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Abstract
This study evaluated the immediate physiological response of wild rainbow trout to catch-and-release angling in the Alagnak
River, southwest Alaska. Information was recorded on individual rainbow trout (n = 415) captured by angling including landing
time and the time required to remove hooks (angling duration), the time to anesthetize fish in clove oil and withdraw blood,
fish length and weight, and water temperature at capture locations. Plasma cortisol, glucose, ions (sodium, potassium, chloride),
and lactate were analyzed to determine the effects of angling duration, fish size, body condition, and temperature. Levels of
plasma ions did not change significantly during the observed physiological response and levels of plasma glucose were sometimes
influenced by length (2000, 2001), body condition (2001), or temperature (2001). Levels of plasma cortisol and lactate in extended
capture fish (angling duration greater than 2 min) were significantly higher than levels in rapid capture fish (angling duration less
than 2 min). Rapid capture fish were significantly smaller than extended capture fish, reflecting that fish size influenced landing
and handling times. Fish size was related to cortisol and lactate in 2002, which corresponded to the year when larger fish were
captured and there were longer landing times. Body condition (i.e., weight/length regression residuals index), was significantly
related to lactate in 2000 and 2001. Water temperatures were higher in 2001 (mean temperature ± S.E., 13 ± 2 ◦ C) than in 2002
(10 ± 2 ◦ C), and fish captured in 2001 had significantly higher cortisol and lactate concentrations than fish captured in 2002.
The pattern of increase in plasma cortisol and lactate was due to the amount of time fish were angled, and the upper limit of the
response was due to water temperature. The results of this study indicate the importance of minimizing the duration of angling in
order to reduce the sublethal physiological disturbances in wild fish subjected to catch-and-release angling, particularly during
warmer water temperatures. It is also important to note that factors such as fish size may influence both the duration of angling
and subsequent physiological response.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
Fish captured by catch-and-release angling are often subjected to physical exhaustion during the landing process, lethal and non-lethal hooking injuries, and
handling and air exposure during the hook removal
process. In addition to studies focusing on the relationship between hooking injury and mortality (e.g.,
Muoneke and Childress, 1994), many studies indicate
the importance of the physiological disturbance during the angling process as contributing to mortality
(Wydoski et al., 1976; Dotson, 1982). In general, studies documenting the physiological disturbance of wild
fish from hooking stress have found minimal mortality
(Wydoski et al., 1976; Gustaveson et al., 1991; Tufts
et al., 1991; Pankhurst and Dedual, 1994; Booth et al.,
1995; Brobbel et al., 1996). However, mortality may
increase when fish are angled at warmer water temperatures (Dotson, 1982; Titus and Vanicek, 1988; Wilkie
et al., 1996). There are also sublethal effects that may
be induced by physiological changes provoked by a
stress event including changes in reproductive behavior or function (Campbell et al., 1992; Kieffer et al.,
1995; Cooke et al., 2000), disease resistance (Pickering
and Pottinger, 1989), growth suppression or decrease
in appetite (Gregory and Wood, 1999), post-release
predation (Cooke and Philipp, 2004), and other behavioral effects such as changes in social hierarchies
and migratory behavior (Lewynsky and Bjornn, 1987;
Mäkinen et al., 2000). Physiological disruptions from
stress events can be considered cumulative (Barton et
al., 1986); therefore, it is possible that fish caught and
released several times during a fishing season may be
more vulnerable to these types of sublethal effects.
Increases in levels of plasma cortisol after the onset
of an acute stress, as well as secondary physiological
responses such as hyperglycemia, hyperlacticemia, and
ionic disturbance, have been measured to assess the effects of landing time (Wydoski et al., 1976; Gustaveson
et al., 1991; Pankhurst and Dedual, 1994; Thorstad et
al., 2003). Recent studies have also addressed the effect of hook type on the ease of removal and handling
time by comparing various hook types, such as circle versus standard “J” hooks and barbed versus barbless hooks (e.g., Cooke et al., 2001, 2003), and by
measuring the physiological response to air exposure,
which commonly occurs during the hook removal process (Ferguson and Tufts, 1992; Cooke et al., 2001).

