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Abstract

Assessing the behaviour of fish in the wild is challenging given the lack of relevant “controls” to
assess recovery following capture. Our aim was to assess how long it takes largemouth bass
(Micropterus nigricans) and northern pike (Esox lucius) equipped with pop-off biologgers to
resume normal behaviour (i.e., return to baseline movement and exploration activity) once
released. Both species were equipped with acoustic transmitters in a whole-lake positioning
system to model their movement patterns and behaviour. We recaptured those same individuals
at a minimum of 37d later and affixed pop-off biologgers that recorded acceleration and depth
allowing us to combine data from two technologies to assess the post-release behaviour of the
fish. In 20-28.5°C water temperatures, it took largemouth bass equipped with biologgers 129h
(95% CI: 106-149h) to resume normal movement and 154h (103-195h) for exploration activity.
Northern pike equipped with pop-off biologgers took 145h (110-174h) to resume normal
movement activity. Exploratory behaviour of northern pike was not influenced. These results
reveal that catch-and-release angling can yield post-release behavioural consequences for up to

7d.
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Introduction

If catch-and-release angling is to be an effective conservation tool, it is important that
fish survive with negligible long-term sublethal impacts from the angling event (Wydoski 1977,
Cooke and Shramm 2007) especially given that billions of fish are captured and released
annually (Cooke and Cowx 2004). Various aspects of angling events (e.g., hooking injuries,
fight, handling, and air exposure time) as well as environmental conditions (e.g., water
temperature) influence the extent that sub-lethal physiological and behavioural impairments can
occur (reviewed in Muoneke and Childress 1994, Cooke and Suski 2005, Arlinghaus et al. 2007).
Moreover, responses to the capture event can also vary depending on biotic factors such as body
size and species (Raby et al. 2015). These changes can lead to important ecological
consequences that can occur during the recovery period, such as reduced ability to avoid
predators, cognitive disorientation and lack of foraging ability (Siepker et al. 2006, Danylchuk et
al. 2007, Cooke et al. 2014). This occurs when swimming performance is hindered while
anaerobic by-products (i.e., lactate) are being cleared and energy stores (e.g., glycogen) are
replenished (Milligan 1996, Kieffer 2000). Understanding how long recovery post-capture takes
and how different best fish handling practices (e.g., gear types, handling practices) affect fish can
help inform anglers and fisheries managers on ways to maximise fish welfare and reduce
unintended mortality (reviewed in Brownscombe et al. 2017).

Deviations in behaviour once released can be a qualitative indicator of longer-term
impacts on survival and fitness such as impaired growth or ability to reproduce (Beitinger 1990,
LaRochelle et al. 2025). Since the capture of fish can be energetically costly (Milligan 1996,
Kieffer 2000), captured fish must replenish such energetic losses (i.e., body maintenance) from
angling events prior to allocating energy towards growth and reproduction (Brett and Groves
1979, Richard et al. 2013). This is further exacerbated by the fact that angling events can reduce
or halt feeding of fish, limiting energy acquisition during the recovery period (Aalbers et al.
2004, Siepker et al. 2006, Stalhammar et al. 2012). Therefore, the ability to monitor the post-
release behaviour of fish in their natural environment during the recovery period can provide
important information on the state of the animal and the fitness impacts that an angling event
could have once released (reviewed in LaRochelle et al. 2025).

Monitoring the behaviour of fish in the wild is challenging given it is hard to observe

animals underwater in large systems and often requires the use of electronic tags. Telemetry
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studies have often been used to monitor the long-term impacts that catch-and-release angling has
on the fate of released fishes and their post-release behavioural recovery (Pollock and Pine 2007,
Donaldson et al. 2008) the post-release behavioural recovery (Klefoth et al. 2008, Arlinghaus et
al. 2009, Baktoft et al. 2013). Although a powerful tool for monitoring long-term impacts on
behaviour, tagging fish with an acoustic transmitter can be invasive and have short-term
behavioural consequences because the transmitters are usually placed intracoelomically with a
surgical procedure that typically involves sedating the fish (Bridger and Booth 2003, Cooke et al.
2011). To effectively assess the impacts of catch-and-release angling on the behaviour of fish
using acoustic telemetry, it is important to separate any negative effects of the tagging procedure
(i.e., tagging effects; Shorgan et al. 2025) from the capture effects (Donaldson et al. 2008,
Baktoft et al. 2013). This is challenging given that fish equipped with acoustic transmitters
would need to be recaptured following a recovery period (Ferter et al. 2015). More recently,
biologgers have been used to assess the short-term fine-scale behaviour of fish in the wild
following capture events (Brownscombe et al. 2013, LaRochelle et al. 2021, Louison et al.
2023). The attachment method is generally less invasive than surgery because a Velcro strap (see
LaRochelle et al. 2022, Madden et al. 2024) or a pop-off mechanism are used (see Whitney et al.
2016, LaRochelle et al. 2023, LaRochelle et al. 2024). The ability to combine these two
technologies on fish that have behaviourally recovered from the tagging procedure provides
unique opportunities to assess the fine-scale short-term and long-term behavioural deviations that
occur from an angling event.

Largemouth bass (Micropterus nigricans) and northern pike (Esox [ucius) are popular
sport fish that are often subjected to catch-and-release angling (Quinn and Paukert 2009,
Arlinghaus et al. 2018). Several studies have assessed the physiological status (e.g., Suski et al.
2006, Thompson et al. 2008, Arlinghaus et al. 2009, Louison et al. 2017) and post-release
behaviour (e.g., Arlinghaus et al. 2008, LaRochelle et al. 2021, Chhor et al. 2022) of both species
after being captured. These studies provide insight into the physiological and behavioural
impacts of angling but typically lack the baseline state of animals prior to capture or uncaptured
controls, ultimately inhibiting the ability to truly assess recovery (i.e., there is no comparator).
Early work by Klefoth et al. (2008) used radio telemetry to assess the pre-capture and post-
capture movement distance and habitat used by northern pike to determine recovery from an

angling event. The study design captured coarse movement and habitat choice of northern pike
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by assessing these behaviours for a 24-hour period every 7 days. This study found that northern
pike recovered from angling within 7 days of capture, but was not able to identify the exact time
within the 7 day period that recovery occurred. Bakatoft et al. (2013) took a fine-scale approach
to identify recovery of northern pike after an angling event. Those authors implanted northern
pike with acoustic transmitters capable of providing high resolution-acoustic data and let them
recover from the tagging event prior to recapturing them. This provided authors the ability to
assess the pre-capture and post-capture behaviour of northern pike and allowed them to compare
these results to non-captured controls to identify recovery in 5-16°C water temperatures. The
authors found that northern pike in this system, with relatively cool water temperatures,
recovered behaviourally within 48 hours of capture. However, warm water temperatures (>25°C)
are known to be stressful and potentially lethal for similar Esox spp., especially when no thermal
refuge is available (e.g., Bauerlien et al., 2022, Booth et al., 2023). To date, behavioural recovery
studies have only been accomplished for northern pike in a range of relatively cool water
temperatures and not water temperatures that are likely in the summer. Further, this type of study
has not occurred for other popular sportfish like largemouth bass.

The primary objective of this study was to determine the behavioural consequences of
catch-and-release angling events on fishes in relatively warm water temperatures when most
angling occurs (i.e., summer) and quantify the duration of time it takes to resume normal
behaviour (i.e., recovered) when equipped with a pop-off biologger. To achieve this, we used
two popular sportfish that are commonly subjected to catch-and-release angling—Ilargemouth
bass and northern pike. We combined high-resolution positions (14-18 s) with acoustic telemetry
using a whole-lake fish positioning system and fine-scale behavioural data from internal data
storage biologgers. Together, these techniques allowed for detailed observations of fish
behaviour in relation to catch-and-release angling, with pop-off biologgers providing additional
fine-scale behavioural detail for the initial hours post-release. In addition to answering a key
question about behavioural impacts from catch-and-release angling, our findings can inform the
duration of time pop-off biologgers should remain attached to largemouth and northern pike to

quantify post-release behavioural recovery from angling related stressors.

Methods
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Acoustic tagging
All tagging practices were in accordance with the Canadian Council on Animal Care approved
by Carleton University (AUP #110723). This research was conducted at Lindsay Lake
(44°32'14.0"N, 76°23'23.1"W), a private research lake located at Queens University Biological
Station that was equipped with 307 kHz HR3 high-residency acoustic receivers (Innovasea
Systems Inc., Halifax, NS, Canada, n = 33). Acoustic receivers were strategically deployed
within the lake (maximum distance of ~100 m apart; Figure 1), allowing for the triangulation of
detections to obtain the fine-scale positioning of fish using Innovasea’s High Residency system.
Largemouth bass (n= 24, 431 £ 32 mm total length [mean = SD], 376-495 mm range)
and northern pike (n= 19, 655 = 59 mm total length, 545-735 mm range) were captured with rod
and reel between May 4™ and 5%, 2023, for tagging with acoustic transmitters. Once captured,
fish were placed into a submerged recovery bag (Dynamic Aqua Ltd., Surrey, BC, Canada; 122
% 31 cm with a mesh of 0.5 cm on both ends) and transported to shore for surgical tag
implantation. Fish were then transferred to a sling lined with a Transcutaneous Electrical Nerve
Stimulation (TENS Units INC, Largo, FL, United-States) unit pads which temporarily
immobilize the fish during surgery (see Reid et al. 2019). TENS units were used with a constant
pulse rate (150 Hz) and pulse width (300 ps). The electrode leads were placed in the surgical
sling such that the anode was placed toward the head and the cathode near the tail of the fish.
Electrical intensity was increased incrementally until fish were immobilized and unresponsive to
tactile stimulation, at which point surgery commenced (Reid et al. 2019; Reid et al. 2024).
Following immobilization, a tube with fresh recirculating water was placed in the mouth of the
fish allowing for oxygenated water to continuously flow over the gills. Both largemouth bass and
northern pike were surgically tagged with V6-4x 307 kHz acoustic transmitters (low power
145dB, 14-18 s delay, 290-day life, 19.3 mm length x 6.3 mm diameter, 1.2g in air; Innovasea
Systems Inc.) and a passive integrated transponder (PIT; 12 mm; APT12 Biomark, Boise, ID,
United-States) tag for identification (placed in the body cavity). A small (< 1cm) incision was
made between the pelvic fins and the cloaca to insert the tag into the coelomic cavity. The
tagging process took less than two minutes and was closed with a single 3-2-2 surgeons knot
using 3-0 absorbable monofilament PDS II sutures (Ethicon, NJ, United-States). All tools and
tags were sterilized with betadine prior to tagging each fish. Tagged fish were then released and

given at least one month to recover before attempting to recapture them.
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Angling

