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Abstract

Catch-and-release (C&R) ice fishing is a popular form of recreational angling. At present, there is a considerable
deficiency in our understanding of how ice angling affects the physiology, behavior, and survival of fish. Thus, the pur-
pose of this review was to summarize our current knowledge of the consequences of winter C&R fishing on fish biol-
ogy and to identify key knowledge gaps. Our synthesis revealed that in addition to the typical stressors encountered
from C&R fishing during the open-water season, fish that are caught through the ice are subject to several unique
challenges, including exposure to subzero air temperatures upon landing as well as unique gear types that are not
commonly used in the summer (i.e., passive angling techniques). We currently understand that while C&R angling
causes a generalized stress response, cold environments may mute or delay these effects and may also come with addi-
tional deleterious consequences, such as tissue freezing. Interestingly, reported mortality can be low following release
but can be influenced by gear type, barotrauma, and hooking location. Postrelease behaviors and the spatial ecology
of ice-angled fish are poorly understood, but technologies such as telemetry and biologgers and an intensification of
research on the topic are starting to produce new insights in this area. As it stands, research on the consequences of
winter C&R angling is largely restricted to a handful of popular sport fish species, and these consequences are likely

W) Check for updates

*Corresponding author: m_lawrence27@live.ca
Received April 28, 2021; accepted December 20, 2021

322

85UBD17 SUOLUIOD dA1IE1D) 3|ceatdde ay) Aq peusenof a2 sajoilie YO ‘SN JO Sa|Ni o} Akeiqi8ulUO AS]1AN UO (SUONIPUCD-PUR-SLLBYW0D A8 | 1M Aeiq 1 putjuo//SANy) SUONIPUOD PUe SULB | U1 39S *[2202/0T/02] U0 A%iqi auliuo A8|im ‘ubkedureyd eueqin 1y sioul||l JO AseAIUN AQ 67E0T SEI/Z00T OT/I0pw0d A3 1M Aelq1jpuluo'sands je//sdny Wwo1j papeojumod ‘€ ‘2202 '65988YST


https://orcid.org/0000-0002-4801-1580
https://orcid.org/0000-0002-4801-1580
https://orcid.org/0000-0002-4801-1580
https://orcid.org/0000-0003-2103-0359
https://orcid.org/0000-0003-2103-0359
https://orcid.org/0000-0003-2103-0359
https://orcid.org/0000-0003-3242-7415
https://orcid.org/0000-0003-3242-7415
https://orcid.org/0000-0003-3242-7415
https://orcid.org/0000-0001-8280-873X
https://orcid.org/0000-0001-8280-873X
https://orcid.org/0000-0001-8280-873X
mailto:
http://crossmark.crossref.org/dialog/?doi=10.1002%2Ftafs.10349&domain=pdf&date_stamp=2022-03-10

STATUS OF CATCH-AND-RELEASE ICE FISHING 323

not being considered in management and conservation contexts. Given the increasing popularity of the sport, further-
ing our understanding of C&R impacts in the winter represents a timely and important area of inquiry and can be
used to develop more informed and effective C&R guidelines and management practices.

Recreational ice fishing is a popular winter activity in
northern climates (Sellers 2003; Koprash 2019; Martino
2019; Butala 2020; OMNRF 2020; Rumball 2020), repre-
senting a multi-billion-dollar industry contributing greatly
to local economies. For example, winter angling activities
are thought to contribute in excess of US$23 million
annually in Minnesota, USA (Gartner et al. 2002), and
the recreational ice fishery for Walleye Sander vitreus in
Lake Winnipeg, Manitoba, Canada, is estimated to con-
tribute hundreds of millions of dollars to the economy
through direct and indirect expenditures (Manitoba Wild-
life Federation 2018). Ice fishing also represents an impor-
tant cultural pastime for many inhabitants of regions with
long, cold winters (Toivonen et al. 2000; Breining 2008;
Mclntosh 2011; Van Assche et al. 2013; Orru et al. 2014).
For example, numerous large festivals centered around ice
fishing occur throughout North America (e.g., Orillia
Perch Festival on Lake Simcoe, Ontario; International
Eelpout Festival in Walker, Minnesota) and beyond (e.g.,
Inje Icefish Festival on Soyang Lake, South Korea; Cha-
gan Lake Ice and Snow Fishing Festival in Songyuan,
China).

