
Sex‐Specific Consequences of
Experimental Cortisol Elevation
in Pre‐Reproductive Wild
Largemouth Bass
CONSTANCE M. O'CONNOR1*,
MICHAEL NANNINI2, DAVID H. WAHL3,
SAMANTHA M. WILSON1, KATHLEEN M. GILMOUR4,
AND STEVEN J. COOKE1,5
1Fish Ecology and Conservation Physiology Laboratory, Ottawa‐Carleton Institute of Biology,
Carleton University, Ottawa, Ontario, Canada
2Sam Parr Biological Station, Illinois Natural History Survey, Kinmundy, Illinois
3Kaskaskia Biological Station, Illinois Natural History Survey, Sullivan, Illinois
4Department of Biology, University of Ottawa, Ottawa, Ontario, Canada
5Institute of Environmental Science, Carleton University, Ottawa, Ontario Canada

The stress response is initiated to increase the chance of survival
and promote recovery following a challenging event (Wingfield

et al., '98; Sapolsky et al., 2000). However, if challenges are
persistent or repeated, the stress response becomes chronically
activated, and the same physiological processes that initially
promoted survival and recovery become deleterious (Sapolsky
et al., 2000; Romero, 2004). In either case, the stress response
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ABSTRACT Experimental implants were used to investigate the effect of elevated cortisol (the primary stress
hormone in teleost fish) on energetic and physiological condition prior to reproduction in male and
female largemouth bass (Micropterus salmoides). Fish were wild‐caught from lakes in Illinois, and
held in experimental ponds for the duration of the study. Between 9 and 13 days after cortisol
treatment, and immediately prior to the start of the reproductive period, treated and control animals
were sampled. Females exhibited lower muscle lipid content, lower liver glycogen content, and higher
hepatosomatic indices than males, regardless of treatment. Also, cortisol‐treated females had higher
hepatosomatic indices and lower final mass than control females, whereas males showed no
differences between treatment groups. Finally, cortisol‐treated females had higher gonadal cortisol
concentrations than control females. In general, we found evidence of reduced energetic stores in
female fish relative to male fish, likely due to timing differences in the allocation of resources during
reproduction between males and females. Perhaps driven by the difference in energetic reserves, our
data further suggest that females are more sensitive thanmales to elevated cortisol during the period
immediately prior to reproduction. J. Exp. Zool. 319A:23–31, 2013. © 2012 Wiley Periodicals, Inc.
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inhibits processes not immediately involved in the survival of
the individual, including the suppression of reproductive
function (e.g., Silverin, '86; Wingfield and Silverin, '86;
Greenberg and Wingfield, '87; Pankhurst and Van Der
Kraak, '97; Schreck et al., 2001) and parental care behavior
(e.g., Silverin, '86; Clutton‐Brock, '91). The mechanisms
underlying suppression of reproductive function during a
stress response include actions of glucocorticoid stress
hormones (cortisol in teleost fish) on the hypothalamic–
pituitary–gonadal (HPG) axis that is responsible for the
secretion of hormones that influence important reproductive
processes such as sexual development, reproductive cycles, and
reproductive behavior (see reviews by Greenberg and Wing-
field, '87; Moore and Jessop, 2003; Fuzzen et al., 2011).
Glucocorticoid actions that are independent of the HPG‐axis
also may inhibit reproduction (e.g., behavioral effects mediated
through brain receptors; Sapolsky et al., 2000).
Although the negative relationship between stress and reproduc-

tion iswell supported across a variety of taxa, it is not ubiquitous. In
particular, individuals with valuable current reproductive oppor-
tunities (e.g., individuals with few lifetime reproductive oppor-
tunities, with few future reproductive opportunities, or with
particularly high‐quality offspring) would be predicted to maintain
reproductive investment even when faced with a challenge. This
“resistance to stress hypothesis” (Wingfield and Sapolsky, 2003) is
based on life‐history theory; that is, individuals should make
optimal trade‐offs between current and future reproductive
opportunities to maximize fitness (Williams, '66). The mechanisms
proposed to underlie resistance to stress and the maintenance of
reproductive function during key reproductive periods are varied,
and include attenuation of the glucocorticoid response to a
challenge, decreased sensitivity to the effects of elevated
glucocorticoid hormones, or compensation by other systems for
the effects of elevated glucocorticoid hormones (Wingfield and
Sapolsky, 2003). Collectively, these physiological changes enable
some individuals to maintain reproductive capabilities during key
reproductive periods, evenwhen facedwith a challenge (see reviews
by Angelier and Chastel, 2009; Bókony et al., 2009).
The current study investigated the influence of experimental

cortisol elevation prior to reproduction on wild largemouth bass
(Micropterus salmoides). Cortisol implants were used to increase
circulating cortisol concentrations to levels typical of an endo-
genous stress response in this species (O'Connor et al., 2009).
Although glucocorticoid elevation represents only one component
of the stress response (Mommsen et al., '99; Sapolsky et al., 2000;
Romero, 2004), it is an accepted approach to explore the
consequences of stress in a controlled, mechanistic manner
(Gamperl et al., '94). Largemouth bass are long‐lived fishes (�20
years) with few natural predators as adults. However, heavy
predation upon the young requires diligent parental care during
early development (Coble, '75; Brown, '84). This parental care falls
entirely to themale, who guards the eggs and developing offspring