Angling efforts to recapture acoustically tagged largemouth bass and northern pike occurred
from June 11% to September 27, 2023. We allowed the fish to recover from the initial capture
and surgery for at least 37 days, which is a sufficient amount of time for recovery (Fore et al.
2021, Shorgan et al. 2025). Surface water temperatures during this period ranged from 20 —
28.5°C. Fish that were recaptured were caught with either a bladed jig, topwater or soft plastic
lure (size 1/0 octopus or extra wide gape hook). Once at the boat, fish were netted, and hooks
were removed in < 20 s. Fish were then transferred to a water filled V-trough on board the vessel
and scanned for the presence of a PIT tag.

After PIT tag identification, the fish remained in the water filled V-trough to be
externally tagged with a pop-off biologger. Fish were air exposed for 60 s or less, which
encapsulates a typical range for anglers practicing catch-and-release angling for largemouth bass
and northern pike (guided by Cooke et al. 2002b). Air exposures of 60s or less have negligible
impacts on fish (northern pike; Arlinghaus et al. 2009). Therefore, air exposure was not included
as a variable in the analyses. Only the first capture event was included in the analyses avoid

complications of multiple capture events on the behaviour of fish (similar to Baktoft et al. 2013).

Acoustic Telemetry Monitoring

Acoustic data were analyzed using Innovasea High Residency system that produced fine-scale
positioning estimates for both species. Fine-scale positioning estimates were created using
hyperbolic positions based on the timing of detections at three or more receivers (Smith 2013).
Horizontal position error (HPE) was calculated based on five reference transmitters and provided
HPE calculations for each position (Smith 2013). Detections with a HPE greater than 1.5 were
removed (Smith 2013), giving us a mean positional error of 1.8 m with 99% of the measured
errors occurring below 5.8 m. This was calculated using the horizontal distance between
synthesized position (i.e., measured horizontal position error in meters - HPE ;) and the known
receiver location based on reference tags (Figure 1). Based on visualizations (120—420 hours), a
360-hours post-release period was selected for the analyses to ensure that recovery curves could

be captured (visual convergence of captured fish with control fish).
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Total distance traveled (i.e., step length) by each fish was calculated using the Haversine
formula (distHaversine function from the geosphere package; Hijmans 2022) between each
consecutive position and the distances were summed for each respective hour. The equation for
the total distance is presented below, where j represents the position between 1 and n, d; ;11 is
the distance between consecutive points and the # is the number of positions within a respective

hour.
n
total distance = zdj,jﬂ
j=1

Total distance (hereafter referred to as movement) was used to provide information on
the overall movement (in m) of each fish for all respective hours during the monitoring period.
The one-hour period for total distance was selected to preserve the fine-scale nature of these
data. Due to limitations of the system, positioning gaps were removed from the analyses. We
also calculated the kernel density estimates for space use (meters squared) at 4-hour intervals
using the amt package (Signer et al. 2019). The kernel density estimates were calculated in 6-
hour groupings with a minimum of 30 positions. Only the 95% maximum area used was included
in the analyses. This also allowed for the assessment of potential nuanced patterns in space use

associated with recovery from capture.

Pop-off biologger and monitoring

The casing for the pop-off biologgers (50 x 30 x 15 mm; 11 g; casing without biologgers) were
made from Smooth-on Feather Lite™ (Smooth-on, Inc., Macungie, PA, USA) and dyed orange.
Each pop-off biologger was equipped with an internal data storage tag and a BD-2 radio
transmitter (Holohil, Carp, ON, Canada; 1.2g in air) which was used to relocate the pop-off
biologgers (Figure 2). The internal data storage tag was an AXY-5 XS (TechnoSmArt, Guidonia
Montecelio, Italy; 20 x 10 X 6 mm; 2.5g in air) which recorded tri-axial acceleration, pressure,
and temperature. The acceleration sensor of the AXY-5 XS biologger was programmed to record
acceleration in all three axes (x = surge, y = sway, z = heave) at a rate of 25 Hz with an 8-bit
resolution. Temperature and pressure (depth) sensors recorded at a rate of 1 Hz and had a
resolution of £ 0.1 °C and £ 5 cm, respectively. Pop-off biologgers were positioned in the same
orientation between the pelvic fins of largemouth bass and between the pectoral fins of northern

pike (Figure 3; LaRochelle et al. 2023, 2024). The pop-off biologger was then fastened to the
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fish using two self-locking straps that were secured together using a ~3 cm piece of 4-0 plain
catgut suture to create a dissolvable link (550B, Ethicon, Sommerville, New Jersey, United
States). These self-locking straps were placed into the receptacle end of the self-locking strap
which were attached to the pop-off biologger (see Figure 2C). The pop-off tags would dislodge
from the fish when the dissolvable link broke, or the dissolvable link lost its tensile strength,
which would prompt the entire pop-off biologger to slide off the body of the fish, allowing for
retrieval. The tagging process took less than 45 s, and the fish remained submerged in water
throughout the process.

To calculate the locomotor activity of the fish, the absolute dynamic acceleration was
obtained by removing the static acceleration (i.e., gravity) from the dynamic acceleration (i.e.,
animal movement) using a 2-s box smoother (as described Shepard et al. 2008, Brownscombe et
al. 2018). Post-release locomotor activity (i.e., ODBA — overall dynamic body acceleration) was
calculated by summing the absolute dynamic acceleration across all three axes (Wilson et al.
2006, Halsey et al. 2011) for each minute. Similarly, depth was calculated as the mean depth per
minute for each individual. Biologging data were recorded per minute to preserve the fine scale
data but were visualized in the figures as hours to allow for consistency across all endpoints

measured.

Controls

Fish that were not recaptured and affixed with a pop-off biologger during the study were
classified as time-matched controls. Dead fish following the initial tagging event were identified
by visually assessing movement activity (no movement) and removed from the control group (3
fish total). There were seven largemouth bass and four northern pike that were never recaptured
and used as controls. To ensure controls were an accurate representation of the capture period,
control periods were created for the respective capture time period. In other words, there were
seven relevant controls for each largemouth bass capture event, while northern pike had four.
There were four different classification periods related to capture — pre-control (control fish
before capture), post-control (control fish after capture), pre-capture (captured fish before
capture event) and captured (fish after being captured). This design allowed for direct
comparisons between classification groups across a temporal scale. Controls and pre-captured

fish were used to determine when captured fish affixed with a pop-off biologger returned to
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‘normal’ or recovered. We followed the progressive change before-after-control-impact paired

series (BACIPS) framework to identify when fish recovered (Thiault et al. 2017).

Statistical analysis

All data were analyzed using R studio (2024.12.0.467; RStudio Team 2024) via R version 4.4.2
(R Core Team 2024). All plots were produced using the ggplot2 package (Wickham 2016). Only
fish where the pop-off biologgers remained affixed for at least 48 h were used during analyses
(based on recovery in Baktoft et al. 2013). Due to defective acceleration sensor in some of the
pop-off biologgers, there was a smaller sample size for the ODBA endpoint. Alpha (o) was set to
0.05 for all analyses. For both species, a t-test was used to assess if there were differences in the
total length between the control and captured fish.

Recovery of movement, and area used for both species were determined using a BACIPS
framework (Thiault et al. 2017). For both species, the movement per hour and area used (6-hour
period) were applied as endpoints for identifying recovery. Shapiro-Wilk tests were used to
determine the distribution structure of these data. Depending on the distribution, either a t-test or
Wilcoxon non-parametric test were used as a global BACIPS test to compare if the capture event
had a significant effect on the behaviour of fish. When results from the global BACIPS test were
significant, further BACIPS assessments were used to estimate the time point of recovery. If the
results were not significant, no further assessment for recovery were performed.

Following the global BACIPS test, the shape of the recovery curve was identified by the
lowest corrected Akaike Information Criterion (AICc) score. A threshold of <7 delta (A) AICc
was used for both species and endpoints. For each species and endpoint, four different models
were fit (step-change, linear, asymptotic, sigmoid) and compared to determine the model with
the best-fit. The best-fit model was selected based on the AICc scores and weights, which was
then used for recovery modeling. If different models had AAICc scores <7, the model with the
highest AICc weight () was selected.

A unique recovery zone was established for each species and endpoint. Recovery zone
was identified using baseline pre-capture data (0-360 h) by calculating the delta difference
between the pre-capture and control (i.e., never captured). The mean delta difference £1.25 S.D.
for largemouth bass or 1 S.D. for northern pike were used to establish a baseline recovery zone.

Baseline recovery zone represented the normal range of each behaviour type in the absence of

9
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disturbance (i.e., capture). Largemouth bass had a larger S.D. for the recovery zone compared to
northern pike to account for the greater spread in individual behaviour. The S.D. threshold was
determined for each species by inspecting delta difference plots and adjusting the S.D. value
until the recovery zone best represented the pre-capture baseline data. Delta differences between
the captured and control fish were calculated for the post-capture period (360-720 h). The mean
delta difference for each hour was also calculated.

