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Abstract Understanding the spatial ecology of fish
is critical for effective conservation and manage-
ment. Gar (Lepisosteidae spp.) are an ancient line-
age of freshwater fishes that have long been thought
of as having high site fidelity with limited large-scale
movements. We acoustically tagged Longnose Gar
(L. osseus) in a large freshwater embayment (Hamil-
ton Harbour) and tracked the movements of 12 indi-
viduals within this system and throughout the coastal
waters of Lake Ontario for up to 4 years. Three dis-
tinct movement patterns were observed: migrants
(N=17), which moved throughout much of western
Lake Ontario and had a maximum displacement of
184 km (linear distance); residents (N=23), which
remained in or near the original tagging location (an
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industrial slip with year-round warmwater outfall);
and sporadic migrants (N=2), which showed both
migratory and resident behavioural patterns in dif-
ferent years. Seasonally, gar were most active during
the summer and then fall, with more restricted home
ranges and movements during winter suggestive of
more quiescent behaviour. This study represents the
first use of acoustic telemetry to track Longnose Gar
movements year-round in a large lake and confirmed
that a majority of tracked fishes make large-scale
movements in Lake Ontario. Such results reframe the
presumption that gar are more resident fishes with
restricted space use.

Keywords Lake Ontario - Migration - Acoustic
telemetry - Home range - Spatial ecology

Introduction

Movement is an intrinsic part of the ecology of
fishes and thus understanding a species’ spatial
ecology aids effective conservation, fisheries man-
agement, and ecosystem-based monitoring (Allen
and Singh 2016; Cooke et al. 2022). Quantifying
and describing the spatial ecology of fishes can
yield new knowledge to assist management in a
number of ways (Cooke et al. 2016). For exam-
ple, movement and migration pathways can reveal
movement corridors or aggregations that may need
protection (Hayden et al. 2014; Brownscombe et al.
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2019), emigration or residency within areas can
influence population estimates and demographics
informing harvest regulations (Taylor et al. 2013;
Dudgeon et al. 2015; Gatch et al. 2022), and dif-
ferent spatial behaviours can reveal variations in
habitat use or susceptibility to fisheries, to guide
habitat management (Daly et al. 2019; Espinoza
et al. 2021). Acoustic telemetry is a useful and
increasingly popular tool to track and study the spa-
tial ecology of fishes (Matley et al. 2022), with the
added benefit that it can also provide information
during times of year when it is difficult to sample
and study fish (i.e., winter, deeper waters; Marsden
et al. 2021). With the potential for near-continuous
detections using acoustic telemetry, a more holistic
understanding of a species’ movements and spatial
ecology is possible (Brownscombe et al. 2022).

A family with relatively limited spatial ecology
information are gar (Lepisosteidae spp.). Gar are
primitive piscivorous fish that are often associated
with warm, shallow, vegetated waters of lakes and
large rivers (Scott and Crossman 1998). Longnose
Gar (Lepisosteus osseus) are among the more com-
mon gar species and are distributed from Mexico
north through the eastern USA into Canada, includ-
ing throughout coastal waters of the lower Lauren-
tian Great Lakes. Longnose Gar are presumed to be
highly resident and can make spawning migrations
up streams (Scott and Crossman 1998). Specifically
in Great Lakes coastal wetlands, they have been char-
acterized as permanent wetland residents (Jude and
Pappas 1992) based on the assumption that they have
limited spatial extents. While in most of their range
little is known about the movement of Longnose
Gar, there are a few studies in the eastern USA that
document fairly extensive movements. Six marked
Longnose Gar in Weaubleau Creek, Missouri, were
later recaptured by anglers that same year, up to 48
km away and an average of 27 km away (Johnson and
Noltie 1996). Using radio and acoustic telemetry, two
Longnose Gar were tracked for just over a year and
moved ~70 km from their tagging location in Chesa-
peake Bay tributaries (McGrath et al. 2012). These
longer distance gar movements appeared to be sea-
sonal and associated with temperature, photoperiod,
and hydrological changes (McGrath 2010); however,
the proportion of the population that exhibited these
larger movements and their annual repeatability are
unknown. Such evidence for larger scale movements
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by Longnose Gar challenges their characterization as
a sedentary, resident species.

