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Abstract

The ecology of fish movement in six Lake Ontario tributaries

Ivan J. Dolinsek, Ph.D.
Concordia University, 2011.

Despite a rich literature on the ecology of freshwater fishes, the movement behaviour
of many stream fish remains poorly understood, yet is expected to be important for key
ecological and micro-evolutionary processes. The main purpose of my thesis was to improve
our understanding of fish movements by evaluating the movement of multiple species across
multiple streams and entire watersheds. I undertook three steps to achieve this: 1) a
comparative study addressing whether information in natural history accounts provide
reliable information for predicting the behaviour of other populations of stream fishes
(Chapter 1); 2) adapted, tested and extended existing theory on sex-biased arrival by
conducting a broad test of four hypotheses on stream fishes at spawning sites (Chapter 2);
and 3) to extend and contribute to a management concern of broad interest regarding invasive
species control by examining the degree to which fishes move between adjacent streams
(Chapter 3). Comparisons between my data and those from the literature demonstrated a
strong correlation regarding key biological indices, suggesting that natural history
information is a reliable source of information and can be used in most management
decisions regarding freshwater stream fishes. My detailed data set also revealed novel
findings unknown to the natural history literature: juveniles moved into the streams along

with spawning adults; and species with known "anadromous-like" life histories spend more
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time in the streams than previously thought. Secondly, my data suggested that the most
common form of sex-biased timing is males arriving before females, consistent with
hypotheses that males are better able to cope with the prevailing conditions at the spawning
sites, as well as to increase their reproductive success by encountering more females.
However, there was considerable variation within and among species of fishes. Finally, my
thesis suggested that the fish assemblages in these Lake Ontario catchments are dynamic,
exchanging individuals at rates and spatial extents likely to be important for metapopulation
dynamics and gene flow. Understanding the movement behaviour of fishes, a critical aspect
of their life histories, will be important in developing proper conservation plans. Knowledge
gained from this study will serve to improve our understanding of how concepts such as
metapopulations, habitat fragmentation, and movement apply to stream fishes and to efforts

to control invasive fish species.
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General introduction

The movement of individuals between habitats is important for key ecological and
micro-evolutionary processes, such as metapopulation dynamics, and the degree of gene flow
and local adaptation (McDowall 1988; Metcalfe et al. 2002; Wilson et al. 2004; Knaepkens et
al. 2005). Typically, a single habitat is not optimal for all activities, so individuals or
populations move from one well-defined area (or habitat) to another for reproduction,
feeding, or to seek refuge (Northcote 1997; Lucas and Baras 2001). Furthermore, the
movement of individuals between spatially separated local populations can affect the
dynamics of local populations, including local rates of recruitment, persistence, and
extinction (Wilson et al. 2004), as well as for re-colonizing unoccupied habitats and
maintaining the dynamics and stability of the regional meta-population (Hanski and Gilpin
1997). Understanding such movements is particularly important in species of management or
conservation interest. For instance, due to their small population size, species at risk have
reduced gene flow, reduced number of colonizers, and are susceptible to habitat
fragmentation and loss.

There is a wide diversity of movement types in animal species. The most well known,
migration, is the cyclical movement of individuals or populations from one habitat to another
(McDowall 1988; Metcalfe et al. 2002). Migration is both spatially and temporally
predictable, and brings individuals to habitats offering food and mates (Gross 1987, Hendry
et al. 2004a). The most spectacular and best known migrations are those that occur on a large
scale, i.e. the wildebeest (Connochaetes taurinus) of the Serengeti Plains of East Africa, and

herds of caribou (Rangifer tarandus) in Canada. However, migration does not always imply a
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return to the habitat where an individual was born. The movement of individuals can take on
two distinct forms: individuals returning to their place of birth (homing); and the movement
of individuals away from their place of birth to a new habitat in search of food or mates
(dispersal) (Hendry et al. 2004b). Homing has several benefits, including: increasing the
chances of finding a suitable habitat or mate; increasing familiarity with local environmental
conditions; returning individuals to habitats to which they are locally adapted; and, avoiding
the movement costs associated with dispersing to a new habitat through unknown
environments (Hendry et al. 2004b). Probably the best known example of homing is
observed in the Atlantic salmon (Salmo salar), where juveniles leave their natal streams in
the spring and can migrate up to thousands of kilometres to ocean feeding grounds, only to
return to these same streams several years later to spawn (McCormick et al. 1998).
Conversely, dispersal helps to buffer against temporal variation in environmental conditions,
allows the (re)colonization of habitats, reduces inbreeding depression, and reduces
competition between kin (Hendry et al. 2004b).

Despite its importance in ecology, information on the movement behaviour of many
species is limited, unavailable, or lacks quantitative evidence (Abell 2002; Mandrak et al.
2003; Poos et al. 2008), particularly for species with little or no commercial value (Northcote
1998; Lucas and Baras 2001; Knaepkens et al. 2004; Smith and Jones 2007). But measuring
the movement of species poses challenges to researchers and scientists. Ideally, investigators
would like to track individuals over a lifetime; however, they are often limited to snippets
over a short period of time and small spatial scales, mostly because of restricted sampling
(Smith and Jones 2007). For example, short-term field studies could miss individuals/species

that use a specific habitat on a seasonal basis, whereas information derived from multiple



sources is often incomplete because of spatial and temporal gaps (Smith and Jones 2007).
Additionally, non-standardized sampling protocols between studies (i.e. sampling effort, gear
used, spatial extent of the study, number of years and seasons sampled) can further
compound the issue (Smith and Jones 2007).

This thesis developed from a large scale study using PIT-tags to track multiple Lake
Ontario stream fishes over six adjacent streams over three years. Specifically, the original
study was designed to assess the inter-stream movements of sea lampreys (Petromyzon
marinus) and selected non-target fishes in response to sea lamprey barriers. The normal
movement of fishes can be impeded by in-stream structures, both natural (i.e. waterfalls) and
anthropogenic (i.e. barriers, dams). These structures deny access to potential spawning
habitats and isolate upstream populations genetically and demographically (Morita et al.
2000), possibly affecting biodiversity, population dynamics, and species interactions
(Northcote 1998; Fahrig 2003). In the Laurentian Great Lakes, low-head barriers have been
used as a valuable tool for restricting the movement and reproduction of invasive species,
such as the sea lamprey (Porto et al. 1999; Baxter et al. 2003). However, these barriers may
also block the migration of native species by removing potential spawning habitats (Porto et
al. 1999). Evidence at the stream and eco-region scale suggests that in-stream barriers can
influence the movements, numbers, and kinds of non-target fishes in stream sections above a
barrier (Porto et al.1999; Morita et al. 2000; Dodd et al. 2003; Harford and McLaughlin
2007), but no studies have yet investigated their impact at the meta-population scale. This
work is important as it will help researchers understand if, and how frequently, sea lampreys
denied access to their first choice of streams will move to other streams, as well as assess the

effect of barriers on other non-target species denied access.



I quickly recognized that studies like this could provide much broader and valuable
insights into the movement behaviour and life histories of stream fishes than what the study
was originally proposed to do. First, unlike earlier studies, this research offers a unique
opportunity to study the movement behaviour of multiple species within a single watershed.
Second, although many freshwater fish are assumed to be sedentary or exhibiting restricted
movement, mainly due to the limited number of studies and biased sampling designs of past
studies (Gerking 1959; Rodriguez 2002), recent studies suggest that movement in many
populations of stream fishes is more common than previously thought (Lucas and Baras
2001; Rodriguez 2002; Mandrak et al. 2003). I used stream fishes to examine movement
behaviour because: 1) the linear nature of streams makes it relatively simple to track
individuals using strategically placed nets or detection antennae; 2) the great taxonomic and
biological diversity of stream fishes, particularly in the Laurentian Great Lakes (~145 native
species), makes them ideal subjects to examine the movement of multiple species at the level
of multiple streams and entire watersheds (Blanckenhorn 2005; Fairbairn 2007); and 3) the
life span of the majority of Canadian freshwater fishes, typically between 4 — 9 years
(Wootton 1984), makes it possible to follow individuals over multiple reproductive seasons.

