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ABSTRACT: For anadromous brown trout Salmo trutta, the transition from life in freshwater to the
marine environment is an inherently challenging and dangerous period characterized by high levels of mortality. As such, smoltification is a relevant life-history phase to examine how physiological state, in particular glucocorticoids, influences fitness-oriented endpoints such as migration
timing and survival. We experimentally assessed the effect of cortisol by combining passive integrated transponder (PIT) telemetry with a physiologically relevant exogenous cortisol manipulation (i.e. intracoelomic injection) in juvenile sea trout in the Gudsø Stream, Denmark. Individual
survival, migration behaviour (timing and speed), and growth were assessed for 4 treatment categories: control (CO), sham (SH), and low- (LW; 25 mg kg−1) and high-dose (HI; 100 mg kg−1) cortisol. There was no difference in the timing of migration among treatments, but trout in the HI treatment had lower survival rates to the lower station (41.6%) when compared to the CO (53.9%) and
SH (52.3%) groups. After migration, the system was electroshocked again to contrast growth of
trout that remained in the system. HI, LW and SH individuals recaptured in the stream had lower
growth rates for length than the CO treatments; HI and LW also had significantly lower growth
rates for mass than CO trout. Future monitoring of this population may demonstrate the long-term
repercussions of chronic stress as trout return from the ocean. This study provides contributions
to our understanding of the relationship between organismal condition and fitness while elucidating the potential for carryover effects, i.e. lasting effects that influence future success.
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Factors that influence the growth and survival of
early life stages of fishes are critical for determining
the long-term structure and viability of their population (Schlosser 1991). For anadromous brown trout
Salmo trutta (hereafter called sea trout), the early
phase of their life cycle occurs in freshwater tributaries that feed into the ocean. For this species and other
salmonids, the pre-smolt and smolt life stages are an

exceptionally important and sensitive period. Energy
reserves are typically low, yet these fish are exposed
to high levels of predation along their migratory
route and must undergo a physiologically challenging transition from freshwater into a saline environment (Aarestrup et al. 2000, Jonsson & Jonsson
2011). Lasting effects such as body condition or parasite load from their experience on their natal grounds
(e.g. carryover effects) may dictate the timing and
success of their migration to the ocean and ultimately
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their survival (Norris 2005, Harrison et al. 2011).
Despite the potential for carryover effects, little work
has been done to determine how environmental conditions in natal rivers may affect sea trout as they
transition to the ocean (Jonsson & Jonsson 2011).
Wild populations of fish are subject to a wide variety of both anthropogenic and natural challenges
that can range from acute stressors such as predation
attempts or fisheries interactions to chronic stressors
like habitat alteration and pollution (Pickering 1989,
Schlosser 1991, Fraser & Gilliam 1992, Wang et al.
2000). In teleost fishes, elevated plasma cortisol is
a natural response to stress, with circulating levels
providing a useful physiological indicator of a fish’s
stress level (reviewed in Iwama 1998). The corticosteroid pathway helps mobilize energy reserves in
response to a stressor, thereby increasing metabolic
activity (reviewed in Mommsen et al. 1999). While
these changes increase the amount of energy available in order for an individual to respond to an immediate stressor, they also reduce the amount of energy
available for essential functions such as growth and
reproduction (Redding et al. 1986, Carragher et al.
1989, Gregory & Wood 1999, Fullerton et al. 2000).
The stress response axis also plays an important role
in allostasis or adaptation to novel environmental
conditions such as those caused by an acute human
disturbance. While short-term allostasis may allow
fish to survive this type of environmental perturbation, the carryover effects of activation of the stress
axis may also reduce long-term fitness (Schreck
2010, Harrison et al. 2011) as observed in studies of
compensatory growth (Metcalfe & Monaghan 2003).
Intra-coelomic injection of cortisol is a common
method for artificially increasing plasma cortisol in
teleost fishes, albeit mostly in a laboratory context
(Pickering & Duston 1983, Pickering 1993, Gamperl et
al. 1994, Hoogenboom et al. 2011). Using this technique, early laboratory experiments were instrumental
in elucidating the mechanisms behind an individual’s
response to stress (reviewed in Barton & Iwama 1991,
Pickering 1993); however, there is still a need to apply
this understanding to wild populations to put such
work into an ecological context. Similar to laboratory
studies, exogenous cortisol manipulation in wild populations of fish enables an experimental approach with
both treatment and control groups. This approach was
used recently to document a carryover effect (decreased survival compared to a control) in largemouth
bass Micropterus salmoides that were treated with
cortisol and released into their natural environment
when exposed to a temporally separated second stressor (i.e. winter hypoxia; O’Connor et al. 2010). An inte-