Hamilton Harbour is a large (21.5 km?), protected
embayment surrounded by urban and industrial land
use, that lies at the western end of Lake Ontario. It
was listed as a Great Lake Area of Concern (AOC)
in 1985 due to historic and ongoing habitat loss,
ecosystem degradation, and impairments to fish and
wildlife populations (COA 1992). The system still
provides habitat for numerous fish species, including
Longnose Gar, but population objectives, including
those for piscivores, are still not being met (Boston
et al. 2016). Observational data collected at an indus-
trial slip (quay), the Ottawa St. Slip, in Hamilton
Harbour, show that Longnose Gar are present year
round, and are likely attracted to an industrial warm
water discharge and abundant forage fish found there
(Smith 2006). However, it is unknown whether indi-
vidual Longnose Gar remain solely in the harbour in
these nearshore habitats, use Lake Ontario to transit
between wetland habitats, or whether the outer lake
plays a larger role in their lifecycle and ecology.
Hamilton Harbour has also been the site of a multi-
year acoustic telemetry project where a variety of
top-predator, non-native, and ecologically impor-
tant fish species have been tagged and tracked since
2015 to understand their spatial ecology (see Brooks
et al. 2017). Similarly, the use of acoustic telemetry
in Lake Ontario has been increasing with an expand-
ing receiver array designed to answer larger-scale
movement questions (see Larocque et al. 2022). Thus,
using acoustic telemetry provides an excellent oppor-
tunity to study the spatial ecology of Longnose Gar in
Hamilton Harbour and Lake Ontario.

Understanding fish movement patterns can help
improve fish community management as a whole.
More specifically, understanding the timing and
extent of Longnose Gar immigration and emigration
out of the harbour can provide insight on drivers of
fish movement in this AOC. Generally, Longnose
Gar are associated with shallow, vegetated, warm
water habitat but can exhibit both short- and long-
distance movements in a stream or estuarine popu-
lations (Johnson and Noltie 1996; McGrath et al.
2012). The extent to which those movements are
observed in coastal wetlands and a large (great) lake
are unclear. To that end, the objective of this study
was to characterize the movement ecology of adult
Longnose Gar in the coastal waters of Lake Ontario
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over a four year period. More specifically, we used
acoustic telemetry to document the seasonal and
inter-annual residence, movement speed, distance,
and depth use of Longnose Gar captured in Ham-
ilton Harbour and also explored the consistency in
movement patterns by individuals.

Methods
Acoustic telemetry array

Detection data were available for fish from June
29, 2016, to April 25, 2020. The array in Hamilton
Harbour in 2016 consisted of 32 acoustic receivers
(VR2W or VR2W-AR 69 kHz, Innovasea, Bedford,
Nova Scotia; Fig. 1). Over time the array expanded
to a total of 59 receivers by 2020. Similarly in Lake
Ontario, the array expanded in the western and cen-
tral basin from 12 in 2016 to 89 receivers by 2020,
with additional receivers in Toronto Harbour and
Niagara River region (Fig. 1). See Brooks et al.
(2019) and Larocque et al. (2022) for descriptions
of receiver moorings in Hamilton Harbour and Lake
Ontario, respectively.

Capture and tagging

Capture and tagging Longnose Gar followed the
methods from Midwood et al. (2018). In brief, 15
Longnose Gar were captured June 29 and 30, 2016,
using boat electrofishing (Smith-Root SR 21EH work
boat, 7.5 kW Generator Powered Pulsator) in the
Ottawa St. Slip (Fig. 2), which is situated along the
south shore of Hamilton Harbour at the western tip of
Lake Ontario (Fig. 1; 43.27387° N, —79.80693° W).
Prior to surgery, gar were anesthetized using a solu-
tion of clove oil emulsified in ethanol (with eugenol
as the active ingredient) in a 1:10 ratio at a dose of
0.065 mL/L. The fish was then placed in a v-shaped
foam trough (supine), while lake water was pumped
over their gills. Fish were measured for mass (g) and
total length (mm). To get into the body cavity along
the ventral midline, between the pectoral and pelvic
fins, a 18-mm cutting disk on a rotary tool was used
to cut through the ganoid scales, and a scalpel (no.
21) to breach the body cavity. Surgical scissors were
used to increase the length of the incision to~40 mm
to allow for the insertion of an acoustic transmitter
(hereafter referred to as tag; V13P, 13 mmXx39 mm,
11 g in air, 69 kHz, mean delay =200 s, max depth
reading =34 m, estimated tag life=1388 d; Innova-
Sea, Bedford, Nova Scotia). To allow for two sutures
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Fig. 2 Photo of the
entrance to the Ottawa St.
Slip

(3-0 monofilament with a reverse cutting needle) to
close the incision, four holes were drilled using a 1.5-
mm drill bit in the rotary tool, and each suture was
threaded through two holes prior to tying off with a
surgeon’s knot (3-3-2). Prior to surgery, all surgical
tools were disinfected using povidone iodine. Fish
recovered from anaesthesia for 10-20 min in a live
well pumped continuously with freshwater prior to
release. Animal care approval for this study was pro-
vided by the Carleton University Animal Care Com-
mittee under permit 102935.