Advances in tracking technologies are also providing an opportunity to address the
challenges of properly understanding and describing the movement behaviour of freshwater
species (Roussel et al. 2000). PIT-tags were used in this study because they have several
advantages over other tagging systems that make them attractive in the study of movement
behaviour in freshwater fishes: 1) they are not restricted by climatic conditions that limit the
use of traps, snorkelling surveys, or electrofishing (Zydlewski et al. 2001); 2) their small size

(12 — 32mm) allows the study of smaller-bodied and juvenile life-stages of fishes, unlike



larger radiotransmitters (Roussel et al. 2000; Fischer et al. 2001); 3) their relatively low cost
compared to radiotransmitters makes larger-scale sampling and mark-recapture studies
feasible (Castro-Santos et al. 1996); 4) PIT-tagging procedures are less invasive than other
radiotelemetry methods (Skalski et al. 2001); 5) fish are detected automatically without the
need to recapture or track individuals, unlike other radiotransmitters (Fischer et al. 2001;
Bateman and Gresswell 2006); and 6) the longer life-span of PIT-tags compared to
radiotransmitters allows for long-term studies on the movement behaviour of individuals
(Ombredane et al. 1998; Roussel et al. 2000).

I used the movement behaviour of fishes for three different purposes in this study.
First, I conducted a comparative study addressing whether information provided in natural
history accounts could be applied to other populations of stream fishes. Successful
conservation and recovery plans often rely upon the available knowledge regarding the
movement behaviour of a species (Abell 2002; Poos et al. 2008). Unfortunately, this
information is often limited or missing for many freshwater species (Abell 2002; Mandrak et
al. 2003; Poos et al. 2008). Comparing my detailed quantitative data to the more qualitative
information available in the literature can demonstrate the potential of using this latter source
of information as a basis for management. Second, I used the arrival times of 17 species of
stream fishes to conduct a broad test of four hypotheses for the sex-biased arrival of fishes at
spawning sites, particularly the arrival of males before females at breeding areas (i.e.
protandry) (Morbey and Ydenberg 2001). Because these hypotheses have been developed
primarily for birds and mammals, my goal was to adapt, test and extend this theory to a
complete community of freshwater fishes. Quantifying the incidence of, and the mechanisms

for, the sex-biased timing of reproductive movements will allow the identification of general



patterns and provide insights into the selection pressures affecting fishes during the mating
season (Morbey 2000). Third, I assessed the management application for which the study
was originally designed by examining the degree to which fishes move between adjacent
streams. The rates of movement out of and between streams is likely important for
understanding key ecological and micro-evolutionary processes, such as metapopulation
dynamics, and the degree of gene flow and local adaptation, which will be useful for
predicting the effects of dams and other barriers to movement. Hence, my thesis will: 1)
provide an evaluation and advancement of existing natural history literature needed for
successful conservation and recovery plans (Chapter 1); 2) extend existing theory on arrival
timing to new taxa (Chapter 2) on a broad spatial and temporal scale; and 3) extend and
contribute to a management concern of broad interest regarding invasive species control

(Chapter 3).



Chapter 1: How well do historical natural history data predict the

movement ecology of stream fishes?

Introduction

Human impacts on the biosphere are placing an increasing demand on scientists to
provide information and solutions to help conserve native biodiversity and ecosystem
services (Venter et al. 2006; Smith and Jones 2007). To date, most of the focus has been on
the decline of species in terrestrial habitats, particularly those in the tropical forests, because
these ecosystems are perceived to be in greater peril (Ricciardi and Rasmussen 1999).
However, recent studies have suggested that freshwater fauna are more threatened than
terrestrial species (Richter et al. 1997; Ricciardi and Rasmussen 1999). For example, North
American freshwater biodiversity is decreasing at a rate of 1-8% of species per decade
(Ricciardi and Rasmussen 1999), and the future extinction rates for freshwater fishes are
projected to be several times greater than for terrestrial and marine fauna (Richter et al. 1997;
Ricciardi and Rasmussen 1999). Twenty-one percent (n = 1851) of freshwater fishes that
have been evaluated by the International Union for Conservation of Nature (IUCN) are
considered to be threatened globally (IUCN 2010), and 30% of the freshwater and
diadromous fishes in Canada have been assessed by the Committee on the Status of
Endangered Wildlife in Canada (COSEWIC) as being at risk throughout all or parts of their
ranges (Hutchings and Festa-Blanchet 2009; COSEWIC 2010).

Successful conservation and recovery plans rely upon the best available knowledge

regarding the biology, ecology, and the life history of a species (Abell 2002; Poos et al.



2008). Unfortunately, detailed information on the population structure and life histories of
many freshwater species, including many fishes, is often limited, anecdotal, or unavailable
(Abell 2002; Mandrak et al. 2003; Poos et al. 2008). Decision makers are therefore faced
with the decision of relying on existing natural history data, at the potential risk of
inappropriate management or conservation actions should the existing data be incomplete or
inaccurate (Smith and Jones 2007), or finding additional funding, resources, and time to
collect the needed information (Smith and Jones 2007).

Understanding the movement behaviour and habitat use of fishes, including the
degree of movement between streams, could be valuable for conservation and recovery plans.
Many freshwater fishes require specific habitats to complete the different stages of their
lifecycles (Lucas and Baras 2001). These habitats are often spatially separated, so individuals
may move long distances, and between different tributaries or across bodies of water, to
reach suitable habitats to meet their needs. These movements can affect reproductive fitness
and help maintain metapopulation dynamics and stabilize fragmented populations via the
rescue effect (Wilson et al. 2004; Primack 2008). However, until recently many freshwater
fishes were assumed to be sedentary or exhibit restricted movement (Gerking 1959;
Rodriguez 2002), due to imprecise and limited sampling. Results from more recent tracking
studies have indicated that movement in many populations of stream fishes is more common,
and more variable among populations and species, than previously thought (Lucas and Baras
2001; Rodriguez 2002; Mandrak et al. 2003). Some studies have reported partial migration,
with individuals adopting migration or residency as alternative life-history strategies

(Morinville and Rasmussen 2003).



New tracking technologies, such as PIT-tags, are affording opportunities to track the
movements of small fishes more quantitatively, widely, and affordably (Roussel et al. 2000).
This technology has been an effective and valuable tool in movement studies at the scale of
single streams. When combined with strategically placed antennas, it can facilitate the
collection of data on the movement behaviour and habitat use by individuals of different size
and life-stage (Ombredane et al. 1998). Each tag has a unique identification code, making it
possible to assign the data to a specific individual of known species, sex, length, weight, and
sexual state, as well as its original stream of capture, allowing biologists to gather vital
information on movement behaviour, habitat use, and growth of individuals. PIT tags have
been used successfully to determine habitat use and movement behaviour in Atlantic salmon
(Salmo salar), burbot (Lota lota), brown trout (Salmo trutta), cutthroat trout (Onchorhynchus
clarkii clarkii), and mottled sculpin (Cottus bairdii) (Nunnalle et al. 1998; Ombredane et al.
1998; Greenberg and Giller 2000; Fischer et al. 2001; Zydlewski et al. 2001; Breen et al.
2009; Zydlewski et al. 2009).

Information on the movement behaviour of many species is often limited,
unavailable, or lacks quantitative evidence (Abell 2002; Mandrak et al. 2003; Poos et al.
2008). Most studies on freshwater fishes have focussed on species with commercial or
recreational value (i.e. walleye, perch, and salmonids) (Northcote 1998; Lucas and Baras
2001; Knaepkens et al. 2004), invasive species (i.e. sea lamprey) (Bjerselius et al. 2000; Li et
al. 1995), and model species for toxicology and monitoring (i.e. fathead minnow) (Russom et
al. 1997; Ankley and Villeneuve 2006). Furthermore, relatively few studies focus on entire
fish communities (Poos et al. 2008), scarce species, or those with low perceived importance

(Northcote 1998; Lucas and Baras 2001; Knaepkens et al. 2004) despite their potential



importance to food webs, biodiversity, and ecosystem services. The great diversity of
freshwater fishes in the Laurentian Great Lakes offers a unique opportunity to study the
ecology of movement and habitat use of multiple species. Approximately 145 species are
native to the Great Lakes, with 108 of these co-occurring in Lake Ontario (Coon 1999).

