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Abstract Widespread human development has led to
impairment of freshwater coastal wetlands and embayments, which provide critical and unique habitat for many
freshwater ﬁsh species. This is particularly evident in the
Laurentian Great Lakes, where such habitats have been
severely altered over the last century as a result of industrial
activities, urbanization, dredging and inﬁlling. In Toronto
Harbour, extensive restoration efforts have been directed
towards improving the amount and quality of aquatic
habitat, especially for ﬁshes. To evaluate the effectiveness
of this restoration work, use of the restored area by both
target species and the ﬁsh community as a whole must be
assessed. Individuals from four species (Common Carp,
Largemouth Bass, Northern Pike and Yellow Perch) were
tagged and tracked continuously for 1 year using an
acoustic telemetry array in Toronto Harbour area of Lake
Ontario. Daily site ﬁdelity was estimated using a mixedeffects logistic regression model. Daily site ﬁdelity was
inﬂuenced by habitat restoration and its interactions with

species and body size, as well as season and its interactions
with species and body size. Daily site ﬁdelity was higher in
restored sites compared to non-restored sites for Yellow
Perch and Northern Pike, but lower for Largemouth Bass
and Common Carp. For all species, daily site ﬁdelity estimates were highest during the summer and lowest during
autumn. The approach used here has merit for evaluating
restoration success and informing future habitat management activities. Creating diverse habitats that serve multiple
functions and species are more desirable than singlefunction-oriented or single-species-oriented designs.
Keywords Restoration ecology Habitat restoration Fish
habitat management Habitat use Acoustic telemetry in
ﬁsheries management Mixed models Great lakes
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Alteration of physical habitat and degradation of water
quality associated with urbanization, industrial activities,
agriculture and other development, coupled with introduction of invasive species and resource exploitation, have had
devastating effects on freshwater ecosystems around the
globe (Richter et al. 1997; Strayer and Dudgeon 2010).
There has been a greater loss of biodiversity in freshwater
systems than any other ecosystem (Dudgeon et al. 2006). A
range of aquatic ﬂora and fauna has been negatively
affected, resulting in species extirpations, loss of productivity and alterations in ecosystem function (Carpenter
et al. 2011). In freshwater ecosystems, ﬁshes not only play
integral roles as apex predators or forage species, they also
generate important ecosystem services that directly beneﬁt
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humans, such as the cultural and economic aspects of
commercial, subsistence and recreational ﬁsheries (Holmlund and Hammer 1999; Lynch et al. 2016).
In the Laurentian Great Lakes, coastal wetlands provide
critical spawning, nursery, foraging and refugia habitat for
over 80 % of ﬁsh species in the community (Jude and Papas
1992; Randall et al. 1996; Wei et al. 2004; Midwood and
Chow-Fraser 2015). However, within the Great Lakes
basin, over 70 % of all wetlands have been lost (Whillans
1982; Snell 1987; Midwood and Chow-Fraser 2015). Many
of the remaining wetlands have seen declines in habitat
quality (Chow-Fraser 2006; Cvetkovic and Chow-Fraser
2011) and are further threatened by increasing human
development (Niemi et al. 2007). Suitable habitat is a fundamental component for maintaining productive ﬁsh
populations (Lapointe et al. 2014). Habitat loss or modiﬁcation is a major driver of declining ﬁsheries productivity
(Randall et al. 2012); hence the focus on improving or
restoring economically important ﬁsheries has often been
rooted in restoration or creation of novel ﬁsh habitat.
In response to the negative impacts of habitat loss on the
productivity of animal populations, habitat restoration (and
similarly termed activities such as rehabilitation, creation
and enhancement) is practiced by nearly every conservation
organization (Bernhardt et al. 2005). It is generally accepted
that newly restored aquatic areas can contribute positively
to the biodiversity and productivity of local ﬁsh populations. However, speciﬁc responses of different ﬁshes to
changes in the physical structure of habitat are variable
(Rogers and Bergensen 1999; Smokorowski and Pratt
2007). Furthermore, most research on the responses of ﬁsh
