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Abstract
The stress axis in teleost fish attempts to maintain internal homeostasis in the face of allostatic loading. Howev-
er, stress axis induction has been associated with a higher predation rate in fish. To date, the physiological and 
behavioral factors associated with this outcome are poorly understood. The purpose of the present study was to 
investigate the impact of experimental cortisol elevation on anti-predator behavior and physiological responses 
to predator presence. We hypothesized that semi-chronic cortisol elevation would increase susceptibility to pre-
dation by increasing stress-induced risk-taking behaviors. To test this hypothesis, schoolmaster snapper were 
given cocoa butter implants without cortisol (sham) or with cortisol (50 mg/kg body weight) and tethered to 
cover. Fish were exposed to either a lemon shark or control conditions for 15-min. Space use and activity were 
recorded throughout and fish were terminally sampled for blood. Cortisol implantation, relative to shams, result-
ed in higher blood glucose and plasma cortisol concentrations with a lower plasma lactate concentration. Shark 
exposure, relative to controls, elicited higher blood glucose and lactate concentrations but had no effect on plas-
ma cortisol concentration. No interactions were detected between shark exposure and cortisol treatment for any 
physiological trait. Behavioral metrics, including shelter use and activity, were unaffected by either cortisol im-
plantation or shark exposure. Physiological responses to cortisol implantation likely resulted from enhanced 
gluconeogenic activity, whereas alterations under predator exposure may have been the product of catechol-
amine mobilization. Further work should address context-specific influences of stress in mediating behavioral 
responses to predation. 
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INTRODUCTION
With increasing anthropogenic activities and distur-

bances in the marine environment (e.g. coastal develop-
ment, fisheries interactions, noise pollution, water quali-
ty degradation, environmental change; Gray 1997; Crain 
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et al. 2009), declines in fish populations and alterations 
in community and ecosystem structure and function 
have been observed (Hutchings & Baum 2005; Hutch-
ings & Reynolds 2005; Halpern et al. 2007). Anthro-
pogenic disturbances may serve as stressors, perturb-
ing the internal homeostasis of a fish and activating its 
stress axis (Walker et al. 2005; Busch & Hayward 2009; 
Wright et al. 2011; reviewed in Barton & Iwama 1991, 
Wendelaar Bonga 1997, and Schreck & Tort 2016). The 
duration and magnitude of these perturbations can have 
a significant influence on the ability to respond to a fu-
ture stressor as well as contributing to the animal’s al-
lostatic load: the concept incorporating the physiologi-
cal “costs” of sustained stress axis stimulation (reviewed 
in Korte et al. 2005; Romero et al. 2009). 

In teleost fish, one arm of the stress axis, the hypo-
thalamic–pituitary–interrenal (HPI) axis, regulates the 
biosynthesis and secretion of cortisol, the primary cor-
ticosteroid (reviewed in Mommsen et al. 1999; Schreck 
& Tort 2016). The re-establishment of internal homeo-
stasis during a stress response is an energetically de-
manding process (Chan & Woo 1978; Barton & Schreck 
1987; Sloman et al. 2000; Lankford et al. 2005; O’Con-
nor et al. 2010; Schreck & Tort 2016) and, as such, the 
glucocorticoid function of cortisol is important in ini-
tiating an upregulation of energy mobilizing process-
es. Consequently, increases in plasma cortisol levels are 
often accompanied by an elevation of circulating glu-
cose concentrations, thus meeting the enhanced energet-
ic requirements under a stressor (reviewed in Barton & 
Iwama 1991; Wendelaar Bonga 1997; Mommsen et al. 
1999; Schreck & Tort 2016). 

While cortisol’s actions are generally considered to 
be beneficial to the organism in surviving a stressor 
(Wendelaar Bonga 1997; Schreck & Tort 2016), stress 
axis stimulation can be problematic in other aspects of 
a fish’s life history, including its responses to a pred-
ator. Teleosts stressed through air exposure, handling, 
or exposure to toxicants suffer higher rates of preda-
tor-induced mortality relative to unstressed counter-
parts, with effects occurring over varying timescales 
and stressor types (Brown et al. 1985; Jarvi 1989; Olla 
& Davis 1989; Olla et al. 1992, 1995; Mesa et al. 1994, 
1998; Danylchuk et al. 2007). The specific physiologi-
cal mechanisms associated with the influence of stress 
on predator–prey dynamics is currently unknown, but a 
role for cortisol itself warrants investigation. The met-
abolic consequences associated with continued HPI 
axis stimulation could be a contributing factor (Guder-
ley & Portner 2010). Specifically, sustained cortisol el-

evation can result in increases in both routine (Chan 
& Woo 1978; Morgan & Iwama 1996; De Boeck et al. 
2001) and resting metabolic rates (i.e. the standard met-
abolic rate; Sloman et al. 2000; O’Connor et al. 2010) 
in a teleost fish, potentially leading to energetic trade-
offs that compromise predator avoidance capacity (Fry 
1947; Priede 1977; Guderley & Portner 2010; Killen et 
al. 2015). 

The metabolic consequences of HPI axis activation 
also may be problematic on a behavioral level with re-
spect to predation risk. Foraging behavior and gener-
al activity are highly dependent on the energetic status 
of the animal. Energetically compromised individuals 
are more likely to take on a greater burden of predation 
risk (e.g. higher activity and foraging duration) to satis-
fy metabolic demands (reviewed in Lima 1998). For ex-
ample, parasitized three-spine stickleback (Gasteros-
teus aculeatus) exhibited greater activity levels (Gilles 
1987; Godin & Sproul 1988) and quicker behavioral re-
covery from a predator encounter (e.g. latency to re-
sume feeding; Giles 1983, 1987; Godin & Sproul 1988), 
and foraged within close proximity to a potential preda-
tor (Milinski 1985; Godin & Sproul 1988). Thus, duress 
(i.e. parasite load) enhanced predation risk in stickle-
back (Godin & Spoul 1988), with parasitism likely act-
ing to increase both cortisol (Ross et al. 2000; Costello 
2002) and metabolic load (Fry 1971). In Atlantic salm-
on (Salmo salar), energetic stress corresponded with 
a reduced latency to resume feeding activities follow-
ing a predation event (Gotceitas & Godin 1991), as well 
as foraging at greater distance from cover (Dill & Fras-
er 1984), suggesting a greater degree of risk-taking be-
havior in stressed individuals. Furthermore, the dura-
tion of time spent in this refuge is highly dependent on a 
number of factors, including the animal’s energetic sta-
tus and body condition, with poor body conditions and 
increasing hunger levels corresponding with reduced re-
fuging activity (Sih 1992, 1997; Kraus et al. 1998). Giv-
en the role of the stress axis in mediating energy metab-
olism and budgeting, it is reasonable to hypothesize that 
a stressed teleost fish would accept an elevation of pre-
dation risk to optimize energy intake (Sokolova 2013; 
Schreck & Tort 2016; Lawrence et al. 2017). 

The objective of the present study was to investigate 
the impact of HPI axis activity in modulating the behav-
ior and physiology of a teleost fish in response to a pre-
dation threat. Because the most visible outcome of HPI 
axis activation is a rise in circulating cortisol titres, cor-
tisol levels were manipulated and the consequences of 
elevated cortisol levels on predator–prey interactions 
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were investigated.

