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Abstract
We examined behaviour and physiology of lake trout (Salvelinus namaycush) following ice-angling. Fish were ice-angled and

placed in a water-filled tub for 0.5, 4, and 6 h to recover (n = 19). Reflex impairment and physiological status were assessed
repeatedly for every individual. Longer fight times lead to higher lactate and glucose, and lower extracellular pH 0.5 h post-
angling. Loss of orientation was the most common reflex impairment (84% of fish) 4 h post-angling. Mortality (36.8%) was
observed during the study; however, variation in handling, barotrauma, and issues with sampling may have confounded an-
gling effects. To determine if barotrauma impacted impairment and mortality, lake trout at a later sampling date (n = 29) were
exposed to air for either 60, 120, 180, 240, 300, or 420 s before assessment (3.4% mortality). For fish air-exposed for 300 s or
more, 14% lost orientation during immediate assessment. Bloating occurred in 20% of fish air-exposed for 60 s. An air expo-
sure duration of 420 s significantly impaired reflexes. Recreationally caught lake trout show behavioural and physiological
impairment with such impairments magnified by extended air exposure.
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Introduction
Catch-and-release angling (C&R) relies on the assumption

that fish survive and exhibit negligible long-term impair-
ment (Wydoski 1977). If those assumptions are satisfied, C&R
can be a valuable conservation tool and enable use of vari-
ous harvest management regulations (Arlinghaus et al. 2007;
Danylchuk et al. 2018). However, negative consequences for
fish are observed following angling (e.g., Muoneke and Chil-
dress 1994; Bartholomew and Bohnsack 2005; Sass and Shaw
2020) and these consequences compound with water tem-
perature and air exposure to induce mortality (Gingerich et
al. 2007) or sublethal effects on reproduction and growth
(Watson et al. 2020; Papatheodoulou et al. 2022). Additionally,
fish released immediately upon capture may not necessarily
exhibit external signs of harm and thus, cryptic impairment
may lead to unobserved delayed mortality (Coggins Jr. et al.
2007; Gilman et al. 2013). It is, therefore, imperative to incor-
porate behaviour, physiology, and mortality assessments into
C&R science to fully assess angling impacts on fishes (e.g.,
Cooke and Schramm 2007; Brownscombe et al. 2022).

For fish, the process of angling involves fighting the line,
air exposure, and being handled. These individual stressors
can combine to induce a generalized stress response (Cooke
and Suski 2005), which allows fish to regain homeostasis
through coordinated physiological changes (Schreck and Tort

2016). Responses to stress in fish are tiered. The immedi-
ate response includes endocrine changes such as higher lev-
els of catecholamines and corticosteroids (Wendelaar Bonga
1997). Endocrine changes then induce effects on cardiac out-
put, oxygen uptake, and the mobilization of energy sub-
strates (Wendelaar Bonga 1997). Should homeostasis not be
regained, reduction in growth, poor disease resistance, or al-
tered behaviour may affect long-term reproduction and sur-
vival (Barton 2002). The generalized stress response varies
with environmental factors, for example, fish exhibit a more
pronounced hormonal or metabolic response in warmer tem-
peratures (Barton and Schreck 1987; Wilkie et al. 1996), com-
pared to colder temperatures (Guderley 2004).

An understudied fish in the context of C&R science is the
lake trout (Salvelinus namaycush), despite many jurisdictions
across North America promoting all-season angling opportu-
nities. These fish exhibit slow growth, longevity, late matu-
ration, low reproductive potential, and slow replacement of
adults, making them vulnerable to fishing pressure (Shuter et
al. 1998). Other closely related salmonid species, like brook
trout (Salvelinus fontinalis), experience blood chemistry dis-
turbances such as elevated blood glucose (Wedemeyer and
Wydoski 2008) and reflex impairment (Brownscombe et al.
2022) following angling. Lake trout are one of only a hand-
ful of species that have pre-existing research on the conse-
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quences of winter angling, leaving a gap in our understand-
ing of related impairment or mortality (e.g., Dextrase and
Ball 1991; Persons and Hirsch 1994). The scarcity of informa-
tion regarding physiology, behaviour, and survival inhibits
our ability to assess effects of unique environmental condi-
tions and specialized fishing techniques associated with ice-
angling (Lawrence et al. 2022). Despite our understanding of
seasonal differences in growth, movement, and habitat use
(Binder et al. 2017; Gallagher et al. 2018; Hébert and Dunlop
2020), we have yet to fully describe how winter angling di-
rectly impacts post-release behaviours and physiology of lake
trout.

Lake trout share similar trophic ecologies and habitat use
with other salmonids that inhabit deep and cold oligotrophic
lakes (Ivanova et al. 2021; Nawrocki et al. 2022; Ridgway et al.
2022). These salmonids are adapted for rapid vertical move-
ment, displaying diel vertical migration and air gulping from
the surface to fill their swim bladders (Saunders 1953; Keyler
et al. 2019; Macaulay et al. 2020; Pelster 2021; Larocque et al.
2022). Despite this, fish angled from depths > 30 m are sen-
sitive to pressure and temperature changes (McLennan et al.
2014; Sitar et al. 2017) and may experience barotrauma re-
gardless of season. Barotrauma occurs in fish that are rapidly
brought towards the surface from depth due to the decom-
pression of gases in the blood and organs (Carlson 2012). The
change in gas pressure can result in a range of injuries such as
displaced organs, internal bleeding, and lung tissue damage
(Rummer and Bennett 2005; Hannah et al. 2008; Pribyl et al.
2011). Physostomous species, like lake trout, are vulnerable
to barotrauma despite the ability to belch excess gas from
the swim bladder through the esophagus via a pneumatic
duct (Saunders 1953; St John 2003). This is becoming widely
recognized as a conservation concern by anglers (Schreer et
al. 2009; Elliot et al. 2021). Barotrauma symptoms have been
more heavily explored during open water angling, but recent
research has shown high post-release mortality from baro-
trauma in cold lakes where fish are angled from deep depths
(Althoff et al. 2021).