In its most basic form, ice fishing generally involves
cutting a hole in the ice through which fish are captured
using a variety of active and passive fishing methods. Pas-
sive fishing devices, such as tip-ups, handlines, and “dead
sticks,” are common and involve presenting fish with live
or dead bait on a hook. In contrast, active fishing meth-
ods involve the presentation of lures or baits (e.g., jigs,
spoons, plastics, and crank baits) in an effort to entice a
fish to strike. Regardless of the techniques used, recre-
ational ice fishing involves both catch-and-release (C&R)
and harvest fisheries (Orru et al. 2014, OMNRF 2019;
Government of Saskatchewan 2020; NYSDEC 2020; Eva
Thorstad, Norwegian Institute for Nature Research, per-
sonal communication). However, fisheries managers are
generally lacking scientific information to make decisions
when it comes to ice fishing regulations, particularly when
considering the live release of fish for conservation pur-
poses.

Despite the economic importance and widespread pop-
ularity of C&R ice fishing, little has been published on
how it affects the physiology and behavior of captured
fishes. Even basic information, such as hooking mortality
estimates, is lacking in the winter (Arlinghaus et al. 2007).
This bias toward open-water C&R research likely stems
from the challenges in conducting studies outdoors during

winter and the need for specialized equipment (e.g., ice
augers, snowmobiles, heated shelters, on-ice safety). Ice
fishing also has some unique challenges that are not pre-
sent in the open-water season, such as cold water tempera-
tures, cold air exposures, and a potentially higher use of
passive fishing gear, which may affect the outcome of the
capture event. As recreational ice fishing increases in pop-
ularity (e.g., Dix et al. 2019; Martino 2019), understand-
ing its impact on fish biology will become an important
area for fisheries science. To that end, the purposes of this
review are to (1) summarize the current state of knowledge
on the impacts of C&R ice fishing on the biology of fishes;
(2) propose predicted directions of effects based on the
current understanding of C&R angling in data-deficient
fisheries; and (3) provide recommendations for fisheries
researchers and managers on critical areas of study in
which foundational work is still needed. Our scope encom-
passes physiological, behavioral, and ecological aspects,
with a particular emphasis on the mechanisms underlying
the associated effects of C&R ice fishing on fish and fish
populations.

PHYSIOLOGICAL RESPONSES FROM THE EFFECTS OF
CAPTURE AND AIR EXPOSURE

The capture of a fish through the ice involves a distinct
series of events, all of which contribute to increasing the
animal’s stress burden. A typical angling event involves a
successful hook set, a fight period during which the fish
attempts to evade the angler, and the landing of the fish
above the ice’s surface. After landing, the hook is removed
and, in some circumstances, a picture or size measurement
of the fish is taken, followed by the animal’s release. Dur-
ing this time, the fish may also come into contact with
snow and ice if it is set down on the surface at any point.
Hook set, handling, and air exposure all represent acute
stressors that in combination induce a generalized stress
response in the fish. The main purpose of this acute stress
response is to re-establish or maintain homeostasis, which
is achieved through a coordinated physiological response
involving the production and secretion of stress hormones
—namely corticosteroids and catecholamines (Wendelaar
Bonga 1997; Schreck and Tort 2016). These hormones ini-
tiate a variety of secondary responses that include
increased perfusion of gill lamellae, the production of glu-
cose by the liver, the release of red blood cells into the
bloodstream, and increases in cardiac output and
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metabolic rate, which collectively coordinate increased
oxygen distribution and energy availability (Pagnotta and
Milligan 1991; Randall and Ferry 1992; Wang et al. 1994;
Reid et al. 1998; Rodnick and Planas 2016; reviewed by
Schreck and Tort 2016). Indeed, ice-angled fish have been
shown to exhibit elevated stress indices after capture,
including higher circulating levels of cortisol and glucose
(Louison et al. 2017a, 2017b; Twardek et al. 2018; Logan
et al. 2019; Althoff et al. 2021). For example, in Northern
Pike Esox lucius, resting glucose levels remained at about
3 mmol/L, reaching peak values close to § mmol/L by 4h
postangling for fish caught through the ice (water temper-
ature ~1°C; Louison et al. 2017a). In comparison, North-
ern Pike that were subjected to a handling and air
exposure event (akin to an angling interaction) at 19°C
(i.e., summertime water temperature) had glucose levels of
approximately 11 mmol/L at 4h post-stress (Schwalme
and Mackay 1985), suggesting that although they are still
being stressed, winter-caught fish may have lower peak
stress response levels. However, unlike with fish caught in
open water (reviewed by Siepker et al. 2007), the general-
ized stress responses are poorly characterized in ice-angled
fish.