The best-fit-model selected from the AICc scores was then used to project trajectory of
delta differences of the post-capture data to estimate recovery. Recovery times were established
when the projected trajectory entered the baseline recovery zone established from the delta
differences from the pre-capture and control data. Once the projected trajectory entered the
baseline zone, the behavioural impact from being captured was no longer distinguishable from
the baseline behaviour prior to being captured and fish were deemed recovered. The lower and
upper bounds of recovery time were determined using the 95% confidence interval around the
model-predicted trajectory, representing the earliest and latest time points of recovery.

The biologging data were analyzed using an exploratory changepoint analysis (Gurarie et
al. 2009). Because there were no control data for the biologgers, we were unable to suggest
recovery using these data. Rather, the changepoint analyses were used to identify the time when
behaviour (e.g., ODBA and depth) significantly changed during the post-release monitoring
period for both species. To identify changepoints, we tested all potential temporal split points by
comparing the respective endpoint before and after each hour using Wilcoxon rank-sum tests.
Split points were only considered if there were a minimum of 10 observations before and after to
ensure adequate statistical power. To control for the potential of Type I error with the multiple
comparisons, we applied the Benjamini-Hochberg false discovery rate (FDR) correction
(Benjamini and Hochberg 1995). The hour where the changepoint occurred was identified using
the smallest FDR-adjusted p-value, indicating the more pronounced difference between the
before and after periods. We also calculated the Cohen’s d as a standardized measure of effect

size to assess the magnitude of difference between the before and after period (Cohen 1988).

Results
Largemouth bass in the control group (n=7; mean = 449 mm + 23 S.D., range = 376485 mm)
were ~8% longer than the recaptured fish (n=10; 417 mm % 36, 376481 mm; t;s=-2.690, p =

10
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0.017). Similarly, northern pike in the control group (n=4; 713 mm + 25, 690-735 mm) were, on
average, 13% longer than the recaptured fish (n=1717; 630 mm £ 61, 545-717 mm; t;3=-3.747, p

= 0.003). Pop-off biologgers were affixed to largemouth bass for an average duration of 170 h (£
94 h S.D.) and 248 h (£ 96 h) for northern pike. There were no mortalities of captured fish during

the monitoring period.

Largemouth bass

Capture had a significant effect on the movement behaviour (t =-11.969, p<0.001) and area used
by largemouth bass (t =-9.910, p<0.001). The linear model had the best-fit for both the
movement and area used behaviour (Table 1), with all other models having negligible support
(AAICc >7). Movement behaviour of largemouth bass recovered 25 h before recovery was
identified for area used. Recovery for the movement behaviour of largemouth bass was estimated
at 129 h post-release (95% CI: 106-149 h; Figure 4A). Movement of largemouth bass increased
with increasing time post-release until recovery (Figure 4B). Area used by largemouth bass
recovered 154 h post-release (95% CI: 103-195 h; Figure 5A) and increased until it reached a
recovered state (Figure 5B).

A significant decrease in ODBA of largemouth bass was identified at 113 hours post-
release (p < 0.001, Cohen’s d = -0.736; Figure 6A). There was a 7% decrease in ODBA between
the before (n = 540; 0.057 g) and after (n = 485; 0.053 g) changepoint periods. Post-release
depth used by largemouth bass changed significantly at hour 147 after release (p = 0.007,
Cohen’s d = -0.206; Figure 6B). Largemouth bass were significantly deeper before the
changepoint (n = 1059; mean = 2.0 m), and largemouth bass went shallower by 9.5% (change of
0.2 m) after the changepoint (n = 386; mean = 1.8 m).

Northern pike

The movement behaviour of northern pike was significantly influenced by capture (t = - 14.054,
p <0.001), while area used was not influenced by capture (t = 0.033, p = 0.974). Linear model
had the best-fit for the movement behaviour data of northern pike (Table 2). Movement
behaviour of northern pike recovered 145 h post-release (95% CI: 110-174 h; Figure 7A) and

movement activity increased slowly until it reached the same level as the control fish (Figure

11
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7B). There were minimal differences in the area used by northern pike throughout the monitoring
period (Figure 8).

There was no changepoint identified for the post-release ODBA of northern pike. All
potential splits found no significant differences (p > 0.05; Figure 6C). However, post-release
depth used by northern pike increased significantly at 122 h post-release (p < 0.001, Cohen’s d =
0.230; Figure 6D). Northern pike had a mean depth of 4.7 m (n = 1230) prior to hour 122 and
increased by 7.4% (change of 0.4m) to a mean of 5.1m (n = 1309) after the changepoint.

Discussion

Our study provides evidence that catch-and-release angling caused alterations in the post-release
behaviour of largemouth bass and northern pike for several days. Behavioural responses to the
catch-and-release angling varied across the species in our study. Overall, recovery occurred at a
similar time for both largemouth bass (129-154 h) and northern pike (145 h). Endpoints used to
assess recovery for largemouth bass showed different recovery times, with the movement
endpoint recovering before the proxy for exploratory behaviour (area used). A similar trend in
behaviour was observed with the biologging data, where a shift in behaviour was first identified
in the ODBA followed by a later change in depth used. Recovery in northern pike could only be
identified using the movement data and suggests that area used by northern pike is not influenced
by capture. However, there were no identified changes in behaviour identified for the ODBA of
northern pike, but there was an identified change in depth at 122 h post-release. Recovery from
catch-and-release angling has mostly been assessed using physiological parameters (Cooke et al.
2013a) and few studies have used the return of post-release behaviour to baseline levels (e.g.,
Klefoth et al. 2008, Baktoft et al. 2013). However, to assess physiological recovery requires
keeping fish in captivity for physiological biopsy (Wenderlaar Bonga 1997; Barton 2002) and
true behavioural recovery requires either pre-capture baseline data or uncaptured control fish for
comparisons (LaRochelle et al. 2025). Here, we had the opportunity to assess the recovery of
wild fish at liberty in nature with high-resolution behavioural data allowing us to compare
captured fish to uncaptured controls. These results demonstrate that catch-and-release angling
can cause multi-day alterations to the behaviour of wild fish, the extent and duration of which

vary across species and endpoints.
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This is the first study to assess the behavioural recovery of largemouth bass in the wild
relative to uncaptured controls. Similar studies have previously been done with northern pike
(e.g., Klefoth et al. 2008, Baktoft et al. 2013). Our results suggest northern pike recovery took up
to 4 days longer to recover compared to the 2-day recovery period identified in Baktoft et al.
(2013). Interestingly, movement of northern pike in our study recovered within 6 days, which is
similar to the suggested <7-day recovery period in Klefoth et al. (2008). Ultimately, the
mechanism extending the recovery period for northern pike in our study compared to the Baktoft
et al. (2013) study is not clear. We speculate that it could be related to capturing northern pike in
warmer water temperatures which might have increased stress levels (Gale et al, 2013, Kamara et
al. 2025). Water temperatures in the Baktoft et al. (2013) study were up to 22°C cooler than the
water temperatures in our study and water temperature at the time of capture in the Klefoth et al.
(2008) were likely similar. It was also interesting that there were no mortalities that occurred
during our study. Water temperatures that were within the range of our study (20-28.5°C) have
been known to cause mortality in other Esox species (e.g., Bauerlien et al., 2022, Booth et al.,
2023). It is likely that our system had adequate thermal refuge, providing important habitat for
the recovery for both species and ultimately reducing the risk of post-release mortality. Beyond
the water temperature differences, we introduced a confounding tagging effect on our fish in this
study with the addition of a pop-off biologger. The addition of the pop-off biologgers can cause
drag increasing the energetic demand of the fish (reviewed in Jepsen et al. 2015) and might have
increased the time to recovery of northern pike relative to the previous studies. Longer recovery
times could also be present in largemouth bass, however, there are no other studies that use
similar methods to assess behavioural recovery.

Recovery of largemouth bass and northern pike took several hours longer relative to
physiological parameters measured in other studies (e.g., rate of oxygen consumption and plasma
concentrations of lactate, cortisol, glucose, ions; Suski et al. 2006; Arlinghaus et al. 2009). It is
unclear as to why there is a disconnect between the behavioural recovery period and recovery
times assessed using blood physiology. Although physiology and behaviour are tightly linked
(Tinbergen 1951; Barton and Iwama 1991; Johnson et al. 1992), behavioural recovery in our
study took several days longer than physiological recovery estimates from previous studies.
Blood physiology results from Suski et al. (2006) suggest that largemouth bass take up to 4 hours

to return to baseline levels after catch-and-release angling, while Arlinghaus et al. (2009) found
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that it took northern pike 6 hours to return to baseline levels. Behavioural recovery might take
longer than blood physiological parameters to recover because behaviour of animals has two
important components that work in tandem: cognitive abilities (e.g., knowing what to do and
where to go) and physical capacity (e.g., capacity for locomotion). Physiological parameters
(e.g., lactate, blood pH) are useful for identifying physical recovery, yet may be poorly linked to
cognitive recovery. Without gathering blood samples from these individuals at different time
points post-release, it is challenging to be certain on the physiological status and if fish are
completely recovered from the capture event. It is entirely possible that the physical capacity
(i.e., ability to move) of the animal recovered at roughly the same rate as the blood physiology
parameters assessed in the previous studies (Kieffer 2000; Suski et al. 2006; Arlinghaus et al.
2009). Ultimately, physical capacity is only part of the forces acting on the behaviour of animals.
There 1s much less known about the cognitive recovery aspect of fish caught and released into
the wild. Indeed, if fish superficially appear to be ‘recovered’ based on the physiological metrics
commonly measured, it is unclear what is motivating the fish to delay resumption of ‘normal’. It
could be that other physiological assessments more closely linked to activity in the nervous
system are needed to predict behavioural recovery (e.g., electroencephalogram or expression of
genes related to behaviour).