Another important issue associated with lake trout and
C&R science is that lake trout are often considered “trophy”
fish. Lake trout reach large sizes (>1 m), and size is an im-
portant factor with regard to effects of angling on fish be-
cause larger fish often have longer fight times (Reeves and
Staples 2011), experience higher levels of angling-induced
stress (Wydoski et al. 1976; Meka and McCormick 2005), and
mortality (Loftus et al. 1988; Nuhfer and Alexander 1992; Lee
and Bergersen 1996). Therefore, trophy-sized lake trout fish-
eries may be at risk from angler-induced effects. Beyond size,
mortality in angled lake trout can also be explained by hook
placement and bleeding (Falk et al. 1974; Persons and Hirsch
1994) and hook type (Dextrase and Ball 1991).

In our study, we examined the physiological and be-
havioural responses of lake trout to C&R ice-angling in Clear-
water Lake, Manitoba. The objectives of this study were to
(1) quantify reflex impairment and recovery post-capture, (2)
explore how plasma stress metrics (i.e., cortisol, lactate, glu-
cose, and pH) differ with time post-capture (samples taken at
0.5, 4, and 6 h), (3) examine interactions of blood metrics and
reflex impairment responses to angling to predict mortality,

(4) characterize factors that influence reflex impairment and
physiology, including size, fight time, and length of air expo-
sure, and (5) determine if barotrauma might be occurring in
lake trout angled during the winter. For the extended recov-
ery sampling (objectives 1–4), we hypothesized that fish cap-
ture would induce stress and impair behaviour that would
affect survivorship. Specifically, we expected that fish would
have delayed recovery but low reflex impairment, stress met-
rics would increase with time, high behavioural and physio-
logical responses would be predictive of mortality, and fish
length would affect stress and impairment. For the immedi-
ate recovery sampling (objective 5), we hypothesized that fish
capture would impair behaviour and lead to barotrauma. We
expected that fish would display reflex impairment within
the first several minutes following capture.

Methods

Study location
We angled lake trout from Clearwater Lake, Manitoba,

Canada (54.0570◦N, 101.0564◦W) between 10–16 January
2022 and 28 March–8 April 2022. The surface area of the lake
is 593 km2 and its average depth is 13.1 m. In January, air
temperatures fluctuated between −30 ◦C and −1.3 ◦C (mean
= −16.50 ◦C) (Environment and Climate Change Canada
2022) and water temperatures 10 m below the lake sur-
face were between −0.2 ◦C and 0 ◦C (mean = −0.05 ◦C)
(Pro20 model, YSI Inc., Yellow Springs, OH, USA; range =
−5 ◦C to −55 ◦C, accuracy = ±0.3 ◦C). We angled for fish
between 16 and 18.6 m (mean = 16.40 m) where dissolved
oxygen levels were between 122.43% and 150.92% air satu-
ration (mean = 126.09% air saturation) (17.36–21.4 mg·L−1,
mean = 18.84 mg·L−1). In March, air temperatures were be-
tween −13 ◦C and 6.2 ◦C (mean = −1.60 ◦C) and water tem-
peratures 10 m below the lake surface were between 0.2 ◦C
and 1 ◦C (mean = 0.53 ◦C). We angled for fish between 6.1 and
21.3 m (mean = 15.23 m) where dissolved oxygen levels were
between 84.15% and 123.91% air saturation (mean = 100.28%
air saturation) (11.73–17.42 mg·L−1, mean = 14.02 mg·L−1).

Fish capture and holding
Our research was conducted in accordance with animal

care protocols approved by the Animal Care Committee of
The University of Winnipeg (Animal Use Protocol #AE10491),
following guidance by the Canadian Council on Animal Care.
We also had a Provincial Scientific Collection (General) Per-
mit (#22758865). We divided our study into two sampling pe-
riods. In January, after fish capture, we held fish in tubs for up
to 6 h to monitor physiological recovery in blood parameters
and reflex impairment (extended recovery). In March, after
fish capture, we held fish for 420 s to quantify barotrauma
and reflex impairment (immediate recovery).

During both sampling periods, we captured fish using
1.17 m extra heavy-action fiberglass ice fishing rods (46XH
Slugger, Fish Frostbite, CA, USA) that were spooled with
13.61 kg braided line and a 1.22 m, 5.44 kg fluorocarbon
leader on a size 35 reel (Pflueger President XT, Pure Fishing,
Columbia, SC, USA). We either held the rods or fitted them
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to a tip-up (I Fish Pro 2.0, Tactical Ice Gear, CA, USA). For rods
we held, we rigged them with spoons, plastic swimbaits, jig-
ging tubes, or quick-strike rigs with size 1/0 treble hooks.
For the tip-ups, we baited size 1/0 treble hooks with dead
whole cisco (Coregonus artedi) (152–330 mm) and placed these
within 50 m of each angler (12 experienced anglers). We an-
gled fish from various locations on the lake and we caught
fish within and outside uninsulated heated ice fishing tents.
Once an angler felt a strike or observed a tip-up flag, they
quickly raised the rod to set the hook and lift the fish from
the water. An observer recorded the time between hooking
the fish and the fish clearing the ice hole (i.e., fight time). We
then immediately unhooked the fish, noted the hooking lo-
cation, and scored the level of bleeding using a three-point
scale (adapted from Falk et al. 1974): 0 score, none, no exter-
nal bleeding near the hook entry point; 1 score, slight, a small
amount of bleeding localized near the hook entry point; 2
score, flowing, blood surrounding and obscuring the hook en-
try point. Because anglers were spread out in a general area
around our sampling tent, we transported fish within a tub
filled with fresh lake water on a sleigh. The maximum dis-
tance we transported a fish was 400 m. For each fish we cap-
tured, we recorded the duration of air exposure time during
handling.

