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NOTE
Are 3 minutes good enough for obtaining baseline
physiological samples from teleost ﬁsh?
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Michael J. Lawrence, Soﬁa Jain-Schlaepfer, Aaron J. Zolderdo, Dirk A. Algera, Kathleen M. Gilmour,
Austin J. Gallagher, and Steven J. Cooke

Abstract: A prerequisite to studying the physiological status of wild animals is the ability to obtain blood samples that reﬂect the
condition prior to capture or handling. Based on research in avian taxa, it is recommended that such samples be obtained within
3 min of capture; however, this guideline has not been validated in wild teleosts. The present study addresses the time course of
physiological changes in a number of blood metrics across six species of freshwater ﬁsh. Fishes were caught using a standardized
angling protocol and held in a water-ﬁlled trough prior to the collection of a blood sample, via caudal phlebotomy, between 0.5
and 11 min after capture. Changes in whole-blood glucose and lactate concentrations, hematocrit, and plasma cortisol concentrations were assessed. Change-point analyses indicated that blood lactate concentrations and hematocrit did not deviate from
baseline values until ⬃2–5 min of handling for all species, whereas blood glucose concentrations generally did not deviate
signiﬁcantly from baseline over the 11 min test period. In all species, plasma cortisol concentrations began to increase above
baseline between ⬃4 and 8 min after capture. Thus, to ensure that blood samples are representative of baseline conditions across
multiple metrics, we recommend that sampling be limited to less than 2 min in teleost ﬁshes.
Key words: stress, cortisol, ﬁeld endocrinology, glucose, lactate, blood sampling, hematocrit, 3 min rule, wild animals, teleost,
largemouth bass, Micropterus salmoides, smallmouth bass, Micropterus dolomieu, rock bass, Ambloplites rupestris, pumpkinseed,
Lepomis gibbosus, bluegill, Lepomis macrochirus, northern pike, Esox lucius.
Résumé : Une condition préalable à l’étude de l’état physiologique d’animaux sauvages est la capacité d’obtenir des échantillons
de sang qui reﬂètent l’état avant la capture ou la manipulation. À la lumière de travaux de recherche sur des taxons d’oiseaux,
il est recommandé que de tels échantillons soient obtenus dans les 3 min suivant la capture. Cette directive n’a toutefois pas été
validée pour les téléostéens vivant à l’état sauvage. L'étude s’est penchée sur la chronologie de changements physiologiques pour
différents paramètres sanguins pour six espèces de poissons d’eau douce. Les poissons ont été capturés en suivant un protocole
normalisé de pêche à la ligne et maintenus dans une cuve remplie d’eau avant le prélèvement d’un échantillon de sang par
ponction caudale, de 0,5 à 11 min après la capture. Les variations des concentrations de glucose et de lactate du sang entier, de
l’hématocrite et des concentrations de cortisol plasmatique ont été évaluées. Les analyses des points de changement indiquent
que les concentrations de lactate du sang et l’hématocrite ne divergent pas des valeurs de référence avant ⬃2–5 min de
manipulation pour toutes les espèces, alors que les concentrations de glucose du sang ne divergent pas signiﬁcativement, en
général, des valeurs de référence pendant toute la période de manipulation de 11 min. Chez toutes les espèces, la concentration
de cortisol plasmatique commence à augmenter au-delà de la valeur de référence entre ⬃4 et 8 min après la capture. Ainsi, pour
s’assurer que les échantillons de sang soient représentatifs des conditions de référence pour différents paramètres, nous
recommandons que leur prélèvement soit fait dans les 2 min suivant la capture chez les poissons téléostéens. [Traduit par la
Rédaction]
Mots-clés : stress, cortisol, endocrinologie de terrain, glucose, lactate, prélèvement sanguin, hématocrite, règle de 3 minutes,
animaux sauvages, téléostéen, achigan à grande bouche, Micropterus salmoides, achigan à petite bouche, Micropterus dolomieu,
crapet de roche, Ambloplites rupestris, crapet-soleil, Lepomis gibbosus, crapet arlequin, Lepomis macrochirus, grand brochet, Esox lucius.

Introduction
In many vertebrate species, the physiological dynamics of blood
have served as an important tool in assessing whole-organism
responses to environmental change and stressors. For example,
acute increases in cortisol levels are often associated with stressor
exposure as a direct product of stress axis activation (i.e., the

hypothalamic–pituitary–interrenal (HPI) axis; Barton 2000; Jentoft
et al. 2005; Lawrence et al. 2015; reviewed in Wendelaar Bonga
(1997) and Gorissen and Flik (2016)), with cortisol being the primary glucocorticoid stress hormone in teleost ﬁsh. As a result,
blood analyses have been and continue to be a central component
of a large proportion of the physiological literature pertaining to
teleost ﬁsh (Stoot et al. 2014).
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A central aim of contemporary ﬁsh physiology is to characterize
how ﬁsh respond to environmental and anthropogenic stressors
(e.g., Conte 2004; Baker et al. 2013; Schulte 2014). As with other
vertebrates, teleost ﬁshes employ both the HPI axis and the sympathetic axis to initiate physiological and behavioural responses
to environmental challenges. The actions of these axes assist in
the maintenance and (or) re-establishment of internal homeostasis and are generally focused on re-prioritizing energy distribution, engaging de novo synthesis of high energy substrates, and
maintaining ionic and osmotic balance (Wendelaar Bonga 1997;
Mommsen et al. 1999; Gorissen and Flik 2016). The blood plays a
central role in these processes by transporting hormones (e.g.,
cortisol, catecholamines). As well, the shuttling of energetic substrates and stress-induced hydromineral imbalances are reﬂected
in the milieu of the blood’s physical chemistry. Commonly used
biomarkers of stress include circulating concentrations of glucose, lactate, cortisol, and inorganic ions (e.g., Na+, K+, Cl–, Ca2+),
as well as hematocrit (Suski et al. 2007; Arlinghaus et al. 2009;
Jeffries et al. 2012; reviewed in Sopinka et al. (2016)).
Baseline metrics are an important consideration in assessing
the impacts of a stressor (Sopinka et al. 2016). Establishing baseline blood parameters requires that blood be collected from the
animal quickly and with minimal disturbance. In most instances,
caudal venipuncture is employed as the primary collection
method (e.g., Suski et al. 2007; Jeffries et al. 2012; Lawrence et al.
2015), but this technique requires that the animal be handled.
Handling stress effects have been well characterized across a
number of teleost species and alter the blood physiology of the
animal with respect to both energetic and hydromineral balances
(Cleary et al. 2000; Shrimpton et al. 2001; Morales et al. 2005;
reviewed in Pankhurst (2011)). Thus, haste in blood sampling is of
critical importance in establishing representative and accurate
baseline values, which begs the question: how long is too long?
It is important to establish sampling times from which the
baseline physiology of the ﬁsh can be reliably assessed. In the
avian literature, Romero and Reed (2005) tested the widely held
view that a maximum handling time of 3 min was sufﬁcient to
capture baseline titres of corticosterone. These authors concluded
that sampling should occur within 2 min of capture, with 3 min
being the uppermost limit (Romero and Reed 2005). Small et al.
(2017) came to similar conclusions (⬃2 min). Within the teleost
literature, most blood samples appear to be collected within
3 min of the animal’s capture (e.g., Knapp and Neff 2007; Cook
et al. 2012). However, the assumption that this “3 min rule” delivers a blood sample that is representative of baseline conditions
does not appear to have been tested for teleost ﬁsh. Furthermore,
information on the acute time course (i.e., minutes post stressor)
of the effects of handling stress on teleost blood physiology appears to be lacking in the current literature. Thus, the purposes of
the present study were to (i) establish a time course, over an acute
time frame, of the physiological changes associated with handling
typical of a blood sampling event for wild teleost ﬁsh, (ii) identify
the time at which blood physiological status deviates from baseline levels, and (iii) establish guidelines for the timing of baseline
blood samples in teleost ﬁshes.

