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A B S T R A C T   

The study of the stress response and subsequent recovery of angled fish can inform the development of best 
practices for catch-and-release (C&R) angling. While large bodies of research exist detailing the impacts of C&R 
during warm periods of the year (i.e., open water), relatively few studies have been conducted during the colder 
months when sub-freezing temperatures are prominent, and anglers are targeting fish through the ice. Most 
research on ice angling has focused on conventional physiological stress indicators (i.e., blood cortisol, lactate, 
glucose) with comparatively little known about potential post-release behavioral impairments. To that end, we 
evaluated the consequences that ice angling C&R has on the post-release locomotor activity of Northern Pike 
(Esox lucius). Over 7 days of ice-angling, 20 Northern Pike were captured, air exposed for 0, 2, or 5 min and then 
harnessed with a biologger (tri- axial accelerometer) prior to release. The post-release locomotor activity of the 
Northern Pike was then recorded for 30 min before the biologger was retrieved using a quick release system. It 
was determined that while overall locomotor activity decreased over time during the post-release monitoring 
period, there was no difference between air exposure treatment groups in locomotor activity. These data reveal 
that Northern Pike exhibit similar locomotor activity whether they are air exposed in winter for 0, 2, or 5 min. 
Nonetheless, there may still be further long-term stresses that were not measured within the time frame of this 
experiment. Therefore, we recommend anglers fish in a way that minimizes air exposure and as a result reduces 
the potential for sublethal impairments or mortality.   

1. Introduction 

Anglers, resource managers, and researchers alike aim to create 
successful fishery systems that are healthy and resilient (Arlinghaus 
et al., 2009). To accomplish this, managers rely on regulations and best 
handling practice guidelines, such as catch-and-release (C&R), that are 
believed to reduce mortality and subsequently support a fishery while 
maintaining angler satisfaction (Cooke and Schramm, 2007). However, 
research has shown that this may not always be the case, as released fish 
may be subjected to numerous sublethal effects that can impair recovery 
(Cooke and Suski, 2005; Arlinghaus et al., 2009) and lead to other 
sources of mortality such as predation (Raby et al., 2014). These sub
lethal effects may be impacted by abiotic conditions at the time of 
capture, especially water and air temperature, which have been shown 
to influence the likelihood of mortality (Cooke and Suski, 2005; Gin
gerich et al., 2007; Gale et al., 2013). It is therefore important to study 
the response of fish to capture across a range of temperatures in which 
angling can take place. 

Until recently, examinations of the outcomes of angled fish have 

disproportionately focused on warmer summer conditions, leaving 
winter work (i.e., sub-freezing temperatures) underrepresented (Lavery 
2015, Lawrence et al., 2022). During the winter, there are numerous 
changes in the physiology of individual fish as they respond to reduced 
temperatures, dissolved oxygen, and habitat (Magnuson et al., 1985; 
Studd et al., 2021) which may alter the resilience of fish to angling. 
Therefore, there is a need to carefully define the response of fish to ice 
angling events to tailor the best handling practices specific to this period 
of the year (Lawrence et al., 2022). Northern Pike (Esox lucius) is a 
popular sportfish and target for ice anglers (Margenau et al., 2003). The 
response of Northern Pike to angling has been extensively studied in 
summer, revealing physiological alterations and both short-term and 
longer-term behavioral impairments, typically reducing movement 
immediately after release before an increase within approximately 30 
min (Klefoth et al., 2008; Arlinghaus et al., 2009). Recently, there has 
been work done to assess broad-scale movement of Northern Pike 
following a general ice-angling experience (e.g. no treatment groups). 
Results indicated no change in movement 7 days post release (Somers 
et al., 2021). However, other prior work has found evidence of 
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physiological responses of Northern Pike to ice angling air exposure, 
with findings from Louison et al. (2017a) and Louison (2017b) sug
gesting marginal increases of stress related factors present in blood 
within 30 min (i.e., cortisol, glucose). Despite these minor physiological 
alterations, there is reason to believe that ice angling and the subsequent 
air-exposure may have behavioral impacts such as a reduction in 
post-release locomotory activity as has been observed for other 
ice-angled species (Bieber et al., 2019; LaRochelle et al., 2021). There
fore, the goal of the present study was to define the consequences of 
sub-freezing air exposure on the post-release locomotor activity of 
Northern Pike. Based on prior work (e.g., Gingerich et al., 2007, 
Thompson et al., 2008, Arlinghaus et al., 2009, Graves et al., 2016, 
Bieber et al., 2019), we hypothesized that longer durations of air 
exposure would negatively influence the locomotor activity of Northern 
Pike post-release. Together, results from our study have the potential to 
inform conservation guidelines for winter-angled fish and provide an
glers with recommendations that yield positive outcomes for ice angled 
fish. 