Extended recovery sampling
During the first sampling period, in January, upon entry

into the sampling tent, we measured each fish (n = 19) for
length and weight, and then transferred it to a tub of fresh
surface water for reflex assessment (see below). Once we com-
pleted the reflex assessment, we moved fish to a covered 378 L
stock tank filled with fresh surface water. We frequently
changed the water in the tank and water temperature fluc-
tuated between 0 ◦C and 0.1 ◦C (mean = 0.05 ◦C) with dis-
solved oxygen levels between 61.67% and 131.83% air sat-
uration (mean = 99.83% air saturation) (12.8–18.64 mg·L−1,
mean = 14.12 mg·L−1). We left fish to recover in the tank for
0.5, 4, and 6 h. We never held more than four fish at a time
in the stock tank and were cognisant of total fish size in the
tank.

At each time point, we assessed fish for impairment using
a reflex assessment and a blood sample (size dependent, see
below). For the reflex assessment, we followed previously es-
tablished methods (Davis 2007; Raby et al. 2012; McLean et
al. 2016; Brownscombe et al. 2022) and conducted it in a tub
(78.74 × 45.72 × 30.48 cm) that we filled with fresh lake wa-
ter. The assessment included the following metrics: (1) tail
grab, burst swimming response to caudal peduncle grab; (2)
body flex, attempted escape when held out of the water by
midsection; (3) head complex, opening of jaws in normal ven-
tilation pattern when held out of water; (4) vestibular–ocular
response, tracking of eye to remain level when rotated hori-
zontally and held out of water; (5) orientation, vertical align-
ment after being placed upside-down in the holding bin. We
scored failure to demonstrate a metric “1”, and we calculated
total reflex impairment score as the sum of each of the five
impairments that were not present for all individuals at each
time point. A single observer (BEH) conducted all reflex as-

sessments to limit variation between samplers. The assess-
ment took less than 60 s.

Following each of our reflex assessments, we sampled fish
for blood using best practices described in Lawrence et al.
(2020). Briefly, we held fish ventral-side up with their gills
submerged in the water of the tub. We drew 1.5 mL of blood
via caudle puncture with a 10 mL lithium heparin vacutainer
and 21-G needle. We then immediately centrifuged the blood
at 6000 g for 3 min to separate plasma from other blood com-
ponents (red blood cells) and allocated the plasma into three
0.6 mL vials. We stored the plasma and other blood com-
ponent samples in a vapour shipper that was charged with
liquid nitrogen (Cryopro 3.6 L, VWR International, Radnor,
PA, USA) until we could move them to a laboratory freezer
(−80 ◦C). Total blood sampling time varied between fish due
to difficulties associated with outside temperatures, and we
sampled fish (>1500 g) during each of the three time points.
We could only sample fish (<1500 g) twice (i.e., a random two
out of the three time points) to ensure less than 10% of total
blood volume was removed (Lawrence et al. 2020). Following
the end of sampling at the 6 h time point, we inserted a T-bar
anchor tag on the left side of the dorsal fin of each released
fish to ensure fish were not resampled. No fish were recap-
tured.

For each fish and time point, we quantified concentrations
of plasma cortisol, lactate, and glucose and measured intra-
cellular and extracellular pH. For plasma cortisol, we used
a commercially available enzyme-linked immunosorbent as-
say (ELISA) kit (#402710, Neogen, Lexington, KY, USA) and a
microplate spectrophotometer (SpectraMax i3, Molecular De-
vices, San Jose, CA, USA). The ELISA kit that we used was previ-
ously validated for analysis of salmonid plasma samples (Raby
et al. 2015). We ran the assay in triplicate at a dilution factor
of 200 after completing a dilution series of 25, 50, 100, 200,
and 400 to choose the appropriate dilution factor based on a
standard curve. The intra-assay variation (% CV) for our plates
was 7.48% and the interassay variation was 12.2%, which are
acceptable ranges for plasma cortisol in salmonids (Barry et
al. 1993). We determined concentrations of plasma lactate
and glucose following the enzymatic methods of Lowry and
Passonneau (1972). We tested each sample in triplicate and
used a dilution factor of 3.75 for plasma lactate. The intra-
assay variation for plasma lactate was 5.08% and interassay
variation was 15%. The intra-assay variation for plasma glu-
cose was 4.22% and interassay variation was 12.9%. We mea-
sured extracellular pH from thawed plasma and intracellu-
lar pH from lysed red blood cells that went through five
freeze–thaw cycles (e.g., Mullen et al. 2020) (HI98165 pH Me-
ter, HANNA Instruments, Woonsocket, RI, USA).

Barotrauma and immediate recovery sampling
In April, we sampled a second group of lake trout (n = 29).

We angled these fish using the same methods described
above. We monitored angler interaction with fish according
to four time intervals defined by times T0–T4 (adapted from
Lyon et al. 2022). The first time interval (T0–T1) began when
an angler set the hook (T0) and ended when fish were out
of the ice hole and exposed to the air (T1). The second time
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interval (T1–T2) began when fish were exposed to the air (T1)
and ended after fish had been placed onto the ice surface and
exposed to air for a randomly specified amount of time (60,
120, 180, 240, 300, and 420 s) before we placed it into a tub
filled with fresh water (T2). Between T1 and T2, we recorded
hooking location, level of bleeding, length, and weight in the
same fashion as described above. We also attached to each
fish a coloured T-bar anchor tag on the left side of the dorsal
fin to ensure fish were not resampled. The third time interval
(T2–T3) began once fish were placed into water inside the as-
sessment tub (T2) and ended once the reflex and barotrauma
assessments (described below) had been completed and we
returned the fish to the ice hole (T3). The fourth time inter-
val (T3–T4) began once we placed the fish into the ice hole
and ended when the fish kicked-off (T4). During this time, we
retained a loose grip on the caudal peduncle in case we had
to retrieve the fish because it was unable to swim away. We
scored the vigour of release using a three-point scale: 0 or
poor, lethargic movement, and lack of consistent tail beats;
1 or good, regular movement and consistent tail beats; and 2
or excellent, energetic movement and fast-paced tail beats.