Seasonal designations

Temperature profiles were collected using a tempera-
ture logger chain that was deployed annually at the
centre of Hamilton Harbour from early-spring to late-
fall (43.288° N,—79.845° W). Season was defined
by temperature dynamics and thermocline delinea-
tion after Larocque et al. (2020): spring (>5 °C and
warming isothermal), summer (established thermo-
cline), fall (first full water column mixing), and win-
ter (temperature is no longer declining and<5 °C
isothermal). Temperature profiles were unavailable
in the harbour after 2018, and seasons were based
on the mean Julian day of seasonal delineation in the
harbour from Larocque et al. (2020): spring — April
25 to June 6, summer — June 7 to October 3, fall —
October 4 to November 17, and winter — November
18 to April 24. Although seasonal designations may
vary for fish outside of the harbour in Lake Ontario,
this was deemed to be a suitable approximation.

@ Springer

Data preparation

All data preparation and analyses were conducted in
R version 4.0.2 (R Core Team 2020). Detection data
collected from 2016 to 2020 were used for analyses.
Data were filtered to remove fish that were presumed
dead (or had expelled tags). Fish were inferred to be
dead if they continuously exhibited constant depth-
use profiles and stayed within the same area of the
array (potentially detected on multiple receivers all
within the same vicinity; Klinard and Matley 2020).
If fish were alive for a period > 1 month prior to sus-
pected mortality, then only the suspect data were
removed. Fish with<1 month of detections were
removed from analyses. All instances of depth sensor
malfunctions were removed from the dataset. Depth
sensor malfunctions would sometimes occur at the
end of a tag’s battery life and would incorrectly indi-
cate the fish was at the maximum depth value the tag
can sense (34 m). Data that met the criteria for false
detections were also excluded from our analyses (Pin-
cock 2012), as were data in which tags were detected
on the same receiver earlier than the minimum ping
rate of the tags. Overall, detection data from 12
tagged gar were included in the analyses (Table 1).
Due to the close proximity of receivers in Hamil-
ton Harbour, a single ping from a tag could be heard
on multiple receivers. Thus, to best associate the fish
with a single receiver’s location, we subset detec-
tions so only the first receiver to detect that tagged
fish were included and any other detections before
the minimum lag time to another ping were removed.
Otherwise, a tag could potentially be heard at further
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Table 1 Tagging, detection and movement summary of different movement groups of acoustically tagged Longnose Gar in Hamilton Harbour, ON

Max duration

Number of Number of days Max displace-

detections

Detection
window
(days)
763

351

316

664

795

Date of last
detection

Mass (g) Date tagged Date of first

Tag ID Total

Movement
group

outside harbour

(days)
1.5
0.0
0.0

ment distance

(km)

with detections

detection

Length

(mm)

22.1
5.7
6.0

616
270
291

116,778
38,712
46,822

8/1/2018

6/29/2016  6/29/2016

1000
910
1750
1230
790

15207 728

Resident

6/16/2017

6/30/2016

6/29/2016

15208 727

5/12/2017

6/30/2016

6/30/2016

15205 920

187.9
691.0

63.3

506
309
463
57

117,068
33,927
64,836
1767

4/25/2018
9/3/2018

6/30/2016

6/30/2016

15202 823

Migrant

63.2

6/30/2016

6/30/2016

15203 732

3222

155.6
184.4
63.2

1383
1192
1210
686

4/12/2020
10/4/2019

6/29/2016  6/29/2016

2370
1330
1110
1650
1290

970

15209 978

1173.9
90.4

6/29/2016

6/29/2016

15210 902

15211

1101

629

219,139

10/22/2019
5/16/2018

6/29/2016

6/29/2016

781

132.4
11.2

429

63.9

151,067
20,511

6/29/2016

6/29/2016

15212 858

56.3
48.2

124
602
543

126
783
779

11/2/2016
8/21/2018

6/29/2016

6/29/2016

15214 834

133,681
92,189

6/29/2016

6/29/2016

15213 752

Sporadic

migrant

15.1

56.6

8/17/2018

6/29/2016  6/29/2016

680

15217 680

receivers where the fish was not actually present and
skew residency and movement analyses.

Data analyses
Movement groupings

Visualization of gar movements and paths over the
study duration revealed three distinct movement pat-
terns (Supplementary Figs. 1A-L). Each gar was
assigned to a movement group to further describe and
analyse movement patterns. Differences in depth use
by movement groups and seasons (and their inter-
action) were assessed using a general linear mixed
model (GLMM) using tag ID and year as random
effects and corAR1 temporal correlation structure,
using the ‘lme’ function in nlme package (Pinheiro
and Bates 2000). Based on autocorrelation function
(ACF) plots, mean daily depths showed strong tempo-
ral autocorrelation, even with corAR1 incorporated.
To remove temporal autocorrelation, data were subset
by taking a random depth value each week for each
tagged fish and the analyses were run again with a
temporal correlation structure as indicated above. A
type II analyses of deviance (which uses a Wald chi-
square test statistic) was used to determine signifi-
cance of the predictor variables (e.g., season, group,
interaction) in the GLMM. If either group, season, or
their interaction were significant, a Tukey post hoc
test was conducted using the ‘emmeans’ function in
emmeans package (Lenth 2023) to determine differ-
ences among the categorical groups of the significant
variables.