for approximately 30 days after spawning in the spring
(Brown, '84). During parental care, male bass exhibit both
behavioral insensitivity to elevated glucocorticoids (O'Connor
et al., 2009; Dey et al., 2010), and an attenuated cortisol response
to a stressor (O'Connor et al., 2011a). However, little is known
about the effects of stress on reproduction in females, or in males
outside of the parental care period. Although exposure to angling‐
related stressors prior to reproduction decreased offspring quality
in largemouth bass (Ostrand et al., 2004), the mechanisms
mediating this effect remain unknown. Sex‐specific effects may
be important for largemouth bass given the differential time
course of energy allocation and different behavioral roles for male
and female bass during reproduction. Specifically, females invest
heavily in the production of eggs prior to reproduction, while
males invest in costly parental care behaviors following spawning
(e.g., fanning, nest defense, Cooke et al., 2002, 2006). In the
present study, cortisol was elevated for 5 days in the early spring,
approximately 2 weeks prior to natural reproduction in our study
population, and the physiology of cortisol‐treated versus control
male and female fish was examined 9–13 days later. Given that
females at this reproductive stage have already invested heavily in
egg production, while males have yet to invest, we predicted that
females would be highly resistant to stress (i.e., show fewer effects
of cortisol treatment) relative to males.

MATERIALS AND METHODS

Study Site and Animals
All largemouth bass were wild‐caught during 2008 from SamDale
Lake (n ¼ 25; 38°320N, 88°350W), Lake Shelbyville (n ¼ 25; 39°
250N, 88°460W), or Ridge Lake (n ¼ 28; 39°240N, 88°090W) in
central Illinois, USA. An initial group offish for use in a pilot study
(n ¼ 8) to find an appropriate cortisol treatment dose was caught
from Sam Dale Lake on March 23, while the experimental fish
(n ¼ 70) were caught from all three lakes between March 24 and
29. All animals were captured by electrofishing, and were
transported in aerated 500 L insulated tanks to the Sam Parr
Biological Station (38°430N, 88°450W), where they were given
24–48 hr to recover in 1,000 L flow‐through tanks (up to 12 fish
per tank) supplied with fresh water from the adjacent Forbes Lake
and housed under an open‐sided shelter. Water temperature
throughout the study was 9–11°C.

Pilot Study
Fish were distributed into size‐matched treatment groups:
cortisol‐treated (n ¼ 4) or control (n ¼ 4). Cortisol‐treated fish
were placed in a water‐filled trough with the ventral side exposed,
and given a 5 mL kg�1 intracoelomic injection of 10 mg mL�1

hydrocortisone 21‐hemisuccinate (Sigma H4881; Sigma–Aldrich,
Inc., St. Louis, MO) emulsified in melted cocoa butter. Control fish
were not injected but were otherwise handled identically. The
objective of this experiment was to investigate the effect of
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elevated cortisol concentrations on the physiology of pre‐
reproductive fish. To this end, non‐invasive methods of elevating
circulating cortisol concentrations (e.g., feeding fish pellets
impregnated with cortisol) would have been optimal, since any
handling stress is eliminated. However, such methods are not
practical in a field setting, and so single slow‐release injections
were employed. With this injection method, handling and
injection themselves constitute a stressor, and so unsurprisingly,
sham treatment (i.e., the injection of the vehicle without the
cortisol) has been shown to raise circulating cortisol to levels
intermediate between minimally handled controls and cortisol‐
treated fish (e.g., O'Connor et al., 2009, 2010, 2011b; Dey
et al., 2010). Thus, with this experimental protocol, sham
treatment represents what is effectively an “intermediate” stress
group, and therefore a sham‐treated group was not included in the
current experiment.
Fish were placed singly in divided raceways supplied with fresh

water from Forbes Lake. At 24 hr, approximately 2.5 mL of blood
was quickly withdrawn by caudal puncture into lithium‐

heparinized 3 mL vacutainer‐style syringes (B.D., Franklin Lakes,
NJ). The time between netting fish and blood sample collection
was <3 min. Blood samples were placed in ice‐water slurries for no
more than 2 hr, then centrifuged at 10,000g for 5 min (Compact II
Centrifuge, Clay Adams, NJ). Plasma samples were flash‐frozen in
liquid nitrogen and stored at �80°C until analysis. Twenty‐four
hours after injection of the implant, cortisol treatment was
effective in raising circulating cortisol concentrations to
157 � 47 ng mL�1, as compared to the control group where
cortisol concentrations were 6 � 3 ng mL�1. This difference was
statistically significant (pilot study fish, t‐ratio ¼ 3.18, df ¼ 6,
P ¼ 0.01). Furthermore, circulating levels achieved by the
implants were consistent with endogenous levels found in
largemouth (O'Connor et al., 2009) and the congeneric small-
mouth bass (Micropterus dolomieu; Morrissey et al., 2005;
O'Connor et al., 2011a) following stressors such as catch‐and‐
release angling, confinement, or exhaustive exercise. Thus, the
cortisol dose tested in the pilot trial was deemed to be effective and
was used for the experimental treatment group.