Studies examining the physiological response or hooking mortality of angled wild fish typically hold fish
after capture, which can potentially bias study results
by the addition of confinement and crowding stress
(Wright, 1972) and further injury from confinement
(McLaughlin et al., 1997; Cooke and Hogle, 2000).
While it is recognized that the most comprehensive type
of study to evaluate the effects of catch-and-release
fishing in wild fish includes monitoring the behavior
and recovery of angled fish after release (Cooke et al.,
2002), the associated injuries and potential addition of
confinement stress make holding fish after capture undesirable for some fish populations and species.
An extensive amount of research has been conducted to evaluate the magnitude and duration of the
physiological response of rainbow trout to exhaustive
exercise in hatchery or laboratory environments (Wood
et al., 1983; Woodward and Strange, 1987; Pickering
and Pottinger, 1989). However, little in situ research has
been completed on the physiological response of wild
rainbow trout to angling in their natural environment.
The Alagnak Wild River, a conservation unit partially
located within the Katmai National Park and Preserve
of the National Park Service in southwest Alaska, supports a naturally reproducing population of wild rainbow trout (Oncorhynchus mykiss) which are targeted by
a popular catch-and-release only sport fishery. Catchand-release angling regulations were implemented due
to concerns over the health of the trout population that is
subjected to intense angling pressure, with reports from
local guides and anglers of high incidences of hooking
scars and decreasing fish size and abundance (Meka et
al., 2003). Approximately 30% of Alagnak River rainbow trout have at least one scar purportedly due to previous hooking, indicating that a substantial portion of
the population is subjected to multiple angling captures
(Meka, 2004). The objectives of this study were to evaluate the initial stress response in Alagnak River rainbow trout in relation to landing time and handling time
during the hook removal process, fish size, body condition (residual scores from regression of body mass
on body size), and fluctuating seasonal water temperatures, by measuring concentrations of plasma cortisol,
glucose, lactate, and ions for fish with combined landing and handling times of less than 2 min (rapid capture) and greater than 2 min (extended capture; adapted
from Pankhurst and Dedual, 1994). Results on the initial physiological stress response exhibited by angled
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rainbow trout will be compared with results from previous investigations on the magnitude and duration of
the stress response in rainbow trout.

2. Materials and methods
Adult rainbow trout were captured by hook-andline in July and August 2000, and June–August 2000
in the Alagnak River main stem and at Nonvianuk
Lake outlet within Katmai National Park and Preserve
(Fig. 1). Fish were captured at the outlets of Kukaklek
and Nonvianuk lakes in June 2002. There were six
methods of fishing used in this study: fly barbed circle
hook, fly barbless circle hook, fly barbed J hook, fly
barbless J hook, spin barbed J hook, and spin barbless
J hook (Meka, 2004). Each angler was randomly assigned one of the six fishing methods twice daily. Sixand eight-weight fly rods and medium-action spinning
rods were used with 8–10 lb monofilament tippet
or test line. The artificial lures and flies used were
recommended by guides and anglers familiar with the
Alagnak River rainbow trout fishery and were chosen
by individual anglers each day per assigned fishing
method. Fishing was conducted primarily from the
shore on gravel bars; anglers generally cast upstream
and drifted to a downstream direction. Anglers participating in this study included United States Geological
Survey (USGS) biologists, Katmai National Park and
Preserve biologists, Student Conservation Association
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volunteers, and volunteers from the general public and
other government agencies. Angler experience was
categorized as novice (fished <10 days over lifetime)
or experienced (fished >10 days per year; Meka, 2004).
The times to land fish and remove hooks were
recorded. Once a fish was hooked, other anglers
stopped fishing and assisted with the sampling procedure, thus maintaining similar fishing effort. Handling
time (hook removal) began when a fish was netted after landing until the angler removed the hook, and anglers were instructed to keep fish under water during
the handling portion of capture to avoid any associated
mortality due to air exposure (Bouck and Ball, 1966;
Ferguson and Tufts, 1992). Anglers were instructed to
land fish as they normally would while fishing recreationally, but not to play fish to exhaustion. However,
in 2002 anglers were instructed to play some fish for
more than 1 min while continuing to avoid exhausting
fish, to obtain a broader range of sampling times.
Once the hooks were removed, fish were anesthetized in a rectangular container close to the area of
capture with 25 l of fresh river water and a concentration of 32 mg/l solution of clove oil (1:9 ratio clove oil
mixed with ethanol; Anderson et al., 1997). Blood was
withdrawn from the caudal vessels using heparinized
syringes with 21 or 22 gauge needles. Plasma was separated immediately and stored in liquid nitrogen tanks
in the field, and subsequently at −80 ◦ C in the lab until
further analysis. In addition to landing and hook removal times, the times to anesthetize fish, to withdraw