This chapter uses data from a multi-species study of fish movements to assess the
adequacy of qualitative literature information available for the habitat use and movement
behaviour of stream fishes. My movement data for fishes were collected over three years
from six adjacent tributaries of Lake Ontario. I captured over 15,000 individuals from 37
species, including more than 4,500 PIT-tagged individuals from 26 species. My assessment
consisted of 4 steps. First, I tested whether arrival times in streams for the fish I tracked were
related to water temperature, and then tested whether water temperature upon arrival in my
study streams matched estimates of water temperature for arrival in literature accounts.
Second, I recorded stage (juvenile/adult) and sex of individuals sampled in my study to infer
which individuals were moving into the streams. Literature sources typically cite spawning
as the reason for migration. However, large numbers of immature individuals entering
streams would indicate that movements into the streams also occur for reasons other than
reproduction. To test this, I also compared the water temperatures in the five main study
streams with that of Lake Ontario to examine the possibility that differences in water
temperature between the two bodies of water might influence why and when juveniles would
enter the streams. Third, I compared stream residence times estimated for migrants in my
study area with coarse estimates of residence times provided in the literature. Fourth, |
compared the proportions of individuals using lake and stream habitats versus those using

only stream habitats in my study with similar estimates based on literature reports indicating
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whether the species moved between lakes and rivers, within rivers, or were sedentary. Many
species thought to be sedentary are classified as uncertain in the literature, so I treated these
studies as though movements were only within rivers. While my comparisons do not consider
all aspects of movement behaviour, they provide a reasonable test of the utility of some of
the literature data on the movement behaviour of fishes that managers might acquire from the

literature to inform their decisions.

Materials and Methods

Study sites

My study was conducted using fishes collected and tracked from late March to late
June of 2005-2007 in six adjacent tributaries of Lake Ontario: Cobourg Brook (43° 57' 40" N
78°10' 39" W), Covert Creek (43° 57' 35" N 78° 6' 25" W), Grafton Creek (43° 58'3" N 78°
3'20" W), Shelter Valley Creek (43° 57' 58" N 77° 59' 58" W), Colborne Creek (43° 58' 49"
N 77° 54' 1" W), and Salem Creek (43° 59' 58" N 77° 49' 53" W) (Figure 1.1). Tributaries
were 4.3 — 8.3 km apart (mean = 5.8 km) when measured from mouth to mouth. All
tributaries had in-stream barriers located within 0.4 — 2.1 km (mean = 0.97 km) of the
tributary mouth, which is common for tributaries in southern Ontario. Cobourg Brook,
Grafton, Shelter Valley, and Colborne Creeks have low-head dams (~1.0 - 1.7 m in height)
used to restrict the reproductive movements of invasive sea lamprey (Petromyzon marinus)
(Porto et al. 1999; Baxter et al. 2003). Covert Creek has an elevated culvert ~ 1.0 m above

the stream bed with no fishway. Salem Creek has an elevated culvert ~ 2.0 m above the
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stream bed with no fishway. Physical and hydraulic characteristics of the five main study

streams are summarized in Appendix L

Quantification of timing, size, and sex

Arrival of individuals from various species in each tributary was quantified using nets
and monitoring stations for PIT-tags. Netting involved daily operation of hoop or trap nets in
each tributary except Cobourg Brook. Hoop nets (Murphy and Willis 1996) were placed 80 —
685 m (mean = 300 m) from the stream mouth and used to sample the entire stream width in
Covert (stretched mesh size 2.5 mm), Grafton (stretched mesh size 4 mm), and Salem Creeks
(stretched mesh size 15 mm), and about 50% and 75% of Colborne (stretched mesh size 4
mm) and Shelter Valley Creeks (stretched mesh size 15 mm), respectively. Trap nets
(Murphy and Willis 1996) (stretched mesh size 12.5 mm) were located 150 m (Shelter Valley
Creek) and 170 m (Colborne Creek) from the stream mouth and used in Shelter Valley and
Colborne Creeks in 2005 to supplement the hoop nets. Differences in mesh sizes are unlikely
to have biased our results because even the largest mesh size used was able to catch some
immature individuals of the smallest species. Nets were placed as close to the mouth of the
tributary as possible. However, at Grafton, Shelter Valley, and Colborne, the nets could not
be placed right at the mouth because the water was pond-like and too deep for effective
netting, whereas at Covert, the stream mouth was difficult to access. Cobourg Brook was not
sampled using nets, but was included in the study because a PIT-tag detection station from an
earlier study (Pratt et al 2009) detected some of my PIT-tagged fish.

Each day, captured fish were identified to species, state of reproductive maturity, sex,

scanned for the presence of a PIT-tag using a portable PIT-tag reader (Allflex RFID Portable
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Reader), and measured for fork length to the nearest mm. The state of maturity and sex of an
individual was determined by first squeezing its abdomen for the presence of eggs or milt
and then by examining for the presence of conspicuous secondary sexual traits (Appendix II),
using sexually dimorphic traits described in the literature (Scott and Crossman 1998; Holm et
al. 2009). Individuals were classified as unknown gender if they lacked identifiable sexual
attributes, but were assessed to be large enough to mature later in the spawning season based
on size at maturity estimates from the literature (Scott and Crossman 1998). Males, females,
and individuals of unknown gender were also referred to as adult individuals in some
analyses. Individuals were classified as juveniles if they were smaller than the normal size at

maturity and consistently displayed no evidence of being reproductive.

PIT-tagging

Unmarked individuals of all species greater than 100 mm in fork length were PIT-
tagged. Individuals were anesthetised in a bath of 0.2 ml/L clove oil until loss of equilibrium.
A surgical incision was made in the ventral cavity, 4-5 mm off of the midline and just
anterior of the pelvic girdle (for teleost fishes; Adams et al. 1998), or 1-2 mm off the midline
anterior of the gills slits, where the first dorsal fin begins (for sea lamprey). A half-duplex
PIT-tag (23 X 4 mm) (Oregon RFID) was then inserted into the body cavity. The incision
was closed using external tissue adhesive (3M™ Vetbond™ Tissue Adhesive, 3M, St. Paul,
MN). The individual was allowed to recover in a 68 L container filled with fresh stream
water and released several metres upstream of the capture point. Loss or shedding of PIT-
tags was not measured; however, only 15 of 564 (2.7%) individuals recaptured over the

course of the three-year project had an obvious scar at the incision point, but no detectable
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PIT-tag. Tagging mortality was ~1.4%, with 62 dead individuals recovered within 5 days
following tagging, comparable to other studies using similar techniques(Sigourney et al.
2005; Bateman and Gresswell 2006). Only one individual died during the ~20-30 minute

recovery period prior to being released in the streams.

Quantification of movement

Movement of PIT-tagged fishes into, within, and between the study streams was
monitored from March to late-June of 2005 — 2007 using two PIT-tag detection arrays per
stream. Each array consisted of two antennae placed 2.3 — 17.4 m apart (mean = 6.7 m),
spanning the width of the stream (details of operation in Appendix I). For each stream, the
downstream array was positioned 21 — 240 m from the stream mouth (mean = 110 m).
Downstream arrays were positioned as close to the mouths of the streams as possible given
the constraints on accessibility and the effects stream width and depth can have on the
efficiency of the antennae. The upstream array was positioned just downstream of the first in-
stream barrier to fish movement, 370 — 2030 m from the stream mouth (mean = 970 m).
Additionally, in 2006 and 2007, a third antenna was placed above the barrier, approximately
10 m from the barrier at Grafton, Shelter Valley, and Colborne creeks, to detect fish passing
over the barrier. Arrays recorded the PIT-tag number, date, and time a tagged fish was
detected passing an antenna. Details of antenna efficiency are discussed in the Appendix
section of this thesis.

All arrays were powered by deep cycle marine batteries. Batteries were exchanged
every 7 days, on average. At that time, the data were downloaded and a test tag was passed

within the loop of both antennae at the array, over the entire length of the antenna located in
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the stream, to ensure that the antennae were properly detecting PIT-tags. If needed, the

antennae were calibrated to ensure maximum tag detection.

Stream and lake water temperature

Water temperature was measured in 2007 for each of the five main study streams
from 23 April to 27 June and for Lake Ontario close to the mouths of the streams from 6 May
— 25 June. Stream water temperatures were recorded using a HOBO Pendant
Temperature/Alarm Data Logger model UA-001-08 (Onset Computer Corporation, Bourne,
MA). Each logger was secured within a 15¢m piece of polyvinyl chloride (PVC) piping,
attached to the upstream antennae in flowing water, and set to record water temperature at 15
minute intervals. Data were downloaded when the antennae were removed at the end of the
field season. Lake water temperature was recorded using generic min/max submersible water
thermometers. Each thermometer was attached to a 20cm x 20cm x 41cm cinder block using
a 1m long nylon rope, and placed 10-20m from shore at locations close to the mouths of the
five main study streams, at a depth of ~1.2m. Lake water temperature was recorded daily and

the thermometer reset.