Harbour residency

Seasonal mean residency within Hamilton Harbour
for each movement group was calculated based on
each individual’s residency. Residency was calcu-
lated as the number of distinct days detected at each
receiver location divided by the total distinct days
detected within a given season using the ‘residence
index’ function in the glatos package (Holbrook et al.
2020). Any detections on receivers outside of the
harbour were given a single ‘location’ designated as
outside the harbour to determine residency when not
in the harbour, and not focused on a location per se.
Detections within a season, across years, were com-
bined for easier cross season comparison. Within the
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harbour, the array coverage is relatively thorough so
when a fish is not detected for a day, it is likely in
the same area it was last detected, and structure is
likely obscuring detections. To account for this, any
day a fish was not detected between known detections
it was given a single daily detection at the last posi-
tion it was detected (Last Position Carried Forwards;
LPCF), which was then incorporated into the resi-
dency analyses. Mean seasonal residency within the
harbour for each movement group was determined
and plotted.

Lake-wide home range

For migrant Longnose Gar, seasonal core and general
home range or 50% and 95% kernel utilization distri-
bution (KUD) were estimated using the ‘kernalUD’
function in the adehabitatHR package (Calenge
2006). When fish were not in the harbour, we did not
have confidence that the fish was within the last posi-
tion it was detected and we did not adjust with LPCF.
However, to adjust for variable receiver coverage that
resulted in high detectability in Hamilton Harbour
and lower detectability in Lake Ontario, we reduced
the dataset to daily detections at a receiver to calcu-
late the KUDs. Tagged individuals had their home
range plotted as a semi-transparent layer, such that
overlapping individual home ranges appear darker
on the figures to better understand trends across
individuals.

Lake-wide movement patterns

Migration movement patterns via routes, duration,
site fidelity, and repeatability were determined based
on visualization of individual movements and paths
over the study duration. Maximum spatial displace-
ment (linear distance) from the tagging location in the
Ottawa St. Slip was determined for each individual. It
is important to note that actual movement distances
were larger as this did not account for avoiding land
or non-direct movements towards the furthest loca-
tion detected from the tagging site.

Daily distance (i.e., speed, km/day) and total sea-
sonal distance were determined when individual
migrants were outside of Hamilton Harbour and the
Niagara River. These two areas have dense arrays of
receivers with overlapping detection ranges, such that
even if a fish had not moved subsequent detections
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could occur on another receiver and give a false
movement distance. Any detections in these areas
were given a single location to determine distances
and movement speeds of individuals in Lake Ontario
proper. To get speed, distances between receivers
from chronological detections were summed across
each day, and then divided by the number of days
between detections to get daily distance. For example,
if the receiver distance between two detections was 10
km and the detections occurred 2 days apart, the daily
distance would be 5 km. To determine migration
speeds, instances of zero movements were removed
for the analyses. Total distances in each season were
summed for each individual per year. Both daily dis-
tances and total distances moved for migrants were
separately compared across seasons using a GLMM
with individuals and year as random effects with the
‘Imer’ function in /me4 package (Bates et al. 2015),
to account for individual variation and the change in
the receiver array over time. A type II analyses of
deviance (which uses a Wald chi-square test statistic)
was used to determine the significance of season as a
predictor variable. If season was significant, a Tukey
post hoc test was conducted to determine differences
among seasons. For all statistical analyses, assump-
tions of normality and homoscedasticity were visu-
ally assessed using qqplots and fitted versus residual
plots, respectively; ACF plots verified the assumption
of independence via temporal autocorrelation, and
significance was determined at a=0.05.

Results
Movement groups

Three distinct movement groups were observed based
on the duration of time spent in Hamilton Harbour:
residents, migrants, and sporadic migrants (Supple-
mentary Figs. 1A-L and 2A-L). Three of twelve indi-
viduals (25%) were considered residents, in which
they almost fully resided in Hamilton Harbour, spe-
cifically at or near the location of tagging. Seven
individuals (58%) left the harbour annually or would
make large spatial movements on an annual basis
and were considered migrants. Lastly, two individu-
als (17%) were considered sporadic migrants as they
were resident in Hamilton Harbour for over a year but
in another year would emigrate, with no particular
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pattern. Overall, 75% (n=9 of 12) of tagged gar made
long-distance excursions out of the harbour at some
point during the 4 year tracking period. The mean
total length and mass appeared to be slightly smaller
in sporadic migrants (mean: 716 mm and 825 g,
n=2) than in residents (mean: 792 mm and 1220 g,
n=23) or migrants (mean: 844 mm and 1396 g, n="7).