Fig. 1. Map of the Alagnak River watershed in southwest Alaska. Rainbow trout were captured by hook-and-line 2000–2002 on the Alagnak
River main stem, and at the outlets of Kukaklek and Nonvianuk lakes.
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blood, and the total sampling time (from initial hooking
until blood sampling was completed) were recorded.
Fish were placed in another rectangular container with
fresh river water to recover after blood was withdrawn.
Fork length (mm) and water temperature (◦ C) near the
area of capture were recorded. Fish were released near
the area of capture following recovery. Blood sampling
was always conducted by a biologist. Measurements
were primarily taken by a biologist and occasionally
volunteering anglers, under the supervision of a biologist.
The influences of landing time and of the time to
remove hooks (i.e. angling duration) on physiological
parameters were combined because both exhaustive exercise and handling stress have been shown to cause
physiological changes in rainbow trout, and it was not
feasible to separate their effects in this study (Pickering
and Pottinger, 1989; Ferguson and Tufts, 1992). The
amount of time fish were anesthetized in clove oil and
sampled for blood under anesthesia was not included in
analysis of the elevation of blood parameters because
it was relatively short and similar for all fish (mean
minutes:seconds ± S.E., anesthesia 2:08 ± 0:06, blood
sampling 1:23 ± 0:05). In addition, it has been demonstrated that the immediate physiological response by
rainbow trout exposed to clove oil is minimal with short
exposure times and most likely reflects stress prior to
anesthesia (Wagner et al., 2002). Thus, landing time
and the time required to remove hooks were considered
to be the most influential to any physiological changes,
due to the physically exhaustive nature of both stressors (Ferguson and Tufts, 1992; Booth et al., 1995).
Fish were separated into rapid and extended capture
groups because it has been demonstrated that physiological changes can occur within a few minutes after
the onset of a stressor, therefore, the levels of blood parameters for rapid capture fish would potentially reflect
the levels of free-swimming fish (Wydoski et al., 1976;
Pankhurst and Dedual, 1994).
Plasma cortisol, glucose, ions (sodium, potassium,
chloride; 2000 only), and lactate were analyzed at
the USGS Conte Anadromous Fish Research Center
(Turners Falls, MA, USA). Plasma cortisol was measured by a fully validated direct enzyme immunoassay
(EIA) as outlined in Carey and McCormick (1998).
Glucose was evaluated by the hexokinase and glucose6-phosphate dehydrogenase enzymatic method (Stein,
1963; McCormick and Bjornsson, 1994). Plasma

lactate concentrations were determined by reduction
of nicotinamide adenine dinucleotide with lactate
dehydrogenase as described by Marbach and Weil
(1967; see Carey and McCormick, 1998). Plasma
cortisol, glucose, and lactate assays were run on a
THERMOmax microplate reader using SOFTmax
software (Molecular Devices, Menlo Park, CA, USA).
Chloride, potassium, and sodium concentrations were
determined by ion-selective electrodes (AVL Scientific
Corp., model 9180, Roswell, GA, USA) using appropriate standards (McCormick and Bjornsson, 1994).
Multiple regressions with forward stepwise selection were conducted to determine the effects of combined landing and handling times, fish length, body
condition, water temperature, and sampling year on
concentrations of plasma cortisol, glucose, ions, and
lactate. Body condition for captured fish was estimated
by the residuals from a linear regression of weight on
fork length, which has been demonstrated to remove the
effects of size variation and is considered an appropriate condition index for the weight–length relationship
in fish (Reist, 1985; Cone, 1989; Sutton et al., 2000). If
significance was observed in relation to angling duration, one-way analysis of variance (ANOVA) was used
to determine whether there were significant changes
over time (by minute of angling duration) in extended
capture fish. If significant differences were detected by
ANOVA, data were analyzed by a Tukey–Kramer multiple comparisons test to compare mean plasma concentrations between extended capture and rapid capture groups, and to compare plasma concentrations per
minute of angling duration in extended capture fish to
the concentrations in rapid capture fish. Any influence
of fish size on angling duration was evaluated by simple
linear regression, and differences in fish length between
rapid and extended capture groups were compared by
a Tukey–Kramer multiple comparisons test. ANOVA
was used to detect differences among years in water
temperature, fish length, and angling duration. When
necessary, landing and hook removal times and fish
length and weight were log transformed to correct for
non-normality of the data. In a concurrent study examining hooking injuries of Alagnak River rainbow
trout from catch-and-release angling, the influence of
fishing method, hook type, fish size and angler experience on angling duration were evaluated (Meka,
2004). These variables were not factored into the physiological data analysis, but provide insight into the fac-
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tors influencing angling duration (see Section 4). All
statistical tests were conducted using SAS software
(SAS Institute, Version 8) at the α < 0.05 significance
level.