The landing and hook removal phases of the angling
event represent the most unique challenges to ice-angled
fish. In general, the metabolic rate of a fish decreases with
declining water temperatures (Figure 1; Gibson and Fry
1954; Beamish 1970; Clarke and Fraser 2004); conse-
quently, the cold water temperatures that are typically
encountered during the winter induce a slowdown in meta-
bolic processes and hormonal production (Wilkie et al.
1997; Davis 2004; Hasler et al. 2009), which affects the
timing and sensitivity of the stress response. For example,
a muted and delayed stress response was observed in
winter-caught Northern Pike relative to what would be
expected in summer-caught fish (Louison et al. 2017a).
Indeed, peak levels of blood metabolites indicative of
stress were observed around 1-2h post-stress in Northern
Pike at 19°C (Schwalme and Mackay 1985). Similar
effects were observed in Bluegill Lepomis macrochirus and
Yellow Perch Perca flavescens (Louison et al. 2017b). Fish
also experience major shifts in environmental temperatures
as they are pulled through colder surface waters (i.e., bot-
tom waters are typically warmer than surface layers), and
upon landing, they may be exposed to subzero air temper-
atures (Figure?2). This process can induce cold shock,
which, alongside hypoxia (Cook et al. 2015), can lead to
impaired neuronal function, delayed recovery from stress,
and aberrant swimming (Hyvarinen et al. 2004; Donald-
son et al. 2008). Furthermore, fish that are exposed to
subzero air temperatures are at risk of tissue damage,
especially to soft exposed tissues, such as the eyes, gills,
and fins (Warrenchuk and Shirley 2002; Van Tamelen
2005; Card et al., in press). Tissue freezing during landing

has been documented to occur in ice-angled Lake Trout
Salvelinus namaycush (Rowe and Esseltine 2001; Card
et al., in press). Furthermore, the skin temperatures of ice-
angled Largemouth Bass Micropterus salmoides were posi-
tively correlated with the windchill temperature, suggest-
ing that air exposure presents a significant threat to
winter-caught fish (LaRochelle et al. 2021). This risk of
damage can also be enhanced by handling practices that
are unique to ice angling—particularly the tendency for
anglers to place fish directly on the ice or snow as the
angler removes the hook, takes photos, and decides
whether or not to release the fish (Louison et al. 2017a;
Twardek et al. 2018; Logan et al. 2019). Together, these
factors create major circumstances that may increase the
impact of air exposure on ice-angled fish.