Data analysis
Water temperatures at the time of arrival (step 1)

I tested whether arrival times in streams for the fish I tracked were related to
spawning migrations cited in the literature. However, spawning times reported in the
literature usually covered an extended period (e.g. May — June), or were imprecise (e.g. late-

spring), so I used water temperatures reported in the literature for spawning as a surrogate for
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arrival time. This analysis was addressed in two parts. I first tested whether arrival times
were related to water temperature and then related water temperatures observed in my study
with those reported in the broader literature. Arrival date was estimated as the median arrival
time of all adult-sized individuals for a species from the telemetry and net-capture data. Next,
I determined the water temperature for each yearly sample that corresponded to the overall
median arrival time of the species. The stream water temperature of all yearly samples with
adult-sized individuals was used to account for variance in water temperature among streams.
Mean water temperature was then calculated as the average of all yearly samples for a
species. | included only species with a total of 10 adult-sized individuals in each year of the
study. I chose 10 individuals in each year to provide a reasonable estimate of water
temperature for each species and yet to maximize the sample size. In total, 11415 adult-sized
individuals from 18 species were included in the analysis. The relationship between median
arrival time and mean water temperature from this study were compared by two-tailed
Pearson correlation.

Second, I related the mean water temperature at arrival for the fishes in this study and
compared those values with temperatures from the literature to determine if movements into
the streams correspond to spawning migrations. Mean water temperatures at arrival for
species in this study were determined from the above analysis. Water temperature when a
species typically arrives at the streams from the literature was obtained from Portt et al.
(1988) and Scott and Crossman (1998). These studies typically report the water temperature
at which a species first moves to spawning sites; hence they are a good approximation of
relative arrival time given that water temperatures typically increase over the spring and

early-summer. Whenever possible, the exact value cited in the literature was used. When a
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range was given, | used the mid-point of the range. The two data sets were then compared b

two-tailed Pearson correlation.

Biological reasons for using stream habitat (step 2)

I used the information collected on reproductive status, sex, and size relative to size
maturity to infer whether individuals were moving into the streams for reproductive or non-
reproductive purposes. Non-reproductive purposes, such as foraging or seeking refuge, was
suggested by the presence of juvenile sized fish that were not producing milt or eggs. For
these fish, I had no way of determining the specific purpose for movement into the streams.
Only species with a minimum of 10 adult-sized individuals were included in the analysis to
provide a reasonable estimate for each species and yet maximize the sample size. A total of
11442 individuals from 28 species were used in the final analysis.

Next, [ compared the water temperatures in the five main study streams with that of

y

at

Lake Ontario to examine the possibility that differences in water temperature might influence

why and when individuals would enter the streams. Warmer waters typically have greater
primary productivity and hence higher growth potential (Kishi et al. 2005). I hypothesized
that fish, particularly juveniles, would move towards warmer stream habitats in the spring,
and move back to the lake over the course of the summer when stream water temperatures
likely approached the thermal tolerance limits of the species (Kishi et al. 2005). I used the
maximum water temperature recorded by the stream loggers in a 24hr period and the
maximum lake-water temperature recorded by the min-max thermometer for each study
location for that day to compare between lake and stream habitats. Water temperature data

were presented for only four of the five study streams because of a loss of equipment in
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Shelter Valley Creek. I used one-way ANOVA to determine if water temperature differed
between habitats, with habitat (lake vs. stream) as a fixed factor, study stream as a random
factor, and water temperature as my dependant variable. Stream was included as a random
factor because, although there might be differences in water temperature between streams, [
was particularly interested in differences in water temperature between the streams and the

lake.

Time spent in the streams (step 3)

The time spent in the streams was quantified only for individuals detected leaving a
stream, as the difference between an individual’s arrival and departure dates. These values
were then aggregated and used to calculate the mean time spent in the streams for each
species. Only species with minimum of 10 individuals detected leaving the streams over the
three years were used to provide a reasonable estimate of time spent in the streams for each
species and yet to maximize the sample size. A total 1279 adult-sized individuals from 12
species were used in the final analysis. Although the analyses of time spent in the streams
ignored fish departing after the field season and individuals that remained in the streams,
which likely underestimated duration times, my goal was to estimate the time spent in stream
habitats for each species. [ used 2-way ANOV A without replication (Sokal and Rohlf 1969)
to determine if the time spent in the streams differed between species and between years,
with species and year as fixed factors, and mean duration time as the dependant variable.

Literature accounts for time spent in the streams for most species were obtained from
Scott and Crossman (1998). Additional information was obtained for lake chub (Brown et al.

1970), pumpkinseed (Danylchuk and Fox 1996), rock bass (Gross and Nowell 1980), and
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smallmouth bass (Brown et al. 2009). Whenever possible, the exact value cited in the
literature was used. When a range was provided, I used the mid-point of the range.

I compared the mean time spent in the streams of adult-sized individuals from this
study to literature data for each species to determine if the time adult-sized individuals spent
in the streams was related to spawning. The mean time spent in the streams for each
individual in this study was calculated using the procedures described in the previous section.
Rainbow trout were excluded from this comparison because many adults had already arrived
in the streams prior to net placement and were not tagged, and would have likely biased the
results. Also, brook charr were excluded from the analysis because this species spawns in the
fall, and estimates on time spent in the streams from the literature are typically given for the
spawning season. To be included in the analysis, each yearly sample consisted of a minimum
of 10 adult-sized individuals to provide a reasonable estimate of time spent in the streams for
each species and yet to maximize the sample size. The two data sets were then compared by
two-tailed Pearson correlation. Overall, 1121 adult-sized individuals from 9 species were

analysed.

Relative use of stream and lake habitats (step 4)

Telemetry data from the antennae arrays were used to determine a species relative use
of stream and lake habitats. To determine the relative habitat use of species, PIT-tagged
individuals were assigned to one of four categories based on their tracking histories.
Individual fish were categorized as: (1) never detected after tagging (fish with unknown
histories); (2) detected only in their original stream of capture (by either the upstream or

downstream arrays), or recaptured in the nets operated in their original stream of capture and
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tagging (residents); (3) detected by both antennae in the lower array in the correct temporal
order, or detected on only the downstream antenna of the lower array and never detected or
recaptured afterwards (emigrants); and (4) detected or recaptured in another stream (inter-
stream migrants). Categories were then aggregated for each species to identify individuals
that only used the stream habitat (categories 1 and 2) or used both stream and lake habitat
(categories 3 and 4) and then used to estimate the proportion of individuals that used the lake.
Individuals from category 1 were treated as stream residents that did not move far enough to
be detected by the arrays or be recaptured in the nets, or possibly died shortly after tagging.
A study of stream fish combining similar tagging and tracking techniques with electrofishing
surveys and stable isotope analysis determined that individuals with unknown histories were
stream residents (Coppaway 2011). Individuals from categories 3 and 4 were combined
because they likely, and definitely, left the streams for Lake Ontario, respectively. Only
species with a minimum of 10 individuals (total of adult-sized individuals and juveniles)
were ranked for the propensity of a species’ relative use of stream or lake habitat to provide a
reasonable estimate for each species and yet to maximize the sample size. Overall, 4864
individuals from 18 species were used in the analysis.

Literature estimates of habitat use were made using information provided from the
Fish Migration and Passage Knowledgebase (http://fishmap.uoguelph.ca/). Species were
classified as moving between lakes and rivers (i.e. use of lake habitat), moving within rivers
(i.e. use of stream habitat), or as having their movement behaviour described as uncertain
(Mandrak et al. 2003). A species was listed as uncertain when there was no information
provided to indicate the species moved significant distances over its life span. However,

many species classified as uncertain are also thought to be stream resident, but there was
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inadequate data to support this conclusion (Mandrak et al. 2003); nonetheless I treated these
as if they were stream resident for this analysis. These studies were then added to the studies
reporting movement within rivers. Relative use of lake habitat for species in the literature
was calculated as the number of studies reporting movements between lakes and rivers
divided by the sum of all studies.