3. Results
Four hundred and fifteen rainbow trout were sampled during 2000–2002, with sample sizes per physiological parameter varying among years depending on catch success (Table 1). Immediate mortalTable 1
Water temperature, fork length, combined landing and handling
times, and plasma cortisol, glucose, and lactate levels for rainbow
trout captured by catch-and-release angling on the Alagnak River in
2000–2002
2001

2002

Water temperature (◦ C)
Mean
12.2 a
S.E.
0.3
N
58

2000

13.2 b
0.4
230

9.8 c
0.4
101

Fork length (mm)
Mean
S.E.
N

358 a
16
230

395 b
16
101

372 ab
23
58

Landing + hook removal time (minutes:seconds)
Mean
3:13 ab
2:50 a
S.E.
0:20
0:10
N
58
230

3:46 b
0:19
101

Plasma cortisol (ng/ml)
Mean
17.0 a
S.E.
3.6
N
58

15.8 a
1.2
243

6.8 b
1.1
89

Plasma glucose (ng/ml)
Mean
4.0 a
S.E.
0.6
N
60

4.5 b
0.1
243

4.2 ab
0.1
89

Plasma lactate (mmol/l)
Mean
6.4 a
S.E.
0.6
N
58

7.1 a
0.3
230

5.3 b
0.3
101

Data are means ± S.E. Significant differences among years do not
share common letters (P < 0.05). Sample sizes were not uniform for
plasma cortisol, glucose, or lactate each year because of occasional
calibration errors in the laboratory (see also Table 2). Data used for
temperature, length, and angling duration in this table were taken
from captured fish with lactate samples. Thus, the sample sizes for
these measurements reflect lactate sample sizes.
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ity was observed in seven fish (2%, n = 7/415) that
most likely died due to hooking injuries that produced significant bleeding. Levels of plasma sodium
(mean, 151.8 ± 2.5 mmol/l, n = 55), potassium (3.29 ±
0.18 mmol/l, n = 52) and chloride (138.8 ± 2.0 mmol/l,
n = 55) in 2000 did not vary significantly in relation
to angling duration, water temperature, fish length, or
body condition, thus ions were not analyzed during
2001 and 2002. There was a year-effect observed in
plasma cortisol, glucose, and lactate, thus each year
of data was analyzed separately (Table 1). Multiple
regressions with stepwise selection revealed significant influences to cortisol, glucose, and lactate concentrations by landing and handling time (cortisol, lactate), water temperature (cortisol, glucose, lactate), fish
length (cortisol, glucose, lactate), and body condition
(glucose, lactate), varying by year (P < 0.05, Table 2).
Increasing angling duration produced a significant increase in levels of plasma cortisol and lactate during
each year of the study (P < 0.05, Fig. 2). The aver-

Fig. 2. Levels of plasma cortisol and lactate in Alagnak River rainbow trout angled and handled during the hook removal process from
less than 2 min (rapid capture) to greater than 6 min. Values are
mean ± S.E. Statistically significant elevations of cortisol and lactate
above levels in rapid capture fish are indicated by asterisks (P < 0.05).
Sample sizes by year are given in Table 2.
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Table 2
Summary results of multiple regressions with stepwise selection to evaluate influences to changes in concentrations of plasma cortisol, glucose,
and lactate in rainbow trout captured by angling (extended capture only)
Year

N

Landing + hook removal time

Water temperature (◦ C)

Fork length (mm)

Body condition

Cortisol
2000
2001
2002

49
182
85

P = 0.001; r2 = 0.242
P = 0.001; r2 = 0.083
P = 0.001; r2 = 0.418

P > 0.111
P = 0.001; r2 = 0.146
P > 0.150

P > 0.150
P > 0.115
P = 0.005; r2 = 0.472

P > 0.150
P > 0.150
P > 0.150

Glucose
2000
2001
2002

49
178
89

P > 0.150
P > 0.150
P > 0.150

P > 0.150
P = 0.001; r2 = 0.152
P > 0.150

P = 0.001; r2 = 0.261
P = 0.026; r2 = 0.176
P > 0.114

P > 0.145
P = 0.001; r2 = 0.1.00
P > 0.150

Lactate
2000
2001
2002

47
171
91

P = 0.05; r2 = 0.270
P = 0.009; r2 = 0.179
P = 0.001; r2 = 0.339

P = 0.030; r2 = 0.202
P = 0.001; r2 = 0.144
P = 0.003; r2 = 0.404

P > 0.150
P > 0.150
P = 0.009; r2 = 0.449

P = 0.022; r2 = 0.112
P = 0.001; r2 = 0.080
P > 0.080

The main-effects parameters included in the model were: combined landing and handling times (log-transformed), water temperature, fish
length (fork length, log-transformed), and residual scores from the regression of log weight on log length (body condition). The sample sizes,
significance level, and r-statistic are given for each regression.