Experimental Protocol
Between March 26 and 30, study fish were netted out of holding
tanks, weighed, and placed in a water‐filled trough with the
ventral side exposed. Fish were outfitted with a passive‐integrated
transponder (PIT) tag (12.5 mm � 2.0 mm) injected into the
coelomic cavity for individual identification. Fish were then size‐
and sex‐matched into treatment groups (sex was confirmed later
by dissection): cortisol‐treated (n ¼ 35) or control (n ¼ 35).
Cortisol‐treated fish were given a 5 mL kg�1 intracoelomic
injection of 10 mg mL�1 cortisol emulsified in melted cocoa
butter as above, while control fish were not injected. Fish were
then released into 0.4 ha drainable research ponds (35 fish per

pond, balanced by experimental treatment and treatment date) at
Sam Parr Biological Station.

Sampling Protocol
On April 7 and 8, the research ponds were drained (one pond each
day). Fish were held in raceways for up to 6 hr between pond
draining and sampling. Bass were netted out of raceways, placed
in a water‐filled trough with the ventral side exposed, and
approximately 2.5 mL of blood was withdrawn by caudal
puncture as described above. Blood samples were processed as
described above. Fish were then euthanized by cephalic blow,
weighed, and scanned for a PIT tag using a PIT tag reader
(Biomark, Boise, ID). The fish were placed on ice for no more than
1 hr and stored at�20°C for nomore than 36 hr before dissection.
During dissection, solidified cocoa butter was removed from the

coelomic cavity of cortisol‐treated fish and weighed to confirm
dose. Gonads were removed and weighed, and sex was recorded.
Liver and the eviscerated carcass were also weighed. Gonadoso-
matic index (GSI) and hepatosomatic index (HSI) were calculated
as tissue mass divided by eviscerated body mass (see
Barton, 2002). Samples of gonad and liver were placed in
duplicate 2 mL tubes (Eppendorf, Mississauga, ON), while a white
muscle sample (approximately 2 cm2) was obtained from the
dorsal musculature and wrapped in household aluminum foil. All
tissue samples were flash‐frozen in liquid nitrogen and stored at
�80°C until further analysis.

Analytical Procedures
Plasma cortisol concentration was determined using a commercial
kit (ImmunoChem Cortisol 125I RIA kit; MP Biomedicals,
Orangeburg, NY) previously validated for teleost fish (Gamperl
et al., '94). All plasma samples were measured in a single assay.
Intra‐assay variability (% CV) was 2.9%. Cortisol levels were also
measured in ovarian tissue. Steroids were extracted in duplicate
from 1 g samples of homogenized wet gonadal tissue using
3 � 5 mL diethyl ether, and resuspended in phosphate buffer (pH
7.6), following the protocols outlined in McMaster et al. ('92).
Extracted cortisol concentrations were measured in duplicate for
all samples in a single assay using the commercial kit described
above. Variability was 5.8%.
As an indication of energetic status (Vijayan et al., '91), hepatic

glycogen content was measured in duplicate using the anthrone
method of Wedemeyer and Yasutake ('77). Intra‐assay variability
was 7.6%. Lipid content of muscle tissue was measured in
duplicate using a methanol–chloroform extraction following the
modified technique of Bligh and Dyer (Bligh andDyer, '59; Smedes
and Askland, '99) as detailed in Gravel et al. (2010). Variability of
the duplicates was 10.8%.
Finally, as additional indicators of feeding and condition

(Congleton and Wagner, 2006; Hanson and Cooke, 2009), plasma
concentrations of cholesterol, triglycerides, total protein, and
magnesium were quantified using a Roche Hitachi 917 analyser
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(Roche, Basal, Switzerland). These measurements followed the
procedural guidelines for standardization and quality assurance
established by the Veterinary Laboratory Association Quality
Assurance Program and the Canadian Food Inspection Agency
External Proficiency Panel, and were carried out by Idexx
Laboratories, Inc. (Markham, ON).

Statistical Analysis
A Student's t‐test was used to determine differences between
cortisol‐treated and control fish from the pilot study. For the
experimental data, a series of general linear models (GLMs) was
first run to ensure that holding time prior to sampling did not
influence the physiological parameters of interests (final mass,
GSI, HSI, hepatic glycogen content, muscle lipid content, and
plasma cholesterol, triglycerides, total protein, magnesium,
plasma cortisol concentration, and ovarian tissue cortisol
concentration). Any physiological parameter influenced by
holding time prior to sampling was deemed an inappropriate
endpoint for our experiment, and excluded from further analysis.
A series of GLMs was then run to assess the influence of our
treatment (cortisol‐treated or control), sex (male or female),
initial mass, and interaction terms on the appropriate physio-
logical parameters of interest (final mass, GSI, HSI, hepatic
glycogen content, muscle lipid content, and plasma cholesterol,
triglycerides, total protein, and plasma cortisol concentrations).
A similar GLM was run for ovarian tissue cortisol content, but

excluding sex and the associated interaction terms as predictor
variables. Tukey's honestly significant difference (HSD) post hoc
tests were run followingGLMswith significant interaction terms to
determine where among the groups the differences lay. All
variables were scaled by their standard deviation and centered by
their means to make estimates comparable for all model terms
and to improve interpretability of interaction effects (Schielzeth,
2010). For all models and all model terms, a ¼ 0.05. Unless
otherwise noted, values are presented as mean � 1 standard
error of the mean (SEM). All analyses were performed using R
version 2.14.0.