2. Materials and methods 

2.1. Study Site 

The current study was conducted at Grand Lake, Wisconsin, USA (N 
43.689, W 89.121). Grand Lake is a small (98 ha), shallow (~1 m mean 
depth) flowage of the Grand River (Grand Lake (Millpond)). Angling for 
Northern Pike took place daily from January 5, 2021, to January 11, 
2021, between the hours of 0800–1630. The mean daily air temperature 
ranged from − 6.9 to − 2.7º C (measurements taken from a National 
Oceanic and Atmospheric Administration (NOAA) weather station in 
Markesan, WI; 43.71◦N 89◦W) and water temperature directly below the 
ice and measured once per day ranged from 1.3 to 2.2º C (YSI® ProSolo, 
Yellow Springs, OH, USA). 

2.2. Fish capture and accelerometer harnessing 

All Northern Pike were captured with tip-ups (in less than 180 s), one 
of the most common ice angling methods (Lawrence et al., 2022), which 
were baited with live golden shiner (Notemigonus crysoleceus). Between 
16 and 20 tip-ups were deployed in a grid pattern each day where each 
tip up was approximately 15 m from any neighboring one. All capture 
tip-ups were spooled with 14 kg SpiderWire(R) fishing line, attached to a 
14 kg Berkley (R) 92 black wire leader, and rigged with a size 2 or size 6 
Eagle Claw(R) 101 treble hook (utilized in a concurrent study). Two 
tip-ups were devoted for accelerometery (spooled with 27.2 kg line 
knotted with a swivel clasp) which connected to a removable 
hook-and-loop harness that held a biologger (Axy-Depth tri-axial ac
celerometers, TechnoSmArt, Guidonia Montecelio, Italy; 12 ×31×11 
mm; 7.5 g in air, ~3.5 g in water) which measures acceleration (g) on 
the X, Y, and Z axis. The biologger was set to collect 5 measurements per 
second (5 Hz) at an 8-bit resolution with a G-scale at 8. All hook injuries 
from capture were recorded, and while only a single fish was deep 
hooked, it was removed from subsequent analysis. 

After capture, fish haphazardly received one of three air exposure 
treatments where they were placed directly on the ice for 0, 2, or 5 min; 
representing a typical range of time during which an angler unhooks, 
photographs, measures and/or decides to release their fish, (Louison 
et al., 2017a). Fish in the 0-minute air exposure treatment were imme
diately unhooked and measured for total length utilizing a wet, foam 
lined measuring trough (to the nearest mm) before being harnessed in 
the same trough (see below) and released as quickly as possible (typi
cally under 30 s after landing). For fish in the 2-minute and 5-minute air 
exposure groups, timing began immediately after unhooking the fish 
and laying it on the ice. Fish were measured and harnessed at the end of 
the treatment period utilizing the identical wet trough as the 0- minute 
group. 

Following air exposure, the accelerometer on the hook-and-loop 
harness was secured to the ventral side of the Northern Pike behind 
the pectoral fins (LaRochelle et al., 2021; Chhor et al., 2022) and the 
harness was then clipped to one of the two tip-ups dedicated to accel
erometry prior to being released in the hole they were captured. After 
30 min, the researcher returned to the hole, manually retrieved the fish, 
and removed the accelerometer. Additionally, the risk of recapture was 
low, as prior work in this system over winter did not recapture any fish 
(Louison et al., 2017a). In total, 20 ice angled Northern Pike were 
analyzed for post-release behavior following a 0 (n = 6), 2 (n = 7), or 5 
(n = 7) The fish in the study were all similar in size (5-minute = 580 ±
SE 2 cm, range = 51–66 cm; 2-minute= 597 ± SE 3 cm, range =
44.5–65.5 cm; 0-minute = 556 ± SE 4 cm, range = 39.5–68 cm). 

2.3. Data processing 

Static acceleration was removed from the acceleration data by 
passing a 2 s box smoother over each axis using the rollmean function in 
the R package ‘zoo’ (Zeileis et al., 2005). Dynamic acceleration was 
calculated by subtracting static acceleration from raw acceleration 
values directly from the accelerometer. Overall dynamic body action 
(ODBA) was calculated as the sum of absolute values of the dynamic 
acceleration of each axis and represents locomotor activity (Brown
scombe et al., 2018; LaRochelle et al., 2021; Chhor et al., 2022; LaR
ochelle et al., 2022). For subsequent analysis, mean ODBA was grouped 
into discrete 3- minute bins (i.e., mean ODBA from 0 to 3 min, 3.01–6 
min, and so on), providing ten measurements of ODBA within each 
30-minute post-release monitoring period. 

