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Semelparous Pacific salmon (Onchorynchus spp.) serve as an excellent model for examining the relationships
between life history, behavior and individual variation in glucocorticoid (GC) stress hormone levels because
reproductive behaviors are highly variable between individuals and failure to reproduce results in zero
fitness. Pink salmon (O. gorbuscha) were intercepted upon arrival at the spawning grounds across three time
periods. Pre-stress and stress-induced plasma cortisol concentrations were assessed in relation to behavior,
longevity and reproductive success. Results revealed differences between sexes and with arrival time. The
study period marked a year of high reproductive success and only nine females (12% of sample) failed to
spawn. Female pre-spawn mortalities were characterized by significantly elevated stress-induced cortisol
concentrations and decreased longevity as well as pre-stress cortisol above the normal range in pink salmon
from the study area. Interestingly, reproductive behaviors were only associated with pre-stress cortisol levels.
For females, aggression and mate interaction time were reduced in individuals with elevated pre-stress
cortisol concentrations. In males, a similar negative relationship between pre-stress cortisol concentration
and mate interaction time was detected. The observed behavioral correlations are likely a factor of social
status where dominant individuals, known to have higher reproductive success, are characterized by lower
cortisol levels relative to subordinate conspecifics. Findings show both elevated pre-stress and stress-induced
cortisol concentrations at arrival to the spawning grounds to be associated with reduced survival.
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Introduction

Individual variation in glucocorticoid (GC) stress hormones are
thought to mediate life history trade-offs (Ricklefs andWikelski, 2002)
and behavior (Koolhaas et al., 1999). However, fish remain an
underused model to assess these relationships (Mommsen et al.,
1999; Wingfield, 2003) despite wide variation in reproductive
strategies and behavior as well as a thorough understanding of their
stress physiology (see Barton, 2002;Mommsen et al., 1999;Wendelaar
Bonga, 1997). When teleost fish are exposed to an acute stressor, the
hypothalamic-pituitary-interrenal (HPI) axis is activated resulting in an
increase in circulating cortisol concentrations. Cortisol, the primary GC
hormone in fish, acts to mobilize energy stores allowing the individual
to cope with the stressor (Barton, 2002; Wendelaar Bonga, 1997). As
this steroid is synthesized and then secreted upon demand, levels begin
to rise several minutes after exposure to a stressor. It is therefore
possible to measure pre-stress (baseline) concentrations as well as
stress-induced values (the absolute post-stress value) and the total
response (change from pre-stress to stress-induced concentrations)
within an individual (Romero, 2004). These measures exhibit consid-
erable variability that is shown to be consistent within an individual
(Pottinger et al., 1992; Romero and Reed, 2008).

Recent interest has emerged in linking variation in GC titers with
measures of individual fitness across a range of taxa (Bonier et al.,
2009a; Breuner et al., 2008). The “Cort-Fitness hypothesis” has been
proposed whereby elevated pre-stress cortisol levels are assumed to
indicate an individual or population of reduced relative fitness (Bonier
et al., 2009a). The physiological response to acute stress is also an
adaptive mechanism that facilitates escape from challenging situa-
tions (Wingfield et al., 1998). Therefore, intuitively, it would seem
that a greater stress response would have positive fitness effects.
However, launching a stress response is energetically demanding.
Given the energy available to an animal is finite, this stress response
results in the reallocation of energy away from costly activities (i.e.
territoriality, courtship and immune defense) to self-maintenance
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and current survival (Ricklefs and Wikelski, 2002; Wingfield et al.,
1998). Studies correlating GC concentrations with direct measures of
fitness have yielded inconsistent results (Bonier et al., 2009a; Breuner
et al., 2008). A common thread throughout the literature is that these
relationships are highly context dependant, being influenced by a
variety of factors including life history stage (Bonier et al., 2009b),
environmental stability (Angelier et al., 2009) and energetic con-
straints (Angelier et al., 2010; Cote et al., 2010). For example, as
animals adopt strategies that maximize individual fitness, short-lived
animals with a greater investment in reproduction will likely not
exhibit the same trade-offs between survival and reproduction (i.e.
Ricklefs and Wikelski, 2002) as long-lived animals with future
breeding opportunities (Wingfield and Sapolsky, 2003). However,
physiological diversity is maintained in all cases and very little is
known regarding the consequences of this diversity in semelparous
species.