RESULTS
Holding time between pond draining and individual sampling had
a significant effect on circulating magnesium concentrations
(F1,68 ¼ 6.08, P ¼ 0.02) and cholesterol concentrations
(F1,68 ¼ 5.11, P ¼ 0.03). Therefore, circulating magnesium and
cholesterol concentrations were removed from further analyses.
Holding time did not influence the other measured parameters (all
P > 0.19; Supplementary Table 1).
In the experimental fish, sampled 9–13 days post‐injection,

cortisol‐treated fish displayed lower plasma cortisol concentra-
tions than control fish (F1,62 ¼ 4.99; P ¼ 0.03; Table 1; Fig. 1A),
which is likely an effect of chronic stress on subsequent stress
responses. Circulating cortisol concentrations were elevated in all
animals due to acute stress caused by the capture method (i.e.,

Table 1. Means � standard error of the means (SEMs) for physiological parameters measured in cortisol‐treated and control male and
female largemouth bass (Micropterus salmoides; n ¼ 19 female and 16 male control fish, 22 female and 13 male cortisol‐treated fish).

Physiological parameter Sex Cortisol Control

Final mass (g) Male 611.9 � 94.6 804.0 � 91.5
Female 812.5 � 87.7 660.2 � 87.4

Gonadosomatic index (%) Male 0.46 � 0.06 0.55 � 0.04
Female 6.04 � 0.73 5.41 � 0.49

Hepatosomatic index Male 1.43 � 0.05 1.41 � 0.08
Female 2.36 � 0.10 2.14 � 0.07

Hepatic [glycogen] (mg g�1) Male 47.1 � 9.2 49.9 � 7.4
Female 20.3 � 2.0 17.6 � 2.6

Muscle lipid (%) Male 3.78 � 0.16 3.64 � 0.27
Female 3.13 � 0.11 3.28 � 0.13

Plasma [cortisol] (ng mL�1) Male 97.7 � 35.8 207.0 � 47.8
Female 106.2 � 19.9 154.2 � 31.7

Plasma [triglycerides] (mmol L�1) Male 2.62 � 0.57 2.45 � 0.50
Female 2.54 � 0.39 2.65 � 0.34

Plasma [total protein] (g L�1) Male 43.2 � 1.4 41.6 � 1.3
Female 41.0 � 1.1 40.9 � 1.6

Gonad [cortisol] (ng mg�1) Female 111.8 � 53.4 11.1 � 0.8

For full statistical details regarding differences among groups, see Results Section and Supplementary Table 2.
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draining experimental ponds and collecting fish), and were
elevated to a greater extent in control than cortisol‐treated
animals. However, higher cortisol levels were detected in the
ovaries of cortisol‐treated females than control females
(F1,62 ¼ 2.25, P ¼ 0.03; Table 1; Fig. 1B). There was no influence
of sex (in the case of circulating plasma concentrations), initial
mass, or the interaction effects on either parameter (all P > 0.25;
Supplementary Table 2).
GSI was higher in female than male fish (F1,62 ¼ 83.43,

P < 0.001; Table 1), and influenced by initial mass of the
individuals (F1,62 ¼ 8.02, P < 0.01), but there was no influence of
cortisol treatment or any interaction effects (all P > 0.14;
Supplementary Table 2). There was a significant effect of the
interaction between sex and treatment on HSI, with post hoc tests
showing that HSI was higher in cortisol‐treated females than

control females, and with no difference between treatments in
male fish (F1,62 ¼ 3.20, P ¼ 0.04; Table 1; Fig. 2A). Regardless of
treatment, HSI was higher in females than males (F1,62 ¼ 27.09,
P < 0.001; Table 1; Fig. 2A). None of the other effects on HSI were
significant (all P > 0.24; Supplementary Table 2). Finally,
there was a significant effect of initial mass on final mass
(F1,62 ¼ 12176, P < 0.001) and there was a significant effect of
the interaction among initial mass, sex, and treatment on
final mass (F1,62 ¼ 6.02, P ¼ 0.02; Table 1). Post hoc tests
revealed that females in the cortisol‐treated group lost more
mass than females in the control group, whereas there was
no difference in mass lost between cortisol‐treated and
control males over the experiment (Fig. 2B). None of the other
effects on final mass were significant (all P > 0.20; Supplemen-
tary Table 2).