gral component of this study was the combined use of
a physiological manipulation (cortisol injection) and
biotelemetry. Together, they enabled the researchers
to monitor the individual movements and behaviour
of both treated and control fish in a natural setting.
Biotelemetry offers one of the best options for monitoring a fish’s response to an external perturbation in
a natural setting (Cooke et al. 2004). This technology
allows for the monitoring of individual movements and
behaviour and, while radio or acoustic tracking can
provide accurate movement information for individuals,
they are cost prohibitive for applications that involve
large numbers of fish. Passive integrated transponder
(PIT) tags are a comparatively inexpensive and an easily applied option that also provide individual coding
for each fish, have minimal effects on growth and survival, and have a very long life span (Zydlewski et al.
2001, Gries & Letcher 2002). By combining these tags
with cross-stream PIT scanning arrays, long-term continuous data on individual movements can be acquired
(Zydlewski et al. 2001, Gibbons & Andrews 2004).
Despite their potential ecological importance, there
is a shortage of studies that document the response of
wild fish to stress in their natural environment and its
potential for carryover effects (Cooke & O’Connor
2010, O’Connor et al. 2011, Nagrodski et al. 2013). For
sea trout, little work has been done to understand relationships between ecology (e.g. population-level
processes) and physiology (e.g. organismal condition
and health) in a natural setting (Jonsson & Jonsson
2011), especially during early life-stages. Our goals
were therefore to combine PIT telemetry with a cortisol manipulation to experimentally assess the impact
of a chronic stressor on the individual growth, survival, and migration behaviour of wild, free-swimming
sea trout. In sea trout, chronic stressors are known to
impair growth and since migration timing is linked
to an individual’s size, this stressor may also delay
their migration. We therefore predict that stressed
individuals will experience impaired growth, which
will result in delayed migration relative to controls.
We also predict that stressed individuals will not be
as successful at undertaking the physiologically demanding migration, resulting in lower survival rates
for the stressed treatments.

MATERIALS AND METHODS
Study location and fish sampling
Brown trout smolts exhibit partial migration, whereby
a portion of the population migrates to lakes or the
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prey Lampetra planeri. There is an old mill
with a dam and millpond located ~1 km
upstream of the fjord. This landscape feature serves as a potential sink for outmigrating trout and is situated between our
telemetry stations (see ‘Biotracking’ below).
A fish ladder in this location provides both
upstream and downstream access for migrating fish. Five regions of the Gudsø
Stream upstream of the mill were sampled
from March 6 to March 12, 2012 (Fig. 1).
Transects 1 and 2 (0.4 and 1.1 km in length,
respectively) were located on the main
stem of the stream. Transects 3, 4, and 5
(0.8, 0.3, and 0.5 km length, respectively)
are sub-tributaries that flow into the main
stem of the stream. All trout greater than
120 mm in total length were collected using
a backpack electroshocking unit (Scubla
ELT 60 II GI; run at 300 volts) and kept in a
60 l container with fresh water.