Behavioural observations obtained from this study might suggest that cognitive
impairment of fish following a capture event is the driving force for the longer recovery periods
beyond the 4-6 hours periods that have been previously shown with blood physiology parameters
for the same species (Suski et al. 2006; Arlinghaus et al. 2009). If physical capacity was driving
behaviour, then movement behaviour should recover relatively quickly post-capture at a similar
rate to the physiological parameters from previous studies (Suski et al. 2006; Arlinghaus et al.
2009). Instead, the delay in movement and area used (largemouth bass only) could suggest that
cognitive implications hinder the capacity of the animal to move horizontally and vertically in
their environment. This stationary behaviour, or lack of exploration prior to being recovered, has
also been seen in other freshwater fish species where hook retention inhibited their ability to
leave refuge (Hlina et al. 2021) or explore (Arlinghaus et al. 2008). Cognitive impairment, or
fear, can occur post-capture and can hinder the ability to explore their environment (reviewed in
van Kampen 2015). Capture events can make fish timid and less likely to explore their

environment (reviewed in Arlinghaus et al. 2017b). Therefore, it is likely that the cognitive
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component of behaviour following capture is driving impairment for a longer duration of time
than the physical capacity and might be the primary driver of behaviour alterations observed in
our study. Further, the fact that fish can learn to avoid hooks long-term following capture
suggests that capture can have cognitive impacts on fish (Beukema 1970, Arlinghaus et al.
2017a, Lucas et al. 2023). Using the post-release behaviour of fish in the wild may be more
suitable and sensitive to impairments associated with catch-and-release angling compared to
using blood physiology measurements of fish in captivity.

The biologging method used in this study was able to identify significant changes in the
post-release behaviour of largemouth bass and northern pike. The changepoint analysis was able
to identify a significant change in the ODBA (proxy for swimming activity) of largemouth bass
at hour 113 post-release which was 16 h earlier than the identified recovery for the movement
with the more reliable data generated using acoustic telemetry. Interestingly, there was a
significant change in post-release depth used of largemouth bass identified within 4 h of the
identified area used recovery endpoint. However, the biologging data were not able to identify a
significant change in the ODBA of northern pike, yet the data were able to identify a significant
change in the depth used. Northern pike are regarded as being sedentary (Eklov 1992, Craig
1996), and as such, even the northern pike that were not captured moved very little during the
monitoring period. It is possible that the change in depth used was more sensitive to behavioural
recovery and might be more useful as an important endpoint for assessing recovery time in
northern pike. This comparison of results from the different technologies is interesting given that
acoustic data were able to identify a recovery time for the movement of northern pike, but not the
area explored. Similarly, biologging data analyses were able to identify a shift in depth used
(potential proxy for exploration) and not ODBA (proxy for swimming activity). The combination
of these technologies provided important insight into how these animals were behaving
following capture. Although the biologger data could not be used to determine recovery, it found
changes in behaviour around the same time as the acoustic data for largemouth bass. As for the
northern pike, the fine-scale data gained from the biologgers provided the ability to identify
subtle changes in the exploration behaviour (i.e., depth used).

Quantifying the moment-to-moment behaviours of wild fish can be challenging
(Arlinghaus et al. 2007). The unique study design of combining biologging data with

biotelemetry data provided valuable insight on the fine-scale post-release behaviour of fish in the
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wild. The pop-off biologgers used in this study were able to provide fine-scale behavioural
information of the fish in the wild. Attaching pop-off biologgers to fish is quick (< 30 s), does
not require surgery, and allows for measurements of locomotor activity and depth use across
individuals. Comparatively, acoustic telemetry relies on the propagation of a signal from
intracoelomic surgically implanted transmitters to a stationary receiver and in most systems,
stationary receivers have excellent reliability when it comes to downloading data (Cote et al.
1998; Heupel and Hueter 2001). However, the effectiveness of acoustic telemetry is limited by
the array size and the cost of maintaining the array. Not being able to constantly have signals
propagating from individuals to receivers leads to periods of time without data that can be
problematic when trying to identify total area used and movement rate of individuals. Having to
perform surgery to implant the acoustic tag can also dampen the ability to observe nuances in the
behavioural response related to an acute stress event (i.e., capture) given that the fish would also
be recovering from the surgery and the sedation (Ross and Ross 2008; Priborsky and Velisek
2018) or immobilization (Reid et al. 2019) method used during surgery (Bridger et al. 2003;
Cooke et al. 2013b; Clemens et al. 2023). Another downfall of this technology occurs when fish
leave the receiver array or are located in shallow macrophytes where transmitter signals are not
propagated far enough to reach the receiver (Kessel et al. 2014; Brownscombe et al. 2019). Due
to these downfalls, pop-off biologgers could provide more insight into the behavioural changes
associated with recovery of fish given the ability to constantly record the animal at high
frequencies. Yet, there is currently no information available on the impacts that these pop-off
biologgers have on the buoyancy and the swimming performance of both species and how that
might influence the true recovery of the fish. Based on our results, recovery times across
different endpoints were identified prior to the average release time of pop-off biologgers for
both species. These findings provide some support that pop-off biologgers did not hinder the
ability to assess the behavioural recovery from the angling events for largemouth bass and
northern pike. Other limitations surrounding these tags include the lack of control over the
duration of time they stay affixed to the fish (e.g., premature pop-off), necessity of recovering
the pop-off biologgers to download the data which can be challenging in large systems, potential
malfunctions of sensors (e.g., acceleration — ODBA) and lack of being able to identify the
location of individuals or habitat used. Both technologies provide pros and cons and together

provided some good insight into the post-release behaviour of captured fish.
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As research on the effects of catch-and-release angling continues to advance and use new
technologies, more studies could consider pop-off biologgers for quantifying behaviour of fish in
the wild following capture. Information gathered from the behaviour of fish is valuable because
behaviour is sensitive to stress and serves as a good biomarker of the welfare of the animal
(Schreck et al. 1997). Results from this study suggest that behavioural alterations from catch-
and-release angling can manifest for up to 7 days for largemouth bass and northern pike are
equipped with a pop-off biologger in water temperatures of 20-28.5 °C. Catch-and-release
angling research could benefit from more research focused on assessing the cognitive
impairments and fear resulting from capture using the post-release behaviour of fish. Most
research on catch-and-release angling has focused on physiology, physical capacities (i.e.,
movement), mortality, and injuries. Although a catastrophic injury (e.g., severed gill arch) is
likely to directly kill the animal, most behavioural impairments lead to indirect pathways for
mortality such as via post-release predation or starvation (if fish are unable to resume normal
foraging in a reasonable time period). Overall, the pop-off biologgers used during this study were
able to identify significant changes in the behaviour of largemouth bass but were less accurate
and reliable for determining behavioural changes for northern pike. Future studies using post-
release behaviour as an endpoint should aim to keep pop-off biologgers affixed to largemouth

bass and northern pike for at least 7 days to ensure that recovery is thoroughly assessed.

Acknowledgments

We appreciate and thank the reviewers for the constructive feedback that enhanced the quality of
this manuscript. We thank Sam Woods for the many hours spent in the field helping capture and
tag fish. We also thank Christopher Zepf from CSMZ Inc. for creating the mold and providing
important technical knowledge on the creation of the pop-off biologgers used in this study.
Dakota Lithium Batteries provided crucial support by supplying batteries and a solar panel for

charging the batteries.

Competing interests

No competing interests declared.

Funding

17

© The Author(s) or their Institution(s)

Page 18 of 39



Page 19 of 39

. Can. J, Fish. Aquat. >Ci. Downloaded Trom cansciencepun.com by 1 rent university on 0o/U4/20 . . .
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

539
540
541
542
543
544
545
546
547

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

Research funding was provided by a Natural Sciences and Engineering Research Council of
Canada (NSERC) Alliance Grant (to Raby, Cooke, Fisk) in partnership with Innovasea Systems
Inc., NSERC Discovery Grants (to Raby, Fisk, and Cooke) and by the Canada Foundation for
Innovation (to Cooke and Fisk). The acoustic receivers were provided by the Real Time Aquatic
Ecosystem Observation Network (racon.org). LaRochelle, Shorgan, and Howell were also
supported by NSERC scholarships.

Data and resources availability

Data are available in figshare repository and can be accessed at 10.6084/m9.figshare.29832584.

18

© The Author(s) or their Institution(s)


http://raeon.org

. Can. J, Fish. Aquat. >Ci. Downloaded Trom cansciencepun.com by 1 rent university on 0o/U4/20 . . .
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
5901
592
593

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

References

Aalbers, S.A., Stutzer, G.M. and Drawbridge, M.A. 2004. The Effects of Catch-and-Release
Angling on the Growth and Survival of Juvenile White Seabass Captured on Offset Circle
and J-Type Hooks. North American Journal of Fisheries Management 24(3): 793-800.
https://doi.org/10.1577/M03-034.1

Arlinghaus, R., Alos, J., Beardmore, B., Diaz, A.M., Hiihn, D., Johnston, F., Klefoth, T.,
Kuparinen, A., Matsumura, S., Pagel, T., Pieterek, T. and Riepe, C. 2018. Recreational
piking-sustainability managing pike in recreational fisheries. In: C. Skov and P.A.
Nilsson (Eds.). Biology and ecology of pike. Baco Raton, FL: CRC Press. 288-336.