Figure 1. (A) Plasma and (B) ovarian cortisol concentrations in
cortisol‐treated and control largemouth bass (Micropterus
salmoides). Blood and tissues samples were collected 9–13 days
following treatment with a cortisol implant. Values are means �
standard error of the means (n ¼ 35 in each treatment group).
Asterisks indicate statistical differences between treatment groups.
For full statistical details, see Results Section and Supplementary
Table 2.

Figure 2. (A) Hepatosomatic index and (B) difference between
final and initial mass in cortisol‐treated and control male and
female largemouth bass (Micropterus salmoides). Values are
presented as means � standard error of the means (n ¼ 19
female and 16 male control fish, 22 female and 13 male cortisol‐
treated fish). Different letters indicate statistical differences
between groups. For full statistical details, see Results Section
and Supplementary Table 2.
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Muscle lipids (F1,62 ¼ 10.71, P ¼ 0.001; Table 1; Fig. 3A) and
liver glycogen (F1,62 ¼ 35.52, P < 0.001; Table 1; Fig. 3B) were
both higher in males than females, with no influence of treatment,
initial mass, or the interaction effects on either parameters (all
P > 0.10; Supplementary Table 2). There was no effect of
treatment, sex, initial mass, or the interaction effects on plasma
triglyceride or total protein levels (all P > 0.07; Table 1;
Supplementary Table 2).

DISCUSSION
Female largemouth bass were more affected by cortisol treatment
than male largemouth bass, suggesting that female bass are more
vulnerable to stress before reproduction than males. Furthermore,
regardless of treatment, male bass had greater energetic reserves
than females, suggesting that males may have greater energetic
stores prior to reproduction than females. Collectively, these

results suggest that physiological limitations may constrain the
capacity of female largemouth bass to cope with an additional
challenge during the pre‐reproductive period.

Sex Differences in Energetic Reserves
Hepatic glycogen and muscle lipid content are both measures of
stored energy (Sheridan, '88, '94; Sheridan and Mommsen, '91;
Hemre et al., 2002; Gilmour et al., 2012). Lipid metabolism in
particular provides the majority of energy for growth, reproduc-
tion, andmovement infish (Tocher, 2003). We found both hepatic
glycogen and muscle lipid content were higher in males than
females. This result probably reflects the different time courses of
reproductive investment for male versus female largemouth bass
(Brown and Murphy, 2004). Before spawning, females must
invest in the production of eggs, which are costly to produce and
high in lipids (Tocher, 2003). Males, however, invest in
reproduction after spawning, when they perform costly parental
care behaviors (e.g., fanning, nest defense; Cooke et al., 2002)
that limit feeding opportunities and require the catabolism of
stored energy reserves (Cooke et al., 2006). The results of the
present study are consist with the premise that before
reproduction, females have already depleted stored glycogen
and lipids for use during egg production, while males are in the
process of storing glycogen and lipids for use during upcoming
parental care.

Sex Differences in Response to Cortisol Treatment
Although hepatosomatic index (HSI) is often taken as a proxy of
stored energy reserves in fish, with larger values indicating higher
stored energy reserves (Campbell and Love, '78; Wootton
et al., '78), HSI correlates poorly with more direct measures of
stored energy such as liver glycogen (Chellappa et al., '95).
Furthermore, HSI is often higher in fish living in contaminated
areas (e.g., Khan and Billiard, 2007), in fish with higher parasite
burdens (e.g., Tierney et al., '96), or in diseased fish (e.g., R9ehulka
and Minar9ík, 2007). We add to this emerging and complex picture
of HSI, with HSI being higher in females than males, and higher in
cortisol‐treated females than control females. Since females had
lower stored energy reserves, and cortisol‐treated females lost
more total mass over the course of the experiment than control
females, high HSI in this case appears to reflect relatively
consistent liver mass, and a concurrent loss in body mass.
We predicted that females, having already invested heavily in

reproduction, would be highly resistant to stress, but instead
females were more affected by cortisol treatment than males.
There are three potential and non‐mutually exclusive explana-
tions for this result. The first potential explanation is that our data
provides evidence for physiological limitations to stress coping,
rather than results consistent with the resistance to stress
hypothesis. The females, in poor physical condition relative to
the males, may have been less physiologically capable of
appropriately dealing with the additional challenge of prolonged

Figure 3. (A) Muscle lipid content and (B) hepatic glycogen
concentration cortisol‐treated and control male and female
largemouth bass (Micropterus salmoides). Values are presented
as means � standard error of the means (n ¼ 19 female and 16
male control fish, 22 female and 13 male cortisol‐treated fish).
Different letters indicate statistical differences between groups.
For full statistical details, see Results Section and Supplementary
Table 2.
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cortisol elevation. The second potential explanation is that males,
in preparation for establishing territories and providing parental
care, are highly resistant to stress before reproduction. Finally, a
third potential explanation is that females might display
resistance to stress by attenuating the cortisol stress response
rather than displaying insensitivity to the effects of elevated
circulating cortisol. Our results obtained using exogenous
manipulation of cortisol levels demonstrate that female large-
mouth bass are sensitive to the effects of elevated cortisol before
reproduction, but do not preclude the possibility that females
would display resistance to stress in other aspects of the
stress response. Female rainbow trout (Oncorhynchus mykiss)
display an attenuated cortisol response to a stressor immediately
before spawning (Schreck et al., 2001). Therefore, it is possible
that female largemouth bass would display a similar attenuation
of the cortisol stress response when faced with a stressor
before reproduction. The sensitivity to cortisol that we docu-
mented could be mitigated by down‐regulation of the cortisol
response itself, and suggest an interesting direction for future
investigation.