to habitat restoration has focused on a single species
(i.e., salmonids; Poplar-Jeffers et al. 2009) or a single usage
of habitat (i.e., spawning habitat; Kondolf et al. 1996).
These ﬁsh habitat projects have had variable impacts at
different levels, ranging from life-stage (e.g., smolts), species level or whole assemblage (Ruiz-Jaen and Aide 2005).
The intent of the project often dictates the implementation
scope, ranging from whole-system improvements, to targeted vegetation planting or installation of gravel beds.
While some comparative work has validated (or rejected)
some of these techniques (e.g., salmonid structures; Stewart
et al. 2009), these evaluations have often been focused on
the narrow scope or intent of the restoration and rarely do
they evaluate the performance of the features for the broader
ﬁsh community/aquatic ecosystem in general (but see
Moerke and Lamberti 2003 for an example of monitoring
responses of a ﬁsh community responses to stream
restoration).
The majority of habitat restoration or creation projects
fail to adequately monitor the effectiveness of habitat
restoration (Block et al. 2001). This is often the result of
poor program design, but can also be partially explained by
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limited funding and the desire to devote most funding to the
habitat project itself, which is often very expensive. Without
proper validation of expected outcomes, however, managers
may be employing techniques that do not reﬂect the best
practices available or ones that are not locally suited. In
cases where funding is available to monitor the long-term
success of restoration, traditional methods for evaluating
success rely on measurements of abundance, richness or
community composition (Paller et al. 2000; Moerke and
Lamberti 2003; Ruiz-Jaen and Aide 2005). These methods
are usually discrete ‘snapshots’ in time that may not be
representative of biologically relevant endpoints that
determine demographic success such as survival in nursery
habitat or reproductive success in spawning grounds (Lindell 2008; Farrugia et al. 2014). Observing the year-round
behaviour of ﬁsh in restored habitats is essential to inform
managers about the spatiotemporal function of the habitat.
To date, biotelemetry has provided supportive evidence
regarding habitat preferences of various species of ﬁsh, but
until recently, has rarely been used in post-restoration
validation monitoring (Lapointe et al. 2013) or to truly
inform habitat management (Cooke et al. 2016).
Many conservation organizations and practitioners have
moved away from single-species management in the context of habitat restoration in lieu of ecosystem management
at the landscape level (Simberloff 1998). To date, however,
most telemetry-based animal movement studies have
tracked individuals of one species, but there is increasing
recognition of the importance of understanding multispecies movement patterns and interactions (Cooke 2008;
Hussey et al. 2015). In Toronto Harbour, a large system of
embayments situated on the northern shore of Lake
Ontario, speciﬁc habitat restoration activities aimed at
improving the overall aquatic habitat conditions by creating
sheltered embayments with wetland areas have occurred
over the last two decades and further projects have been
proposed. To better measure the ﬁsh community response
to these restoration efforts, we used a multi-species tagging
approach. We selected four species from the ﬁsh community to represent different trophic levels, thermal preferences or resource management interests (i.e., game
species and non-native species). Largemouth Bass
(Micropterus salmoides) is the dominant resident warmwater predator and Northern Pike (Esox lucius) is the
dominant coolwater piscivore in this system. Both species
are important game species targeted by anglers. Yellow
Perch (Perca ﬂavenscens) is a mid-trophic level feeder and
potential prey item for piscivores and Common Carp
(Cyprinus carpio) is a benthic feeder, as well as, a nonnative species that can have negative impacts on spawning
and nursery-vegetated habitat of native ﬁshes (Parkos et al.
2003). There is considerable literature on the space use
patterns of Largemouth Bass (e.g., Hanson et al. 2007),
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Fig. 1 Receiver locations of the Toronto harbour acoustic telemetry array. Circles represent receivers (n = 39). Red circles represent receivers in
restored areas; black circles represent receivers in non-restored areas. Labels denote regions discussed in the text