Semelparous Pacific salmon (Oncorhynchus spp.) serve as an
interesting and practical model for exploring performance correlates
of GCs. Fitness metrics such as spawning behavior and reproductive
success can be easily quantified (Healey et al., 2003; Mehranvar et al.,
2004; Quinn, 1999) and lifetime reproductive output is compressed
into a single breeding effort allowing for direct quantification of
fitness. Cortisol has both inhibitory and stimulatory effects in Pacific
salmon. Stress indicators (e.g. osmolality, lactate, plasma cortisol and
glucose) markedly increase in the transition to freshwater (Cooke
et al., 2006a; Cooke et al., 2006b; Crossin et al., 2009) and throughout
the migration (Crossin et al., 2003; Hendry and Berg, 1999). These
elevated concentrations assist with natal stream homing (Carruth
et al., 2002) and can accelerate ovulation (Schreck, 2010) but also
cause tissue degeneration (Hendry and Berg, 1999; Maldonado et al.,
2000) and suppress immune function (Maule et al., 1996). The
physiological profiles of spawning Pacific salmon are unique. Most
notably, cortisol levels are exceptionally high. The HPI axis becomes
hyperactivated and hyperadrenocorticism occurs as a result of
hyperplasia of the interrenal cells (Robertson et al., 1961). In fact,
post-spawning mortality is largely due to the deleterious effects of
excessive levels of cortisol. High concentrations are linked to a sys-
tematic degeneration of glands and organs that cumulates in
programmed death (McQuillan et al., 2003; Robertson and Wexler,
1959).

In addition to the emergence of disease and the onset of somatic
degeneration, Pacific salmon are also limited by energy on the
spawning grounds. Once in freshwater, they cease feeding and depend
entirely on endogenous energy reserves. Over 50% of body energy is
required to reach the spawning grounds (Crossin et al., 2004) and
upon arrival, highly aggressive behavior and territoriality pose
additional stress and energetic costs (Healey et al., 2003). Females
compete for access to quality nest sites and defend their territories
(Essington et al., 2000) and in males, aggression determines access to
mates (Healey et al., 2003). Spawning behaviors in Pacific salmonhave
been quantified in relation to energy allocation (Healey et al., 2003),
reproductive success (Mehranvar et al., 2004) and pre-stress stress
indicators (Hruska et al., 2010), but not to our knowledge in relation to
acute GC concentrations.

In this study we characterized pre-stress and stress-induced levels
of circulating cortisol concentrations in pink salmon (O. gorbuscha) on
the spawning grounds across three different arrival times in relation to
behavior, longevity (total time in the channel) and reproductive
success (percentage of eggs released, in females only). Longevity has
fitness consequences for both sexes. Formales, the longer they sustain
reproductive maturity in the channel, the more likely they are to mate
with multiple females and the longer a female defends a nest, the less
likely it will be dug up by subsequent females (Quinn and Foote, 1994).
We hypothesized that cortisol concentrations would differ between
sexes and with arrival date. Given previous comparisons of cortisol
concentrations between sexes of mature Pacific salmon (Donaldson
and Fagerlund, 1972), we predicted concentrations would be higher
in females. With respect to arrival date, later-arriving fish arrive in
an advanced state of maturity and cortisol concentrations increase as
Pacific salmon mature and approach senescence (McQuillan et al.,
2003). However, animals with high reproductive investment are ex-
pected to have an attenuated stress response (Wingfield and Sapolsky,
2003). Therefore, we predicted pre-stress cortisol levels would
increase but stress-induced cortisol would decrease with arrival
date. Our second hypothesis was that cortisol concentrations would
differ between reproductively successful and unsuccessful females.
Maintaining elevated GCs is energetically costly (Wingfield and
Sapolsky, 2003) and spawning fish have very limited energy re-
sources (Crossin et al., 2004). We predicted that those fish with
elevated levels of pre-stress and stress-induced cortisol would have
decreased longevity and spend fewer days on a redd. Lastly, we
hypothesized that cortisol plays a role in defining reproductive be-
haviors within an individual. In juvenile salmonids, subordinate social
status is a chronic stressor characterized by elevated baseline cortisol
levels (Gilmour et al., 2005) and in populations of rainbow trout (O.
mykiss), individuals with a consistently low cortisol response to
standardized stressors become socially dominant (Øverli et al., 2000).
We therefore predictedmore aggressive, dominant individuals to have
decreased pre-stress and stress-induced cortisol. However, we also
predicted for an effect of size, as larger fish are known to hold
dominant positions in some species of Pacific salmon (Foote, 1990).

Methods

All work was conducted in accordancewith CCAC guidelines under
an animal care permit obtained from Carleton University and Fisheries
and Oceans Canada. Research was carried out in October 2009 at the
Weaver Creek Spawning Channel, located in the lower Fraser valley in
British Columbia, Canada (Fig. 1). The 2930 m long and 6.1 m wide
artificial spawning channel is approximately 100 km from the mouth
of the Fraser River and 2 km downstream of Harrison Lake (Quinn,
1999; Fig. 1). The spawning channel was constructed from a small
tributary of the Fraser River to enhance salmon production, par-
ticularly sockeye (O. nerka), but chum (O. keta) and pink salmon are
also present and abundant. In this closed system, gravel substrate is of
appropriate size for spawning (1.2–7.6 cm), depth is consistent (25–
30 cm), flow conditions are controlled and stable (0.4 m/s), and fish
densities are monitored (Quinn, 1999).