Arlinghaus, R., Alos, J., Pieterek, T., and Klefoth, T. 2017a. Determinants of angling catch of
northern pike (Esox lucius) as revealed by a controlled whole-lake catch-and-release

angling experiment — The tole of abiotic and biotic factors, spatial encounters and lure
type. Fisheries Research 186(3): 648-657. https://doi.org/10.1016/j.fishres.2016.09.009

Arlinghaus, R., Cooke, S. J., Lyman, J., Policansky, D., Schwab, A., Suski, C., Sutton, S.G. and
Thorstad, E.B. 2007. Understanding the Complexity of Catch-and-Release in
Recreational Fishing: An Integrative Synthesis of Global Knowledge from Historical,

Ethical, Social, and Biological Perspectives. Reviews in Fisheries Science 15:75-167.
https://doi.org/10.1080/10641260601149432

Arlinghaus, R., Klefoth, T., Cooke, S.J., Gingerich, A. and Suski, C.D. 2009. Physiological and
behavioural consequences of catch-and-release angling on northern pike (Esox lucius L.).
Fisheries Research 97: 223-233. https://doi.org/10.1016/].fishres.2009.02.005

Arlinghaus, R., Klefoth, R., Gingerich, A.J., Donaldson, M.R., Hanson, K.C. and Cooke, S.J.
2008. Behaviour and survival of pike, Esox lucius, with a retained lure in the lower jaw.
Fisheries Management and Ecology 15: 459-466. https://doi.org/10.1111/1.1365-
2400.2008.00625.x

Arlinghaus, R., Laskowski, K.L., Alés, J., Klefoth, T., Monk, C.T., Nakayama, S., and Schroder,
A. 2017b. Passive gear-induced timidity syndrome in wild fish populations and its
potential ecological and managerial implications. Fish and Fisheries 18: 360-373.
https://doi.org/10.1111/faf.12176

Baktoft, H., Aarestrup, K., Berg, S., Boel, M., Jacobsen, L., Koed, A., Pedersen, M.W.,
Svendsen, J.C. and Skov, C. 2013. Effects of angling and manual handling on pike

behaviour investigated by high-resolution positional telemetry. Fisheries Management
and Ecology 20:518-525. https://doi.org/10.1111/fme.12040

Bartholomew, A., and Bohnsack, J.A. 2005. A Review of Catch-and-Release Angling Mortality
with Implications for No-take Reserves. Reviews in Fish Biology and Fisheries 15:129—
154. https://doi.org/10.1007/s11160-005-2175-1

19

© The Author(s) or their Institution(s)

Page 20 of 39


https://doi.org/10.1577/M03-034.1
https://doi.org/10.1016/j.fishres.2016.09.009
https://doi.org/10.1080/10641260601149432
https://doi.org/10.1016/j.fishres.2009.02.005
https://doi.org/10.1111/j.1365-2400.2008.00625.x
https://doi.org/10.1111/j.1365-2400.2008.00625.x
https://doi.org/10.1111/faf.12176
https://doi.org/10.1111/fme.12040
https://doi.org/10.1007/s11160-005-2175-1

Page 21 of 39

. Can. J, Fish. Aquat. >Ci. Downloaded Trom cansciencepun.com by 1 rent university on 0o/U4/20 . . .
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

Barton, B.A. 2002. Stress in Fishes: A Diversity of Responses with Particular Reference to
Changes in Circulating Corticosteroids. Integrative and Comparative Biology 42: 517-
525. https://doi.org/10.1093/icb/42.3.517

Barton, B.A. and Iwama, G.K. 1991. Physiological changes in fish from stress in aquaculture
with emphasis on the response and effects of corticosteroids. Annual Review of Fish
Diseases 1: 3-26. https://doi.org/10.1016/0959-8030(91)90019-G

Beitinger, T.L. 1990. Behavioral Reactions for the Assessment of Stress in Fishes. Journal of
Great Lakes Research 16:495-528. https://doi.org/10.1016/S0380-1330(90)71443-8

Benjamini, Y., and Hochberg, Y. 1995. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. Journal of the Royal Statistical Society: Series B
(Methodological). 57(1): 289-300. https://doi.org/10.1111/1.2517-6161.1995.tb02031.x

Bauerlien, C.J., Crane, D.P., Smith, S., Palmer, G., Young, T., Goetz, D.B. and Hartman, K.
2022. Low catchability limits the effect of warm-water catch-and-release mortality on
muskellunge. Fisheries Research 254: 106434.
https://doi.org/10.1016/j.fishres.2022.106434

Beukema, J.J., 1970. Acquired hook-avoidance in the pike Esox lucius L. fished with artificial
and natural baits. Journal of Fish Biology. 2(2): 155-160. https://doi.org/10.1111/1.1095-
8649.1970.tb03268.x

Booth, I.T., Hartman, K.J., Crane, D., Hansbarger, J., Weeks, J., Henesy, J., Walsh, H. and
Williams, J. 2023. Evaluating muskellunge catch-and-release mortality at elevated

summer water temperature. Transactions of the American Fisheries Society 152(5): 577—
593. https://doi.org/10.1002/tafs. 10418

Brett, J.R. and Groves, T.D.D. 1979. Physiological Energetics. Fish Physiology 8: 279-352.

Bridger, C.J., and Booth, R.K. 2003. The Effects of Biotelemetry Transmitter Presence and
Attachment Procedures on Fish Physiology and Behavior. Reviews in Fisheries Science
11:13-34. https://doi.org/10.1080/16226510390856510

Brown, C., Laland, K. and Krause, J. 2011. Fish cognition and behaviour. in Brown, C, Laland,
K., and Krause, J. eds. Fish cognition and behaviour. 2" ed. Wiley, Cambridge.

Brownscombe, J.W., Danylchuk, A.J, Chapman, J.W., Gutowsky, L.F.G. and Cooke, S.J. 2017.
Best practices for catch-and-release recreational fisheries — angling tools and tactics.
Fisheries Research 186:693—705. https://doi.org/10.1016/j.fishres.2016.04.018

Brownscombe, J.W., Griffin, L.P., Chapman, J.M., Morley, D., Acosta, A., Crossin, G.T.,
Iverson, S.J., Adams, A.J., Cooke, S.J., and Cooke, S.J. 2019. A practical method to
account for variation in detection range in acoustic telemetry arrays to accurately quantify

20

© The Author(s) or their Institution(s)


https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.1016/0959-8030(91)90019-G
https://doi.org/10.1016/S0380-1330(90)71443-8
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1016/j.fishres.2022.106434
https://doi.org/10.1111/j.1095-8649.1970.tb03268.x
https://doi.org/10.1111/j.1095-8649.1970.tb03268.x
https://doi.org/10.1002/tafs.10418
https://doi.org/10.1080/16226510390856510
https://doi.org/10.1016/j.fishres.2016.04.018

. Can. J, Fish. Aquat. >Ci. Downloaded Trom cansciencepun.com by 1 rent university on 0o/U4/20 . . .
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript) Page 22 of 39

the spatial ecology of aquatic animals. Methods in Ecology and Evolution 11: 82-94.
https://doi.org/10.1111/2041-210X.13322

Brownscombe, J. W., Lennox, R.J., Danylchuk, A.J. and Cooke, S.J. 2018. Estimating fish
swimming metrics and metabolic rates with accelerometers: the influence of sampling
frequency. Journal of Fish Biology 93:207-214. https://doi.org/10.1111/jtb.13652

Brownscombe, J.W., Thiem, J.D., Harty, C., Cull, F., Haak, C.R., Danylchuk, A.J. and Cooke,
S.J. 2013. Recovery bags reduce post-release impairments in locomotory activity and
behavior of bonefish (4/bula spp.) following exposure to angling related stressors.
Journal of Experimental Marine Biology and Ecology 440: 207-215.
https://doi.org/10.1016/j.jembe.2012.12.004

Chhor, A.D., Glassman, D.M., Brownscombe, J.W., Trahan, A.T., Danylchuk, A.J., and Cooke,
S.J. 2022. Short-term behavioural impacts of air-exposure in three species of

recreationally angled freshwater fish. Fisheries Research. 253: 106342.
https://doi.org/10.1016/j.fishres.2022.106342

Clemens, B.J., Matley, J.K., Klinard, N.V., Lennox, R.J., Sortland, L.K., and Cooke, S.J. 2023.
The need for reporting rationale and detailed methods in studies that surgically implant
fish with electronic tracking devices. Fisheries 48(9): 388-394.
https://doi.org/10.1002/fsh.10963

Coggins, L.G., Catalano, M.J., Allen, M.S., Pine III, W.E. and Walters, C.J. 2007. Effects of
cryptic mortality and the hidden costs of using length limits in fishery management. Fish
and Fisheries 8:196-210. https://doi.org/10.1111/j.1467-2679.2007.00247.x

Cohen, J. 1988. Statistical power analysis for the behavioral sciences (2" ed). Lawrence
Erlnaum Associates.

Cook, K.V., Lennox, R.J., Hinch, S.G. and Cooke, S.J. 2015. FISH Out of WATER: How Much
Air is Too Much? Fisheries 40:452—461. https://doi.org/10.1080/03632415.2015.1074570

Cooke, S.J., Arlinghaus, R., Johnson, B.M. and Cowx, [.G. 2015. Recreational fisheries in inland
waters. Pages 449465 Freshwater Fisheries Ecology. John Wiley & Sons, Ltd.