For my comparison, one species (round goby) was removed because measures of
habitat use from the database are lacking and the species is still invading part of the Great
Lakes and hence not at equilibrium in terms of habitat occurrence. Sea lamprey were also
excluded from the analysis because this species is semelparous with adults dying after
spawning, and results regarding the relative use of lake habitat from this study might not be
comparable with those from the literature. Relative habitat use from this study were then
compared to those estimated from the literature. In addition, four species considered in the
analysis are known to move between lakes and rivers in an “anadromous-like” life cycle (i.e.
lake chub, rainbow smelt, rainbow trout, and white sucker). Therefore I also estimated
habitat use for these species as though all individuals were detected emigrating from the
streams (i.e. 100% use of lake habitat rather than actual values from this study) to test if these
species move more extensively or not. The two measures of habitat use were compared
using two-tailed Pearson correlation. It is important to note that although the calculated
relative use of lake habitat between the two data sets were collected from different sources,
my intention was to compare the relative use of different habitats in this study compared to
the literature. All analyses were done using SPSS v12.0.1, with a critical level of significance

set at 0.05.
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Results

Overall, 15,375 individuals from 37 species were caught during the study, including
5143 females, 3811 males, 2538 adult sized individuals of unknown sex, and 3883 juveniles
(Appendix III). Of these, 4586 individuals from 26 species were PIT tagged, consisting of

1174 females, 1031 males, 827 individuals of unknown sex, and 1554 juveniles.

Water temperature at the time of arrival

Median arrival times of adult-sized individuals for the 18 species analysed was
positively correlated with the mean stream water temperatures in this study (two-tailed
Pearson correlation, » = 0.83, n = 18, p <0.001), with earlier arrival corresponding to lower
stream water temperatures (Figure 1.2a). When only spring spawning species were
considered, there was again a significant positive correlation between median arrival date and
stream water temperatures in this study (two-tailed Pearson correlation, » = 0.75,n =16, p =
0.001).

Stream-water temperatures at arrival in this study were positively correlated with
those cited in the literature for spawning. For the 18 species with a minimum of 10
individuals in each year of the study, mean stream-water temperature at arrival in this study
was highly correlated with values of water temperatures cited in the literature for spawning
(two-tailed Pearson correlation, » = 0.59, n = 18, p = 0.01) (Figure 1.2b). Similarly, when
only spring spawning species were considered, there was again a significant positive
correlation between stream water temperature at arrival in this study and stream water
temperatures cited in the literature for spawning (two-tailed Pearson correlation, » = 0.55, n =

16, p = 0.029). Nonetheless, when examining the slope (0.25) and intercept (12.48) of the
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relationship, the slope differed from 1 (95% CI = 0.07 - 0.42), and the intercept differed from
0(95% CI=9.60 - 15.35). However, because of error in the estimation of the X variable, I
also calculated the slope (0.41) using model II regression (Sokal and Rolff 1969); however,

the resulting slope still differed from 1 (95% CI = 0.23 - 0.59).

Biological reasons for using stream habitats

Many individuals from a variety of species were moving for reasons other than
reproduction. A total of 7547 of 15375 individuals (49.1%) entering the streams were in
spawning condition. When only adult-sized individuals were considered (males, females, and
individuals of unknown gender), 65.8% of individuals entered the streams in spawning
condition, and this number increased to 84.3% when only males and females were
considered. Of the 28 species with at least 10 adult-sized individuals captured, 27 spawn
during the spring, whereas only one species, brook charr, spawn during the fall. Only 2 of the
27 spring spawning species had no individuals in spawning condition, whereas 15 of the 27
had more than 50% in spawning condition (Table 1.1). All individuals of the fall-spawning
species were not in spawning condition (Figure 1.3, Appendix 1V).

Individuals in non-spawning condition (unknown sex, adult-sized immature and
juveniles) represented half of all individuals captured (50.1%) for spring-spawning species.
Juveniles alone made up ~25% of all individuals captured (n = 3909) and the proportion of
individuals in non-spawning condition varied considerably among species. The proportion of
individuals in non-spawning condition was high (64.4 — 96.8%) in rainbow trout, brown
bullhead, round goby, yellow perch, emerald shiner, mottled sculpin, rock bass, and

pumpkinseed, and low (0.80 — 37.9%) for sea lamprey, rainbow smelt, longnose dace,
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northern redbelly dace, bluntnose minnow, common shiner, golden shiner, blacknose dace,
and fathead minnow (Table 1.1).

I also compared the water temperature between the streams and lake because
differences between the two habitats might influence why individuals in non-spawning
condition, particularly juveniles, entered the streams. Water temperature differed
significantly between the streams and the lake (Randomized block by stream, one-way
ANOVA, habitat effect: Fy;, 1937 = 46.12, p = 0.006), with mean water temperatures
consistently higher in the streams (16.72 £SD 2.7°C) than in the lake (12.18 £SD 2.0°C)
(Figure 1.4). On average, all four streams were warmer than the lake: Colborne Creek (mean
difference = 6.3°C); Covert Creek (4.8°C); Grafton Creek (4.2°C); and Salem Creek (3.0°C).

No comparison was possible for Shelter Valley Creek because of a loss of equipment.

Time spent in the tributaries

Mean time that individuals spent in the streams differed significantly among the 12
species analysed (2-way ANOVA, species effect: Fj1, 2= 2.33, p = 0.044). On average,
adult-sized individuals of all species spent 9.3 days in the streams. Durations ranged from 1.3
days for brook charr to 23.0 days for smallmouth bass (Table 1.2). Time spent in the streams
also did not differ significantly among years (2-way ANOVA, year effect: F[» 2= 2.77, p =
0.084).

I also tested if the mean time spent in the streams was related to the median arrival
date of a species, since the estimated length of time an individual could spend in the stream is
likely dependent on the length of time between when an individual was tagged and when the

antennae were removed (henceforth referred to as “time at large”). For the 12 species with at
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least 10 adult-sized individuals, there was no significant correlation between median arrival
date and the mean time spent in the streams (two-tailed Pearson correlation, » =0.12, n =12,
p =0.70), suggesting that the time spent in the stream did not differ between individuals
tagged shortly before the removal of the antennae compared to individuals tagged early in the
season.

Estimated times spent in the streams of adult-sized individuals (rainbow trout and
brook charr were excluded) corresponded reasonably well with estimates provided in the
literature (two-tailed Pearson correlation, » = 0.79, n =9, p = 0.012) (Figure 1.5). Time spent
in the stream was noticeably underestimated in three species; common shiner, brown
bullhead, and pumpkinseed; the latter two species were some of the last to arrive at the
streams. Furthermore, when examining the slope (0.88) and intercept (-1.50) of the
relationship, the slope did not differ from 1 (95% CI=0.27 - 1.5), and the intercept did not
differ from 0 (95% CI =-10.85 - 7.84). However, because of error in the estimation of the X
variable, I also calculated the slope (1.12) using model II regression (Sokal and Rolff 1969).

The resulting slope also did not differ from 1 (95% CI = 0.50 - 1.73).

Relative use of lake and stream habitats

For the 18 species with at least 10 individuals of all age classes (n = 4864), there was
considerable variation in their relative use of lake habitat, as indicated by the differences in
proportion of individuals leaving a stream (categories 3 + 4) versus remaining in the stream
(G-test: G=2354.42,df =17, p <0.001) (Table 1.3; Figure 1.6). Species on the stream-
resident end of the spectrum included creek chub (9.1% using the lake), brook charr (12.3%),

longnose dace (17.0%), brown trout (19.2%), logperch (30.0%), largemouth bass (30.0%),
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and common shiner (31.9%) (Figure 1.6). Species more toward the lake end of the spectrum
included brown bullhead (42.4%), pumpkinseed (43.3%), rock bass (49.6%), yellow perch
(52.6%), and smallmouth bass (75.0%).

The relative use of stream habitat differed significantly in species known to undertake
“anadromous-like” spawning migrations (i.e. moving between lakes and streams) (G-test: G
=866.59, df =5, p <0.001). For example, rainbow smelt (10.5% use of lake habitat), sea
lamprey (32.6%), and rainbow trout (35.5%) were on the stream-resident end of the
continuum, whereas lake chub (73.7%) were detected more often leaving for the lake. White
sucker were observed to use both stream and lake habitat almost equally (47.6%).
Differences between the relative habitat use estimated in this study compared to the expected
based on life-history could possibly indicate that these populations exhibit partial migration.