Depth use varied significantly by both movement
group (%, =27.139, p<0.001), season (y*;=307.613,
p<0.001), and their interaction (;(26= 111.069,
p<0.001, R2=O.62). Residents remained shallow
(~0.5 m) year-round; migrants were shallow in the
spring and summer (~1 m), and were deeper in the
fall (~3.5 m) and winter (~6.5 m)’; and sporadic
migrants were shallow (~0.5 m) from spring to fall
and used deeper waters (~3 m) in the winter only
(Fig. 3).

Harbour residency

Seasonally, resident fish were almost entirely in
the Ottawa St. Slip of Hamilton Harbour at consist-
ent shallow depths year-round (Fig. 4). Similarly,
sporadic migrants had highest residency year-round

ac abcd ab ac abcd ab

bd abcd ab

in the Ottawa St. Slip; however, there was a slight
increase in residency in the east end in the sum-
mer and fall and in the west end in the fall and win-
ter when using deeper depths (Fig. 4). Conversely,
for migrants, residency in the spring and summer
was greatest outside of the harbour, followed by the
Ottawa St. Slip when at shallower depths (Fig. 4). In
the fall, residency was still highest outside of the har-
bour but increased in the harbour relative to spring or
summer. Finally, in the winter, migrant residency was
roughly split between the west end of the harbour and
outside of the harbour (near the Niagara River) when
at their deepest depths (Fig. 4).

Detections by migrants in the Ottawa St. Slip gen-
erally occurred in the spring and/or summer (Sup-
plementary Figs. 2A-L). When migrants returned to
Hamilton Harbour, they were all detected at some
point in the Ottawa St. Slip, but for variable durations.

Lake Ontario home range and movement patterns
Changes occurred seasonally for both core (50%

KUD) and general (95% KUD) home ranges of
migrant Longnose Gar. Seasonally, core and general

e abcd cd

qﬁ#ﬁ 5T

Depth (m)

Sum‘mer
Season

Spﬁng

Fig. 3 Seasonal depth use of different movement groups of
Longnose Gar. Different letters indicate significant differences
across groups and seasons. Lower and upper box boundaries
are the 25th and 75th percentiles, respectively; line inside box

Fall

o Movement Group

@ Migrant
@ Resident
@ Sporadic migrant

Winter

is the median; lower and upper error lines are the lower box
boundary — 1.5 * inter-quartile range (IQR) and upper box
boundary + 1.5*IQR, respectively. Coloured squares indicate
mean values
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Ontario near Rochester, NY (Fig. 5). In fall, home
ranges started contracting and were more focused
along the southern shoreline between Hamilton Har-
bour and the Niagara River, as well as near Toronto.
When individual detection pathways were assessed
across years, migrant Longnose Gar exhibited differ-
ent migration and movement patterns (Fig. 6). Four
of seven (57%) migrants showed annual site fidelity
to Hamilton Harbour, three returning every winter
and spring (Tag IDs 15202, 15211, 15212, 15213)
with one migrant returning in the spring and summer
(15209; Fig. 6 — top panel; Supplementary Figs. 1A-
L; Supplementary Fig. 2A-L). Some migrants did not
return to Hamilton Harbour and appeared to disperse
eastward over the years (15210; Fig. 6 — middle

Tag ID 15209 - Migrant

2016 2017

panel) or remain in the Niagara River region for over
a year (15203). One migrant dispersed to Toronto in
the first year of tagging and was never detected after-
wards (15214), while one sporadic migrant went to
Toronto and returned and remained in Hamilton Har-
bour for two years (15217; Fig. 6 — bottom panel).
In total, four of 12 (33%) tagged Longnose Gar were
detected at Toronto, specifically three of seven (43%)
migrants and one of two (50%) sporadic migrants.
Longnose Gar detected in Toronto visited a number
of areas including the inner harbour quays, Toronto
Islands, and outer harbour embayments, but gen-
erally only staying for several days before leaving
again. Most tagged Longnose Gar (7 of 12; 58%)
were detected in the Niagara River region with six of
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Fig. 6 Example of long distance, annual movement paths (as
the crow flies at receiver sites) by Julian date of migrant (ID
15209 and 15210) and sporadic migrant (ID 15217) Longnose
Gar tagged in Hamilton Harbour. Some long distance migrants
showed annual site fidelity, returning each year to Hamilton

Harbour (15209), while others may move long distances each
year without site fidelity (15210), or vary annually between
short- or long-distance movements (15217). Note, as the
receiver array (grey dots) expanded over the years, Longnose
Gar could be detected further east in Lake Ontario
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them spending time in the river proper (six of seven
migrants and one of two sporadic migrants). Most
migrant and sporadic migrants maximum displace-
ment distances were~60 km — roughly the dis-
tance to Niagara River (Table 1). Only three migrant
Longnose Gar were detected in 2019 when the array
expanded beyond the Niagara River, and two were
detected as far as Rochester, NY (15209 and 15210
with maximum displacement distances of 156 and
184 km, respectively).