During the T2 and T3 time period, after fish were air-
exposed for one of the randomly selected time intervals,
we completed two assessments of the captured fish. First,
we performed a reflex assessment, which was carried out
in the same manner as the first sampling period. The sec-
ond assessment was a barotrauma assessment (adapted from
Althoff et al. 2021; indicators are noted in several studies, e.g.,
Morrissey et al. 2005; Gravel and Cooke 2008; Schreer et al.
2009; Eberts et al. 2018), which we performed in the same
tub as the reflex assessment (Fig. 1). For the barotrauma as-
sessment, we scored the presence of the following metrics
(“1” present, “0” not present): (1) oral organ eversion, gastric
herniation into the buccal cavity; (2) exophthalmia, bulging
eyes; (3) bloating, overinflation of the midsection; (4) anal or-
gan eversion, prolapsed anus; (5) hemorrhaging, redness in
the mouth/gills/fins/anus. Similar to the reflex assessment, a
single observer (BEH) performed the barotrauma assessment.
We calculated total barotrauma score as the sum of each of
the five impairments that were not present for all individuals
at each time point. It took us less than 60 s to complete the
assessment.

Data analysis and statistics
We used R version 4.1.2 (R Core Team 2021) and assessed

significance at ≤ 0.05, unless noted otherwise. For the
first sampling period (i.e., extended recovery experiment),
we tested whether blood plasma and pH parameters differed
across recovery times using paired t tests (“stats” package, R
Core Team 2021). We could not use repeated-measures analy-
sis of variance because not all fish were sampled at each time
point. Prior to analysis, we tested for outliers using Grubbs’
tests for outliers (“outliers” package, Komsta 2022) and re-
moved them from the analysis. Then, to ensure model as-
sumptions were met, we tested homogeneity of variance us-
ing a Levene’s test (“cars” package, Fox and Weisberg 2019)
and normality using a Shapiro–Wilk test (“stats” package, R
Core Team 2021). When the model assumption tests failed

for the blood parameters, we used a square root transforma-
tion prior to the paired t test. For significant comparisons, we
calculated effect size using Cohen’s D test (“effsize” package,
Torchiano 2020). When individuals were missing a blood pa-
rameter value at a particular recovery time, we removed it
from the data set for comparisons using that recovery time
and blood parameter. Because we undertook multiple statis-
tical analyses using the blood, we used a Bonferroni correc-
tion to offset the likelihood of a type-I error, thus for the
tests involving the blood metrics, we used a significance level
of α = 0.01. To relate mortality with the blood parameters
we used binary logistic regression models (“stats” package, R
Core Team 2021). We regressed mortality against each blood
parameter at all the recovery time (0.5, 4.0, and 6.0 h) to ad-
dress whether the blood parameters predicted death. Again,
we used a Bonferroni correction to account for multiple sta-
tistical tests being performed and thus, we used α = 0.01 to
determine significance of the blood parameter versus mortal-
ity models. The next analysis we performed was to determine,
at each recovery time point, the effects of total length, fight
time, air exposure, and reflex impairment on all the blood
parameters. To accomplish this, we created 17 candidate lin-
ear models based on various combinations of the indepen-
dent variables and used an information theoretic approach
(second-order Akaike’s Information Criterion; “AICcmodavg”
package, Mazerolle 2020; “lme4” package, Bates et al. 2015).
Likewise to above, outliers were removed, model assump-
tions were validated, and data were transformed as needed.
The last statistical analysis we carried out for the first sam-
pling period was to analyze whether reflex impairment could
be predicted by any of the independent variables, including
recovery time, total length, fight time, and air exposure. To
accomplish this, we used binary multiple logistic regression
mixed models (“lme4” package, Bates et al. 2015). Notably, we
originally included interactions of the independent variables;
however, they were not significant and removed from the fi-
nal analysis. There were no interactions between variables.
Additionally, we included individual ID as a random effect
because, unlike blood parameters, we had reflex scores for
every individual.

For the second sampling period (i.e., immediate recov-
ery experiment), we used binary multiple logistic regression
models (“stats” package, R Core Team 2021) to determine
the effects of total length, fight time, and air exposure on
either reflex or barotrauma impairment. We originally in-
cluded depth and interactions of the independent variables
in the model but removed them due to insignificance. Lastly,
we compared reflex and barotrauma scores using a Pearson
correlation (“devtools” package, Wickham et al. 2022) to de-
termine if the two response variables were associated.

Results

Extended recovery
Overall, we caught 19 lake trout during the first sampling

period. These fish had a mean (±S.D.) total length of 633 ±
149 mm with a range of 450–952 mm. The mean weight of
the lake trout caught during the first sampling period was
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Fig. 1. Images showing barotrauma assessment metrics including (A) oral organ eversion, (B) exophthalmia, (C) bloating and
anal organ eversion, (D) hemorrhaging in the eye, and (E) hemorrhaging in the fins observed in lake trout (Salvelinus namaycush)
following angling.

3130 ± 2484 g with a range of 454–9667 g. There was a 36.8%
mortality rate. Of the seven mortalities observed, only one
occurred prior to the 0.5 h sampling point, three after the
4 h sampling point, and three shortly after the 6 h sampling
point. In all fish, bleeding and injury were minimal, hooks
were not swallowed, and fish were active upon hook removal.