Northern Pike (e.g., Kobler et al. 2008), Common Carp
(e.g., Penne and Pierce 2008) and Yellow Perch (e.g.,
Radabaugh et al. 2010) in a variety of lake and riverine
environments. There are comparatively fewer accounts of
space use patterns for these ﬁshes in highly urbanized
habitats (i.e., a harbour, but see Carter et al. 2012 and
Murphy et al. 2012). However, we believe this is the ﬁrst
account describing the spatial ecology of these ﬁshes in
response to habitat restoration in a highly urbanized aquatic
system. Using a model of daily site ﬁdelity, we evaluated
the spatiotemporal use of restored habitat areas for these
four species in Toronto Harbour. Restored habitats are
designed to improve the structure and function of existing
habitat. We hypothesize that ﬁsh will preferentially occupy
restored habitats because restored habitats provide higher
quality habitat. Speciﬁcally, ﬁshes that prefer structurally
complex habitat will spend proportionately more time
occupying restored habitats where structural complexity is
higher while ﬁshes that are benthic and tolerant of poorer
water quality will spend proportionately less time occupying restored habitats.

Methods
Study Site
Toronto Harbour area (~15 km2) is a set of large coastal
embayments connected to Lake Ontario, situated directly
adjacent to the downtown core of Toronto, ON, Canada.
Historically, the eastern region of Toronto Harbour was an
expansive marsh complex at the mouth of the Don River
known as Ashbridge’s Bay. After this wetland area was
drained and reclaimed to serve as industrial port lands, only
a fragment of this original bay remains (separated from the
current Toronto Harbour by the reclaimed land). For our
purposes, the harbour is operationally divided into the inner
harbour and the outer harbour (Fig. 1). The inner harbour is
dominated by two uses: the city waterfront (urban and
industrial landscape) and the Toronto Islands (a series of
channels and islands). The outer harbour contains an
interconnected series of embayments known as Tommy
Thompson Park (TTP). The eastern gap (a channel) joins
the inner and outer harbours, and both harbours are directly
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connected to Lake Ontario proper: one connection for the
inner harbour is via the western gap channel connected to
Humber Bay and then the open lake, and the other via the
mouth of the outer harbour. TTP is located on a man-made
peninsula that was started in the early 1970’s and construction is ongoing. The peninsula is made from inﬁll
materials and has been modiﬁed to naturalize portions of
Toronto Harbour, and restore lost coastal features. This
aquatic and terrestrial park projects 5 km into Lake Ontario
and covers a total surface area over 250 ha (TRCA 2000).
To create a more thermally and structurally complex system, the aquatic portions of the park are functionally divided into three cells and four embayments (TRCA 2000;
Fig. 1). In addition to providing aquatic habitat, the cells in
the park have continued to function as deposition sites for
dredged material from the active harbour areas and the
mouth of the Don River, which are then capped when active
dumping into each cell is complete. Heavy construction in
Cell 1 was completed in 2006. The Cell 2 conﬁned waste
disposal facility stopped receiving dredge material during
the mid-2000s. Cell 3 was receiving dredge material during
the study period. The telemetry receiver in Cell 3 was
placed outside of the area where sediment material was
being deposited.
Habitat restoration activities in Embayments A, B and C,
Cell 1, and Spadina slip have consisted of a variety of
broadly grouped techniques including, but not limited to:
shoreline modiﬁcation (slope proﬁle and linear complexity)
and creation (spawning channels, and island crests and
peninsulas), shoreline vegetation planting and creation of
areas to facilitate establishment (riparian, emergent and
submergent), structural habitat addition (e.g., anchored log
tangles, boulder clusters, submerged log cribs and stump
ﬁelds, reefs and shoals), and control of non-target organisms
(e.g., Common Carp exclusion gates; Wilcox and Whillans
1999). In Cell 1 and Spadina Slip, the areas of restoration
work include both the littoral zone and the benthic region of
the limnetic zone. In Embayments A, B, C and D, the
restoration work has largely been conﬁned to the littoral
zone.
Telemetry Array
To track the space use of tagged ﬁsh in Toronto Harbour,
we deployed a passive acoustic telemetry array (see
Donaldson et al. 2014 for overview of acoustic telemetry
methods and terminology). For this study, 39 Vemco
VR2W receivers (Vemco Ltd., Halifax) were strategically
positioned throughout the harbour to cover a variety of
habitat sites, as well as key movement corridors (Fig. 1). In
shallow areas (<5 m), acoustic receivers were attached to a
rope approximately 1 m above a steel or concrete anchor
with a Castro ﬂoat at the top to keep the receiver positioned
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vertically. Anchors were tethered to the nearest attachment