Effects of Chronic Cortisol Elevation Before Reproduction
Chronic stress before reproduction negatively affects offspring
quality in rainbow trout (Campbell et al., '92) and largemouth bass
(Ostrand et al., 2004), and our experiment provides a few potential
mechanisms to explain these effects. First, we found lower
circulating cortisol levels in the experimental cortisol‐treated fish
than control fish approximately 2 weeks following treatment. We
expected to see elevated plasma cortisol concentrations in the
control fish due to the acute stress of capture and handling.
However, circulating cortisol levels are subject to negative
feedback control (Wendelaar‐Bonga, '97; Mommsen et al., '99;
Barton, 2002). The most probable scenario is that the chronic
elevation of circulating cortisol in the cortisol‐treated fish
suppressed a further acute stress response to capture and handling.
This effect has been widely documented in a variety of fish species
(e.g., Barton, 2002; Barton et al., 2005). The implication is that
exposure to a chronic stressor inhibits the capacity of individuals
to response in an adaptive way to a subsequent acute stressor
(Wingfield et al., '98; Barton, 2002), and may be one mechanism
by which performance is impaired during a chronic stressor.
More specific to reproduction, the ovaries of cortisol‐treated

females contained higher cortisol levels than the ovaries of control
females, which clearly could provide a mechanism‐linking stress
before reproduction to impaired offspring development (Ostrand
et al., 2004; Sloman, 2010). Evidence suggests that ovaries are
protected from the effects of elevated circulating cortisol level
(Schreck et al., 2001), and we therefore predicted that due to these
protective mechanisms, cortisol concentrations would remain low
in the ovaries of control fish despite the acute stress of capture and
handling. Our result, that ovarian cortisol concentrations were low
in control fish and elevated in cortisol‐treated fish, suggests that

while largemouth bass can and do protect ovaries against acute
increases in circulating cortisol, these protective mechanisms may
break down during chronic increases in cortisol. In turn, chronic
cortisol elevation results in increases in ovarian cortisol
concentrations, and provides a direct mechanism potentially
linking chronic stress to impaired offspring development.
However, a caveat concerning the experimental protocol should

be noted. We assumed that cortisol implanted into the body cavity
was absorbed into the blood vessels, and that the higher cortisol
levels measured in the ovaries were due to cortisol deposition via
blood circulation. However, in female pre‐reproductive fish, the
ovaries occupy a large proportion of the body cavity. In many
cases, the cortisol implant was in direct contact with the ovaries as
well as the caeca, and direct transmission from the implant to the
ovaries may have occurred. Therefore, further research is
necessary to determine whether the elevated cortisol noted in
largemouth bass ovaries in the current study would be replicated
during a chronic endogenous stress response, and to determine
how this would affect offspring development.

CONCLUSION
In general, we found evidence of reduced energetic stores in
female fish relative to male fish, likely due to differences between
males and females in the allocation of resources during
reproduction. Perhaps driven by this difference, females appeared
to be more sensitive than males to elevated cortisol during the
period immediately prior to reproduction. These results suggest
that physiological capability would limit the ability of females to
cope with a secondary stressor during the pre‐reproductive period,
and provide a potential mechanism linking stress before
reproduction to detrimental effects on offspring in largemouth
bass.

ACKNOWLEDGMENTS
We thank E. Giebelstein and E. Ben‐Ezra for assistance in the field,
and J. Jeffrey for her assistance with the glycogen assays. This
research was supported by Natural Sciences and Engineering
Research Council Discovery Grants to S.J.C. and K.M.G.
Additional support was provided by a Research Achievement
Award from Carleton University to S.J.C. C.M.O. was supported by
a Fisheries Research Award from the Ontario Federation of Anglers
and Hunters, an Ontario Graduate Scholarship in Science and
Technology, and by Carleton University.

LITERATURE CITED
Angelier F, Chastel O. 2009. Stress, prolactin and parental investment
in birds: a review. Gen Comp Endocrinol 163:142–148.

Barton BA. 2002. Stress in fish: a diversity of responses with particular
references to changes in circulating corticosteroids. Integr Comp
Biol 42:517–525.

Barton BA, Ribas L, Acerete L, Tort L. 2005. Effects of chronic
confinement on physiological responses of juvenile gilthead sea

J. Exp. Zool.

STRESS IN PRE‐REPRODUCTIVE FISH 29



bream, Sparus aurata L. to acute handling. Aquacult Res 36:172–
179.

Bligh EG, Dyer WJ. 1959. A rapid method of total lipid extraction and
purification. Can J Biochem Physiol 37:911–917.