MATERIALS AND METHODS

Experimental animals 

Juvenile schoolmaster snapper (Lutjanus apodus 
Walbaum, 1792; 53.6 ± 2.1 g; N = 57), selected for their 
commercial, recreational and ecological importance 
(Allen 1985), were collected using minnow traps from 
a mangrove nursery habitat (Page Creek, Eleuthera Is-
land, Bahamas; 24°49′04″N, 76°18′51″W) in Novem-
ber and December 2014. Fish were transported to The 
Cape Eleuthera Institute (Eleuthera Island, Bahamas) 
and held in a raceway style tank (519 L) containing sim-
ulated cover. Juvenile lemon sharks (Negaprion brevi-
rostris Poey, 1868; 602 ± 11 mm; N = 6) were collect-
ed by seine net from a nearby mangrove system (Kemp’s 
Creek, Eleuthera Island, Bahamas; 24°48′41.45″N, 
76°18′16.83″W). Sharks were held in a large, circu-
lar tank (approximately 6420 L) with a sandy substrate. 
Fish were collected under a scientific collection per-
mit provided by the Bahamian Department of Marine 
Resources. All tanks were supplied with aerated natu-
ral seawater on an overflow system (dissolved oxygen 
>85%; temperature 24.5 ± 0.7°C; pH 8.16 ± 0.04; sa-
linity 33.9 ± 0.1 ppt). Both species were maintained on 
a natural photoperiod (13 D: 11 L) and were fed dai-
ly to satiation on chopped sardines. Snapper were fasted 
overnight (approximately 16-h) in advance of cortisol 
manipulation and were not fed during the experimental 
series (approximately 40-h fasting total). 

Fasted snapper were given an intraperitoneal injec-
tion of hydrocortisone 21-hemisuccinate (50 mg/kg 
body mass; N = 30; Sigma-Aldrich, Oakville, ON, Can-
ada) suspended in cocoa butter (5 mL/kg body mass) 
warmed to be in liquid form; sham-treated animals (N 
= 27) received the cocoa butter vehicle alone. The cor-
tisol dose was based on that in Cull et al. (2015) for 
use in a tropical teleost as well as being a common dos-
age used in the teleost literature (reviewed in Gamperl 
et al. 1994; Mommsen et al. 1999). Fish were fasted to 
standardize hunger status in the animals given that hun-
ger is an important trait regulating risk assessment (Mi-
linski 1993). Because the work occurred at a remote 
field site, an a priori validation study could not be con-
ducted so we relied on the doses in the literature. At the 
same time, an anchoring point for a tether was made by 
creating a small hole on the lower jaw with a fine su-
turing needle (1/2 circle, cutting edge, size 14; Integ-
ra Miltex, Plainsboro, NJ, USA) according to the proce-

dure of Rypel et al. (2007). Anesthesia was not used on 
these animals in an attempt to minimize handling stress 
as well as to avoid physiological perturbations result-
ing from anesthesia usage (Wagner & Cooke 2005). An-
imals were allowed to recover for 24 h in a small mesh 
chamber that was maintained under ambient seawater 
conditions (as above). This 24-h period also allowed for 
cortisol to reach a homeostatic overload state to mim-
ic a semi-chronic stressor. All procedures were in ac-
cordance within the standards of the Canadian Council 
on Animal Care (CCAC) under authorization from Car-
leton University’s Animal Care Council (AUP-100612). 

Behavior trials 

Behavioral assessment trials were conducted in a 
large, outdoor circular tank (approximately 6420 L) 
that was shielded from the elements by a roof. A san-
dy substrate was placed on the bottom of the tank, with 
a trio of conch shells (10-cm spacing) being located 
84-cm from the center of the tank, where a stand pipe 
(8.9-cm outer diameter) was located. The tank was di-
vided in half with a fine mesh seine net. Prior to behav-
ior trials, the tank was maintained with water on a flow-
through arrangement using ambient filtered seawater (see 
above). Water was allowed to flow through the system 
overnight, and water flow was stopped before any ex-
perimental procedures began.   

In preparation for behavior trials, a snapper was fitted 
with a 1.5-m long tether as described in Lawrence et al. 
(2017). Use of the tether was necessary to complement 
previous stress-predation work that had been carried 
out in this species. The fish was moved to the behavior-
al arena (see above) with the tether being secured to the 
outer conch shell. The fish was allowed to acclimate in 
the arena for 5-min prior to the experiment. The snapper 
was then exposed, for 15-min, to 1 of 2 possible scenar-
ios: control conditions or the presence of a lemon shark. 
A single lemon shark randomly selected from the pool 
of animals was added to the behavioral arena on the op-
posite side of the net from the tethered snapper. Sharks 
were never in a fasted state during trials to avoid active 
hunting by the animals. The behavioral responses of the 
snapper were monitored during this time using a Go-Pro 
Hero camera (Go-Pro, San Mateo, CA, USA; Struthers 
et al. 2015) mounted directly above the tank. 

After the behavior trial, snapper were killed by cere-
bral percussion and a blood sample (approximately 200 
µL) was withdrawn by caudal venipuncture into a hep-
arinized (Na+ heparin, 10 000 USP units/mL; Sandoz 
Canada, Boucherville, QC, Canada) 1-mL syringe us-
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ing a 23-G needle taking no more than 3 minutes (Law-
rence et al. 2018). Glucose and lactate concentrations 
were measured immediately, and the remaining blood 
was centrifuged (2000 g; Mandel Scientific, Guelph, 
ON, Canada) for 1-min. Plasma was decanted, frozen 
and stored at −20°C for later analysis of plasma cortisol 
and ion concentrations. 

Behavioral and blood analyses

Concentrations of blood glucose (Accu-Chek Com-
pact Plus, Hoffman-La Roche, Mississauga, ON, Can-
ada) and lactate (Lactate Plus, Nova Biomedical Can-
ada, Mississauga, ON, Canada) were measured using 
medical-grade, hand-held analyzers previously validat-
ed for use in teleost fish (Wells & Pankhurst 1999; Ser-
ra-Llinares et al. 2012; reviewed in Stoot et al. 2014). 
Plasma cortisol concentrations were measured using a 
previously validated (Gamperl et al. 1994), commer-
cially available radioimmunoassay kit (ImmunoChem 
Cortisol Coated Tube RIA Kit, MP Biomedicals, Solon, 
OH, USA). Intra-assay and inter-assay variation was 
3.1% and 1.8%, respectively. Plasma Cl− and Na+

 con-
centrations were determined using, respectively, a col-
orimetric assay (Zall et al. 1956) and flame spectropho-
tometry (Varian Spectra AA 220FS, Varian, Palo Alto, 
CA, USA). The chloride assay was carried out in tripli-
cate at room temperature (approximately 22°C) using a 
96-well microplate reader (SpectraMax, Molecular De-
vices, Sunnyvale, CA, USA). 