When moving long-distance in Lake Ontario
(excluding days with zero movement), outside of
Hamilton Harbour or the Niagara River region (areas
with close groups of receivers), migrant Long-
nose Gar varied seasonally in their movement speed
(r’3=11.029, p=0.012, R*=0.04). Longnose Gar
moved slower in winter (2.6+3.9 km/day) com-
pared to summer (16.7+4.2 km/day), while move-
ment speed did not vary for spring (13.0+4.6 km/
day) and fall (15.2+4.5 km/day) from any other
season (Fig. 7A). When both offshore and nearshore
receivers were deployed in Lake Ontario (i.e., after
2017), Longnose Gar tended to be detected more on
nearshore receivers (~20 m depth contour) than on
offshore, pelagic receivers; Figs. 1 and 6; Supple-
mentary Figs. 1A-L). The maximum movement speed
detected among Longnose Gar was 74.0 km/day (Tag
ID 15209 in Sept 2019 moving from Niagara River
east towards Rochester, NY), although across seasons
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Fig. 7 Model predicted seasonal differences in A daily move-
ment speeds (km/day) and B total distances moved by migrant
Longnose Gar in Lake Ontario. Different letters indicate signif-
icant differences across seasons. Lower and upper box bounda-
ries are the 25th and 75th percentiles, respectively; line inside
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on average they moved 13.5+6.3 km/day. Total dis-
tances moved in Lake Ontario by migrant Longnose
Gar also varied seasonally ()(23=19.213, p<0.001,
R*=0.23). Longnose Gar generally travelled further
in summer (162.7+32.3 km) compared to spring
(27.7+32.3 km) and winter (12.0 +32.3 km), but not
fall (104.7+32.3 km; Fig. 7B).

Discussion

This study represents the first use of acoustic telem-
etry to document the spatial ecology of Longnose
Gar in a large lake. Three distinct movement pat-
terns were observed over the study period. Long-
nose Gar in Hamilton Harbour were primarily
migrants, making large spatial movements, with a
smaller proportion of Longnose Gar either being
residents of where they were tagged or sporadic
migrants that exhibited the characteristics of resi-
dents and migrants across different years. Although
previous studies in different aquatic systems with
Longnose Gar did observe large-scale movements
(roughly 50-70 km; Johnson and Noltie 1996;
McGrath et al. 2012), the larger extent (max 184
km displacement) and annual repeatability with
seasonal patterns in horizontal and vertical spatial
use has not been documented. Similar movement
patterns were found with juvenile Alligator Gar
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(Atractosteus spatula) in the Mississippi flood-
plains, with fish having either strong fidelity to
their tagging/release location (70% of radio-tagged
juveniles) or exhibiting larger movement patterns
(30% of radio-tagged juveniles; Solomon et al.
2013). The Longnose Gar movement patterns in this
study support Clark’s (1968) contingent hypothesis,
where different contingents, or groups of a popula-
tion exhibit different migratory patterns based on
factors such as genetics, environment, and behav-
iour (Secor 1999). Although it is still unclear what
drives migrant Longnose Gar to move beyond Ham-
ilton Harbour, we found no differences in length or
mass of the fish between movement groups; it is
unclear if age or sex (which were not recorded) of
the fish would influence Longnose Gar movement
patterns. Due to the size of the acoustic transmitter,
only adult fish were tagged so it is possible juve-
niles may exhibit different patterns of site fidelity
and movement. Regardless, the different movement
patterns observed in the present study explain the
past characterization of Longnose Gar as permanent
residents in Great Lakes coastal wetlands (Jude and
Pappas 1992) since, even if the migratory compo-
nent of the population was missed, resident or spo-
radic migrants could still be captured during routine
biological monitoring activities.

In Hamilton Harbour, the Ottawa St. Slip has a
warmwater outfall that provides a unique, although
unnatural habitat for fish. Both resident and sporadic
migrant Longnose Gar could be found in the Ottawa
St. Slip year-round; however, returning migrants
would also be detected in the slip, at least for a short
period in spring and early summer. Winter water
temperatures in Hamilton Harbour range from 2 to
4 °C, whereas the Ottawa St. Slip temperatures hover
around 16 °C (Smith 2006; Gertzen et al. 2016).
In general, slip temperatures are roughly 12-14°
C warmer in the winter and 3—-10° C warmer in the
summer compared to Hamilton Harbour (Smith,
P.D unpublished data; Smith 2005, 2006). During a
3-year (2004-2006) observational study in the Ottawa
St. Slip, Longnose Gar were present year-round with
the highest counts in the winter and spring (Smith
2006). Counts of over 100 individuals were not
unusual in the winter, with multiple age classes pre-
sent (size ranges of 300-900 mm; Smith 2006). The
Ottawa St. Slip likely provides all necessary aspects
for some Longnose Gar to complete their lifecycle

and sufficient forage base for a portion of the Long-
nose Gar population; hence, residents can have a
smaller home range over multiple years.

