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Abstract.—Air exposure has been hypothesized as one
of the primary stressors present during catch-and-release
angling. However, there are few studies that systemat-
ically vary air exposure duration and evaluate the con-
sequences on individual fish. Here, we evaluated the
short-term, sublethal effects of exercise (to simulate an-
gling) and air exposure on the swimming performance
of hatchery brook trout Salvelinus fontinalis at 108C. The
duration of the angling event (i.e., chasing the fish by
hand) was held constant at 30 s, while air exposure du-
ration was systematically varied between 0, 30, 60, and
120 s. The results showed that air exposures of 60 s or
less did not affect swimming performance. However, air
exposure of 120 s resulted in a dramatic (;75%) re-
duction in swimming performance. In fact, nearly half
of the fish held out of the water for 120 s were unwilling
or unable to swim at all. No mortality was observed
after any of the treatments (fish were monitored for 3
months). This work suggests that fish possess air ex-
posure thresholds that, once exceeded, result in perfor-
mance impairments. Fish released after extended air ex-
posure may become easy prey for predators or could be
displaced downstream by flows in fluvial environments.
We conclude that air exposure should be restricted to
less than 60 s and ideally should be avoided entirely.

The fate and condition of fish that are angled
and released is an important consideration in rec-
reational fisheries due to the widespread practice
of catch-and-release angling (Policansky 2002;
Cooke and Cowx 2004). Although mortality, both
acute and delayed, is an obvious indicator of the
failure or success of this practice (Muoneke and
Childress 1994), it is also important to determine
the sublethal effects on fish that survive. Sublethal
effects include physical injury, physiological dis-
turbance, behavioral alterations, and fitness im-
pairments (Cooke et al. 2002a). The primary goal
of research on this topic is to develop angling
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guidelines that attempt to minimize mortality and
the sublethal consequences of catch-and-release
angling (Wydoski 1977; Muoneke and Childress
1994; Cooke and Suski 2005). One guideline that
is consistently identified as being important is the
need to minimize air exposure duration (Cooke and
Suski 2005). Air exposure occurs after capture
when anglers are handling the fish in an attempt
to remove the hook(s) or to admire or photograph
the fish. Interestingly, the amount of research on
air exposure is rather scarce relative to other top-
ics, such as gear type (e.g., circle hooks, barbless
hooks), duration of angling events, and angling at
high water temperatures. Anglers and fisheries
managers are looking to researchers to provide
more information on the duration of air exposure
that generates substantial sublethal effects and/or
leads to mortality.

To date, research on this topic has revealed that
significant physiological disturbances (i.e., extra-
cellular acidosis, buildup of metabolites, cardio-
vascular alterations, reductions in gas exchange)
and physical damage (i.e., collapse and adhesion
of gill filaments) can occur even from short du-
rations of air exposure (Ferguson and Tufts 1992;
Cooke et al. 2001, 2002b; Suski et al. 2004). A
consistent finding in these studies is that the effects
of air exposure are additive and that lengthier air
exposure tends to result in longer recovery peri-
ods. There is a need, however, for more research
that attempts to identify thresholds for air exposure
by means of ecologically relevant sublethal end-
points for various species. In this study, we as-
sessed the effects of different air exposure dura-
tions on the swimming performance of hatchery
brook trout Salvelinus fontinalis. Swimming per-
formance is a sensitive indicator of overall organ-
ismal health and physiological condition. It is also
ecologically relevant (Hammer 1995; Plaut 2001)
for a fluvial species such as brook trout, because
swimming is essential for evasion of predators,
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acquisition of prey, migration, and maintenance of
position in flows. Because air exposure results in
an increased oxygen debt and physiological dis-
turbance, we hypothesized that as the duration of
air exposure was increased, swimming perfor-
mance would decrease.

Methods

Twelve hatchery brook trout from the Canton
Fish Farm at the Cooperative Extension Learning
Center in Canton, New York, were transported to
a laboratory at the State University of New York
at Potsdam in February of 2005. The fish (fork
length mean 6 SD: 27.2 6 1.8 cm) were held in
an 800-L tank (274 cm long 3 61 cm wide 3 56
cm deep) equipped with a chiller and foam and
charcoal filters (Frigid Units, Inc., Toledo, Ohio;
LS-900 living stream system). Temperature was
held constant at 108C, and approximately 20% of
the water was replaced daily. The foam filter was
cleaned daily, and the charcoal filter was cleaned
every 2 weeks. The water was salted (Aquarium
Pharmaceuticals, Inc., Chalfont, Pennsylvania;
Doc Wellfish’s aquarium salt for freshwater fish)
for maintenance purposes every week at a con-
centration of 0.2%. Fish were fed approximately
25 g of floating fish pellets (Zeigler Bros, Inc.,
Gardner, Pennsylvania; 5.0-mm Silver floating pel-
lets) to satiation every other day. Ammonia con-
centration was measured twice per week.