2.4. Statistical Analysis 

To quantify the relationship between air exposure and the post- 
release locomotor activity of Northern Pike, a linear mixed effects 
model was fitted. The response variable (ODBA) was analyzed along 
with three main effects (total length, treatment, and minutes post- 
release), and fish ID as a random effect since multiple data points 
were collected from each individual fish within the 30 min post-release 
monitoring period, meaning that each measurement was not indepen
dent and potentially correlated (Laird and Ware, 1982; Lindstrom and 
Bates, 1990). Calculated p - values for fixed factors were derived via a 
Type III analysis of variance table with Satterthwaite’s method. Initially, 
mixed effects models included all two-way interactions between the 
three main effects, but these terms were removed when they were found 
to be non-significant (Harrison et al., 2018) and to not overfit the 
models. Mixed model analyses were run utilizing the nlme (version 
3.1.152) package in R (Pinheiro et al., 2013). Post hoc pairwise com
parisons of means were conducted utilizing the emmeans (version 1.6.0) 
package in R (Lenth, 2021). All analyses were conducted in R version 
4.1.2 (R Core Team 2021). 

3. Results 

There was no effect of air exposure treatment on ODBA (Table 1;  
Fig. 1). The locomotor activity, measured through ODBA, for Northern 
Pike was highest for all groups within the first 3-minutes bin immedi
ately following release, averaging approximately 0.3 g (Table 1; Fig. 1). 
Following this initial 3 min, ODBA declined by 50% for all air exposure 
durations, and remained at this level for the next 12 min post-release 
(Table 1; Fig. 1). There was an additional decline in ODBA of 20% 
relative to the six-minute time bin in the final 9 min of monitoring, again 
with no difference across the 3 air exposure treatments (Fig. 1). Fish size 
did not influence ODBA (Table 1) and there was no significant differ
ences in fish size between treatment groups (ANOVA, F2,17 = 0.43, p =
0.66) No short-term mortality was observed in this study. 
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4. Discussion 

There was no effect of air exposure duration on the post-release lo
comotor activity of ice-angled Northern Pike during the 30-minute 
monitoring period. This was somewhat surprising, considering how air 
exposure has been shown previously to cause numerous behavioral and 
physiological disturbances in fish including loss of equilibrium and 
increased recovery time (Ferguson and Tufts, 1992; Gingerich et al., 
2007; Thompson et al., 2008; Cook et al., 2015). Summer-angled 
Northern Pike that had been air exposed for 5 min rested for 30 % 
longer, took up to 18 min longer to move, and moved an average 65 % 
less compared to those air exposed 0 s (Arlinghaus et al., 2009). 
Wintertime presents additional challenges for angled fish such as the 
potential for gill and cellular damage resulting from freezing (Lawrence 
et al., 2022) and a concurrent reduction in swimming performance 
(Bieber et al., 2019) which could lead to a stronger relationship between 
air exposure and reduced activity, however this is not demonstrated in 
the present study. 

The lack of sub-freezing air exposure effect may be due to one of 
three possible explanations. First, Northern Pike in the present study 
could be adversely impacted from the angling experience rather than air 
exposure as multiple stressors can be synergistic, additive, or antago
nistic (Folt et al., 1999; Côté et al., 2016). Second, owing to the low 
magnitude of disturbance in winter angled fish compared to equal an
gling stressors in the summer (Louison et al., 2017a; Louison et al., 
2017b; Logan et al., 2019) all fish, regardless of air exposure duration, 
may have experienced equally low levels of impairment from air expo
sure that did not manifest in altered locomotor activity rates. Lastly, past 
studies demonstrating movement of fish after release have used acoustic 
telemetry or radio telemetry (Kobler et al., 2008; Baktoft et al., 2012) 
which may be better suited for quantifying movement patterns relative 
to tri-axial accelerometers that yield detailed information on locomotor 
activity. While air exposure is a demonstrated cause of disturbance in 
fish across temperatures, results from this study indicate the duration of 
air exposure during ice angling (in the conditions studied here) for 
Northern Pike does not influence patterns of ODBA during a 30-minute 
monitoring period post-release. 