Materials and methods
Study site and species
All ﬁsh used in this study were collected from Lake Opinicon
(44.5590°N, 76.3280°W; Chaffey’s Lock, Ontario, Canada), a shallow and eutrophic freshwater lake in eastern Ontario, Canada.
Study species were selected based on their widespread use in ﬁsheries science and their importance to recreational sport ﬁsheries
(reviewed in Cooke and Philipp (2009)). The selected species were
largemouth bass (Micropterus salmoides (Lacepède, 1802)), smallmouth bass (Micropterus dolomieu Lacepède, 1802), rock bass
(Ambloplites rupestris (Raﬁnesque, 1817)), bluegill (Lepomis macrochirus
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Raﬁnesque, 1819), pumpkinseed (Lepomis gibbosus (Linnaeus, 1758)),
and northern pike (Esox lucius Linnaeus, 1758). Capture occurred
between the months of May and July of 2015 via rod and reel
angling (see below). Centrarchid ﬁshes except smallmouth bass
were generally captured from shallow, weedy bays (<2.5 m depth),
whereas northern pike and smallmouth bass were captured from
the deeper, cooler reaches of the lake (⬃3–8 m depth). Mean surface water temperature was 21.5 ± 0.8 °C during the course of this
experiment.
Experimental series
Fishes were captured using a variety of artiﬁcial lures and recreational ﬁshing rod and reel setups. To control for physiological
disturbances associated with angling itself, the timing of angling
events was standardized so that each animal was played on the
line for 20 s following a successful hookset. Control ﬁsh were an
exception to this protocol; here, the animal was immediately
brought on board with hookset-to-landing times of less than 10 s.
Upon landing on the boat, the animal was promptly placed on its
dorsal side in a water-ﬁlled trough and immobilized by a deck
hand. During this time, the hook was removed from the animal.
The handling procedures described above attempted to replicate
the typical treatment of a ﬁsh during blood sampling events in a
standard ﬁeld assessment (e.g., where ﬁsh are hot-picked from a
gill net, dip netted, or caught by hook and line).
Individual ﬁsh were bled once, at a time ranging between 30 s
and 11 min of total handling time; these times were chosen to
encompass a range realistic for ﬁeld settings. Handling time was
calculated as the total time elapsed from hookset to blood withdrawal. Blood was collected by caudal phlebotomy using a heparinized (10 000 USP units·mL−1 Na+ heparin; Sandoz, Boucherville,
Quebec, Canada) 1 mL syringe with a 23-gauge needle. Blood was
immediately assessed for whole blood glucose and lactate concentrations ([glucose] and [lactate], respectively), as well as hematocrit. Thereafter, blood was held (1–2 h maximum) in a water–ice
slurry until centrifugation (5 min at 2000g; Mandel Scientiﬁc,
Guelph, Ontario, Canada). The plasma was decanted, ﬂash frozen,
and stored at –80 °C for subsequent determination of plasma
cortisol concentrations ([cortisol]). Following blood sampling,
each ﬁsh was measured for total length (to the nearest millimetre)
and promptly released back into the lake.
Blood and plasma analyses
Plasma [cortisol] was assessed using a commercial radioimmunoassay kit (RIA; ImmuChem Cortisol Coated Tube RIA Kit, MP
Biomedicals, Solon, Ohio, USA). This assay has been validated for
use in teleost ﬁshes (Gamperl et al. 1994) and has been used previously in a number of the species studied here (Cook et al. 2012;
McConnachie et al. 2012; Zolderdo et al. 2016). Intra- and interassay coefﬁcients of variation for the cortisol RIA were 6.9% and
12.0%, respectively. Blood [glucose] and [lactate] were determined
using portable, medical-grade glucose (Accu-Chek Compact Plus,
Hoffman-La Roche Limited, Mississauga, Ontario, Canada) and lactate (Lactate Plus, Nova Biomedical Corporation Canada Ltd., Mississauga, Ontario, Canada) meters, respectively. These units have
been validated for use in teleost ﬁshes (reviewed in Stoot et al.
(2014)). Hematocrit was measured by collecting blood into heparinized, microcapillary tubes (ammonium heparin; Drumond Scientiﬁc Co., Broomall, Pennsylvania, USA) that were centrifuged
(13 700g for 5 min; StatSpin CritSpin, Beckman Coulter, Brea, California, USA).
Statistical analyses
SigmaPlot (version 11.0; Systat Software Inc., San Jose, California, USA) was used to conduct all regression analyses and to calculate the descriptive statistics for the baseline blood parameters
reported in Table 1. “Baseline” parameters represent a simple
mean of the values for the control animals subjected to minimal
Published by NRC Research Press
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Table 1. Average total length and the size ranges for six species of wild teleost ﬁsh.
Species

Total
length (mm)

Minimum
Maximum
length (mm) length (mm)

