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The hypothalamic-pituitary-interrenal (HPI) axis, through corticosteroid secretion, is an integralmechanism reg-
ulating internal homeostasis when vertebrates are faced with a stressor. However, continued HPI-axis stimula-
tion can produce homeostatic overload, where corticosteroids are detrimental to organismal function. This
overload conditionmay play an important role inmediating predator-prey interactions, because chronically/pre-
viously stressed animals may have higher rates of predator-induced mortality. However, the mechanism(s) un-
derlying this observation are unknown. Using fish asmodels, we hypothesized that chronic stresswould increase
predation susceptibility owing to a poor physiological state (e.g. homeostatic overload) with corresponding sub-
optimal changes in predator-avoidance behaviour. As cortisol is also required in low quantities to help regulate
basicmetabolic functions infish, we expected that a glucocorticoid receptor antagonist (GR; e.g. homeostatic fail-
ure)may produce similar effects. Schoolmaster snapper (Lutjanus apodus) were given intraperitoneal implants of
cocoa butter impregnated with nothing (sham; 5 ml/kg body weight (BW)), cortisol (50 mg/kg BW) or the GR
antagonist RU486 (100 mg/kg BW). At 24-h post-implantation, fish were tethered to the seafloor and observed
for behavioural metrics associated with predation. Blood samples were collected from a subset of fish to assess
the physiological consequences of the implants. Cortisol- and RU486-implantedfish both had significantly higher
plasma cortisol concentrations than shamfish,with blood glucose andplasmaurea being elevated only in the for-
mer. Further, anti-predator behaviours andpredationmortality did not differ significantly among treatments. De-
spite changes in physiological state, predation susceptibility was unaffected, a finding that may reflect the
complex relationships linking the physiology and behaviour of an organism as well as potential tethering
artefacts.

© 2017 Elsevier Inc. All rights reserved.
Keywords:
Lutjanus apodus
Cortisol
RU486
Negaprion brevirostris
Homeostatic overload
Predation
1. Introduction

In fish, exposure to stressors results in physiological perturbations
and can lead to disruptions in homeostasis (reviewed in Barton and
Iwama, 1991). Stressors may be physical (e.g. handling, confinement),
environmental (e.g. hypoxia, temperature, hypercapnia) and physiolog-
ical (e.g. exercise, acidosis). During a stress response, circulating levels
of the glucocorticoid stress hormone, cortisol, are markedly elevated
as a result of activation of the stress axis; the primary mechanism by
which physiological disturbances from external and/or internal
stressors are mitigated in most vertebrate species (Selye, 1946;
reviewed in Hawlena and Schmitz, 2010 & Romero et al., 2009). In tele-
ost fish, the stress axis consists of the hypothalamic-pituitary-interrenal
).
(HPI) axis that is analogous to the mammalian HP-adrenal (HPA) axis
(reviewed in Mommsen et al., 1999). The end product of the HPI axis,
cortisol, acts via the blood stream as the primary glucocorticoid agent
eliciting elevations in gluconeogenic, glycogenic and proteolytic capac-
ities (reviewed in Mommsen et al., 1999 & Wendelaar Bonga, 1997),
resulting in a greater degree of energy mobilization, to allow the fish
to respond to the stressor.

Elevated circulating levels of cortisol, in both freshwater andmarine
teleosts, have been associated with increases in circulating glucose
(reviewed in Barton and Iwama, 1991, Mommsen et al., 1999, &
Wendelaar Bonga, 1997) and free amino acid concentrations (Chan
andWoo, 1978; Costas et al., 2011;Wood et al., 1999), as well as eleva-
tions in nitrogenouswaste excretion (Chan andWoo, 1978; Lawrence et
al., 2015; McDonald andWood, 2004), supporting the significant role of
this hormone in mediating energy metabolism. Restoring homeostatic
balance in the face of a stressor is an energetically demanding process,
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requiring elevations in various molecular transport activities, protein
synthesis, energy mobilization and cardiorespiratory responses,
through the regulatory input of cortisol (reviewed in Hawlena and
Schmitz, 2010 & Wendelaar Bonga, 1997).

However, elevation of cortisol levels is not entirely beneficial to the
physiological operation of a teleost fish. The reactive scopemodel posits
that cortisol can becomea detrimental agent to the organism at high cir-
culating concentrations, referred to as a “homeostatic overload”; a con-
dition where cortisol itself damages physiological stability over a more
chronic duration (Romero et al., 2009). Under conditions of chronic
stress, HPI axis induction in teleost fish can be detrimental to growth
and reproduction (reviewed in Wendelaar Bonga, 1997) and the im-
mune system (Espelid et al., 1996; reviewed in Weyts et al., 1999),
and can alter behaviour (reviewed in Schreck et al., 1997). This state
comes as a result of the diversion of resources away from processes
such as reproduction to aid in homeostatic restoration of the individual
(Romero et al., 2009). Sensory interpretation and behavioural patterns
can be affected (reviewed in Schreck et al., 1997), which in turn can
have adverse consequences with regard to ecological processes such
as predator-prey dynamics. The idea that stress at the level of the indi-
vidual may be relevant to ecological processes has generated interest in
‘the ecology of stress’ (Boonstra, 2013b).

Although empirical studies remain limited, predator-prey interac-
tions seem to be modulated by the stress status of animals (Hawlena
and Schmitz, 2010) it has been observed that teleost fish exemplifying
a pre-existing stressor (i.e. not predation; handling, toxicants, air expo-
sure, etc), are subject to higher rates of predator-associated mortality
among a few fish species, generally reflecting poor predator avoidance
capacity (Brown et al., 1985; Järvi, 1989; Mesa et al., 1994, 1998; Olla
andDavis, 1989; Olla et al., 1992, 1995). Indeed, the predator-avoidance
behaviour of these fish is modulated by being in a pre-stressed state
demonstrating reduced escape distances (Allan et al., 2015;
Handeland et al., 1996; Järvi, 1989), poor shoaling behaviour (Brown
et al., 1985; Handeland et al., 1996; Sullivan et al., 1978), and reduced
swimming capacity (Allan et al., 2015; Brown et al., 1985; Danylchuk
et al., 2007; Kruzynski et al., 1994), thereby contributing to an overall
greater mortality rate. In encountering an acute threat of predation,
fish elicit a stress response which includes increases in circulating corti-
costeroids and cardiovascular activity (Hawlena and Schmitz, 2010);
modifications that are of great benefit to the prey in avoiding predation
(Hawlena and Schmitz, 2010; Lima and Dill, 1990). However, the bene-
ficial influences of the stress axis under predation might be inhibited in
fish already exhibiting a chronic/sub-chronic stimulation of the stress
axis through othermeans (e.g. hypoxia, handling, and acidosis). Chronic
cortisol elevation may act to modulate the aerobic scope of the animal
(Lankford et al., 2005; Guderley and Pörtner, 2010; Sokolova, 2013)
which could affect energetic allocation towards anti-predator re-
sponses. Similarly, chronic cortisol elevation could act to de-sensitize
the acute stress response (Barton et al., 1987; Barcellos et al., 1999;
Cericato et al., 2008; Sloman et al., 2002; McConnachie et al., 2012b)
thereby potentially mitigating the beneficial actions of corticosteroids
in response to a predation threat. A similar occurrence is likely under
conditions where cortisol, produced from a predation stress, is
prevented from acting on its regulatory targets. Indeed, blocking GRs
through pharmaceuticals (e.g. RU486) diminished cortisol-induced
physiological changes including gluconeogenic activities (DiBattista et
al., 2006; Vijayan et al., 1994); alterations that may be required to suc-
cessfully avoid a predator (Hawlena and Schmitz, 2010). However,
these ideas have yet to be tested experimentally to any great degree,
and data on the linkage between stress-induced changes in teleost
physiology and ecosystem dynamics are rather limited, withmost stud-
ies focused on salmonids facing stressors in a lab setting (Hawlena and
Schmitz, 2010; Lima, 1998; Schreck et al., 1997).

The objective of the present studywas to experimentallymanipulate
the stress axis of a teleost fish and relate the resulting physiological
changes to behavioural responses to a predator in a natural system.
We used juvenile schoolmaster snapper (Lutjanus apodus) as a study
species because they inhabit nearshore mangrove marine habitats that
are rich in predators (Laegdsgaard and Johnson, 2001) and mangroves
represent one of the most threatened (Crain et al., 2009) and disturbed
ecosystems in the world (Alongi, 2002; Duke et al., 2007; Valiela et al.,
2001). Fish were tethered to the seafloor in the coastal zone (Rypel et
al., 2007) and observed for predation-related endpoints in the face of
a natural predator, the lemon shark (Negaprion brevirostris [Poey,
1868]). We predicted that elevated cortisol would result in a homeo-
static overload causing altered behaviour and impaired physiological
condition, in turn elevating susceptibility to predator-inducedmortality
compared to sham-treated fish. Furthermore, blocking cortisol recep-
tors (through RU486) was predicted to also elevate predator-induced
mortality by mitigating the beneficial physiological effects of the acute
cortisol response to the predator (stressor), thereby preventing the an-
imal from responding appropriately, relative to a baseline state, to a pre-
dation threat.

2. Methods

All experimental procedureswere conducted in accordancewith the
guidelines provided by the Carleton University Animal Care Committee
(AUP-100612) under the supervision of the Canadian Council of Animal
Care (CCAC). All animalswere obtained under a scientific collection per-
mit from the Bahamian Department of Marine Resources.

2.1. Animal collection and preparation

Juvenile schoolmaster snapper [Lutjanus apodus (Walbaum, 1792);
27.8 ± 1.8 g; N = 96] were collected from a nearby mangrove creek
(Page Creek, Eleuthera Island, Bahamas; 24°49′04″N: 76°18′51″W)
which consisted of a mixed sea grass/sandy bottom habitat bordered
by mangrove prop roots. Fish obtained using a baited minnow trap
from November 15th–December 13th, 2014 were then transported to
the Cape Eleuthera Institute (Eleuthera Island, Bahamas; 24°50′06.70″
N, 76°19′31.69″W) and held in a well-aerated raceway-style tank
(519 l) under ambient flow-through seawater conditions (dissolved ox-
ygen N85%; temperature 25.5 ± 0.5 °C; pH 8.29 ± 0.1; salinity 34.1 ±
0.1 ppt) under a natural photoperiod (13 h D:11 h L). Animals were
fed chopped sardines to satiation on a daily basis and were allowed to
acclimate to the holding conditions for at least 24-h prior to any exper-
imental manipulation.

Fasted fish (~16 h) were weighed and a small hole was made in the
ventral surface of the lower jaw with a fine surgical needle (1/2 circle,
cutting edge, size 14, Integra Miltex, Plainsboro, NJ, USA) to serve as a
tether anchoring point (Rypel et al., 2007). Cocoa butter implants
(5 ml/kg BW; N=25; Cull et al., 2015) were administered by intraper-
itoneal injection (Gamperl et al., 1994). Implants contained either hy-
drocortisone 21-hemisuccinate (50 mg/kg BW; N = 31; Cull et al.,
2015; Sigma-Aldrich, Oakville, ON, Canada) or RU486 (100 mg/kg BW;
N = 25; Doyon et al., 2006; Sigma-Aldrich, Oakville, ON, Canada);
sham injections of cocoa butter alone served as an injection control
group (N= 27). Animals recovered for 24-h, in segregated black crates
submerged in the holding tanks maintained under ambient seawater
conditions as described above, to allow the implanted drugs to reach bi-
ologically active concentrations in circulation (Bernier et al., 1999;
McConnachie et al., 2012a, 2012b).

2.2. Experimental procedure and study site

A subset of fish (N= 11–15 per treatment) was not included in the
field experiments but instead was retained to determine the physiolog-
ical effects associated with each implant group at 24 h post-implanta-
tion, the time at which field experiments were carried out. Animals
were euthanized through cerebral concussion and a blood sample
(~0.5 ml) was withdrawn via caudal venipuncture using a heparinized
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(Na+ heparin, 10, 000 USP units/ml; Sandoz Canada Inc., Boucherville,
QC, Canada) 1ml syringe and 23Gneedle.Whole bloodwas immediate-
ly assessed for glucose and lactate concentrations as well as
haematocrit. Blood sampleswere then centrifuged (2000 g; Mandel Sci-
entific, Guelph, ON, Canada) for 1 min and decanted plasma was
promptly frozen and stored at−20 °C for subsequent analyses of corti-
sol, Na+, Cl−, and urea concentrations.

To assess the validity of cortisol implants in reflecting a “naturally”
high cortisol level in schoolmaster snapper, an additional group of con-
trol (no implant) fish (N = 13) was chased to exhaustion in a manner
similar to McDonald et al. (1989), using a 5 min chase time. Exercise
has been shown to be a stressor that elicits a significant elevation in cir-
culating cortisol in teleosts (reviewed in Milligan, 1996 & Davison,
1997). Fish were euthanized and a blood sample was collected (as de-
scribed above) 30 min after exercise. This sampling time was selected
because plasma [cortisol] reaches its peak value at 30 min post-stressor
in a number of teleost fish (Herbert and Steffensen, 2005; Milligan and
Wood, 1987).

For individuals used in field experimentation, a 1.5 m long tether
(15-lb. test monofilament fishing line) was attached to the prepared
hole described above using a triple surgical box knot, similar to Rypel
et al. (2007). The procedure took b1 min and animals were then
allowed to recover for 20–30 min in individual, 19-L buckets with
ample aeration.

The study site consisted of 1.2 km of coastline adjacent to the Cape
Eleuthera Institute. It consisted of a similar habitat type to that found
within the collection site (i.e. seagrass and macroalgae with a sandy/
rocky substrate), thereby representing natural cover that the animals
would have access to in their home mangrove creek (Murchie et al.,
2015). The shoreline also had sparse patches of mangroves but tether-
ing experiments occurred away from mangroves because of the poten-
tial for tangling of tethered fish. The site was subdivided into four
150 m-long blocks each separated by 200 m. Each block contained
three steel anchors that were separated by 50 m from one another.
Water depth at these locations ranged from 0.3–1.0 m, varying with
the daily tidal cycles.

Each experimental trial consisted of tethering onefish from each im-
plant group (sham N = 16; cortisol, N = 16; RU486 N = 13) to an an-
chor within a block site. To control for day-to-day weather and tidal
patterns, fish were assigned to each block- and anchor-site using a ran-
domized block design. Once anchored to the seafloor, a fish was able to
move freely within a 1.5 m radius for 15 min, and video was recorded
via a Go-Pro Hero camera (Go-Pro, SanMateo, CA, USA) that was placed
approximately 1.6 m behind the animal on the beach-facing side. Cam-
eras used a wide angle field of view andwere shot at 30 frames per sec-
ond in 1080p high definition to maximize video capture conditions
(Struthers et al., 2015). Water clarity was exceptional with visibility in
excess of 10 m. Parameters measured included mortality, time to pred-
ator arrival and time to predation event (see below).

2.3. Behavioural and plasma analyses

Video observations were made over a 15 min experimental
timeframe. Time to predator arrival constituted the time required for a
predator to arrive at the tether site once the experimental trial had
begun and reflects the conspicuousness of the prey to the predator,
which can include visual, olfactory and mechanical cues, thereby serv-
ing as a proxy for predation risk (see Lima and Dill, 1990). Time to pre-
dation event was the time at which the prey itemwas consumed by the
predator from the onset of the experimental trial. This metric reflected
any capacity of the animal to avoid the predator during the interaction
and, consequently, acted as a proxy of anti-predator defensive behav-
iour. Similarly, mortality within the 15 min viewing frame also served
as a proxy of an anti-predator response. When multiple predators
were observed at the tether, it was impossible to identify when a specif-
ic individual arrived, and consequently, t = 0 was standardized to be
from the occurrence of the first predator to visit the site. Juvenile
lemon sharks, Negaprion brevirostris, were the only predators observed
during this experiment. It is worth highlighting that juvenile lemon
sharks, the sole predator observed here, exhibit habitat co-localization
with a collective of snapper species (Newman et al., 2007, 2010). Fur-
thermore, gut content assessments of lemon sharks have indicated
that teleosts comprise N70% of a lemon shark's diet (reviewed in
Wetherbee et al., 1990) with snappers being documented as a prey spe-
cies in juvenile sharks (Cortés and Gruber, 1990; Newman et al., 2010).
Additionally, schoolmaster snapper are often found moving indepen-
dently of a school during their juvenile life stage (Springer and
McErlean, 1962; Rooker and Dennis, 1991; reviewed in Mateo et al.,
2010). Taken together, this evidence supports the notion that our exper-
imental design provided an accurate portrayal of a natural trophic sys-
tem representing a common predator-prey interaction.

Blood glucose and lactate concentrations were assessed using porta-
ble glucose (Accu-Chek Compact Plus, Hoffman-La Roche Limited, Mis-
sissauga, ON, Canada) and lactate (Lactate Plus, Nova Biomedical
Corporation Canada Ltd., Mississauga, ON, Canada)meters, respectively.
These meters have been validated for use in teleost fish (reviewed in
Stoot et al., 2014). Haematocrit was determined through the use of hep-
arinized microcapillary tubes (ammonium heparin; Drumond Scientific
Co., Broomall, PA, USA) that were centrifuged for 5 min at 4400 g
(Zipocrit Centrifuge, LW Scientific, Lawrenceville, GA, USA). Total plas-
ma cortisol was assessed using a commercially-available
radioimunnoassay kit (ImmunoChem Cortisol Coated Tube RIA Kit, MP
Biomedicals, Solon, OH, USA) that has been validated for use in teleost
fish (Gamperl et al., 1994). Inter-assay and intra-assay variabilities
were 5.54% and b14%, respectively. Concentrations of plasma urea and
Cl− were determined using colourimetric assays employing the
methods of Rahmatullah and Boyde (1980) and Zall et al. (1956), re-
spectively. Colourimetric assays were read at room temperature
(~22 °C) on a microplate reader (SpectraMax, Molecular Devices, Sun-
nyvale, CA, USA). Plasma Na+ concentrations were determined
through flame spectrophotometry (Varian Spectra AA 220FS, Varian
Inc., Palo Alto, CA, USA). Plasma urea and Cl− samples were measured
in triplicate whereas plasma Na+ was measured in duplicate.

2.4. Statistical analyses

SigmaPlot v11.0 (Systat Software Inc., San Jose, CA, USA) was
employed for all statistical evaluation. Statistically-significant effects
were accepted atα=0.05with values, when appropriate, being report-
ed as themean± 1 s.e.m. (N). A one-way analysis of variance (ANOVA)
was used to compare blood/plasma parameters among treatments.
Where significant differences were found, a Tukey's HSD post-hoc test
was employed. A multiple logistical regression model was used to test
for differences in snapper mortality among treatments. A log-rank sur-
vival analysis was employed to assess the effects of treatment group
on predator arrival time and time to predation.

3. Results

3.1. Baseline blood and plasma parameters

Plasma cortisol concentrations reached their highest levels in corti-
sol-treated fish, being 111- and 13.5-fold greater than values for sham
and RU486-treated fish, respectively (Fig. 1A). Plasma [cortisol] in
RU486-treated fish was higher (8.2×) than plasma [cortisol] in sham-
implanted fish (Fig. 1A). Treatment with cortisol (50 mg/kg BW) led
to a nearly 2.4-fold higher blood [glucose] relative to sham-implanted
fish (Fig. 1B). Blood glucose levels did not differ between RU486 and
sham treated fish (Fig. 1B). Plasma urea levels were 1.7× higher in cor-
tisol-treated fish relative to the sham group. However, RU486 treated
fish had comparable plasma urea concentrations to both sham and
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Fig. 1. Concentrations of plasma cortisol (A), blood glucose (B) and plasma urea (C) in schoolmaster snapper, 24 h after receiving a cocoa butter implant on its own (sham; 5 ml/kg BW;
white bars;N ≤ 8), containing cortisol (50mg/kg BW; black bars;N ≤ 6), or RU486 (100mg/kg BW; grey bars;N ≤ 11) and post 30min exhaustive exercise (dark grey bars;N ≤ 13). Values
are reported asmeans±1 s.e.m. Sampleswere analyzed using a one-way ANOVA (Cortisol, P b 0.001; glucose, P b 0.001; urea, P b 0.001) coupledwith a Tukey post-hoc test. Unique letters
represent statistically significant (P b 0.05) differences among treatment groups.
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cortisol fish (Fig. 1C). Plasma concentrations of Na+, Cl− and lactate,
and haematocrit did not differ among implant groups (Table 1).

In fish allowed to recover for 30-min from exhaustive exercise, cir-
culating levels of glucose (2.3×), lactate (7.8×) and cortisol (4.1×)
were all appreciably higher when compared to values for sham-treated
fish (Fig. 1). Cortisol-treated fish had blood glucose levels that were
comparable to those of exercised fish despite having higher plasma cor-
tisol (27×) and urea (2×) concentrations (Fig. 1). RU486 treated fish
had lower blood glucose (0.4×), higher plasma urea (1.6×) and compa-
rable plasma cortisol concentrations relative to exercised fish (Fig. 1).
Haematocrit was also significantly higher in exercised fish, by 32%,
28% and 29% relative to sham, cortisol, and RU486-treated fish, respec-
tively (Table 1). Plasma concentrations of Na+ and Cl−were unaffect-
ed by exercise (Table 1).

3.2. Field behavioural assessments

Juvenile lemon sharks (Negaprion brevirostris) were the only preda-
tor observed to frequent the tethering stations. Overall mortality rates
for sham, cortisol-treated and RU486-treated fish were 76.9%, 58.3%
and 63.6%, respectively. Snapper mortality was unaffected by implanta-
tion group (P = 0.471) when modelled by the function Logit P =
Table 1
Blood and plasma parameters for a schoolmaster snapper with sham, cortisol and RU486 impl

Parameter
Treatment Group

Sham Cortisol

Plasma [Na+] 180.8 ± 6.5 (N = 4) 176.3 ± 4.8 (N =
Plasma [Cl−] 148.0 ± 10.6 (N = 4) 156.2 ± 6.2 (N =
Haematocrit (%) 23.7 ± 2.0a (N = 7) 24.5 ± 2.3ab (N
Blood [lactate] 0.5 ± 0.1a (N = 8) 0.1 ± 0.1a (N =

Values are presented as mean ± 1 s.e.m. and, unless otherwise noted, are presented as mM. A
(Na+, P= 0.82; Cl−, P= 0.15; Haematocrit, P= 0.01; lactate, P b 0.001) and was coupled wi
among treatment groups.
1.002 − (0.315 ∗ implant group). Both the “time to predator arrival”
(Fig. 2) and the “time to predation event” (Fig. 3) were equal among
treatment groups with sharks finding and consuming snapper in a
non-discriminate fashion (P N 0.05).

4. Discussion

4.1. Overview

Schoolmaster snapperwere implantedwith either cortisol or the GR
antagonist RU486 in an attempt to understand the physiological impli-
cations of the stress axis inmediating predator-prey interactions. Under
cortisol treatment, it was expected that homeostatic overload from cor-
tisol implantation would have energetically compromised the snapper
causing a decrease in predator avoidance capacity. Similarly, the block-
age of cortisol-mediated effects via treatment with the GR-antagonist
RU486 would have likely compromised the animal's ability to energeti-
cally respond to cortisol produced in response to the stressor of preda-
tion. In both instances, HPI axis modification did not alter snapper
predation, with predator-induced mortality and predation avoidance
capacity being uniform among all treatment groups. The absence of pre-
dation differences may reflect the complexity of relationships between
ants and after a 30 min recovery from exhaustive exercise.

RU486 Exercise

6) 180.4 ± 5.3 (N = 11) 182.7 ± 2.5 (N = 12)
6) 145.4 ± 5.3 (N = 11) 158.98 ± 2.3 (N = 12)

= 6) 24.3 ± 1.4a (N = 9) 31.2 ± 1.9b (N = 13)
6) 0.2 ± 0.1a (N = 12) 3.5 ± 0.5b (N = 13)

one-way ANOVA was used to determine statistical differences among treatment groups
th a Tukey post-hoc test. Unique letters represent statistically significant (P b 0.05) results
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physiological function and behaviour. Additionally, artefacts associated
with tethering may have masked treatment differences in our behav-
ioural metrics.
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Fig. 3. Survival analysis of time to predation event among the three treatment groups of
schoolmaster snapper with implants containing either a sham (5 ml/kg BW cocoa butter
alone; solid line; N = 13), cortisol (50 mg/kg BW; dotted line; N = 12), or RU486
(100 mg/kg BW; dashed line; N = 10). No significant effects of implantation group were
found (P N 0.05). Individuals that did not have a predation event were censored from
the analysis (filled circles).
4.2. Validation of pharmacological implants

In schoolmaster snapper, plasma cortisol concentrations were far
higher than those observed in chased fish, reaching supra-physiological
levels, and corresponded with an elevation in blood [glucose] (Fig. 1A)
relative to sham fish. Cortisol elevation under stressful conditions stim-
ulates the mobilization of energy reserves and up-regulates
gluconeogenic pathways, at the enzymatic andmolecular levels, via glu-
cocorticoid receptor (GR) stimulation (reviewed in Aluru and Vijayan,
2009 & Mommsen et al., 1999). As such, elevated cortisol levels in the
blood of teleosts are often accompanied by increases in blood [glucose]
(De Boeck et al., 2001; Jentoft et al., 2005; McConnachie et al., 2012b;
reviewed in Mommsen et al., 1999), which are used as an indicator of
stress axis induction (Barton and Iwama, 1991). The supra-physiologi-
cal levels of plasma cortisol in our fish may have been a concern given
cortisol's autoregulation of GR expression (Aluru and Vijayan, 2007;
Maule and Schreck, 1991; Pottinger et al., 1994; Sathiyaa and Vijayan,
2003; Shrimpton and Mccormick, 1999; Terova et al., 2005; Vijayan et
al., 2003), which may generate an insensitivity to the hormone (Maule
and Schreck, 1991; Sathiyaa and Vijayan, 2003). However, previous
work has demonstrated that teleostean tissue is still responsive, at the
gluconeogenic level, to cortisol even under sustained cortisol elevations
(Sathiyaa and Vijayan, 2003; Vijayan et al., 2003). Given that blood glu-
cose was still elevated under cortisol administration in schoolmaster
snapper and that the biochemical pathwaysmediating gluconeogenesis
are still active under similar conditions in other teleosts (McConnachie
et al., 2012b; Sathiyaa and Vijayan, 2003; Vijayan et al., 2003), the HPI
axis is still likely to be responsive in our fish. Under these conditions,
high levels of cortisol could stimulate an increased rate of GR
ubiquitination/degradation (Boone and Vijayan, 2002; Sathiyaa and
Vijayan, 2003; Vijayan et al., 2003). However, it is believed that cortisol
can still interact with the receptor prior to this event and likely explains
the discrepancy between the continued responsiveness of the stress
axis under cortisol levels that would instigate autoregulation (Sathiyaa
and Vijayan, 2003).

RU486 treatment also functioned as expected with snapper demon-
strating an increase in plasma cortisol concentrations while blood glu-
cose concentrations remained at control levels. RU486 is a well-
established antagonist of GRs in teleost fishwith its effect characterized
across a number of species (reviewed inMommsen et al., 1999). The rise
in plasma cortisol concentrations under RU486 treatment represents a
failure in the negative feedback actions of cortisol as RU486 blocks
GRs on the upstream regulators of cortisol biosynthesis, resulting in a
sustained release of ACTH and cortisol production by extension
(Bradford et al., 1992; Bernier et al., 1999; Reddy et al., 1995; Veillette
et al., 1995, 2007); an effect similar to what has been documented in
mammals (Gaillard et al., 1984; Healy et al., 1985; Heindorff et al.,
1994). Loss of negative feedback likely explains the increase in plasma
cortisol observed here and lends support to the effectiveness of RU486
in blocking glucocorticoid responses in these animals. The lack of
change in blood [glucose] despite the significant increase in plasma
[cortisol] similarly supports the effectiveness of RU486 treatment.

Urea metabolism was elevated by cortisol treatment, relative to
sham fish (Fig. 1C). Amino acid catabolism has been found to be tightly
associated with cortisol (Chan and Woo, 1978; Milligan, 1997;
Mommsen et al., 1992; Vijayan et al., 1996). However, this process pro-
duces toxic ammonia as a by-product (Randall and Tsui, 2002); ammo-
nia must be either excreted or detoxified by the fish internally (Arillo et
al., 1981; Fromm and Gillette, 1968; Lawrence et al., 2015; Mommsen
and Walsh, 1992; Olson and Fromm, 1971). Some teleosts are capable
of converting ammonia into a less toxic form, urea, and therefore the in-
crease in plasma [urea] in cortisol-treated snapper may reflect a detox-
ification pathway (Arillo et al., 1981; Fromm and Gillette, 1968;
Mommsen andWalsh, 1992; Olson and Fromm, 1971). This observation
supports the notion that energy reserves are mobilized during eleva-
tions in cortisol in schoolmaster snapper.
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As expected, chasing caused significant increases in haematocrit and
blood lactate (Table 1) levels consistent with the mobilization of cate-
cholamine stress hormones and use of anaerobic metabolism, respec-
tively (Milligan, 1996; Milligan and Wood, 1987; Pearson and Stevens,
1991; Wood, 1991). Thus, chasing served as a stressor, and cortisol
levels in chased fish could be used as an index of the endogenous corti-
sol response to a stressor in schoolmaster snapper. Under exogenous
cortisol loading (e.g. cortisol implants), plasma cortisol levels often
peak within the first 24 h of application before stabilizing above resting
levels for an extended duration (e.g. days to weeks; Gamperl et al.,
1994). Peak cortisol values, during exogenous loading, often reflect
those observed during periods of elevated endogenous production in
teleost fish (e.g. acute stressors; reviewed in Barton and Iwama, 1991)
thereby representing comparable responses. It is important to note
that the physiological changes reflected here may not be representative
of those experienced by an animal being actively hunted by its predator.
It would be expected that acute predation exposures would yield in-
creases in haematocrit and blood glucose in response to a predation
threat as part of the catecholamine mediated ‘fight or flight’ response
(reviewed in Randall and Perry, 1992 & Cannon, 1929).

4.3. Physiological impacts of stress and the potential to alter predation
susceptibility

We predicted that fish exposed to increased cortisol concentrations
would be more susceptible to predation as a result of a homeostatic
overload condition; however, predation related parameters were unaf-
fected by cortisol treatment in schoolmaster snapper. This finding con-
trasts with the work of others where predator-induced mortality
increased in stressed individuals (Danylchuk et al., 2007; Järvi, 1989;
Mesa, 1994; Olla et al., 1992, 1995; reviewed in Beitinger, 1990 and
Mesa et al., 1994).With stress axis activation influencing energymetab-
olism in fish (e.g. increasing standard metabolic rate), aerobic scope is
likely to be reduced with cortisol administration (Barton and Schreck,
1987; Farrell et al., 2008; Guderley and Pörtner, 2010), reducing the po-
tential to inhibit predator avoidance capacity through changes in swim-
ming performance (Guderley and Pörtner, 2010; Priede, 1977); a
contributor to mounting a successful escape response (reviewed in
Godin, 1997). Although signs that energy metabolism was affected in
cortisol-treated fish were observed in the present study, the metabolic
consequences of stress axis induction were not investigated. Stress-as-
sociated changes in the metabolism of teleosts should be investigated
as a potential mediator of alterations in predation susceptibility.

To date, the influence of GR blocking in the face of predation has not
been ascertained in fish (Crossin et al., 2015). In response to an acute
predation exposure, teleosts upregulate cortisol secretion as a prepara-
tive metabolic mechanism to support anti-predator defenses (Woodley
and Peterson, 2003; Barcellos et al., 2007). Thus, we predicted that
under GR blocking via RU486, fish would experience a greater risk of
predation as a result of a failure of physiologicalmechanisms supporting
anti-predator defenses including alterations in energetic supplies. We
observed no difference in glucose supply with GR blockage (Fig. 1A)
suggesting that these animals were not energetically compromised
under resting, unstressed conditions. Under exposure to a predator,
the HPI axis is likely to be induced to provide the necessary physiologi-
cal changes for successful predator evasion (Clinchy et al., 2013;
Hawlena and Schmitz, 2010). However, with GRs blocked by RU486,
the beneficial influences of cortisol (see Section 1), would not be con-
ferred in the tethered RU486 treated fish making them potentially
more susceptible to a predation event. As well, it should be noted that
RU486 does not antagonise catecholamine-mediated responses in fish.
Catecholamine secretion is critical for an animal's survival of a predation
event because it increases evasion potential primarily through alter-
ations in energy mobilization (Cannon, 1929; Galhardo and Oliveira,
2009; reviewed in & Fabbri et al., 1998 & Wendelaar Bonga, 1997). Be-
cause the predator-prey interactions observed here were acute (e.g.
minutes), the actions of catecholaminesmay have beenmore important
than those of cortisol.

4.4. Physiological changes may not regulate behaviour

Alterations in stress hormones including glucocorticoids are thought
to be an important regulator of behaviour in predator-prey systems
(reviewed in Hawlena and Schmitz, 2010). However, in numerous stud-
ies with teleost fish, cortisol implantation has resulted in clear signs of
physiological stress but failed to influence the behaviour of the animal
(Cull et al., 2015; Dey et al., 2010; Nagrodski et al., 2013; O'Connor et
al., 2009; Pleizier et al., 2015). For example, in checkered pufferfish
(Sphoeroides testudineus) implanted with cortisol to elevate plasma
[cortisol], behavioural metrics, including both swimming performance
and anti-predator responses (e.g. puffing), were unaffected (Cull et al.,
2015; Pleizier et al., 2015). If swimming performance in snapper of
the present study was similarly unaffected by cortisol implantation,
then the observed homogeneity in behavioural parameters is not sur-
prising. This apparent disconnect between behaviour and physiology
suggests that simple physiological effects may not correspond directly
with a change in the behaviour of an animal (Crossin et al., 2015;
Pleizier et al., 2015; Sopinka et al., 2015). Indeed, the notion of complex
relationships between levels of scale (e.g. physiological function and be-
haviour) holds true across a number of vertebrate taxa, where the
strength of the association depends on a number of internal and exter-
nal factors (Crossin et al., 2015; Sopinka et al., 2015). As such, the act of
raising cortisol alone in snapper may not be sufficient to cause behav-
iour changes and predatory avoidance impairment. Perhaps elevated
cortisol in tandemwithmetabolic and neurophysiological changes asso-
ciated with stress axis induction (reviewed in Barton and Iwama, 1991,
Sapolsky et al., 2000 & Wendelaar Bonga, 1997) are necessary to elicit
behavioural scale impacts on the animal's survival in the face of a pred-
ator. It is alsoworth noting that the relatively short duration of elevated
cortisol exposure (24 h) may not have caused the fish to suffer any im-
pacts of energetic misallocation/diversion; there were likely ample en-
ergy stores at this time to draw on (Romero et al., 2009). Over more
extended durations of cortisol elevation, heightened energetic con-
sumption may elicit a change in behavioural patterns, particularly
with respect to foraging dynamics, that could increase conspicuousness
to a predator (reviewed in Milinski, 1993 & Godin, 1997). Thus, it could
be speculated that the effects of cortisol elevation may be more pro-
nounced over longer exposure durations. While cortisol alone may not
be a strong influence in mediating predator-prey interactions, the ac-
companying traits that coincide with physiological stress (not investi-
gated here) may perhaps yield a mechanism for the alterations in
predation avoidance capacities observed in the literature.

4.5. Potential tethering artefacts

Tethering experiments, historically, have been debated as a reliable
tool in assessing predation (Aronson and Heck, 1995; Aronson et al.,
2001; Kneib and Scheele, 2000; Peterson and Black, 1994). In close en-
counters with predators, many teleosts rely upon burst swimming and
highly mobile escape responses to avoid predation (Godin, 1997; Lima
and Dill, 1990). As tethers restrict movement, they pose a significant
issue for organisms that rely upon mobile escape responses, in contrast
to species that employ crypsis. Indeed, tethered (mobile) prey items
have been found to be limited in their normal escape response behav-
iour, thereby suffering a greater rate of predation when compared to
their free counterparts (Barbeau and Scheibling, 1994; Curran and
Able, 1998; Haywood et al., 2003; Kneib and Scheele, 2000; reviewed
by Peterson andBlack, 1994). Furthermore, any negative impacts of cor-
tisol or RU486 treatment on swimming performance (see Section 4.3)
are likely to have been muted under tethering owing to the limited
range of motion available (Laegdsgaard and Johnson, 2001), resulting
in a high capture probability among all of our treatment groups (Lima
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andDill, 1990). It isworth noting that the experimentalfish did have ac-
cess to natural structure (macroalgae and coral rubble) while tethered
which could have provided of a means of predator evasion unlike teth-
ering studies conducted in the lab.

Predator density also can influence the effectiveness of tether-based
systems. Previous work has found that increasing predator density cor-
responds with a greater proportion of predator-induced mortality
(Kneib and Scheele, 2000). Although the shark population density has
not yet been characterized in the waters surrounding the Cape Eleu-
thera Institute, a number of individual sharks frequented the study
area (N5/km2). Furthermore, the tethering offishmay enhancepredator
localization of prey through the release of olfactory cues resulting from
the tether itself damaging the skin and tissues (Curran and Able, 1998).
In a similar case, shark predation on angled bonefish upon release was
believed to be enhanced by the emittance of stress-related olfactory
cues from the prey in question (Danylchuk et al., 2007). Sharks, with
acute sensory abilities, were likely also detecting the movements and
sounds associated with the setup of the tether thus enhancing prey lo-
calization. Additionally, tethered animals are more likely to display er-
ratic/altered behaviour that may be beneficial to predator detection of
the prey item (Barshaw and Able, 1990; Peterson and Black, 1994). To-
gether, these complications with tethering could potentially skew our
data as the snapper experienced a greater predation rate and were
more “conspicuous” to predators (Peterson and Black, 1994), making
it difficult to detect differences inmortality and predator evasion capac-
ity linked to the experimental treatments.

4.6. Conclusions

We predicted that cortisol and RU486 treatments should generate a
higher susceptibility to predation due to physiological impairment from
each of the respective treatments. However, despite physiological
changes associated with hormonal manipulation, predation related pa-
rameters were not affected. Although prior evidence found that chron-
ically/previously stressed fish experience higher rates of predator-
induced mortality (reviewed in Beitinger, 1990 and Mesa et al., 1994),
our findings suggest that cortisol elevations alone may not be enough
to alter these interactions. Additionally, artefacts associatedwith tether-
ing procedures may have confounded our experimental design. Under-
standing how stress at the level of the individual, particularly in the face
of extensive anthropogenic disturbances and environmental change in
aquatic systems (Helmuth, 2009), influences individual fitness and eco-
logical processes such as predator-prey relationships represents a time-
ly research area in the realm of the “ecology of stress” (Boonstra, 2013a,
2013b).
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Glossary

Glucocorticoid receptor (GR): A steroid hormone receptor that, in teleosts, acts as one of
the primary target receptors for cortisol and allows the hypothalamic-pituitary-interrenal
axis neuroendocrine signal to be transduced to an individual cell.
Hypothalamic-pituitary-interrenal (HPI) axis: The neuroendocrine system responsible for
mediating the stress response and cortisol biosynthesis/secretion in teleost fish.
Homeostatic overload: A condition where a physiological mediator exceeds its normal
maximal threshold for a particular response resulting in damage to the organism rather
than providing the beneficial effects it normally confers.
RU486: A pharmacological antagonist of the glucocorticoid receptor in teleost fish.
Standard metabolic rate (SMR): The sum of the metabolic processes allocated towards ba-
sic physiological processes needed to sustain an ectothermic organism. It is measured in
individuals that are fasted and completely at rest.
ACTH: Adrenocorticotropic hormone is an important regulatory hormone in mediating
cortisol biosynthesis as part of the hypothalamic-pituitary-interrenal axis.
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