackereth 2008), due to conservation concerns
regarding these populations.

Lake fish were sampled by angling from a boat or the shoreline at areas along the
mainland and island coasts. Gear types, baits, hook sizes, and angling locations were
varied to catch fish from a range of sizes and reduce bias toward large fish. 101 brook
trout were sampled from the lake. Over the two sampling seasons 87 of these fish were
held in an aerated livewell, measured for total length to the nearest mm, fin (adipose)
clipped for stable isotope analysis (Chapter 2), and released alive near their site of
capture. Eleven specimens killed by recreational fishers and three specimens killed
incidentally in a gillnetting survey conducted by the Ontario Ministry of Natural
Resources (OMNR) in September 2006 were obtained, measured, and added to our
sample of specimens sampled from the lake.
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Streams were sampled monthly below impassable in-stream barriers, beginning in late
June. Sampling involved selecting stream reaches 50 m in length, placing block nets at
the upstream end of the reach, and making a single upstream pass with a Smith-Root
backpack electrofisher equipped with a gas generator. Captured fish were stored in
buckets equipped with an aerator. 332 brook trout were sampled from the streams. 291
of these fish were measured for total length to the nearest mm, fin (adipose) clipped for
stable isotope analysis (Chapter 2), and released alive near their site of capture. Thirtyseven of these fish were sacrificed by immersion in a clove oil solution (60 mg/L).
Sacrificed fish were selected opportunistically from fish captures in late summer, and
included 11 specimens from McCleans Creek, 9 from Dublin Creek, 6 from Little
Cypress River, 5 from MacInnes Creek, 3 from Little Gravel River, 2 from Stillwater
Creek and 1 from Nishin Creek. Four additional specimens from the Cypress River that
were angled and incidentally killed in a related study conducted by OMNR were also
included.

Otoliths were collected from the specimens by making an incision bisecting the cranium.
Sagittal otoliths were removed with a knife or forceps, separated from the sacculus on
the back of the hand, rinsed with water, and placed in vials to dry. Trunk vertebrae
(numbers 3 to 6) were removed from the spine at a location directly posterior to the skull.
Vertebrae were soaked in a trypsin solution for 8 to 72 hours to soften muscle and
connective tissue. Vertebrae were separated, intervertebral discs and connective tissue
removed, and the neural arch and ribs removed from the centra. Each centrum was
cleaned of tissue and debris with a soft brush, washed with soap and hot water, and airdried.
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Sample preparation and age determination
The left otolith was selected for age interpretation, except for three specimens where the
right otolith was used because the left otolith was broken. Most of the otoliths were
small (1-3 mm in length). To facilitate transverse sectioning, each otolith was embedded
in epoxy resin, sectioned, mounted, ground and polished, prepared for interpretation,
and interpreted following methods outlined by Casselman (2008). Acetate replicates
were made of the polished surface of the otoliths, the surface etched with 2% HCl,
cellulose acetate imprints made, and imprints mounted on glass microscope slides
(Casselman 2008; Casselman and Gunn 1992). Sections and replicas were examined
at 40 x magnification. Ages were interpreted from otolith sections by counting the
number of translucent zones that were complete, as indicated by narrow translucent
lamellae in the replicas. Each translucent zone was considered to be associated with an
annulus (Casselman 1987). Translucent zones were counted along the two medial radii
extending from the focus to the dorsal and ventral edges of the structure.

The fourth centrum from the fourth vertebrae from each individual was embedded and
sectioned using techniques similar to those for otoliths. Larger centra (>5 mm in
diameter) were dipped in epoxy. All visible air bubbles were scraped from the surface
with forceps and the centra was positioned with the ventral side down to harden on a
wax paper covered board. Centra were placed ventral side down with the anteriorposterior axis of the centrum perpendicular to the long axis of an oblong pool of epoxy
poured on wax paper. Smaller centra (<4 mm in diameter) were dipped in epoxy and
mounted ventral side down with the anterior-posterior axis of the centrum at a right angle
to the long axis of the epoxy cylinder.
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A 400 µm thick frontal section of the centrum was taken through the focus, perpendicular
to the dorsal-ventral axis, which exposed the internal zonation in the structure (Figure 2,
Panel A). Sections were ground, polished, and mounted on glass slides as was done for
otolith sections (Casselman 2008). Prepared slides were examined with a microscope
at 25 x magnification and transmitted light. Ages were interpreted from the centrum
sections by counting the number of translucent zones visible when viewed with
transmitted light. The translucent zones along each of the four ramii were usually not
only distinct, but coincident in location and were considered to be associated with an
annulus. Translucent zones were counted along four radii extending from the focus to
the outside margin of each ramus (Figure 2, Panel B). Included in our counts were
zones present on the external edge of the structure near the focus and internal zones
that were visible through the entire extent of the structure (Prince et al. 1985). Age
interpretation terminology and methods followed the process described for otoliths.

Age interpretation, length-at-age and growth
Analyses of the ages and growth patterns were based on interpretations from centra.
Otoliths were included to gain confidence in ages interpreted from centra. To examine
growth patterns, the focus, all translucent zones, and the edge were located and
measured along each radius of all otolith and centrum sections. A drawing tube was
used to projects images of the otolith and centrum sections, outlines of the four ramii
were traced by hand, and each annulus was marked. Measurements of the location of
the focus, zones and edge were made by digitizing these images and using the Calcified
Structure Age-Growth data Extraction Software (CSAGES) to record the location of the
focus, zones and edge (Casselman and Scott 2000). Each measurement was converted
to actual size in micrometres. Values for the two medial radii per otolith and the four
ramii per centrum were averaged for each specimen to obtain a single estimate and
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variance of the length of the radius and location of the zones for an individual
(Casselman 1990). Length-at-age was predicted from the size of the structure (length of
the otolith or centrum radii) using the biological intercept model to back-calculate lengthat-age (Isely and Grabowski 2007).

Throughout the process of age interpretation, the person interpreting the ages and
growth did not know the identity of individual fish or their site of capture. One interpreter
(MR) completed interpretations of all specimens. A second interpreter (JC) interpreted
40% (22) of the specimens. In the four cases of disagreement, otolith sections were reassessed and interpretations were compared until agreement was reached. Acetate
replicates were relied upon for comparisons with the sections in instances where
difficulty interpreting the section necessitated clarification. We critically evaluated our
age interpretation techniques by examining our ability to consistently locate annuli in
centra samples. The coefficient of variation (CV) for the location of the first and second
annuli and edge on the four ramii for each centrum was calculated. We were
consistently able to locate the first and second annuli and edge on centra samples of fish
sampled from the lake and streams (Table 1). The CV may have been high for some
individuals, although infrequent, if the centrum was not symmetrical or if the section was
made slightly off centre through the focus.

Data analysis
We used randomization tests to evaluate how representative the sizes and the stable
isotope signatures of fish used for age and growth analyses were of the sizes and
isotopic signatures of fish sampled overall in our surveys. For fish sampled from the
lake and streams respectively, the tests compared how the means and variances of
values for total length, δ13C, and δ15N for the sample of sacrificed fish differed from the
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means and variances obtained for 9999 same sized samples of fish selected randomly
without replacement from the overall lake and stream samples of fish collected in our
surveys.

We tested the prediction that fish sampled from the lake grew faster than fish sampled
from streams by relating back-calculated lengths at each age for fish sampled from the
lake and streams to age five in a repeated measures ANOVA, one-way between groups
design, and testing for a significant interaction between site of sampling (lake or stream)
and age. A repeated measures design was used because multiple, sequential
measures of length-at-age were estimated for each fish. Only the first five years of life
were considered in this analysis because only three fish sampled from streams were age
6, a sample size too small to complete the analysis effectively.