Physiological sampling and determination of reproductive success

Upon leaving the natural river system, fish ascend a pool and weir
fishway (distance of 15 m) to enter a concrete holding area from
which they are passed through a counting fence into the spawning
channel (see Fig. 1). This holding area is approximately 1.5 deep, 2.5
wide and 100 m long and has relatively high densities of all 3 species.
Water quality is monitored by Fisheries and Oceans Canada and
densities are adjusted accordingly to maintain adequate levels of
dissolved oxygen. How long a fish was resident in the holding area is a
function of arrival time and spawning channel management practices
(i.e. the number of each species in the channel at the time). Fish were
collected from this holding area in the fall of 2009 in three different
groups. Sampling groups were spread across the run representing
early (Oct. 5th), middle (Oct. 9th) and late (Oct. 13th) timing groups
from the population and all sampling occurred in the morning of each
day. The spawning arrival period for this species at Weaver Creek was
between ~Oct. 1st and 18th and based on external sexual character-
istics, level of maturity increased with arrival date. Many early
arriving fish entered in the channel but were not yet ready to spawn
and did not immediately form territories. It was assumed that
all fish at one sampling time were of similar maturity and had an



Fig. 1.Map detailing the study site. TheWeaver Creek Spawning Channel (C) is located in the lower Fraser River (B) in British Columbia, Canada (A). The artificial channel is part of a
natural creek system (1). Salmon leave the creek, swim up a fish ladder (2) and hold below the splitter shed (3) before entering the holding pool from which fish were sampled (4).
After sampling, fish were released to the channel to spawn (5).
Figure extracted with permission from Hruska et al. (2011).
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equal likelihood of passing through the counting fence and entering
the channel.

Given defined sexual characteristics, as soon as a fish was iden-
tified in the holding area, it could be dip-netted very rapidly with
limited disturbance to other fish. This allowed us to easily obtain equal
numbers of each sex. Immediately after capture, a standard stressor of
two minutes air exposure was applied. This stressor is known to
increase cortisol concentrations (Arends et al., 1999), and ensured
that all individuals were exposed to an equivalent magnitude of
stress. During air exposure, fish were held in a moistened, foam-lined,
V-shaped trough, sampled for approximately 1.5 mL of blood by
caudal puncture using 3 mL lithium-heparinized vacutainers (B.D.
Vacutainer, Franklin Lakes, NJ) with 21-gauge, 1.5″ needles and
tagged with a Peterson disk or cinch tag. Post sample collection,
pressure was applied to the sampling site to facilitate clotting. A
second blood sample was collected using the same procedure after
25 min to measure stress-induced cortisol. Between sampling times,
individuals were placed in black nylon fish bags (1 m×0.2 m) with
mesh ends oriented into the water flow in the channel. The second
blood sample was collected while fish remained in the fish bags and
fish were released into the channel immediately afterwards. Blood
samples were held in a water-ice slurry for no more than 45 min and
centrifuged for 5 min at 10,000 g (Compact II Centrifuge, Clay Adams,
Parsippany, NJ). Plasma samples were flash frozen in liquid nitrogen
and stored at−80 °C until analysis. Plasma cortisol concentration was
determined using a commercial radioimmunoassay kit (Immuno-
Chem Cortisol I25I RIA; MP Biomedicals, Orangeburg, NY) and a Cobra
Auto-Gamma counter (Hewlett-Packard, Palo Alta, CA), a procedure
commonly used to measure cortisol in fish plasma (Gamperl et al.,
1994). All samples were assayed together. Assay detectability is
3 ng mL−1 and intra-assay variability was 9.3±0.7%.

Thirty fish of each sex were processed from each timing group
resulting in a total of 180 fish. The early and late fish were tagged with
Peterson disk tags, and individuals were located in the channel by
walking its length twice-daily and reading the tags using binoculars.
Each fish was observed for ~30 s to determine the status of redd
establishment and calculate the total number of days on a redd (for
females). The point at which each fish left pooling aggregations to
create or defend territories was noted. As detailed behavioral
observations were carried out at the same time on a separate group
of fish (see below), fish from the middle group were not tagged to be
located in the channel due to time constraints. Instead these fish were
tagged with cinch tags fromwhich ID could be read upon retrieval but
not from shore. Dead fish were collected daily and longevity was
calculated as the number of days between initial sample and death.
Following the methods of Hruska et al. (2010), reproductive success
was determined (on carcasses) as the percentage of eggs remaining
relative to the expected number of eggs as determined by a fork-
length-to-egg-mass relationship constructed from ripe and non-
spawned females. It was not uncommon for small numbers of eggs
to be lost during processing or transportation to the lab. Therefore,
females releasing between 51 and 89% of their eggs (n=10) were
excluded from analyses of reproductive success as we could not
determine if they were partial spawners or had lost a portion of eggs
in transit and were actually non-spawners. For analyses, females that
released N90% of eggs were considered spawners (n=77), and those
that released b50% of eggs, non-spawners (n=9). According to this
method, we are able to definitely separate females that successfully
released most eggs from those that did not. Additionally, fish were
excluded that were never recovered from the channel (n=5), were
entirely scavenged by gulls (Larus spp.; n=2) or fromwhich wewere
unable to obtain either a pre-stress or stress-induced blood sample
(n=4).