point on shore by submerged steel cable. In deeper water
(up to 10 m), the anchor was connected by ﬂoating rope to
an additional weight approximately 20 m away from the
primary anchor weight. Receivers were retrieved every
6 months to ofﬂoad data, remove any accumulated biofouling and check receiver condition. Receivers were then
redeployed in the same locations. Range testing (see Kessel
et al. 2014) was conducted in different habitat types and in
different seasons to inform receiver placement (see Veilleux
2014).
Fish Tagging
All ﬁsh in this study were captured via boat electroﬁshing
(SR-18EH, 6.0–7.0 A, 60 Hz, 340V DC, Smith-Root, Inc.,
Vancouver, WA) between May and September 2012. After
capture, each ﬁsh was held in the boat live well and
transported to an on-shore surgery location. Post surgery, all
tagged ﬁsh were released at their original capture location.
Largemouth Bass, Common Carp and Yellow Perch were
anesthetized using a portable electroanesthesia system
(PES) (Smith-Root, Inc., Vancouver, WA), which has been
demonstrated to be an effective tool for anesthetising ﬁsh
for handling (Vandergoot et al. 2011; Trushenski and
Bowker 2012; Rous et al. 2015). Preliminary trials with
Northern Pike anesthetized using the PES showed poor
long-term survivorship (Personal Observation, S.J. Cooke).
Consequently, Northern Pike were anesthetized using a
60 ppm eugenol bath (Anderson et al. 1997), which
improved long-term survivorship (S.J. Cooke, unpublished
data). For surgery, ﬁsh were moved from the live well with
a wetted net onto a padded surgical table with the ﬁsh in a
supine position. During surgery, lake water was continuously passed through the gills of the ﬁsh except for
Northern Pike, where the water contained a 30 ppm eugenol
solution. Each individual was measured for total length.
Prior to implanting an acoustic transmitter into an individual, the transmitter and all surgical tools were disinfected
in an iodine solution and rinsed. An incision (<10 mm) was
made with a sharp scalpel on the ventral surface of the ﬁsh.
Curved forceps were used to lift the skin and body wall to
avoid any injury while making the incision. The transmitter
was inserted into the coelomic cavity of the ﬁsh. The incision was closed using two simple interrupted sutures
(Ethicon PDS II, 3/0, FSL needle). Largemouth Bass
(N = 18), Common Carp (N = 18) and Northern Pike
(N = 17) were tagged with Vemco V13TP transmitters
(13 mm × 48 mm, 13 g in air, 69 kHz, mean delay = 200 s,
Vemco Ltd., Halifax), while Yellow Perch (N = 9) were
tagged with smaller Vemco V9 transmitters (9 mm ×
21 mm, 2.9 g in air, 69 kHz, mean delay = 340 s, Vemco
Ltd., Halifax).
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Analysis of Daily Site Fidelity
The detection history of each tagged ﬁsh from 22 September 2012 to 23 September 2013 was collated into a database
(1 768 299 total detections). For each individual, we calculated the proportion of detections per receiver station
per day. Prior to analysis, inﬂuential observations, multicollinearity and relationships between the response and
explanatory variables were assessed using Cleveland dotplots, scatterplots and conditional box and whisker plots.
Daily site ﬁdelity (the proportion of detections per individual per receiver station per day) was assumed to be
binomially distributed because it represented the number of
successes (detections at an individual receiver) and the
number of failures (total detections at all other receivers).
Explanatory variables included equinox-based seasons
(winter, spring, summer, autumn), species, restoration status
of the habitat (yes/no), site exposure (continuous covariate)
and body size (divided into ﬁve classiﬁcations per species
based on quartiles; Table 1). A habitat site was considered
restored if there had been previous documented restoration
activities completed by the local habitat managers in
proximity to the location of the acoustic receiver. In
assigning this status, we did so broadly such that we did not
discern between the spatial extent of the restored area or the
individual types of technique (e.g., shoreline modiﬁcation
or structural habitat addition). All the restored areas are
composites of all or many of the techniques described. Site
exposure is the relative level of exposure in the Toronto
Harbour determined by estimating the mean fetch at each
receiver via a wind fetch model. Continuous covariates
were centered [i.e., value-(mean/standard deviation)] to aid
with model convergence. Based on the study design, both
individual ﬁsh ID and receiver station were included as
crossed random effects. Given the statistical design, we
ﬁtted generalized linear mixed models with restricted
maximum likelihood (Zuur et al. 2009). We expected the
error to be normally distributed. Model selection was performed by generating a set of candidate models (n = 13) that
were compared using second-order AIC (Akaike 1998;
Mazerolle 2015). Fitted values from the top model were
plotted to illustrate the relative inﬂuence of the ﬁxed effects
(Wickham 2009). All candidate models were validated by