We tested for evidence of individuals switching from the growth history of a fish sampled
from the lake to one of a fish sampled from a stream, or vice versa, in three steps. First,
for ages 1 to 5 we used the means and standard deviations of back-calculated length-atage to calculate the likelihoods of an individual belonging to the distribution of lengths for
fish sampled from the lake and streams, respectively. Second, we estimated the interval
of length values for which the ratio of the likelihoods that the individual was from the
distribution of lengths for fish sampled from the lake versus the distribution of lengths for
fish sampled from streams between 0.95/0.05 and 0.05/0.95. This is the nadir region
(Rowland and Quall 2005) and for fish with lengths occurring within this region of overlap
there is uncertainty regarding whether the fish is on a growth history representative of a
fish sampled from the lake or streams. Third, we determined whether any individual
switched from a size representative of a fish sampled from the lake at an early age to
one representative of a fish sampled from streams at a later age, or vice versa (i.e.
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crossing from being on one side of the nadir region to other side). Evidence that an
individual’s growth history crossed the nadir region would indicate a switch between
growth histories.

We used biphasic von Bertalanffy (vB) growth curves to infer differences in juvenile
growth, age at maturity, and allocation of energy to reproduction between fish sampled
from the lake and streams and to compare across other brook trout populations. The
biphasic vB method was adopted because (i) life history parameters of Lake Superior
brook trout are poorly investigated, (ii) this method is founded on life history theory
(Lester et al. 2004; Quince et al. 2008; Shuter et al. 2005), (iii) this method facilitates
inferences that are not possible with other growth models, and (iv) this method is
consistent with that used in a recent broad comparison of life history variation in brook
trout (Ridgway 2008).

The biphasic model differentiates between somatic growth pre- and post-maturation (T)
(Quince et al. 2008; Shuter et al. 2005). Juvenile growth is modeled as:

(1)

Lt = h(t - t1),

where Lt is length (cm) at age t (yrs), h is juvenile growth rate (cmּyr-1), and t1 is the point
(intercept) on the time axis where length equals zero. Values of t1 < 0 are interpreted as
evidence of fish outgrowing their prey field, while values of t1 > 0 are interpreted as
evidence of predators limiting the prey intake, and hence growth, of juvenile fish until
juveniles reach a size where they outgrow the predators (Shuter et al. 2005). Growth
after maturation is modeled as a vB growth function where:
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(2)

Lt = L∞(1 - e-k(t – t0)),

with L∞ representing maximum body length (cm), k = ln(1+g/3), t0 = T + ln(1 - g(T t1)/3)/ln(1 + g/3), and g (yr-1)representing the annual physical investment by a mature
female into reproduction, including egg production, migration, and site preparation
(Lester et al. 2004).

For equation 1, h and t1 were estimated empirically by regressing back-calculated
lengths-at-age against age for ages 1 to 6 for fish sampled from the lake and ages 1 to 3
for fish sampled from streams, respectively. Growth was linear over these ranges and
the upper age values approximated the estimated ages at first reproduction (see below).
For equation 2, values of L∞ and T were estimated empirically, and g via non-linear
regression (NLIN: SAS v9.2), as described by Shuter et al. ( 2005).

Values of L∞ were obtained for fish sampled from the lake and streams using GullandHolt plots regressing mean annual growth increment against midpoint body length for
each period of annual growth (Gulland and Holt 1959). Age at maturity (T) was
estimated for fish sampled from the lake and streams in three steps. First, maximum
age was estimated by regressing each annual growth increment against the midpoint
age for each period of annual growth. This step was taken because maximum ages of
the sampled fish were likely underestimates of the maximum age for lake and stream
fish in the population, because our sample sizes were small and we did not focus on
sampling the largest, and presumably oldest, individuals from each habitat type.
Second, adult mortality rates (Z; yr-1) were estimated from maximum ages using
Hoenig’s (1983) relationship, Z = 4.22Tmax-0.982. Third, age at maturity was estimated as T
≈ [1.95/(eZ - 1)] + t1 (Shuter et al. 2005). For fish sampled from streams, the value
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obtained for maximum age (20 yr) was high, and predicted an age at maturity (6 yr) that
was greater than the maximum age of our sample and greater than that expected from
the literature (2 yr) (Ridgway 2008). We therefore used the geometric mean of the
maximum age estimated from the Gulland-Holt plot (20 yr) as an estimated upper bound
and the maximum age observed for our sample (6 yr) as an estimated lower bound,
following Gulland-Holt (1959).

We visually compared the growth histories of brook trout sampled from the lake and
streams in Nipigon Bay with growth histories reported for other lake dwelling,
migratory (lake/stream), and stream dwelling populations, or sub-populations, of
brook trout including the Sutton River, Hudson Bay, Canada (Malette 1993; Steele
1986), Richmond Gulf, Hudson Bay (Dutil and Power 1980), St-Jean River system,
Gulf of St. Lawrence, Canada (Castonguay et al. 1982), streams in southeastern
Newfoundland, Canada (Hutchings 1993); Indian River Newfoundland, Canada
(Wiseman 1969) and boreal streams in central Sweden (Ohlund et al. 2008). Lengthat-age relationships were plotted separately for lake dwelling and migratory
populations and for stream resident populations. We also compared estimates of
annual growth, age at maturity, and reproductive investment obtained for brook trout
sampled from Lake Superior and tributary streams with values summarized in
Ridgway (2008) for other populations of brook trout.

Results
Characteristics of sampled fish
Fish sampled from the lake and streams sacrificed for the age and growth analyses were
slightly larger on average than expected from the distributions of lengths of brook trout
sampled from the lake and streams, respectively (Table 2). Fish sampled from the lake
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sacrificed for age and growth analyses were, on average, 40 mm longer than expected
for a random sample from all lake caught fish (P=0.038). Fish sampled from streams
sacrificed for the age and growth analyses were 14 mm longer on average than
expected for a random sample from all stream caught fish (P=0.010). This is likely due,
in part, to sampling fish at the end of the growing season and due, in part, to the
inclusion of fish angled by others. Angling would likely be biased toward larger fish. Fish
sampled from the lake and streams sacrificed for age and growth analyses also had δ13C
and δ15N signatures that were representative of the larger sample of lake and stream
caught fish (Table 2). The variance in the values for δ15N of fish sampled from streams
was significantly less than expected for a random sample (P<0.001), likely related to the
fact that sampled stream fish tended to be longer. Fish sampled from the lake and
streams sacrificed for age and growth analyses differed significantly in δ13C and δ15N
signatures, in the same way as the larger sample of fish (MANOVA: Wilk’s λ= 0.99, df
=2,349; P<0.001), an indication that fish from the two habitats represent relatively
distinct forms differing in habitat use and trophic ecology.

Growth histories of stream and lake caught brook trout
Fish sampled from the lake and streams had distinctly different growth histories. Over
the first 5 years of life, increases in length-at-age estimated for fish sampled from the
lake were significantly steeper, on average, than those estimated for fish sampled from
streams (Site of Capture by Age interaction from repeated measures ANOVA: F=41.32;
df =4, 96; P<0.001; Figure 3). Fish sampled from the lake were significantly longer than
fish sampled from streams by the end of the first year of life (mean ± 95% CL length at
first annulus: lake= 92 mm, 84 and 98 mm; stream= 66 mm, 63 and 69 mm; t= 8.30;
df=53; P<0.001) (Figure 3). Age distributions also differed between fish sampled from
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the lake and streams (two-sample K-S test; P<0.001), with the oldest fish sampled from
the lake being roughly twice as old as the oldest fish from the streams (median and
maximum = 8 yr and 11 yr, respectively, for lake fish and 4 yr and 6 yr, respectively, for
stream fish).

Evidence of switching growth histories
We found no evidence of individuals switching between the growth histories
characteristic of fish sampled from the lake and streams (Figure 4). Over their first five
years of life, no individual switched from having a length clearly representative of a fish
sampled from the lake early in life to a length representative of a fish sampled from
streams later in life, or vice versa, i.e. crossing the nadir region. Total lengths for six of
14 (43%) fish sampled from the lake were projected to be within the nadir region at age
2, but all possessed lengths representative of lake fish by age 4 and no fish sampled
from the lake had back calculated lengths occurring within the nadir region across all
ages examined. Back calculated lengths for 27 of 41(68%) fish sampled from streams
were within the nadir region at age 2, but 23 of 26 (88%) had back calculated lengths
representative of stream fish by age 4.