PIT tag insertion and cortisol treatment
Fig. 1. Inset: location of Gudsø Stream (northeast of Kolding, Denmark;
box). Main map: location within the stream of the 5 transects where trout
were captured and the passive integrated transponder (PIT) stations
(S1 and S2). A millpond is situated between S1 and S2 and serves as a
potential population sink for migrating trout

ocean and the rest remain in their natal system and
become residents (Jonsson & Jonsson 1993, Økland
et al. 1993, Boel 2012). Polymorphs can co-exist because migrating trout have higher mortality rates but
resident trout have lower fecundity (Jonsson 1985, Elliott 1993). Their individual condition and local resources in the late fall are thought to be the prime
drivers behind smoltification, such that trout with
lower food requirements tend to become residents,
and those with higher requirements migrate from the
river (Forseth et al. 1999, Cucherousset et al. 2005).
We therefore opted to physiologically manipulate the
trout after they had made the ‘decision’ to migrate or
stay, to ensure that the stressor would not determine
their smolt status (i.e. individuals in the different
treatments were equally likely to migrate or become a
resident).
The Gudsø Stream is located in east-central Jutland, Denmark, and flows through primarily agricultural areas before reaching the sea at Kolding Fjord
(Fig. 1). The stream supports a natural population of
brown trout as well as eel Anguilla anguilla and lam-

Trout were placed in a solution of 0.03 g l−1
benzocaine until their opercular rate became slow and they did not respond to external stimuli (3 to 4 min). This ensured that
they were immobilized during the procedure. They were first measured (total
length (TL) to nearest 1 mm) and weighed (wet body
mass to nearest 0.1 g). Next, a small incision (~5 mm)
was made on the ventral-left side of the body anterior
to the pelvic fin. A 23 mm PIT tag (Texas Instruments,
RI-TRP-RRHP, 134 kHz, 0.6 g mass in air) was
inserted into the body cavity through the incision and
the individual tag number was recorded. The tagging incisions were left to heal without suture closure. This approach was based on the standardized
methods used for PIT tagging at the Technical University of Denmark and was performed in accordance with guidelines from the Danish Animal
Experiments Inspectorate (License Number: 201315-2934-00808).
Immediately following PIT tagging, each trout was
assigned into 1 of 4 treatment categories: control
(CO), sham (SH), low-dose cortisol (LW), and highdose cortisol (HI). Treatments were assigned in a
stratified random design, such that an attempt was
made to ensure that the average size of fish in each
category was equal. Following PIT tagging, CO fish
were allowed to recover in a 60 l container with fresh
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water until they were released (typically between
30 and 60 min). Fish in the remaining 3 treatments
received either an injection of plain cocoa butter (SH)
or a mixture of cocoa butter and cortisol prior to
recovery (between 30 and 60 min). To make the
LW and HI cortisol treatments, 0.25 g and 1.00 g of
cortisol were added to 100 ml of melted cocoa butter,
respectively. The cocoa butter treatments were reheated (~40°C) in the field to melt them and were
shaken repeatedly throughout the administration
process to prevent the cortisol from precipitating out
of solution. Injections were made on the right ventral
side of the body anterior to the pelvic girdle using an
18-gauge needle. The amount of cocoa butter or cortisol–cocoa butter given to each fish was dependent
on the mass of the fish in a ratio of 0.01 ml of cocoa
butter to 1.0 g of fish. This resulted in cortisol dosages
of 25 mg kg−1 for the LW treatment and 100 mg kg−1
for the high treatment.
While the magnitude of the plasma cortisol response is known to vary among individuals in laboratory studies (Fevolden et al. 1991, Pottinger et al.
1992), average baseline values for brown trout have
been determined to range from 2 to 5 ng ml−1 rising
up to 100 ng ml−1 following an acute stressor. In contrast to this drastic short-term increase, chronic stressors may result in long-term increases of 10 to 20 ng
ml−1 (Pickering et al. 1982). Pickering (1989) found
that when using cocoa butter as a carrier, a dosage of
30 mg of cortisol per kg of body mass raised circulating plasma levels to 15 ng ml−1 or within the range of
a chronic stressor. Our LW treatment is therefore
designed to simulate a chronic stressor that should
last for 2 to 4 wk (Pickering & Pottinger 1985). In
keeping with previous studies that have found
dosages of 50 mg kg–1 elevating cortisol levels for up
to 5 wk (Pickering & Duston 1983), the HI treatment
(4× the LW concentration) is designed to elicit a more
extreme response.