BAROTRAUMA CONSIDERATIONS

One potential consequence of C&R ice fishing that has
yet to be fully explored is the incidence of barotrauma.
The rapid decompression of gases in the blood and organs
of fish as they are brought toward the surface from depth
(Figure 1) can lead to barotrauma, which may result in
hemorrhaging of the gills, fins, and mouth; impaired
swimming; noticeable distension in the body cavity (partic-
ularly the swim bladder); bulging of the eyes (exoph-
thalmia); and eversion of organs through the mouth or
anus (Campbell et al. 2010; Drumhiller et al. 2014; Ferter
et al. 2015). Ice fishing can occur in deeper waters as some
fish species tend to congregate in these areas during the
winter (Blanchfield et al. 2009; Gillis et al. 2010), and
many species are targeted by jigging or presenting baits
near the lake bottom, thus increasing the risk of baro-
trauma (Pyzer 2013, 2014; Lamont 2017). Consequently,
barotrauma can be prevalent in an ice fishing setting
(Rowe and Esseltine 2001; Eberts et al. 2018a; Twardek
et al. 2018; Althoff et al. 2021). The high prevalence of
barotrauma in ice fishing may be problematic as baro-
trauma was thought to be one of the determining factors
affecting mortality in ice-fished Walleye (Rowe and Essel-
tine 2001). In the latter study, 97% of Walleye that suf-
fered mortality after ice angling were associated with
swim bladder overexpansion, which was thought to be the
key factor in determining mortality. Besides physical inju-
ries, barotrauma can be challenging as the fish may have
difficulty swimming back down the hole after release or
they may end up trapped in the cold water at the water—
ice boundary. Although these outcomes are potentially
detrimental for angled fish, the only published research to
date that has examined barotrauma in ice-angled freshwa-
ter fish found that Bluegill and Black Crappie Pomoxis
nigromaculatus angled from relatively shallow depths (i.e.,
5m) are likely to suffer from barotrauma (Althoff et al.
2021), which could lead to the aforementioned issues with
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FIGURE 1. Summary of the challenges facing ice-angled fish and the technologies and biological endpoints that can be used to measure fisheries-

associated impacts.

redescending to depth and being trapped at the water—ice
interface. Given the potential importance of barotrauma
for the postrelease survival of ice-angled fish, a better
understanding of the fundamental biology associated with
barotrauma risk factors, mitigation strategies, and long-
term implications for populations is key in a management
context.

POSTRELEASE MORTALITY UNDER ICE

Postrelease mortality is an important consideration for
managing open-water C&R fisheries. In numerous open-
water settings, mortality estimates have been quantified
and are variable among species and contexts (Donaldson
et al. 2011; Rapp et al. 2012; Lewin et al. 2018; Welters-
bach et al. 2018; Litt et al. 2020). It is currently believed
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that the primary cause underlying postrelease mortality
can be attributed to hooking location in fish (Bartholo-
mew and Bohnsack 2005; Hithn and Arlinghaus 2011;
Figure 2A). Furthermore, the cumulative impact of multi-
ple sublethal stressors (e.g., ion and acid base distur-
bances, energy substrate depletion associated with
exhaustive exercise and/or air exposures; Wood et al.
1983; Ferguson and Tufts 1992; Kieffer et al. 2002) can
also contribute to postrelease mortality. In addition, pre-
dation upon release (reviewed by Raby et al. 2014) and
other angling-related effects, such as barotrauma and
blood loss, are also important in open-water fisheries
(Gravel and Cooke 2008; Schreer et al. 2009; Eberts et al.
2018b). At finer scales, mortality can be mediated by sev-
eral risk factors, including the gear type and hooking loca-
tion (Schisler and Bergersen 1996; Cooke and Suski 2004;
Horodysky and Graves 2005; Weltersbach et al. 2018) and
environmental characteristics (e.g., water O,, hardness,
and temperature; Schramm et al. 1987; Lee and Bergersen
1996; Schisler and Bergersen 1996; Kieffer et al. 2002).
Thus, postrelease mortality in an open-water setting repre-
sents a complex interaction of angler practices and biotic
and abiotic features.

In an ice fishing setting, several correlates of mortality
have been identified across a handful of popular sport fish
species (see Table 1). Hook type and location (i.e., deep
hooking), as well as levels of bleeding, were found to be
significant factors influencing the likelihood of mortality
in Northern Pike (DuBois et al. 1994), Walleye (Rowe
and Esseltine 2001; Twardek et al. 2018), and Lake Trout
(Dextrase and Ball 1991; Persons and Hirsch 1994). In
Walleye, barotrauma appeared to have mixed effects on
predicting mortality: it either had no effect (Twardek
et al. 2018) or was positively related to mortality (Rowe
and Esseltine 2001). Despite the subzero air temperatures