Behavioral metrics were collected for the first 10-min 
of exposure to the predator or control conditions, and 
included activity, time spent in cover, time in proximi-
ty to the net and time spent in the open. Activity scores 
were determined using a line crossing analysis employ-
ing a 2 × 2 body length (BL) grid overlaid on the video 
recording. A line crossing was defined as a fish’s body 
completely crossing a line in the horizontal axis. The 
animal was considered to be in cover when it was with-
in 1 BL of either the outer rim of the conch shell trio or 
the standpipe in the center of the tank. Proximity to the 
net was defined to occur when the fish was within 1 BL 
of the net but not including the 1 BL radius around the 
standpipe. Fish not occupying these regions were con-
sidered to be in the open.  

Statistical analysis

Unless otherwise noted, statistical analysis was car-
ried out using SigmaPlot v11.0 (Systat Software, San 
Jose, CA, USA). The statistical limit of significance 
was α = 0.05. Values are reported as the mean ± 1 SE 

(N). Blood and plasma parameters as well as activity 
scores were assessed using 2-way analysis of variance 
(ANOVA) followed by Tukey’s post-hoc tests when P < 
0.05. Because of the supraphysiological levels of plas-
ma cortisol in cortisol-treated fish, Student’s t-tests were 
used to compare cortisol concentrations between corti-
sol-treated and sham-treated fish within an exposure se-
ries as well as to compare sham-treated fish between 
predator exposure groups. 

Analysis of the percentage of time spent in cover was 
performed within the R statistical environment (R Core 
Development Team 2016). Given the nature of the data, 
we used a negative binomial generalized linear model 
(MASS package, Venables & Ripley 2002) where time 
spent in cover (number of seconds + 1) was the response 
variable. Factors included cortisol treatment (cortisol 
vs sham), predator treatment (shark present vs control), 
and the interaction between cortisol treatment and pred-
ator treatment. The model was validated after checking 
the spread of the residuals against each covariate, and 
checking the residuals for overdispersion (i.e. the occur-
rence of more variance in the data than predicted by a 
statistical model, Bolker et al. 2009).

RESULTS

Blood analyses

Cortisol-treated fish exhibited significantly higher 
plasma cortisol levels than sham fish (Student’s t-tests, 
P < 0.001 and P < 0.001; Fig. 1a). Plasma cortisol con-
centrations were not affected by shark exposure in sh-
am-treated snapper (Student’s t-test, P = 0.143; Fig. 
1a). Shark-exposed snapper had higher blood glucose 
concentrations than fish exposed to control conditions 
(2-way ANOVA, P = 0.041; Fig. 1b). Similarly, corti-
sol-treated fish exhibited significantly higher blood glu-
cose concentrations than sham-treated fish (P = 0.032; 
Fig. 1b); there was no interaction between shark expo-
sure and cortisol implantation (P = 0.636). Blood lactate 
levels increased in response to shark exposure (2-way 
ANOVA, P = 0.041; Fig. 1c) and were higher in sh-
am-treated fish relative to cortisol-treated fish (P = 0.004; 
Fig. 1c). There was no interaction between shark expo-
sure and cortisol implantation on blood lactate levels (P 
= 0.350). Hematocrit and plasma Na+ and Cl− concentra-
tions were generally unaffected by either shark exposure 
or cortisol treatment (Table 1), although cortisol-treated 
snapper exhibited significantly higher plasma Cl− con-
centrations relative to shams (Table 1). 
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Activity patterns

Schoolmaster snapper activity was similar between 
cortisol-treated and sham animals (2-way ANOVA, P 
= 0.784) and between control and shark exposure (P = 
0.571), with mean activity ranging between 27.5 and 
43.5 line crossings during the 10-min observation period 
(Fig. 2). No significant interaction was detected between 
cortisol treatment and predator exposure (P = 0.450)

Cover use

While variable, snapper were generally found to asso-
ciate with cover in most instances. There were no statis-
tically significant effects of either shark exposure or cor-
tisol treatment on the percentage of time snapper spent 
in cover (P > 0.05 in all cases). However, sham-treat-
ed snapper exposed to control conditions exhibited the 
lowest median percent use of cover. By contrast, use of 
cover in cortisol-treated animals exposed to control con-
ditions was comparable to that of predator-exposed ani-
mals (Fig. 3).

Figure 1 Concentrations of plasma cortisol (a), blood glucose 
(b) and blood lactate (c) in schoolmaster snapper, 24-h after 
receiving a cocoa butter implant (sham; 5 mL/kg body mass; 
white bars; N ≤ 13) or a cocoa butter implant containing corti-
sol (50 mg/kg body mass; black bars; N ≤ 12) and in response 
to exposure to a lemon shark (N = 13) or control conditions 
(N ≤ 11). Samples, cortisol notwithstanding (see Methods), 
were analyzed using a 2-way ANOVA and a Tukey post-hoc 
test where a significant interaction was detected. Unique let-
ters represent statistically significant (P < 0.05) differences be-
tween shark and control exposure groups, whereas asterisks (*; 
P < 0.05) denote statistically significant differences between 
implant groups. Values are reported as the mean ± SE (N). 

Figure 2 Activity score of schoolmaster snapper during a 10-
min exposure to either a lemon shark (N = 13) or control con-
ditions (i.e. no predator; N ≤ 11), 24-h after receiving a cocoa 
butter implant (sham; 5 ml/kg body mass; white bars; N ≤ 13) 
or a cocoa butter implant containing cortisol (50 mg/kg body 
mass; black bars; N ≤ 13). Samples were analyzed using a 2-way 
ANOVA. No significant effects of either shark exposure (P = 
0.571) or implant treatment (P = 0.784) were found. Values are 
reported as the mean ± SE (N).
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DISCUSSION

Overview

It was hypothesized that, as a result of an expect-
ed increase in metabolic energy expenditure with 
semi-chronic elevation of cortisol concentrations, cor-
tisol-treated fish would demonstrate greater risk-taking 
behavior. In contrast to this hypothesis, cortisol treat-
ment did not influence snapper behavior patterns, with 
all animals tending to associate with cover and exhib-
iting consistent activity throughout the experiment. A 
number of factors may have contributed to this result, 

including a high predation risk coefficient (i.e. lack of 
food for which to forage), the relatively short duration 
of cortisol elevation, the assessment of behavior during 
daylight hours, and a possible disconnect between phys-
iological function and behavior. Animals appeared to re-
spond to the threat of predation through a rise in blood 
glucose levels, likely mediated through the actions of 
catecholamines as part of the fight-or-flight response 
(Cannon 1929; Godin 1997). Future work should assess 
how risk-taking behaviors are influenced by cortisol ma-
nipulation in a more ecologically-relevant setting that 
includes access to food.  