tion (passed through S2). The distance between the 2
stations is ~150 m. It was not feasible to track trout
beyond this point because the lower reaches of the
stream pass through an extensive marshland for
~1 km.
To determine the efficiency of our antennas, we
calculated in situ efficiency, which has 2 assumptions: (1) the probability of being detected at the first
array is independent of the probability of detection at
the second array, and (2) tagged fish passing through
the first array are moving in the direction of the second array. These assumptions were met by our array
design such that the distance between the 2 arrays
is adequate to make detection probabilities independent, and trout entering the millpond are likely
migrating to the ocean and therefore moving in the
direction of S2. Based on these assumptions, in situ
detection efficiency was calculated as the proportion
of fish passing S2 that were also detected at S1.

Growth measurements
Approximately 110 d after tagging, on June 25 and
26, 2012, the 5 transects in the Gudsø Stream were
resampled using a backpack electrofisher (Fig. 1).
Trout that were captured were anaesthetized and
tagged fish were identified using a PIT tag scanner
(Agrident, APR350) then measured as described
above. Trout were allowed to recover in a container
(40 l) with aerated stream water for 15 min and then
released into the stream. The instantaneous growth
rate (G) for both length and mass were calculated
for all recaptured fish (Eq. 1; described in Schreck
& Moyle 1990).
G = (logeY2 − logeY1)/(t 2 − t 1)

(1)

Where Y1 is the mass or length at the time of tagging
(t 1) and Y2 is their mass or length at the time of recapture (t 2). Both t 1 and t 2 are measured in days.

Biotracking
Statistical analysis
Two antenna arrays, each consisting of a pair of
in-stream antennas spaced ~5 m apart, were established near the bottom of the stream system (Fig. 1).
The first station (S1) was located in the stream
upstream of the millpond. The second station (S2)
was located below the small fish ladder that connects
the millpond to the downstream portion of the stream
that flows to the ocean. This setup allowed us to
determine when a fish entered the millpond (passed
through S1) and when it exited in the seaward direc-

The total numbers of out-migrating fish detected at
S1 and S2 were used as a proxy of migration survival.
A chi-squared analysis was used to compare migration rates among treatments, with binary values for
station passage (1) or no passage (0). It was assumed
that trout that were detected at S2 also passed
through S1.
ANOVA was used to compare the timing of migration (day of S1 and S2 passage), the time it took fish
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to reach S1 and S2 (days since tagging), and the initial mass, length and Fulton’s condition factor (K ) of
fish in each treatment, where K = [mass (g) ×
100]/[length (cm)3]; Ricker 1975). Similarly, for fish
recaptured in the stream, ANOVA was used to compare treatment effect on the instantaneous growth
rate for both length (G L) and mass (G W). A post-hoc
Tukey-Kramer analysis was conducted if ANOVAs
were significant. Length and mass data were log
transformed to equalize variance among treatments,
except when used to calculate the instantaneous
growth rate. A Fisher’s exact test was used to compare both the number of instream recaptures relative
to the total number of fish per treatment that did not
pass a station and survival to S1 and S2 relative to the
total number of treated fish between treatments. The
variation reported with all values is given as standard
deviation (± SD). All analyses were performed in JMP
v. 9.0.2 (SAS Institute).
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Table 2. Salmo trutta. Recapture data from June 2012 for
recapture length, mass, and condition factor (Fulton’s condition factor K ). Variation is given as SD. There were no
significant differences among treatments
Treatment

Control
Sham
Low
High

No.
Length
recaptured (cm)
20
22
28
26

17.4 ± 2.2
17.2 ± 1.8
16.8 ± 2.2
16.0 ± 1.9

Mass
(g)

Condition
factor (K )