Behavioral assessments

An additional group of 13 fish of each sex from the middle timing
group was used to conduct detailed behavioral observations in an
experimental arena. These fish were held in the spawning channel
in an area enclosed with Vexar rigid mesh netting (approximately



Table 1
Fork lengths (FL; mean±SE) and sample sizes for pink salmon (Onchorynchus
gorbuscha) sampled across 3 time periods from the Weaver Creek spawning channel.

Early
(Oct. 5th)

Middle
(Oct. 9th)

Late
(Oct. 13th)

Enclosure
(Oct. 9th)

FL n FL n FL n FL n

Males 52.7±0.7 28 50.2±1.8 22 53.4±0.7 28 51.8±0.7 13
Females 50.7±0.36 30 50.5±0.4 26 50.8±0.3 29 50.1±0.5 13
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5 m×2 m; Masternet, Mississauga, Ontario). Each individual was
observed from shore for 10 min daily until death and the order of
observation was randomly chosen each day. For both sexes, be-
havioral metrics included aggression score and mate interaction time.
Aggressive behaviors included chases, charges, and bites as described
by Healey et al. (2003). Aggression score was calculated for each fish
using an approach adapted from Mehranvar et al. (2004) as the total
number of attacks given minus the number of attacks received,
divided by the total observation time for each individual. Mate
interaction time was quantified for both sexes. For males it was the
time spent courting a female while either in a dominant or satellite
position. Foote (1990) identified four distinct social positions males
occupy on the spawning channel. The dominant male is that
individual closest to a females flank, competitor males are satellites
competing for access, sneak males hold position behind a mating pair
and occasionally enter the territory and loner males are not involved
with any female (Foote, 1990). Timing interaction times is a means to
quantify dominance as the dominant male would receive the highest
time, competitors the second highest as onemale would often leave as
a result of aggressive attacks and sneakmales would only receive time
when they approached the female. For females, mate interaction
time included the time courted by males and if courted by multiple
partners during one observation period, times with all mates were
included in the score. For both sexes, mate interaction time was
calculated as total time spent interacting with the opposite sex
divided by total observation time and multiplied by 100 to represent
the percentage of total observation time. For females, number of days
on a redd were also quantified.

Statistical analyses

Statistical analyses were conducted using SPSS Statistics 19.0
(2010). Residuals were examined for normal distributions using the
Shapiro–Wilk goodness-of-fit test and heterogeneity of variance was
assessed using Levene's test. Variables were log-transformed to meet
assumptions of normality where necessary. If log-transformation did
not yield normality, non-parametric statistical tests were used. All
regression models were conducted with a stepwise forward selection
procedure (P to enter=0.05, P to remove=0.10) and tested for mul-
ticollinearity by assessing variable variance proportions. If predictor
variables share high variance proportions on the same eigenvalue, the
assumption of multicollinearity is broken. Accuracy of the logistic
regression model was determined by analyzing residual statistics
according to Field (2009). The level of significance for all tests was
assessed at 0.05 (α). Means are reported±standard error of themean
(SEM).

Two-way ANOVAs was used to determine the effect of sampling
period and gender on transformed pre-stress cortisol, stress-induced
cortisol and fish size (FL). As longevity could not be transformed to
meet assumptions of normality, separate non-parametric tests
assessed differences between sex (Mann–Whitney U) and across
sampling periods (Jonckheere–Terpstra). Regression analyses were
conducted to determine predictors of spawning success (binary
logistic; spawners vs. non-spawners), days on a redd and longevity
(multiple regression). Preliminary analyses revealed longevity to
decrease with arrival time, likely representing individual maturity
upon arrival, and was thus included as a predictor of reproductive
success and days on a redd along with cortisol measures in females.
However, longevity is the only fitnessmetric formales and is known to
have fitness consequences in both sexes. To use longevity as a fitness
metric, we assumed fish from each sampling group were of equal
maturity and conducted multiple regressions within each sampling
group with pre-stress and stress-induced cortisol as predictors along
with sex (binary-coded). In the enclosure experiment, multiple
regression was also used to determine behavioral predictors (aggres-
sion score, mate interaction time) of success (number of days on a
redd, females; longevity, males) and physiological predictors (pre-
stress and stress-induced cortisol) of behavior (aggression score, mate
interaction time) in both sexes while including size (FL) as a predictor
in all cases.