Physiological validation of implants

Snapper given cortisol implants had higher concen-
trations of blood glucose and plasma cortisol than sham 
fish. The relationship between blood glucose and plas-
ma cortisol concentrations is consistent with cortisol’s 
regulation of gluconeogenic pathways (Vijayan et al. 
2003; Aluru & Vijayan 2007; Choi et al. 2007; Wise-
man et al. 2007; reviewed in Mommsen et al. 1999, Al-
uru & Vijayan 2009; Schreck & Tort 2016). Howev-
er, plasma cortisol concentrations were far in excess of 
what has been observed in this species in response to a 
stressor (30-min post-exhaustive exercise), where val-
ues reached approximately 270 ng/mL (Lawrence et al. 
2017). Despite using a standardized implantation pro-
cedure (Gamperl et al. 1994), cortisol concentrations in 
the plasma of implanted fish were supraphysiological 
relative to other species at comparable dosages and time 
points, which may be a product of the fish’s environ-
ment and/or metabolic tendencies (reviewed in Mom-
msen et al. 1999). It should be noted that sham-treated 
fish also had higher plasma [cortisol]; a baseline cortisol 

Table 1 Blood and plasma parameters for schoolmaster snapper implanted with either cortisol (50 mg/kg BW) or vehicle alone (sham) 
and exposed to either a lemon shark or control conditions

Parameter Exposure
Control Shark
Sham Cortisol-treated Sham Cortisol-treated

Hematocrit (%) 27.6 ± 2.1 (8) 23.9 ± 1.8 (10) 26.0 ± 1.5 (12) 26.3 ± 0.6 (10)
Plasma [Na+] (mM) 166.2 ± 11.5 (8) 164.8 ± 7.8 (9) 152.4 ± 6.4 (7) 177.6 ± 4.6 (10)
Plasma [Cl−] (mM) 166.0 ± 11.0 (8) 174.1 ± 8.4* (9) 155.6 ± 5.6 (7) 183.8 ± 5.7* (10)

Values are presented as mean ± 1 SE (N), with numbers (N) presented in parentheses. Two-way ANOVA was used to determine sta-
tistical differences among treatment groups. No statistically significant effects were detected for hematocrit or plasma [Na+]. For 
plasma [Cl−], implant group P = 0.031, predator P = 0.970, implant x predator P = 0.220 and asterisks (*) represent the statistically 
significant main effect of the implant group. 

Figure 3 Cover use (% of observation period) for cortisol-treat-
ed and sham-treated schoolmaster snapper when exposed to a 
shark predator or to control conditions. Dark horizontal lines 
are the median values. Boxes denote the interquartile range (1st 
to 3rd quartile) with sample sizes. Whiskers are 1.5× the upper 
or lower interquartile range to the highest or lowest value with-
in the interquartile range. Outliers are shown as black points 
extending beyond the whiskers.
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titer for this species has been reported at approximately 
67 ng/mL (Lawrence et al. 2017). This elevation likely 
reflects handling, tethering and the implantation of the 
animals (Wendelaar Bonga 1997; Schreck & Tort 2016). 
This cortisol elevation may also explain why there were 
no detectable effects between shark-exposed and con-
trol-exposed sham fish.

Behavioral responses to a predation threat 

In contrast to the hypothesis, risk-taking behaviors 
were not influenced by cortisol treatment but some ev-
idence of assessment of predation risk was present. 
Shark-exposed, sham-treated fish exhibited increased 
refuge use relative to their control-exposed counter-
parts, although the difference was not statistically sig-
nificant. The apparent lack of cortisol treatment effect 
on snapper behavior may have been a consequence of 
the duration of the implant. The relatively short dura-
tion of elevated cortisol (24 h) may not have had sub-
stantial consequences for the energetic status of the an-
imal. Indication of depleted energy stores with cortisol 
implantation has been reported over more chronic dura-
tions (e.g. hepatosomatic index; Davis et al. 1985; Bar-
ton et al. 1987; Davis et al. 2003). As such, the snap-
per here likely had sufficient reserves to draw upon and 
may not be expected to assume additional predation risk 
(reviewed in Lima 1998). However, fasting over a 24-h 
period has been shown to elicit significant changes in 
teleost risk-taking behaviors when exposed to a preda-
tion threat (Godin & Sproul 1988; Gotceitas & Godin 
1991), demonstrating that predator–prey interactions, 
in the context of energetic budgeting, is a complex sys-
tem involving the interaction of a number of physiologi-
cal processes (Lima & Dill 1990). Furthermore, glucose 
was mobilized in fish when exposed to experimental 
cortisol elevation, which suggests either increased syn-
thesis (i.e. gluconeogenesis) or elevated turnover of gly-
cogen stores (glycogenolysis), which are both metabol-
ic consequences of elevated cortisol exposure (reviewed 
in Mommsen et al. 1999). As risk represents an interac-
tion of a number of endogenous (i.e. physiological state) 
and exogenous (e.g. predation threat, food availability 
and cover) factors (Lima & Dill 1990), outcomes in risk 
taking and the associated behaviors become difficult to 
predict. As such, snapper could be behaving in a manner 
that minimizes risk while maximizing fitness under its 
current set of conditions.  

The activity patterns of snapper may also have played 
a significant role in determining its behavioral responses 
in the present study. The prop roots of mangrove trees 

are the primary habitat of juvenile schoolmaster snap-
per during daylight hours, offering shelter from pred-
ators (Nagelkerken et al. 2000a,b; Nagelkerken & van 
der Velde 2004; MacDonald et al. 2009). Prop root shel-
tering constitutes 60–70% of their daily spatial use pat-
terns, with the animals also spending a significant pro-
portion of their time in areas where overhead cover is 
lacking (MacDonald et al. 2009). In addition, foraging 
during daylight hours constitutes only 2% of their to-
tal activity budget; this species is predominately a noc-
turnal feeder (Nagelkerken et al. 2000a; MacDonald et 
al. 2009). Thus, the conditions of the present study may 
not have been optimal for detecting differences in pred-
ator-avoidance behavior in the context of foraging-risk 
management.  

Memory may play an important role in mediating 
predator–prey interactions. Stress and cortisol can have 
a significant influence over cognitive functions in tele-
ost fishes, including memory and associated processes 
(Ellis et al. 2012; Sorensen et al. 2013; Noakes & Jones 
2016). Indeed, memory, from both a predator’s hunt-
ing performance and from a prey’s predator-avoidance 
capacity, is deeply rooted in experience from previous 
encounters and can modulate the interaction between 
the two organisms (Mitchell & Lima 2002; Wcisel et 
al. 2015). Although not investigated here, cortisol may 
have modulated the cognitive function of the snapper, 
affecting memory-related anti-predator responses and 
resulting in altered behavioral dynamics. This possibili-
ty remains speculative at this time but presents an inter-
esting avenue for future research.

Physiology and behavior: A complex relationship

 The lack of behavioral responses to cortisol admin-
istration in the present study adds to a growing body of 
literature that has failed to detect direct effects of corti-
sol on a range of behaviors (Crossin et al. 2015; Sopin-
ka et al. 2015). For example, cortisol treatment failed to 
alter the locomotory activity of largemouth bass (Micro-
pterus salmoides; O’Connor et al. 2010) and creek chub 
(Semotilus atromaculatus; Nagrodiski et al. 2012). Sim-
ilarly, anti-predator behaviors in checkered pufferfish 
(Sphoeroides testudineus) were not influenced by cor-
tisol treatment, despite significant physiological effects 
(Cull et al. 2015; Pleizier et al. 2015). These observa-
tions suggest that the interaction between physiology 
and behavior is inherently complex and likely requires 
a number of physiological inputs other than just plas-
ma cortisol concentrations to induce a change (Crossin 
et al. 2015; Sopinka et al. 2015). It is also possible that 
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cortisol may not play a direct role in mediating preda-
tor–prey interactions in wild fish, although the current 
body of literature does suggest a role for the stress axis 
at large in mediating these responses (reviewed in Mesa 
et al. 1994). 