Table 1 Body size quartiles per species
Species

Minimum

25 %

Median

75 %

Maximum

Largemouth bass

307

408

470

476

535

Common carp

470

515

658

693

741

Yellow perch

216

224

225

241

271

Northern pike

556

733

811

972

1003

Total length measurements are in mm

plotting the normalized residuals and testing for overdispersion (i.e., the occurrence of more variance in the data
than predicted by a statistical model; Bolker et al. 2009)
using methods described by Zuur et al. (2009). Possible
spatial autocorrelation in the residuals was assessed by
plotting the size of the residuals at each receiver coordinate.
Data exploration and analyses were carried out in the R
statistical environment (R Core Development Team 2014).

Results
The total number of detections varied by species. Northern
Pike comprised 741 539 or 42 % of the 1 768 299 total
detections. Common Carp and Largemouth Bass each
comprised 451 712 or 26 %, and 446 201 or 25 % of the
detections, respectively. Yellow Perch comprised 128,847,
or 7 % of the total detections.
The top model of daily site ﬁdelity included terms for
restoration status, species, season, body size, restoration ×
species, restoration × body size, species × season, species ×
body size and season × body size (Table 2). Site exposure
did not appear in the top model to explain daily site ﬁdelity
for ﬁsh in Toronto Harbour.
Pooling seasons, daily site ﬁdelity was higher in restored
sites than in non-restored sites for Yellow Perch (+10.4 %)
and Northern Pike (+2.2 %), but lower for Largemouth Bass
(−3.8 %) and Common Carp (−10.7 %; Table 3). Across all
seasons and restoration status, daily site ﬁdelity decreased
with body size for Northern Pike, but increased with body
size for Perch, except during summer (Fig. 2). For Largemouth Bass, large individuals had higher site ﬁdelity in
restored areas compared to non-restored areas, but smaller
individuals had lower site ﬁdelity in restored areas compared to non-restored areas.
Yellow Perch showed the highest daily site ﬁdelity of all
species, as a typical individual occupied a single receiver
station 100 % of the time on a given summer day, with far
more variation in each other season. Generally, all species
showed their highest site ﬁdelity estimates during the
summer and lowest estimates during autumn. Pooling
across body size and restoration status, daily site ﬁdelity
estimates in the summer were 0.48 (0.28–0.68, 95 % CI) for
Largemouth Bass, 0.41 (0.23–0.63, 95 % CI) for Common
Carp, 0.99 (0.30–1.0, 95 % CI) for Yellow Perch and 0.61
(0.39–0.81, 95 % CI) for Northern Pike. In contrast, daily
site ﬁdelity estimates in the autumn were 0.32 (0.16–0.52,
95 % CI) for Largemouth Bass, 0.29 (0.15–0.50, 95 % CI)
for Common Carp, 0.57 (0.34–0.76, 95 % CI) for Yellow
Perch, and 0.34 (0.17–0.58, 95 % CI) for Northern Pike.
Median site ﬁdelity estimates were highest for receiver
stations in the Toronto Islands and TTP (Embayment C,
Cell 2 and Cell 3; Fig. 3). Daily site ﬁdelity was estimated
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Table 2 Model selection
statistics for models on the
proportion of recorded
detections/day (daily site
ﬁdelity)
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ΔAICc wAICc Log(L)