Bókony V, Lendvai AZ, Liker A, et al. 2009. Stress response and the
value of reproduction: are birds prudent parents? Am Nat 173:589–
598.

Brown JA. 1984. Parental care and the ontogeny of predator‐
avoidance in two species of centrarchid fish. Anim Behav 32:113–
119.

BrownML, Murphy BR. 2004. Seasonal dynamics of direct and indirect
energy allocation in largemouth bass Micropterus salmoides. Ecol
Fresh Fish 13:23–26.

Campbell PM, Pottinger TG, Sumpter JP. 1992. Stress reduces the
quality of gametes produced by rainbow trout. Biol Reprod
47:1140–1150.

Campbell S, Love RM. 1978. Energy reserves of male and female
haddock (Melanogrammus aeglefinus L.) from the Moray Firth. J
Cons Int Explor Mer 38:120–121.

Chellappa S, Huntingford FA, Strang RHC, Thomson RY. 1995.
Condition factor and hepatosomatic index as estimates of energy
status in male three‐spined stickleback. J Fish Biol 47:775–787.

Clutton‐Brock TH. 1991. The evolution of parental care. Princeton, NJ:
Princeton University Press.

Coble DW. 1975. Smallmouth bass. In: Clepper H, editor. Black bass
biology and management. Washington, D.C.: Sport Fishing Institute.
p 21–33.

Congleton JL, Wagner T. 2006. Blood‐chemistry indicators of
nutritional status in juvenile salmonids. J Fish Biol 69:473–490.

Cooke SJ, Philipp DP, Weatherhead PJ. 2002. Parental care patterns
and energetics of smallmouth bass (Micropterus dolomieu) and
largemouth bass (Micropterus salmoides) monitored with activity
transmitters. Can J Zool 80:756–770.

Cooke SJ, Philipp DP, Wahl DH, Weatherhead PJ. 2006. Energetics of
parental care in six syntopic centrarchid fishes. Oecologia 148:235–
249.

Dey CJ, O'Connor CM, Gilmour KM, Van Der Kraak G, Cooke SJ. 2010.
Behavioral and physiological responses of a wild teleost fish to
cortisol and androgen manipulations during parental care. Horm
Behav 58:599–605.

Fuzzen M, Bernier NJ, Van Der Kraak G. 2011. Stress and reproduction.
In: Norris DO, Lopez KH, editors. Hormones and reproduction in
vertebrates. Toronto, ON: Elsevier. p 103–117.

Gamperl AK, Vijayan MM, Boutilier RG. 1994. Experimental control of
stress hormone levels in fishes: techniques and applications. Rev
Fish Biol Fish 4:215–255.

Gilmour KM, Kirkpatrick S, Massarsky A, et al. 2012. The influence of
social status on hepatic glucose metabolism in rainbow trout,
Oncorhynchus mykiss. Physiol Biochem Zool 85:309–320.

Gravel MA, Couture P, Cooke SJ. 2010. Comparative energetics and
physiology of parental care in smallmouth Micropterus dolomieu
across a latitudinal gradient. J Fish Biol 76:280–300.

Greenberg N, Wingfield JC. 1987. Stress and reproduction: reciprocal
relationships. In: Norris DO, Jones RE, editors. Reproductive
endocrinology of fishes, amphibians, and reptiles. New York: Wiley.
p 389–426.

Hanson KC, Cooke SJ. 2009. Why does size matter? A test of the
benefits of female mate choice in a teleost fish based on
morphological and physiological indicators of male quality. Physiol
Biochem Zool 82:617–624.

Hemre GI, Mommsen TP, Krogdahl A. 2002. Carbohydrates in fish
nutrition: effects on growth, glucose metabolism and hepatic
enzymes. Aquacult Nutr 8:175–194.

Khan RA, Billiard SM. 2007. Parasites of winter flounder (Pleuronectes
americanus) as an additional bioindicator of stress‐related exposure
to untreated pulp and paper mill effluent: a 5‐year field study. Arch
Environ Contam Toxicol 52:243–250.

McMaster ME, Munkittrick KR, Van Der Kraak GJ. 1992. Protocol for
measuring circulating levels of gonadal sex steroids in fish. Can Tech
Rep Fish Aquat Sci 1836:29.

Mommsen TP, Vijayan MM, Moon TW. 1999. Cortisol in teleosts:
dynamics, mechanisms of action, and metabolic regulation. Rev Fish
Biol Fish 9:211–2268.

Moore IT, Jessop TS. 2003. Stress, reproduction, and adrenocortical
modulation in amphibians and reptiles. Horm Behav 43:39–47.

Morrissey MB, Suski CD, Esseltine KR, Tufts BL. 2005. Incidence and
physiological consequence of decompression in smallmouth bass after
live‐release angling tournaments. Trans Am Fish Soc 134:1038–1047.

O'Connor CM, Gilmour KM, Arlinghaus R, Van Der Kraak G, Cooke SJ.
2009. Stress and parental care in a wild teleost fish: insights from
exogenous supraphysiological cortisol implants. Physiol Biochem
Zool 82:709–711.