Physiological responses to a predation threat

Acute predation stress in teleosts has been associat-
ed with increases in circulating glucocorticoids (Rehn-
berg et al. 1987; Woodley & Peterson 2003; Remage-
Healey et al. 2006; Barcellos et al. 2007; Schreck & 
Tort 2016), blood [glucose] (Rehnberg and Schreck 
1987; Jarvi 1990) and tissue-specific heat shock pro-
teins (Kagawa et al. 1999), in addition to an elevation 
in cardiorespiratory variables (e.g. heart rate, ventila-
tion, cardiac output; Holopainen et al. 1997; Cooke et 
al. 2003; Sundstrom et al. 2005; Sunardi et al. 2007). 
These physiological responses support the animal’s en-
ergetic and locomotory needs as it flees from a predator 
(Wendelaar Bonga 1997; Wingfield 2003; Hawlena & 
Schmitz 2010; Schreck & Tort 2016). In schoolmaster 
snapper, blood [glucose] was significantly increased in 
response to shark exposure. Because sham-treated fish 
had no change in plasma cortisol in response to shark 
exposure, the glucose response likely was mediated by 
the actions of catecholamine hormones rather than cor-
tisol. In most vertebrates, catecholamines act as the pri-
mary hormone in mediating acute anti-predator respons-
es (Cannon 1929; Hawlena & Schmitz 2010; Perry & 
Capaldo 2011). 

Blood lactate levels increased in response to a pred-
ator. However, the change in blood lactate was quite 
small and may have been associated with transient hy-
poxia generated through a freeze response: a behavioral 
adaptation that induces bradycardia and reduced venti-
lation to lessen the prey’s conspicuousness to a predator 
(Cooke et al. 2003; Shingles et al. 2005). 

CONCLUSIONS
Cortisol implantation in schoolmaster snapper was 

sufficient to elevate plasma [cortisol] to supraphysiolog-
ical levels. This effect corresponded with higher blood 
[glucose] relative to sham fish, likely as a result of cor-
tisol’s actions on energy metabolism. Shark exposure 
caused an increase in blood [glucose], which was like-
ly mediated by catecholamines because plasma [cortisol] 
did not change with shark exposure. Behavioral indices 
were not significantly affected by cortisol treatment or 
shark exposure. The lack of effect may be explained by 

a high-risk situation deterring movement outside the ref-
uge (i.e. no food present coupled with the animal having 
sufficient energy reserves) in addition to the fact that, 
during daylight hours, this species usually remains un-
der cover. Despite the absence of significant effects in 
the present study, stress is believed to be an important 
and highly relevant factor in mediating behavioral, pop-
ulation and ecological level effects in wild fish (Hawlena 
& Schmitz 2010; Boonstra 2013). Indeed, the ecology of 
stress is becoming ever more relevant in today’s world 
where anthropogenic activities may enhance both the 
frequency and magnitude of stressful events in aquatic 
systems (Boonstra 2013; Crespi et al. 2013; Wingfield 
2013). Given the potential importance of stress in medi-
ating predator–prey interactions, further work on the re-
lationship between stress and predator–prey interactions 
is warranted (Schreck et al. 1997; Guderley & Portner 
2010; Hawlena & Schmitz 2010; Lawrence et al. 2017). 

ACKNOWLEDGMENTS
M.J. Lawrence is supported by an NSERC PGS-D. 

S.J. Cooke is supported by NSERC and the Canada Re-
search Chairs Program. E.J. Eliason was supported by 
an NSERC PDF. J.W. Brownscombe is supported by 
NSERC and The Berkeley Marine Conservation Fel-
lowship from The American Fisheries Society. K.M. 
Gilmour is supported by NSERC. J.W. Mandelman is 
supported by the New England Aquarium. The authors 
would like to thank the Cape Eleuthera Institute, Edd 
Brooks and Zach Zuckerman for the support and re-
sources to make this project possible. The authors would 
also like to thank Jean-Guy J. Godin for input on behav-
ioral metrics and analyses used in this study. In addition, 
the authors would like to thank Petra Szekeres for assis-
tance in collecting the fish used in this project. 

REFERENCES
Allen GR (1985). FAO species catalogue vol. 6 snappers 

of the world: An annotated and illustrated catalogue 
of Lutjanid species known to date. Food and Agricul-
ture Organization of the United Nations, Rome.

Aluru N, Vijayan MM (2007). Hepatic transcriptome re-
sponse to glucocorticoid receptor activation in rain-
bow trout. Physiological Genomics 31, 483–91.

Aluru N, Vijayan MM (2009). Stress transcriptomics in 
fish: A role for genomic cortisol signaling. General 
Comparative Endocrinology 164, 142–50.

Asaeda T, Manatunge J (2007). Physiological responses 
of topmouth gudgeon, Pseudorasbora parva, to pred-



214

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

M. J. Lawrence et al.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

© 2017 International Society of Zoological Sciences, Institute of Zoology/
    Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd

ator cues and variation of current velocity. Aquatic 
Ecology 41, 111–8.

Barcellos LJG, Ritter F, Kreutz LC et al. (2007). Whole-
body cortisol increases after direct and visual contact 
with a predator in zebrafish, Danio rerio. Aquacul-
ture 272, 774–8.

Barton BA, Iwama GK (1991). Physiological changes in 
fish from stress in aquaculture with emphasis on the 
response and effects of corticosteroids. Annual Re-
view of Fish Disease 1, 3–26.

Barton BA, Schreck CB (1987). Metabolic cost of acute 
physical stress in juvenile steelhead. Transactions of 
the American Fisheries Society 116, 257–63.

Barton BA, Schreck CB, Barton LD (1987). Effects of 
chronic cortisol administration and daily acute stress 
on growth, physiological conditions, and stress re-
sponses in juvenile rainbow trout. Diseases of Aquat-
ic Organisms 2, 173–85.

Bolker BM, Brooks ME, Clark CJ et al. (2009). Gen-
eralized linear mixed models: a practical guide for 
ecology and evolution. Trends in Ecology and Evolu-
tion 24, 127–35.

Boonstra R (2013). Reality as the leading cause of 
stress: rethinking the impact of chronic stress in na-
ture. Functional Ecology 27, 11–23.

Brown JA, Johansen PH, Colgan PW, Mathers RA 
(1985). Changes in the predator-avoidance behaviour 
of juvenile guppies (Poecilia reticulata) exposed to 
pentachlorophenol. Canadian Journal of Zoology 63, 
2001–5.

Busch DS, Hayward LS (2009). Stress in a conservation 
context: a discussion of glucocorticoid actions and 
how levels change with conservation-relevant vari-
ables. Biological Conservation 142, 2844–53.

Cannon WB (1929). Bodily changes in pain, hunger, 
fear and rage: An account of recent research into the 
function of emotional excitement, New York, Apple-
ton-Century-Crofts. Professional Curriculum: A Call 
to Action. Psychological Trauma: Theory, Research, 
Practice, and Policy 1, 3–23.

Chan DK, Woo NY (1978). Effect of cortisol on the me-
tabolism of the eel, Anguilla japonica. General and 
Comparative Endocrinology 35, 205–15.