Recovery time, total length, fight time, and air exposure
did not have any effect on reflex scores (Table 1). Total re-
flex impairment immediately following capture was 4 and
peaked to 18 at 4 h. Reflex impairment then began to de-
cline at 6 h. Loss of orientation was the most observed reflex
impairment with 84% of fish displaying it 4 h post-angling
(Fig. 2). At 4 h post-capture, cortisol was 70% higher than it
was at 0.5 h (paired t test: t12 = −5.7, P < 0.001) and it dou-
bled at 6 h (paired t test: t8 = −4.4, P ≤ 0.01) with large ef-

fect sizes for both comparisons (Fig. 3). At 4 h, lactate was
28% higher than it was at 0.5 h (paired t test: t12 = −5.3,
P ≤ 0.001) and at 6 h it was 31% higher (paired t test: t8 =
−6.5, P ≤ 0.001) with large effect sizes for both comparisons.
Glucose was not significantly higher at 4 or 6 h post-capture
when compared to the 0.5 h sample point. Extracellular pH
decreased from 7.59 at 0.5 h to 7.43 (1%) at 4 h (paired t test:
t11 = 5.9, P < 0.001) with a large effect size but not at 6 h post-
capture. Intracellular pH did not significantly change at 4 or
6 h post-capture when compared to the 0.5 h sample point.
No relationships were found between blood metrics at any re-
covery time and mortality (Table 2). The most parsimonious
models to predict cortisol, lactate, glucose, extracellular pH,
and intracellular pH were found via Akaike information cri-
terion (AICc) (Table 3). Thirty minutes after the angling event,
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Table 1. Summary of binary multiple logistic regression
models assessing the effects of recovery time (h), fish total
length (mm), fight time (s), and air exposure (s) on whether
lake trout (Salvelinus namaycush) showed impairment for
any of the five reflex impairment indicators assessed af-
ter ice-angling during an extended recovery experiment
(L.L., effect estimate lower limit; U.L., effect estimate up-
per limit).

Variable Estimate L.L. U.L.

(Intercept) −68.77 −158.66 21.11

Recovery time 0.5 7.07 −2.75 16.90

Recovery time 4 7.07 −2.75 16.90

Recovery time 6 8.06 −2.46 18.59

Total length 0.09 −0.03 0.22

Fight −0.03 −0.07 0.02

Air exposure 0.05 −0.04 0.13

fight time was a significant predictor of lactate (R2 = 0.42), the
interaction of fight time + reflex score was a significant pre-
dictor of glucose (R2 = 0.51), and fight time was a significant
predictor of plasma pH (R2 = 0.24) (Table 3). Four hours after
the angling event the interaction of fight time + reflex score
was a significant predictor of lactate (R2 = 0.81) and again at
6 h (R2 = 0.80).

Immediate recovery
During the second sampling period, 29 lake trout were an-

gled. These fish had a mean total length of 599 ± 184 mm
with a range of 310–1040 mm. The mean weight of the lake
trout caught during the second sampling period was 2619 ±
3113 g with a range of 190–11 310 g. There was a 3.4% mor-
tality rate (one fish was hooked in the gill arches and died).
Air exposure, total length, and fight time did not influence
barotrauma scores. Totaled barotrauma scores peaked at 60 s
of air exposure and then fluctuated throughout the rest of
the time points up to 420 s. Bloating of the abdomen was the
most observed barotrauma impairment with 20% of fish dis-
playing it 60 s post-angling. Oral organ eversion was the only
reflex indicator not observed in any fish captured. Only an
air exposure time of 420 s influenced reflex score (Table 4).
Total reflex scores continued to increase across the 420 s and
loss of orientation was the most observed reflex impairment
with 14% of fish displaying it 300 s post-angling (Fig. 2). Reflex
impairment and extent of barotrauma were not correlated
(Pearson correlation: t27 = 0.23, r = 0.05, P > 0.05).

Discussion

Mortality
The 36.8% mortality rate observed in the extended recov-

ery experiment was higher than expected for a physostomous
species, which are typically robust to stressors like baro-
trauma (Brown et al. 2014). However, these mortalities could
not be confidently attributed to the hooking and retrieval,
as immediately following capture, fish were responsive and
had minimal injury or bleeding. Sampling and handling of

fish, as well as holding the fish in tubs at surface rather than
at capture depth, were additional stressors that could have
contributed to the observed mortality (Ferter et al. 2015). Ad-
ditionally, the low sample size during the extended sampling
and the lack of variation in capture depth limit our interpre-
tation of the mortality rate. Nonetheless, the mortality rate
observed in this experiment is higher than what has been
seen in other studies examining the effects of ice-angling on
lake trout. For example, mortality rates in other studies that
ice-angled lake trout were 10% (Dextrase and Ball 1991) and
24% (Persons and Hirsch 1994); however, fish in these stud-
ies were not held for extended periods of time like in our
experiment and so delayed mortality was not assessed. De-
layed mortality has been documented following exhaustive
exercise or post-angling in other salmonids (Wood et al. 1983;
Ferguson and Tufts 1992), with most angling-induced mor-
tality occurring within the first 48 h (Mongillo 1984; Dedual
1996). In our experiment, lake trout died within 6 h follow-
ing capture at ∼16 m. Holding conditions and handling can
potentially exacerbate stress responses and behaviour (Portz
et al. 2006; Mullen et al. 2020). Based on our higher than ex-
pected mortality rate, either angling caused a much more se-
rious impact than found in other lake trout and ice-angling
studies or some aspect of the fish holding induced unin-
tended consequences. Due to fish capture depth, and our ob-
servation that lake trout were not releasing gas at the sur-
face, we speculate that the fish may have suffered from baro-
trauma. Anecdotally, we observed swim bladder inflation in
certain fish dissected after mortality had occurred. The ad-
dition of a barotrauma assessment during the second sam-
pling period allowed us to deduce that pressure-related im-
pairment was occurring in the lake trout, though based on
observations between the two sampling periods, we do not
think barotrauma was as severe as it was in the first sam-
pling event. Holding fish to obtain physiological and reflex
endpoints are one of the main challenges with C&R stud-
ies in the winter and refinement of methodology is needed
to remove sampling and handling stressors (Lawrence et al.
2022).

Behaviour
Coupling behaviour with physiological parameters can pro-

vide insight into a fish’s state following angling (Arlinghaus
et al. 2009; Cooke et al. 2013). Reflex indicator scores showed
signs of behavioural recovery within 6 h. Loss of orientation
was the most observed reflex impairment with 84% of fish
displaying it 4 h post-angling during extended recovery and
14% of fish displaying it 300 s post-angling during immedi-
ate recovery. Impaired orientation has been shown to be a
crucial predictor of mortality in other species (Gingerich et
al. 2007; Raby et al. 2012) and is necessary for fish to return
to desired depths upon release (Louison et al. 2023). Fish ex-
periencing an orientation impairment are likely forced to
float just under the ice surface after release and, therefore,
experience low temperatures and potential tissue freezing
(Card et al. 2022). Behavioural impairments, such as floating,
force fish to continue exhaustive activity through the act of
trying to return to depth, further perpetuating changes in
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Fig. 2. Totaled impairment scores for (A) extended recovery reflex impairment (n = 19), (B) immediate recovery reflex im-
pairment (n = 29), and (C) immediate recovery barotrauma (n = 29) predictors in lake trout (Salvelinus namaycush) sampled
following ice-angling. Reflex metrics include (1) tail grab, (2) body flex, (3) head complex, (4) vestibular–ocular response, and
(5) orientation. Barotrauma metrics include (1) oral organ eversion, (2) exophthalmia, (3) bloating, (4) anal organ eversion, and
(5) hemorrhaging.

physiological variables and possibly accelerating mortality
(Wood 1991; Ross and Hokenson 1997).

Oral organ eversion is one of the most recognizable
and commonly observed injuries resulting from barotrauma
(Schreer et al. 2009). This occurs when the stomach is inverted
and expelled through the esophagus due to the overexpan-
sion of the swim bladder (Fig. 1A). Physoclistous fish are typi-
cally more susceptible to barotrauma then physostomous fish
like lake trout because their swim bladder is not connected
to the stomach via a pneumatic duct (Saunders 1953; St. John
2003). These fish must instead diffuse gases through a cap-

illary mesh that supplies blood to the swim bladder and is
the interface for gas exchange (Ferguson 1989). Despite being
physostomous, lake trout in this study exhibited barotrauma
impairment which would not have been captured by using
only the reflex assessment. We, therefore, recommend using
both assessments in succession to provide a better estimate
of the range of impairments.

Barotrauma may be exacerbated by varying factors. Other
studies have found effects of depth and duration that fish
were held at the surface on barotrauma (Schreer et al. 2009;
Wegner et al. 2021). In our study, air exposure, total length,
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Fig. 3. Concentrations of (A) plasma cortisol, (B) plasma lactate, (C) plasma glucose, and (D) extracellular pH in lake trout
(Salvelinus namaycush) sampled at 0.5 h (n = 13), 4 h (n = 13), or 6 h (n = 11) following ice-angling. Thick black horizontal lines
denote median values, boxes contain all data within the 25th and 75th quartiles, whiskers show the range of data, and outliers
are depicted as black dots. Asterisks above horizontal brackets denote statistical significance at corrected α = 0.01. Cohen’s d
values (i.e., standardized difference of the means) are within parentheses.

and fight time did not affect barotrauma scores. Angling
for lake trout often occurs at depths > 40 m with bait ei-
ther resting-on or jigging just above the bottom of the lake
(Lamont 2017). Water pressure increases with depth and thus,
fish angled from the bottom experience the full gradient of
pressure changes on the way to the surface. Lake trout typ-
ically display their belching mechanism to expel excess gas
through their mouths during an angling event. However, the
high barotrauma scores observed in this study suggest that
this mechanism was not entirely reliable during rapid de-
compression. Lake trout have previously been documented to

display signs of barotrauma but not in relation to ice-angling
(Ng et al. 2015; Sitar et al. 2017). Interestingly, reflex impair-
ment and barotrauma were not meaningfully correlated de-
spite similarities in certain impairment metrics such as ori-
entation in the reflex assessment and abdominal bloating in
the barotrauma assessment.

Blood physiology
Ice-angling induced changes to plasma cortisol, plasma lac-

tate, plasma glucose, extracellular pH, and intracellular pH
in lake trout. Cortisol, lactate, and glucose were highest at

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

C
A

R
L

E
T

O
N

 U
N

IV
 o

n 
09

/2
7/

23

http://dx.doi.org/10.1139/cjfas-2023-0037


Canadian Science Publishing

Can. J. Fish. Aquat. Sci. 00: 1–15 (2023) | dx.doi.org/10.1139/cjfas-2023-0037 9

Table 2. Summary of binary logistic regression models assessing the effects of cortisol
(ng·mL−1), lactate (mmol·L−1), glucose (mmol·L−1), extracellular pH, or intracellular pH of lake
trout (Salvelinus namaycush) sampled at 0.5, 4, and 6 h post-angling on whether a fish survived
the angling event or not.

Time
(in hours) Blood metric Estimate S.E. z value df P

0.5 Cortisol 0.28 0.22 1.30 12 0.19

Lactate 0.96 1.69 0.57 12 0.57

Glucose −2.10 1.70 −1.24 12 0.22

Extracellular pH 13.76 21.17 0.65 12 0.52

Intracellular pH 91.41 64.73 1.41 12 0.16

4 Cortisol 0.14 0.15 0.92 14 0.36

Lactate 4.12 1.87 2.21 14 0.03

Glucose 1.04 1.21 0.86 14 0.39

Extracellular pH 10.23 24.52 0.42 14 0.68

Intracellular pH 24.69 44.15 0.56 12 0.58

6 Cortisol 0.01 0.12 0.05 10 0.96

Lactate 3.33 1.85 1.80 10 0.07

Glucose −0.19 1.31 −0.14 10 0.89

Extracellular pH −4.75 25.30 −0.19 10 0.85

Intracellular pH 18.76 43.36 0.43 10 0.67

Note: Statistical significance was determined at a corrected α = 0.01.

6 h post-angling when sampling ended. Despite below-ice wa-
ter temperatures and the expectation that physiological pro-
cesses, such as metabolism and the stress response, should be
slowed (Davis et al. 1984; Barton and Schreck 1987; Guderley
2004; Louison et al. 2017b), the observed values for each
variable were higher than what has been found in previous
lake trout studies during summer months (Wedemeyer and
Wydoski 2008; Pottinger 2010). These values may have been
influenced by holding conditions, as described earlier. Typi-
cally, cortisol and lactate values peak between 0.5 and 2 h be-
fore recovery after exhaustive exercise or handling (Milligan
and Wood 1986; Barton and Iwama 1991). In female pink
salmon, cortisol, lactate, and glucose peaked between 0.5 and
2 h after being exposed to 3 min of exhaustive exercise and
1 min of air exposure (Donaldson et al. 2014). Maximum in-
tracellular and extracellular pH values were within similar
ranges of other C&R studies (Brobbel et al. 1996; Mullen et al.
2020). The continued decrease in pH up to 6 h post-angling
was expected because anerobic use of glycogen to meet en-
ergy demands leads to an excess of lactate and reduced pH
(Milligan and Wood 1986). Quantifying maximum peak val-
ues for all other blood metrics was not possible since they
increased continuously up to 6 h. The delayed onset of the
stress response and heightened blood metrics after 4 h seen
in this study has also been noted in other ice-angling research
(Louison et al. 2017a,b). Recovery profiles differ by species and
context (Ruane et al. 1999; Barton 2000; Logan et al. 2019;
Lawrence et al. 2022), so generalized physiological responses
of ice-angled lake trout remain poorly characterized. Under-
standing fish recovery is important for conservation, so fur-
ther research is needed to understand the full amount of time
required for fish to return to baseline physiological levels.
Fish that continue to experience stress after being released

can be more susceptible to other factors such as predation
(Campbell et al. 2010; Holder et al. 2020). Therefore, quanti-
fying physiological recovery time can improve understanding
of delayed mortality.

Plasma cortisol, lactate, glucose, and pH were not predic-
tors of mortality. All metrics examined in this study are phys-
iological variables that are well explored in other fishes as
physiological disturbance markers (Wood 1991; Suski et al.
2003; Cooke et al. 2013; Twardek et al. 2018). Cortisol is a
primary stress hormone, lactate and glucose are metabolites,
and pH indicates acid–base status (Wendelaar Bonga 1997).
Collectively, they are a result of internal coordination to in-
crease the availability of oxygen and energy (Rodnick and
Planas 2016; Schreck and Tort 2016). Lactate is valuable in
predicting mortality because it is a by-product of exhaus-
tive exercise (Wood 1991). Lactate anion is produced via gly-
colysis while metabolic protons are produced during adeno-
sine triphosphate breakdown (Robergs et al. 2004). It has
been implicated with post-exercise mortality and may play
a role in mitigating pathological effects of exhaustion (Wang
et al. 1994; Holder et al. 2022). Minimizing factors that in-
fluence changes in metabolites during collection and han-
dling in field settings is difficult since the process of collect-
ing blood itself inherently changes blood metabolite profiles
through the stress of confinement (Kiilerch et al. 2018), han-
dling (Sopinka et al. 2016), and technical ability (Lawrence et
al. 2020). In this study, holding time was limited to mitigate
effects from fasting and altered environment (Morata et al.
1982; Scarabello et al. 1991; Brobbel et al. 1996) but fish may
have experienced increased handling due to logistical chal-
lenges with winter sampling.

Fight time and the interaction of fight time + reflex impair-
ment were the only variables that predicted lactate at 0.5, 4,

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

C
A

R
L

E
T

O
N

 U
N

IV
 o

n 
09

/2
7/

23

http://dx.doi.org/10.1139/cjfas-2023-0037


Canadian Science Publishing

10 Can. J. Fish. Aquat. Sci. 00: 1–15 (2023) | dx.doi.org/10.1139/cjfas-2023-0037

Table 3. Summary of model selection results based on second-order Akaike information criterion (AICc) for linear
models predicting the cortisol (ng·mL−1), lactate (mmol·L−1), glucose (mmol·L−1), extracellular pH, and intracellular
pH concentrations of lake trout (Salvelinus namaycush) sampled at 0.5, 4, and 6 h post-angling.