56.5 ± 24.8
55.8 ± 18.0
53.9 ± 24.2
45.7 ± 19.7

1.02 ± 0.06
1.07 ± 0.08
1.08 ± 0.07
1.06 ± 0.09

In total, 771 trout were PIT tagged and treated in
roughly equal numbers (Table 1). There were no significant differences among treatment groups in terms
of initial mass (ANOVA, F = 0.056, df = 3, p = 0.982),
length (ANOVA, F = 0.036, df = 3, p = 0.991), or Fulton’s condition factor (ANOVA, F = 1.645, df = 3, p =
0.178; Table 1).

from the different treatment groups were recaptured (Table 2), with no significant difference in
total number (Fisher’s exact test, p > 0.300 for all
combinations). In terms of instantaneous growth
rate for mass, there was no significant difference
between the CO and SH treatments (0.65 ± 0.19 g
d−1 and 0.50 ± 0.20 g d−1, respectively; ANOVA, p =
0.056; Fig. 2A). However, the LW and HI treatments
had a significantly lower G W than the CO treatment (0.48 ± 0.18 g d−1 and 0.41 ± 0.22 g d−1, respectively; ANOVA, p < 0.001; Fig. 2A). For lengthspecific growth, all treated fish had significantly
lower G L than CO fish (ANOVA, p < 0.001; Fig. 2B).
While not significant, there was a decreasing trend
in G for both length and mass with the presence
of cocoa butter and an increasing concentration of
cortisol (Fig. 2). The length, mass, and condition
factor did not differ among treatments (ANOVA, all
p > 0.100; Table 2).

In-stream recaptures

Migration timing

A total of 96 trout were recaptured during the
second sampling of the system that occurred on
June 25 and 26. Roughly equal numbers of trout

In total, 445 and 381 trout were detected passing
S1 and S2, respectively. Of the 381 trout that
passed S2, 14 had not been previously detected at
S1. This allowed us to estimate the detection efficiency of S1 as 96.3%. We were not able to calculate detection efficiency to S2. Trout were detected
moving downstream from March 8 until June 8
(Days 68 and 160, respectively). There was a clear
‘peak’ in downstream migration that occurred from
April 10 to April 13. The majority of tagged trout
that passed through each station during the entire
migration period were detected during that 4 d
period (56.7% at S1 and 68.8% at S2). Neither
the average day of passage at S1 and S2 nor the
time (in days) to reach S1 or S2 was significantly
different among treatment groups (ANOVA, all p >
0.100; Table 3).

RESULTS
Tagging

Table 1. Salmo trutta. Mean initial length, mass, and condition (Fulton’s condition factor) for trout in the 4 different
treatments. Based on an ANOVA, there were no significant differences among treatments for these parameters.
Variation is given as SD
Treatment

No.

Length
(cm)

Mass
(g)

Condition
factor (K )

Control
Sham
Low
High

194
195
192
190

14.8 ± 2.4
14.6 ± 1.8
14.6 ± 1.8
14.7 ± 2.0

30.6 ± 15.2
30.2 ± 12.2
30.6 ± 13.1
30.7 ± 14.6

0.918 ± 0.059
0.925 ± 0.062
0.933 ± 0.070
0.922 ± 0.074
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1.0

Survival to stations

A

a

0.8

G W (g d–1)

a,b

b

b

0.6

0.4

0.2

0.0
Control

Sham

Low

High

0.30

DISCUSSION

B

a

G L (cm d –1)

0.25
b

0.20

b
b

0.15
0.10
0.05
0.00
Control

Sham

Low

High

80

S1

C

S2

a

Survival (%)

60

Trout in the HI treatment had significantly lower
migration survival to S1 and S2 than trout in the CO
treatments (Fisher’s exact test; p = 0.0303 and p =
0.0189, respectively; Table 3, Fig. 2C). Survival to S2
for HI treated fish was also significantly lower than
SH trout (Fisher’s exact test; p = 0.042). There were
no significant differences in survival between the
other treatments (Fisher’s exact test; p > 0.100).
Although not significant, there was a general trend
towards lower survival with treatment and increasing cortisol concentration (Table 3, Fig. 2C).