Fixed effects

AICc

K

Restoration + Species + Season + Body size + Restoration:
Species + Restoration:Body size + Species:Season + Species:
Body size + Season:Body.size

1,654,067 0

1

−827,004 30

Restoration + Species + Season + Exposure + Restoration:
Species + Species:Season

1,655,837 1769

0

−827,896 23

Restoration + Species + Season + Restoration:Species +
Species:Season

1,655,837 1769

0

−827,897 22

Restoration + Species + Season + Body.size + Species:
Season + Species:Body.size + Season:Body.size

1,658,657 4589

0

−829,302 26
−829,752 18

Species + Season + Species:Season

1,659,539 5471

0

Restoration + Species + Season + Species:Season

1,659,541 5473

0

−829,752 19

Restoration + Species + Season + Body.size + Species:
Season + Species:Body.size

1,659,543 5475

0

−829,749 23

Restoration + Species + Season + Body.size + Exposure

1,663,669 9601

0

−831,822 12

Restoration + Species +Restoration:Species

1,685,146 31,078 0

−842,563 10

Species

1,687,862 33,794 0

−843,925 6

Restoration + Exposure

1,687,965 33,797 0

−843,928 5

Restoration

1,687,865 33,798 0

−843,929 4

Restoration + Species + Body.size + Species:Body.size

1,687,866 33,799 0

−843,922 11

AICc is the bias-corrected Akaike Information Criterion, ΔAICc is the difference in bias-corrected AIC
between a given model and the top ranked model, wAICc is the relative weight of the bias-corrected AIC,
Log(L) is the log-likelihood of the models, K is the number of parameters. All models contain ﬁsh ID and
station name as a random intercept

Table 3 Pooled daily site ﬁdelity estimates for each species on
receivers in restored and non-restored areas
Species

Restored sites

Non-restored sites

Largemouth bass

33.1 %

36.9 %

Common carp

29.3 %

40.0 %

Yellow perch

60.1 %

49.7 %

Northern pike

59.1 %

56.9 %

to be lowest in areas along the waterfront of the Inner
Harbour and the interface between the Outer Harbour and
Lake Ontario.

Discussion
The habitat restoration work in Toronto Harbour has aimed
to enhance both the quantity and the quality of the coastal
wetland, sheltered embayment and rocky habitat available
for the ﬁsh community. Our study reveals that two native
species that were tracked in the harbour (Northern Pike and
Yellow Perch) had higher site ﬁdelity estimates in restored
habitat areas, compared to non-restored areas. In contrast,
non-native Common Carp had lower site ﬁdelity estimates
for restored compared to non-restored habitats. Overall,

Largemouth Bass had lower site ﬁdelity estimates for
restored compared to non-restored habitats, but there was an
interaction with body size where large individuals had
slightly higher site ﬁdelity in restored habitat areas, compared to non-restored areas. Restored habitats, which
include a variety of physical structures, provide a more
complex heterogeneous environment for both for sit-andwait predators like adult Northern Pike, which tend to use
deep weed edges to wait for prey to appear (Casselman and
Lewis 1996), while also providing the necessary cover
components for Largemouth bass and Yellow Perch to
avoid such predation events. In a lake with high habitat
heterogeneity, Yellow Perch movement rates were lower
than in a simple lake (Radabaugh et al. 2010). In our system, Yellow Perch tended to stay in restored areas possibly
because of the increased habitat complexity and heterogeneity in these areas. Similarly, Northern Pike need dense
vegetation for spawning, foraging and to reduce vulnerability to predation for smaller individuals (Casselman and
Lewis 1996). In Toronto Harbour, our analysis of the spatial
distribution of ﬁsh habitat use identiﬁed several ‘hotspots’ of
high site ﬁdelity. Fish tended to spend a large portion of
their time in Cells 2 and 3 of TTP, and the channels of the
Toronto Islands, especially the southwest extent of this area.
The ﬁsh that used these areas were less likely to split their
time between two or more adjacent habitats where receivers
were located compared to other areas in the harbour. These
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Fig. 2 Daily site ﬁdelity estimates for each species (M. salmoides, C.
carpio, P. ﬂavescens and E. lucius) by body size. Solid lines and dark
shading represent daily site ﬁdelity estimates ± 95 % CI for sites in