Choi CY, Min BH, Jo PG, Chang YJ (2007). Molecular 
cloning of PEPCK and stress response of black porgy 
(Acanthopagrus schlegeli) to increased temperature 
in freshwater and seawater. General and Compara-
tive Endocrinology 152, 47–53.

Cooke SJ, Steinmetz J, Degner JF, Grant EC, Philipp DP 
(2003). Metabolic fright responses of different-sized 
largemouth bass (Micropterus salmoides) to two avi-
an predators show variations in nonlethal energetic 
costs. Canadian Journal of Zoology 81, 699–709.

Costello, MJ (2006). Ecology of sea lice parasitic on 
farmed and wild fish. Trends in Parasitology 22, 
475–83.

Crain CM, Kroeker K, Halpern BS (2008). Interactive 
and cumulative effects of multiple human stressors in 
marine systems. Ecology Letters 11, 1304–15.

Crespi EJ, Williams TD, Jessop TS, Delehanty B (2013). 
Life history and the ecology of stress: How do gluco-
corticoid hormones influence life-history variation in 
animals? Functional Ecology 27, 93–106.

Crossin GT, Love OP, Cooke SJ, Williams TD (2016). 
Glucocorticoid manipulations in free-living animals: 
considerations of dose delivery, life-history context 
and reproductive state. Functional Ecology 30, 116–
25.

Cull F, Suski CD, Shultz A et al. (2015). Consequences 
of experimental cortisol manipulations on the thermal 
biology of the checkered puffer (Sphoeroides testu-
dineus) in laboratory and field environments. Journal 
of Thermal Biology 47, 63–74.

Danylchuk SE, Danylchuk AJ, Cooke SJ, Goldberg TL, 
Koppelman J, Philipp DP (2007). Effects of recre-
ational angling on the post-release behavior and pre-
dation of bonefish (Albula vulpes): The role of equi-
librium status at the time of release. Journal of 
Experimental Marine Biology and Ecology 346, 127–
33.

Davis KB, Griffin BR, Gray WL (2003). Effect of di-
etary cortisol on resistance of channel catfish to in-
fection by Ichthyopthirius multifiliis and channel cat-
fish virus disease. Aquaculture 218, 121–30.

Davis KB, Torrance P, Parker NC, Suttle MA (1985). 
Growth, body composition and hepatic tyrosine ami-
notransferase activity in cortisol-fed channel catfish, 
Ictalurus punctatus Rafinesque. Journal of Fish Biol-
ogy 27, 177–84.

De Boeck G, Alsop D, Wood C (2001). Cortisol effects 
on aerobic and anaerobic metabolism, nitrogen excre-
tion, and whole-body composition in juvenile rain-
bow trout. Physiology Biochemistry and Zoology 74, 
858–68.

Dill LM, Fraser AH (1984). Risk of predation and the 
feeding behavior of juvenile coho salmon (Oncorhyn-



215

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

Cortisol and behavioral responses to a predator

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

© 2017 International Society of Zoological Sciences, Institute of Zoology/
    Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd

chus kisutch). Behavioral Ecology and Sociobiology 
16, 65–71.

Ellis T, Yildiz HY, López-Olmeda J et al. (2012). Cor-
tisol and finfish welfare. Fish physiology and Bio-
chemistry 38, 163–88.

Fry FE (1947). Effects of the Environment on Animal 
Activity. University of Toronto Press, Toronto, ON, 
Canada.

Fry FEJ (1971). 1 The effect of environmental factors 
on the physiology of fish. Fish Physiology 6, 1–98.

Gamperl AK, Vijayan MM, Boutilier RG (1994). Ex-
perimental control of stress hormone levels in fishes: 
techniques and applications. Reviews in Fish Biology 
and Fisheries 4, 215–55.

Giles N (1983). Behavioural effects of the parasite 
Schistocephalus solidus (Cestoda) on an intermediate 
host, the three-spined stickleback, Gasterosteus acu-
leatus L. Animal Behaviour 31, 1192–4.

Giles N (1987). Predation risk and reduced foraging 
activity in fish: experiments with parasitized and 
non-parasitized three-spined sticklebacks, Gasteros-
teus aculeatus L. Journal of Fish Biology 31, 37–44.

Godin JGJ (1997). Evading predators. In: Godin JGJ, 
ed. Behavioural Ecology of Teleost Fishes. Oxford 
University Press, New York, pp. 191–236.

Godin JGJ, Smith SA (1988). A fitness cost of foraging 
in the guppy. Nature 333, 69–71.

Godin JGJ, Sproul CD (1988). Risk taking in parasit-
ized sticklebacks under threat of predation: Effects of 
energetic need and food availability. Canadian Jour-
nal of Zoology 66, 2360–67.

Gotceitas V, Godin JGJ (1991). Foraging under the risk 
of predation in juvenile Atlantic salmon (Salmo salar 
L.): Effects of social status and hunger. Behavioural 
Ecology and Sociobiology 29, 255–61.

Gray JS (1997). Marine biodiversity: Patterns, threats 
and conservation needs. Biodiversity and Conserva-
tion 6, 153–75.

Guderley H, Pörtner HO (2010). Metabolic power bud-
geting and adaptive strategies in zoology: Examples 
from scallops and fish. Canadian Journal of Zoology 
88, 753–63.

Halpern BS, Selkoe KA, Micheli F, Kappel CV (2007). 
Evaluating and ranking the vulnerability of global 
marine ecosystems to anthropogenic threats. Conser-
vation Biology 21, 1301–15.

Hawlena D, Schmitz OJ (2010). Physiological stress as 
a fundamental mechanism linking predation to eco-

system functioning. American Naturalist 176, 537–
56.

Holopainen IJ, Aho J, Vornanen M, Huuskonen H 
(1997). Phenotypic plasticity and predator effects on 
morphology and physiology of crucian carp in nature 
and in the laboratory. Journal of Fish Biology 50, 
781–98.

Hutchings JA, Baum JK (2005). Measuring marine fish 
biodiversity: Temporal changes in abundance, life 
history and demography. Philosophical Transactions 
of the Royal Society of London B. Biological Science 
360, 315–38.

Hutchings JA, Reynolds JD (2004). Marine fish popu-
lation collapses: Consequences for recovery and ex-
tinction risk. BioScience 54, 297–309.

Järvi T (1989). The effect of osmotic stress on the an-
ti-predatory behaviour of Atlantic salmon smolts: A 
test of the ‘Maladaptive Anti-Predator Behaviour’ hy-
pothesis. Nordic Journal of Freshwater Research 65, 
71–9. [In Swedish.]

Järvi T (1990). Cumulative acute physiological stress in 
Atlantic salmon smolts: the effect of osmotic imbal-
ance and the presence of predators. Aquaculture 89, 
337–50.

Kagawa N, Ryo K, Mugiya Y (1999). Enhanced ex-
pression of stress protein 70 in the brains of goldfish, 
Carassius auratus, reared with bluegills, Lepomis 
macrochirus. Fish Physiology and Biochemistry 21, 
103–10.

Killen SS, Reid D, Marras S, Domenici P (2015). The 
interplay between aerobic metabolism and antipreda-
tor performance: Vigilance is related to recovery rate 
after exercise. Frontiers in Physiology 6, 111.