during winter, air temperature in a few studies appeared
to have no impact on postrelease survival (Dextrase and
Ball 1991; Rowe and Esseltine 2001; Twardek et al. 2018).
While these works represent some of the foundational
studies assessing factors that influence mortality in an ice
fishing setting, additional work is still needed to address
longer-term assessments of mortality (i.e., >48 h; Scanlon
and Taras 2005) and to examine a wider variety of species
and contexts. The former point is especially important
given that infection of damaged tissues (Cooke and Hogle
2000; Margenau 2006; Schramm and Davis 2006; Teffer
et al. 2017) or compromised aerobic capacity (i.e., gill
damage; Pauley and Thomas 1993; Cooke and Hogle
2000) could result in delayed mortality. At this time, the
small pool of research on the topic limits our ability to
make any definitive statements regarding the specific prox-
imate mechanism(s) underlying postrelease mortality from
ice fishing.

POSTRELEASE BEHAVIORS AND LONG-TERM
CONSEQUENCES

To date, we lack information on what happens to ice-
angled fish after they are released. Specifically, behavioral
responses to ice angling and the potential for prolonged
effects are almost completely unstudied. This paucity of
information hinders the ability of fisheries managers and
other stakeholders to ensure that populations are managed
appropriately. There are three outcomes of C&R angling
during the winter that could potentially have lasting
effects on released fish, including stress impacts on behav-
ior, slowed metabolism that may delay recovery and heal-
ing, and increased metabolic expenditures that may affect
growth and reproduction (Figure 1). Below, we explore
these potential outcomes in more detail; however, given

FIGURE 2. Photographs of (A) a splake (Lake Trout Salvelinus namaycush x Brook Trout S. fontinalis) and (B) a Walleye being landed on the ice.
During this time, fish are exposed to a variety of stressors, including air exposure, handling, and subzero air temperatures, which can induce the stress
response in the animal. In the case of the splake (panel A), the bait is still hooked in the animal’s mouth and needs to be removed. The hook set is
shallow and minor and is unlikely to cause any postrelease mortality. Many anglers like to display and photograph their catches (panel B), which has
the potential to extend air exposure durations. (Photo credit: Michael Lawrence.)
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TABLE 1. Summary of studies addressing hooking mortality in ice fishing settings.
Mortality Postrelease
Species Location Primary objectives correlates mortality rate(s)  Reference
Northern Pike Long Lake, Lipsett Characterized acute Hook type Pike hook: 33.3% DuBois et al.
Esox lucius Lake, and Lake mortality with gear Deep hooking Treble: 0.6% (1994)
Mendota, type Bleeding Overall: 4.9%
Wisconsin
Lake Trout Little Raleigh Characterized acute Blood loss 10% Dextrase and
Salvelinus Lake, Ontario mortality Deep hook sets Ball (1991)
namaycush No effect of air

Walleye Sander
vitreus

Roach Rutilus
rutilus

Eurasian Perch
Perca fluviatilis

Gunflint Lake,
Minnesota

Lac Des Mille
Lacs, Ontario

Lake Nipissing,
Ontario

Lake Nipissing

Lake Nipissing
Lakes Sarag and
Serwent, Poland

Lakes Sarag and
Serwent

Characterized acute
mortality with gear
type

Characterized acute
mortality

Characterized acute
mortality

Characterized acute
mortality with gear

type

Effects of handling
stress on mortality
and physiology

Characterized
mormyshka jigging
on hooking locations

Characterized
mormyshka jigging
on hooking locations

temperature

Hooking location

Gear type

Swim bladder
overexpansion
No effect of

surface conditions

or body size
Deep hooking

No effect of hook

type, body size,

barotrauma, gear

type, or air
temperature

Setlines: 32%

Jigging: 9%

Overall: 24%

Maximum of
10%

24 h: 23%

48 h: 3%

Overall: 19%

Overall: 6.9%

0%

0%

Two fish

Persons and
Hirsch
(1994)

Cano et al.
(2001)

Rowe and
Esseltine
(2001)

Twardek
et al. (2018)

Logan et al.
(2019)

Czarkowski
and Kapusta
(2019)

Czarkowski
and Kapusta
(2019)

the lack of published studies, the take-home message is
that more research on winter C&R is needed.