Cooke, S.J., Donaldson, M.R., O'Connor, C.M., Raby, G.D., Arlinghaus, R., Danylchuk, A.J.,
Hanson, K.C., Hinch, S.G., Clark, T.D., Patterson, D.A. and Suski, C.D. 2013b. The
physiological consequences of catch-and-release angling: perspectives on experimental
design, interpretation, extrapolation and relevance to stakeholders. Fisheries Management
and Ecology 20(2-3): 268-287. https://doi.org/10.1111/1.1365-2400.2012.00867.x

Cooke, S.J., Messmer, V., Tobin, A.J., Pratchett, M.S. and Clark, T.D. 2014. Refuge-Seeking
Impairments Mirror Metabolic Recovery Following Fisheries-Related Stressors in the

Spanish Flag Snapper (Lutjanus carponotatus) on the Great Barrier Reef. Physiological
and Biochemical Zoology 87(1): 136-147. doi: 10.1086/671166

21

© The Author(s) or their Institution(s)


https://doi.org/10.1111/2041-210X.13322
https://doi.org/10.1111/jfb.13652
https://doi.org/10.1016/j.jembe.2012.12.004
https://doi.org/10.1016/j.fishres.2022.106342
https://doi.org/10.1002/fsh.10963
https://doi.org/10.1111/j.1467-2679.2007.00247.x
https://doi.org/10.1080/03632415.2015.1074570
https://doi.org/10.1111/j.1365-2400.2012.00867.x

Page 23 of 39

. Can. J, Fish. Aquat. >Ci. Downloaded Trom cansciencepun.com by 1 rent university on 0o/U4/20 . . .
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

Cooke, S.J., Midwood, J.D., Thiem, J.D., Klimley, P., Lucas, M.C., Thorstad, E.B., Eiler, J.,
Holbrook, C and Ebner, B.C. 2013. Tracking animals in freshwater with electronic tags:
past, present and future. Animal Biotelemetry 1:5. https://doi.org/10.1186/2050-3385-1-5

Cooke, S.J., Nguyen, V.M., Murchie, K.J., Thiem, J.D., Donaldson, M.R., Hinch, S.G., Brown,
R.S. and Fisk, A.T. 2013a. To Tag or not to Tag: Animal Welfare, Conservation, and
Stakeholder Considerations in Fish Tracking Studies That Use Electronic Tags. Journal
of International Wildlife Law & Policy 16(4): 352-374.
https://doi.org/10.1080/13880292.2013.805075

Cooke, S.J., and Schramm, H.L. 2007. Catch-and-release science and its application to
conservation and management of recreational fisheries. Fisheries Management and
Ecology 14:73—79. https://doi.org/10.1111/].1365-2400.2007.00527.x

Cooke, S.J., Schreer, J.F., Dunmall, K.M. and Philipp, D.P. 2002a. Strategies for quantifying
sub-lethal effects of marine catch-and-release angling: insights from novel freshwater
applications. American Fisheries Society Symposium 30:121-134.

Cooke, S.J., Schreer, J.F., Wahl, D.H., and Philipp, D.P. 2002b. Physiological Impacts of Catch-
and-Release Angling Practices on largemouth bass and Smallmouth Bass. American
Fisheries Society Symposium 31:489-512.

Cooke, S.J., and Suski, C.D. 2005. Do we need species-specific guidelines for catch-and-release
recreational angling to effectively conserve diverse fishery resources? Biodiversity &
Conservation 14:1195-1209. https://doi.org/10.1007/s10531-004-7845-0

Cote, D., Scruton, D.A., Niezgoda, G.H., McKinley, R.S., Roswell, D.F., Lindstrom, R.T.,
Ollerhead, L.M.N., and Whitt, C.J. 1998. A coded acoustic telemetry system for high
precision monitoring of fish location and movement: Application to the study of

nearshore nursery habitat of juvenile atlantic cod (Gadus Morhua). Marine Technology
Society Journal 32(1): 54.

Cooke, S.J., Woodley, C.M., Eppard, M.B., Brown, R.S. and Nielsen, J.L. 2011. Advancing the
surgical implantation of electronic tags in fish: a gap analysis and research agenda based

on a review of trends in intracoelomic tagging effect studies. Reviews in Fish Biology
and Fisheries 21: 127-151. https://doi.org/10.1007/s11160-010-9193-3

Craig, J. 1996. Pike: biology and exploitation. London: Chapman & Hall.
Cumming, G. 2014. The new statistics: Why and How. Psychological Science. 25(1): 7-29.

Danylchuk, S.E., Danylchuk, A.J., Cooke, S.J., Goldberg, T.L., Koppelman, J. and Philipp, D.P.
2007. Effects of recreational angling on the post-release behavior and predation of
bonefish (Albula vulpes): The role of equilibrium status at the time of release. Journal of

22

© The Author(s) or their Institution(s)


https://doi.org/10.1186/2050-3385-1-5
https://doi.org/10.1080/13880292.2013.805075
https://doi.org/10.1111/j.1365-2400.2007.00527.x
https://doi.org/10.1007/s10531-004-7845-0
https://doi.org/10.1007/s11160-010-9193-3

. Can. J, Fish. Aquat. >Ci. Downloaded Trom cansciencepun.com by 1 rent university on 0o/U4/20 . . .
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript) Page 24 of 39

Experimental Marine Biology and Ecology 346:127—-133.
https://doi.org/10.1016/j.jembe.2007.03.008

Donaldson, M.R., Arlinghaus, R., Hanson, K.C., and Cooke, S.J. 2008. Enhancing catch-and-
release science with biotelemetry. Fish and Fisheries 9:79-105.
https://doi.org/10.1111/].1467-2979.2007.00265.x

Ekl6v, P. 1992. Group foraging versus solitary foraging efficiency in piscivorous predators: the
perch, Perca fluviatilis, and pike, Esox lucius, patterns. Animal Behaviour. 44(2): 313-
326. https://doi.org/10.1016/0003-3472(92)90037-A

Ferter, K., Hartman, K., Kleiven, A.R., Moland, E. and Olsen, E.M. 2015. Catch-and-release of
Atlantic cod (Gadus morhua): post-release behaviour of acoustically pretagged fish in a

natural marine environment. Canadian Journal of Fisheries and Aquatic Sciences 72(2):
252-261. https://doi.org/10.1139/cjfas-2014-0290

Fore, M., Svendsen, E., Okland, F., Grins, A., Alfredsen, J.A., Finstad, B., Hedger, R.D., and
Uglem, 1. 2021. Heart rate and swimming activity as indicators of post-surgical recovery

time of Atlantic salmon (Sa/mo salar). Animal Biotelemetry. 9:3.
https://doi.org/10.1186/s40317-020-00226-8

Gurarie, E., Andrews, R.D. and Laidre, K.L. 2009. A novel method for identifying behavioural
changes in animal movement data. Ecology Letters. 12(5): 395-408.
https://doi.org/10.1111/5.1461-0248.2009.01293 .x

Halsey, L.G., Shepard, E.L.C. and Wilson, R.P. 2011. Assessing the development and
application of the accelerometry technique for estimating energy expenditure.
Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology
158:305—-314. https://doi.org/10.1016/j.cbpa.2010.09.002

Heupel, M.R., and Hueter, R.E. 2001. Use of an automated acoustic telemetry system to
passively track juvenile blacktip shark movements. In Electronic tagging and tracking in
marine fisheries. Springer. pp. 217-236. https://doi.org/10.1007/978-94-017-1402-0_10

Hijmans, R.J. 2022. geosphere: Spherical Trigonometry. R package version 1.5-18.
https://doi.org/10.32614/CRAN.package.geosphere

Hlina, B.L., Glassman, D.M., Chhor, A.D., Etherington, B.S., Elvidge, C.K., Diggles, B.K. and
Cooke, S.J. 2021. Hook retention but not hooking injury is associated with behavioural
differences in Bluegill. Fisheries Research 242: 106034.
https://doi.org/10.1016/j.fishres.2021.106034

Jepsen, N., Thorstad, E.B., Havn, T. and Lucas, M.C. 2015. The use of external electronic tags
on fish: an evaluation of tag retention and tagging effects. Animal Biotelemetry 3:49.
https://doi.org/10.1186/s40317-015-0086-z

23

© The Author(s) or their Institution(s)


https://doi.org/10.1016/j.jembe.2007.03.008
https://doi.org/10.1111/j.1467-2979.2007.00265.x
https://doi.org/10.1016/0003-3472(92)90037-A
https://doi.org/10.1139/cjfas-2014-0290
https://doi.org/10.1186/s40317-020-00226-8
https://doi.org/10.1111/j.1461-0248.2009.01293.x
https://doi.org/10.1016/j.cbpa.2010.09.002
https://doi.org/10.1007/978-94-017-1402-0_10
https://doi.org/10.32614/CRAN.package.geosphere
https://doi.org/10.1016/j.fishres.2021.106034
https://doi.org/10.1186/s40317-015-0086-z

Page 25 of 39

. Can. J, Fish. Aquat. >Ci. Downloaded Trom cansciencepun.com by 1 rent university on 0o/U4/20 . . .
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

Johnson, E.O., Kamilaris, T.C., Chrousos, G.P. and Gold, P.W. 1992. Mechanisms of stress: A
dynamic overview of hormonal and behavioral homeostasis. Neuroscience and
Biobehavioral Reviews 16: 115-130. https://doi.org/10.1016/S0149-7634(05)80175-7

Kamara, S.R., Glomb, J.C., and Suski, C.D. 2025. Temperature alters thermal tolerance and
physiological response to simulated angling in paddlefish. Journal of Thermal Biology.
133: 104272. https://doi.org/10.1016/j.jtherbio.2025.104272

Kessel, S.T., Cooke, S.J., Heupel, M.R., Hussey, N.E., Simpfendorfer, C.A., Vagle, S., and Fisk,
A.T. 2014. A review of detection range testing in aquatic passive acoustic telemetry
studies. Reviews in Fish Biology and Fisheries 24: 199-218.
https://doi.org/10.1007/s11160-013-9328-4

Kieffer, J.D. 2000. Limits to exhaustive exercise in fish. Comparative Biochemistry and
Physiology Part A: Molecular & Integrative Physiology 126:161-179.
https://doi.org/10.1016/S1095-6433(00)00202-6

Klefoth, T., Kobler, A., and Arlinghaus, R. 2008. The impacts of catch-and-release angling on
short-term behaviour and habitat choice of northern pike (Esox lucius L.). Hydrobiologia.
601: 99-110. https://doi.org/10.1007/s10750-007-9257-0