Largemouth bass (Micropterus salmoides)
Smallmouth bass (Micropterus dolomieu)
Rock bass (Ambloplites rupestris)
Bluegill (Lepomis macrochirus)
Pumpkinseed (Lepomis gibbosus)
Northern pike (Esox lucius)

309±5 (N = 66)
339±11 (N = 26)
201±4 (N = 48)
161±3 (N = 66)
187±2 (N = 68)
547±15 (N = 39)

235
240
160
121
139
325

415
430
250
203
220
735
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Note: Values are presented as means ±1 SEM; N, the number of samples.

angling, as described above. Multiple linear regressions were employed to test for the relationships among the physiological
parameter of interest, sampling time, and total length. In cases
where a change-point value was determined (see below), individual regressions were plotted for the phases before and after the
change point. If no change point was evident, regression lines
were ﬁtted to the entire dataset. Simple linear regressions were
used to test for relationships between physiological parameters.
Logarithmic transformations were used to transform non-normally
distributed data used in regression analyses. For visual simplicity,
regression data are plotted as the relationship between the blood
metric of interest and time (i.e., ignoring animal length). To identify
the change point for each parameter, the package “changepoint” in
R (version 2.2.2; Killick et al. 2016) was used. The change-point
value represents the time at which the dataset undergoes a statistically signiﬁcant deviation from the previous state (Siegel and
Castellan 1988; Romero and Reed 2005). All statistical evaluation
was conducted at ␣ = 0.05, with data being presented, as appropriate, as mean ±1 standard error of the mean (SEM) and sample
size (N).
Animal ethics
All procedures were conducted in accordance with the guidelines for the use of animals in research and teaching of the Canadian Council on Animal Care, under the administration of the
Carleton University Animal Care Committee (AUP #104288).

Results
Fish body size data are reported in Table 1.
Cortisol
Baseline plasma [cortisol] values ranged from 1.68 to 2.85 ng·mL−1
(Table 2), and change-point analysis indicated that for most species, plasma [cortisol] did not deviate from this baseline state until
approximately 6.5 min post capture (Table 3; Fig. 1). The exception
was northern pike, which exhibited a change point at 4.3 min post
capture (Fig. 1). Owing to an unfortunate issue associated with
sample storage, all but a handful of plasma samples for smallmouth bass were lost and therefore no data are reported for
plasma [cortisol] for this species.
Prior to the change point, plasma [cortisol] increased with handling time in largemouth bass (p < 0.001), rock bass (p = 0.021),
bluegill (p < 0.001), pumpkinseed (p < 0.001), and northern pike
(p = 0.005); see Table 4 for r2 data for all linear relationships. After
the change point, plasma [cortisol] was not signiﬁcantly affected
by time (p > 0.05) in any species. Plasma [cortisol] levels after
change point were quite variable among species, with bluegill and
pumpkinseed appearing to mount the greatest cortisol responses
(peak values ⬃300–400 ng·mL−1). Fish length was not correlated
with plasma [cortisol] in any species (p > 0.05).
Blood glucose
Baseline blood [glucose] never exceeded 3.0 mmol·L–1 (Table 2).
For most species, signiﬁcant deviations of blood [glucose] from
the baseline state were not observed within the experimental
time frame (Fig. 2). However, smallmouth bass and pumpkinseed

exhibited signiﬁcant change-point times at 4.8 and 8.7 min, respectively (Table 3; Fig. 2).
Increases in handling time led to signiﬁcant increases in blood
[glucose] in largemouth bass (p < 0.001), rock bass (p = 0.015),
bluegill (p < 0.001), and northern pike (p < 0.001) (Fig. 2). However,
handling time alone was not able to account for the majority of
the variation (i.e., r2 < 0.417) observed in blood [glucose] in these
species. For both smallmouth bass and pumpkinseed, blood [glucose] was not related to handling time either before or after
change point (p > 0.05; Fig. 2). Blood [glucose] was not related to
body length for any species (p > 0.05) except northern pike, where
larger ﬁsh had lower blood [glucose] relative to smaller individuals (p < 0.001).
Blood [glucose] was related to, in a signiﬁcant, positive manner,
plasma [cortisol] in largemouth bass (p < 0.001), northern pike
(p = 0.017), pumpkinseed (p < 0.001), and bluegill (p < 0.001) (Fig. 3).
However, plasma [cortisol] explained only a small (i.e., 14%–40%)
proportion of the variation in blood [glucose] (Fig. 3). In rock bass,
there was no apparent relationship between these two parameters (p = 0.598; Fig. 3).
Blood lactate
Baseline blood [lactate] were below 0.8 mmol·L–1 in all species
(Table 2). Deviations from baseline blood [lactate] occurred over a
span of 2.5 to 3.8 min for all species, making this blood metric the
most sensitive (i.e., most time responsive) measured (Table 3;
Fig. 4).
Prior to the change point, blood [lactate] was signiﬁcantly related to time in all species (largemouth bass, p = 0.031; smallmouth bass, p = 0.035; bluegill, p = 0.007; pumpkinseed, p = 0.032;
and northern pike, p = 0.038) except rock bass (p = 0.135; Fig. 4).
Similarly, blood [lactate] was signiﬁcantly related to time after
change point for all species (largemouth bass, p < 0.001; rock bass,
p = 0.008; bluegill, p = 0.015; and northern pike, p < 0.001) except
smallmouth bass (p = 0.533) and pumpkinseed (p = 0.833; Fig. 4). In
northern pike, blood [lactate] was signiﬁcantly related to body
length (p = 0.009) during the phase after change point only, where
larger individuals had lower blood [lactate].
Hematocrit
Baseline haematocrits ranged from 16% to 26% (Table 2), and
change-point times were quite variable among the species studied
(Table 3; Fig. 5). Hematocrit was most sensitive to sampling time
in bluegill and pumpkinseed, where haematocrit increased above
baseline values at 2.9 and 2.0 min, respectively. Northern pike
exhibited intermediate sensitivity, with a change point of 3.48 min.
Hematocrit was slowest to respond to sampling time in largemouth,
smallmouth, and rock bass, with change points of 6.8, 5.1, and
4.6 min, respectively.
Hematocrit was not signiﬁcantly affected by time for any species or time period (Fig. 5). Overall, the relationship between handling time and hematocrit was weak, with <10% of the variation in
hematocrit being explained by handling time. Hematocrit levels
were unaffected by body length for all species.
Published by NRC Research Press
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Table 2. Baseline blood parameters for six species of wild teleost ﬁsh.
Species

Plasma [cortisol]
(ng·mL–1)