We excluded the cortisol response (change from pre-stress to
stress-induced) from statistical analyses. In mature Pacific salmon, as
exceptionally high circulating cortisol concentrations are maintained,
stress-induced cortisol rather than the calculated response may be
more comparable to analyses of the response to iteroparous species
with near-zero baselines. Furthermore, preliminary exploratory
analyses revealed no trends with the cortisol response and a recent
review has suggested that absolute stress-induced concentrations of
GCs aremore likely to provide correct interpretations of data (Romero,
2004).
Results

Of 103 fish processed of each sex, we retrieved 98 females and 91
males (Table 1). Fish size (fork length; FL) did not differ across the
sampling periods (one-way ANOVA: F3,93=1.088, p=0.358; Table 1)
and was greater in males (52.6±0.38) than females (50.7±0.20;
Mann–Whitney U test: U=5696.0, z=4.279, Pb0.0001). FL was not
correlated with any measure of cortisol or reproductive success in
either sex. Two-way ANOVAs revealed an effect of gender (pre-stress
F1,181=100.1, pb0.0001; stress-induced F1,178=51.9, pb0.0001) and
sampling period (pre-stress F2,181=7.7, pb0.001; stress-induced
F2,178=14.8, pb0.0001) on cortisol concentrations but no significant
interaction effect (pre-stress F2,181=1.9, p=0.143; stress-induced
F2,181=0.6, p=0.549). In both measures and in both sexes, cortisol
did not differ between the early and middle run but was decreased in
the late run and females had higher cortisol concentrations thanmales
(Pre-stress: males 147.56±11.2, females 333.78±17.7; Stress-
induced: males 249.69±13.9, females 496.93±22.0; Fig. 2).
Fitness metrics and cortisol

Fitness metrics for females included percentage of eggs dropped,
number of days on a redd and longevity. Percentage of eggs dropped
did not differ between sampling groups (Kruskal–Wallis: H3=37.2,
pb0.0001). Females were grouped into spawners (n=73) or non-
spawners (n=9). Mean percentage of eggs dropped for spawners was
98.6±0.2 and 41.6% of sample released 100% all eggs (n=32). Mean
percentage of eggs dropped for non-spawners was 8.7±5.7 with 67.7%
of fish releasing no eggs (n=6). A significant binary logistic model
(X2

2=21.99, Pb0.0001) revealed stress-induced cortisol (Z1=9.61,
P=0.002) and longevity (Z1=6.94, P=0.008) to predict spawning
success (Table 2). Number of days on a reddwas significantly greater in
successful fish (Mann–Whitney U test: U=358.5, z=3.71, Pb0.0001;
Table 3), confirming this variable as an indirect fitness metric. Number
of days on a redd ranged from0 to 10 days andwas similar between the
early (4.0±0.5 days) and late (4.2±0.3 days) groups (Student's t-test:
t42=0.424, p=0.674). Longevity was the only significant predictor of
number of days on a redd (Multiple regression: R2=0.160, F1,66=
12.599, P=0.001). There was a positive relationship between these
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Fig. 2. Baseline (A) and stress-induced (B) cortisol concentrations between sexes and as
a function of arrival time for pink salmon (Onchorynchus gorbuscha) sampled from the
Weaver Creek Spawning Chanel in 2009. Bothmeasures of cortisol significantly differed
between sexes and across sampling times (Psb0.05) being greater in females and
dropping in the late sampling period in both sexes.

Table 3
Means of physiological parameters (baseline and stress-induced plasma cortisol
concentrations) and fitness proxies (longevity and number of days on a redd) for
reproductively successful (spawners that released N90% of eggs) and unsuccessful
(non-spawners that release b50% of eggs) female pink salmon (Onchorynchus
gorbuscha) sampled from the Weaver Creek Spawning Channel.

Means±SE

Spawners (n=9) Non-spawners (n=73)

Stress-induced Cortisol (ng mL-1) 481.59±21.2 712.85±68.8
Baseline Cortisol (ng mL-1) 317.19±18.0 436.12±78.1
Longevity (days) 9.10±0.4 6.56±1.2
Days on a Redd (days) 4.65±0.29 0.93±0.5
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variables. Logically, the more days a female spends in the channel
overall, the longer she protects a redd (data not shown).