LaRochelle, L., Burton, D, Madden, J.C., Danylchuk, S.C., Cooke, S.J. and Danylchuk, A.J.
2023. Using a novel biologging approach to assess how different handling practices

influence the post-release behaviour of northern pike across a wide range of body sizes.
Aquatic Living Resources 36:25. https://doi.org/10.1051/alr/2023019

LaRochelle, L., Chhor, A.D., Brownscombe, J.W., Zolderdo, A.J., Danylchuk, A.J. and Cooke,
S.J. 2021. Ice-fishing handling practices on the short-term post-release behaviour of
largemouth bass. Fisheries Research 243: 106084.
https://doi.org/10.1016/j.fishres.2021.106084

LaRochelle, L., Griffin, L.P., Brownscombe, J.W., Elvidge, C.K., Hasler, C.T., Robichaud, J.A.,
Madden, J.C., Landsman, Raoult, V., Danylchuk, A.J. and Cooke, S.J. 2025. On the
behavior of fish released following fisheries capture: Methods, endpoints, and

consequences. Reviews in Fisheries Science and Aquaculture. 33(4): 629-656.
https://doi.org/10.1080/23308249.2025.2518167

LaRochelle, L., Haniford, L., Burton, D., Bieber, J.F., Robichaud, J.A., Suski, C.D., Danylchuk,
A.J. and Cooke, S.J. 2024. Do live-well additives influence the physiological and

behavioral recovery of largemouth bass? North American Journal of Fisheries
Management 44:189-203. https://doi.org/10.1002/nafm.10975

LaRochelle, L., Trahan, A., Brownscombe, J.W., Danylchuk, A.J. and Cooke, S.J. 2022. A
Comparison of Different Tournament Weigh-In Formats on the Short-Term Postrelease

Behavior of Black Bass Assessed with Biologgers. North American Journal of Fisheries
Management 42:250-259. https://doi.org/10.1002/nafm.10736

24

© The Author(s) or their Institution(s)


https://doi.org/10.1016/S0149-7634(05)80175-7
https://doi.org/10.1016/j.jtherbio.2025.104272
https://doi.org/10.1007/s11160-013-9328-4
https://doi.org/10.1016/S1095-6433(00)00202-6
https://doi.org/10.1007/s10750-007-9257-0
https://doi.org/10.1051/alr/2023019
https://doi.org/10.1016/j.fishres.2021.106084
https://doi.org/10.1080/23308249.2025.2518167
https://doi.org/10.1002/nafm.10975
https://doi.org/10.1002/nafm.10736

. Can. J, Fish. Aquat. >Ci. Downloaded Trom cansciencepun.com by 1 rent university on 0o/U4/20 . . .
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

Louison, M.J., Hasler, C.T., Fenske, M.M., Suski, C.D., and Stein, J.A. 2017. Physiological
effects of ice-angling capture and handling on northern pike, Esox lucius. Fisheries
Management and Ecology. 24(1): 10-18. https://doi.org/10.1111/fme.12196

Louison, M.J., LaRochelle, L. and Cooke, S.J. 2023. Effectiveness of barotrauma mitigation
methods in ice-angled bluegill and black crappie. Fisheries Management and Ecology
30(3): 229-239. https://doi.org/10.1111/fme.12615

Madden, J.C., LaRochelle, L., Goodenough, A.M., Danylchuk, A.J. and Cooke, S.J. 2024. Free
falling: Fizzing wild caught Smallmouth Bass results in the inability to control buoyancy
in deep water. Fisheries Management and Ecology 32(4): 41-49.
https://doi.org/10.1111/fme.12780

Milligan, C.L. 1996. Metabolic recovery from exhaustive exercise in rainbow trout. Comparative
Biochemistry and Physiology Part A: Physiology 113:51-60.
https://doi.org/10.1016/0300-9629(95)02060-8

Muoneke, M 1., and Childress, W.M. 1994. Hooking mortality: A review for recreational
fisheries. Reviews in Fisheries Science 2:123-156.
https://doi.org/10.1080/10641269409388555

Pitcher, T.J., and Hollingworth, C. 2002. Recreational Fisheries: Ecological, Economic, and
Social Evaluation. Blackwell Science. Oxford, UK.

Pollock, K.H., and Pine, W.E. 2007. The design and analysis of field studies to estimate catch-
and-release mortality. Fisheries Management and Ecology 14:123—-130.
https://doi.org/10.1111/5.1365-2400.2007.00532.x

Priborsky, J., and Velisky, J. 2018. A review of three commonly used fish anesthetics. Reviews
in Fisheries Science and Aquaculture 26(4): 417-442.
https://doi.org/10.1080/23308249.2018.1442812

Quinn, S. and Paukert, C. 2009. Centrarchid Fisheries. In Centrarchid Fishes: Diversity, Biology
and Conservation (eds Cooke, S.J. and Philipp, D.P). pp 312-339.

R Core Team (2024). R: A Language and Environment for Statistical Computing. R Foundation
for Statistical Computing, Vienna, Austria.

Raby, G.D., Johnson, T.B., Kessel, S.T., Stewart, T.J., and Fisk, A.T. 2017. A field test of the
use of pop-off data storage tags in freshwater fishes. Journal of Fish Biology 91:1623—
1641. https://doi.org/10.1111/jfb.13476

Reid, C.H., LaRochelle, L., Madden, J.C., Haniford, L.E., Burton, D., Midwood, J.D. and Cooke,
S.J. 2024. Relative effects of electro-immobilisation and chemical anaesthesia on in situ
post-release behaviour and reproductive success in nesting smallmouth bass (Micropterus

25

© The Author(s) or their Institution(s)

Page 26 of 39


https://doi.org/10.1111/fme.12196
https://doi.org/10.1111/fme.12615
https://doi.org/10.1111/fme.12780
https://doi.org/10.1016/0300-9629(95)02060-8
https://doi.org/10.1080/10641269409388555
https://doi.org/10.1111/j.1365-2400.2007.00532.x
https://doi.org/10.1080/23308249.2018.1442812
https://doi.org/10.1111/jfb.13476

Page 27 of 39

. Can. J, Fish. Aquat. >Ci. Downloaded Trom cansciencepun.com by 1 rent university on 0o/U4/20 . . .
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

dolomieu) Applied Animal Behaviour Science 273: 106239.
https://doi.org/10.1016/j.applanim.2024.106239

Reid, C.H., Vandergoot, C.S., Midwood, J.D., Stevens, E.D., Bowker, J. and Cooke, S.J. 2019.
On the electroimmobilization of fishes for research and practice: Opportunities,
challenges, and research needs. Fisheries 44:576-585. https://doi.org/10.1002/fsh.10307

Richard, A., Dionne, M., Wang, J. and Bernatchez, L. 2013. Does catch and release affect the
mating system and individual reproductive success of wild Atlantic salmon (Salmo salar
L.). Molecular Ecology 22(1): 187-200. https://doi.org/10.1111/mec.12102

Ross, G.L., and Ross, B. 2008. Anaesthetic and sedative techniques for aquatic animals - 3™
edition. Blackwell Publishing. Oxford, UK.

RStudio Team (2024). RStudio: Integrated Development for R. RStudio, PBC, Boston, MA.

Schreck, C.B., Olla, B.L. and Davis, M.W. 1997. Behavioural responses to stress. In Iwama,
G.K,, Pickering, A.D., Sumpter, J.P. and Schreck, C.B. (eds). Fish Stress and Health in
Aquaculture. Cambridge University Press, Cambridge. pp. 145-170.

Shepard, E.L.C., Wilson, R.P., Halsey, L.G., Quintana, F., Laich, A.G., Gleiss, A.C., Liebsch,
N., Myers, A.E., and Norman, B. 2008. Derivation of body motion via appropriate
smoothing of acceleration data. Aquatic Biology 4:235-241.
https://doi.org/10.3354/ab00104

Shorgan, B.M., Howell, B.E., LaRochelle, L., Cooke, S.J., Fisk, A.T., Vandergoot, C.S. and
Raby, G.D. 2025. Behavioural impacts of MS-222 and electro-immobilization on wild

fish assessed using a whole lake telemetry system. Canadian Journal of Fisheries and
Aquatic Sciences. 82: 1-12. https://doi.org/10.1139/cjfas-2025-0079

Siepker, M.J., Ostrand, K.G. and Wahl, D.H. 2006. Effects of angling on feeding by largemouth
bass. Journal of Fish Biology 69: 783-793. https://doi.org/10.1111/].1095-
8649.2006.01149.x

Signer, J., Fieberg, J., and Avgar, T. 2019. Animal movement tools (amt): R package for
managing tracking data and conducting habitat selection analyses. Ecology and Evolution
9: 880-890. https://doi.org/10.1002/ece3.4823

Smith, F. 2013. Understanding HPE in the VEMCO Positioning System (VPS). Document #:
DOC-005457-01.