non-restored areas; dashed lines and light shading represent daily site
ﬁdelity estimates ±95 % CI for sites in restored areas

areas represent some of the more sheltered portions of the
harbour, include both areas with and without restored
habitat, and support the development of submerged aquatic
vegetation beds.
Daily site ﬁdelity was seasonally dependent. For all four
species, site ﬁdelity estimates were highest during the
summer, while estimates were lowest during autumn for all
species. With the onset of warmer temperatures in the
summer, ﬁsh tended to move from inshore habitat towards
slightly deeper offshore habitat but where submerged
vegetation still exists (Headrick and Carline 1993; Penne
and Pierce 2008). Higher water temperatures in the summer
can force coolwater ﬁsh to seek out the coolest habitats with
optimal depth. Vehananen et al. (2006) and Kobler et al.
(2008) reported that movement rates of Northern Pike were
highest during the summer. However, several authors have
reported contradictory ﬁndings in regard to the seasonal
movement rates of Northern Pike (Diana et al. 1977; Jepsen
et al. 2001). At our Toronto study site, frequent intrusions
of cold water from Lake Ontario inundate the harbour and
reach several of the sheltered embayments (Hlevca et al.
2015). As such, throughout the summer Northern Pike may
be able to remain in close proximity to productive warmwater habitats where their preferred prey are located, instead
of making movements between coolwater and warmwater
habitats for feeding forays (Headrick and Carline 1993).
Despite their preference for cool water habitat, Yellow

Perch have lower movement rates during the summer
(Radabaugh et al. 2010), which likely explains their complete site ﬁdelity during this season. Largemouth Bass are
typically more sedentary than Northern Pike and therefore
more highly resident during the summer (Mesing and
Wicker 1986; Sammons and Maceina 2005; Hanson et al.
2007). Once the submerged aquatic vegetation cover is high
enough to provide complex habitat for cover and refuge,
Largemouth Bass have sufﬁcient habitat for foraging and
there is little incentive to move widely among habitats
(Hanson et al. 2007; Ahrenstorff et al. 2009). Cooling water
temperature and fall turnover in autumn may force ﬁsh to
move more to search out prey and retreat from their resident
summer habitats into optimal overwintering habitats. Studies have found that higher movement rates occur during
autumn for Largemouth Bass (Karchesky and Bennett 2004;
Sammons and Maceina 2005; Hanson et al. 2007), Yellow
Perch (Radabaugh et al. 2010) and Common Carp (Penne
and Pierce 2008), which supports our observation of
reduced site ﬁdelity during this season. Finally, during
winter ﬁsh tend to have lower activity levels and would be
less likely to move large distances between habitats, but will
make movements in response to prey availability and oxygen concentrations, especially Northern Pike (Casselman
and Lewis 1996; Baktoft et al. 2012).
Daily site ﬁdelity in our study was dependent on ﬁsh
size. Foraging and predation risk heavily inﬂuence the
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Fig. 3 Median daily site ﬁdelity for each receiver (n = 39) in Toronto
Harbour. Red circles represent receivers in restored areas; black circles
represent receivers in non-restored areas. The size of the circle is

relative to the proportion of the daily site ﬁdelity, where larger circles
represent greater site ﬁdelity

habitat choice and movement behaviour of many species.
For Northern Pike speciﬁcally, site ﬁdelity decreased with
body size. Casselman and Lewis (1996) found that the
relationship between abundance of adult Northern Pike and
macrophyte coverage was inversely related to body size.
Large individuals tend to reside in less dense aquatic
vegetation, so that they can strike more easily and locate
larger prey items, while smaller individuals are more likely
to select areas with more dense cover to reduce vulnerability
to predation (Chapman and Mackay 1984; Casselman and
Lewis 1996). Larger individuals need more food and are
more likely to move between habitats to search for prey
than smaller individuals because the former are at a lower
risk for predation (Kobler et al. 2008). In contrast to the
negative relationship we found for pike, site ﬁdelity
increased with body size for Yellow Perch. Similarly Bauer
et al. (2009) found that small Yellow Perch were more
active than larger individuals in two South Dakota lakes.
Additionally, in the lake with more complex habitats,
smaller individuals were located farther from shore. In
simple habitats with limited areas for refuge, the ideal

despotic distribution would predict that individuals, particularly smaller individuals, are forced to move extensively
to avoid predation (Gilliam and Fraser 1987; Newman and
Caraco 1987).