Comparisons of life histories within and across populations
Life history inferences from the biphasic vB growth curves for Nipigon Bay brook trout
suggested that fish sampled from the lake grow faster as juveniles (h) and mature later
than fish sampled from streams (T), while annual reproductive investment (g) is similar
between fish sampled from the lake and streams (Table 3). Biphasic vB growth curves
using these life history estimates provided a visually good fit to the back-calculated
length-at-age histories. As juveniles, fish sampled from the lake were estimated to have
grown roughly twice as fast as fish sampled from streams (h; Table 3). For both fish
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sampled from the lake and streams, the size range of the prey field (estimates of t1 < 0)
appears to constrain the growth of juveniles as individuals outgrow their prey field,
although this effect appeared to be smaller for fish sampled from the lake than for
stream fish (Table 3). Fish sampled from the lake were inferred to mature at roughly age
6 versus age 2 for fish sampled from streams. Following maturity, fish sampled from the
lake and streams did not differ in annual reproductive investment (Table 3).

Length-at-age histories for brook trout sampled from the lake and streams tributary to
Nipigon Bay were visually similar, respectively, to those reported for other populations or
sub-populations of lake dwelling and migratory brook trout, and for stream dwelling
brook trout (Figure 5). However, both lake and stream sampled brook trout from our
study population tended to be smaller in length at a given age than were comparable
forms from other populations. In addition, the decline in growth rate with increasing age
was less pronounced for brook trout sampled from the lake in our study population than
for migrants from other populations and sub-populations. Maximum ages and lengths of
both lake and stream sampled fish from our study population were comparable to
maximum ages and lengths reported for other populations of brook trout throughout this
species’ range.

Comparison of the life history parameters derived from the biphasic vB growth histories
for Nipigon Bay brook trout revealed three additional, noteworthy differences. First, fish
sampled in the lake and streams grow slower as juveniles than fish from other brook
trout populations. The value of h estimated for fish sampled from the lake was below the
50th percentile of the distribution of values presented by Ridgway (2008) and the value of
h for fish sampled from streams was in the 10th percentile of this distribution. Second,
fish sampled from the lake were estimated to reach sexual maturity later than migrants
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from populations reported or estimated by Ridgway (2008), 6.7 versus 1.6 yr, while fish
sampled from streams were estimated to reach sexual maturity at an age similar to the
age reported for stream dwelling populations and subpopulations (2.5 yr). Third,
estimates of annual reproductive investment by brook trout sampled from the lake and
streams in this study (Table 3) were lower than estimates calculated for other
populations of brook trout (range 0.32 to 1.25; Ridgway 2008). The low values
estimated for g are reflected in the more linear shape of the growth histories quantified
for Nipigon Bay brook trout relative to the growth histories quantified for other
populations.

Discussion
Our study supports three main conclusions. First, brook trout sampled from Lake
Superior and its tributary streams differ distinctly in life history, with the lake form
growing faster and living longer than the stream form. The differences in growth are
apparent by the end of the first year of life. Second, none of the individuals sampled
from the lake appeared to switch from the growth history typical of lake fish to one typical
of stream fish, or vice versa. Third, the length-at-age relationships and ages of brook
trout sampled from Lake Superior and tributary streams are similar to those reported for
migrant and resident individuals sampled from other brook trout populations outside of
the Lake Superior basin, although estimates of juvenile growth rates and allocation to
reproduction for Lake Superior brook trout tended to be lower than those reported for
other populations.

Our findings provide strong support for the hypothesis of partial migration when
considered in light of other recent studies of brook trout from the Nipigon Bay area. An
earlier comparison of body size and δ13C and δ15N signatures between brook trout
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sampled from the lake and streams provided evidence for two relatively distinct forms
differing in habitat use and trophic ecology (Chapter 2). Microsatellite DNA genotyping
indicated that the lake and stream forms originate from the same population, and not
from sympatric migratory and resident populations or newly evolved species (D’Amelio
and Wilson 2008). Our study has revealed that fish sampled from the lake and streams
exhibit different growth histories, becoming apparent as early as the end of the first year
of life, and correspondingly different life histories, thereby rejecting the hypothesis of fish
sampled from the lake and streams representing adult and juvenile life stages of a
population where all individuals migrate. Our study also found no evidence of individuals
switching between growth histories in a manner consistent with fish sampled in the lake
and streams representing sub-cohorts of fish that that differ in the age at which
individuals migrate.

Reducing uncertainty regarding the ecology and life history of these brook trout
populations is important because the lake form is the focus of heightened conservation
concern and, to conserve and restore the phenotypic diversity, fisheries scientists and
managers require a stronger understanding of the phenotypic variation observed in this
remnant population. It has been widely accepted that the fish sampled in the lake and
streams are a consequence of partial migration, this supposition was based on
anecdotal observations of large fish returning from the lake to spawn in tributaries and
on analogy with anadromous populations of brook trout (Huckins et al. 2008; Newman
and Dubois 1996). While this supposition is appealing, these populations have been the
subject of little biological investigation (Newman and Dubois 1996; Schreiner et al. 2008)
and alternative hypotheses (migratory systems) that could give rise to two seemingly
distinct forms have never been tested explicitly.
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Reducing uncertainty regarding the ecology and life history of Lake Superior brook trout
populations is further valuable because fishery managers require knowledge of the type
of migratory system and factors controlling migratory behaviour to anticipate how these
populations might respond to different management options (Nelson et al. 2002;
Northcote 1997). This requires knowledge of how the ecology and life history of these
fish affects population growth rates and the relative proportions of the lake and stream
forms (Huckins et al. 2008). Management options being considered include protecting
and rehabilitating the lake and stream habitats used by coaster brook trout past and
present, modifying angling regulations to control the harvest of adult brook trout,
translocation or stocking at sites that historically supported migratory brook trout, and the
management of non-native salmonines (Schreiner et al. 2008; Wiland et al. 2006). The
management options fishery managers implement may depend on the nature of the
migratory system. For example, the need for tighter restrictions on the harvest of the
large lake form could be greater if the phenotypic diversity represented adult and
juvenile life stages of a migratory population, than if it represented alternative migrantresident phenotypes arising via phenotypic plasticity or genetic polymorphism.
Alternatively, if the expression of the migrant phenotype is a plastic phenotypic response
to environmental conditions then decisions regarding factors that trigger migratory
behaviour, such as energy inputs in the streams and the availability and quality of
juvenile rearing habitat may be particularly important in managing the relative
proportions of migrant and resident individuals developing in the population.

Reducing uncertainty regarding the ecology and life history of Lake Superior brook trout
populations is also valuable because it helps to identify hypotheses that could be tested
to further our understanding of the mechanisms accounting for the phenotypic variation.
Behavioural and evolutionary ecologists have developed hypotheses regarding whether
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alternative phenotypes represent different genotypes, or plastic responses by a single
genotype, and the roles that frequency-, density-, and condition-dependent selection and
bet-hedging (Kaitala et al. 1993; Lundberg 1988; Wiener and Tuljapurkar 1994) can
have in fostering within population variation in morphology and behaviour.
Understanding these mechanisms would help identify which and how many individuals
become migrants, which may in turn influence the genotypes and densities of individuals
used in efforts to re-establish the phenotypic diversity in tributaries where the lake form
was thought to occur historically. In terms of these mechanisms, our study has
demonstrated that fish sampled from the lake experience faster growth rates than fish
sampled from streams by the end of the first year of life. This finding is interesting and
valuable in light of the variability observed among polymorphic salmonid populations. In
some populations, the faster growing juveniles in a cohort become migrants while slower
growing juveniles become residents (Rikardsen and Elliot 2000; Steele 1986), possibly
because of pressures on faster growing individuals to acquire adequate food (Forseth et
al. 1999; Hendry et al. 2004; Kerr et al. 2009). In other populations, the reverse occurs,
faster growing juveniles in a cohort become stream residents, while the slower growing
individuals become migrants (Jonsson et al. 1984; Ricker 1938), possibly because larger
individuals defend resources and force smaller individuals to emigrate (Hendry et al.
2004; Kerr et al. 2009). In yet another population, no differences in length-at-age or
specific growth rates of migrant and resident age 1+ brook trout were observed;
however, the former were inferred to exhibit a more active lifestyle than the latter, due
perhaps to individual differences in basal metabolic rate (Morinville and Rasmussen
2003), willingness to explore novel environments (Farwell and McLaughlin 2009) or use
of riffle instead of pool habitats (Morinville and Rasmussen 2006).
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The lake form of brook trout in Lake Superior has been treated by some scientists and
stakeholders as being highly unique in ecological and evolutionary contexts, perhaps
because of its much larger size, its abundance in Lake Superior, but not other Great
Lakes, and its importance to a recreational trophy fishery. However, the occurrence of
partial migration in brook trout is not biologically unique. Resident and migrant subpopulations have been observed in other brook trout populations and have been known
since Ricker (1930). Furthermore, the range of sizes and growth histories of brook trout
sampled from Lake Superior and tributary streams are comparable to those reported for
migrant and resident populations and sub-populations from elsewhere in the Northern
Hemisphere (Dutil and Power 1980; Hutchings 1993; Malette 1993; Ohlund et al. 2008).
Lake Superior brook trout are unusual in that estimates of juvenile growth rates, annual
allocations to reproduction, and age at maturity in the lake form suggest that Nipigon
Bay brook trout populations may experience greater resource limitation than polymorphic
populations of brook trout elsewhere due to the low productivity of these tributaries and
nearshore habitats of Lake Superior.