a,b
c

a,b
c

b

Small-scale environmental changes can cause
long-term or chronic levels of stress in fishes (Pickering & Stewart 1984). Therefore, modifications to the
natural environment are a potential source of stress
for juvenile trout in their natal habitat. Furthermore,
the impact of these stressors on a trout’s physiological
state during its transition to the ocean has important
implications for the long-term viability of a population and is critical for maintaining a productive
fishery. Using a combination of PIT telemetry and
cortisol manipulation, we undertook one of the first
experiments to test whether chronic stressors have
carryover effects on individual survival, out-migration behaviour, and growth of wild, free-swimming
sea trout smolts. Broadly, there was a consistent
decreasing trend for growth and survival based on
the degree of the stress that was applied.

c,d
d

40

Growth

20

0
Control

Sham

Low

High

Treatment
Fig. 2. Salmo trutta. Response of brown trout to 4 treatments:
control (only PIT tagged), sham (PIT tagged and injected
with cocoa butter), low-dose cortisol (PIT tagged and treated
with a 25 mg kg−1 solution of cortisol) and high-dose cortisol
(PIT tagged and treated with a 100 mg kg−1 solution of
cortisol). Instantaneous growth rate for (A) mass (G W; g d−1)
and (B) length (G L; cm d−1). (C) Migration survival (%) to
PIT stations (S1 and S2) for the 4 treatments. Values are
means ± SD; different letters show significant differences
at p < 0.05

Carryover effects are known to occur in wild populations of brown trout where, despite a starved individual’s ability to make up for a weight deficit, their
survival is still depressed over the long-term (Johnsson & Bohlin 2006). Similarly, the long-term fitness
of a fish can be depressed by cortisol manipulation
(Gamperl et al. 1994, Schreck 2010). In this study, we
observed a decrease in length- and mass-specific
growth rate for recaptured trout that were part of the
cortisol treatment groups (HI or LW) in comparison to
the CO, but not compared to SH trout. Pre-smolt condition and growth in their natal freshwater streams is
a critical period for ensuring a trout’s long-term survival in the ocean, since larger fish entering the
ocean often have higher survival rates (Rasmussen
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Table 3. Salmo trutta. Timing of detection at PIT stations (S1 and S2) and the percentage of trout from each treatment that
passed each station. Different superscript letters for the proportion of fish reaching S1 and S2 as well as the number moving
between S1 and S2 denote significant differences between treatment groups based on a Fisher’s exact test (p < 0.05). No letters
signifies no differences among treatments. Variation is given as SD
Treatment

Initial
no.