Korte SM, Koolhaas JM, Wingfield JC, McEwen BS 
(2005). The Darwinian concept of stress: Benefits of 
allostasis and costs of allostatic load and the trade-
offs in health and disease. Neuroscience and Biobe-
havioral Reviews 29, 3–38.

Krause J, Loader SP, McDermott J, Ruxton GD (1998). 
Refuge use by fish as a function of body length–re-
lated metabolic expenditure and predation risks. Pro-
ceedings of the Royal Society of London B Biological 
Science 265, 2373–9.

Lankford SE, Adams TE, Miller RA, Cech JJ (2005). 
The cost of chronic stress: Impacts of a nonhabituat-
ing stress response on metabolic variables and swim-
ming performance in sturgeon. Physiology Biochem-
istry Zoology 78, 599−609.



216

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

M. J. Lawrence et al.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

© 2017 International Society of Zoological Sciences, Institute of Zoology/
    Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd

Lawrence MJ, Eliason EJ, Brownscombe JW, Gilmour 
KM, Mandelman JW, Cooke SJ (2017). An experi-
mental evaluation of the role of the stress axis in me-
diating predator-prey interactions in wild marine fish. 
Comparative Biochemistry and Physiology A 207, 
27–9. 

Lawrence M, Jain-Schlaepfer S, Zolderdo et al. (2018). 
Are 3-minutes good enough for obtaining baseline 
physiological samples from teleost fish. Canadian 
Journal of Zoology, (in press).

Lima SL (1998). Stress and decision making under the 
risk of predation: recent developments from behav-
ioral, reproductive, and ecological perspectives. Ad-
vances in the Study of Behavior 27, 215–90.

Lima SL, Dill LM (1990). Behavioral decisions made 
under the risk of predation: A review and prospectus. 
Canadian Journal of Zoology 68, 619–40.

MacDonald JA, Shahrestani S, Weis JS (2009). Behav-
ior and space utilization of two common fishes within 
Caribbean mangroves: implications for the protective 
function of mangrove habitats. Estuarine, Coastal 
and Shelf Science 84, 195–201.

Mesa MG (1994). Effects of multiple acute stressors on 
the predator avoidance ability and physiology of ju-
venile Chinook salmon. Transactions of the Ameri-
can Fisheries Society 123, 786–93.

Mesa MG, Poe TP, Maule AG, Schreck CB (1998). Vul-
nerability to predation and physiological stress re-
sponses in juvenile chinook salmon (Oncorhynchus 
tshawytscha) experimentally infected with Renibac-
terium salmoninarum. Canadian Journal of Fisheries 
Aquatic Science 55, 1599–1606.

Milinski M (1985). Risk of predation of parasitized 
sticklebacks (Gasterosteus aculeatus L.) under com-
petition for food. Behaviour 93, 203–16.

Milinski M (1993). Predation risk and feeding be-
haviour. In: Pitcher TJ, ed. Behaviour of Teleost Fish-
es. Chapman and Hall, United Kingdom, pp. 285–
305.

Mitchell WA, Lima SL (2002). Predator-prey shell 
games: Large-scale movement and its implications 
for decision-making by prey. Oikos 99, 249–59.

Mommsen TP, Vijayan MM, Moon TW (1999). Corti-
sol in teleosts: Dynamics, mechanisms of action, and 
metabolic regulation. Reviews in Fish Biology and 
Fisheries 9, 211–68.

Morgan JD, Iwama GK (1996). Cortisol-induced chang-
es in oxygen consumption and ionic regulation in 

coastal cutthroat trout (Oncorhynchus clarki clarki) 
parr. Fish Physiology and Biochemistry 15, 385–94.

Nagelkerken I, Van der Velde G (2004). Relative impor-
tance of interlinked mangroves and seagrass beds as 
feeding habitats for juvenile reef fish on a Caribbean 
island. Marine Ecology Progress Series 274, 153–9.

Nagelkerken I, Dorenbosch M, Verberk WCEP, De La 
Moriniére EC, van Der Velde G (2000a). Importance 
of shallow-water biotopes of a Caribbean bay for ju-
venile coral reef fishes: patterns in biotope associa-
tion, community structure and spatial distribution. 
Marine Ecology Progress Series 202, 175–92.

Nagelkerken I, Dorenbosch M, Verberk WCEP, De La 
Moriniere EC, Van Der Velde G (2000b). Day-night 
shifts of fishes between shallow-water biotopes of a 
Caribbean bay, with emphasis on the nocturnal feed-
ing of Haemulidae and Lutjanidae. Marine Ecology 
Progress Series 194, 55–64.

Nagrodski A, Murchie KJ, Stamplecoskie KM, Sus-
ki CD, Cooke SJ (2013). Effects of an experimen-
tal short-term cortisol challenge on the behaviour of 
wild creek chub Semotilus atromaculatus in meso-
cosm and stream environments. Journal of Fish Biol-
ogy 82, 1138–58.

Noakes DLG, Jones KMM (2016). Cognition, learning 
and behavior. In: Farrell AP, Brauner CJ, eds. Biology 
of Stress in Fish. Academic Press, Cambridge, MA, 
USA, pp. 333–64.

O’Connor CM, Gilmour KM, Arlinghaus R et al. (2010). 
The consequences of short-term cortisol elevation on 
individual physiology and growth rate in wild large-
mouth bass (Micropterus salmoides). Canadian Jour-
nal of Fisheries and Aquatic Science 68, 693–705.

Olla BL, Davis MW (1989). The role of learning and 
stress in predator avoidance of hatchery-reared coho 
salmon (Oncorhynchus kisutch) juveniles. Aquacul-
ture 76, 209–14.

Olla BL, Davis MW, Schreck CB (1992). Notes: Com-
parison of predator avoidance capabilities with cor-
ticosteroid levels induced by stress in juvenile coho 
salmon. Transactions of the American Fisheries Soci-
ety 121, 544–7.

Olla BL, Davis MW, Schreck CB (1995). Stress–in duced 
impairment of predator evasion and non-predator 
mortality in Pacific salmon. Aquaculture Research 
26, 393–8.

Perry SF, Capaldo A (2011). The autonomic nervous 
system and chromaffin tissue: Neuroendocrine regu-



217

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

Cortisol and behavioral responses to a predator

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

© 2017 International Society of Zoological Sciences, Institute of Zoology/
    Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd

lation of catecholamine secretion in non-mammalian 
vertebrates. Autonomic Neuroscience 165, 54–66.

Pleizier N, Wilson AD, Shultz AD, Cooke SJ (2015). 
Puffed and bothered: Personality, performance, and 
the effects of stress on checkered pufferfish. Physiol-
ogy and Behaviour 152, 68–78.

Priede IG (1977). Natural selection for energetic effi-
ciency and the relationship between activity level and 
mortality. Nature 267, 610–11.

Raubenheimer D, Simpson SJ, Tait AH (2012). Match 
and mismatch: conservation physiology, nutritional 
ecology and the timescales of biological adaptation. 
Philosophical Transactions of the Royal Society B Bi-
ological Sciences 367, 1628–46.

Rehnberg BG, Schreck CB (1987). Chemosensory de-
tection of predators by coho salmon (Oncorhynchus 
kisutch): behavioural reaction and the physiological 
stress response. Canadian Journal of Zoology 65(3), 
481-485.