There are at least five sources of uncertainty associated with our analyses that should
be considered. We do not believe that these affect our conclusions. First, the sample of
fish used in our age and growth analyses was a composite of individuals from different
streams and year classes. While such aggregations can introduce sources of variation
that were not considered in our analyses of length-at-age we do not believe that these
sources would greatly affect our main conclusions. Aggregation could increase the
residual variation in our analyses, but we were able to clearly demonstrate that
individuals from the two habitats displayed different growth histories, nor do we believe
that this variation could account for the large differences in the growth histories of fish
sampled the lake and streams. Second, our sample size was moderate in magnitude,
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potentially reducing the likelihood of including individuals that display aberrant growth
histories, such as individuals switching from a stream to lake history. However, our
reliance on very precise techniques for the preparation and analysis of age structures
ensured the sample size was large enough to detect two growth histories, separation
early in life, and little evidence of switching. Third, we do not know whether each
translucent zone observed on an otolith or centrum sample represents a year of growth
because we were not able to compare our samples to fish of a known age. We also do
not know whether zones counted on one structure correspond to a particular zone on the
other structure. Although we analyzed two structures and consistently applied the same
techniques to two samples (lake and stream), which produced significantly different
results, nonetheless a study to validate the periodicity of annulus formation and a
comparison of ages interpreted from calcified tissues from known age fish would help to
resolve these uncertainties. Fourth, whether fish sampled in streams carry out their
entire life cycle in a stream remains untested. This is a prediction of the partial migration
hypothesis that would further distinguish between the hypotheses of migration and
partial migration. Fifth, whether purported stream residents reside in a single stream
over their lifetime (resident) or move between and reside in multiple streams over their
lifetime (migratory stream specialist) remains to be tested.

Conclusions – challenges and implications to conservation
Animal migrations continue to fascinate and challenge scientists and resource managers
because for many migratory systems our knowledge and understanding of the ecology,
life history, migratory patterns and mechanisms accounting for the variation between
forms are incomplete. As concerns regarding losses of migratory species heighten
globally, scientists are being challenged to (i) acknowledge the inadequacies of the
simple classifications of migratory behaviour, often based on anecdotal observations,
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that were satisfactory in the past, (ii) recognize that their anecdotal observations of
migratory behaviour could be consistent with a number of different migratory systems,
and (iii) quantify and evaluate the diversity in migratory behaviour among and within
populations of migratory animals more rigorously to support the development of
scientifically defensible conservation programs. Our study represents a significant
advance in addressing these challenges for brook trout populations of long-time,
international concern in Lake Superior.
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Table 1. Coefficients of variation (CV) for the first and second annuli and edge on the
four ramii for each centrum.
Habitat

Annulus

Median

Min.

Max.

Lake

1

6.3

4.3

9.7

2

5.2

1.6

12.9

Edge

3.9

1.4

7.8

1

6.2

0.3

10.5

2

3.7

1.9

12.8

Edge

2.6

0.8

8.0

Stream

125

Table 2. Comparisons of the means and variances in total length, δ13C and δ15N for the
sub-samples of brook trout sampled from the lake and streams used for age and growth
interpretations relative to overall samples of lake and stream brook trout collected in
2005 and 2006. Sample sizes for lengths and stable isotope data differ because stable
isotopes were not measured for every fish sampled and not possible to measure for
seven fish where aging structures were provided by OMNR.
Sample
Mean Variance
Lake
length (mm) 419

7416

Sub- sample

Min

Max

n

Mean

Variance

Min

Max

n

206

580

101

459

10567

268

574

14

13

-20.7 1.62

-23.9

-17.9

91

-20.3

2.50

-22.1

-17.9

11

15

8.88

0.43

6.7

10.7

91

9.20

0.57

8.06

10.7

11

Stream
length (mm) 136

1244

78

348

332

150

1015

100

244

41

δ C
δ N

13

-23.4 1.40

-29.2

-19.4

219

-23.5

1.54

-26.1

-20.1

33

15

7.6

4.9

10.3

219

7.77

0.78

5.41

9.41

33

δ C
δ N

1.51
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-1.4 (-2.0 – -1.0)
55
11.0

-0.5 (-0.9 – -0.1)

105

18.5

0.24

6.7

0.17 (0.17 – 0.18)

0.06

-3.0

T1

L∞

Tmax

Z

T

G

K

to
-2.1

0.05

0.16 (0.15 – 0.16)

2.5

0.40

2.7 (2.3 – 3.1)

5.7 (5.2 – 6.2)

H

Stream

Lake

Parameter
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Initial condition parameter (yrs)

von Bertalanffy growth coefficient

Annual investment in reproduction by a mature female, proportion of
somatic weight that is energetically equivalent investment in eggs,
gonads, and reproductive behaviours (yr-1)

Age at which allocation to reproduction begins (yrs)

Adult mortality rate (yr-1)

Maximum Age (yrs)

Asymptotic length (cm)

Effect of predation risk and prey field on growth prior to migration

Juvenile growth rate (cmּyr-1)

Definition (Shuter et al. 2005)

Table 3. Life history parameters estimated for brook trout sampled from Lake Superior (Lake) and tributary stream (Stream) habitats
in 2005 and 2006. 95% confidence limits in brackets.

Figure 1. Locations of study streams and Nipigon Bay, Lake Superior, Ontario. Study
streams are labelled and their catchments are bolded.
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Figure 2. Photograph of a sectioned centrum from a 483 mm brook trout caught in
Nipigon Bay, Lake Superior, July 25, 2006, assessed age of 8+. The section was
viewed under transmitted light at 25x magnification. Arrows indicate translucent zones
associated with the annuli, focus and edge along a radius.
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Figure 3. Box plots showing the back-calculated length at each age estimated for brook
trout sampled from Lake Superior (open boxes) and tributary streams (shaded boxes) in
2005 and 2006. Boxes represent the middle half of the data (25th to 75th percentiles).
Horizontal lines represent the 10th, 50th, and 90th percentiles. Values above (lake fish) or
below (stream fish) each boxplot indicate numbers of individuals. Dashed (lake) and
solid (stream) lines represent growth histories estimated with the biphasic von
Bertalanffy growth model.
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Figure 4. Growth histories for individual brook trout sampled from Lake Superior
(dashed lines) and tributary streams (solid lines) in 2005 and 2006. Ages were
interpreted from centra. Across ages 1 to 5 years, the nadir region (shaded)
encompasses the interval of sizes where the ratio of likelihoods that the individual would
be from the distribution of sizes for fish sampled from the lake versus the distribution for
fish sampled from streams was less than 0.95/0.05 and greater than 0.05/0.95.
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Figure 5. Length-at-age for brook trout sampled from Lake Superior and tributary
streams in this study in comparison with length-at-age relationships estimated for other
lake dwelling or known migrant (a) and stream dwelling or known resident (b)
populations, or sub-populations of brook trout, including the Sutton River, Hudson Bay,
Canada (Malette 1993; Steele 1986), Richmond Gulf, Hudson Bay (Dutil and Power
1980), St-Jean River system, Gulf of St. Lawrence, Canada (Castonguay et al. 1982),
streams in southeastern Newfoundland, Canada (Hutchings 1993) ; Indian River
Newfoundland, Canada (Wiseman 1969) and boreal streams in central Sweden (Ohlund
et al. 2008).
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CHAPTER 4: EVIDENCE OF SEXUAL MATURATION IN STREAM RESIDENTS
FROM POLYMORPHIC BROOK TROUT POPULATIONS INHABITING LAKE
SUPERIOR TRIBUTARIES