Longevity did not differ between sexes (Mann–Whitney U test:
U=4861.0, z=1.360, P=0.17). In both sexes there was a significant
decreasing trend with arrival date (Jonckheere–Terpstra: males J=
477.0, z=−6.5, r=− .67 pb0.0001; females J=712.0, z=−5.8, r=
− .59 pb0.0001; Fig. 3), emphasizing its probable relationship with
maturity upon arrival. Assumingfish fromeach sampling periodwere of
similar maturity, multiple regression analyses were conducted within
each group separately to use longevity as a fitness metric but no model
was significant. That longevity did not differ between spawners and
non-spawners suggests that this is not a reliable measure of fitness in
this system (Mann–Whitney U test: U=470.5, z=1.76, P=0.078).
Table 2
Results from a binary logistic regression model assessing predictors of reproductive
success in female pink salmon (Onchorynchus gorbuscha) sampled at three different
times upon arrival to the Weaver Creek Spawning Channel. Significant differences
between spawners (released N90% of eggs) and non-spawners (released b50% of eggs)
are indicated in bold type.

B±SE P-value

Step 1 Constant 5.26±1.5 b0.0001
Stress-induced Cortisol (ng mL−1) − .05±.02 0.01

R2=0.11 (Cox and Snell), 0.23 (Nagelkerke), X2
(1)=9.78, P=0.002

Step 2 Constant 2.92±1.7 0.08
Stress-induced cortisol (ng mL−1) − .078±.03 0.002
Longevity (days) .49±0.19 0.008
Baseline cortisol (ng mL−1) 0.135

R2=0.24 (Cox & Snell), 0.47 (Nagelkerke), X2
(2)=21.99, Pb0.0001
Behavioral Metrics and Cortisol

Behavioral metrics included aggression score and mate inter-
action time. In females, behavior predicted number of days on a redd
(Multiple regression: R2=0.59, F1,11=15.71, P=0.002) where more
aggressive females spent more days on a redd. There was also a non-
significant positive association with mate interaction time but no
effect of size (FL). In males, there was a negative relationship between
mate interaction time and longevity (Multiple Regression: model
R2=0.41, F1,11=7.55, P=0.019) but no effect of aggression or FL.
This relationship can be attributed to the observation of mature fish
immediately taking position with a female and dying soon after
and less mature males that began courting females a few days after
arrival. Pre-stress cortisol predicted individual behavior in both sexes
(Fig. 4). In females, pre-stress cortisol concentrations upon arrival
predicted both aggression and mate interaction time (Multiple re-
gression: R2=0.33, F(1,10)=5.02, P=0.049 and R2=0.54, F(1,10)=
11.51, P=0.007, respectively). Neither stress-induced cortisol nor FL
were significant factors. Similarly in males, there was a negative
relationship between pre-stress cortisol and mate interaction time
(Multiple regression: R2=0.59, F(1,11)=5.99, P=0.032). There were
no significant associations between aggression and cortisol concen-
trations, or between aggression and FL.

Discussion

A recent review has suggested the need for more direct measures
of fitness in relation to the acute stress response (Breuner et al., 2008).
We accomplished this by linking reproductive success in a semelpa-
rous species to individual variability in circulating cortisol titers
following exposure to acute stress. Although other studies exploring
Fig. 3. Longevity, i.e. the number of days in the spawning channel from sampling to
death, for both sexes of pink salmon (Onchorynchus gorbuscha) as a function of
sampling time. There were no differences between sexes (PN0.05) and longevity
significantly decreased with sampling period (Pb0.05). Fish were sampled from the
Weaver Creek Spawning Channel.
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Fig. 4. Correlations between ranked behavioral metrics and cortisol concentrations for both sexes of pink salmon (Onchorynchus gorbuscha) sampled from the Weaver Creek
Spawning Channel and held in an experimental area within the channel. Pannels are regressions of the following in both sexes: mate interaction time and baseline [cortisol] (A),
mate interaction and stress-induced [cortisol] (B), aggression score and baseline [cortisol] (C), aggression and stress-induced [cortisol] (D). Greater mater interaction time and
aggression are characteristics of dominant fish.
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fitness correlates of the stress response have emerged since the
review (i.e. Angelier et al., 2009; MacDougall-Shackleton et al., 2009),
conclusions remain inconsistent and the present study is unique as
individuals are fully invested in reproduction and pre-stress cortisol
values are exceptionally high. While stress-induced cortisol predicted
spawning success, behavioral metrics were correlated with pre-stress
cortisol.