Blood [glucose]
(mmol·L–1)

Blood [lactate]
(mmol·L–1)

Hematocrit (%)

Largemouth bass (Micropterus salmoides)
Smallmouth bass (Micropterus dolomieu)
Rock bass (Ambloplites rupestris)
Bluegill (Lepomis macrochirus)
Pumpkinseed (Lepomis gibbosus)
Northern pike (Esox lucius)

2.85±0.22 (N = 11)
—
2.16±0.30 (N = 5)
2.07±0.30 (N = 5)
1.68±0.20 (N = 3)
2.81±0.77 (N = 4)

2.2±0.1 (N = 12)
2.7±0.1 (N = 6)
2.7±0.1 (N = 6)
2.5±0.1 (N = 6)
2.9±0.2 (N = 5)
2.7±0.3 (N = 7)

0.71±0.3 (N = 12)
0.23±0.2 (N = 6)
0.35±0.2 (N = 6)
0.20±0.1 (N = 6)
0.68±0.2 (N = 5)
0.79±0.1 (N = 7)

22.6±1.0 (N = 12)
26.3±2.9 (N = 5)
22.4±1.3 (N = 4)
20.3±1.4 (N = 6)
21.9±2.5 (N = 4)
16.6±1.7 (N = 7)

Note: Values are presented as means ±1 SEM; N, the number of samples.
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Table 3. Change-point times (in minutes) for blood parameters measured in six
species of teleost ﬁsh subjected to a handling stress of 0 to 11 min duration.
Change-point times (min)
Species

Plasma
Blood
Blood
[cortisol] [glucose] [lactate] Hematocrit

Largemouth bass (Micropterus salmoides)
Smallmouth bass (Micropterus dolomieu)
Rock bass (Ambloplites rupestris)
Bluegill (Lepomis macrochirus)
Pumpkinseed (Lepomis gibbosus)
Northern pike (Esox lucius)

6.6
ND
7.8
7.5
7.9
4.3

—
4.8
—
—
8.7
—

2.8
3.5
3.8
2.8
2.5
3.5

6.8
5.1
4.6
2.9
2.0
3.5

Note: Values represent the time at which a change in the parameter from its baseline state is
evident. Parameters where a change point was not detected are denoted by “—”. No data were
available for plasma cortisol concentrations in smallmouth bass (ND).

Discussion
Corticosteroid responses
Cortisol biosynthesis is regulated by the higher centres of the
HPI axis in teleost ﬁsh, and the baseline level of cortisol production is
important in ﬁne-scale regulation of metabolism (Van Der Boon et al.
1991; Romero et al. 2009; Gorissen and Flik 2016). In wild and captive
or domesticated ﬁsh, baseline [cortisol] typically ranges from 2 to
30 ng·mL−1 (reviewed in Barton (2002) and Pankhurst (2011)). The
baseline [cortisol] are within the “unstressed” range for the species measured here (Suski et al. 2003; McConnachie et al. 2012;
Pullen et al. 2017), demonstrating that appropriate sampling procedures can yield baseline values even in teleost ﬁsh captured
from the wild.
In response to a stressor, the HPI axis is activated, eliciting an
increased rate of cortisol biosynthesis and culminating in elevated titres in circulation (⬃40–600 ng·mL−1; Suski et al. 2003;
Cook et al. 2012; Pullen et al. 2017), as observed in all species
examined in the present study. Under these conditions, cortisol
acts to increase energetic substrate availability and restore hydromineral balance (reviewed in Mommsen et al. (1999) and
Schreck and Tort (2016)). Changes in circulating cortisol titres
require time, with cortisol titres in the species studied here not
deviating from baseline levels until at least 4 min into the handling exposure, and peak values typically occurring ⬃30–40 min
after stressor (Pickering et al. 1982; Cook et al. 2012). Because
cortisol titres do not rise immediately upon exposure to a stressor,
the 3 min guideline has long been considered adequate to capture
representative baseline cortisol titres in a number of vertebrate
taxa (reviewed in Romero and Reed (2005)). Romero and Reed
(2005) demonstrated the validity of this “rule” experimentally using a number of bird species; cortisol titres were preserved at
baseline within 3 min of sampling time (see also Wingﬁeld et al.
1982; Sockman and Schwabl 2001). In studies of teleost ﬁsh, the
current body of literature suggests that the timing of cortisol
responses is variable across species, with baseline cortisol titres
being observed up to 15 min after acute stressor exposure in some
ﬁsh (Kubokawa et al. 2001), although 5 to 10 min post stressor is
more common (Barton et al. 1980; Sumpter et al. 1986; Pankhurst
et al. 1992; Kubokawa et al. 2001). In agreement with previous
ﬁndings, cortisol titres rose above baseline ⬃4–8 min after stres-