Abstract
There is mounting evidence that populations of brook trout (Salvelinus fontinalis)
inhabiting the bays and tributaries along the north shore of Lake Superior exhibit partial
migration, with large fish believed to inhabit the lake for much of the year, but migrating
into tributaries to spawn, and small fish believed to complete their life cycle in the
tributaries. This study tested whether the stream dwelling brook trout can reach sexual
maturity in the stream habitats in an attempt to delineate partial migration from other
forms of migration and life histories that could maintain divergent forms of brook trout.
Male and females sampled from the streams in August displayed δ13C signatures and
growth histories characteristic of stream residency. Analysis of maturational
development found that 33% of the females would have spawned in the autumn of the
year they were sampled. The ages at which there is a 50% probability of females having
began maturing sexually and spawning were respectively estimated at 3.4 and 4.3 years
for these stream dwelling brook trout. These findings support the hypothesis that these
populations of brook trout exhibit partial migration. A portion of individuals residing in the
streams reach sexual maturity, and so are more likely to complete their life cycle without
adopting summer or annual residency in the alternate lake habitat. Better understanding
of the variation in migratory behaviour in these brook trout will contribute to their
conservation and management in face of lake-wide declines.
Keywords: coaster brook trout, partial migration, potamodromy, maturity stage,
Salvelinus fontinalis
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Introduction
The literature is rich with examples of fish species and populations that display diverse
migratory behaviours. For example, American (Anguilla rostrata) and European eels (A.
anguilla) breed in the Sargasso Sea and early life stages migrate to, and rear in,
tributaries located anywhere from northern South America to Greenland, Iceland, and
southern Europe before returning to the Sargasso Sea to breed as adults (Tesch 2003).
In some Atlantic salmon (Salmo salar) populations, part of a cohort will migrate from
their natal stream to sea at age 1+, while the other part of the same cohort will migrate
out a year later (Metcalfe 1998; Metcalfe et al. 1989). Populations from a variety of
species also exhibit partial migration, where some individuals complete their life cycle in
their natal habitat, while others migrate to new habitats and later return to their natal
habitat to reproduce (see Kerr et al. 2009 for review).

Kerr et al. (2009) speculated that partial migration could be more widespread than
previously appreciated. It is reported most often for populations where adults spawn in a
tributary and some progeny migrate to a lake or marine coast and back over their
lifetime, while other progeny complete their life cycle in the natal tributary (Jonsson and
Jonsson 1993; Quinn and Brodeur 1991; Stolarski and Hartman 2010). This variation in
migratory behaviour is often linked to variation in life history and in population dynamics
and persistence and so has important ecological and evolutionary consequences (Dingle
1996; Nathan et al. 2008; Northcote 1997).

An understanding of variation in migratory behaviour, life history and morphology within
populations requires rigorous characterization. Kerr et al’s (2009) speculation was based
on a review of terms distinguishing resident from migratory behaviours. These qualitative
distinctions are often made on the basis of observations of morphologically divergent fish
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occupying different habitats at one time of the year and in the same habitat at another
time of the year, usually during spawning (Baker 1978). Typically, migratory behaviour is
inferred because individuals are difficult to track over their lifetimes (Holland et al. 2006).
Young fish are often too small to tag and, once large enough to tag, live longer than the
battery life (telemetry) or turnover times (isotope signatures) of most tracking
technologies. Fish can also move farther than the tracking range of the technologies and
the sampling extents field of study designs.

Phenotypic variation among individuals that coexist in a common geographical area
could reflect one of at least five hypothetical migratory systems (H’s): juvenile and adult
life stages in a population where all individuals migrate (migration, H1; Waples et al.
2001), members of sub-cohorts that differ in the age at which individuals migrate
(staggered migration, H2; Metcalfe 1998; Metcalfe et al. 1989; Utrilla and Lobón-Cerviá
1999), a combination of resident and migratory individuals within a single population
(partial migration, H3; Doucett et al. 1999; Forseth et al. 1999; Kerr et al. 2009),
sympatric populations differing in migratory behaviour (H4; Fraser and Bernatchez 2005;
Jones et al. 1997), or even newly evolving resident and migratory species (H5; Wood
and Foote 1996). This set of hypotheses is not exhaustive, but it encompasses the
diversity of known migratory patterns and so testing among these hypotheses could
narrow the possibilities and, if no hypothesis is supported, reveal new migratory
patterns.

These hypotheses can be distinguished by addressing four uncertainties (U). First, do
divergent forms differ in ecology (U1)? We define forms as classes of individuals
differing conspicuously in ecology and potentially morphology, irrespective of whether
the variation represents different genotypes or phenotypes. Second, does non-random

135

mating (restricted gene flow) occur between the forms (U2)? Third, do the forms exhibit
distinct developmental histories (U3)? Fourth, do individuals of each form initiate sexual
maturity in different habitats (U4)? The outcome of the first uncertainty establishes that
multiple forms coexist and is a step towards characterizing the nature of the phenotypic
variation. The outcome of the second uncertainty distinguishes hypotheses involving
phenotypic differentiation within a single population from those involving phenotypic
differentiation between sympatric populations or cryptic species (D'Amelio and Wilson
2008; Magnan et al. 2002). The outcome of the third uncertainty distinguishes
hypotheses involving multiple distinct phenotypes (e.g. staggered or partial migration)
from the hypothesis where older stages from a migratory population occupy a different
habitat than younger life stages (obligate migration). The outcome of the fourth
uncertainty further distinguishes hypotheses involving multiple distinct phenotypes from
the hypothesis where older life stages occupy a different habitat than younger life
stages.

The goal of this study was to test whether brook trout sampled from streams in
polymorphic populations occupying the north shore of Lake Superior and its tributary
streams mature and spawn in the streams and so is relevant to addressing the fourth
uncertainty. It is part of a larger research programme characterizing the nature of the
migratory and life history variation in these brook trout populations. Earlier research
demonstrated that brook trout sampled from the lake and streams differ markedly in
habitat use and trophic ecology (U1; Chapter 2), arise from a common population (U2;
D'Amelio and Wilson 2008), and display different growth histories and lifespans (U3;
Chapter 3). The research programme is focused on Lake Superior brook trout because
populations inhabiting this lake and its tributary streams are believed to exhibit two forms
differing in migratory behaviour: larger fish that reside in the lake for most of the year
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and migrate into streams to spawn in the fall (lake form) and smaller fish considered
resident in tributary streams (stream resident form) (Huckins et al. 2008; Newman and
Dubois 1997). This belief is based on where the forms are observed at different times of
the year and analogy with coastal marine populations of brook trout (Malette 1993;
Morinville and Rasmussen 2003).

The lake form of brook trout declined in abundance and distribution prior to any
significant biological investigation of migratory behaviour and life history (Newman and
Dubois 1997) and there is bi-national interest in conserving the remaining populations
and restoring populations in tributaries believed to have produced the lake form in the
past (Horns et al. 2003; Newman and Dubois 1997; Schreiner et al. 2008). The lake form
was recently petitioned unsuccessfully for protection under the US Endangered Species
Act (U.S. Fish and Wildlife Service, Department of the Interior. 2009. Endangered and
Threatened Wildlife and Plants; 12-month Finding on a Petition to List the Coaster Brook
Trout as Endangered, Docket Number FWS-R3-ES-2008-0030); however, the response
to the petition acknowledged the uncertainties regarding the ecology and life history of
these populations.