I compared the relative use of lake habitat in the literature (Table 1.4) to those
reported in this study (i.e. categories 3 + 4). Percent use of lake habitat in my study did not
correlate with that reported in the literature (two-tailed Pearson correlation, » = 0.04, n = 16,
p = 0.89), nor when known "anadromous" species were removed from the analysis (two-
tailed Pearson correlation, » = 0.05, n = 12, p = 0.88) (Table 1.4; Figure 1.7a). However,
when known "anadromous" species were assumed to have 100% use of lake habitat
(excluding sea lamprey), there was a significant positive correlation between the habitat use
in this study compared to that reported in the literature (two-tailed Pearson correlation, » =

0.69 n = 16, p = 0.003) (Figure 1.7b).
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Discussion

My assessment suggests that natural history information from the literature coarsely
captures some of the movement ecology of stream fishes, but is also inadequate in some
respects. Based on the significant correlations, literature data on the timing of arrival at the
streams, water temperature at arrival, and the time spent in the streams were good predictors
of the patterns in my data, whereas the relative use of the lake was not. Furthermore, an
analysis of the stage classes moving revealed a novel finding: in many species juveniles
were also moving into streams. However, when the slope and intercept of the relationship
were analysed against a 1:1 line, time spent in the streams waswell predicted by the literature
data but temperature was not. The results of the model II regression illustrated important
quantitative differences between the two data sets regarding the water temperature at arrival.
While I cannot provide an explanation for all outliers, I can speculate on some. For example,
brook charr spawn in the fall, and hence water temperatures reported in this study are likely
not representative of the spawning temperatures cited in the literature (Figure 1.2b).
Similarly, the movements observed for brown bullhead are not likely for spawning purposes -
this species is known to provide parental care (Scott and Crossman 1998), and yet individuals
were detected leaving significantly earlier than cited in the literature (Figure 1.5). This might
also explain the lower than predicted water temperature at arrival observed for this species
(Figure 1.2b). Finally, adult rainbow trout had likely arrived in the streams prior to net
placement, which could explain the warmer temperatures at arrival than cited in the literature
(Figure 1.2b). As such, fishery managers can use natural history information to gain coarse
insights into the movement ecology of fishes, but should also recognize that this information

remains incomplete in important ways.
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Natural history information from the literature adequately captured some key aspects
regarding the movement ecology of stream fishes. The biological reasons commonly
provided for fish moving into the streams are reproduction, foraging, and seeking refuge
from predators or less hospitable environmental conditions (Northcote 1997; Lucas and
Baras 2001). Comparisons between data from this study and the natural history literature
regarding the timing of arrival, water temperature at arrival, and the time spent in the streams
suggests that adult individuals were likely moving into the streams to reproduce, with a large
proportion of the fish moving into streams in spawning condition. This timing was also
consistent across years, illustrating the seasonal and temporal predictability of these
movements into the streams for these species (Hendry et al. 2004a). The fact that there was
good similarity with the natural history literature regarding these aspects of the movement
ecology of stream fishes has important implications for conservation and management plans,
since these plans are often made based on available existing (historical) data because
comprehensive and rigorous field surveys are often expensive or time consuming (Smith and
Jones 2007). For example, information regarding the timing of arrival to streams has
implications for the timing of construction activities, so as to minimize the impact these
activities might have on stream fish populations, particularly during the spawning run.
Results from this study suggest that in such cases, available natural history information from
the literature regarding the movement behaviour of a species can be used with some
confidence in decisions regarding freshwater stream fishes when recent studies are not
available.

Natural history information from the literature did not adequately capture the use of

stream or lake habitat of species in this study; however this was most likely because of
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differences in sampling design between my study and the literature. Natural history literature
are often compared with current surveys to assess, for example, changes in the biological
community, as well as to identify areas of high endemism and biodiversity, which can
introduce biases and lead to inappropriate management or conservation actions, particularly
when different sampling protocols are used (Smith and Jones 2007). For example,
information on habitat use from the literature is often based on studies reporting the
occurrence of a species (Smith and Jones 2007), whereas data from this study on the relative
use of lake habitat were based on the proportion of individuals leaving the streams for the
lake. The relative use of lake habitat for the sea lamprey provide a perfect example of this
bias, with proportionately more studies citing the use of lake habitat from the literature (0.90)
than from this study (0.33). This is not surprising given that juveniles of this species are
known to leave streams for the lake to grow before returning to the streams to spawn
(literature accounts of occurrence), while adults die shortly after spawning; hence few adult
individuals would be expected to leave the streams (this study) (Beamish 1980). However,
fisheries managers should not dismiss biological information simply because of possible
uncertainties (Peterman 2004), but the limitations and biases of comparing natural history
data to field studies should be made clear, illustrating the need to interpret such comparisons
with caution (Smith and Jones 2007).

The occurrence of juveniles moving into streams suggests that there were also
individuals moving into the streams for reasons other than reproduction. However, most
studies make no reference to juvenile life-stages, limiting the information available regarding
movement and habitat use in the natural history literature. Streams are particularly important

for the juvenile age-classes, as they provide habitats where individuals could maximize
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growth during specific parts of the season, as well as areas where individuals can seek refuge
(Northcote 1997; Lucas and Baras 2001; Salas and Snyder 2010). Foraging and refuge
habitats are often similar in terms of spatial location and habitat characteristics, particularly
in stream fishes (Lucas and Baras 2001). Juveniles could have entered stream habitats to
escape predators in the lake because the lake tends to be predator-rich environment compared
to the small streams (Jepsen et al. 1998; Olsson and Greenberg 2004). The warmer water
temperatures in the streams relative to the lake during spring could also provide a thermal
refuge for juveniles (Power et al. 1999; Torgersen et al. 1999), with juveniles moving back to
the lake later in summer when stream water temperatures increase toward the thermal
tolerance limits of each species (Kishi et. al. 2005). The streams could have also served as
foraging habitats for juvenile fish, either due to the higher productivity of warmer stream
waters compared to the lake in the spring (Mallet et al. 1999; Morin et al. 1999, Kishi et al.
2005; Bal et al. 2011), or as an opportunity by juveniles to feed on the eggs of their own or
other species (Scott and Crossman 1998). Finally, juveniles might move into streams to
acquire information spawning locations and behaviour that they will use later in life (Dodson
1988; Lucas and Baras, 2001). Whatever the reason for juveniles entering the streams, their
presence was apparent in my field study, is rarely mentioned in the natural history accounts,
and could be a topic important to ecological assessments and worthy of additional research.

Movements between lakes and its tributaries may be more common than previously
thought based on the numbers of individuals detected emigrating from the streams in this
study. Traditionally, stream fishes were viewed as exhibiting restricted movement, remaining
in a specific area for a large portion of their lives (Gerking 1959; Gowan et al. 1994;

Smithson and Johnston 1999; Lucas and Baras 2001; Rodriguez 2002). Recent studies,
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however, have suggested that stream fishes move more often and farther than previously
thought (Gowan and Fausch 1996; Lucas and Baras 2001; Rodriguez 2002; Mandrak et al.
2003), and individuals within populations exhibit considerable variability in movement
behaviour (Gowan and Fausch 1996; Young 1996; Hutchings and Gerber 2002).
Furthermore, studies have also identified populations demonstrating partial migration, a
phenomenon commonly observed in salmonids, with individuals adopting migration or
residency as a life-history strategy (Finlay et al. 2002; Morinville and Rasmussen 2003;
Swanson et al. 2010). It is possible that this strategy might also be more common in other
freshwater fishes thought to be stream resident. With advances in tagging and tracking
technologies (i.e. PIT-tags) combined with improved study designs, the opportunity now
exists for future studies to measure the movement behaviour of stream fishes with more
precision, comprehensiveness, and rigour.

Although the natural history data on timing and nature of movements are
representative for larger species, they remain to be assessed for small bodied fishes. Few
field studies have examined the movement behaviour and use of habitat in small-bodied
freshwater fishes (Bruyndoncx et al. 2002; Cookingham and Ruetz 2008; Breen et al. 2009),
with most studies focusing on species with commercial or recreational importance (i.e.
salmonids; Ombredane et al. 1998; Roussel et al. 2000; Zydlewski et al. 2001; Letcher et al.
2002; Sigourney et al. 2005; Bateman and Gresswell 2006). Studies on smaller-bodied fishes
often precludes the use of electronic tags (i.e. PIT-tags), which can adversely affect tagging
mortality in smaller individuals (Roussell et al. 2000), limiting both the types and numbers of
fish that could be followed. Indeed, of all fishes categorized as small-bodied, I was able to

gather information on the habitat use and movement behaviour of only one species, the
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longnose dace (Table 1.4). Improvements in tagging technologies, as well as the recognition
of the importance of smaller-bodied fishes to biodiversity and ecosystem services, could
potentially increase the number and type of fishes that could be tracked, and provide novel
insights regarding the movement behaviour and use of habitat in these smaller-bodied
freshwater fishes (Roussel et al. 2000; Fischer et al. 2001).