sor in all species presented here. Thus, for a temperate teleost ﬁsh,
the 3 min rule is valid and allows for response variation reﬂecting
the impact of factors, including stress history (reviewed in Barton
(2002)), age (Koakoski et al. 2012), and body condition and size
class (Cook et al. 2012), on cortisol dynamics.
Glucose responses
In contrast to mammals, which tend to regulate blood [glucose]
within a narrow range, baseline blood [glucose] varies considerably with taxonomic group, feeding guild, and feeding status in
teleosts (Moon 2001; Polakof et al. 2012). Baseline [glucose] in the
present study were comparable to values reported previously for
wild centrarchid ﬁshes (Thompson et al. 2008; McConnachie et al.
2012; Zolderdo et al. 2016; reviewed in Kieffer and Cooke (2009)),
although values for northern pike were somewhat lower than previously reported (⬃3–6 mmol·L–1; Ince and Thorpe 1975; Schwalme and
Mackay 1985; Arlinghaus et al. 2009; Pullen et al. 2017).
Alterations in blood [glucose] are widely used as a metric of a
vertebrate’s stress status (Boonstra 2004; Romero and Butler 2007;
Sopinka et al. 2016). For example, in teleost ﬁshes, a variety of
acute stressors elicits an increase in blood [glucose] (Jentoft et al.
2005; Suski et al. 2007; Lawrence et al. 2017), as was apparent in
most of the species presented here, where blood [glucose] increased through handling time. Elevations in [glucose] serve to
meet the heightened energetic demands during a stress response
(Mommsen et al. 1999; Barton and Iwama 1991) and are regulated
under the HPI axis via cortisol and the sympathetic axis via catecholamines. Catecholamines elevate blood [glucose] by promoting glycogen breakdown and, to a lesser extent, stimulating
gluconeogenic capacity (i.e., de novo glucose synthesis; Perry and
Capaldo 2011). Cortisol acts mostly to upregulate gluconeogenic
pathways (Mommsen et al. 1999). Here, the observed rise in blood
[glucose] across all species likely represents a contribution of both
stress axes, an observation supported by the fact that the relationship between plasma [cortisol] and blood [glucose] explained ≤40%
of the variation in blood [glucose]. Catecholamine-mediated responses in blood [glucose] have been seen in other sportﬁsh species (Ling and Wells 1985; Lowe and Wells 1996; reviewed in Cooke
et al. (2013a)).
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Fig. 1. Relationship between plasma cortisol concentration (ng·mL−1) and handling time (min) for six freshwater teleost species. The time at
which plasma [cortisol] diverged from baseline status (i.e., the change point) is indicated by the vertical dotted line. Regression lines were
ﬁtted before (solid circles; N = 16–36) the change-point value; no signiﬁcant relationships were detected after (open circles; N = 11–21) the
change-point value. Signiﬁcant relationships between plasma [cortisol] and handling time in the phase before the change point were found
in (A) largemouth bass (Micropterus salmoides; [cortisol] = 4.52 + (2.34 × time) – (0.02 × length); p < 0.001; r2 = 0.281), (C) rock bass (Ambloplites
rupestris; [cortisol] = 8.47 + (1.25 × time) – (0.04 × length); p = 0.021; r2 = 0.132), (D) bluegill (Lepomis macrochirus; [cortisol] = 54.90 + (14.91 × time) –
(0.48 × length); p < 0.001; r2 = 0.314), (E) pumpkinseed (Lepomis gibbosus; [cortisol] = –13.59 + (14.34 × time) – (0.05 × length); p < 0.001; r2 = 0.368),
and (F) northern pike (Esox lucius; [cortisol] = 0.72 + (2.19 × time) – (3.98 × 10–3 × length); p = 0.005; r2 = 0.400). Only six cortisol samples for
(B) smallmouth bass (Micropterus dolomieu) were retrieved and they are presented for illustration only. Scaling of the y axes has been adjusted
for each species to reﬂect the maximum [cortisol].
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Table 4. Correlation coefﬁcient (r2) data for the linear regression plots of all parameters measured for all species.
Plasma [cortisol]

Blood [glucose]

Blood [lactate]

Hematocrit

Species

Pre r2

Post r2

Pre r2

Post r2

Pre r2

Post r2

Pre r2

Post r2

Largemouth bass (Micropterus salmoides)
Smallmouth bass (Micropterus dolomieu)
Rock bass (Ambloplites rupestris)
Bluegill (Lepomis macrochirus)
Pumpkinseed (Lepomis gibbosus)
Northern pike (Esox lucius)

0.281
ND
0.132
0.314
0.368
0.400

0.000
ND
0.289
0.000
0.000
0.000

0.372
0.000
0.134
0.411
0.062
0.417

—
0.0147
—
—
0.053
—

0.023
0.474
0.030
0.298
0.246
0.168

0.367
0.118
0.178
0.111
0.000
0.479

0.051
0.000
0.000
0.000
0.099
0.000

0.015
0.187
0.090
0.025
0.000
0.000
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Note: Pre, before change point; Post, after change point. In the instance where there was a singular regression line (i.e., no time frame for before or after the change
point), the value for the relationship can be found in the “Pre r2” column with a “—” in the “Post r2” column.

In most of the species investigated here, there appeared to be
no change-point time for blood [glucose], with blood [glucose]
gradually rising with handling time to reach values ⬃200% of
baseline. While information is limited, comparable responses
have also been observed in other teleost species (Perrier et al. 1978;
Schwalme and Mackay 1985; Thomas and Robertson 1991; Waring
et al. 1996; O’Toole et al. 2010). Given the relatively slow pace of
the rise in blood [glucose] through time, reliable baseline values
could reasonably be captured within 3 min of a sampling event.
Interestingly, pumpkinseed and smallmouth bass were the only
two species to demonstrate a change point in blood glucose titres,
occurring at 8.7 and 4.8 min, respectively. The 3 min time frame
would still incorporate the observations for these two species,
thereby providing a conservative time frame for assessing baseline blood glucose physiology.
Lactate responses
Because anaerobic metabolism results in the formation of lactic
acid, lactate’s presence in the blood is a valuable metric in determining an organism’s aerobic status, serving as a proxy of tissuelevel oxygen availability (Livingstone 1983), in addition to the
sustained use of anaerobic muscle ﬁbres (i.e., burst swimming;
Wood 1991; Wells and Baldwin 2006). Under conditions of sufﬁcient oxygen availability and limited ﬁght times, baseline values
of lactate in the blood should be low, as seen in most resting
centrarchid ﬁshes (<1 mmol·L–1; Furimsky et al. 2003;Suski et al.
2003). Similarly, even with an acute angling event, blood lactate
levels in the ﬁsh of the present study were below 1 mmol·L–1,
suggesting minimal accumulation of an oxygen debt at the time
of sampling (Wood 1991). However, change-point analyses indicated that lactate levels rose above baseline within 2.5–4 min of
handling, making blood lactate the most time-sensitive metric
examined in the present study. Elevated lactate titres in the blood
likely represented a combination of reduced oxygen uptake at the
gills (i.e., air exposure) and exercise-induced oxygen debt (i.e.,
burst swimming) associated with angling (Perrier et al. 1978;
Furimsky et al. 2003; Suski et al. 2007; Brownscombe et al. 2014).
Indeed, the time course for blood lactate observed here parallels
that in other teleost ﬁshes (Perrier et al. 1978; Currey et al. 2013;
O’Toole et al. 2010; reviewed in Wood (1991)). Smallmouth bass
were unique in lacking a signiﬁcant relationship between time
and blood lactate levels, perhaps a reﬂection of the high physiological performance of this species relative to other centrarchids
(Kieffer and Cooke 2009), as well as the minimal ﬁght intensity
exhibited by these animals (personal observations). Northern pike
were also unusual in that lactate levels were inversely related to
body length. A similar relationship was reported previously in
largemouth bass (Kieffer et al. 1996) and may represent a sizedependent hydrological effect as proposed by Kieffer and Cooke
(2009).
Given the high sensitivity of blood lactate levels to the combination of angling and handling, it is recommended that baseline
sampling for this parameter be conducted within 2 min; longer
durations run a high risk of obtaining a sample that is not clearly
baseline. It should also be noted that blood lactate level is highly