Conclusion
The functionality of a restored habitat is an important
consideration when deciding on the design and assessing
the success of restoration (Cortina et al. 2006; Herrick et al.
2006). Surveying the ﬁsh community of a habitat traditionally involves using non-selective ﬁshing methods, such
as electroﬁshing and trap netting. These methods are useful
for comparing trends in annual and seasonal catch, species
richness and abundance at standardized locations (Pope
et al. 2010). However, they are seasonally and weather
restricted, labour intensive and only capture a snapshot of
the community in space and time (Fausch et al. 1990; Harris
1995; Pope and Willis 1996). Determining whether the ﬁsh
community uses different habitats for foraging, spawning,
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nursery and/or refuge sites and whether non-native species
are using the area is crucial information for habitat managers (Minns 2001; Lapointe et al. 2014; Cooke et al. 2016).
Traditionally, biotelemetry has beneﬁtted restoration projects by providing information regarding the habitat preferences of various ﬁshes (Lapointe et al. 2013), but until
recently, has rarely been used in pre-restoration and postrestoration validation monitoring. To date, acoustic telemetry studies of ﬁsh movement and behaviour in restored
estuarine habitat has revealed important habitat function for
juvenile Gray Smooth-hound Sharks (Mustelus californicus) (Espinoza et al. 2011) and Shovelnose Guitarﬁsh
(Rhinobatos productus) (Farrugia et al. 2011).
We demonstrate the utility of passive acoustic telemetry for continuously tracking multi-season spatial
habitat use concurrently for multiple ﬁsh species. This
allowed us to conﬁrm that the restoration efforts in Toronto Harbour appear to be successful as these areas are
being highly used by the two target native species, but less
highly used by a non-native ﬁsh. The combination of
biotelemetry and traditional biodiversity surveying
methods could prove an ideal approach to assessing the
success of restoration projects given that collectively they
provide information on both ecological patterns and processes (Herrick et al. 2006).
For restoration ecologists and habitat managers alike,
understanding the responses of communities to habitat
restoration activities is crucial in determining the success of
restoration projects (Lake 2001). Here, we demonstrate the
spatial ecology of several members of the ﬁsh community in
restored and non-restored habitat areas of a large set of
coastal embayments. We acknowledge that an ideal design
to assess restoration success would be a before-aftercontrol-impact design (Underwood 1994). We did not have
pre-restoration information on the distribution of ﬁsh in this
system, but it is fair to say that the regions that were
restored were previously void of complex habitat after it
was stripped out or inﬁlled as part of the harbour’s development. Also notable in this study were the interactions of
species, body size and season on site ﬁdelity. All factors
collectively inﬂuenced the patterns of habitat use and
movement behaviour. Given this, managers can plan for and
design multi-species and multi-life stage habitat restoration
projects. For example, it may be possible to identify habitats
that are undesirable for invasive ﬁshes, but of high value to
native ﬁshes thus providing opportunities for restoration
activities to target the species groups of interest. Indeed,
habitat managers and restoration planners working on
Toronto Harbour are already incorporating such concepts
arising from telemetry data into their development of future
plans in an effort to ensure that habitats frequented (inferred
as habitat preference) by the non-native Common carp are
not unintentionally created.
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Our results demonstrate that aquatic habitat restoration
aimed at improving the overall habitat conditions were
collectively beneﬁcial for target ﬁshes and effective at
limiting use by a non-native ﬁsh. In an ideal world, all
habitat restoration would be done with some level of
understanding of the speciﬁc habitat needs and preferences
in mind of key members of the ﬁsh community, especially if
these are site speciﬁc. However, in practice such efforts
would be resource intensive. As such, any efforts to
incorporate telemetry techniques to evaluate restoration
activities, such as completed here, could help to not only
address site-speciﬁc issues, but also improve the broader
evidence base regarding ecological restoration.
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