age levels of cortisol and lactate for rapid capture fish
were significantly lower than levels in extended capture fish (P < 0.009, Fig. 2). Angling duration varied
significantly by year, with the average landing and handling time for fish captured in 2000 and 2001 (mean
minutes:seconds ± S.E., 2:58 ± 0:09) less than in 2002
(4:10 ± 0:27) because anglers were instructed to play
fish for longer amounts of time without exhausting fish
(P < 0.006; Table 1).
Fish length was positively related to glucose levels in 2000 and 2001 and cortisol and lactate levels
in 2002 (P < 0.026; Table 2). Fish length was significantly related to angling duration during all years of
the study (P < 0.001), and the average fork length (mm)
of rapid capture fish (317 mm ± 13) was significantly
smaller than the average length of extended capture fish
(383 mm ± 10; P < 0.051), i.e., larger fish took longer
to land and handle than smaller fish. Fish size also varied significantly by year (P < 0.006), with larger fish
captured in 2002 than in other years in addition to
longer angling times (Table 1). These factors likely
contributed to the significance of both fish size and
angling duration for cortisol and lactate in the full models for 2002. The amount of time to anesthetize fish in
clove oil did not vary significantly between rapid capture (mean ± S.E., 2:13 ± 0:11) and extended capture
(2:07 ± 0:08) groups of fish (P = 0.510), indicating that
fish size did not significantly influence anesthetization

times. Weight/length residuals (i.e., body condition)
were significantly related to plasma glucose (2001) and
lactate (2000, 2001; P < 0.022, Table 2). Plasma glucose and lactate were significantly higher in fish with
positive residuals (i.e., fish with greater weight per unit
length) than fish with negative residuals. There was no
significant effect of body condition on the duration of
angling (P > 0.362).
Water temperature varied significantly between
years (Table 1), and increases in plasma cortisol (2001),

Fig. 3. Levels of plasma lactate in all Alagnak River rainbow trout
captured by angling in 2001 (n = 173) and 2002 (n = 93) as a function of water temperature (◦ C). Values are means ± S.E. Changes
in lactate concentrations were significantly related to temperature (P < 0.05, ANOVA). Plasma lactate concentrations (two-sample
t-test, t = 8.25, d.f. = 261, P = 0.001), and temperature (t = 14.70,
d.f. = 185, P = 0.001) varied significantly by year.
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4. Discussion
4.1. Effects of angling duration

Fig. 4. Levels of plasma cortisol (n = 37) and lactate (n = 39) in
Alagnak River rainbow trout captured during 2001 and 2002 with
combined landing and handling times of 4 min, as a function of water
temperature (◦ C). Changes in plasma cortisol and lactate concentrations were significantly related to temperature at 4 min capture time
(cortisol P = 0.001, r2 = 0.481; lactate P = 0.001, r2 = 0.331; linear
regression). Plasma cortisol and lactate concentrations (two-sample
t-test; cortisol t = 5.13, d.f. = 25, P = 0.001; lactate t = 5.53, d.f. = 24,
P = 0.001) and temperature (t = 7.17, d.f. = 35, P = 0.001) varied significantly by year.

glucose (2001), and lactate (all years) levels were
significantly related to increasing water temperature
(P < 0.031, Table 2). Temperatures in 2000 and 2001
were significantly higher than temperatures in 2002,
and levels of plasma cortisol and lactate in rapid and
extended capture fish in 2000 and 2001 were significantly higher than corresponding levels in 2002
(P < 0.05, Table 1, Fig. 3). This relationship was also
apparent in fish with similar angling times (P < 0.001,
Fig. 4), indicating that plasma cortisol and lactate concentrations increased with the amount of time fish
were angled regardless of the temperature range; however, the magnitude and range of the responses were
higher in 2000–2001 when the temperatures were
warmer.