Speed, C.W., O’Shea, O.R., and Meekan, M.G. 2013. Transmitter attachment and release
methods for short-term shark and stingray tracking on coral reefs. Marine Biology
160:1041-1050. https://doi.org/10.1007/s00227-012-2151-y

26

© The Author(s) or their Institution(s)


https://doi.org/10.1016/j.applanim.2024.106239
https://doi.org/10.1002/fsh.10307
https://doi.org/10.1111/mec.12102
https://doi.org/10.3354/ab00104
https://doi.org/10.1139/cjfas-2025-0079
https://doi.org/10.1111/j.1095-8649.2006.01149.x
https://doi.org/10.1111/j.1095-8649.2006.01149.x
https://doi.org/10.1002/ece3.4823
https://doi.org/10.1007/s00227-012-2151-y

. Can. J, Fish. Aquat. >Ci. Downloaded Trom cansciencepun.com by 1 rent university on 0o/U4/20 . . .
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

Stalhammar, M., Linderfalk, R., Bronmark, C., Arlinghaus, R., and Nilsson, P. A. 2012. The
impact of catch-and-release on the foraging behaviour of pike (Esox lucius) when

released alone or into groups. Fisheries Research 125: 51-56.
https://doi.org/10.1016/].fishres.2012.01.017

Suski, C.D., Killen, S.S., Kieffer, J.D., and Tufts, B.L. 2006. The influence of environmental
temperatures and oxygen concentration on the recovery of largemouth bass from
exercise: implications for live-release angling tournaments. Journal of Fish Biology 68:
120-136. https://doi.org/10.1111/1.0022-1112.2006.00882.x

Thiault, L., Kernaléguen, L., Osenberg, C.W., and Claudet, J. 2017. Progressive-Change
BACIPS: a flexible approach for environmental impact assessment. Methods in Ecology
and Evolution. 8(3): 288-296. https://doi.org/10.1111/2041-210X.12655

Thompson, L.A., Cooke, S.J., Donaldson, M.R., Hanson, K.C., Gingerich, A., Klefoth, T., and
Arlinghaus, R. 2008. Physiology, Behavior, and Survival of Angled and Air-Exposed
Largemouth Bass. North American Journal of Fisheries Management. 28(4): 1059-1068.
https://doi.org/10.1577/M07-079.1

Thorstad, E.B., Rikardsen, A.H., Alp, A. and Okland, F. 2013. The Use of Electronic Tags in
Fish Research — An Overview of Fish Telemetry Methods. Turkish Journal of Fisheries
and Aquatic Sciences 13:881-896. http://doi.org/10.4194/1303-2712-v13 5 13

Tinbergen, N. 1951. Study of Instinct. Claredon Press, Oxford.

van Kampen, H.S. 2015. Violated expectancies: Cause and function of exploration, fear, and
aggression. Behavioural Processes 117: 12-28.
https://doi.org/10.1016/j.beproc.2014.05.005

Wendelaar Bonga, S.E. 1997. The stress response in fish. Physiological Reviews 77: 591-625.
https://doi.org/10.1152/physrev.1997.77.3.591

Whitney, N.M., White, C.F., Gleiss, A.C., Schwieterman, G.D., Anderson, P., Hueter, R.E., and
Skomal, G.B. 2016. A novel method for determining post-release mortality, behavior,

and recovery period using acceleration data loggers. Fisheries Research 183:210-221.
https://doi.org/10.1016/j.fishres.2016.06.003

Wilson, R.P., White, C.R., Quintana, F., Halsey, L.G., Liebsch, N., Martin, G.R. and Butler, P.J.
2006. Moving towards acceleration for estimates of activity-specific metabolic rate in

free-living animals: the case of the cormorant. Journal of Animal Ecology 75:1081-1090.

https://doi.org/10.1111/].1365-2656.2006.01127.x

Wood, S.N. 2017. Generalized Additive Models: An Introduction with R (2" edition). Chapman
and Hall/ CRC.

27

© The Author(s) or their Institution(s)

Page 28 of 39


https://doi.org/10.1016/j.fishres.2012.01.017
https://doi.org/10.1111/j.0022-1112.2006.00882.x
https://doi.org/10.1111/2041-210X.12655
https://doi.org/10.1577/M07-079.1
http://doi.org/10.4194/1303-2712-v13_5_13
https://doi.org/10.1016/j.beproc.2014.05.005
https://doi.org/10.1152/physrev.1997.77.3.591
https://doi.org/10.1016/j.fishres.2016.06.003
https://doi.org/10.1111/j.1365-2656.2006.01127.x

Page 29 of 39

. Can. J, Fish. Aquat. >Ci. Downloaded Trom cansciencepun.com by 1 rent university on 0o/U4/20 . . .
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

958
959
960
961
962
963
964
965
966
967
968
969
970
971

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

Wright, S., Metcalfe, J.D., Hetherington, S., and Wilson, R. 2014. Estimating activity-specific
energy expenditure in a teleost fish, using accelerometer loggers. Marine Ecology
Progress Series 496:19-32. https://doi.org/10.3354/meps10528

Wydoski, R.S. 1977. Relation of Hooking Mortality and Sublethal Hooking Stress to Quality
Fishery Management. Pages 43—87 Catch-and-release Fishing as a Management Tool.
Arcata, California.

Zurr, A.F., Ieno, E.N., Walker, N., Saveliev, A.A., and Smith, G.M. 2009. Mixed effects models
and extensions in ecology with R. Springer Science & Business Media.

28

© The Author(s) or their Institution(s)


https://doi.org/10.3354/meps10528

. Can. J, Fish. Aquat. >Ci. Downloaded Trom cansciencepun.com by 1 rent university on 0o/U4/20 . . .
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

972
973
974
975
976

977
978

Canadian Journal of Fisheries and Aquatic Sciences (Author's Accepted Manuscript)

Table 1. Model selection results for both movement and area used of largemouth bass
(Micropterus nigricans) following the progressive change before-after-control-
impact paired series (BACIPS) framework. Bolded rows represent the models
selected for the respective endpoint. Models were selected based on the lowest
corrected Akaike Information Criterion (AICc) score.

Endpoint Model AICc score AAICc AlICec ®
Movement
Step-change 4696 102 0
Linear 4594 0 1
Sigmoid 4708 112 0
Asymptotic 4699 105 0
Area used
Step-change 1286 21 0
Linear 1266 0 1
Sigmoid 1293 27 0
Asymptotic 1289 23 0
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Figure 1. Heat map showing positioning density (log scale) of largemouth bass (n= 16;
Micropterus nigricans) and northern pike (n=15; Esox lucius) in Lindsay Lake during
the monitoring period (June 2" — September 12, 2023). The grey areas are shallow (~
< 1m) vegetated areas where positions did not occur but fish could theoretically be
located within the lake, indicating spatial gaps in the system. Bathymetry is
represented with 2m contour lines. Black triangles indicate the receiver locations and
the black circles show the location of refrence tags.
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Figure 2. Pop-off biologger that includes a radio transmitter (A) used for relocation, the
receptacle of self-locking strap used to secure the strap with a dissolvable link (B), and
an internal data storage tag that records acceleration, depth and temperature (C).
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Figure 3. Pop-off biologger affixed between the pelvic fins of largemouth bass (Micropterus
nigricans; A) and between the pectoral fins of northern pike (Esox lucius; B).
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1011  Figure 4. Movement (i.e., total distance) activity of largemouth bass (Micropterus nigricans)
1012 before (0-360 h) and after a capture event (360-720 h). Panel A represents the
1013 difference in total distance (A = capture — control) across time with pre-capture
1014 baseline measurements (grey circles, 0-360 h) and classification of post-capture
1015 measurements (360-720 h). Post-capture measurements were classified as within (blue
1016 diamonds) or outside (red circles) the defined pre-capture baseline recovery zone
1017 (green dashed lines). Baseline recovery zone was the mean delta difference + 1.25
1018 S.D. of the pre-capture data. The black linear trend line with 95% confidence interval
1019 is used as a model based projected recovery. For both panels, the solid vertical line
1020 represents the time of capture (360 h), and the vertical dotted/ dashed line represents
1021 the identified recovery time (129 h post-capture). Panel B shows the hourly total
1022 distance of pre-captured (purple), control (orange) and captured (green) largemouth
1023 bass.
1024
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1026  Figure 5. Area used by largemouth bass (Micropterus nigricans) before (0-360 h) and after a
1027 capture event (360-720 h). Panel A represents the difference in area used (A = capture
1028 — control) across time with pre-capture baseline measurements (grey circles, 0-360 h)
1029 and classification of post-capture measurements (360-720 h). Post-capture
1030 measurements were classified as within (blue diamonds) or outside (red circles) the
1031 defined pre-capture baseline recovery zone (green dashed lines). Baseline recovery
1032 zone was the mean delta difference + 1.25 S.D. of the pre-capture data. The black
1033 linear trend line with 95% confidence interval is used as a model based projected
1034 recovery. For both panels, the solid vertical line represents the time of capture (360 h),
1035 and the vertical dotted/ dashed line represents the identified recovery time (154 h post-
1036 capture). Panel B shows the area used in 6-hour periods of pre-captured (purple),
1037 control (orange) and captured (green) largemouth bass.
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1042  Figure 6. Post-release overall dynamic body (ODBA) acceleration and depth used by
1043 largemouth bass (Micropterus nigricans, A-B) and northern pike (Esox lucius, C-D)
1044 collected from pop-off biologgers. The dotted black lines represent a shift in
1045 behaviour identified using a changepoint analysis.
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1048  Figure 7. Movement (i.e., total distance) activity of northern pike (Esox lucius) before (0-360 h)
1049 and after a capture event (360-720 h). Panel A represents the difference in total
1050 distance (A = capture — control) across time with pre-capture baseline measurements
1051 (grey circles, 0-360 h) and classification of post-capture measurements (360-720 h).
1052 Post-capture measurements were classified as within (blue diamonds) or outside (red
1053 circles) the defined pre-capture baseline recovery zone (green dashed lines). Baseline
1054 recovery zone was using the mean delta difference + 1 S.D. of the pre-capture data.
1055 The black linear trend line with 95% confidence interval is used as a model based
1056 projected recovery. For both panels, the solid vertical line represents the time of
1057 capture (360 h), and the vertical dotted/ dashed line represents the identified recovery
1058 time (145 h post-capture). Panel B shows the hourly total distance of pre-captured
1059 (purple), control (orange) and captured (green) northern pike.
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1062  Figure 8. Area used of pre-captured (purple), control (orange) and captured (green) northern
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pike (Esox lucius). The vertical black line represents the capture time (360 h). No
recovery time was identified for the area used by northern pike.
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