This study first used visual assessment of the maturational development and
measurements of egg diameter to assess whether female brook trout sampled from
streams in August are likely to spawn in the coming autumn. It then combined the
assessment of maturity with age estimates for the fish obtained in Chapter 3 to
determine the median age at maturity (T) and spawning (T+1). It then compared that
age at maturity with values predicted from a biphasic von Bertalanffy (vB) growth model
relating body size with age obtained in Chapter 3 and values compiled by Ridgway
(2008) for other stream dwelling brook trout. The analyses focused primarily on females
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because their investment in gonads reflects a large portion of the energy expended
during maturation and reproduction (Fleming and Reynolds 2004; Hendry et al. 2000),
although some data for males are provided. It was limited to fish sampled in August,
several weeks before the onset of the reproductive season, because the Upper Great
Lakes Management Unit of the Ontario Ministry of Natural Resources (OMNR) placed
restrictions on sampling fish or re-capturing tagged fish during the spawning period due
to conservation concerns regarding these populations.

Methods
Study area
This research was conducted in Nipigon Bay, Lake Superior, Ontario (48˚55’29” N,
87˚51’10” W); an area in Lake Superior where large brook trout are still observed.
Nipigon Bay is the most northerly portion of Lake Superior (Figure 1). It is shallow,
productive, and nearly enclosed by a peninsula and several islands.

The study area encompasses eight streams located along 100 km of shoreline between
Nipigon and Rossport, Ontario: Stillwater Creek, Dublin Creek, MacInnes Creek,
Cypress River, Little Cypress River, Little Gravel River, Nishin Creek and McLeans
Creek (Figure 1). Stream catchment sizes range from 6.7 to 160.9 km2. Development in
these watersheds is minimal, although most areas have recently experienced some
forest management activities. The streams are high gradient, low productivity systems
lacking in-stream cover and deep pools. Stream discharges drop considerably in
summer, reducing the wetted area of the stream. Rapid increases in discharge follow
heavy rains. Seven of eight streams have an impassable waterfall or poorly constructed
culvert within 2 km of Lake Superior. Brook trout are found in all of the study streams.
Non-native rainbow trout, coho (O. kisutch), chinook (O. tshawytscha) and pink salmon
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(O. gorbuscha), and several species of native cyprinids, catostomids, gasterosteids and
cottids, also can occur in the streams.

Sampling methodology
Specimens were collected as part of sample surveys conducted in the study streams to
collect information on size structure, habitat use, and growth histories of brook trout.
Sampling was conducted 4 July to 22 August 2005 and 28 June to 23 August 2006. Start
dates refelect when water levels in streams suitable for wadeable electrofishing surveys.
End dates were selected to avoid encountering migration of the lake form into streams to
spawn (Mucha and Mackereth 2008) because of conservation concerns by the Upper
Great Lakes Management Unit of the OMNR.

Streams were sampled monthly below impassable in-stream barriers, beginning in late
June. Sampling involved selecting stream reaches 50 m in length, placing block nets at
the upstream end of the reach, and making a single upstream pass with a Smith-Root
backpack electrofisher equipped with a gas generator. Captured fish were stored in
buckets equipped with an aerator. Two hundred nineteen brook trout were sampled from
the streams. All fish were measured for total length to the nearest mm, fin clipped (tip of
adipose fin) for stable isotope analysis (see Chapter 2), and released alive near their site
of capture. Thirty-seven were sacrificed by overdose in a clove oil solution (60 mg/L).
Sacrificed fish were selected opportunistically from fish captures in late summer and
included specimens from Stillwater Creek (n=2), Dublin Creek (n=9), MacInnes Creek
(n=5), Little Cypress River (n=6), Little Gravel River (n=3), Nishin Creek (n=1) and
McLeans Creek (n=11). Numbers of sacrificed fish from each habitat were set by the
OMNR. Four additional specimens from the Cypress River killed incidentally in a study
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conducted by OMNR were also included in our sample. Sacrificed fish were stored on
ice, transported to the laboratory and frozen.

Assessment of maturational development
All fish were dissected to assess gender and stage of maturational development. Gender
and state of maturational development could not be assessed for three out of 41
individuals due to the poor preservation of the tissues. Immature males were identified
by gonads having a thin, clear, threadlike appearance with a diameter less than
approximately 0.5 mm throughout the entire length. Maturing males were identified by
gonads being opaque and having an anterior thickening of more than approximately 1.0–
1.5 mm and a smooth surface texture. Immature females were identified by gonads
having an anterior thickening with a granular appearance.

Gonads of 21 females were examined further to determine the stage of maturity
described by Vladykov (1956) based on the size and external appearance of the ovaries
and the diameter of the eggs (Table I). Individuals at stage 2 or greater are expected to
spawn in the same autumn (Vladykov 1956). Mean egg diameter for 18 females was
estimated from the mean lengths of two rows of 10 eggs divided by 10. Length was
measured with a dissecting microscope and measured to the nearest 0.1 mm using an
occular micrometer. There was a strong linear relationship between the length of the two
rows (r= 0.91, P<0.001, n=18).

Data analysis
Two steps to ensure that the fish examined in ther analyses had resided in stream
habitats for an extended period. These steps were taken because a 2008 companion
study demonstrated that approximately 8% of brook trout sampled in streams make
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periodic foraging forays into the lake and likely reflect individuals making gradual
transitions to becoming the lake form (Coppaway 2011). First, whether the individuals
had a δ13C signature consistent with stream residency was assessed. Preparation and
analysis of adipose fin tissue samples, common laboratory standards and internal
standards were completed following the methods outlined in Chapter 2. Second,
whether the individuals exhibited growth histories consistent with that of stream resident
fish was determined. Preparation and interpretation of otoliths and centra were
completed following the methods of Casselman (1987; 2008) and analyses of the ages
and growth histories were completed following the methods outlined in Chapter 3.
Based on these steps, 37 of 41 fish were used in the analyses.

The expectation that stream resident fish were reaching sexual maturity was addressed
by determining whether any females were in stages 1 to 3 of maturity. No further
statistical analysis was required because the presence of individuals becoming
reproductive and likely to spawn would support the expectation of the partial migration
hypothesis and fail to support hypotheses of obligate and staggered migration.

Logistic regressions were used to compare age at maturity estimated directly from the
samples with the age at maturity predicted from the biphasic vB growth model for the
same fish sampled in Chapter 3 and with estimates of age at maturity compiled by
Ridgway (2008). One logistic regression related the probability of a fish being mature
(stages 1-3; T) versus immature (stage 0) with age. Stage 1 was included with stages 2
and 3 because it is characterized by the presence of maturing eggs and separated from
immaturity (stage 0) in Vladykov’s (1956) classification. The occurrence of fish in stage 1
could be a consequence of sampling the fish prior to the spawning season, delayed egg
maturation due to poor nutrition or disease (Vladykov 1956), or possibly egg maturation
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for the spawning season roughly a year later. Inverse prediction was used to estimate
the age and 95% C.L. for the 50% probability of an individual being mature. A second
logistic regression related the probability of an individual spawning (stage 2 and 3)
versus not spawning (stages 0 and 1) in the coming autumn (stages 0 and 1) with age to
estimate the age at which the probability of spawning was 50%. For these analyses,
individuals classified as immature included both males and females because gender
could not be determined from their physical appearance.

Results
Twenty-one of 37 individuals were females with clearly visible eggs, seven were male,
and nine were individuals whose gender could not be determined (classified as
immature). Females ranged in length from 103 to 244 mm, males from 150 to 193 mm
and immature individuals from 100 to 147 mm.