Characteristics of the stress response

Both sexes exhibited pre-stress and stress-induced cortisol levels
that were well above values reported for non-reproductive salmonids
(see Barton and Iwama, 1991). The higher cortisol concentrations of
females compared to males parallels previous research on several
species of Pacific salmon (e.g. Donaldson and Fagerlund, 1972; Hane et
al., 1966; Kubokawa et al., 1999) and is consistent with in vitro
experiments on HPI axis reactivity in sexually mature chinook salmon
(O. tschawytscha; McQuillan et al., 2003). As predicted and consistent
with evolutionary theory (Wingfield and Sapolsky, 2003), stress-
induced cortisol levels declined with sexual maturity. Pottinger et al.
(1995) observed a similar pattern in rainbow trout and suggested that as
rates of increase were similar in mature and immature fish, the cortisol/
ACTH feedback equilibrium was modified in mature fish to a lower “set
point”. Although the stress response is a mechanism allowing for
increased individual survival, it is also energetically consuming (Ricklefs
andWikelski, 2002). An attenuated stress response is therefore expected
in animals with limited opportunities to reproduce (Wingfield and
Sapolsky, 2003).When reproduction is of primary value, fitness benefits
of the stress response are lost and suppression acts to conserve energy.

As condition deteriorates in mature Pacific salmon, cortisol me-
tabolism is inhibited and concentrations peak, ultimately leading to
senescence (Barry et al., 2010). Therefore, the finding of decreased
pre-stress cortisol concentrations in later arriving and consequentially
more mature fish was surprising and contrary to our predictions. As
these fish were sampled at arrival and several days before spawning,
these unexpected results are likely a function of study specimens not
yet being of sufficient maturity that cortisol metabolism is inhibited.
We therefore did not witness the characteristic peak that accom-
panies spawning and senescence. Reasons for the decrease in cortisol
concentrations in the late run remain speculative but indicate that at
this stage, fish are still able to metabolize cortisol. Perhaps the stress
response has become muted due to excess exposure to stress (see
Romero, 2004).

Fitness correlates of cortisol concentrations

Pre-spawnmortality is common across all species of Pacific salmon
and the causes of this phenomenon remain unclear (Cooke et al.,
2004; Quinn et al., 2007). Several theories exist. The physiological
stress hypersecretion hypothesis suggests that fish with higher levels
of cortisol die earlier (Barry et al., 2010; Hruska et al., 2010) and the
energy exhaustion hypothesis suggests that fish die once a critical
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minimal energy threshold is breached (Hruska et al., 2010). Finally, it
has been predicted that successful fish will arrive early and have
greater longevity (Hruska et al., 2011). These theories do not however
extend to consequences of stress-induced cortisol or the stress
response, known to negatively affect survival in birds and reptiles
(e.g. Blas et al., 2007; MacDougall-Shackleton et al., 2009; Romero
and Wikelski, 2001). Our results reveal unsuccessful females to be
characterized by elevated stress-induced cortisol, fewer days on a
redd and decreased longevity. Correspondingly, Hruska et al. (2011)
reported that spawned fish lived approximately 2 days longer
than non-spawners. Although our results of reduced fitness being
associated with elevated stress-induced cortisol levels are consistent
with previous findings, given the unique physiological characteristics
of Pacific salmon on the spawning grounds and an over stimulated HPI
axis, the implications and underlying mechanisms of this relationship
may not be comparable. Perhaps failure to spawn is a stressor itself or
that other factors underlying this inability are the cause of elevated
cortisol concentrations.

Differences in pre-stress cortisol between spawners and non-
spawners were not statistically significant but we would argue for
biological significance. Average pre-stress cortisol for spawners was
within the range of levels typical of female pink salmon atWeaver Creek
(250 to 350 ng mL−1; McConnachie, 2010) whereas those for non-
spawners were considerably higher (from 413.1 to 546.2 ng mL−1),
providing support for the cortisol hypersecretion hypothesis. However,
with only 12%of sample failing to spawn, thepower of our results is low.
The Weaver Creek Spawning channel is an artificial habitat that has
been optimized for successful spawning. Densities aremuch lower than
in the wild, and both substrate and flow are ideal. More variability in
reproductive success might occur in a natural setting.

Reproductive success was only detectable in females. As males
continually generate sperm, we lacked a direct measure of fitness.
Males also adopt several different reproductive strategies which
further obscures quantifying fitness. Longevity is thought to provide
an indirect measure of fitness for both sexes (Quinn and Foote, 1994).
However, based on our observations of early fish arriving in a less
mature state and not immediately forming territories (females) or
courting females (males) along with a significant decreasing trend of
longevity with arrival group, longevity is perhaps more indicative of
maturity upon arrival. Furthermore, we observed no behavioral or
physiological predictors of longevity, as with other fitness measures
(females only). To use longevity as a measure of fitness, level of
maturity between individuals must be controlled for by, for example,
measuring gonadal steroid hormones.