%
reaching
S1

No. of days
to S1

Day
of
S1 passage

%
reaching
S2

No. of days
from
S1 to S2

Day
of
S2 passage

% moving
from
S1 to S2

Control
Sham
Low
High

194
195
192
190

64.1a
61.9ab
57.8ab
54.2b

33.0 ± 10.8
34.9 ± 9.6
36.0 ± 12.6
32.6 ± 11.2

101.4 ± 10.9
103.2 ± 9.5
104.1 ± 12.3
100.9 ± 11.1

53.9a
52.3a
50.0ab
41.6b

3.8 ± 5.7
3.4 ± 5.6
2.7 ± 5.7
4.7 ± 7.2

104.8 ± 11.7
105.1 ± 9.0
106.1 ± 11.2
103.0 ± 11.5

84.0
84.2
86.5
76.7

All Trout

771

60.0

34.1 ± 11.1

102.4 ± 11.0

49.4

3.6 ± 6.0

104.8 ± 10.9

83.0

1986, Bohlin et a. 1993, Jonsson et al. 1991). Therefore, the observed lower growth rates in treated fish
(SH, LW and HI) are evidence of a carryover effect
from the early spring treatment, suggesting that
stressors in their natal habitat can potentially decrease their long-term fitness.
Johnsson & Bohlin (2006) documented compensatory growth in brown trout following a period of starvation. While we were unable to determine if such
growth occurred in this study, given sufficient time
it is possible that treated fish that experienced an
allostatic load would eventually be able to recover
such that their length and mass were similar to that
of the control group. In Johnsson & Bohlin (2006), it
took 1 mo for trout to compensate for impaired body
condition, whereas for length, it took some individuals up to 5 mo. In the current study, resident trout
were recaptured within ~3 mo, sufficient time for
compensatory growth to improve their body condition. Unfortunately, we were not able to assess the
instantaneous growth rates for trout that migrated
from the system, although it is possible that growth
would be even further depressed since migratory
individuals tend to have higher metabolic rates than
resident fishes (Forseth et al. 1999, Cucherousset et
al. 2005). Future studies should attempt to assess the
condition and growth rates of out-migrating individuals by re-capturing them along their migration
pathway.

Migration timing
Despite the risks associated with migrating to the
ocean, it is still beneficial for trout to undertake
this migration because of the long-term benefit of
increased reproductive capacity (Jonsson 1985). In
freshwater tributaries, trout that grow faster and
smoltify more quickly tend to migrate prior to smaller

trout (Rasmussen 1986, Bohlin et al. 1993). Therefore,
based on our observed depression in growth following treatment, we expected to see differences in
the timing of treated versus untreated trout. Instead,
treatment did not impact migration timing (i.e.
stressed fish did not leave earlier or later to compensate for lower growth rates). Smolt status (resident or
migratory) is largely determined in the fall and
dependent on a trout’s condition at that time (Metcalfe 1998). Therefore, despite the observed changes
in length and mass following an early spring stressor
(as seen in the recaptured individuals), all migratory
trout still proceeded to exit the system at the same
time. Furthermore, since there were no significant
differences in terms of the number of trout recaptured from each treatment, it does not appear that an
early spring stressor influences their ultimate smolt
status.
While physiological status may determine whether
a fish remains in a system or migrates out of the
system (Nielsen et al. 2004, 2006), there is evidence
that the actual timing of migration is more linked to
environmental factors including photoperiod, temperature and water discharge (Hoar 1988, Aarestrup
et al. 2002, Jonsson & Jonsson 2002). Synchronized
migration (i.e. migrating en mass), which may occur
during periods of high flow, helps to reduce predation by increasing turbidity in the water, decreasing
the amount of time it takes to exit the system, and
reducing the probability of predation for individuals
within a larger group (Aarestrup et al. 2002). Therefore, while a springtime stressor may change the
growth patterns of individual fish, they will still
migrate at the same time as other, less stressed individuals. Consistent migration timing has important
implications for sub-populations that experience
greater stressors than other populations in their region. If all trout are migrating at approximately the
same time, then trout that experience a stressor in

Mar Ecol Prog Ser 496: 135–144, 2014

142

their natal grounds will ultimately be less successful
because they will undertake the migration in an inferior condition. While it has been shown that stressed
individuals can compensate for early stressors and
the resulting growth depression (Johnsson & Bohlin
2006), if there is not sufficient time for juvenile trout
to compensate for this stressor (as in this study with
an early spring stressor), they will likely be less successful in the ocean.