correlated with ﬁght time and intensity during an angling event
(O’Toole et al. 2010; Brownscombe et al. 2014; reviewed in Kieffer
and Cooke (2009)) and, consequently, angling duration should be
minimized or standardized to capture representative baseline values for blood lactate. Finally, it is worth reiterating that blood
lactate is not a stress-related metric in teleost ﬁsh but rather reﬂects oxygen availability, which operates independently of the
HPI axis (Livingstone 1983; Wood 1991).
Hematocrit responses
Baseline hematocrit was within the reported range for other
centrarchid species (Furimsky et al. 2003; McConnachie et al. 2012;
Ward et al. 2017) and esociformes (Colotelo et al. 2013; Pullen et al.
2017). Traditionally, hematocrit has been used as a metric of respiratory distress because it often increases under conditions of
limited oxygen availability (Randall 1982; Fange 1992). In teleosts,
increases in hematocrit can arise from splenic contractions, thus
increasing the total number of red cells in circulation (Pearson
and Stevens 1991; Lai et al. 2006; reviewed in Randall and Perry
(1992)), and (or) through an osmotic effect resulting from lactate
accumulation in the muscle (i.e., “hemoconcentration”; Pearson
and Stevens 1991; Caldwell et al. 2006; reviewed in Wood and
Perry (1985)). The signiﬁcant relationship between blood [lactate]
and hematocrit for all centrarchid species measured here provides support for this contention. Splenic release of red cells increases the oxygen carrying capacity of the blood to compensate
for systemic oxygen shortfalls (Wells et al. 2003) and is regulated
by catecholamines (Randall and Perry 1992). The rapid mobilization
of catecholamines in response to a stressor (Perry and Capaldo 2011)
and subsequent effects on hematocrit may account for the lack of
a signiﬁcant relationship between hematocrit and handling time
in the species examined here. However, caution must be exercised
because the relative contributions of splenic contractions and
ﬂuid shifts are highly context- and taxa-speciﬁc (reviewed in
Gallaugher and Farrell (1998)).
Change-point analysis indicated that there was a shift from
baseline in all species, with change-point times ranging from 2.0
to 6.8 min. This range illustrates a degree of interspeciﬁc variation
that may correspond with performance and aerobic differences
among species (Gallaugher and Farrell 1998; Wells et al. 2003;
Crans et al. 2015), as is believed to be the case for mammals and
birds (Carpenter 1975). Qualitatively, shifts in absolute hematocrit
from baseline values were quite low, especially when compared
with teleosts undergoing exhaustive exercise (Milligan and Wood
1987; Pearson and Stevens 1991; Wells et al. 2003; Suski et al. 2007).
The abrupt shift in hematocrit and the corresponding absence of
a linear relationship with time likely stem from the rapid actions
of catecholamines released following acute stress. Here, catecholamines can cause a rapid increase in hematocrit through a
release of additional erythrocytes from the spleen (Soivio and
Oikari 1976; Yamamoto et al. 1985; Pearson and Stevens 1991;
Rothwell 2005; Caldwell et al. 2006; reviewed in Randall and Perry
(1992) and Perry and Capaldo (2011)). Over more extended durations, erythrocyte swelling can also occur via adrenergic mediated
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Fig. 2. Relationship between blood glucose concentration (mM; equal to mmol·L–1) and handling time (min) for six freshwater teleost species.
The time at which blood [glucose] diverged from baseline status (i.e., the change point) is indicated by the vertical dotted line. In these
species, regression lines were examined before (solid circles; N = 12–56) and after (open circles; N = 12–14) the change-point value, but were not
signiﬁcant. Where no change point was detected, a single regression line was ﬁtted to the entire data set (solid circles, N = 39–66). The
relationship between blood [glucose] and handling time was signiﬁcant for (A) largemouth bass (Micropterus salmoides; [glucose] = 2.48 + (0.15 ×
time) – (2.14 × 10–3 × length); p < 0.001; r2 = 0.372), (C) rock bass (Ambloplites rupestris; [glucose] = 1.36 + (0.11 × time) – (7.51 × 10–3 × length);
p = 0.015; r2 = 0.134), (D) bluegill (Lepomis macrochirus; [glucose] = 0.348 + (0.02 × time) – (4.85 × 10–5 × length); p < 0.001; r2 = 0.411), and (F) northern
pike (Esox lucius; [glucose] = 4.496 + (0.11 × time) – (3.64 × 10–3 × length); p < 0.001; r2 = 0.417), but not for (B) smallmouth bass (Micropterus dolomieu) and
(E) pumpkinseed (Lepomis gibbosus).
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Fig. 3. Relationship between blood glucose (mM; equal to mmol·L–1) and plasma cortisol (ng·mL−1) concentrations in ﬁve species of wild
teleost ﬁshes. Signiﬁcant relationships were found in (A) largemouth bass (Micropterus salmoides; [glucose] = 2.26 + (0.02 × [cortisol]); p < 0.001;
r2 = 0.247; N = 57), (D) bluegill (Lepomis macrochirus; [glucose] = 2.55 + (0.01 × [cortisol]); p < 0.001; r2 = 0.403; N = 53), (E) pumpkinseed (Lepomis
gibbosus; [glucose] = 3.10 + (0.08 × [cortisol]); p < 0.001; r2 = 0.314; N = 45), and (F) northern pike (Esox lucius; [glucose] = 2.89 + (4.25 × 10–3 ×
[cortisol]); p = 0.017; r2 = 0.139; N = 34). No relationship was apparent in (C) rock bass (Ambloplites rupestris). No data were reported for plasma
[cortisol] in (B) smallmouth bass (Micropterus dolomieu) so the graph is omitted. All plots were ﬁtted with a simple linear regression.
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Fig. 4. Relationship between blood lactate concentration (mM; equal to mmol·L–1) and handling time (min) for six freshwater teleost species.
The time at which blood [lactate] diverged from the baseline (i.e., the change point) is indicated by the vertical dotted line. Regression lines
were ﬁtted before (solid circles; N = 8–19) and after (open circles; N = 17–52) the change-point value. Signiﬁcant relationships between blood
[lactate] and time prior to the change point were found in (A) largemouth bass (Micropterus salmoides; [lactate] = 1.82 + (8.50 × time) – (0.01 ×
length); p = 0.031; r2 = 0.227), (B) smallmouth bass (Micropterus dolomieu; [lactate] = –0.70 + (0.61 × time) + (2.50 × 10–3 × length); p = 0.035; r2 =
0.474), (D) bluegill (Lepomis macrochirus; [lactate] = –0.08 + (0.62 × time) – (9.17 × 10–4 × length); p = 0.007; r2 = 0.298), (E) pumpkinseed (Lepomis
gibbosus; [lactate] = 1.44 + (0.48 × time) – (5.57 × 10–3 × length); p = 0.032; r2 = 0.246), and (F) northern pike (Esox lucius; [lactate] = 2.47 + (0.85 ×
time) – (3.82 × 10–3 × length); p = 0.031; r2 = 0.168), but not in (C) rock bass (Ambloplites rupestris). After the change point, this relationship was
signiﬁcant for (A) largemouth bass ([lactate] = 2.81 + (0.41 × time) – (3.40 × 10–3 × length); p < 0.001; r2 = 0.367), (C) rock bass ([lactate] = 3.31 +
(0.24 × time) – (6.14 × 10–3 × length); p = 0.008; r2 = 0.178), (D) bluegill ([lactate] = 2.14 + (0.12 × time) – (2.72 × 10–3 × length); p = 0.015; r2 = 0.111),
and (F) northern pike ([lactate] = 5.84 + (0.33 × time) – (0.01 × length); p < 0.001; r2 = 0.479), but not for (B) smallmouth bass and (E) pumpkinseed.
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Fig. 5. Relationship between hematocrit (%) and handling time (min) for six freshwater teleost species: (A) largemouth bass (Micropterus
salmoides); (B) smallmouth bass (Micropterus dolomieu); (C) rock bass (Ambloplites rupestris); (D) bluegill (Lepomis macrochirus); (E) pumpkinseed
(Lepomis gibbosus); and (F) northern pike (Esox lucius). The time at which plasma cortisol diverged from the baseline (i.e., the change point) is
indicated by the vertical dotted lines. Regression lines were examined before (solid circles; N = 8–34) and after (open circles; N = 13–50) the
change-point value but were not signiﬁcant and therefore are not shown.