Assessment of the stage of maturity supported the prediction that some steam-resident
females reached sexual maturity. Two of 21 females classified to stage 2 and five
females to stage 3 based on inspection of their ovaries and egg sizes (Figure 2). The
mean (± SE) egg diameters of females in stage 2 and 3 were 1.6 ± 0.2 mm and 2.6 ± 0.2
mm, respectively (Figure 2). These individuals would have been expected to spawn in
the upcoming spawning season (Vladykov 1956). Seven females were classified to
stage 1. These individuals had maturing eggs, but it was uncertain whether they would
have developed sufficiently to spawn in the coming autumn. The remaining seven
females were classified as juveniles (stage 0).

Ages for females at stage 2 and 3 ranged from 2 to 5 years, for females in stage 1 from
3 to 5 years and for females in stage 0 (immature) from 1 to 4 years. The predicted

142

probability of an individual having maturing eggs (stages 1-3; T) was 0.5 by age 3.4
years (G =8.34, P=0.004; 95% C.L. = 2.4 – 6.5; Figure 3). This age was roughly a year
later than the value of 2.5 years estimated for age at maturity in the biphasic vB growth
analysis provided in Chapter 3. However, 3.4 years of age was greater than the values
of 1-2 years reported for ages at maturity for other brook trout populations and the value
of 1.6 years reported for females sampled from the Nipigon River (Ridgway 2008). The
probability of a female reaching spawning condition (stages 2 and 3; T+1) was 0.5 by
age 4.3 years, roughly one year after the onset of sexual maturation. 95% C.L. were not
calculable owing to the small number of females in stages 2 and 3.

Discussion
This study provides evidence that individual brook trout from polymorphic populations
inhabiting Lake Superior and its tributaries were reaching sexual maturity while residing
in the tributary streams (U4). This conclusion was supported by evidence that individuals
sampled from the streams in late summer, and that displayed δ13C signatures and
growth histories characteristic of stream resident fish (Chapter 2), were allocating energy
to the development of reproductive tissues. The maturing fish included both males and
females, and 33 % of the females had reached a stage of development where they
would be expected to spawn in the year they were sampled.

These findings support the hypothesis that stream dwelling brook trout display partial
migration by providing an indication that these individuals complete their life cycle in
stream habitats. Reproduction by resident individuals in the streams is evidence that
distinguishes the hypothesis of partial migration, where stream-dwelling individuals
reproduce and complete their life cycle in the stream, from the hypothesis of staggered
migration, where stream-dwelling individuals are juveniles that will all later migrate to the
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lake before returning to reproduce. This evidence is consistent with other evidence of
partial migration for these Lake Superior populations of brook trout. Brook trout sampled
from the lake and tributary streams represent two relatively distinct forms differing in
habitat use and trophic ecology (U1; Huckins et al. 2008 and Chapter 2), originating from
the same population (U2; D'Amelio and Wilson 2008), and exhibiting different growth
and correspondingly different life histories (U3; Chapter 3). That stream dwelling brook
trout can reach sexual maturity (U4) resolves one key uncertainty for these populations.
While partial migration has been reported in many species of fish, we are unaware of
any example where all four predictions have been so explicitly tested.

The predicted median ages of maturity and spawning for female brook trout determined
in this study were older than those typically reported for brook trout. The estimate for age
at maturity determined in this study was higher than, but not significantly different from,
the estimate made for the same individuals using the biphasic vB growth model (Lester
et al. 2004). This suggests that the biphasic vB approach results in coarse estimates of
age at maturity. This inference also increases confidence in the later age at maturation
(6+ years) estimated in Chapter 3 for the lake morph of Lake Superior brook trout using
a biphasic vB growth model. The age at maturity of 3.4 years reported here falls in the
upper quartile of values compiled by Ridgway (2008) for migratory and stream resident
brook trout, where ages at maturity ranged from 0+ to 5+ years, with a median of 1+
years. The estimate for age at maturity determined in this study was larger than the 1.6
years Ridgway estimated for the Nipigon River, which is large river to the west of the
area sampled in this study. However, the estimate determined in this study was
comparable to ages at maturity reported for female brook trout from small streams in
southeastern Newfoundland, Canada (Hutchings 1993), purportedly resident females
from the Sutton River, Hudson Bay, Canada (Malette 1993) and females sampled from
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Richmond Gulf, Hudson Bay, Canada (Dutil and Power 1980). When considered in light
of the earlier comparison of juvenile growth rate and reproductive output estimated in
Chapter 3, the emerging impression is that both morphs of brook trout from these low
productivity stream systems along the northshore of Lake Superior grow more slowly,
mature later and allocate less to reproduction than do migrant and resident brook trout
from more productive systems.

Five sources of uncertainty associated with these analyses warrant further
consideration. Acknowledging these can ensure that the findings are interpreted
appropriately and identify opportunities for future research. First, conservation concerns
limited fish sampling to the summer season, an so we lack direct evidence that the
sampled fish would have spawned in the coming fall spawning season. The presence of
maturing eggs is necessary but insufficient evidence of imminent spawning because
salmonids may hold eggs for a year or more before spawning (Vladykov 1956) and
developing eggs can become atretic and degenerate. Second, the actual spawning sites
are not known. Fish could spawn in the stream they were sampled from, a different
stream or the lake. While my study shows imminent sexual reproduction while residing in
the streams, studies directly tracking the movements of individuals from each habitat
throughout the year, like the radio telemetry study of Mucha and Mackereth (2008)
remain needed. Pairing tracking studies with complementary observational studies of
spawning would provide a definitive test of non-migratory stream residency. Third, we
cannot rule out that stream dwelling individuals adopt summer residency in the lake after
reaching sexual maturity. An abrupt switch in habitat use following sexual maturation
would seem unlikely because reproduction entails trade-offs with growth and mortality
(Hutchings 1996). However, Malette (1993) inferred from otolith microchemistry that
“purportedly” resident brook trout from the Sutton River were switching to anadromy after
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reaching sexual maturity. Conservation restrictions to sampling prevented me from
directly testing this here, but no evidence was found of such switching in the growth
histories reconstructed for brook trout sampled from the lake and streams (Chapter 3).
Fourth, I assume that Vladykov’s (1956) stages of maturity, established for wild brook
trout in lakes in the Laurentide region of Quebec apply to Lake Superior brook trout.
Fifth, whether brook trout sampled from streams spend their entire life in the same
stream was not determined in this study. Although, a recent study in is this area using
passive integrated transponder tags, electrofishing surveys and stable isotope analyses
demonstrated that over the summer brook trout sampled from a stream tended to remain
in that stream, and no individuals were observed moving between neighbouring streams
(Coppaway 2011).

Increasingly, scientists are being challenged to provide stronger characterizations and
understanding of migratory behaviour. Conservation concern for migratory species,
populations, and sub-populations of fishes is increasing (Wilcove 2007) and the
complexities of fish migration are being recognized more widely (Kerr et al. 2009; Lucas
and Baras 2001). This study demonstrates how examinations of sexual maturity are an
important part of a general framework designed to better understand the nature of
migratory behaviour exhibited by fishes, especially species whose lifetime movements
can be difficult to track. It also provides a key piece of evidence indicating that brook
trout populations of long-time conservation interest and concern in Lake Superior exhibit
partial migration.
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Table I. Stages of maturity adopted from Vladykov (1956).
Stage
0 – Juvenile,
immature
condition
1 – Resting
period
2 – Early
development
3 – Active
period
4–
Penultimate
period of
ripeness
5–
Spawning
period

Ovaries
Very small and narrow

Eggs (diameter)
Minute, <1.0 mm

Small, narrow, elongated
yellowish
More or less triangular
Rather hard
Generally similar to Stage 1, but ovaries are larger

~ 1.0 mm

Ovaries occupy ~ ½ of body cavity
Blood vessels easily visible on surface of ovaries,
appearance of a reddish network
Expanded ovaries occupy nearly all of the body
cavity
Blood vessels nearly invisible
Greatly extended
Occupy all of the body cavity
Appear as very thin sacs bulging with ripe eggs
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More developed
~2.0 mm
2.0-3.0 mm
Nearly ripe
Drop from genital pore in
clumps of 3-4 by pressing on
abdomen
3.5-4.0 mm
Ripe
Slight pressure on abdomen
ejects spurts of eggs
Bright orange (in wild fish)
4.0-4.8 mm