Each fish was subjected to weekly experiments
and was fasted for approximately 24 h prior to
treatment. All fish were exposed to all treatments
(i.e., repeated measure). The type of treatment a
fish was exposed to was selected randomly without
replacement. Individual fish were allowed to re-
cover for 1 week before being subjected to further
experimentation. Repeated sampling of individual
fish across all treatments has been shown to be
statistically rigorous in swimming performance
studies because performance is highly repeatable
for a given individual (Kolok 1992). Thus, it is
possible to conduct direct comparisons of an in-
dividual’s performance after exposure to different
stressors to assess whether the stressors cause an
alteration in swimming performance. In fact, this
method is now the preferred approach for swim-
ming performance studies that involve comparison
of different treatments (Kolok 1999). This type of
swimming protocol is not effective for training fish
(Davison 1997), so it can be used for repeated
challenges. To simulate angling, we chased fish by
hand in a 40-L container for 30 s; this approach
is frequently used for catch-and-release research

(Kieffer 2000; Cooke et al. 2001; Suski et al.
2004). Thirty seconds is a fairly short angling du-
ration but would be a typical fight duration for
brook trout of the size used in this study. While
being chased, fish exhibited several rapid bursts
of activity and typically became much less active
toward the end of the angling simulation. Fish
were then held out of the water in a knotless nylon
net (Barthel et al. 2003) for 0, 30, 60, or 120 s.
Air temperature was 228C. After the simulated an-
gling and the air exposure treatment, fish were
immediately placed in a 60-L Blazka-type respi-
rometer (Blazka et al. 1960). Velocity was held at
0 cm/s during the fish’s first 5 min in the swim
tube so that the end cap could be bolted into place.
After that, fish were immediately exposed to a crit-
ical swimming challenge, which provided infor-
mation on the maximum aerobic capacity (Mc-
Donald et al. 1998) of brook trout after exposure
to different stressors.

To quantify swimming performance, we in-
creased the velocity in the swim tube by 10 cm/s
every 600 s until the fish was exhausted (i.e., after
repeated efforts, the fish could no longer swim off
the back screen of the swim tube; Beamish 1978).
The critical swimming speed (cm/s; Brett 1964)
for each trial was calculated as Ucrit 5 Vp 1 [(tf /
ti) 3 Vi], where Vp 5 the highest velocity reached
(cm/s), tf 5 the elapsed time (s) for which the fish
swam at the fatigue velocity, ti 5 the time (s) be-
tween velocity increments, and Vi 5 the velocity
increment (cm/s). To test for difference across the
four treatments, we compared individual Ucrit values
by use of a repeated-measures analysis of variance
(ANOVA) in version 9 of SYSTAT (Systat 1992).
Because there is no post hoc test for repeated-
measures ANOVA, a second repeated-measures
ANOVA was conducted on just the 0-, 30-, and
60-s treatments. For all tests, the significance level
a was equal to 0.05. To assess mortality, we mon-
itored fish for 3 months after the final experimen-
tation.

Results and Discussion

Consistent with our hypothesis, increasing air
exposure resulted in poorer swimming perfor-
mance by brook trout (P , 0.001, Figure 1). How-
ever, the trend was not linear. Fish held out of the
water for 30 or 60 s had similar swimming per-
formance to control fish that were not exposed to
air (repeated-measures ANOVA conducted on 0-,
30-, and 60-s treatments only: P 5 0.203). It was
only at 120 s of air exposure that swimming per-
formance decreased. This decrease was dramatic:
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FIGURE 1.—Swimming performance, measured as
critical swimming speed (Ucrit; mean 6 SE), of brook
trout chased by hand for 30 s and subjected to 0-, 30-,
60-, and 120-s air exposures. The asterisk indicates a
significant difference. The duration of air exposure had
a significant effect on swimming performance (P ,
0.001). However, only the 120-s treatment showed a
significant decrease (P , 0.001). The 30- and 60-s treat-
ments were not significantly different than controls when
the 120-s treatment was removed from the analysis.

fish exposed to air for 120 s had an average Ucrit

value of less than 20 cm/s, while all other groups
had average values greater than 70 cm/s. In fact,
nearly half of the fish in the 120-s treatment were
unwilling or unable to swim at all after air ex-
posure. This is not the first documented instance
of impaired swimming performance subsequent to
air exposure. Mitton and McDonald (1988) ex-
posed rainbow trout Oncorhynchus mykiss to ex-
ercise, electrofishing shock, and different air ex-
posure durations (range 5 0–4 min). Those au-
thors reported that increasing durations of poste-
lectroshock air exposure caused swimming
impairments that were progressively prolonged
and that ranged from 1 to 6 h. Swimming perfor-
mance is an ecologically relevant endpoint for the
assessment of sublethal effects because it depends
upon the coordinated integration of multiple organ
systems and biological processes and is essential
for predator avoidance, foraging activity, selection
of appropriate habitats, maintenance of position in
a fluvial environment, and general movement and
activity (Hammer 1995; Plaut 2001).