Scientists believe that the quality of conservation or recovery plans can be improved
by the addition of more biological information (Abell 2002; Poos et al. 2008). However, the
ability to implement and the success of these plans can be limited if information regarding
life history and movement behaviour is anecdotal, qualitative, or simply unavailable
(Mandrak et al. 2003; Smith and Jones 2007). Despite this, conservation and management
plans are often made based on available existing (historical) data because comprehensive and
rigorous field surveys are often expensive or time consuming (Smith and Jones 2007).
Results from this study suggest that in such cases, available natural history information from
the literature regarding the movement behaviour of a species can be used when recent studies
are not available. However, these data also include limitations and biases due to differences
in sampling protocols, sampling efforts, incomplete sampling, and limited tracking ability of

existing datasets (Smith and Jones 2007).
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Table 1.1: Inferred reasons for movements into the streams based on the proportion of adult-
sized individuals in spawning condition captured in streams for each of 30 species (with a

minimum of 10 total individuals), and the proportion of juveniles for each species.

Proportion of

adult-sized
individuals in
spawning Proportion
Species Total condition Use of streams’  juveniles
banded killifish 17 0.00 non-reproductive 0.00
blacknose dace 1252 0.67 reproductive 0.04
bluntnose minnow 695 0.73 reproductive 0.00
brook charr 116 0.00 non-reproductive 0.20
brook stickleback 354 0.55 reproductive 0.07
brown bullhead 175 0.06 non-reproductive 0.34
brown trout 78 0.00 non-reproductive 0.94
chinook salmon? 230 — non-reproductive 1.00
common shiner 314 0.72 reproductive 0.09
creek chub 1717 0.69 reproductive 0.18
emerald shiner 275 0.18 non-reproductive 0.09
fathead minnow 832 0.64 reproductive 0.03
golden shiner 119 0.68 reproductive 0.05
Johnny darter 216 0.53 reproductive 0.11
lake chub 105 0.45 non-reproductive 0.00
largemouth bass 11 0.10 non-reproductive 0.09
logperch 14 0.85 reproductive 0.07
longnose dace 2030 0.79 reproductive 0.00
mottled sculpin 55 0.27 non-reproductive 0.13
northern redbelly dace 1388 0.77 reproductive 0.01
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pumpkinseed

rainbow smelt

rainbow trout

rock bass

round goby

sea lamprey
smallmouth bass
three-spine stickleback
white sucker

yellow perch

208

30

2141

389

400

490

13

14

1497

179

0.42

0.87

0.65

0.29

0.34

0.99

0.31

0.00

0.64

0.05

non-reproductive
reproductive
reproductive
non-reproductive
non-reproductive
reproductive
non-reproductive
non-reproductive
reproductive

non-reproductive

0.15

0.00

0.95

0.13

0.87

0.00

0.00

0.00

0.35

0.02

Note: 'use of streams for reproduction if > 50% of adult-sized individuals were sexually mature; ’no

adults were captured for this species.
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Table 1.2: Median date of arrival at, departure from, and duration (time spent) in the study streams by adult-sized (males, females, and

individuals of unknown gender) individuals summarized by species and year, in order of median arrival date, as well as the overall

median arrival date, departure date, and duration of all adult-sized individuals and juveniles (juv.) for each species.

Arrival date

Departure date

Duration (days)

Year Overall median Year Overall median Overall mean

Species 2005 2006 2007 Adults Juv. 2005 2006 2007 Adults Juv. Adults Juv.
white sucker 1384 108.5 116.9 121.5 143.7 171.9 128.1 120.0 143.3 170.2 13.3 10.6
rainbow trout 136.4 110.7 1235 121.6 139.5 148.9 120.1 136.0 130.9 150.9 3.4 4.1
emerald shiner 157.0 147.4 140.6 141.8 156.7
sea lamprey 160.2 137.5 154.0 146.7 167.8 141.7 158.0 147.7 25
yellow perch 161.5 1455 161.6 149.7 172.4 178.9 135.9 1457 165.2 8.5
bluntnose minnow 156.7 1524 1494 150.4 142.6
brook charr 153.8 1354 151.6 151.1 153.5 163.2 1344 157.0 156.1 154.2 1.3 0.3
creek chub 149.5 153.6 153.5 152.5 157.6 161.6 158.9 153.8 156.6 10.0
longnose dace 160.6 151.4 1426 153.5 150.1
fathead minnow 139.0 146.4 155.5 153.6 170.5
Johnny darter 153.9 150.4 161.0 154 .4 149.6
common shiner 1555 1554 154.7 155.4 157.4 165.0 168.9 164.9 166.0 7.9
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lake chub

rock bass

northern redbelly dace
brown bullhead
blacknose dace

brook stickleback
pumpkinseed

smallmouth bass*

159.7

160.5

157.6

160.7

155.6

154.4

171.5

152.3

151.4

167.4

150.0

165.4

154.1

167.7

151.0

153.4

154.6

141.5

161.5

172.4

170.6

156.5

157.7

158.5

159.5

160.6

160.6

169.7

131.6

157.6

132.5

156.5

170.6

160.9

1771

164.9

170.7

159.1

1571

186.2

173.7

180.4

157.1

158.4

173.9

160.9

189.3

181.3

160.4

177.9

164.9

177.6

168.6

5.0

20.1

6.2

10.0

23.0

27.0

Note: *Smallmouth bass were not included in the analysis of arrival times because fewer than 10 individuals were captured in each year of the

study, but were included in the analyses of time spent in the streams (duration) because more than 10 individuals were detected leaving the

streams.
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Table 1.3: The movement behaviour of all PIT-tagged individuals (n = 4888) including individuals detected on the antennae in
subsequent years, summarized by species, gender, where they were detected, and the percentage of all individuals detected leaving the
streams. Percentage of fish leaving a stream was calculated only for species with at least 10 individuals. Detection categories were: 1

= never detected after tagging; 2 = detected only in stream of capture; 3 = detected leaving a stream; and 4 = moved to another stream.

Gender
Adult-sized individuals Juveniles
Female Male Unknown
Detection

Species 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 Left stream
blacknose dace 1 1 —
brook charr 1 3 11 66 7 5 4 8 1 12.3%
brown bullhead 1 5 1 47 19 44 4 13 19 18 1 42.4%
brown trout 4 3 17 21 7 19.2%
central stoneroller 1 —
chinook salmon 5 2 1 —
common shiner 1 3 2 2 17 28 15 4 31.9%
creek chub 233 202 31 1 70 120 31 1 9.1%
emerald shiner 1 2 —
golden shiner 2 1 2 —
hornyhead chub 1 —
lake chub 9 5 30 2 2 9 38 73.7%
largemouth bass 1 6 3 30.0%
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logperch
longnose dace
mottled sculpin
northern pike
pumpkinseed
rainbow smelt
rainbow trout
rock bass
round goby

sea lamprey

smallmouth bass

white sucker

yellow perch

14

-~ o o~ &

55

108

Q) = A A

©

30.0%
17.0%

43.3%
10.5%
35.5%
49.6%
20.0%
32.6%
75.0%
47.6%
52.6%

Total

445

469 489 32

36.2%




Table 1.4: The number of studies reporting on the movement behaviour of fishes between lakes and rivers (use of lake habitat),
within rivers only (use of stream habitat), and where movement behaviour was uncertain, the percentage of studies
categorizing movement behaviour as uncertain (% uncertain) (Migration and Passage Knowledge Database; Mandrak et al.
2003), for species with at least 10 individuals in this study, the proportion of literature studies citing the use of lake habitat and

the proportion of individuals detected leaving the streams from this study (Categories 3 + 4).