Direct evidence of Longnose Gar spawning in the
Ottawa St. Slip has not been observed, but anecdo-
tally eggs attached to rocks have been observed (J.
Midwood, pers. comm.) coincident with the Long-
nose Gar spawning window (19 °C; May—July; Holm
et al. 2022). Another potential spawning area is
Cootes Paradise Marsh, which lies at the western end
of Hamilton Harbour but is separated from the har-
bour by a fishway designed to exclude Common Carp
(Cyprinus carpio; Royal Botanical Gardens 1998).
Only ten Longnose Gar were caught at the fishway
trying to enter Cootes Paradise Marsh from 1996 to
2021 (Bendo et al. 2021), and none of the tagged fish
were found in the marsh. There are several potential
explanations for these observations that warrant fur-
ther study including the spacing of bars in the fish-
way barrier limiting Longnose Gar passage (although
juveniles could get through the barrier), a distinct
sub-population of Longnose Gar that uses Cootes
Paradise Marsh, or our limited sample size did not
include the proportion of Longnose Gar that frequent
the marsh. Regardless of where else Longnose Gar
may be spawning in the harbour, the conditions in the
Ottawa St. Slip are clearly an attractant for gar and its
role as a source or sink for gar populations should be
explored further.

The spatial ecology of fishes during winter is an
understudied time of year (Cunjak 1996; Marsden
et al. 2021) but we were able to observe movement
and depth use of Longnose Gar during this season.
Resident Longnose Gar were found predominantly
in the Ottawa St. Slip during the winter months,
whereas migrants used either the western portion of
Hamilton Harbour, the south shore of Lake Ontario,
or the Niagara River. All tagged Longnose Gar were
found to have smaller core home ranges in the win-
ter compared to other seasons. Movement speeds and
distances traversed by migrant Longnose Gar in Lake
Ontario were also slowest and smallest, respectively,
during the winter. While some fishes actively forage
during the winter (e.g., Northern Pike; Pierce et al.
2013), little is known about Longnose Gar dietary and
metabolic requirements in the winter. In Chesapeake
Bay tributaries, three Longnose Gar collected in the
winter had empty stomachs (McGrath et al. 2013),
and in South Carolina estuaries, 76% of Longnose
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Gar stomachs in winter were empty compared to only
33% in summer (Henzler 2011). Evidence of reduced
feeding in some systems, the reductions in home
range and movements observed in the present study,
and observations of more quiescent winter strategies
in warmwater fishes in general (Shuter et al. 2012)
likely support overall reductions in winter locomotor
activity for Longnose Gar.

Depth use was also found to vary by season. In the
artificially warm waters of the Ottawa St. Slip dur-
ing winter, the resident Longnose Gar stayed within
1 m of the surface and depth did not vary year-round.
Outside of the slip and under more natural condi-
tions, migrant Longnose Gar moved out of shallow
wetlands and nearshore habitat into deeper waters
(~6.5 m) to overwinter. Many different fish species
have been found to use deeper depths in this season
(Larocque et al. 2020) and such winter shifts could
be a response to finding comparatively warmer oxy-
gen rich waters while also avoiding ice dynamics at
the surface and in littoral areas. For gar, the transi-
tion back to shallow waters occurred in mid- to late-
April, and as water temperatures warmed, gar likely
began to seek foraging and spawning habitats. Hav-
ing unique summer and winter habitat adds additional
complexities for species management and confirm-
ing such seasonal shifts in depth use can help better
define seasonally important habitat.