Published by NRC Research Press

784

Can. J. Zool. Downloaded from www.nrcresearchpress.com by CARLETON UNIV on 09/07/18
For personal use only.

Na+/H+ exchange (Caldwell et al. 2006; reviewed in Randall and
Perry (1992) and Perry and Capaldo (2011)). Taking into account the
change-point analyses, it is reasonable to suggest a 2 min cutoff
time for capturing “baseline” hematocrit, although the challenge
of collecting a true baseline value for a variable such as haematocrit that is inﬂuenced by rapid adrenergic responses should not
be overlooked. However, intraspeciﬁc variation in the changepoint values was relatively large and, as such, a 2 min sampling
window would present a reasonable time frame for allowing comparisons among species.
General recommendations and conclusions
This study presented a characterization of the timing and magnitude of blood physiology changes caused by an acute stressor
over a ﬁne temporal scale. In particular, Romero and Reid’s (2005)
3 min rule for collecting a blood [glucocorticoid] sample that is
representative of baseline conditions was evaluated, as was the
applicability of this rule to other blood metrics. We demonstrated
that both blood [glucose] and plasma [cortisol] remained relatively
stable within a 3 min sampling window. In contrast, blood [lactate] and hematocrit were more sensitive to sampling time. Thus,
the goals of the researcher will determine the appropriate sampling duration. Indeed, our ﬁndings do not take into account
other blood parameters that can change on the order of seconds
(e.g., catecholamine levels), and thus, the context and the biological dynamics of the metric of interest should be considered when
establishing appropriate sampling durations. As in Romero and
Reed (2005), we opt for a conservative approach in this timing
suggestion whereby baseline blood metrics would be preserved
across various intrinsic and extrinsic contexts. In contemporary
biology, there is a growing movement to address physiological
questions in a natural setting, especially in the context of the
“ecology of stress” paradigm (Boonstra 2013) and the burgeoning
ﬁeld of “conservation physiology” (Cooke et al. 2013b). Ensuring
that blood samples are representative of key physiological states
(e.g., baseline) is important in addressing fundamental and applied questions related to teleost ﬁsh.

Acknowledgements
We extend thanks to Frank Phelan, the Queen’s University Biological Station, and to various members of the Cooke Lab for their
support and assistance in making this project possible. We also
would like to thank two anonymous reviewers for their helpful
comments. Funding to M.J.L. was provided by an Natural Sciences
and Engineering Research Council of Canada (NSERC) PGS-D;
S.J.-S. was funded by a James Cooke University International Postgraduate Research Scholarship; A.J.Z. was funded by the Queen
Elizabeth II Ontario Graduate Scholarship; K.G.M. was funded by
an NSERC Discovery Grant; A.J.G. was supported by Beneath the
Waves, Inc.; and S.J.C. was funded by NSERC, as well as the Canada
Research Chairs program. This study was designed by M.J.L., S.J.-S.,
A.J.Z., D.A.A., A.J.G., and S.J.C. Experimental series and analyses
were conducted by M.J.L., S.J.-S., A.J.Z., D.A.A., K.G.M., and
S.J.C. M.J.L. wrote the primary manuscript with all authors contributing to the editing of the manuscript.

References
Arlinghaus, R., Klefoth, T., Cooke, S.J., Gingerich, A., and Suski, C. 2009. Physiological and behavioural consequences of catch-and-release angling on
northern pike (Esox lucius L.). Fish. Res. 97(3): 223–233. doi:10.1016/j.ﬁshres.
2009.02.005.
Baker, M.R., Gobush, K.S., and Vynne, C.H. 2013. Review of factors inﬂuencing
stress hormones in ﬁsh and wildlife. J. Nat. Conserv. 21(5): 309–318.
Barton, B.A. 2000. Salmonid ﬁshes differ in their cortisol and glucose responses
to handling and transport stress. N. Am. J. Aquacult. 62(1): 12–18. doi:10.1577/
1548-8454(2000)062<0012:SFDITC>2.0.CO;2.
Barton, B.A. 2002. Stress in ﬁshes: a diversity of responses with particular reference to changes in circulating corticosteroids. Integr. Comp. Biol. 42(3): 517–
525. doi:10.1093/icb/42.3.517. PMID:21708747.
Barton, B.A., and Iwama, G.K. 1991. Physiological changes in ﬁsh from stress in