Behavioral correlates of cortisol concentrations

In both sexes, behavior was related to pre-stress but not stress-
induced cortisol. Females with elevated pre-stress cortisol concen-
trations upon arrival had lower aggression scores and aggression
predicted number of days on a redd. These results are consistent with
previous literature (e.g. Gilmour et al., 2005). However, there was no
relationship between aggression and cortisol in males. In fish,
androgens, and especially 11-keto testosterone in males is the
primary predictor of behavior, including aggression (Borg, 1994).
Alternatively, behavioral correlates of cortisol occur as a result of
agnostic interactions in hierarchal fish (Gilmour et al., 2005). Male
aggression is also highly dependent on overall density and the op-
erational sex ratio (OSR). The even OSR used in this study was much
lower than in natural settings as usually the proportion of males to
females is greater than 50:50 (Quinn et al., 1996). The dominant male
attempts to monopolize access to females and subordinate males take
on satellite positions surrounding the pair (Foote, 1990). According to
Quinn (1996), this is achieved easier at low OSRs as competition
between males is decreased. At high OSRs, the male may need to be
more aggressive to attain a dominant status with a female. Indeed, we
observed the dominant male to hold position with a female and the
majority of aggression occurring amongst satellite males. This
observation provides a potential explanation for the lack of relation-
ship between aggression score and pre-stress cortisol as predicted for
social salmonids. The significant negative relationship between pre-
stress cortisol at arrival and mate interaction time also supports this
explanation and implies a role for pre-stress cortisol in determining
social status in spawning males. Consistent with previous research on
physiological characteristics of dominance hierarchies in juvenile
salmonids where subordinate fish show increased pre-stress cortisol
concentrations (Gilmour et al., 2005), the dominant individual
(greater mate interaction time in males, aggression in females) has
decreased pre-stress cortisol levels upon arrival.

In contrast to our predictions and contrary to previous work
(Foote, 1990), we saw no associations between aggression and fork
length. However, most research of physiology and behavior in mature
Pacific salmon has focused on sockeye salmon. Contrary to other
Pacific salmon, pink salmon have a fixed two-year life-cycle making
all spawning individuals exactly 2 years of age (Heard, 1991).
Therefore, lack of size variation and species-specific differences in
behavior and physiology could account for observed inconsistencies
with previous research. We also predicted behavior to be correlated
with stress-induced cortisol. However, these predictions were based
on findings from iteroparous salmonids (see review by Øverli et al.,
2005). With semelparity, it has been theorized that reproductive
behavior would be decoupled from the stress response (Breuner et al.,
2008) as reproduction must occur despite environmental or social
stressors (Wingfield and Sapolsky, 2003).

Conclusions

Our results find cortisol levels in pink salmon to predict both direct
and indirect fitness measures. Pre-stress cortisol concentrations were
associated with individual behavior. Dominant fish are known to have
greater reproductive success (Chebanov et al., 1983; Quinn and Foote,
1994) and we observed individuals showing signs of dominance to
have relatively lower pre-stress cortisol and spend more days
protecting a redd (females only). Additionally, non-spawning females
had pre-stress cortisol concentrations beyond the normal range for
pink salmon of the study population. Unsuccessful female fish were
also characterized by elevated stress-induced cortisol concentrations
and decreased longevity. In reptiles, elevated GCs are known to
increase energy expenditure (Cote et al., 2006). As pink salmon have a
minimum energetic threshold (Crossin et al., 2003), increased energy
expenditure attributed with this elevated cortisol in response to acute
stress could likely influence longevity on the spawning grounds and
reproductive success. Romero and Wikelski (2001) suggested that
when in exceptionally poor condition with little chance of survival, a
surge in the physiological response to stress may act to mobilize
energy as a final effort of survival. The few non-spawning individuals
with abnormally high stress-induced cortisol in response to acute
stress may have arrived to the spawning grounds in an advanced state
of deterioration, perhaps due previous stress exposure. Severe
conditions act as a mechanism of natural selection (Brown and
Brown, 1998), thus exerting selective pressure on physiological traits.
Individual differences in responses to acute stress, especially in
challenging situations or when body condition is low, could therefore
be a substrate for natural selection for Pacific salmon as suggested by
Romero and Wikelski (2001) for Galapagos marine iguanas during El
Nino years of low food availability.

Stress-induced cortisol however did not predict indirect measures
of fitness (number of days on a redd) or behavior. Our results suggest
that abnormally elevated GCs indicate a poor quality individual
unable to cope with the physiological demands of an extremely
challenging reproductive strategy. We also observed indirect fitness
consequences of elevated pre-stress cortisol concentrations. Perhaps
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in a systemwith greater variability in reproductive success or in a year
of lower survival, we would see a stronger direct effect of pre-stress
cortisol thus providing support for both the cort-fitness hypothesis
(Bonier et al., 2009a) and the cortisol hypersecretion hypothesis
(Hruska et al., 2010). Although our findings do confirm clear negative
association between cortisol concentrations and survival in pink
salmon on the spawning grounds, it is unknown if this is in fact a
causal relationship. There remains much to be learned regarding the
evolutionary consequences of individual variability in themechanistic
capacity to respond to stress in semelparous species, especially among
varying levels of reproductive success within a population.
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