The first major physiological outcome of C&R angling
is activation of the stress response, which may influence
short-term behaviors like movement and habitat use.
Delayed onset of the stress response has been observed in
Bluegill, Yellow Perch, Northern Pike, and Walleye
caught during the winter months (Louison et al. 2017a,
2017b; Twardek et al. 2018), and an immediate impair-
ment of reflexes was also documented (Louison et al.
2017a). The length of time that it takes for recovery to
occur has not been studied, but presumably, if a fish is
experiencing changing physiological parameters and reflex
impairment upon release, mobility and buoyancy

regulation may be negatively affected (Raby et al. 2012).
A variety of studies have shown relatively minor behav-
ioral responses to C&R angling in open water (e.g., Kle-
foth et al. 2008; Thompson et al. 2008; Arlinghaus et al.
2009; Landsman et al. 2011). However, some fish become
behaviorally impaired and significantly change their move-
ment and habitat use after release (e.g., Thorstad et al.
2007; Richard et al. 2014; Havn et al. 2015). Additionally,
there is the potential for longer-term consequences if
impairment continues beyond hours and days as “normal
behavior” is required for routine activities such as preda-
tor avoidance (Danylchuk et al. 2007), feeding (Stilham-
mar et al. 2014), and habitat selection (Klefoth et al.
2008). The duration of the stress response and behavioral
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impairment and whether there are any long-term conse-
quences have not been studied in winter. Consequently,
there is a need for studies that directly monitor postrelease
behaviors and movement in winter fisheries.

Potential long-term consequences of C&R ice fishing
include decreased growth and fecundity, slow-healing inju-
ries, and infection (Figure 1). Energetic demands increase
and a stress response occurs after C&R in open-water
studies (Cooke et al. 2002; Suski et al. 2004; Lawrence
et al. 2018). In combination, these changes may deplete
metabolic reserves (Kieffer et al. 1995; Wilkie et al. 1996;
Suski et al. 2004) and ultimately hinder growth (Meka
and Margraf 2007; Klefoth et al. 2011). In addition, there
is the potential for tissue damage, which, in warm condi-
tions, can lead to infection (Margenau 2006; Schramm
and Davis 2006; Teffer et al. 2017). In winter conditions,
fish may experience tissue damage from gear (e.g., hook
damage) and also from angler practices. Swim bladder
venting or fizzing to relieve barotrauma is also a potential
source of injury (reviewed by Eberts and Somers 2017).
Like metabolism, healing is slowed at colder temperatures
(Roberts et al. 1971; Knights and Lasee 1996; Jensen et al.
2015), and how this slower healing rate influences long-
term outcomes for fish is unclear. To date, no research
has characterized healing rates of tissue damage in ice-
angled fish, although some groups have started to charac-
terize the potential effects of subfreezing temperature
exposure on various tissues (Card et al., in press). As more
is learned about fish physiology during the winter, best
practices for reducing the negative consequences of
angling should be developed.

ENHANCING ICE FISHING CATCH-AND-RELEASE
SCIENCE AND FUTURE DIRECTIONS

One of the main challenges with C&R studies in winter
is specific to physiological endpoints. Deciphering the
effects of C&R is already challenging given the complexity
of physiological time courses (Cooke et al. 2013), and this
challenge is further complicated in winter as such time
courses have not been defined for most fish species. For
example, when do different physiological endpoints like
cortisol and lactate peak after C&R in the winter, and
how long does it take to recover? Relatedly, what are the
consequences of physiological alterations in winter relative
to other periods? These questions are largely unanswered
and impede the ability to design studies. Addressing these
questions could provide foundational knowledge for the
impacts of C&R ice fishing while also providing compara-
tive baselines for future study. The use of both laboratory
and field studies will likely be complementary to address
specific questions of interest. To that end, there is a need
for laboratory studies in which fish can be held under con-
ditions that emulate winter environments to establish

relevant baselines and to optimize study design and sam-
pling protocols. As highlighted throughout this review,
there is some evidence to suggest that the timing of the
stress response in ice-angled fish can differ from that in
open-water-caught fish (e.g., Louison et al. 2017a, 2017b).
Given that fish are ectotherms, the colder water tempera-
tures could suggest that these effects are the product of a
different metabolic physiology that changes on a seasonal
basis (Karaas 1990). Similar considerations may also be
made for postrelease recovery dynamics and mortality as
water temperature and metabolism are often the driving
mechanisms behind these processes. Thus, experiments
that hold the fish over a long period of time may be useful
in addressing the effects of seasonality, environmental con-
siderations, and interspecific variation in responses to the
stresses encountered during the ice fishing season.