Alagnak River rainbow trout exhibited increases
in plasma cortisol and lactate with increases in the
time fish were angled and handled during the hook
removal process. Capture by angling is one of the most
physically demanding forms of exercise stress in fish
(Booth et al., 1995) and the subsequent physiological
response has been demonstrated to increase with
the amount of time fish are on the hook (Wydoski
et al., 1976; Pankhurst and Dedual, 1994; Thorstad et
al., 2003), sometimes resulting in high mortality rates
(Bouck and Ball, 1966). Significant increases in plasma
cortisol and lactate during this study were observed
within 2–3 min of the initiation of angling and the highest levels were observed after 5–6 min of angling duration. Plasma cortisol levels in rapid capture fish were
generally less than 11 ng/ml and reached over 39 ng/ml
after 5–6 min of angling. Lactate levels in rapid capture
fish were generally less than 5 mmol/l and reached over
8 mmol/l after 5–6 min of angling (Fig. 2). This time
course was similar to other studies examining the response of both captive and wild populations of rainbow
trout to acute stress. For example, captive rainbow trout
subjected to 30 s of air exposure had a less severe cortisol response than fish handled and held in confinement
for 1 h (<5 to 40 ng/ml compared to <5 to 80 ng/ml, respectively; Pickering and Pottinger, 1989). Pankhurst
and Dedual (1994) observed wild rainbow trout captured by angling and played for less than 5 min to have
less severe initial and peak levels of plasma cortisol
(<40 ng/ml) and lactate (<2 mmol/l) than fish played
for more than 15 min (cortisol, >60 ng/ml; lactate,
3.8 mmol/l). Although the range of baseline and elevated levels vary by study from possible factors such as
temperature and genetic differences, results from each
study consistently demonstrated that the physiological
disturbance increased with the duration of stress or exercise. Handling stress has also been demonstrated to
cause significant physiological disruptions (Pickering
and Pottinger, 1989; Ferguson and Tufts, 1992), and
handling stress during the hook removal process is a
concern among researchers examining the response of
fish to angling (Cooke et al., 2001). We suggest that
the initial slope of increase for levels of plasma cortisol
and lactate in extended capture fish following landing
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and handling stress represents the early stages of a
stress response that will continue to increase. Indeed,
all of the physiological variables that we measured
peaked some time after the stressor had been applied.

larger secondary stress response. Whether these relationships had more to do with the shape of the animals,
their energetic state or some other factor related to the
weight/length ratio will require further investigation.

4.2. Effects of size and body condition

4.3. Effects of temperature

Larger fish had higher levels of plasma cortisol
(2002), glucose (2000, 2001), and lactate (2002) levels. It has been demonstrated that large rainbow trout
have greater levels of white muscle lactate and glucose
than smaller fish, both during resting periods and after
exhaustive exercise (Goolish, 1989; Kieffer, 1995). Because significantly greater levels of cortisol, glucose,
and lactate in larger fish were not observed consistently
throughout this study, it is difficult to interpret the significance of fish size. There was a strong correlation
between landing time and fish size, and fish captured
in 2002 were significantly larger and played for longer
than in other years. It is possible that larger fish captured in 2002 and longer landing times produced a sizeeffect in cortisol and lactate, and it is also possible that
larger fish exhibited a greater physiological response
than smaller fish captured in similar conditions. Thus,
fish size should be considered an important source of
variability to the physiological disturbance of rainbow
trout captured by angling.
Fish with positive weight/length regression residuals had higher levels of lactate (2000, 2001) and glucose (2001). The use of the weight/length residuals index is a measure similar to other measures of body
condition or condition factor (e.g., Fulton’s K, relative
weight). In its simplest interpretation it is a measure
of body shape, and while it has been used to estimate
the energetic state of fish, this relationship may not
always be accurate (Sutton et al., 2000). Few studies
have examined the relationship between body condition and the physiological response to exhaustive exercise in fish. Brobbel et al. (1996) reported that condition factor was highest in bright Atlantic salmon (Salmo
salar) angled to exhaustion compared to levels in kelts,
and bright salmon took significantly longer to angle.
The positive relationship between weight/length residuals and plasma lactate suggests that more ‘robust’ fish
(higher weight/length ratio) experienced more anaerobic exercise during angling than less robust fish. Similarly, the positive relationship with plasma glucose suggests that fish with higher weight/length ratio had a

The average water temperature in this study, as well
as levels of plasma cortisol and lactate in rapid and extended capture fish, was higher in 2001 than in 2002.
The pattern of increase in the physiological response
was likely due to the amount of time fish were angled,
yet the magnitude of the response was also a reflection
of the range of water temperatures each year. What
is apparent from Figs. 3 and 4 is that the temperature
can affect the magnitude of the response, but does not
necessarily induce a greater response. In other words,
rainbow trout captured at warmer temperatures can exhibit greater increases in plasma cortisol and lactate,
but there are many fish that did not show substantial
increases in these parameters at higher temperatures.
In addition to indicating an important role for temperature, this result indicates that there must be other, unmeasured factors that determine the magnitude of the
response to angling. Differences in the exercise intensity and the individual responses of fish to exercise
intensity may be among these unmeasured factors.
Fish acclimated to seasonally fluctuating water temperatures may experience equivocal patterns of physiological response to similar types of stress, yet there may
be differences in basal and elevated levels depending on
the range of temperatures (Barton and Schreck, 1987;
Barrett and McKeown, 1989; Kieffer et al., 1994).
For example, exhaustively exercised rainbow trout captured at 18 ◦ C had significantly greater plasma lactate
concentrations than fish captured at 5 ◦ C, yet resting
levels of lactate were similar (Kieffer et al., 1994).
Largemouth bass (Micropterus salmoides) captured by
hook-and-line during March, May, and July, when seasonal temperatures increased over time, had levels of
blood lactate that reflected the range of water temperatures (Gustaveson et al., 1991). Groups of largemouth
bass captured within the three temperature ranges all
experienced increases in blood lactate as the duration of hooking time increased, yet fish captured at
the warmest temperatures had higher basal and elevated (from angling) lactate levels than fish captured
at the cooler temperatures. Water temperature likely
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influenced the range of cortisol and lactate levels in
this study, and landing and hook removal times and
other, unmeasured factors influenced the magnitude
and rate of elevation of cortisol and lactate for individual fish.

4.4. Effects of anesthesia
In previous studies where the relationship between
capture by angling and the subsequent physiological response was examined, fish were typically anesthetized
in a tricaine methanesulfonate (MS-222) solution before blood sampling, and the times in anesthesia and
for blood withdrawal were generally not factored into
the analysis (Wydoski et al., 1976; Booth et al., 1995;
Brobbel et al., 1996). The physiological stress response
of fish anesthetized in MS-222 or clove oil solution has
ranged from minimal to significant, largely depending
on the duration of time fish are in the anesthetic, the specific anesthetic and dose, when the dose was delivered,
and the species of study (Barton and Peter, 1982; Tort et
al., 2002; Wagner et al., 2002). It should be recognized
that some of the variation observed in physiological
parameters measured when fish are under anesthesia
following a stress event may be partially due to differences in anesthetization times, which can contribute to
variation in sampling times and ultimately physiological changes. It has been demonstrated in adult rainbow
trout that exposure to clove oil similar to the dose and
induction time used in this study (2–3 min per individual fish) resulted in a minimal increase in plasma cortisol and the stress response was likely caused by initial
crowding during transport to anesthesia baths (Wagner
et al., 2002). A recent study found that rainbow trout
handled and subsequently anesthetized with MS-222
or clove oil experienced a lower lactate response and
suppressed cortisol response compared with fish handled without anesthesia (Wagner et al., 2003). Because
we observed levels of plasma cortisol and lactate to increase with the duration of angling, we likely measured
the continuing response to the duration of landing and
hook removal times due to the exhaustive nature involved in landing and handling fish. It should be noted
that the use of clove oil in this study might have slightly
reduced the observed plasma cortisol and lactate levels
that might have been observed had anesthesia not been
used.
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4.5. Baseline levels of physiological parameters
Levels of plasma cortisol for rapid capture fish
identified in this study were within the range of resting
or baseline levels previously reported for rainbow trout
(Woodward and Strange, 1987; Pankhurst and Dedual,
1994). However, levels of plasma lactate for rapid
capture fish were higher than resting levels previously
reported for wild (Pankhurst and Dedual, 1994) and
hatchery (Milligan and Girard, 1993) rainbow trout.
One of the greatest challenges to effectively monitor
the physiological response of wild fish to capture stress
is the ability to establish baseline values of blood chemistry (Wydoski et al., 1976). Because the lowest lactate
levels observed in this study were higher than the reported resting levels observed by Pankhurst and Dedual
(1994), it seems likely there is either a basic difference
in the physiological state of rainbow trout between
studies or true baseline values were not observed
because levels increased immediately after hooking.
Minimal significant changes in plasma glucose and
no significant changes in ions were observed in this
study, and the levels of glucose and ions were within
baseline ranges previously reported (Wedemeyer et al.,
1990). Typically, a net loss of sodium and chloride
ions is observed following exhaustive exercise or stress
in salmonids in freshwater, but usually takes hours to
manifest (Brobbel et al., 1996; Carey and McCormick,
1998). Plasma glucose has been observed to increase
significantly 5 min after the onset of hooking stress in
rainbow trout, particularly for fish acclimated to higher
temperatures (12 and 20 ◦ C; Wydoski et al., 1976).
However, in numerous controlled studies on the effect of stressors, it has been observed to take up to
an hour to see significant increases in plasma glucose
(Ristori and Laurent, 1985; Carey and McCormick,
1998). Although we found a significant relationship
between glucose and length in 2000 and 2001, and
glucose, temperature, and body condition in 2001, it
is difficult to interpret the significance of the results
because the levels of glucose were typical of resting
levels previously recorded for rainbow trout. The small
changes in glucose likely resulted in response to variations in fish size, condition, and water temperature,
yet the absence of significant increases in plasma ions
and glucose (beyond those reported) is likely due to the
relatively short time frame within which samples were
taken.
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4.6. Recovery and mortality
In general, the amount of time required for plasma
cortisol to recover to resting levels following an
acute stress event is within 24 h (Barton et al., 1986;
Pickering and Pottinger, 1989; Pankhurst and Dedual,
1994). The magnitude of a stress response and recovery
time can vary depending on the severity and duration
of stress, fish size, temperature, recovery conditions,
developmental state, and origin of fish (e.g., stock or
hatchery versus wild; Wydoski et al., 1976; Mazeaud et
al., 1977; Woodward and Strange, 1987; Pickering and
Pottinger, 1989; Pankhurst and Dedual, 1994; Carey
and McCormick, 1998). Alagnak River rainbow trout
with greater landing and handling times presumably
experienced a greater peak plasma cortisol and lactate
response and longer recovery period than fish captured
more quickly. Studies have found mortality from exhaustive exercise to manifest in hours to several days
after the exercise event (Black, 1958; Dotson, 1982;
Brobbel et al., 1996; Wilkie et al., 1996). Although minimal immediate mortality was observed in this study,
it is difficult to predict the recovery times or delayed
mortality rates of captured fish because they were not
held after capture for observation or repeat sampling.
While the precise cause of mortality from exhaustive exercise is unknown, it has been postulated to result
from an intracellular acid–base disturbance produced
in part by the generation of lactic acid in the muscle
(Wood et al., 1983). Plasma lactate is an indirect outcome of this generation of muscle lactic acid, and several studies have found elevated lactate associated with
delayed mortality following exercise or hypoxia (Wood
et al., 1983; Ferguson and Tufts, 1992; van Raaij et al.,
1996). However, this relationship is not found in all
species (see Davis et al., 2001), nor do we have enough
information to establish a threshold for plasma lactate
(or other parameters) that would allow for a predictive index of determining when mortality would occur.
Although fish in this study were not played to exhaustion and most fish experienced short landing and hook
removal times, many fish experienced plasma lactate
levels that were three times higher than levels for rapid
capture fish, sufficiently high to suggest the possibility
of delayed mortality. In the future it would be worthwhile to hold angled fish for an extended period under controlled conditions or release fish with telemetry
transmitters or some other long-term individual marker

(e.g., PIT tags, external tags for angler recaptures) to
determine if delayed mortality in fact may be occurring.
4.7. Potential sublethal impacts
The observed increases in plasma cortisol and lactate in this study may be indicative of exercise and
stress responses that could have produced sublethal
disturbances in individual rainbow trout. For example,
the cessation of feeding after exposure to acute stress
events has been demonstrated in salmonids, sometimes
resulting in a reduction of growth (Pickering et al.,
1982; McCormick et al., 1998), presumably through
the effect of cortisol (Gregory and Wood, 1999). It
has been demonstrated that multiple acute stress events
caused a cumulative physiological response in fish
(Barton et al., 1986), yet the impact on feeding behavior and growth in wild trout subjected to an angling
stress event or multiple captures over a period of a few
months has not been investigated to our knowledge.
Meka (2004) demonstrated that the use of barbed J
hooks took significantly longer to remove than barbless
hooks in Alagnak River rainbow trout, and experienced
anglers took longer to land fish than novice anglers because they captured larger fish. These results apply directly to the Alagnak River rainbow trout fishery, but
should be considered representative of other popular
catch-and-release rainbow trout fisheries in Alaska and
elsewhere. It is imperative to educate anglers on the significance of using terminal tackle to reduce handling
time after capture, and to realize that the physiological response of larger fish may be greater because they
take longer to land. This may be of great importance in
sport fisheries where trophy-sized trout are sought after
and gear choices are suited to capture larger fish. Minimizing the amount of time fish are landed and handled
during the angling process will likely reduce the peak
physiological response and duration of recovery of angled fish, particularly at warmer water temperatures.
Managers will need to carefully consider whether these
physiological changes are sufficient to have long-term
impacts on individual trout, and to specifically evaluate the impacts of multiple recaptures on individual
rainbow trout, and trout populations. These recommendations emphasize the necessity of making the results
from catch-and-release research available to the angling public, researchers, and fisheries managers, and
for future research and management decisions to fo-
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cus on reducing sublethal disturbances in addition to
mortality.
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