Movement behaviour

between lakes Lake use Lake use
Common Name and rivers within rivers  Uncertain’ % uncertain (literature)  (this study)
alewife 15 0 0 0 — —
American brook lamprey” 3 2 2 29 — —
banded Kkillifish® 0 0 6 100 — —
blacknose dace” 0 4 3 43 — —
bluntnose minnow* 2 1 4 57 — —
brook stickleback® 1 4 3 38 — —
brook charr 4 5 1 10 0.40 0.13
brown bullhead 3 0 5 63 0.38 0.43
brown trout 3 1 2 33 0.50 0.19
central stoneroller 0 3 3 50 — —
chinook salmon 12 1 1 7 — —
coho salmon 9 0 0 — —
common shiner 0 5 3 38 0.00 0.32
creek chub 1 5 3 33 0.11 0.09
emerald shiner 1 2 3 50 — —
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fantailed darter” 0 4 3 43 — —
fathead minnow* 1 3 5 56 — —
golden shiner’ 3 0 6 67 — —
hornyhead chub 0 1 4 80 — —
Johnny darter 0 2 5 71 — —
lake chub 3 0 2 40 0.60 0.74
largemouth bass 2 0 4 67 0.33 0.30
logperch 0 1 4 80 0.00 0.30
longnose dace” 2 1 3 50 0.33 0.19
mottled sculpin® 0 2 3 60 — —
northern pike 5 0 2 29 — —
northern redbelly dace? 0 0 3 100 — —
pumpkinseed 0 2 6 75 0.00 0.43
rainbow smelt 7 0 0 1.00 0.11
rainbow trout 10 1 1 0.83 0.36
rock bass 1 3 4 50 0.13 0.50
round goby® — — — — na 0.20
sea lamprey 9 1 0 0 0.90 0.33
smallmouth bass 3 5 3 27 0.27 0.75
threespine stickleback3 3 0 2 40 — —
white sucker 11 5 1 6 0.65 0.48
yellow perch 4 1 4 44 0.44 0.53

Note: 'Studies were categorized as uncertain if there was ambiguity regarding the movement behaviour of a species (Mandrak et al.
2003). 2Species categorized as small-bodied, with mean fork length of all individuals < 75mm. *No studies were available for the round

goby in the database.
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Figure 1.1: Map indicating the locations of the study streams and the positions of the first
upstream barrier within each stream (black rectangle). Asterisks (*) represent the
approximate locations where sea lamprey were released (see Chapter 3). Inset map shows

the location of the study area (outlined) in relation to the Laurentian Great Lakes.
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Figure 1.2: Relationship between the mean stream-water temperatures at arrival in this
study (with 95% CI for figure b) and a) median date of arrival of species with a minimum
of 10 individuals in each year of the study (n = 18), and b) mean spawning temperatures
reported in the literature. Solid line represents least squares line. Dashed line represents a
1:1 line. Species are: 1) white sucker; 2) rainbow trout; 3) bluntnose minnow; 4)
common shiner; 5) Johnny darter; 6) brook charr; 7) Northern redbelly dace; 8) lake
chub; 9) sea lamprey; 10) creek chub; 11) brown bullhead; 12) longnose dace; 13)
blacknose dace; 14) yellow perch; 15) fathead minnow; 16) brook stickleback; 17) rock
bass; 18) pumpkinseed.
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Figure 1.3: Proportion of immature adult-sized individuals, summarized by species with a

Proportion of immature individuals
|
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minimum of 10 adult-sized individuals. The dashed line represents an equal proportion
(0.50) of mature and immature individuals. Species are: brook charr (BT), banded
killifish (BKF), three-spine stickleback (3SSB), yellow perch (YP), brown bullhead
(BBH), largemouth bass (LMB), emerald shiner (ES), mottled sculpin (MS), rock bass
(RB), smallmouth bass (SMB), round goby (GOBY), pumpkinseed (PMKS), lake chub
(LC), Johnny darter (JD), brook stickleback (BSTB), white sucker (WS), fathead minnow
(FTM), rainbow trout (RBT), blacknose dace (BND), golden shiner (GS), creek chub
(CC), common shiner (CS), bluntnose minnow (BLNM), northern redbelly dace (NRBD),

longnose dace (LND), logperch (LGP), rainbow smelt (RBS), and sea lamprey (SL).
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Figure 1.4: Daily maximum water temperatures from data loggers in the study streams

(open boxes), and that from Lake Ontario (solid circles) taken at locations close to the

mouths of the study streams, for (a) Covert Creek, (b) Grafton Creek, (c) Colborne Creek,

and (d) Salem Creek.
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Figure 1.5: Relationship between the time spent in the streams reported in the literature
against the time spent in the streams estimated in this study for species (n = 9) with a
minimum of 10 individuals detected leaving the streams (with 95% CI). Solid line
represents least squares line. Dashed line represents a 1:1 line. Species are: 1) sea
lamprey; 2) lake chub; 3) brown bullhead; 4) common shiner; 5)pumpkinseed ; 6) creek

chub; 7) white sucker; 8) rock bass; 9) smallmouth bass.

45



1.00

" | L
< 0.80F
3 e O I |-
O ||
= - B
_E 0.60 u - N |
[T L
[s) J [ S
o
= 0.40
S _
O
Q- 0.20 o 0.003
B moving
0.00 -H 4
ool 032050 B0
w—'>'°:§§m0:wo_|_|8m_umn:0

Species
Figure 1.6: Proportion of PIT-tagged individuals never detected (light grey), detected
only in their original stream of capture (open bar), detected leaving a stream (dark grey),
and detected moving to another stream (black bar), summarized by species with at least
10 individuals. The dashed line represents an equal proportion (0.50) of individuals
detected in the stream only and detected entering the lake. Species are: smallmouth bass
(SMB), lake chub (LC), yellow perch (YP), rock bass (RB), white sucker (WS),
pumpkinseed (PMKS), brown bullhead (BBH), rainbow trout (RBT), sea lamprey (SL),
common shiner (CS), logperch (LP), largemouth bass (LMB), round goby (GOBY),
brown trout (BNT), longnose dace (LND), brook charr (BT), rainbow smelt (RBS), and

creek chub (CC).
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Figure 1.7: Relationship between the proportion of individuals using lake habitat reported
in the literature versus a) the actual values of habitat use reported in this study (n = 17),
and b) assuming anadromous species all left the streams (n = 16; excluding sea lamprey).
Solid line represents a 1:1 line. Species are: 1) creek chub; 2) rainbow smelt; 3) brook
charr; 4) longnose dace; 5) brown trout; 6) largemouth bass; 7) logperch; 8) common
shiner; 9) sea lamprey; 10) rainbow trout; 11) brown bullhead; 12) pumpkinseed; 13)

white sucker; 14) rock bass; 15) yellow perch; 16) lake chub; and 17) smallmouth bass.
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Chapter 2: Patterns and mechanisms of sex-biased arrival of fishes at

spawning sites in Lake Ontario streams

Introduction

Sexual selection can lead to the evolution of conspicuous secondary sexual
characteristics, typically in males of a species (Andersson 1994; Blanckenhorn 2005), but
also in females (Clutton-Brock 2007). Differences between males and females are
commonly exhibited in behaviour, body size, weaponry, and colouration (Andersson
1994; Savalli 2001; Quinn et al. 2001; Fairbairn 2007; Clutton-Brock 2009), but this
sexual dimorphism can also be expressed in the sex-biased timing of arrival at breeding
sites. Sex-biased arrival at breeding areas is observed in many animal taxa, including
mammals (Michener 1983), birds (Meller 1994; Kokko 1999; Mills 2005), insects
(Wedell 1992; Carvalho et al. 1998), amphibians (Semlitsch 1985), and reptiles (Olsson
and Madsen 1996; Olsson et al. 1999), and has been reported in some fishes, mainly
salmonids (Morbey 2000; Seamons et al. 2004; Yamamoto and Edo 2006). Arrival of
males before females at breeding areas (protandry) is the most common form of sex-
biased timing (Morbey and Ydenberg 2001). Arrival of females before males at breeding
sites (protogyny) is less common, but has been observed in some bird species (Morbey
and Ydenberg 2001), and in some fishes, such as Atlantic salmon Sa/mo salar and brown
trout Salmo trutta (Dahl et al. 2004). In terms of effects on reproductive success, these
behavioural differences in arrival can be comparable in magnitude to those associated
with differences in morphology (Dickerson et al. 2002; Dickerson et al. 2005).
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Quantifying the incidence of, and the mechanisms for, the sex-biased timing of
reproductive movements can provide insights into the selection pressures that males and
females face during the mating season (Morbey 2000). Fish are ideal subjects to test
mechanisms proposed to explain the incidence of sex-biased reproductive timing for
several reasons. First, the great variation among species in size, sexual size dimorphism,
timing of reproduction, and mating behaviour (Blanckenhorn 2005; Fairbairn 2007)
allows the testing of multiple hypotheses proposed for sex-