Survival
Migratory species are naturally exposed to higher
levels of predation than their more resident counterparts (Gross et al. 1988), a pattern documented for
brown trout (Elliott 1993). Despite the energetic
advantages of migrating to the ocean, mortality
rates can be double for trout that reach the ocean
(0.25% d−1 in the ocean, 0.12% d−1 for resident fish;
Elliott 1993). In addition, along the migratory pathway, mortality rates may also be quite high with documented mortality values ranging from 20 to 34%
within a few days of entering the estuary (Jepsen et
al. 2006, Koed et al. 2006). In a natal stream, we
observed significantly fewer HI fish passing both
stations in comparison to CO fish. There was also a
general trend towards fewer fish passing the arrays
with increasing cortisol dosages. Because we observed no differences among treatments in the number of recaptures, the observed decrease in passage
was likely the result of increased in-stream mortality
during migration for the treatment groups. O’Connor
et al. (2010) observed increased locomotor activity in
cortisol-treated fish, and since increased activity is
associated with an increased risk of predation (Jönsson et al. 1996), the observed decrease in survival of
HI trout could be driven by increased activity. However, it should be noted that if increased activity by
HI trout was the main driver in their reduced survival, we would also expect lower numbers of HI
individuals among our recaptures, which was not
observed. It is also possible that cortisol treatment
affected immunocompetence (Carlson et al. 1993,
Espelid et al. 1996) such that disease contributed
to mortality; however, we did not evaluate posttreatment immune function or disease burden. It is
therefore likely that compared to migratory CO trout,
multiple compounding issues act to decrease survival of
migratory HI trout including lower length- and massspecific growth rates, decreased survival in-stream
(whether due to predation or disease), and ultimately
decreased survival upon reaching the ocean.

Techniques
PIT telemetry was a critical component of this study
as it allowed us to tag and individually identify
hundreds of fish rapidly, inexpensively, and with assumed minimal negative side effects (Ombredane et
al. 1998, Gries & Letcher 2002, Zydlewski et al. 2006).
This technology is ideally suited for application in
stream systems where fish cannot avoid the antenna
array. The paired use of antenna allowed us to determine the direction of fish movement and resulted in
high levels of detection efficiency (> 95%) relative to
previous studies (Zydlewski et al. 2006). The most
important advantage of this technology is that the
tags will continue to function indefinitely allowing us
to monitor the return migration of trout back into the
Gudsø Stream. Although we did not conduct a tag
retention study, previous tag retention studies on
juvenile salmonids reveal high (i.e. > 99%) retention
of PIT tags such that tag loss is unlikely to be contributing to observed patterns (Gries & Letcher 2002).
While the pairing of PIT telemetry with cortisol
manipulation enabled us to individually assess a
trout’s response to a stressor, there are some limitations regarding cortisol manipulations that should be
acknowledged. When cortisol is released following a
natural stressor, its concentration typically decreases
following a peak at ~24 h due to a negative feedback
loop (reviewed in Mommsen et al. 1999). The artificial increase in cortisol used in this study overrides
this feedback and prolongs the stress response beyond a natural timeline. While this is a cause for
concern, intracoelomic injection has been widely
used (see Gamperl et al. 1994) since currently there
are few alternatives that allow for the release of
treated fish back into their natural setting. As such,
the results presented in this study likely represent
the extreme spectrum of possible outcomes for chronically stressed fishes. In addition, we did not measure cortisol titers in fish following injection. However, there have been numerous other studies that
involve use of cortisol injection in a cocoa butter
carrier on Salmo trutta (Pickering et al. 1982, Pickering 1989, Fevolden et al. 1991, Pottinger et al. 1992)
such that there are well-established relationships
between dose and subsequent level and duration of
cortisol elevation. A surprising finding of this study
was the apparent impact of the cocoa butter itself.
Despite its previous successful use as a vector for
cortisol for brown trout, we still observed significant
impairment (relative to the CO group) in lengthspecific growth. Furthermore, despite a decreasing
trend with the degree of treatment, the SH group was
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not statistically different from the cortisol-treated
groups for length- and mass-specific growth, survival
to S1, and survival to S2 (only for LW treatment). This
would suggest that for wild trout, the intracoelomic
injection of cocoa butter might act in a similar manner as an artificial elevation of endogenous cortisol.
In conclusion, using a combination of biotelemetry
and a physiological manipulation we were able to
track fitness-related endpoints of sea trout and show
that a pre-migration experimental stressor increased
in-stream mortality and impaired body condition.
The long life span of PIT tags will enable us to continue to track fitness at an individual level and determine whether effects from a pre-migration stressor
carryover as they grow and develop in the ocean and
eventually return to their natal habitat to spawn.
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