Rehnberg BG, Smith RJF, Sloley BD (1987). The reac-
tion of pearl dace (Pisces, Cyprinidae) to alarm sub-
stance: Time-course of behaviour, brain amines, and 
stress physiology. Canadian Journal of Zoology 65, 
2916–21.

Remage-Healey L, Nowacek DP, Bass AH (2006). Dol-
phin foraging sounds suppress calling and elevate 
stress hormone levels in a prey species, the Gulf 
toadfish. Journal of Experimental Biology 209, 4444–
51.

Romero LM, Dickens, MJ, Cyr NE (2009). The reactive 
scope model—A new model integrating homeostasis, 
allostasis, and stress. Hormones and Behaviour 55, 
375–89.

Ross NW, Firth KJ, Wang A, Burka JF, Johnson SC 
(2000). Changes in hydrolytic enzyme activities of 
naive Atlantic salmon Salmo salar skin mucus due to 
infection with the salmon louse Lepeophtheirus sal-
monis and cortisol implantation. Diseases of Aquatic 
Organisms 41, 43–51.

Rypel AL, Layman CA, Arrington DA (2007). Water 
depth modifies relative predation risk for a motile fish 
taxon in Bahamian tidal creeks. Estuarine, Coastal 
and Shelf Science 30, 518–25.

Schreck CB, Tort L (2016). The concept of stress in fish. 
In: Farrell AP, Brauner CJ, eds. Biology of Stress in 
Fish. Academic Press, Cambridge, MA, USA, pp. 
1–31.

Schreck CB, Olla BL, Davis MW (1997). Behavioural 
responses to stress. Fish Stress Health and Aquacul-
ture 62, 145–70.

Serra-Llinares RM, Tveiten H (2012). Evaluation of a 
fast and simple method for measuring plasma lactate 
levels in Atlantic cod, Gadus morhua (L.). Interna-
tional Journal of Fisheries and Aquaculture 4, 217–
20.

Shingles A, McKenzie DJ, Claireaux G, Domenici P 
(2005). Reflex cardioventilatory responses to hypoxia 
in the flathead gray mullet (Mugil cephalus) and their 
behavioural modulation by perceived threat of pre-
dation and water turbidity. Physiology Biochemistry 
and Zoology 78, 744–55.

Sih A (1992). Prey uncertainty and the balancing of an-
tipredator and feeding needs. American Naturalist 
139, 1052–69.

Sih A (1997). To hide or not to hide? Refuge use in a 
fluctuating environment. Trends in Ecology and Evo-
lution 12, 375–6.

Sloman KA, Motherwell G, O’connor K, Taylor AC 
(2000). The effect of social stress on the standard 
metabolic rate (SMR) of brown trout, Salmo trutta. 
Fish Physiology and Biochemistry 23, 49–53.

Smith RJF (1981). Effect of food deprivation on the re-
action of Iowa darters (Etheostoma exile) to skin ex-
tract. Canadian Journal of Zoology 59, 558–60.

Sokolova IM (2013). Energy-limited tolerance to stress 
as a conceptual framework to integrate the effects of 
multiple stressors. Integrative Comparative Biology 
53, 597–608.

Sopinka NM, Patterson LD, Redfern JC et al. (2015). 
Manipulating glucocorticoids in wild animals: basic 
and applied perspectives. Conservation Physiology 3, 
cov031.

Stoot LJ, Cairns NA, Cull F et al. (2014). Use of porta-
ble blood physiology point-of-care devices for basic 
and applied research on vertebrates: A review. Con-
servation Physiology 2, cou011.

Sørensen C, Johansen IB, Øverli Ø (2013). Neural plas-
ticity and stress coping in teleost fishes. General and 
Comparative Endocrinology 181, 25–34.

Struthers DP, Danylchuk AJ, Wilson AD, Cooke SJ 
(2015). Action cameras: Bringing aquatic and fisher-
ies research into view. Fisheries 40, 502–12.

Sundström LF, Petersson E, Johnsson JI, Dannewitz J, 
Höjesjö J, Järvi T (2005). Heart rate responses to pre-
dation risk in Salmo trutta are affected by the rearing 
environment. Journal of Fish Biology 67, 1280–6.



218

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

M. J. Lawrence et al.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

© 2017 International Society of Zoological Sciences, Institute of Zoology/
    Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd

Valiela I, Bowen JL, York JK (2001). Mangrove forests: 
One of the world’s threatened major tropical environ-
ments. Bioscience 51, 807–15.

Venables WN, Ripley BD (2002). Modern Applied Sta-
tistics with S. Springer Science+Business Media, 
New York.

Vijayan MM, Raptis S, Sathiyaa R (2003). Cortisol 
treatment affects glucocorticoid receptor and gluco-
corticoid-responsive genes in the liver of rainbow 
trout. General and Comparative Endocrinology 132, 
256–63.

Wagner GN, Cooke SJ (2005). Methodological ap-
proaches and opinions of researchers involved in the 
surgical implantation of telemetry transmitters in fish. 
Journal of Aquatic Animal Health 17, 160–9.

Walker BG, Boersma PD, Wingfield JC (2005). Field 
endocrinology and conservation biology. Integrative 
and Comparative Biology 45, 12–8.

Wcisel M, O’Riain MJ, de Vos A, Chivell W (2015). 
The role of refugia in reducing predation risk for 
Cape fur seals by white sharks. Behavioral Ecology 
and Sociobiology 69, 127–38.

Wells RM, Pankhurst NW (1999). Evaluation of sim-
ple instruments for the measurement of blood glu-
cose and lactate, and plasma protein as stress indica-
tors in fish. Journal of the World Aquaculture Society 
30, 276–84.

Wendelaar Bonga S (1997). The stress response in fish. 
Physiological Reviews 77, 591–625.

Wingfield JC (2003). Control of behavioural strategies 
for capricious environments. Animal Behaviour 66, 
807–816.

Wingfield JC (2013). Ecological processes and the ecol-
ogy of stress: the impacts of abiotic environmental 
factors. Functional Ecology 27, 37–44.

Wiseman S, Osachoff H, Bassett E et al. (2007). Gene 
expression pattern in the liver during recovery from 
an acute stressor in rainbow trout Comparative Bio-
chemistry and Physiology D Genomics and Proteom-
ics 2, 234–44.

Woodley CM, Peterson MS (2003). Measuring respons-
es to simulated predation threat using behavioral and 
physiological metrics: the role of aquatic vegetation. 
Oecologia 136, 155–60.

Wright AJ, Deak T, Parsons ECM (2011). Size matters: 
Management of stress responses and chronic stress in 
beaked whales and other marine mammals may re-
quire larger exclusion zones. Marine Pollution Bulle-
tin 63, 5–9.

Zall DM, Fisher D, Garner MQ (1956). Photometric de-
termination of chlorides in water. Analytical Chemis-
try 28, 1665–8.

Lawrence MJ, Eliason EJ, Brownscombe JW et al. (2018). Influence of supraphysiological cortisol manipulation 
on predator avoidance behaviors and physiological responses to a predation threat in a wild marine teleost fish. 
Integrative Zoology 13, 206–18.

Cite this article as:


