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Abstract

Every year billions of dollars are being spent on rehabilitation activities in hopes
of improving the state of degraded ecosystems. In this thesis, I considered the practical
aspects of acoustic telemetry for studying habitat enhancement and investigated the
effectiveness of habitat enhancement initiatives in Toronto Harbour by comparing fish
habitat use of six species in two enhanced slips to two non-enhanced slips. During spring,
Northern pike were found to spend more time in the enhanced slips compared to the non-
enhanced slips. All other species did not spend significantly different amounts of times
across the slips. When Largemouth bass and Northern pike were experimentally
displaced in the enhanced slips, they left within 29 hours suggesting that the enhanced
habitats did not provide substantial direct benefits to adult fish in this study. Overall,
telemetry studies with good experimental designs are considered valid tools for

management.
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Chapter 1: General Introduction

1.1 Background Information

Wetlands and coastal embayments are vital to the sustainability of many
ecosystem services provided by the Laurentian Great Lakes and offer economic benefits
to more than eight million Canadians and 35 million Americans (GLRC, 2005). Some of
these services include water purification, food production, nutrient cycling, flood
abatement, climate stabilization, coastal protection, and habitat for various fish species
(Holmlund and Hammer 1999; Mayer et al. 2004; Zedler and Kercher 2005). It is
estimated that about 50% of global wetlands have been lost as a result of anthropogenic
activities (Keddy et al. 2009). The remaining 12.8 million km? represents 9% of the
earth’s land area (Zedler and Kercher 2005). The Laurentian Great Lakes contain 17,000
km of coastal habitat (Danz et al. 2007), which is critical to some life stages of 80% of
native fishes (Chow-fraser and Albert 1999) including species at risk (Lapointe et al
2010); however, majority of this habitat is threatened by human development (Niemi et
al. 2007).

One coastal region of the Laurentian Great Lakes that has been subjected to major
habitat alteration associated with urbanization is Toronto, Canada on the western end of
Lake Ontario. Is it estimated that the Toronto Harbour had a historic maximum marsh
area of 1,508 acres (610 ha) from 1789 to 1962 (Whillans 1982). By 1979, nearly 100%
of the area had been lost (Whillans 1982) due to the urban development within the Great
Toronto Area (GTA) which now exceeds a population of five million residents. Due to
such habitat loss and degraded water quality, Toronto Harbour was listed as an area of

concern (AOC) in 1987. Canada and the United States ratified the Great Lakes Water



Quality Agreement in 1987, which required the development of remedial action plans
(RAPs) for each AOC. Various rehabilitation, naturalization, and habitat-creation projects
have been put in place in hopes of restoring and protecting these AOCs and their
corresponding biodiversity (Shields et al. 2003). In Toronto Harbour alone, there is
currently $8 million being spent on rehabilitation activities with an additional $200
million to follow in the next five years with the aim of delisting this AOC by 2020
(http://www.torontorap.ca/).

Toronto Harbour has a long history of development starting in 1801, when it
became a port-of-entry. By 1840, the waterfront was entirely owned by the government
and merchant wharves. A deeper channel was dug in the western part of the harbour
around 1906 to enable larger barges to pass through and six years later the whole harbour
was dredged to a depth of 7.3 m (Wickson 2002). During this early period, in addition to
dredging, up until the 1950s the northern shore of the inner harbour was gradually filled
in with construction waste, such that it is now located 500 m south of its original location.
Further expansion of the port facilities in the Outer Harbour in the late 1950s resulted in
the creation of the Leslie Street Spit and finally, in 1972, the Eastern Gap was dredged
and widened to allow the passage of larger commercial boats (TRCA 2000). In the early
1970s, dredged material was used to create Tommy Thompson Park (TTP) located on the
Leslie Street Spit as an attempt to naturalize portions of Toronto Harbour. This habitat
creation project was developed in order to help compensate for the loss of wetlands (610
ha) that were historically found in the area. This aquatic park projects five km out into
Lake Ontario and covers a total area of approximately 500 ha. Through natural processes

and habitat enhancement projects, TTP is now occupied by various plant and animal



communities (TRCA 2000). Another smaller-scale project aimed at improving the
harbour is the naturalization of the Spadina and Peter slips located in the Inner Harbour
along the city’s waterfront. Aquatic Habitat Toronto (AHT) improved the complexity of
fish habitat in the slips by adding log structures, tree stumps, granular substrate,
fieldstone, boulders, and submerged vegetation; a deck at the north end of the Spadina
slip was also installed to provide shade for fish and provide access to the public. The
Peter slip was also enhanced with various rocky substrates (i.e., gravel, cobble, and
boulders). Although there is not broad literature support for the idea that habitat
enhancement is effective, some studies have demonstrated that the addition of cover or
supplemental structure such as logs can improve the reproductive success of Smallmouth
bass and Largemouth bass (Vogele and Rainwater 1975; Hoff 1991; Hunt and Annett
2002). In fact, habitat complexity provides refuge for prey species (Crowder and Cooper
1982), and thus decreases foraging efficiencies of predators (e.g., Northern pike; Eklov
1997).

There are various tools and approaches that enable researchers to study animal
movements (e.g., mark-recapture approach, passive integrated transponders, radio
telemetry, pop-up satellite archival tags, acoustic telemetry, and aerial surveys). Each
method provides different benefits and can help answer different questions (reviewed in
Lucas and Baras 2000) (reviewed in Lucas and Baras 2000). Some techniques provide
insights on population-level measures (i.e., mark-recapture and aerial surveys) whereas
others focus on the behaviour of individuals (i.e., radio telemetry, satellite tags, and
acoustic telemetry). Traditional methods such as mark-recapture enable the monitoring of

more individuals than more novel methods such as acoustic telemetry due to the costs



associated with these ‘“high-tech” methods. However, acoustic telemetry provides
invaluable information on fine-scale movements of individuals through time whereas
mark-recapture simply provides information on coarse-scale distribution and is biased
against the detection of movement (Gowan and Fausch 1996).

Advances in electronic-tagging technologies provide a novel approach that could
both inform rehabilitation activities and potentially enable better assessment of biological
responses to rehabilitation efforts across a variety of spatial and temporal scales. A recent
review revealed that this technology is underused compared to traditional approaches
(e.g., measurement of abundance, richness, or community composition) to assess such
responses in aquatic systems (Lapointe et al. 2013). Stationary acoustic telemetry arrays
(see Heupel et al. 2006, Cooke et al. 2012) are a potential tool to assess biological
responses to rehabilitation work as they enable the simultaneous monitoring of multiple
individuals of various species on a fine scale or broad scale across all seasons for
extended periods (transmitter batteries can last up to 10 years). For example, acoustic
telemetry can be used to determine whether individuals are using areas more frequently
after they have been rehabilitated. Over the past four decades, 25 studies have used
electronic-tagging techniques to assess the effectiveness of aquatic rehabilitation projects
(see Lapointe et al. 2013 for review). However, most of these studies were unable to
provide conclusive results to determine the success or failure of rehabilitation activities
for a variety of reasons including: small sample size, short tracking duration, no control
habitat, no replications of rehabilitated sites, and no pre-rehabilitation data (Farrugia et
al. 2011). Most evaluations of rehabilitation effectiveness have focused on monitoring

changes in species richness, abundance, or community composition (Ford 1989).



However, it is also important to examine how such habitat management activities
influence organismal health and condition (Cooke and Suski 2008), as well as
understanding the spatial ecology of target animals across seasons (Herrick et al. 2006;
Lindell 2008). Acoustic telemetry is growing rapidly in popularity (Heupel and Webber
2012) such that it will likely be increasingly used to inform habitat management in the
coming years (Lapointe et al. 2013). For example, acoustic telemetry can provide
information on i) whether fish are actually using the enhanced habitat more frequently
than the habitat available before enhancement, ii) which microhabitats are preferred by
tagged fishes, and iii) thermal and depth preferences of tagged fishes in varying areas.

To support the RAP process and inform habitat management activities of the
(Toronto and Region Conservation Authorities) TRCA and their partners, a collaborative
project based around acoustic telemetry technology was initiated. Broadly, the project
objectives are to: 1) provide information on seasonal habitat requirements of different life
stages of key native fishes in coastal embayments, 2) examine habitat partitioning in
space and time between game species and an abundant non-native species, 3) determine
the physical processes that control water circulation in various embayments of Toronto
Harbour, and so estimate the relative importance of thermal exchange, seiche-driven
flows, riverine flushing and wind forcing, 4) understand how fish movements and habitat
selection are affected by limnological factors such as rapid drops in temperature
associated with upwelling events due to variable flushing rates, and 5) assess fish
community responses to multiple habitat rehabilitation activities. It is worth noting that
the project objectives were co-created with partners and thus reflected science needs that

had to be addressed to enable evidence-based habitat management.



Creation of TTP and the habitat-enhancement work in the waterfront slip
contribute to the Toronto Harbour RAP goal of rehabilitating fish and wildlife habitat to
ultimately create a self-sustaining fishery (http://torontorap.ca/). Additional goals include:
eliminating discharges of toxic substances, improving water quality, improving sewage
treatment, and reducing dredging; however, the focus of the Toronto Harbour Acoustic
Telemetry Study is on evaluating the effectiveness of the fish-habitat creation and

remediation efforts.

1.2 Research Objectives

The overall objective of my thesis is to provide insight on how to use telemetry
data to inform habitat management. The Toronto Harbour area of concern was used as a
biotelemetry case study to monitor community-level responses to habitat rehabilitation.
Chapter 2 provides challenges and recommendations of implementing a large-scale
acoustic telemetry study to inform fish-habitat management, serving as a framework for
future aquatic-habitat tracking studies in other locales. Although there have been case
studies on acoustic telemetry applications in other habitats (e.g., tropical coastal marine
environments (Murchie ef al. 2012), large high-flow rivers (Steig and Holbrook 2012),
and estuaries (Whoriskey 2012)), there have not been any focused on freshwater
wetlands, that extend across multiple seasons including winter (i.e., under ice), and
habitat management. As such, this case study addresses an important void in the literature
in that it occurs in an area that has abundant aquatic vegetation, extensive human activity
(i.e., boat traffic) and ice in most winters, all which constrain telemetry study design and

implementation. Chapter 3 assesses fish community responses to habitat enhancement in



the Spadina and Peter slips to validate whether current rehabilitation activities increase
fish habitat use relative to two adjacent slips that have not be enhanced. Understanding
how different species respond to such habitat-enhancement projects is important in

increasing the effectiveness of rehabilitation efforts.



Chapter 2: Tracking Fish to Inform Habitat Management and
Rehabilitation: A Project Implementation Case Study of the Toronto

Harbour Area of Concern

2.1 Abstract

Biotelemetry is now considered a common tool for fisheries research and has
improved our understanding of the spatial ecology and movement of fishes. There are a
number of articles that address specific technical aspects of telemetry studies such as
receiver deployment, range testing, tag attachment, and data analysis; there are also case
studies in various freshwater and marine systems that highlight specific applications.
However, no case studies have focused on open nearshore freshwater areas in temperate
regions that assess multiple species across all seasons, or focused on the specific needs of
habitat management. In this paper, I use the Toronto Harbour Area of Concern to provide
recommendations on the implementation of large-scale acoustic telemetry studies to
inform fisheries and fish-habitat management, serving as a framework for future aquatic-
habitat tracking studies in other locales. Recommendations are made regarding the choice
of species, tagging methodology, receiver configuration, receiver deployment, range
testing, and database management that will enable researchers to overcome the multiple
challenges that may constrain the design and implementation of a telemetry study,
especially in an urban setting. For example, the following issues must be considered in
experimental design: open shallow areas with abundant aquatic vegetation, multiple
species, multiple years, boat traffic, human activity, and ice formation. By sharing my

experiences with other telemetry practitioners, they will be able to make informed



decisions regarding the use of acoustic telemetry for coastal habitat science and

management and rehabilitation.

2.2 Introduction

Over the past few decades there have been many innovations in biotelemetry that
have improved our understanding of the spatial ecology and movement of freshwater and
marine fishes (Lucas and Baras 2000; Cooke and Thorstad 2012; Heupel and Webber
2012; Cooke et al. 2013a). Although biotelemetry used to be regarded as a specialized
and cutting-edge high-tech tool, it is now a common part of the fisheries research toolbox
(Cooke et al. 2012). Nonetheless, there remain many challenges with the effective use of
biotelemetry to address diverse project objectives. There are some technical papers that
address specific aspects of telemetry studies, such as receiver deployment (Domeier
2005), range testing (Kessel et al. 2014), tag attachment/implantation (Bridger and Booth
2003; Cooke et al. 2011) and data analysis (Rogers and White 2007). However, the
diverse range of aquatic ecosystems and research objectives means that a “one size fits
all” approach to telemetry is ineffective. To that end, there are a growing number of case
studies, particularly related to acoustic telemetry, which is now arguably the most popular
form of aquatic telemetry (Cooke and Thorstad 2012; Heupel and Webber 2012), in a
diverse range of systems (e.g., tropical coastal marine environments [Murchie et al.
2012], large high-flow rivers [Steig and Holbrook 2012], and estuaries [Whoriskey
2012]). To date there have not been any case studies focused on open nearshore
freshwater areas in temperate regions (nb. nearshore is here defined as the area beginning

at the shoreline and extending offshore to the deepest depth where the thermocline



intersects with the lakebed; Governments of Canada and USA 2009), especially where
the case study extends across seasons, including winter (i.e., under ice), or focuses on
practical management applications of the results.

The objective of this case study is to provide recommendations on how to
overcome some of the specific challenges found in nearshore temperate freshwater
systems, especially in an urban environment. Challenges addressed include: working in
an open system, sheltered shallow areas with aquatic vegetation, experimental design of
tagging multiple species and tracking them over multiple years, recreational and
commercial boating activity (noise and physical damage), working in a densely-
populated urban centre, and using telemetry in the winter (esp. including under ice)
(Table 2-1). I accomplish this by discussing my approach and providing
recommendations regarding species selection and tagging, receiver configuration and
deployment, range testing, and finally database development. I focus on my experiences
working with a multi-partner study on Toronto Harbour where research objectives were
focused on informing and evaluating habitat rehabilitation activities; a research area for

which biotelemetry is increasingly being applied (Lapointe et al. 2013).

2.3 Background

Wetlands and nearshore freshwater embayments are vital to many ecosystem
services provided by the Laurentian Great Lakes and offer economic benefits to more
than eight million Canadians and 35 million Americans (GLRC 2005). Urban
development within the Greater Toronto Area (GTA) (population exceeding five million

people) has led to a loss of over 600 hectares of wetland habitat (Whillans 1982). Due to
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such habitat loss and degraded water quality, Toronto Harbour was listed as an Area of
Concern (AOC) in 1987 among many other sites in the Great Lakes. Canada and the
United States ratified the Great Lakes Water Quality Agreement in 1987, which required
the development of remedial action plans (RAPs) for each AOC. Various rehabilitation,
naturalization, and habitat-creation projects have been put in place in hopes of restoring
these AOCs and their correspondingly lost biodiversity (Shields et al. 2003). In Toronto
Harbour alone, $8 million is being spent on rehabilitation activities with an additional
$200 million expected to follow in the next five years, all with the aim of delisting this

AOC by 2020 (http://www.torontorap.ca/). One of the RAP goals includes the

rehabilitation and protection of fish and wildlife habitat to support self-sustaining
fisheries. To date, however, rehabilitation efforts in Toronto Harbour have been based on
“experiential and anecdotal evidence” rather than empirical site-specific scientific
evidence of fish-habitat usage (either natural or constructed) and the ensuing potential for

biodiversity and production improvements.

2.4 Site Information

Toronto Harbour (15 km?) is connected to Lake Ontario and is often divided into
the Inner Harbour and the Outer Harbour (Figure 2-1). The Inner Harbour is delineated
by Toronto’s waterfront and the Toronto Islands whereas the Outer Harbour is
surrounded by Islands and Tommy Thompson Park (TTP). The eastern channel joins the
two harbours and both harbours are directly connected to Lake Ontario (via the western
channel and the mouth of the Outer Harbour). TTP, which is located on a man-made

peninsula (previously known as Leslie Street Spit), was created from infill material in the

11


http://www.torontorap.ca/

early 1970s and modified in design in an attempt to naturalize portions of Toronto
Harbour. This aquatic park projects five km out into Lake Ontario and covers a total
surface area of approximately 500 ha with a depth range. To create a more structurally
complex system, the aquatic portions of the park are functionally divided into three cells
and four embayments (TRCA 2000; Figure 2-1). In addition to providing aquatic habitat,
the cells in the park have continued to function as deposition sites for dredged material
from the harbour. Currently, Cell 1 (8.2 ha) and Cell 2 (9.3 ha) have been filled to
capacity, but Cell 3 (32.1 ha) continues to receive such material (TRCA 2000, 2002).
Through natural processes and habitat enhancement projects, TTP is now occupied by
various plant and animal communities (TRCA 2000). Another smaller-scale project
aimed at improving the harbour is the naturalization of the Spadina and Peter slips
located in the Inner Harbour along the city’s waterfront. In 2008, habitat was created in
the Spadina slip by adding log structures, boulders, and submerged vegetation; a deck at
the north end of the slip was also installed to provide shade for fishes and provide
waterfront access to the public (Goodfellow and Goodfellow 2012). The Spadina (5,620
m?) and Peter (7,910 m?) slips are located on the western side of the waterfront near the
Western Channel whereas the Jarvis (11,550 m?) and Parliament (11,270 m?) slips are

located on the eastern side of the waterfront near the mouth of the Don River (Figure 2-

).

2.5 Choice of Species
To date (June 2014), 300 individuals across eight species of fishes have been

tagged with acoustic transmitters. Species were strategically chosen to represent various
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thermal and trophic guilds within the community, as well as native and non-native
species. Northern pike (Esox lucius) were chosen as they are the dominant resident
coolwater piscivores, having an optimum thermal range of 19-25°C (Casselman 1978)
and Largemouth bass (Micropterus salmoides) were selected as the dominant resident
warmwater piscivores, having an optimum thermal range of 27-32°C (Venables et al.
1978). Additionally, these two species were also selected since they are often targets for
recreational fishers (Brownscombe et al. 2014). Common carp (Cyprinus carpio) were
selected as the sole non-native fish for tagging; they are a warmwater species that is
tolerant of poor water quality conditions and are considered benthic omnivores (Jackson
et al. 2010). Walleye (Sander vitreus) are coolwater piscivores with an optimum thermal
range of 11-25°C (Lester et al. 2004). They have been identified as one of the targets for
habitat and species remediation work since historically the Toronto waterfront supported
a commercial Walleye fishery. Yellow perch (Perca flavescens) were included in the
study since they are an important mid-foodweb prey species for many top predators and
Brown bullhead (Ameiurus nebulosus), as benthic omnivores, are frequently used as
indicators of sediment contamination (Pinkney et al. 2001). Finally, starting in the spring
of 2013, Bowfin (Amia calva) and White suckers (Catostomus commersonii) were tagged
as part of a pilot study to widen our community-level understanding and determine both
the response of these species to tagging and some preliminary details on their spatial
behaviour in the harbour. Overall, the bulk of tagging efforts focussed on two
recreationally-important species (Largemouth bass and Northern pike) to help improve
Toronto’s fisheries and on a non-native species (Common carp) to gain a better

understanding of their movements and behaviour so restoration could target habitats for
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native species. This information will be invaluable because we do not want to create
habitats that will encourage this non-native species to outcompete native species.

After analyzing preliminary data from 14 Brown bullhead tagged in 2012, I
noticed that most individuals had limited detections and showed little evidence of
movements within the Inner Harbour (only one individual moved across the Inner
Harbour). The reason for these limited detections is unclear but could be linked to either
procedural (e.g., issues with transintestinal expulsion of transmitters; Summerfelt and
Mosier 1984) or behavioural (e.g., Brown bullhead favour extremely shallow vegetated
areas where they cannot be detected). Regardless of the cause, tagging of Brown bullhead
ceased allowing me to shift resources to other species of interest. In another instance,
after obtaining preliminary results, I opted to only tag Common carp between 400 to 600
mm as individuals larger than 600 mm had a tendency to leave the harbour and not
return. Understanding tag retention or detection limitations in Brown bullhead or
Common carp helped to direct our interpretation of the data and refine our tagging
strategy. However, when the level of tag retention is unclear (e.g., for Bowfin or White
sucker) it can limit the ability to distinguish species’ behaviour from tagging or detection
issues. Ideally, tag-validation studies should be conducted for the more “unique” species
of interest since Cooke ef al. (2011) noted that tagging validations are still rather
uncommon and tend to be focused on gamefish or others of direct commercial
importance.

I therefore recommend integrating pilot studies into the design of a large-scale
acoustic telemetry project. Tagging of a small number of individuals can help limit initial

costs and can also determine which species are worthwhile to tag in greater numbers.
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This type of pilot study can also help determine seasonal residency patterns (e.g., if all
fish depart the study area it may be informative but negate the need for additional
tagging) and species to target for future research. Overall, pilot studies can help
determine the suitability of a species for telemetry by evaluating whether it survives the
procedure, does not shed the transmitter, and does not leave the study area (if important

for the study design).

2.6 Fish tagging

Information from literature on movements and habitat use derived from telemetry
is readily available for all eight target species; particularly, Largemouth bass (e.g.,
Mesing and Wicker 1986; Cooke et al. 2005; Hanson et al. 2007), Northern pike (e.g.,
Cook and Bergersen 1988; Klefoth et al. 2008; Kobler ef al. 2008), Walleye (reviewed in
Landsman et al. 2011), and Common carp (e.g., Johnsen and Hasler 1977; Jones and
Stuart 2007). Less is documented about the remaining four, although some research has
been completed on Yellow perch (e.g., Zamora and Moreno-Amich 2002; Radabaugh et
al. 2010), White suckers (e.g., Kelso 1977; Doherty et al. 2010), Brown bullhead (e.g.,
Kelso 1974; Sakaris et al. 2005), and Bowfin (e.g., Traslavina 2010). Regardless, only
two studies were found that used telemetry to link the movement and behaviour of any of
the eight target species with rehabilitation activities (Largemouth bass, Gent et al. 1995;
Sammons et al. 2003). Additionally, there is a general lack of information on seasonal
variation in movement and habitat use for most species, especially during the winter.

Fish in this study were captured via boat electrofishing, brought to shore for

surgery, and released at their capture location. Many of the species tagged are targeted by
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anglers and therefore could not anesthetised with tricaine methanesulfonate (MS-222),
which is a carcinogen and has a 21-day withdrawal period before the fish is considered
safe for human consumption (Pirhonen and Schreck 2002). Instead, a portable
electroanesthesia system (PES) (Smith-Root, Inc., Vancouver, WA) was used for
sedations before tag-implant surgery (Vandergoot et al. 2011; Trushenski et al. 2012a,b;
Trushenski and Bowker 2012; Table 2-2). Northern pike have been shown to respond
well to electroanesthesia in the short term (e.g. zero mortality 24-hour post surgery)
(Walker et al. 1994). However, preliminary data from the Toronto Harbour study for 18
Northern pike anesthetized using the PES unit in 2011 showed comparatively poor long-
term survivorship (eight out of 18 died within the first month after being released).
Consequently, after 2011, Northern pike were always anesthetized using a 60 ppm clove
oil bath, which improved long-term survivorship (four out of 56 died or had
malfunctioning transmitters within first month). To keep fish anesthetized during
surgeries, a 30 ppm clove oil solution was continuously flooded through their gills.
Surgeries were performed using methods similar to those described by Jepsen et al.
(2002), Cooke et al. (2003), and Wagner et al. (2011). On average, surgeries lasted 4.45
minutes = 1.92 minutes (median = 4.05 minutes). Twelve surgeries surpassed a length of
eight minutes, mainly because novice surgeons performed some of the surgeries under
the supervision of a more experienced surgeon. Although less than ideal, given the
diversity of species being tagged it was not always possible to obtain fish for training
purposes. The lengthier surgeries were also associated with efforts to identify the sex of
the fish. One challenge associated with tagging a variety of species was interspecific

variation in ventral body wall thickness and associated surgical challenges. For example,
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Common carp often have thick musculature that requires a deep incision (sometimes as
much as 3 cm) to reach the coelomic cavity as well as large scales that can quickly dull
scalpel blades. In contrast, the majority of the other target species have thinner
musculature and small scales making surgery more straightforward. Surgeries were also
challenging since some species (e.g., Bowfin) have rarely been the focus of telemetry
studies; however, using a similar approach to tag Bowfin as other fish (e.g., Northern
pike and Largemouth bass) seems to be appropriate with no apparent issues.
Consequently, all incisions were made along the ventral line, with the exception of
Common carp where they were offset from the ventral line because body wall thickness
was thinner off the midline.

I recommend using electroanesthesia for sedations because it allows for a shorter
induction period (three seconds) which results in overall shorter handling times, a
relatively quick recovery from the surgery compared to other sedation methods (e.g.,
two-four minutes), and high survivorship (Vandergoot ef al. 2011). Northern pike should
be sedated with a 60-ppm clove oil bath since they seem to respond poorly to the PES
unit in the long-term. In addition, electroanesthesia and eugenol appear to pose no health
risks to humans (i.e., eugenol in the form of AQUI-S-20-E recently approved by US FDA
for use on food fish without withdrawal; Bowker and Trushenski 2013) who may
consume fish post-sedation. Nonetheless, additional research is needed to optimize
electroanesthesia and evaluate its long-term consequences on fish health and survival. To
improve the ability to assess fish sex, a surgeon should use a borescope to examine the
body cavity instead of a blunt probe and light-emitting diode (LED) flashlight. The

borescope required a smaller incision and was generally more effective. I recommend
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referring to the literature for appropriate surgical approaches (e.g., anesthesia, location of
incision) when performing surgeries on commonly-studied species. Best practices, as
outlined in Thiem et al. (2011) or Cooke et al. (2013b), should be followed to ensure

optimal recovery and to limit any potential influences on the behaviour of the species.

2.7 Receiver Configuration & Fine-Scale Positioning

Previous telemetry studies have used large-scale acoustic arrays to evaluate fish
movements, residency, home ranges, habitat utilization, habitat selection, site fidelity,
diurnal movements, and diel activity (Heithaus et al. 2002; Lowe et al. 2003; Meyer et al.
2007). Some key considerations from these previous studies in terms of array design
include using curtains at transition points (e.g., channels through which fish could depart
the system) and over-lapping grids to increase detection probability. There are two
different types of array deployments geared towards collecting either presence/absence
data obtained by a single receiver or fine-scale positioning data (i.e. 1-m accuracy)
obtained by three of more receivers in close proximity. A hyperbolic positioning array
(HPA; Niezgoda et al. 2002) is a novel tool that allows researchers to continuously
examine fine-scale movements and microhabitat use by fish. This technology is
increasing in popularity and allows for finer-scale evaluation of residency, habitat use,
home ranges, site fidelity, and behavioural patterns (Espinoza et al. 2011b,a; Baktoft et
al. 2012; Dean et al. 2014).

While initially an over-lapping grid design was planned for the entirety of
Toronto Harbour, the cost associated with this type of deployment as well as limitations

due to shipping channels required a new approach. As such, receivers were strategically
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positioned throughout the harbour to monitor key areas of interest (e.g., cells and
embayments in TTP, Toronto Islands, and rehabilitated areas) as well as key movement
corridors between the areas (Figure 2-1). For example, receivers were deployed at
transition points covering the two connections between the harbours and Lake Ontario
(Western Channel and Outer Harbour Channel) as well as the connecting channel
between the Inner and Outer Harbours (Eastern Channel) thus enabling us to determine
residency within the different major sections of Toronto Harbour as a whole. At all
transition points, receivers were deployed in pairs to determine movement direction
(Heupel et al. 2006). Receivers were also deployed in areas that were presumed to be
overwintering aggregation sites for key species (e.g., Largemouth bass) to collect sensor
data (e.g., temperature and pressure) from a subset of the transmitters. The telemetry
array for the current project has not been static; some receivers were added while others
were removed based on an adaptive learning process and shifting project objectives, as
well as the acquisition of funds to purchase additional telemetry infrastructure. Because
fine-scale behaviour was also of interest in small habitat creation projects, receivers were
deployed in a manner that provided the opportunity to use hyperbolic navigation to
position fish in two dimensions. When identifying candidate sites for HPA deployments,
I used both data collected from the larger array to identify highly used habitats (e.g.,
embayments) as well as input from resource managers (e.g., slips were identified as areas
of restoration interest). Fine-scale positioning was ideally suited for work in the slips
given the complex rehabilitation plans of the Spadina and Peter slips as well as the
constrained nature of the slips themselves (i.e., only one entrance/exit); consequently

HPA arrays were established in four slips to test hypotheses about their habitat structure
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and general usage (see Chapter 3). An HPA was also originally setup in Embayment D
but had to be moved to Embayment C due to poor detection of the synctags as a result of
interference from vegetation. HPAs require a high level of detection to function
adequately. Thus, it is important to consider factors that affect detectability when setting
up an HPA (e.g., abundant vegetation, code collisions, ambient noise).

Based on my experience with the development of the Toronto Harbour receiver
array, it is important to be aware of boat traffic, public access, and ice formation patterns
when designing the configuration of an array. I recommend consulting with the local port
authorities regarding placement of receivers in areas that are considered navigable waters
— indeed, it may be a legal requirement to do so. Although several areas in our study had
deployment restrictions (e.g., shipping channels), in most cases deployments simply had
to be modified such that they did not extend to within 3-m of the surface. I recommend
doing a short pilot study to determine key hot spots and confirm residency of fish within
the system. Locations of receivers can then be moved to improve the design of the array.
However, an ever-changing array is not ideal since it will limit the ability to compare fish
positions among years. Therefore, it is best to identify optimal array design as quickly as
possible and then leave receiver locations as is for the duration of the study or until
project objectives change. When designing an HPA, it is important to consider local boat
traffic and the dynamic nature of aquatic vegetation. As such, I recommend conducting
range testing (see range testing section below) during the summer months when boat
traffic is at its highest and aquatic macrophytes are at their densest. Arrays surrounded by
concrete walls can experience positioning issues as a result of echoes, therefore selection

of appropriately sized synctags and transmitters are important to ensure proper array
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functioning. In addition, it is important to limit the number of fish tagged in the array
since it will decrease the detection probability of each fish due to code collisions. Also,
there are a variety of tools available to assist with selection of optimal delay periods
between transmissions to minimize likelihood of overlap (Dale Webber, Vemco, Personal

Communication).

2.8 Receiver Deployments and Retrievals

Although there are several papers that summarize various deployment methods
(Domeier 2005; Titzler et al. 2010), none are specific to freshwater systems where soft
substrates and winter surface ice occur. A variety of station designs were required to
overcome Toronto Harbour’s particular challenges (e.g., public access, boat traffic, wave
action, ice cover, active dredging and deposition). Receivers located near shore in
relatively shallow waters can be stationed with a sandbag, a half sewer grate, or a large
cement block (i.e., methods 1-3, Table 2-3). All of these stations are positioned on the
bottom and can be tethered to shore with aircraft cable (high-tensile steel cable that is
coated to reduce corrosion). During the early stages of the Toronto Harbour project, I
discovered that sandbags tended to disintegrate through time resulting in potential
receiver loss. The half sewer grates were too heavy for the average person to lift by hand
requiring deployment and retrieval using a winch and in general making them impractical
for large-scale deployment. These challenges necessitated the design of 60 cm x 60 cm x
10 cm cement block stations (based on a design developed by Christopher Vandergoot,
Ohio DNR) embedded with polyvinyl chloride (PVC) pipes to contain the receivers

(Figure 2-2a). These stations did not disintegrate, were light enough to be lifted by a

21



single person from a small vessel, yet heavy enough (30 kg) that they discouraged
tampering and could not be moved by currents. The design of these stations reduced the
likelihood of receiver loss since they were secured to the imbedded PVC pipe with bolts
as opposed to being tied to a sandbag or half sewer grate with a rope (these can be cut by
propellers or abraded against surrounding objects by waves as occurred with one of my
receivers). Receivers located offshore in relatively shallow waters (<10 m) can be
attached to a mooring buoy or stationed with a cement block that has a float attached.
Stations attached to mooring buoys were located right below the surface with the
hydrophone on the receiver facing downwards whereas stations attached to cement
blocks with an attached float were positioned upward facing on the bottom. Neither of
these station types were tethered to shore but were still within the public’s reach. Floats
attached to cement stations needed to be shallow enough so that they could be accessible
to the research team, but deep enough to avoid getting caught in boat propellers or ice in
the winter months (recommended depth of 1-m below surface). Both station types were
light enough to be lifted by hand, which was useful for shallow areas where a larger boat
with a mechanical winch cannot reach. However, these stations could be susceptible to
theft and tampering because of their accessibility. Finally, receivers located offshore in
deeper waters (>10 m) were stationed with two sewer grates that were connected with
rope along lake bottom (i.e., they must be retrieved using a grapple). These stations were
positioned on the bottom and were not tethered to shore. Stations weighed ~60 kg to
ensure that they were not dislodged by strong currents. All of these aspects made it nearly
impossible for members of the public to tamper with my stations. However, retrievals

tended to be more technically challenging and time-consuming.
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Finding and retrieving receiver stations can be challenging, making the collection
of accurate GPS coordinates at the deployment location as well as the on-shore location
where the station is secured critical. On-shore anchor points are very helpful and I
recommend using them where possible (typically cannot be used in offshore locations or
areas with high boat traffic) since they allow for easy retrieval of submerged equipment
without the need for grappling. One important caveat of on-shore anchor points is that if
seen, they may be tampered with or damaged. I therefore also recommend that
consideration be given to the ease of public accessibility to the anchor-point locations;
these areas should be hidden if possible either at or below the waterline. If the anchor
points cannot be made discrete, the use of coated aircraft cable can make it difficult for
curious individuals to lift the station since the line is too slippery (and heavy at ~30 kg) to
pull by hand without gloves. When on-shore anchor points are not possible, stations can
be retrieved by grappling the connecting rope and lifting the anchors using a davit and
winch. The boat with the winch needs to be sufficiently large and stable to enable
retrieval without listing and to be able to safely handle one or more heavy anchors once
onboard. Despite my efforts to prevent receiver loss, abrasion and suspected vandalism
resulted in the severing of some anchor-point cables. Fortunately, most of the lost
receivers were retrieved with assistance from police SCUBA divers, who incorporated
retrievals into their training program. By following these suggestions, I was able to
retrieve all but two of my receivers throughout the entire project (i.e., Station 53 in Lake
Ontario & Station 6b in Embayment D). Other researchers have used the acoustic release
method which eliminates the need for surface buoys, cable bridle, and anchor taglines

(Titzler et al. 2010). This method was not employed for my study due to the large

23



quantity of macrophytes throughout the harbour that may have impaired function of
acoustic releases. Fortunately, my team had the equipment and skills required to retrieve
receivers manually.

Although receiver batteries for the units I deployed should last for ~15 months, I
opted to download receivers at more frequent intervals (i.e., twice per year; spring and
fall) and changed receiver batteries every 12 months to ensure continuous functionality.
Thus, if a receiver went missing or malfunctioned, only data from the previous six
months would be lost. Frequent retrievals also enabled me to both ensure that receiver
locations had not changed and clean the receivers of fouling (e.g., algae, silt, and
Dreissenid spp) (Figure 2-2b), which can reduce detection range (reviewed in Kessel et
al. 2014). 1 did not treat the receivers with anti-fouling material and there was little
evidence at 6-month intervals that biofouling was sufficient to affect hydrophone
performance unlike many marine deployments (see Heupel et al. 2008). During
retrievals I was also able to replace any rusted or corroded bolts, cables, or clamps to help
prevent the loss of any stations in the future. Having access to more frequently collected
data was an added benefit in that it enabled me to start analyzing the data earlier. This
earlier access allowed me to quickly evaluate post-tagging survival of individual fish
(e.g., if there was no evidence of movements or changes in depth from the tag then fish
may have not survived or the tag was expelled) and adapt tagging procedures as needed
or change tagging strategies as discussed previously for Brown bullhead and Common
carp. In addition to providing information on individuals, frequent downloads were also
helpful in refining the array design by identifying receivers that may not be situated for

optimal detections and, in the case of 2-D positioning arrays, refining their placement to
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improve positional accuracy. Finally, given the collaborative nature of many large-scale
telemetry projects, early access to data allowed me to share preliminary findings with
partners and incorporate their feedback into my future array design and tagging
strategies.

Overall, receivers should be deployed using appropriate methods depending on
the surrounding habitat type, proximity to shore, local limiting factors, and depth of water
column. In general, when selecting anchor types, it is important to balance the
requirement for stations to remain stationary (e.g., sufficient mass to not be moved by
currents or tampering) but to remain accessible (e.g., not so heavy they cannot be easily
lifted for retrieval). In high boat-traffic areas and areas subject to ice cover, it is important
to limit the height of the receiver and any associated floats. By working with a local
partner (such as TRCA or Toronto Port Authority), it should be possible to fine-tune the
positioning of receivers by determining areas of high traffic that should be avoided as
well as appropriate depths wherein to deploy the receivers to avoid entanglement. When
appropriate, stations should be affixed to shore with aircraft cable to facilitate station
retrievals. Anchor points should be well hidden from the public to reduce chances of
tampering. Lastly, receivers should be retrieved every six months to ensure continuous
functionality, to minimize data loss, to ensure receiver locations have not changed, and to

clean the receivers of any fouling.

2.9 Range Testing
Range testing in HPAs and open systems is essential for determining the detection

range of a telemetry system (which varies widely) and should be performed to both
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inform array geometry and data analysis (Kessel et al. 2014). By doing so, researchers
can avoid making false assumptions about their data (Payne et al. 2010). Horizontal
position errors can be determined for HPAs by comparing the known location of a range-
test tag to its location obtained through the HPA algorithm (Smith 2013). HPAs with high
positioning error can be repositioned or array resolution increased to improve local
accuracy.

Preliminary range testing performed in the Toronto waterfront slips demonstrated
that V16-5H (165 dB) synctags often created code collisions between transmitters which
reduced the performance of the system because they were too “loud”. To reduce code
collisions, V16-5H synctags were replaced with less powerful V13-1L (147 dB) synctags
in November 2012. Further range testing demonstrated that some receivers (i.e., Spadina
3) within an HPA had lower detection efficiencies than others (Figure 2-3). Although the
probability of a receiver detecting a range-test tag was variable among receivers, it was
generally greater than 80%. In addition, range testing near the Outer Harbour channel
demonstrated that the probability of detecting a range-test tag decreased with distance,
dropping below 0.7 at approximately 400 m (Figure 2-4). However, some range-test tags
had a probability of detection of 0.8 at ~1,000 m. This variability in detection probability
is likely the result of the position of the range-test tag in the water column and its
surrounding environment (e.g., dense macrophytes, deep grooves in surrounding
structures) and further emphasizes the importance of testing the detection ranges for each
receiver from multiple directions and depths (Kessel ef al. 2014).

Although range testing can be tedious, it is absolutely necessary and should be

done at the beginning of the project. When conducting range testing, it is important to
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cover various types of habitats (e.g., densely vegetated, different substrate types,
submerged structures like logs, deep grooves in the substrate) in different environmental
conditions (e.g., rain, high winds, various water temperatures, ice cover) to calculate the
maximum and minimum detection probabilities as these environmental factors can affect
signal detections (Gjelland and Hedger 2013). Range testing should also be conducted
during summer months when boating and shipping activity are at their highest because
environmental noise can create code collisions and reduce signal detections. Although
range testing is crucial in HPAs, it is also important to perform range tests for open
system arrays since receivers in different locations will have different detection ranges.
Ideally, range tests and receiver performance would be evaluated continuously across

seasons and habitat types (Figure 2-5).

2.10 Database Management

One of the biggest challenges in working with telemetry data is managing large
datasets that can include millions of individual fish detections. The lack of user-friendly
tools for the management of large and complex datasets limits the usefulness of data that
is acquired from telemetry despite the high costs of acquisition (Coyne and Godley
2005). Some commonly used software have limitations that preclude their use for
manipulating telemetry data (e.g., Microsoft Office Excel 2007-2013 limited to 1,048,576
rows and 16,384 columns of data). Some software is available directly from the receiver
developers (e.g., VUE produced by VEMCO-Amirix, Bedford, NS); however, this type
of software currently has limited functions for manipulating and analyzing data beyond

simple filtering, visualization, and exporting. Common database management software
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can be used for large numbers of detections (e.g., SQL, Microsoft Access, Oracle) and
telemetry-specific tools are being developed (e.g., Ocean Tracking Network Sandbox). In
addition to handling large amounts of data from telemetry projects, databases also need to
be able to filter incoming data to remove erroneous detections or non-fish detections
(e.g., synctags or range-testing tags). Erroneous detections can occur in acoustic studies
when the signals from two or more transmitters combine and mimic the signal of another
transmitter (i.e., code collisions). It can be challenging to identify these types of incorrect
detections since they may appear to be detections of actual fish and initially my approach
was to vet them manually.

To speed-up the process of data vetting, a database and filtering system was
developed in Microsoft Access that can iteratively search through the database and flag
potential erroneous detections using the last known location for each tagged fish. By
identifying consecutive receivers where a fish could be detected following detection at
any given station, erroneous detections where a fish may appear to move large distances
in an impossibly short time-frame can be removed. In addition, a filter was created to
remove multiple receiver detections from a single tag ping (i.e. only the first detection of
that ping is kept since it likely is the closest station). Unlike the previously described
erroneous detections, these multi-detected pings can be used for other forms of analysis
(e.g., centre of activity; Simpfendorfer et al. 2002), this filtering step therefore resulted in
the creation of two databases, one with only the first detections and one containing
multiple detections. The main utility of this type of tool is that once data have been
filtered, data export is faster. A properly designed database management system allows

queries by species, individual transmitter, receiver, a date range, or some combination of
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these factors. Breaking up the millions of records into more manageable components
allows for easier analysis and it can enable users to rapidly respond to requests for results
from project partners. For example, from the database for the Toronto Harbour project, I
was able to quickly generate a summary of seasonal use of Cell 2, an area of
rehabilitation priority, for all tagged fish species that included: timing of use, as well as
depth and water temperature selection within the Cell. From this summary it became
apparent that several species (e.g., Largemouth bass and Walleye) were using Cell 2 as
overwintering habitat, particularly some of the deeper portions of the cell (10 m). As a
result further rehabilitation plans to increase the complexity of Cell 2 to avoid cold water
inundations were re-designed to provide deep-water habitat as well as the nearshore
habitat features originally planned.

I recommend that telemetry data users select or create software that can manage
large databases (including multiple species and seasons) quickly. Key features of the
database should include filtering and exporting components. Additionally, it is important
to include quality assurance and quality controls for data verification to eliminate

potential errors.

2.11 Conclusions

Toronto Harbour poses various challenges for telemetry studies (e.g., open
system, abundant coastal aquatic vegetation, multiple species tagged, multiple years, boat
activity, human activity, ice cover). Based on my experience and using this as a case
study, I provided recommendations to overcome such challenges that could be present in

various other nearshore systems. After determining clear study objectives, the first step in
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developing a large-scale telemetry project is understanding the site and identifying key
challenges associated with the environment and the study design required to address the
objectives. Pilot studies should then be conducted to develop a preliminary understanding
of the behaviour of your target species and their physical responses to tag implantations.
This information will help you determine if certain species are well-suited for telemetry
in your system, especially if documented information is lacking. Electroanesthesia
appears to be an ideal method for sedation for tag implantation because it allows for
immediate inductions, quick recoveries, high survivorships, and does not pose any health
risks to anglers if fish are consumed post surgeries. However, it may not work for all
species and additional experimentation is needed across a broad range of species to
determine best practices. Appropriate tagging procedures should be selected based on
species by referring to the literature (e.g., location of incision). As usual, best handling
and surgical practices must be followed to ensure optimal recovery of individuals which
will reduce any potential influences on their behaviour. To improve the ability to assign
fish sex, surgeons should use a borescope instead of a blunt probe and LED flashlight.
Before the beginning of receiver deployments, I recommend consulting with relevant
authorities (e.g., coast guards, harbor masters, local resource managers) to familiarize
yourself with deployment restrictions in your system (e.g., shipping channels, restricted
zones). Locations of receivers can then be moved to improve the design of your array but
should be kept constant afterwards to enable comparisons of fish movements across
years. When designing an HPA, it is important to consider factors that will affect signal
detections (e.g., dense macrophytes, boat traffic) and code collisions (e.g., synctag echoes

from concrete walls, signals from other tagged fish). Receivers should be deployed using
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appropriate station types depending on the surrounding habitat type, proximity to shore,
and depth of water. Stations must be sufficiently heavy so they remain stationary and are
not subject to tampering, but must also be light enough so that they can be retrieved by
researchers. In areas of high boat activity, it is important to limit the height of the receiver
and its associated float. When appropriate, stations should be tethered to shore
inconspicuously with aircraft cable to facilitate station retrievals and avoid grappling for
submerged equipment or costly diving expenses. Receivers should be retrieved at least
every six months to ensure continuous functionality, to ensure station locations have not
changed, and to clean receivers of fouling. Range testing in HPAs and open systems
should be performed at the beginning of the project in various types of habitats and
environmental conditions to help improve the accuracy of your HPA, to determine the
detection range of different receivers, and ultimately to avoid making false assumptions
about your data. Finally, I recommend using a database that will remove erroneous
detections, allow you to filter your data for easier analyses, and most importantly enable
you to quickly generate summaries to share with stakeholders.

So far, few studies have used acoustic telemetry to assess the effectiveness of
rehabilitation projects. In addition, only a subset of those studies had an appropriate
experimental design (Lapointe et al. 2013). Telemetry studies with appropriate
experimental designs can help stakeholders make informed decisions about habitat
management and test some assumptions that are commonplace but unverified. I am
hoping that my study in Toronto Harbour will identify preferred fish habitats across
seasons including spawning sites associated with habitat selection. This knowledge will

assist the development and enhancement of habitat that benefits local fish populations.
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By following my recommendations, habitat managers can use acoustic telemetry data in
addition to suite of typical information to achieve their habitat creation and rehabilitation

goals and improve the prioritization of those activities.
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2.12 Tables

Table 2-1 Challenges associated with acoustic telemetry studies in nearshore temperate
freshwater systems such as Toronto Harbour, Lake Ontario, ON, CAN.

Challenges

Recommendations

Open system

Multiple species

Multiple years

Boat activity

Human activity

Abundant vegetation

Winter

- Tagged individuals may
leave the array and not return

- Tagging procedures can
differ among species
- Increases size of dataset

- Increases size of dataset

- Increases difficulty of data
analysis if receiver
configuration changes through
time

- Noise can decrease detection
range

- Propellers can damage
equipment

- Theft and tampering of
equipment

- Anglers may catch tagged
fish

- Decreases detection range

- Ice formation can damage
equipment
- Restricts access to stations

- Perform pilot study to
determine which species and
which size classes are more
likely to remain in your array if
residency is important

- Review literature to
determine best practices for
each species and surgeries
should be performed by an
experienced surgeon

- Develop a database capable
of dealing with large datasets
- Develop a database capable
of dealing with large datasets
- Revise receiver configuration
after pilot study and keep
stations in same place for
remainder of study

- Perform range testing during
summer months when boat
activity is high. Add more
receivers if detection is low.

- Ensure stations are at least 2
m below the surface

- Ensure that stations are
inconspicuous

- Attach external floy tags to
fish to promote catch and
release

- Perform range testing during
summer months to determine
the area’s detection range. Add
more receivers if detection is
low.

- Ensure that equipment is
below ice cover

- Retrieve receivers during the
fall and spring
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Table 2-2 Details of fish sedations using a portable electroanesthesia system (PES)
(Smith-Root, Inc., Vancouver, WA). Electrode positions were determined based on the
size of the fish (efforts were made to reduce the distance between electrodes for each

individual).
Species Voltage (V) Frequency Duty cycle Shock time Electrode
(Hz) (%) (sec) position (cm)
Largemouth 75,90 or 100 60, 90 or 100 25 3,90r12 16 — 54
bass
Common carp 90 or 100 90 or 100 25 3 34 -86
Walleye 75,90 or 100 60, 90 or 100 25 3or6 42 - 71
Yellow perch 100 or 240 90 25 3 15-28
Bowfin 90 100 25 3 56 -74
White sucker 80 or 90 100 25 3 40 - 57
Northern pike 75 60 25 6,9, or12 52-97
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Table 2-3 Pros and cons of various acoustic receiver station models.

Sand bag Half sewer Cement Hanging Cement Two sewer
with float grate with block with off float block with grates
float PVC pipe float
Materials Sandbag, Half sewer Cement Rope, float Cement 2 sewer
needed rope, float, grate, rope,  block, PVC block, PVC  grates, rope
aircraft float, aircraft pipe, pipe, rope,
cable cable aircraft float,
cable, aircraft
cable
Nearshore vs Near Near Near Offshore Offshore Offshore
offshore
Tied to shore? Yes Yes Yes No No No
Substrate vs Substrate Substrate Substrate Surface Substrate Substrate
surface
Accessible to Yes Yes Yes Yes Yes No
public
Lightweight Yes No Yes Yes Yes No
Difficulty of Easy Intermediate Easy Easy Difficult Difficult
retrieval
Chances of Possible Possible Unlikely Possible Unlikely Possible
loosing
receiver
Suction to No No Yes No Yes No
bottom
Recommended No No Yes No Yes Yes

35



2.13 Figures
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Figure 2-1 Map of acoustic telemetry study in Toronto Harbour from 2010-2014.
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Figure 2-2 a) Custom-built cement station with embedded polyvinyl chloride PVC pipe
and b) station covered with biofouling.
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Figure 2-3 Probability of five receivers located in the Spadina slip to detect two V13-1x
range-test tags (Vemco, 7 second delay) positioned at 10 nearby locations (5 bottom and
5 subsurface) for 10 minutes each. Each box on the figure represents the probability of
detection of 10 different range-test tag locations from September 11, 2012. Each range-
test tag emitted approximately 595 signals during each 10-minute period.
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Figure 2-4 Probability of eight receivers located at the Outer Harbour channel to detect a
V13-1x range-test tag (Vemco, 7 second delay) positioned at eight nearby locations for
30 minutes each. Each point on the figure represents the proportion of converted signals
on a receiver (i.e., 8 range-test tag locations x 8 receivers). Data were obtained on
October 25, 2011. The range-test tag emitted approximately 257 signals during each 30-
minute period.
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Figure 2-5 Probability of a receiver located in Spadina slip (i.e., Spadina 1) to detect a
stationary V13-1x synctag (Vemco, 500-700 second delay) from November 12, 2012 to
November 13, 2013. Each box represents the average daily number of synctag detections
for a particular month. The expected maximum number of synctag transmissions per day
is 144. Outliers represent days where receivers were pulled out of the water for data
downloads.

40



Chapter 3: Spatial ecology of adult fish relative to habitat enhancement
activities in an urban freshwater harbour: a multi-species acoustic

telemetry study

3.1 Abstract

Freshwater ecosystems have been subject to various habitat rehabilitation projects
in an attempt to address widespread habitat degradation. In Toronto Harbour, Ontario,
habitat managers enhanced fish habitat in two waterfront boat slips (Spadina and Peter
Slips) by increasing habitat complexity through the addition of aquatic vegetation, logs,
gravel, and overhead cover. The main objective of this study was to determine if fish
were using the enhanced habitat within Spadina and Peter more often than the non-
enhanced habitats in the adjacent Jarvis and Parliament slips, which were comparatively
devoid of complex habitat. Meso-scale habitat use of adult Largemouth bass, Northern
pike, Common carp, Walleye, Brown bullhead, and Yellow perch were tracked with
acoustic telemetry. Mean time per slip visit and mean total time spent within each slip
were compared among slips across four seasons. Northern pike spent significantly more
time per slip visit in Spadina compared to Jarvis and Parliament and spent significantly
more time in total in Spadina and Peter compared to Jarvis and Parliament during spring.
There is no evidence to support that Largemouth bass, Common carp, Walleye, Brown
bullhead, or Yellow perch spent different amounts of time per slip visit or different
amounts of time in total across the four slips during all seasons. Some Largemouth bass
and Northern pike were displaced from their capture location and released into the two
enhanced slips. This experiment revealed that at least in the short term (i.e., several

weeks post displacement), the displaced fish did use habitats that had been enhanced but
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eventually the fish left the slips. Overall, there was limited evidence to support the idea
that the habitat enhancement work in Spadina and Peter increased habitat use of adult fish
tagged in this study. However, it is possible that the enhanced habitat in Spadina and
Peter provided suitable spawning habitat for Northern pike. Moreover, while not
documented in the present study, there might have been indirect benefits (e.g., habitat use
by juveniles, food production) and general improvements in habitat quality such that

from a population perspective, the habitat enhancement might have been successful.

3.2 Introduction

Humans are a dominant force on Earth causing losses of habitat and alterations to
most ecosystems (Vitousek et al. 1997). Although the human population continues to
grow, there are increasing efforts to protect sensitive habitats (Hoekstra et al. 2005) and,
when systems are degraded, various forms of ecological restoration (including
enhancement, creation, rehabilitation, reclamation and true restoration; see Jackson et al.
1995; herein called "rehabilitation") are undertaken to move the system back towards a
more desired state (Hobbs and Harris 2001; Benayas et al. 2009). Given that globally
billions of dollars are spent annually on habitat rehabilitation activities, it is prudent to
ensure that these resources are being used wisely and that rehabilitation efforts are
meeting project objectives (Miller and Hobbs 2007). A recent meta-analysis (Benayas et
al. 2009) of ecological restoration projects across a variety of biomes and ecosystem
types revealed that ecological restoration increased biodiversity and the provision of
ecosystem services by 44 and 25%, respectively. Interestingly, aquatic systems were

inconsistent in their response between tropical and temperate systems with only
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biodiversity in temperate regions experiencing a significant increase associated with
ecological restoration (Benayas et al. 2009).

Globally, freshwater fauna are disproportionately imperiled (Ritcher et al. 1997)
and freshwater ecosystems among the most degraded (Dudgeon et al. 2006) so it is not
surprising that they have been subject to much ecological rehabilitation — especially
physical habitat alteration such as the placement of physical structures (e.g., logs or
gravel beds). Many studies have examined the success of lotic physical habitat
rehabilitation projects (both on small streams and larger rivers) on fish populations
(typically salmonids; reviewed in Kondolf and Micheli 1995; Roni et al. 2002), but
comparatively little is known about physical habitat rehabilitation success in lentic
ecosystems (e.g., lakes, reservoirs, and wetlands; reviwed in Smokorowski and Pratt
2007).

Evaluating the success of rehabilitation activities is not a simple task and requires
careful thought regarding experimental design and selection of relevant endpoints
(Michener 1997). In recent years, electronic-tagging tools (e.g., radio telemetry, acoustic
telemetry) have been increasingly used to monitor fish movements, residency, habitat
use, home ranges, habitat selection, diel activity, swimming speeds, etc. (see Enders et al.
2007; Reynolds et al. 2010; D’Anna et al. 2011). Few studies though have used
electronic-tagging technologies to assess the effectiveness of rehabilitation projects (see
Lapointe ef al. 2013 for review). The few that do, tend to focus on a single species and
thus fail to examine multi-species responses to rehabilitation efforts (e.g., Makiguchi et
al. 2008; Linnansaari et al. 2009; Espinoza et al. 2011). Lapointe ef al. (2013) suggested

that telemetry has great potential to inform and evaluate habitat restoration activities in
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aquatic systems and address long-standing questions regarding the effectiveness of such
activities.

A number of habitat creation and habitat enhancement projects have taken place
in Toronto Harbour (Ontario, Canada) in the past four decades in hopes of delisting this
area of concern (AOC) by 2020 (Great Lakes Regional Collaboration 2005). Examples of
such projects include the creation of Tommy Thompson Park and the enhancement of the
various boat slips along Toronto’s waterfront. In 2008, Aquatic Habitat Toronto
increased habitat heterogeneity within the Spadina slip by creating 640 m” of enhanced
aquatic habitat which consisted of logs, boulders, granular substrate, and submergent
vegetation along the northern side of the slip. In 2006, the western and eastern sides of
the Peter Street slip were also enhanced with gravel, cobble, and boulders. The goal of
their efforts was to provide better-quality habitats for two recreationally-important fish
species (i.e., Largemouth bass; Micropterus salmoides and Northern pike; Esox lucius).
These slips were targets for enhancement efforts since they were considered highly-
degraded habitats that were surrounded by hardened shorelines. Although fish had been
found using Spadina and Peter pre-remediation, efforts were made to improve the
diversity of habitat types so that they are more in-line with habitat requirements of local
fish species (i.e., aquatic macrophytes, variable substrate sizes, complex structures,
woody habitats, reduced fine substrates; reviewed in Smokorowski and Pratt 2007).

The first goal of this study was to assess the response of multiple fish species to
habitat enhancement in the Spadina and Peter slips in order to validate whether
rehabilitation activities increased fish habitat use relative to two other slips that had not

been subject to habitat enhancement. A two-dimensional acoustic telemetry array was
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used as a tool to track the mean time per slip visit and the mean total time that tagged
Largemouth bass, Northern pike, Common carp (Cyprinus carpio), Walleye (Sander
vitreus), Brown bullhead (Ameiurus nebulosus), and Yellow perch (Perca flavescens)
spent among the Spadina and Peter slips and two non-enhanced slips (Jarvis and
Parliament) during four seasons. I plotted kernel density estimates (KDE) for each
species (except for Brown bullhead and Yellow perch due to a lack of meso-scale data) in
the four slips during four seasons to see if fish were preferentially selecting certain
habitats (i.e., enhanced areas and overhead cover). The second goal of this study was to
evaluate whether the two enhanced slips provided suitable habitat for tagged Largemouth
bass and Northern pike that were experimentally released in these slips in May 2013. To
answer this question, I calculated the time that individuals spent in their release slip
before leaving, the total time that displaced fish spent in all slips during spring and
summer, and the number of days it took displaced fish to return to their capture location.
Finally, I also plotted KDE for displaced Largemouth bass and Northern pike in the four
slips during spring and summer to see if fish were preferentially selecting certain habitats.
Given that Largemouth bass and Northern pike are known to prefer complex littoral
habitats (Inskip 1982; Cook and Bergersen 1988; Ahrenstorff et al. 2009), they were
expected to prefer the enhanced habitats within Spadina and Peter compared to the
homogeneous habitats in Jarvis and Parliament. In fact, it is expected that areas of
improved habitat quality will have a higher species richness compared to non-enhanced
areas. I am hopeful that these results will help habitat scientists and resource managers
understand how different species respond to such rehabilitation activities and

subsequently increase the efficiency of future efforts. Given that to my knowledge this is
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the first study to adopt a multi-species telemetry approach to habitat restoration
evaluation in aquatic systems I also provide some brief yet candid commentary on the

benefits and limitations associated with this approach.

3.3 Methods
3.3.1 Field Site/ Receiver Arrays

Vemco (Vemco-Amirix Inc, Halifax, NS) Positioning System (VPS) arrays were
deployed in four waterfront boat slips (Spadina, Peter, Jarvis, and Parliament) within
Toronto Harbour in August 2012. Spadina, Peter, and Jarvis were each equipped with
five receivers while Parliament was equipped with six receivers due to its complex
configuration (Figure 3-1). Each VPS array was also equipped with a Vemco V16 non-
collocated synchronization transmitters (or synctag) and a V16 synctag collocated with
the middle receiver. After performing some range testing and sending the data to Vemco
for analysis, the powerful V16 synctags were replaced in November 2012 with weaker
V13 synctags to minimize transmitter collisions. In June 2013, three receivers were
removed from Jarvis and another three receivers were removed from Parliament. Based
on results provided by Vemco, 90% of positions in each of Spadina, Peter, Jarvis, and
Parliament had an average horizontal position error (HPE) estimate of 2.2, 3.3, 7.0, and
3.0. (relative, unitless estimate of how sensitive a calculated position is to errors in its
inputs; Smith 2013). The slips also differed to some extent in physical characteristics and
configuration (see Table 3-1). The Spadina slip is situated next to the human-made
Spadina Quay Wetlands (2800 m?”) and the Peter slip is connected to a back basin. All

four slips had some type of overhead cover. Part of the habitat enhancement project in

46



Spadina consisted of the addition of overhead cover in the form of a wooden wavedeck
near the back of the slip to create better fish habitat. Overhead cover in Peter was
provided by the large Fire Station dock located along the eastern side of the slip entrance
and by the Queens Quay West Street that crosses over the back of the slip. Although
Jarvis did not have any permanent overhead cover, there was a large shipping vessel
(Puffin, ~200 m in length) that was frequently docked along the western wall. Finally,

Parliament had a small floating dock in the back corner of the slip.

3.3.2 Fish Collection

Fish were collected using boat electrofishing (Smith-Root electrofishing boat
model SR 18.EH; 250 V and 7 A for intervals of ~1,000 seconds). Fish were mostly
captured in the Toronto Islands area, Embayment C, Cell 3, and Cell 2. Most fish were
released at their capture location. However, in May 2013, 10 Largemouth bass were
captured near the Toronto Islands and displaced in Spadina (six) and Peter (four; Table 3-
2). In addition, six Northern pike were captured in the Inner Harbour (Keating Channel,
York Key, or Toronto Islands) and displaced in Spadina (three) and Peter (three; Table 3-
2). Two female (Walleye 423 & Walleye 504) and two male (Walleye 472 & Walleye
545) walleye originating from the Ontario Ministry of Natural Resources White Lake
Fish Culture Station (Sharbot Lake, ON) and were released in the Outer Harbour Marina

post surgery.
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3.3.3 Surgical Procedures

Overall, 242 fish were tagged with acoustic transmitters of varying sizes (V7, V9,
VITP, V13, VI3P, and V13TP) (Vemco-Amirix) (Table 3-3). As part of a harbour-wide
acoustic telemetry study, from September 2010 to July 2013, a total of 83 Largemouth
bass, 74 Northern pike, 49 Common carp, 12 Walleye, 14 Brown bullhead and 10 Yellow
perch were tagged at different times of year (September 2010, June 2011, May 2012,
September 2012, November 2012, May 2013, and July 2013) as funds were acquired.
From 2010 to 2012, fish were held in a flow-through livewell (at ambient conditions) for
1-3 hours on the boat at the point of capture. Each individual was then placed in an
anesthetic bath (60 ppm of clove oil) of harbour water until their opercular rate became
slow and irregular (2-6 min). After 2012 all fish, except for Northern pike, were
anesthetized using a portable electroanesthesia system (PES) (Smith-Root, Inc.,
Vancouver, WA) (Trushenski et al. 2012a,b; Trushenski and Bowker 2012) (Table 3-4).
Following length and wet-mass measurements, fish were placed in a V-shaped surgical
cradle and supplied with a continuous flow of water (30 ppm of clove oil) for gill
irrigation. Transmitters (V7, 1.4 g 7 mm diameter x 18 mm; V9, 2.9 g, 9 mm diameter x
21 mm; VITP, 4.6 g, 9 mm diameter x 39 mm; V13, 11 g, 13 mm diameter x 36 mm;
V13P, 13 g, 13 mm diameter x 48 mm; V13TP, 13 g, 13 mm diameter x 48 mm) were
inserted into the body cavity through a 1-3 cm mid-ventral incision, posterior to the
pelvic girdle (anterior to the pelvic girdle for Northern pike). Incisions were closed with
one or two independent monofilament absorbable sutures (PDS II — 3/0) tied with a
double surgeons knot; four different surgeons performed the surgeries. All surgical

equipment, including the transmitter, was cleaned with iodine between each surgery and
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rinsed with water. The incision site was not swabbed and antibiotics were not
administered. The duration of each procedure took 1:20 — 11:51 min (note — the lengthier
surgeries were caused by attempts to sex fish). Fish were placed in recovery bins until

they regained equilibrium (4—6 min) and released 1-2 hours after surgery.

3.3.4 Statistical Analysis

For all analyses, the non-displaced and displaced fish were treated separately
given that they were used to address two different questions. Mean time per slip visit and
total time spent within each slip were calculated for each individual in all slips across all
seasons. Two consecutive transmissions were considered part of the same slip visit if they
were detected within 30 minutes of each other. To normalize the data and reduce
heteroscedasticity, all values were log transformed after being increased by a value of
one. Kruskal-Wallis and multiple comparisons tests were performed in R v 3.1.0 (R
Development Core Team 2013) to determine differences in mean time per slip visit and
mean total time spent for displaced and non-displaced individuals of each species
between the four slips during four seasons. The four seasons were defined as follows,
fall: 21 September 2012 to 20 December 2012, winter: 21 December 2012 to 20 March
2013, spring: 21 March 2013 to 20 June 2013, and summer: 21 June 2013 to 20
September 2013.

KDE figures were used to visualize the spatial distribution of displaced and non-
displaced fish of each species in the four slips during the four seasons (with the exception
of Brown bullhead and Yellow perch due to a lack of detection data in the arrays; see

results). All positions were obtained from 21 September 2012 to 20 September 2013.
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Since three receivers were removed from both Jarvis and Parliament in June 2013, no
summer KDE figures were plotted for these two slips. Positioning data were weighted to
ensure equal contribution of each individual to the figure. In addition, KDE maps were
normalized for each species to enable proper visual comparisons among slips using the
figures; therefore, direct comparisons should not be made among species. KDE figures
were produced using ArcMap v. 10.2 (Esri Inc.; www.esri.com) with the output cell size

set to 5 m and the search radius set to 25 m for all figures.

3.4 Results
Fish Habitat Use

Overall, species richness (assessed solely from telemetry data using the six
species of tagged fish) among slips was relatively low across all seasons (i.e., 1/6 — 4/6
species) (Table 3-5). This is likely a result of the small portion (11%) of the total number
of tagged fish that visited the slips voluntarily; 1/73 Largemouth bass, 17/68 Northern
pike, 10/49 Common carp, 7/12 Walleye, 0/14 Brown bullhead, and 0/10 Yellow perch.

Largemouth bass were never present in Spadina, Peter or Jarvis and only one
individual was found in Parliament during spring. There is no evidence to support that
Largemouth bass spent more time per slip visit or more time in total in Parliament
compared to the other slips during the spring (3 =3.00, DF=3, P=0.392, Figure 3-2, %
’=3.00, DF=3, P=0.392, Figure 3-3, respectively). The sole non-displaced Largemouth
bass detected in the slips was located in the back corner of Parliament during spring,

possibly due to the available overhead cover (Figure 3-4).

50


http://www.esri.com/

During the fall and winter, Northern pike spent different amounts of time per slip
visit in the different slips and also spent significantly different amounts of time in total
across the four slips (fall; ¥>=17.48, DF=3, P<0.001, Figure 3-2, y*=17.65, DF=3,
P<0.001, Figure 3-3, respectively; winter; y’=13.48, DF=3, P=0.004, y*=13.78, DF=3,
P=0.003, respectively). However, further analysis of multiple comparisons after the
Kruskal-Wallis test failed to reveal specific differences among slips. During the spring,
Northern pike spent significantly more time per slip visit in Spadina compared to Jarvis
& Parliament (¥*=19.15, DF=3, P<0.001) and also spent significantly more time in total
in Spadina and Peter compared to Jarvis and Parliament (3*>=26.03, DF=3, P<0.001).
During summer, Northern pike did not spent different amounts of time per slip visit in the
different slips or different amounts of time in total across the four slips (¥*=3.88, DF=3,
P=0.274, v>=5.04, DF=3, P=0.169, respectively).

Northern pike used the enhanced habitat located at the back of the Spadina slip
during fall, the entrance of the slip during winter, the entire slip with a preference for the
center during spring, and the entire slip during summer (Figure 3-5). During all seasons,
individuals appeared to used the back of Peter; specifically the back eastern corner during
winter. Northern pike were not present in Jarvis during the fall and had no specific habitat
preferences within the slip during winter and spring. Finally, Northern pike were only
present in Parliament during the spring and were mainly found at the back and the center
of the slip.

Common carp were not present in any of the slips during winter. There is no
evidence to support that Common carp spent different amounts of time per slip visit in

the different slips and different amounts of time in total across the four slips during fall

51



(x*=3.80, DF=3, P=0.284, Figure 3-2, y’=3.81, DF=3, P=0.283, Figure 3-3, respectively),
spring (x2=6.14, DF=3, P=0.105, x2=5.09, DF=3, P=0.166, respectively), and summer
(x*=1.77, DF=3, P=0.621, ¥*=3.94, DF=3, P=0.267, respectively).

Common carp used the enhanced habitat located at the back of the Spadina slip
during fall and remained near the eastern side of the entrance during spring and summer
(Figure 3-6). Fish were using the entirety of the Peter slip during fall, spring, and summer
with an apparent preference for the back and the entrance of the slip. Individuals were
only present in Jarvis during the spring and were found along the western side, possibly
hiding under the moored vessel. Finally, they used the western side of Parliament during
fall and aggregated in the back corner near a small dock during spring.

There is no evidence to support that Walleye spent different amounts of time per
slip visit in the different slips and different amounts of time in total across the four slips
during fall (x’=2.41, DF=3, P=0.491, Figure 3-2, ¥’=2.59, DF=3, P=0.459, Figure 3-3,
respectively), winter (x’=0.67, DF=3, P=0.881, ¥*=0.80, DF=3, P=0.849, respectively),
and summer (y’=2.12, DF=3, P=0.548, x’=2.19, DF=3, P=0.533, respectively). During
spring, Walleye spent different amounts of time per slip visit in the different slips
(x>=7.93, DF=3, P=0.047). However, further analysis of multiple comparisons after the
Kruskal-Wallis test failed to reveal specific differences among slips. In addition, there is
no evidence to support that Walleye spent different amounts of time in total across the
four slips during spring (y>=7.76, DF=3, P=0.051).

Walleye were absent from Spadina during the fall, appeared to prefer the entrance
of the slip during winter and summer, and used the entire slip during spring (Figure 3-7).

Individuals used the western side of the Peter slip during fall, the eastern side near the
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entrance during winter, the entire slip during spring, and the back corner during summer.
Walleye remained near the entrance of Jarvis during fall, and used the entirety of the slip
during winter and spring. Finally, they used the entire Parliament slip during fall, winter

and spring, with most detections occurring in the back corner near a small dock.

Displacement Experiment

On average, Largemouth bass released in Spadina remained in their release slip
for 3.05 hours (ranging from 0.4 to 12.9 hours) before leaving (Table 3-2). During spring,
these individuals spent on average 9.78 hours (ranging from 1.1 to 30.1 hours) in
Spadina, 18.68 hours (ranging from 1.3 to 74.9 hours) in Peter, and 1.5 hours in Jarvis.
During summer, these individuals spent on average 1.85 hours (ranging from 0.9 to 2.8
hours) in Spadina and 3.5 hours in Peter. Three out of these six displaced Largemouth
bass returned to their capture location (Toronto Islands) within three weeks.

On average, Largemouth bass released in Peter remained in their release slip for
15.6 hours (ranging from 0.1 to 28.5 hours) before leaving. During spring, these
individuals spent on average 62.3 hours (ranging from 40.2 to 113.2 hours) in Peter and
4.8 hours (ranging from 2.8 to 5.8 hours) in Spadina. During summer, none of the
Largemouth bass that had been released in Peter were detected in the slips. Three out of
these four displaced Largemouth bass returned to their capture location (Toronto Islands)
within three weeks.

Displaced Largemouth bass did not show evidence of specific habitat selection
within Spadina (Figure 3-8). Individuals used the entire Peter slip during spring with a

preference for the back of the slip, and one individual was mostly found near the back
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eastern corner during summer. Finally, fish used the back eastern corner of Jarvis and the
back corner of Parliament during spring. KDEs demonstrated that Largemouth bass were
found in habitats with overhead cover in Spadina, Peter, and Parliament during spring.

On average, Northern pike released in Spadina remained in their release slip for
6.8 hours (ranging from 1.4 to 13.7 hours) before leaving (Table 3-2). During spring,
these individuals spent on average 8.8 hours (ranging from 1.8 to 13.7 hours) in Spadina,
1.5 hours in Peter, 7.5 hours in Jarvis, and 31.95 hours (ranging from 20 to 43.9 hours) in
Parliament. During summer, these individuals spent on average 2.1 hours (ranging from
1.7 to 2.4 hours) in Spadina. None of these three displaced Northern pike returned to their
capture locations (Keating Channel or York Key in Inner Harbour) within six months.
However, all three individuals visited the Toronto Islands within four weeks.

On average, Northern pike released in Peter remained in their release slip for 4.1
hours (ranging from 0.2 to 10.2 hours) before leaving. During spring, these individuals
spent on average 18.4 hours (ranging from 0.2 to 53.1 hours) in Peter, 28.4 hours
(ranging from 0.6 to 56.2 hours) in Spadina, and 1.1 hours in Jarvis. During summer, one
individual spent 1.9 hours in Peter and 869.3 hours in Spadina. One out of three these
displaced Northern pike returned to its capture location (Toronto Islands) within two days
whereas the other two individuals did not return to their capture locations (Keating
Channel and York Key in Inner Harbour) within six months. However, these two
individuals visited the Toronto Islands within two weeks.

During spring, displaced Northern pike appeared to be using the entire Spadina
slip (Figure 3-9). In Peter, displaced fish were mainly using the back corner and the

eastern side of the entrance (which provided overhead cover). Similarly, displaced
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individuals appeared to be using the overhead cover provided on the western side in
Jarvis and in the back corner of Parliament. During summer, displaced Northern pike
were found near the entrance of Spadina and one individual was found in the center of

Peter.

3.5 Discussion
Main Findings

The main objectives of this study were to determine if fish were using the
enhanced habitats within the Spadina and Peter slips more often than the non-enhanced
habitats in Jarvis and Parliament and to evaluate whether the two enhanced slips provided
suitable habitat for Largemouth bass and Northern pike that were experimentally released
into these slips. After data analysis, I determined that Northern pike was the only species
that spent significantly different amounts of time among the slips. Moreover, that pattern
was only evident in spring. Based on these telemetry-derived results, it is apparent that
the enhanced habitat in Spadina and Peter was only preferred by one of the six study-
species (Northern pike) during only one of the four seasons (spring). Furthermore,
displaced Largemouth bass and Northern pike left their release slip within 29 hours and
seven out of 16 individuals returned to their capture location within three weeks. This
suggests that habitat enhancement efforts in Spadina and Peter did not provide substantial
direct benefits in terms of habitat use by adults of six fish species throughout the year. It
is possible that the enhanced habitat in Spadina and Peter might have provided suitable

spawning habitat for Northern pike given that they are spring spawners (Raat 1988).
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Moreover, there may have been habitat use by other life stages (e.g., juveniles) or indirect

benefits (e.g., food production) that I was unable to measure here.

Fish Habitat Use

Largemouth bass are known to exhibit different seasonal habitat preferences and
variable seasonal activity levels (i.e., active in warmer seasons and quiescent in colder
seasons; Hanson et al. 2007). Tagged Largemouth bass in Toronto Harbour did not
appear to actively select habitats in the slips, despite being a target species of the
rehabilitation work. In fact, they were completely absent from all slips, except for one
individual in Parliament during spring. This suggests that regardless of enhancement
efforts, slips with hardened shorelines are not suitable habitats for Largemouth bass.

Non-displaced Northern pike were mainly present in Spadina and Peter across all
seasons, but were also present in Jarvis and Parliament during winter and spring. Cook
and Bergersen (1988) found that overall Northern pike preferred vegetated littoral areas,
and that home-range size varied seasonally. Northern pike are known to avoid shallow
open waters in the littoral zone and pelagic areas during winter (Kobler et al. 2008) and
have been found at mean depths of 1.2 m (Ross and Winter 1981). As previously
mentioned, Northern pike spent significantly more time in total in Spadina and Peter
compared to Jarvis and Parliament during spring. It is unlikely that Northern pike are
spawning in either slip given that their preferred spawning habitat (i.e., shallow flooded
emergent vegetation; Inskip 1982; Casselman and Lewis 1996) is not available in these
slips. However, Northern pike have been found spawning in deeper areas that are less

optimal (Farrell et al. 2006). Unfortunately, these deep littoral habitats are likely
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ecological sinks (Farrell ef al. 2006). Therefore, Northern pike are most likely spawning
in the adjacent Spadina Quay Wetland and subsequently spilling over to Spadina and
Peter. Tagged Northern pike were found to use Spadina and Peter during summer, which
is consistent with findings from Kobler et al. (2008) who determined that some Northern
pike prefer areas with submerged macrophytes and avoid pelagic areas during summer.
Interestingly, Common carp were present in the slips during all seasons except for
winter. These results are in agreement with findings of other studies which concluded
that Common carp tended to overwinter in deep offshore areas that did not experience
winterkills (Garcia-Berthou 2001; Penne and Pierce 2008; Bajer and Sorensen 2009).
Although Common carp are known to aggregate in shallow, vegetated areas for spawning
(Swee and McCrimmon 1966; Lougheed ef al. 1998; Penne and Pierce 2008), they were
found to aggregate during the spawning season in Parliament, which is considered
relatively poor habitat. They might have chosen this degraded habitat during the
spawning season as they have been shown to spawn in shallow hypoxic areas,
presumably to exploit habitats free of predators (Bajer and Sorensen 2009). Finally,
individuals were found in Spadina and Peter in summer, which is expected since they are
known to prefer shallow vegetated areas during summer (Penne and Pierce 2008).
Contrary to Common carp, Walleye were quite prevalent in the slips during
winter. They were, however, found in all other slips during all seasons, with the
exception of Spadina during the fall. Paragamian (1989) found that Walleye preferred
habitats with gravel-cobble substrates at depths of 1.3 — 1.8 m during fall and
overwintered in deep pools (1.5 — 3 m). Similarly, Ross and Winter (1981) determined

that Walleye preferred depths of 3.5 m during winter. Walleye were predominantly found
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in Peter and Parliament during the spawning season. However, it is unlikely that they
spawned in these slips since Walleye are known to spawn in tributaries or offshore reefs
(Olson and Scidmore 1962; Todd and Haas 1993; Strange and Stepien 2007). In addition,
Walleye seek spawning habitats with flowing water and silt-free substrates to ensure that
their eggs will receive sufficient levels of dissolved oxygen once deposited (Johnson
1961; Corbett and Powles 1986); habitats unlikely to be found in slips. Walleye were less
prevalent in the slips during summer months since they are known to seek deeper open
waters to avoid warming summer water temperatures (Schlagenhaft and Murphy 1985;
Paragamian 1989; Williams 2001). However, they have been found to use rocky
shoreline habitats when deeper waters became hypoxic during summer months
(Schlagenhaft and Murphy 1985). Overall, Walleye were found using the four slips.
However, three of the seven individuals detected in the slips originated from a fish
culture station and thus may not accurately reflect the behaviour of wild Walleye.

None of the 14 tagged Brown bullheads visited the slips during the study. This is
likely attributed to the fact that tagged fish were captured and released around the
Toronto Islands and are known to occupy small home ranges (mean 95% minimum area
polygon of 4.5-19.7 ha; Sakaris et al. 2005). Likewise, none of the 10 tagged Yellow
perch visited the slips during the study. These fish were all captured and released in
Tommy Thompson Park and are also known to occupy small home ranges (0.54-2.20 ha;

Fish and Savitz 1983).
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Displacement Experiment

Largemouth bass are known to occupy small home ranges (<1.4 ha) (Winter
1977) that vary seasonally (small in winter, large in summer; Warden Jr and Lorio 1975).
Additionally, displaced Largemouth bass have been shown to return to their capture
locations within three months when released in the spring (Richardson-Heft et al. 2000).
In this study, six out of 10 displaced Largemouth bass returned to their capture locations
within three weeks. Clearly, these results demonstrate that none of the slips provided
optimal habitats for Largemouth bass, as only one tagged non-displaced individual (out
of 83) visited a slip, and none of the displaced individuals spent extensive time in the
slips.

In this study, displaced Northern pike left their release slip within 14 hours.
However, only one out of six displaced Northern pike returned to its capture location.
This is likely because Northern pike are known to either occupy large home ranges (Ross
and Winter 1981) or no distinct home ranges (Diana et al. 1977; Cook and Bergersen
1988). Furthermore, all displaced Northern pike visited the Toronto Islands within four
weeks post release, thus suggesting that the Toronto Islands may provide more preferable

habitats than the slips.

Factors that Influence Fish Distribution

There are many biotic and abiotic factors that influence how fish are distributed in
space and time. In this study it was only possible to evaluate general patterns of habitat
use relative to four different slips with differing habitat quality. Regional geography and

physical configuration of the slips may have influenced the findings. For example, Jarvis
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and Parliament both have homogeneous silt substrate and are also exposed to higher
amounts of suspended sediments and pollution flowing from the nearby mouth of the
Don River relative to the other two slips. They are also located in a more industrial area
compared to Spadina and Peter; there is heavy industry (manufacturing) located along the
western side of Jarvis and a Merchant’s Wharf on the western side of Parliament. This
area also has a high density of boat traffic associated with these industries (e.g., shipping
vessels, boats for the dredging of the Keating Channel). Furthermore, these two slips are
located further from the connection to Lake Ontario as well as the more “natural” habitats
associated with the Toronto Islands and the Spadina Quay Wetland. A spillover effect
(defined as the net emigration of fish; Harmelinvivien et al. 2008) might explain why
both Spadina and Peter are visited by comparable numbers of fish. There is a possibility
that fish are preferentially selecting the enhanced habitat within Spadina and
subsequently spillover to the adjacent Peter slip (120 m apart), or conversely, it is
possible that fish are attracted to enhanced habitat in Peter and subsequently spillover to
Spadina. This phenomenon was demonstrated with the displaced fish. Seven out of nine
individuals that were released in Spadina eventually spilled over to Peter (Table 3-2).
Similarly, five out of seven individuals that were released in Peter eventually spilled over
to Spadina. Interestingly, only one Largemouth bass and two Northern pike spilled over
to Jarvis (1,750 m from Peter) and only two Northern pike spilled over to Parliament
(2,480 m from Peter).

Habitat preferences usually differ among size classes of the same species. For
example, Wanjala et al. (1986) found that smaller Largemouth bass (<25 cm) preferred

habitats in the littoral zone with cover, intermediate-sized individuals preferred habitats
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in the open limnetic zone, and larger individuals (>38 cm) preferred habitats near
submerged structures. Although some efforts were made in 2013 to tag juvenile
Largemouth bass and Northern pike, most tagged individuals in this study were adults.
Unfortunately studying within species variability was beyond the scope of this study so I
am restricted to constraining my conclusions to adult fish.

Fish might have spent more time in Peter because it was connected to a small
enclosed basin at the back of the slip via a small channel that crossed under Queens Quay
West Street. This small embayment likely provided a warm, shallow refuge for fish.
KDEs revealed that Largemouth bass and Northern pike present in Peter remained at the
back of the slip near the opening of the small embayment. Interestingly, displaced and
non-displaced Largemouth bass and Northern pike were concentrated in greater numbers
(N=9 and N=17, respectively) near this small basin during the spawning season compared
to other seasons (N<I and N<7, respectively), suggesting that this area might have
provided habitat during the spawning season. Conversely, Common carp and Walleye did
not appear to use this small basin.

Another important factor that affects fish habitat selection is the presence of
overhead cover which provides protection from predators and shade (Lewis 1969;
Sechnick and Carline 1986; Smokorowski and Pratt 2007). In general, all four species
found in the slips tended to seek refuge below the available overhead cover within the
slips. Overhead cover was of less relevance during winter months since the slips were

covered with ice.
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Study Limitations and Future Research

Due to the lack of pre-rehabilitation positioning data, I was unable to determine
whether the habitat enhancement in Spadina and Peter had in fact increased fish habitat
use. Given my results, I can only conclude that Spadina and Peter were used more
frequently by tagged adult Northern pike compared to Jarvis and Parliament. There is no
way of knowing whether Spadina and Peter were always superior to Jarvis and
Parliament in terms of habitat quality and therefore the habitat enhancement had no effect
on fish habitat use, or whether Spadina and Peter were previously as degraded as Jarvis
and Parliament and the habitat enhancement did increase fish habitat use. In addition,
more replicate enhanced and non-enhanced sites as well as longer study duration could
help draw more robust conclusions. Given that only a small portion (11%) of the total
number of tagged fish visited the slips voluntarily (1/73 Largemouth bass, 17/68
Northern pike, 10/49 Common carp, 7/12 Walleye, 0/10 Yellow perch, 0/14 Brown
bullhead), it would be interesting to examine habitat selection among the six species
across the entire harbour to determine if the slips even represent important habitats. It is
likely that fish prefer more natural habitats that are not surrounded by hardened

shorelines (Currin ef al. 2010).

Management Implications & Conclusions

Although it was expected that Largemouth bass and Northern pike would prefer
the complex littoral habitats provided in Spadina and Peter, there was limited evidence to
support the idea that the habitat enhancement work in these slips increased habitat use of

adult fish tagged in this study. However, Northern pike did spend significantly more time
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per slip visit in Spadina than Jarvis and Parliament, and spent significantly more time in
total in Spadina and Peter compared to Jarvis and Parliament during their spawning
season. Unfortunately, there is no way of knowing whether Northern pike have always
used these slips during the spawning season, or whether use increased after the habitat
enhancement work since there is no pre-enhancement telemetry data. Furthermore,
displaced Largemouth bass and Northern pike left their release slip within 29 hours and
seven out of 16 individuals returned to their capture locations within three weeks. This
suggests that habitat enhancement efforts in Spadina and Peter did not provide substantial
direct benefits in terms of habitat use by adults of six fish species. Regardless, habitat
enhancement projects have been successful in the past (Vogele and Rainwater 1975; Hoff
1991; Hunt and Annett 2002) and should therefore continue to be undertaken. Indeed, not
all habitat enhancement activities have direct benefit for adult fish. For example, there
may have been indirect benefits to forage fish species as well as general improvements in
habitat quality. In addition, other life stages (i.e., juveniles) of the species studied here
may have used the habitats such that from a population perspective, the habitat
enhancement was successful.

I submit that habitat managers should be aware of native and non-native seasonal
habitat requirements (including spawning, nursery, and winter habitats) of multiple
species of various size classes in order to design effective habitat enhancement projects.
Additionally, habitat managers should be aware of system-specific habitat requirements
of species because habitat preferences may differ across systems (Hunt et al. 2002).

Combining telemetry monitoring with other techniques such as community-level and
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population-level surveys (using video, electrofishing, seine net, etc.) across life stages is

likely the best approach for evaluating the ecological success of enhancement activities.
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3.6 Tables

Table 3-1 Physical characteristics of the four waterfront slips in Toronto Harbour.
Temperature data originate from Hobo (Onset Computer Corporation, Bourner, MA)
temperature data loggers.

Spadina Peter Jarvis Parliament

Surface area
(m?) 5,620 7,910 11,550 11,270
Maximum
depth (m) 12 12 12 12
Temperature
range (°C) 0.8-24.1 0.2-22.0 0.3-21.3 0.6 -22.5
Substrate/ Silt, rocky Silt, rocky Silt Silt
habitat substrate, substrate,
type submergent submergent

vegetation vegetation
Permanent Yes Yes No Yes
overhead cover
(Yes/No)
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Table 3-2 Slip presence, time spent (hours) before leaving the release slip, total time
spent (hours) during spring and summer, and number of days until return to capture

location of displaced Largemouth bass and Northern pike in the four slips after being
released in either Spadina or Peter on 7-8 May 2013.

Individual Release slip Time spent Total time Total time # of days until
before leaving spent in spring spent in return to
(hours) (hours) summer capture
(hours) location
Bass 356 Spadina 0.4 Spadina (30.1) Spadina (2.8) -
Peter (13.3) Peter (3.5)
Bass 385 Spadina 1.0 Spadina (1.1) - 17
Peter (2.2)
Bass 430 Spadina 0.7 Spadina (3.4) - -
Peter (2.6)
Bass 450b Spadina 2.2 Spadina (3.8) Spadina (0.9) 3
Peter (1.3)
Bass 453 Spadina 1.1 Spadina (1.1) - -
Peter (74.9)
Jarvis (1.5)
Bass 480b Spadina 12.9 Spadina (19.2) - 3
Bass 364 Peter 17.2 Peter (113.2) - 20
Spadina (5.7)
Bass 466 Peter 16.6 Peter (50.0) - -
Spadina (2.8)
Bass 470c Peter 0.1 Peter (40.2) - 18
Spadina (5.8)
Bass 481 Peter 28.5 Peter (45.8) - 6
Pike 592 Spadina 53 Spadina (11.0) Spadina (1.7) -
Peter (1.5)
Pike 729 Spadina 13.7 Spadina (13.7) - -
Jarvis (7.5)
Parliament
(20.0)
Pike 810 Spadina 1.4 Spadina (1.8) Spadina (2.4) -
Parliament
(43.9)
Pike 635b Peter 10.2 Peter (53.1) - 2
Spadina (56.2)
Pike 770b Peter 2.0 Peter (2.0) Peter (1.9) -
Jarvis (1.1) Spadina
(869.3)
Pike 901 Peter 0.2 Peter (0.2) - -
Spadina (0.6)
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Table 3-3 Total number, mean length (mm), minimum and maximum lengths of fish, and
type of acoustic transmitter in Toronto Harbour by year tagged. T=temperature sensor,
P=pressure sensor.

2010 2011 2012 2013
Largemouth
bass Number 17 18 20 28
Micropterus Length (mm):
salmoides Mean 436 444 445 337
SD 66 56 68 117
Minimum 301 305 307 156
Maximum 497 500 535 481
Tag type V13P, VI3TP VI13TP VI3TP V7, VITP,
VI13TP
Northern pike
Esox lucius Number 17 18 20 19
Length (mm):
Mean 755 740 765 691
SD 166 135 122 159
Minimum 476 520 556 325
Maximum 965 964 1003 901
Tag type V13P, VI3TP VI3TP VI3TP VITP, V13TP
Common carp
Cyprinus Number 17 - 20 12
Carpio Length (mm): 555
Mean 706 - 631
SD 114 - 88 50
Minimum 340 - 470 497
Maximum 854 - 741 677
Tag type V13P, VI3TP - VI3TP VI3TP
Walleye
Sander vitreus ~ Number - 3 7 2
Length (mm):
Mean - 655 552 523
SD - 21 95.5 53
Minimum - 635 423 485
Maximum - 676 703 560
Tag type - V13 V13, VI13TP VI13TP
Brown
Bullhead Number - - 14 -
Ameiurus Length (mm): - - 364 -
nebulosus Mean
SD - - 30 -
Minimum - - 312 -
Maximum - - 408 -
Tag type - - V13 -
Yellow perch
Perca Number - - 10 -
flavescens Length (mm): - - -
Mean 230
SD - - 25 -
Minimum - - 177 -
Maximum - - 271 -
Tag type - - V9 -
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Table 3-4 Details of fish sedations using a portable electroanesthesia system (PES)
(Smith-Root, Inc., Vancouver, WA). Electrode positions were determined based on the
size of the fish (efforts were made to reduce the distance between electrodes for each
individual). Brown bullhead and Yellow perch were sedated with a 60 ppm clove oil

bath.

Species Voltage (V) Frequency Duty cycle Shock time Electrode
(Hz) (%) (sec) position (cm)

Largemouth

bass 75,90 or 100 60, 90 or 100 25 3,90r12 16 — 54

Northern 75 60 25 6,9, or 12 52-97

pike

Common 90 or 100 90 or 100 25 3 34-86

carp

Walleye 75,90 or 100 60, 90 or 100 25 3or6 42 —171

Brown NA NA NA NA NA

bullhead

Yellow perch NA NA NA NA NA
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Table 3-5 Species richness among four waterfront slips across four seasons (total of 6
species: Largemouth bass, Northern pike, Common carp, Walleye, Brown bullhead, and

Yellow perch)
Fall 2012 Winter 2013 Spring 2013 Summer 2013
Spadina 2/6 2/6 3/6 3/6
(Pike, Carp) (Pike, Walleye) (Pike, Carp, (Pike, Carp,
Walleye) Walleye)
Peter 3/6 2/6 3/6 3/6
(Pike, Carp, (Pike, Walleye) (Pike, Carp, (Pike, Carp,
Walleye) Walleye) Walleye)
Jarvis 1/6 2/6 3/6 3/6
(Walleye) (Pike, Walleye) (Pike, Carp, (Pike, Carp,
Walleye) Walleye)
Parliament 2/6 1/6 4/6 3/6
(Carp, Walleye) (Walleye) (Bass, Pike, (Pike, Carp,
Carp, Walleye) Walleye)
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3.7 Figures
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Figure 3-1 Map of Toronto Harbour acoustic telemetry array with insets of the meso-

scale 2D positioning acoustic telemetry array in four waterfront slips.
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Figure 3-2 Mean time fish spent per slip visit (minutes) in four waterfront boat slips
during four seasons. No Yellow perch or Brown bullhead were detected in the slips. Bars

represent standard error.
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Figure 3-3 Mean total time (hours) fish spent in four waterfront boat slips during four
seasons. No Yellow perch or Brown bullhead were detected in the slips. Bars represent
standard error.
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Figure 3-4 Kernel density estimates of Largemouth bass in four boat slips located in
Toronto Harbour, ON, during four seasons (low KDEs are shown in light colours and
high KDEs are shown in dark colours). Sample sizes from left to right: Spadina =0, 0, 0,
0; Peter =0, 0, 0, 0; Jarvis = 0, 0, 0; Parliament = 0, 0, 1. No meso-scale data available in
Jarvis and Parliament after June 2013.
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Figure 3-5 Kernel density estimates of Northern pike in four boat slips located in
Toronto Harbour, ON, during four seasons (low KDEs are shown in light colours and
high KDEs are shown in dark colours). Sample sizes from left to right: Spadina = 8§, 6,
13, 6; Peter=6, 7, 13, 4; Jarvis =0, 1, 5; Parliament = 0, 0, 2. No meso-scale data

available in Jarvis and Parliament after June 2013.
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Figure 3-6 Kernel density estimates of Common carp in four boat slips located in
Toronto Harbour, ON, during four seasons (low KDEs are shown in light colours and
high KDEs are shown in dark colours). Sample sizes from left to right: Spadina =3, 0, 2,
6; Peter=2, 0, 2, 5; Jarvis = 0, 0, 1; Parliament = 3, 0, 3. No meso-scale data available in
Jarvis and Parliament after June 2013.
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Figure 3-7 Kernel density estimates of Walleye in four boat slips located in Toronto
Harbour, ON, during four seasons (low KDEs are shown in light colours and high KDEs
are shown in dark colours). Sample sizes from left to right: Spadina =0, 1, 1, 1; Peter =
1,2, 1, 1; Jarvis = 1, 2, 2; Parliament = 2, 1, 5. No meso-scale data available in Jarvis and

Parliament after June 2013.
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Figure 3-8 Kernel density estimates of displaced Largemouth bass in four boat slips
located in Toronto Harbour, ON, during four seasons (low KDEs are shown in light
colours and high KDEs are shown in dark colours). Sample sizes from left to right:
Spadina =9, 0; Peter =9, 1; Jarvis = 1; Parliament = 0. No meso-scale data available in
Jarvis and Parliament after June 2013.
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Figure 3-9 Kernel density estimates of displaced Northern pike in four boat slips located
in Toronto Harbour, ON, during four seasons (low KDEs are shown in light colours and

high KDEs are shown in dark colours). Sample sizes from left to right: Spadina =5, 2;
Peter = 4, 1; Jarvis = 2; Parliament = 2. No meso-scale data available in Jarvis and
Parliament after June 2013.
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Chapter 4: General Discussion

The purpose of this thesis was to provide insight on how to use acoustic telemetry
data to inform habitat management, using the Toronto Harbour AOC as a case study.
Chapter 2 considered challenges of implementing a large-scale acoustic telemetry study
to inform fish-habitat management, serving as a framework for future aquatic-habitat
tracking studies in other locales. In Chapter 3, I assessed responses of multiple fish
species to habitat enhancement in the Spadina and Peter slips compared to two non-
enhanced slips to validate whether current rehabilitation activities increased fish habitat

use.

4.1 Findings and Implications

Although there have been acoustic telemetry case studies in other habitats (e.g.,
tropical coastal marine environments (Murchie et al. 2012), large high-flow rivers (Steig
and Holbrook 2012), and estuaries (Whoriskey 2012)), there have not been any focused
on freshwater wetlands or that extend across multiple seasons including winter, and focus
on habitat management. As such, the case study presented in Chapter 2 addresses an
important void in the literature in that it occurs in an area that has abundant aquatic
vegetation, ice cover, and extensive human and boat activity, all which constrain
telemetry study design and implementation. Recommendations regarding species
selection and tagging, receiver configuration and deployment, range testing and database
development will help stakeholders use telemetry data to make informed decisions about

habitat management.
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Until now, few researchers have assessed the effectiveness of habitat
rehabilitation projects using biotelemetry tools (see Lapointe et al. 2013 for review).
Moreover, available studies rarely provide conclusive results regarding the success or
failure of such rehabilitation efforts as a result of poor experimental designs. In Chapter
3, I used fine-scale acoustic telemetry to compare the average time per slip visit and the
total time spent per slip of adult Largemouth bass, Northern pike, Common carp,
Walleye, Yellow perch, and Brown bullhead among the enhanced and non-enhanced slips
across all seasons. I also examined whether the two enhanced slips provided suitable
habitat for tagged Largemouth bass and Northern pike that were experimentally released
in these slips. Northern pike were found to spend significantly more time in total in the
Spadina and Peter slips compared to Jarvis and Parliament during spring. In addition,
displaced Largemouth bass and Northern pike left their release slip within 29 hours and
seven out of 16 displaced individuals returned to their capture locations within three
weeks. These results suggest that habitat enhancement efforts in Spadina and Peter did
not increase habitat use of adult fish tagged in this study. However, there might have
been indirect benefits to adult fish such as habitat use by other life stages, food
production, and general improvements of habitat quality that we were unable to measure
here. Therefore, from an ecosystemic perspective, the habitat enhancement might have
been successful. When designing habitat enhancement projects, habitat managers should
be aware of native and non-native seasonal habitat requirements of multiple species of
various size/age classes of fish. Telemetry is considered a valid tool for management as
long as the study is developed with a good experimental design and provides a long-term

sustained evaluation. Overall, combining telemetry with other techniques such as
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community-level surveys is likely the best approach for evaluating the ecological success

of habitat enhancement projects.

4.2 Conclusions

In conclusion, my results from Chapter 2 and Chapter 3 suggest that acoustic
telemetry is a valuable tool to assess the success of habitat rehabilitation projects.
Researcher and managers should follow recommendations provided in Chapters 2 and 3
when considering the use of large-scale acoustic telemetry arrays to evaluate the

effectiveness of aquatic habitat rehabilitation efforts.

4.3 Future Directions

This thesis contributed important information on habitat use of Largemouth bass,
Northern pike, Common carp, and Walleye among enhanced and non-enhanced slips
across multiple seasons. This is the first step towards assessing the effectiveness of
habitat enhancement work in Toronto Harbour. Unfortunately, I was unable to determine
whether the habitat enhancement in the Spadina and Peter slips in fact increased fish
habitat use because pre-rehabilitation data was not collected. When possible, future
studies should include before and after data in addition to control and impact data (i.e.,
BACI design). In fact, a BACI design was developed to assess habitat enhancement
efforts in Embayment D. Post-enhancement data are still being collected, and as such,
analyses will be performed in the future. Pre- and post-enhancement data from

Embayment D will be compared to three control sites (i.e., Embayments A, B, and C).
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Results from this study should provide science advice regarding the effectiveness of
habitat enhancement efforts in embayments.

Given that only a fraction of the total number of tagged fish visited the slips, it
would be interesting to explore fish distributions across the harbour as a whole to
determine the level of use among slips compared to other available habitats. If the slips
are not considered important habitats for fish (e.g., as a result of shoreline hardening;
Currin et al. 2010), then it might be a better investment to improve habitats that they are
actually using. There are an increasing suite of biotelemetry tools including some that
would work with very small species or life-stages. Doing so would extend the tool-set
here to the fish community level to consider various life-stages. To get a better sense of
community-level responses to habitat enhancement work, more species of fish should be
tagged and monitored. In fact, we did tag some Brown bullhead (n=14) and Yellow perch
(n=10) starting in the spring of 2012 but none of these individuals were found in the slips.
In addition, 10 Bowfin and 10 White suckers were tagged in the spring of 2013 but were
excluded from analyses since they were not present at the beginning of the study. Other
species of the local community that could be tagged and monitored include:
Pumpkinseed, Bluegill, Channel catfish, Smallmouth bass, Rock bass, Freshwater drum,
and Gizzard shad. It would be interesting to analyze data across multiple years to see if
seasonal habitat preferences remain the same through time.

As previously mentioned, various environmental factors (e.g., temperature,
dissolved oxygen, turbidity, pH, water currents) can play important roles in fish
distributions and habitat selection. It would therefore be interesting to integrate

positioning data with these environmental factors. Fortunately, our collaborators have
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been collecting temperature data in the slips since the beginning of the project, but those
data are not yet available. Future efforts should focus on the collection of environmental

data, and exploring their effects on fish distributions.
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