More research is needed to understand behavioral
responses to angling during cold temperatures and whether
any of the documented impairments have consequences for
condition and survival. Long-term behavioral assessments
after ice angling would require either active monitoring via
underwater cameras or the use of electronic devices such as
transmitters (radio or acoustic). Telemetry technology
enables the monitoring of activity levels (e.g., when
equipped with acceleration sensors) as well as depth and
water temperature (e.g., Eberts et al. 2018a, 2018b), which
may be key factors for evaluating important influences on
postrelease behavior in the winter. Telemetry has been used
recently to track Northern Pike movements under the ice
after ice angling, which shows promise that this technology
can be successfully implemented in such studies (Somers
et al. 2021). Underwater drones could also be potentially
used to visually monitor fish under the ice, as this technol-
ogy has been implemented in recording fish behavior and
community composition assessments previously in aquatic
environments, albeit under ice-free conditions (Skomal et al.
2015; Hawkes et al. 2020; Raoult et al. 2020; Maslin et al.
2021). Under-ice net-pens, such as those used by Twardek
et al. (2018), can also be used to hold and monitor fish over
acute durations. Passive methods, such as mark-recapture
techniques, would allow us to infer survival and to conduct
at least a coarse-scale assessment of fish behavior (e.g., gen-
eral movements and habitat use). Mark-recapture methods
can also be used to determine whether individual fish are
caught and released once versus multiple times within a
given period, which may modify the risk of behavioral
impairment. In addition, mark-recapture enables longitudi-
nal assessment of growth, condition, and vital rates, which
would be valuable for quantifying the potential long-term
consequences of ice angling. There is clearly a need for
long-term monitoring of fish after winter C&R by using
transmitters and tags.

As illustrated throughout this review, taxonomic diver-
sity in ice fishing research is poor. The current state of
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research consists of a handful of species that are usually
among the most popular recreational fishes in North
America (e.g., Walleye, Bluegill, Northern Pike, and Lake
Trout). Other species are being targeted by anglers during
winter, and our current knowledge about their basic biol-
ogy or how they respond to angling stressors—even in the
open-water season—is deficient (e.g., Burbot Lota lota
and ciscoes Coregonus spp.). Directing future research ini-
tiatives should include characterizing the responses of pop-
ular recreational species as well as atypical or bycatch
species. To that end, establishing more detailed and regu-
lar winter creel surveys could prove to be a useful tool in
determining likely targets of ice fishing activities with
respect to nontarget species.

Given the highly context-specific and species-specific nat-
ure of angler—fish interactions (Cooke and Schramm 2007),
further exploration of ice-fishing-related impacts is neces-
sary not only to advance our fundamental understanding of
the winter biology of fishes, but also to develop more effec-
tive management practices. Moreover, there is a need to
develop best practices or C&R guidelines that can be shared
with ice anglers. The dearth of biological information for
winter C&R fisheries is likely an issue for management
agencies due to the large uncertainty concerning winter
C&R postrelease mortality, alterations in ecological and
spatial use patterns, short-term physiological impairments,
and longer-term impacts on individual fitness and popula-
tion dynamics. Indeed, there may be seasonal carryover
effects from winter angling events that could have conse-
quences for summer angling seasons, particularly if there
are metabolic-related impacts associated with angling (e.g.,
O’Connor et al. 2010; Midwood et al. 2015). Thus, quanti-
fying winter C&R impacts will be useful in directing more
informed fisheries management decisions during both win-
ter and open-water fishing seasons.
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