Time
(in hours) Metric Model name K AICc �AICc AICc Wt Cum. Wt R2

0.5 Cortisol Null 2 61.90 0.00 0.41 0.41 –

Lactate Fight 3 10.10 0.00 0.46 0.46 0.42

Length + Fight + Reflex 5 11.94 1.84 0.18 0.65 0.72

Glucose Fight + Reflex 4 19.83 0.00 0.32 0.32 0.51

Reflex 3 20.64 0.80 0.21 0.53 0.24

Null 2 20.92 1.09 0.19 0.72 –

Plasma pH Fight 3 −53.07 0.00 0.22 0.22 0.24

Null 2 −52.86 0.21 0.20 0.41 –

Air 3 −52.40 0.66 0.16 0.57 0.19

Length 3 −52.28 0.78 0.15 0.72 0.18

Fight + Air 4 −51.23 1.84 0.09 0.80 0.37

Blood pH Null 2 −65.80 0.00 0.56 0.56 –

4 Cortisol Null 2 67.10 0.00 0.38 0.38 –

Reflex 3 68.50 1.40 0.19 0.57 0.09

Lactate Fight + Reflex 4 15.09 0.00 0.57 0.57 0.81

Length + Fight + Reflex 5 16.38 1.29 0.30 0.87 0.86

Glucose Null 2 19.61 0.00 0.23 0.23 –

Air 3 19.63 0.02 0.23 0.46 0.19

Reflex 3 20.14 0.53 0.18 0.63 0.15

Air + Reflex 4 20.74 1.13 0.13 0.76 0.33

Plasma pH Null 2 −51.16 0.00 0.46 0.46 –

Blood pH Null 2 −64.13 0.00 0.30 0.30 –

Fight 3 −63.81 0.32 0.26 0.55 0.10

Length 3 −63.04 1.09 0.17 0.73 0.11

6 Cortisol Null 2 65.09 0.00 0.53 0.53 –

Lactate Fight + Reflex 4 13.75 0.00 0.85 0.85 0.80

Glucose Null 2 16.91 0.00 0.35 0.35 –

Fight 3 18.08 1.17 0.20 0.55 0.18

Reflex 3 18.43 1.52 0.16 0.71 0.15

Plasma pH Null 2 −39.06 0.00 0.48 0.48 –

Fight 3 −37.72 1.33 0.24 0.72 0.16

Blood pH Null 2 −49.86 0.00 0.48 0.48 –

Fight 3 −48.61 1.25 0.26 0.74 0.17

Note: The most parsimonious models are in bold.

or 6 h post-angling. Longer fight times increase exhaustive
activity and thus, lactate production (Holder et al. 2022). Ex-
haustion following line-fighting may also impair reflexes that
require the depleted energy stores such as body flex, orienta-
tion, and tail grab. In this study, only an air exposure of 420 s
influenced reflex impairment score. A large body of research
has previously demonstrated the effects of holding (Cooke et
al. 2002; Donaldson et al. 2013; Chhor et al. 2022b), fish size
(Loftus et al. 1988; McLean et al. 2020), fight time (Cooke et
al. 2016; Blyth and Bower 2022), and air exposure (Gingerich
et al. 2007; Donaldson et al. 2014; Logan et al. 2019; Chhor et
al. 2022a) on reflex impairment. For example, brook trout >

328 mm with air exposure times >10 s exhibit higher reflex
impairment measures (Brownscombe et al. 2022).

Effect of size
While fish body length was not found to influence mor-

tality or impairment in this study, larger rainbow trout (On-
corhynchus mykiss) have been shown to experience a higher
degree of angling-induced stress (Wydoski et al. 1976) and
hooking mortality (Schisler and Bergersen 1996). The lack
of effect observed in this study may be attributed to a low
number of large individuals (i.e., 5 fish > 890 mm) captured
during sampling periods. Larger fish may be more likely to
fight to exhaustion and thus often experience negative sur-
vival outcomes after angling due to increased length of time
fighting the line (Reeves and Staples 2011; Twardek et al.
2018). Angler-induced C&R mortality is in direct conflict with
fishery conservation aims and thus, management decisions
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Table 4. Summary of binary multiple logistic regression models assessing the effects of air
exposure time (s), fish total length (mm), and fight time (s) on whether lake trout (Salvelinus
namaycush) showed impairment for any of the five reflex impairment indicators or barotrauma
metrics assessed after ice-angling during an immediate recovery experiment.

Variable Estimate S.E. z value df P

Reflex (Intercept) −11.74 6190 −1.90 28 0.06

Exposure time 120 s −19.21 4265 −0.01 28 1.00

Exposure time 180 s 1.68 3.12 0.54 28 0.59

Exposure time 240 s 1.88 2.18 0.86 28 0.39

Exposure time 300 s 2.97 2.13 1.39 28 0.16

Exposure time 420 s 4.57 2.31 1.97 28 0.05

Total length 0.02 1.10 1.48 28 0.14

Fight −0.00 0.02 −0.32 28 0.75

Barotrauma (Intercept) 18.30 6389 0.00 28 1.00

Exposure time 120 −19.02 6389 −0.00 28 1.00

Exposure time 180 −22.70 6389 −0.00 28 1.00

Exposure time 240 −0.75 9544 0.00 28 1.00

Exposure time 300 −20.64 6389 −0.00 28 1.00

Exposure time 420 0.59 9804 0.00 28 1.00

Total length 0.00 0 0.02 28 0.98

Fight 0.05 0.07 0.67 28 0.50

Note: Statistical significance was determined at α = 0.05 and is in bold.

should focus on methods to improve survivorship in released
fish.

Management
The results of this study provide new information on the

susceptibility of physostomes to angling-induced impairment
during the winter. Specifically, lake trout exhibited delayed
behavioural and physiological recovery in the extended re-
covery experiment and a high degree of impaired barotrauma
metrics in the immediate recovery experiment. Understand-
ing how to effectively manage this population during winter
months is vital to prevent a decline in fish abundance. Gen-
erally, fisheries managers lack scientific information to in-
form decision-making around winter C&R fisheries. Basic es-
timates of fish hooking mortality are necessary and can range
from 1% to >90% depending on species, angler skill, and envi-
ronmental factors (Muoneke and Childress 1994; Arlinghaus
et al. 2007). This study provides estimates of immediate and
extended mortality following angling which may be used to
inform strategies aimed at protecting and enhancing fish-
ing opportunities. Additionally, we describe other factors
such as physiological changes and reflex impairment that
may predict mortality. Further research on ice-angling needs
to explore extended impacts on spatial ecology (Lawrence
et al. 2022). Monitoring after release is especially difficult
due to a lack of pre-established telemetry infrastructure in
many northern lakes in addition logistical difficulties asso-
ciated with ice cover. General best practices must continue
to be promoted for this fishery such as preventing air expo-
sure, limiting fight times, and careful handling upon capture
(Brownscombe et al. 2017, 2022; Danylchuk et al. 2018; Chhor
et al. 2022a). Wider implementation of commercially avail-
able descending devices may combat fish mortality by return-

ing fish to a depth that allows them to relieve barotrauma
pressure (Curtis et al. 2015; Bellquist et al. 2019; Davies et al.
2022; Louison et al. 2023). These devices are an alternative
to more invasive methods such as fizzing which has the po-
tential to harm vital organs if done improperly (Kerr 2001;
Nguyen et al. 2009; Drumhiller et al. 2014). Further research
should explore the efficacy of descending devices to relieve
barotrauma in lake trout during winter months.
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