Furthermore, Northern Pike exhibited low levels of locomotory 

activity throughout the monitoring period. Specifically, the absolute 
magnitude of ODBA (0.12 g) of Northern Pike after the first 3 min post- 
release remained low for the duration of the measuring period. While 
direct quantitative comparisons of ODBA across species and studies is 
challenging due to differences in accelerometer placement, frequency, 
and swimming methods (Sato et al., 2007; Halsey et al., 2009), quali
tative comparisons of ODBA values can provide interesting insights into 
locomotor activity. For example, Northern Pike in the present study 
exhibited a lack of activity resumption within 30 min that has been 
observed in other similar work (LaRochelle et al., 2021; Chhor et al., 
2022; LaRochelle et al., 2022). The low magnitude of ODBA throughout 
the 30-minute monitoring period may be due to two possible mecha
nisms. First, the overall low ODBA of Northern Pike following release 
may be due to the common angling experience since all fish were 
captured within a similar timeframe (<180 s). Prior work, in both 
summer and winter, has shown that capture and the subsequent exercise 
induces increases in lactate that are correlated with reduced activity 
(Cooke and Suski, 2005; Arlinghaus et al., 2009; Louison et al., 2017a). 
Second, the low ODBA values in the present study may reflect the winter 
foraging ecology of Northern Pike relative to other species, since pike 
are sit–in–wait predators (Diana, 1980; Baktoft et al., 2012). This may 
be further exacerbated by the reduced metabolic rate (Gingerich et al., 
2007) and muscle function (Wardle, 1980) of fish in winter. In addition, 
the shallow bathymetry (average depth ~1 m) of the lake in which the 
present study occurred may facilitate situations where pike quickly find 
preferred habitat to recover (Klefoth et al., 2008). However, prior work 
has indicated Northern Pike move similar distances in winter and 
summer (Somers et al., 2021; Baktoft et al., 2012; Baktoft et al., 2013). 
Ultimately, the cause of reduced locomotor activity observed in this 
winter study compared to summer remains unclear due to the inability 
to collect true “control” data on uncaptured fish. As a result, it cannot be 
determined whether the comparatively low locomotor activity 
measured in Northern Pike in this study is the result of generalized ac
tivity reduction, recovery from the angling experience, or both. 

The results of this study indicate that Northern Pike locomotory 
activity does not differ with up to 5 min of air exposure following an ice 
angling experience; however, Northern Pike exhibit lower activity levels 
when compared to previous studies. Although Northern Pike in this 
study may indicate resilience to sub-freezing air exposure, there is still 
further work that must be conducted to fully assess the impacts ice- 
angling on Northern Pike. For example, future studies may include 
longer air exposure durations, monitoring periods, assessments of other 
environmental conditions (i.e. windchill) and inclusion of non-captured 
controls. Additionally, further work should assess the behavioral im
pacts of externally attached biologgers on fish. Factors such as type and 
density of underwater structure, hydrodynamic drag, and weight of the 
external biologger should be further investigated as they may interact 
with fish behavior (Chhor et al., 2022). However, in the present study, 
we do not believe the externally attached biologger created a strong 
influence on behavior of Northern Pike, as the lake vegetation and 
structure were observationally low, retrieval effort of the biologger was 
minimal and consistent across events, and the weight of the biologger 
and harness was exceedingly low relative to the fish (likely <2% of fish 
weight). Furthermore, while sample sizes were somewhat low, accel
erometers capture high resolution and accurate data with few in
dividuals (Brownscombe et al., 2018), future work should aim to have 

Table 1 
Output of linear mixed effects models quantifying the effects of treatment (0, 2, or 5 min air exposure after angling), time post-angling (3, 6, 9, 12, 15, 18, 21, 24, 27, or 
30 min) and size (TL to nearest mm) on ODBA (overall dynamic body acceleration) of Northern Pike. Significant results are shown in bold. R2 marginal and R2 

conditional for each model are also provided.   

Sum Sq Mean Sq NumDF DenDF F value Pr (>F) R2 m R2c 

Treatment 0.0057 0.00286 2 16 0.3641 0.7004 0.334 0.560 
Length (mm) 0.0066 0.00655 1 16 0.8341 0.3746   
Minutes Post-release 2.041 0.2268 9 171 28.884 < 0.0001    

Fig. 1. Overall dynamic body acceleration (ODBA) of Northern Pike that were 
ice-angled, and air exposed for either 0, 2 or 5 min before being released. 
Northern Pike were monitored for 30 min post-release with a tri-axial accel
erometer, and data are shown grouped into 3-minute bins. The boxes represent 
the interquartile range of the data. The lines in the boxes represent the median 
and diamonds represent the mean. The whiskers represent the maximum and 
minimum values, and dots represent the outliers. Dissimilar letters above boxes 
denote significant differences across time periods. 
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more individuals per group. While effects may be muted, fish are still 
affected by air exposure in the winter (Louison et al., 2017a, Louison, 
2017b) and therefore anglers should continue to minimize fight times 
and air exposure to ensure that likelihood of negative outcomes remain 
low, and the welfare of angled fish is maintained (Cooke and Suski, 
2005; Brownscombe et al., 2017). 
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