The majority of acoustically tagged Longnose
Gar made long excursions into Lake Ontario, gen-
erally towards the Niagara River and occasionally
towards Toronto, while some fish showed annual site
fidelity to Hamilton Harbour. Long-distance excur-
sions paired with 57% (4 of 7) of migrants repeat-
edly returning to Hamilton Harbour every year indi-
cate fidelity to Hamilton Harbour, and specifically
the Ottawa St. Slip. However, a few fish showed site
fidelity to the Niagara River, or large-scale eastward
dispersal over several years towards Rochester. The
maximum displacement of two fish being greater
than 150 km, and the average movement of migrants
being~ 160 km in the summer season alone, is the
greatest movement of Longnose Gar documented to
date. Spawning site fidelity has been observed in a
variety of fishes (Miller et al. 2001; Zemeckis et al.
2014; Binder et al. 2015; Hayden et al. 2018), and is
considered an evolutionary adaptation to maximize
reproductive success (Leggett 1977). Longnose Gar
could be homing back towards Hamilton Harbour for
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the winter in preparation for spawning in the Ottawa
St. Slip in the late spring/early summer, while other
gar, during summer dispersal, may have found suita-
ble spawning locations to head towards in subsequent
years (e.g., Niagara River area or near Rochester).
The more productive waters of Hamilton Harbour
(and nearshore areas in general) relative to Lake
Ontario may also provide important foraging oppor-
tunities to improve spawning success. It is unknown
exactly why Longnose Gar migrated such long dis-
tances in Lake Ontario, or what method of navigation
helps orient return trips. Fish that explored the north
shore towards Toronto did not remain in that area
(although one individual was not detected returning),
and there appears to be greater affinity towards the
south shore of Lake Ontario. While the Toronto area
supports a diverse fish community (Midwood et al.
2022), cold water upwellings from Lake Ontario into
the system can negatively influence warmwater fishes
(Murphy et al. 2011; Hlevca et al. 2015) and few
Longnose Gar are typically captured there (OMNRF
2020). In contrast, the Niagara River and Rochester
areas are at natural river mouths that can be produc-
tive environments and bioenergetically favourable
(warmer temperatures, increased prey availability) for
fishes (Larson et al. 2013), and may make the > 50 km
excursion to these areas energetically beneficial for
Longnose Gar.

While we cannot confirm the drivers of Long-
nose Gar migration, resource limitations and density
dependence in the Ottawa St. Slip may force some
individuals out into the harbour (Taylor et al. 2013).
The harbour itself has impaired water quality with
high nutrient levels causing hypolimnetic anoxia
during the summer as waters warm (Polak and Haf-
fner 1978; Gertzen et al. 2016), which may reduce
the availability of habitat for gar. Furthermore, habi-
tat quality and food availability in nearshore areas
can also be reduced due to upwellings of this anoxic
water (Flood et al. 2021) and Longnose Gar may
leave Hamilton Harbour as a result. However, since
Longnose Gar are facultative air breathers (Scott and
Crossman 1998), such anoxia-related issues may not
influence gar directly, but rather may affect the avail-
ability of prey resources, which are confined to sur-
face waters during the summer months (Midwood
et al. 2019). Adult Walleye (Sander vitreus) in eastern
Lake Ontario have shown large summer migrations
out of the Bay of Quinte that were related to water
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temperatures and food availability (Bowlby and Hoyle
2011). Other acoustically tagged species have also
been found to leave Hamilton Harbour in the summer
and return in the fall/winter (e.g., Walleye, Freshwa-
ter Drum (Aplodinotus grunniens), and White Sucker
(Catostomus commersonii); Brooks et al. (2019);
Larocque, S., unpublished data). Whether all of these
species, Longnose Gar included, are leaving and
returning to the harbour simultaneously and whether
this timing is related to water quality, environmental
variables, or food availability it is an important area
of future research. Documenting such drivers would
improve our understanding of the dynamics of the
Hamilton Harbour fish community including seasonal
and interannual variation in productivity and would
also identify potential limitations related to the qual-
ity of fish habitat, which may help with the develop-
ment of habitat restoration plans for the AOC.
Understanding the spatial ecology of Longnose
Gar and other fishes can assist with fisheries man-
agement and conservation. Longnose Gar had vari-
able movement patterns but showed extensive long-
distance migrations with a high degree of site fidelity
to the tagging location in Hamilton Harbour. These
movement patterns indicate that monitoring of Long-
nose Gar in Hamilton Harbour may have reduced
catches and lower population estimates if sampling
outside the main spawning site and time window.
Understanding the residency of fish species to an
area can help determine if it is an appropriate spe-
cies for monitoring local trends (e.g., contaminants,
fish productivity). With other species also leaving
Hamilton Harbour during the summer, it suggests
that there may be shared drivers of emigration and
determining these factors may help direct Hamil-
ton Harbour ecosystem restoration projects. These
movements of gar into the open lake highlight the
connection and energy transfer in fish communities
between the lake and protected embayments. From
a conservation standpoint, studying the spatial ecol-
ogy of rare or threatened species may be difficult
logistically and consequently aspects of their ecol-
ogy may remain unknown. However, information
extrapolated by studying a similar congeneric can be
used to assist with imperiled species restoration and
conservation (Cooke 2008). Documenting Longnose
Gar movement patterns can thus potentially be used
to inform the conservation of Spotted Gar (Lepisos-
teus oculatus), an endangered species in Canadian

waters (COSEWIC 2015). Past studies of this species
at risk have documented limited movements (Glass
et al. 2012); however, tracking was spatially limited
and would have missed larger-scale movements. If
Spotted Gar have similar movement patterns as Long-
nose Gar, results from the present study can be used
to help set the spatial scale for population recovery
plans in Canadian waters. In the present work, acous-
tic telemetry provided a useful tool to study Longnose
Gar and revealed unexpected and previously undocu-
mented large-scale spatial movements that will influ-
ence management of Longnose Gar and congenerics.
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