Other research on air exposure has revealed that
sublethal physiological disturbances can be sub-
stantial. For example, Ferguson and Tufts (1992)
have shown that rainbow trout exposed to air for
60 s after exhaustive exercise had much larger ex-
tracellular acidosis and blood lactate concentra-
tions than fish that were only exercised. The phys-

iological cause of these findings is the collapse
and adhesion of gill filaments during air exposure
and consequent reduction of oxygen uptake (Fer-
guson and Tufts 1992). More recent research on
rock bass Ambloplites rupestris (Cooke et al. 2001)
and smallmouth bass Micropterus dolomieu
(Cooke et al. 2002b) has identified that longer air
exposure periods (120 s) translate into prolonged
cardiovascular disturbance relative to little (30 s)
or no air exposure. Suski et al. (2004) determined
that air exposure caused significant accumulation
of metabolites and significant reductions in tissue
energy stores in the white muscle of largemouth
bass M. salmoides.

Although our research focused on sublethal al-
terations, when air exposure duration or the com-
bined stress of other factors (e.g., water temper-
ature and exercise) exceeds some threshold, mor-
tality is inevitable. In our study, no mortality was
observed over a period of 3 months. The absence
of mortality suggests that at 108C, brook trout can
tolerate and compensate for oxygen debt and other
physiological disturbances within a range of air
exposure durations up to 120 s. However, in our
study, brook trout were held in a laboratory setting
and were not exposed to predators or displaced
into regions with potentially suboptimal environ-
mental conditions. Furthermore, the water tem-
perature used in our study (108C) was also well
below any thermal conditions that would have
magnified the stress or mortality potential (e.g.,
Hyndman et al. 2003). Although the angling du-
ration used in our study was short (30 s), it con-
stituted a typical fight duration for brook trout of
the size under study. Other research has noted mor-
tality as a result of air exposure. For example,
survival of rainbow trout decreased from 88% for
exercised fish to 62% and 28% for fish that were
exercised and exposed to air for 30 and 60 s, re-
spectively (Ferguson and Tufts 1992). It is im-
portant to note that those fish were cannulated,
which may have inflated mortality values. In a
field-based study, Cooke and Philipp (2004) noted
that bonefishes Albula spp. exposed to longer han-
dling and air exposure durations were more likely
to have problems maintaining equilibrium and
were susceptible to shark (family Carcharhinidae)
predation.

From a management perspective, our findings
indicate that catch-and-release angling is an ef-
fective management tool for brook trout, but only
under specific conditions (e.g., when air exposure
is 60 s or less and water temperature is 108C). To
date, no studies have systematically varied air ex-
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posure duration and water temperature to evaluate
the interaction of these factors. We have several
suggestions for minimizing air exposure times.
First, anglers can chose gear and bait that promote
shallow hooking and easy hook removal. For ex-
ample, research has revealed that the use of barbed
hooks can delay hook removal and extend air ex-
posure relative to use of barbless hooks (Cooke et
al. 2001; DuBois and Dubielzig 2004; Meka 2004).
Similarly, use of conventional J-style hooks tends
to result in deeper hooking relative to circle hooks,
and deeper hooking can affect air exposure dura-
tion (Cooke and Suski 2004; Meka 2004). Finally,
use of organic bait can lead to deeper hooking,
which also requires longer air exposure to remove
the hook relative to flies or artificial lures (e.g.,
Muoneke and Childress 1994; Cooke et al. 2001).

Anglers must be prepared with pliers and he-
mostats to ensure rapid removal of hooks from fish
that will be released. Photographs should be taken
quickly so as to avoid prolonged air exposure.
Most of these activities (hook removal, holding
prior to photographing) can be accomplished with
the fish held in water, thus completely eliminating
air exposure, which should be the goal for all an-
glers who want to successfully release their catch.
However, there will always be instances where air
exposure is prolonged; some threshold may there-
fore be exceeded, resulting in permanent tissue
damage or mortality. For catch and release to be
an effective management tool (i.e., minimize mor-
tality) and to maintain fish welfare (i.e., minimize
sublethal effects), we need a better understanding
of air exposure thresholds and how they are influ-
enced by other factors (e.g., water temperature,
degree of exhaustion; Wood et al. 1983). We sug-
gest that swimming performance may serve as a
useful and ecologically meaningful endpoint for
determining these thresholds. Indeed, for brook
trout, it was quite evident that when air exposure
reached 120 s, the fish exhibited significant per-
formance impairments.
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