O'Connor CM, Gilmour KM, Arlinghaus R, et al. 2010. Seasonal
carryover effects following the administration of cortisol to a wild
teleost. Physiol Biochem Zool 83:950–957.

O'Connor CM, Yick CY, Gilmour KM, Van Der Kraak G, Cooke SJ. 2011a.
The glucocorticoid stress response is attenuated but unrelated to
reproductive investment during parental care in a teleost fish. Gen
Comp Endocrinol 170:215–221.

O'Connor CM, Gilmour KM, Arlinghaus R, et al. 2011b. The
consequences of short‐term cortisol elevation of individual
physiology and growth rate in wild largemouth bass (Micropterus
salmoides). Can J Fish Aquat Sci 68:1–13.

Ostrand KG, Cooke SJ, Wahl DH. 2004. Effects of stress on largemouth
bass reproduction. N Am J Fish Manag 24:1038–1045.

Pankhurst NW, Van Der Kraak G. 1997. Effects of stress on
reproduction and growth of fish. In: Iwama GK, Sumpter J, Pickering
AD, Schreck CB, editors. Fish stress and health in aquaculture.
Society for Experimental Biology Seminar Series, 62. Cambridge, UK:
Cambridge University Press. p. 73–95.

R9ehulka J, Minar9ík B. 2007. Blood parameters in brook trout Salvelinus
fontinalis (Mitchell, 1815), affected by columnaris disease. Aquacult
Res 38:1182–1197.

J. Exp. Zool.

30 O'CONNOR ET AL.



Romero LM. 2004. Physiological stress in ecology: lessons from
biomedical research. Trends Ecol Evol 19:249–255.

Sapolsky RM, Romero LM, Munck AU. 2000. How do glucocorticoids
influence stress responses? Integrating permissive, suppressive,
stimulatory, and preparative actions. Endocrinol Rev 21:55–89.

Schielzeth H. 2010. Simple means to improve the interpretability of
regression coefficients. Meth Ecol Evol 1:103–113.

Schreck CB, Contreras‐Sanchez W, Fitzpatrick MS. 2001. Effects of
stress on fish reproduction, gamete quality, and progeny. Aquacul-
ture 197:3–24.

Sheridan MA. 1988. Lipid dynamics in fish: aspects of absorption,
transportation, deposition and mobilization. Comp Biochem Physiol
90:679–690.

Sheridan MA. 1994. Regulation of lipid metabolism in poikilothermic
vertebrates. Comp Biochem Physiol 107:495–508.

Sheridan MA, Mommsen TP. 1991. Effects of nutritional state on in
vivo lipid and carbohydrate metabolism of coho salmon, Onco-
rhynchus kisutch. Gen Comp Endocrinol 81:473–483.

Silverin B. 1986. Corticosterone‐binding proteins and behavioural
effects of high plasma levels of corticosterone during the breeding
period. Gen Comp Endocrinol 64:67–74.

Sloman KA. 2010. Exposure of ova to cortisol pre‐fertilisation affects
subsequent behaviour and physiology of brown trout. Horm Behav
58:433–439.

Smedes F, Askland TK. 1999. Revisiting the development of the Bligh and
Dyer total lipid determination method. Mar Poll Bull 38:193–201.

Tierney JF, Huntingford FA, Crompton DWT. 1996. Body condition and
reproductive status in sticklebacks exposed to a single wave of
Schistocephalus solidus infection. J Fish Biol 49:483–493.

Tocher DR. 2003. Metabolism and functions of lipids and fatty acids in
teleost fish. Rev Fish Sci 11:107–184.

Vijayan MM, Ballantyne JS, Leatherland JF. 1991. Cortisol‐induced
changes in some aspects of the intermediary metabolism
of Salvelinus fontinalis. Gen Comp Endocrinol 82:476–
486.

Wedemeyer GA, Yasutake WT. 1977. Clinical methods for the
assessment of the effects of environmental stress on fish health.
US Tech Papers Fish Wild Serv 89:1–18.

Wendelaar‐Bonga SE. 1997. The stress response in fish. Physiol Rev
77:591–625.

Williams GC. 1966. Natural selection, the costs of reproduction, and a
refinement of Lack's Principle. Am Nat 100:687–690.

Wingfield JC, Sapolsky RM. 2003. Reproduction and resistance to
stress: when and how. J Neuroendocrinol 15:711–724.

Wingfield JC, Silverin B. 1986. Effects of corticosteroid on territorial
behavior of free‐living male Song sparrows Melospiza melodia.
Horm Behav 20:405–417.

Wingfield JC, Maney DL, Breuner CW, et al. 1998. Ecological bases of
hormone‐behavior interactions: the “emergency life history stage”.
Am Zool 38:191–206.

Wootton RJ, Evans GW, Mills L. 1978. Annual cycle in female three‐
spined sticklebacks (Gasterosteus aculeatus) from an upland and
lowland population. J Fish Biol 12:331–334.

J. Exp. Zool.

STRESS IN PRE‐REPRODUCTIVE FISH 31