Figure 1. Location of study streams and Nipigon Bay, Lake Superior, Ontario. Study
streams are labelled and their catchments are bolded (west to east: Stillwater Creek [1],
Dublin Creek [2], MacInnes Creek [3], Cypress River [4], Little Cypress River [5], Little
Gravel River [6], Nishin Creek [7], and McLeans Creek [8]).
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Figure 2. Box plots showing the estimated egg diameter of brook trout resident in Lake
Superior tributary streams classified into each of Vladykov’s (1956) stages of maturity.
Horizontal lines represent the 10th and 90th percentiles. The box represents the middle
half of the data (25th, 50th and 75th percentiles). Values above each box plot indicate the
numbers of individuals.
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Figure 3. Probability that an individual was (a) mature (stages 1-3; T) or (b) expected to
spawn in the coming autumn (stages 2 and 3; T+1) in relation to age. Points represent
proportions of individuals being mature or expected to spawn within an age class. Lines
depict predictions from logistic regression equations relating the probability of maturing
and spawning in relation to age. Vertical dashed lines denote the ages where the
probability of maturing and spawning were predicted to be 0.5.
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GENERAL CONCLUSIONS
The goals for my thesis were to 1) develop and test a conceptual framework allowing
scientists to delineate among migratory systems that could explain observations of
alternative forms of individuals differing in body size and shape, co-existing in one
habitat for part of the year and apart during other times of the year; and 2) evaluate the
usefulness of this framework using a literature review of migratory fishes and field
studies of Lake Superior brook trout. In the end, I believe that by pursuing these goals I
accomplished more with respect to scientific and personal intellectual development than
I would have by adhering to my initial goals at the start of my thesis. I was successful in
developing the conceptual framework and my review of the published literature on fishes
revealed that the framework could be a valuable tool for researchers because
intraspecific variation in migratory behaviour between sympatric or parapatric
populations, and within populations, occurs widely, and there is interest in characterizing
the nature of this variation in migratory behaviour. My application of the framework to
Lake Superior brook trout demonstrated that implementing the framework in the field is
feasible, providing a proof of concept example for studying the migratory behaviour of
fishes whose lifetime movements can be difficult to track. My findings for Lake Superior
brook trout have also advanced our understanding of the ecology and migratory
behaviour of these populations in ways that will assist fishery managers tasked with
conserving them.

My framework is valuable because it presents a novel, structured approach that can
facilitate research aimed at delineating the variation in migratory behaviour in systems.
Ideally, scientists would like to track the movements of individuals over their lifetime to
gain an understanding of their migratory behaviours. However, in reality this is often not
feasible due to logistical and technological challenges that can not realistically be
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overcome, such as large changes in body size and location over an individual lifespan,
and limits on tag sizes and detection ranges, and battery life. In cases where a species
displays a polymorphism in migratory behaviour, the framework allows scientists to
make inferences about movement from information on habitat use and life history. The
framework is rigorous because it considers multiple, competing hypotheses yields
explicit, testable, straightforward predictions, and specifies the order in which these
predictions should be tested. In nature, there may migratory systems that have not yet
been observed, and have not been considered in the framework, however, working
through the framework and rejecting the six possibilities should help identify these.

With respect to Lake Superior brook trout, the weight of the available evidence suggests
that partial migration is the best candidate of the six hypotheses for the variation
observed in the migratory behaviour of brook trout in the Nipigon Bay area of Lake
Superior. My field studies indicated that fish sampled from Lake Superior and from
tributary streams reflect two relatively distinct forms differing in habitat use and trophic
ecology (Chapter 2). The forms do not represent different migratory and resident
populations of brook trout. Microsatellite DNA genotyping indicated that fish sampled
from the lake and stream are life history variants, they originate from the same
population (D’Amelio and Wilson 2008). The forms exhibit different growth histories and
differences in length-at-age were apparent by the end of the first year of life (Chapter 3).
The forms are likely not the outcome of a staggered migration systems. I found no
evidence of individuals abruptly changing growth history in a way that would suggest
habitat switches later in life (Chapter 3). Furthermore, stream resident individuals were
reaching sexual maturity (Chapter 4), which is inconsistent with hypothesized migratory
systems where all individuals migrate.
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Support for the hypotheses that Lake Superior brook trout exhibit partial migration would
be strengthened by studies addressing two outstanding gaps in our understanding of the
ecology of these fish, including whether apparent stream resident individuals remain in
the same stream or move between streams, and whether any fish complete their
lifecycle entirely within the lake (i.e. lake residents). In a study conducted in the Nipigon
Bay area by Coppaway (2011) demonstrated that most brook trout sampled from
tributary streams were summer residents in the stream where they were sampled.
Coppaway’s findings were based on electrofishing surveys in tributary streams, Passive
Integrated Transponder tagging to monitor movement patterns and stable isotope
analysis. A small proportion (2%) of fish emigrated from the stream and never returned
and another small proportion (7%) moved between the streams and lake, acquiring
some of their food energy from the lake. None moved between neighbouring streams
during the summer. Coppaway’s study was limited to the summer and extension to
movements at other times of year would be beneficial.

The possibility that some brook trout complete their life cycle without migrating into
tributaries has received little attention and would be difficult to test rigorously because it
requires demonstrating that something does not happen over an extensive area. Lake
residency is possible because lacustrine brook trout are known in other areas of their
range. The limited evidence collected to date has failed to support this possibility.
Mucha and Mackereth (2008) radio-tagged 20 brook trout caught from the lake and
monitored their movements throughout the open-water season. All of those individuals
moved into tributaries in late summer and early fall, when spawning occurs. In addition,
both Coppaway and I, electrofished shoreline sections in the Nipigon Bay area of Lake
Superior at locations where local biologists and anglers had reported observing juvenile
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salmonids. No juvenile brook trout were detected at these locations, only juvenile Pacific
salmonids.

Information from my field studies contributed to the development of a model of brook
trout population dynamics. The model was constructed to determine the roles that
density dependence and environmental stochasticity have for the maintenance of partial
migration (Vélez-Espino et al., Unpublished, University of Guelph, Dept. of Integrative
Biology, Guelph, ON, Canada). My findings for Lake Superior brook trout were needed
to specify the appropriate model structure and to provide values for the life history
parameters in the model. The model suggests density dependence is an important
factor in determining the number of migrants emigrating from the stream, and hence the
production of large fish in the lake. Levels of density dependence during the juvenile
stage are modified by the effects of environmental stochasticity on reproductive success.
The results of this model have implications for management decisions regarding
populations being considered for restoration, for example, suggesting that stocking
abundances will need to be high to generate the level of density dependence required
for juvenile migration and production of the larger lake form. My field studies also led to
a follow-up investigation of whether the propensity to migrate is heritable (Nichols et al.,
Purdue University, Depts. of Biological Sciences and Forestry and Natural Resources,
West Lafayette, IN, USA). Understanding the genetic and developmental basis for the
variation in migratory behaviour will be important to for management decisions regarding
the abundance and genotypes used in future stocking projects, and predicting how
populations might respond to changes in habitat or harvest regulations.

The need to delineate the variation in migratory behaviour and life history observed in
complex migratory systems is becoming increasingly important as concerns regarding
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the loss migratory populations and sub-populations heightens (Ryther 1997; Wilcove
2007). Scientists and resource managers will need scientific tools that can help
delineate the nature of migratory behaviour and inform the development of scientifically
defensible conservation and management programs for migratory populations of
animals. For many animals the former remains challenging due to logistical and
technological hurdles related to tracking the movements of individuals over their lifetime.
Through my research on Lake Superior brook trout I demonstrated how rigorous field
studies of habitat use, life history and ecology could clarify the nature of migratory
behaviours displayed by a species whose movements can be difficult to track over an
individual’s lifetime and provide insights into a species’ ecology that can be used to
improve conservation and management plans. My contributions have been to develop
and test a framework that can be used to infer the migratory behaviour and life histories
of fishes that are difficult to track over their lifetime, to demonstrate that my framework
would be of broad interest and value, and to demonstrate how the framework can be
applied to improve our understanding and help manage a migratory system of
longstanding conservation interest.
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