Can. J. Zool. Vol. 96, 2018

aquaculture with emphasis on the response and effects of corticosteroids.
Annu. Rev. Fish Dis. 1: 3–26. doi:10.1016/0959-8030(91)90019-G.
Barton, B.A., Peter, R.E., and Paulencu, C.R. 1980. Plasma cortisol levels of ﬁngerling rainbow trout (Salmo gairdneri) at rest, and subjected to handling,
conﬁnement, transport, and stocking. Can. J. Fish. Aquat. Sci. 37(5): 805–811.
doi:10.1139/f80-108.
Boonstra, R. 2004. Coping with changing northern environments: the role of the
stress axis in birds and mammals. Integr. Comp. Biol. 44(2): 95–108. doi:10.
1093/icb/44.2.95. PMID:21680490.
Boonstra, R. 2013. The ecology of stress: a marriage of disciplines. Funct. Ecol.
27(1): 7–10. doi:10.1111/1365-2435.12048.
Brownscombe, J.W., Marchand, K., Tisshaw, K., Fewster, V., Groff, O.,
Pichette, M., Seed, M., Gutowsky, L.F.G., Wilson, A.D.M., and Cooke, S.J. 2014.
The inﬂuence of water temperature and accelerometer-determined ﬁght intensity on physiological stress and reﬂex impairment of angled largemouth
bass. Conserv. Physiol. 2(1): cou057. doi:10.1093/conphys/cou057. PMID:27293678.
Caldwell, S., Rummer, J.L., and Brauner, C.J. 2006. Blood sampling techniques
and storage duration: effects on the presence and magnitude of the red blood
cell ␤-adrenergic response in rainbow trout (Oncorhynchus mykiss). Comp.
Biochem. Physiol. Part A: Mol. Integr. Physiol. 144(2): 188–195.
Carpenter, F.L. 1975. Bird hematocrits: effects of high altitude and strength of
ﬂight. Comp. Biochem. Physiol. Part A Physiol. 50(2): 415–417. doi:10.1016/
0300-9629(75)90035-3. PMID:234354.
Cleary, J.J., Pankhurst, N.W., and Battaglene, S.C. 2000. The effect of capture and
handling stress on plasma steroid levels and gonadal condition in wild and
farmed snapper Pagrus auratus (Sparidae). J. World Aquacult. Soc. 31(4): 558–
569. doi:10.1111/j.1749-7345.2000.tb00905.x.
Colotelo, A.H., Raby, G.D., Hasler, C.T., Haxton, T.J., Smokorowski, K.E.,
Blouin-Demers, G., and Cooke, S.J. 2013. Northern pike bycatch in an inland
commercial hoop net ﬁshery: effects of water temperature and net tending
frequency on injury, physiology, and survival. Fish. Res. 137: 41–49. doi:10.
1016/j.ﬁshres.2012.08.019.
Conte, F.S. 2004. Stress and the welfare of cultured ﬁsh. Appl. Anim. Behav. Sci.
86(3–4): 205–223. doi:10.1016/j.applanim.2004.02.003.
Cook, K.V., O’Connor, C.M., McConnachie, S.H., Gilmour, K.M., and Cooke, S.J.
2012. Condition dependent intra-individual repeatability of stress-induced
cortisol in a freshwater ﬁsh. Comp. Biochem. Physiol. Part A Mol. Integr.
Physiol. 161(3): 337–343. doi:10.1016/j.cbpa.2011.12.002.
Cooke, S., and Philipp, D.P. (Editors). 2009. Centrarchid ﬁshes: diversity, biology
and conservation. John Wiley and Sons, Hoboken, N.J.
Cooke, S.J., Donaldson, M.R., O’Connor, C.M., Raby, G.D., Arlinghaus, R.,
Danylchuk, A.J., Hanson, K.C., Hinch, S.G., Clark, T.D., Patterson, D.A., and
Suski, C.D. 2013a. The physiological consequences of catch-and-release angling: perspectives on experimental design, interpretation, extrapolation
and relevance to stakeholders. Fish. Manage. Ecol. 20(2–3): 268–287. doi:10.
1111/j.1365-2400.2012.00867.x.
Cooke, S.J., Sack, L., C.E., Franklin, A.P., Farrell, J., Beardall, M., Wikelski, S.L.,
and Chown, S.L. 2013b. What is conservation physiology? Perspectives on an
increasingly integrated and essential science. Conserv. Physiol. 1(1): 1–23.
doi:10.1093/conphys/cot001.
Crans, K.D., Pranckevicius, N.A., and Scott, G.R. 2015. Physiological tradeoffs
may underlie the evolution of hypoxia tolerance and exercise performance
in sunﬁsh (Centrarchidae). J. Exp. Biol. 218(20): 3264–3275. doi:10.1242/jeb.
124602. PMID:26347564.
Currey, L.M., Heupel, M.R., Simpfendorfer, C.A., and Clark, T.D. 2013. Blood
lactate loads of redthroat emperor Lethrinus miniatus associated with angling
stress and exhaustive exercise. J. Fish Biol. 83(5): 1401–1406. doi:10.1111/jfb.
12216. PMID:24580674.
Fange, R. 1992. Fish blood cells. In Fish physiology. The cardiovascular system.
Edited by W.S. Hoar, D.J., Randall, and A.P. Farrell. Academic Press, San Diego,
Calif., USA. pp. 2–46.
Furimsky, M., Cooke, S.J., Suski, C.D., Wang, Y., and Tufts, B.L. 2003. Respiratory
and circulatory responses to hypoxia in largemouth bass and smallmouth
bass: implications for “live-release” angling tournaments. Trans. Am. Fish.
Soc. 132(6): 1065–1075. doi:10.1577/T02-147.
Gallaugher, P., and Farrell, A.P. 1998. 6: Hematocrit and blood oxygen-carrying
capacity. In Fish physiology XVII. Edited by S.F. Perry and B.L. Tufts. Elsevier,
Amsterdam. pp. 185–227.
Gamperl, A.K., Vijayan, M.M., and Boutilier, R.G. 1994. Experimental control of
stress hormone levels in ﬁshes: techniques and applications. Rev. Fish Biol.
Fish. 4(2): 215–255. doi:10.1007/BF00044129.
Gorissen, M., and Flik, G. 2016. 3: The endocrinology of the stress response in
ﬁsh: an adaptation-physiological view. In Fish physiology. Edited by C.B. Schrek
and C.J. Brauner. Academic Press, Cambridge, Mass., USA. pp. 75–111.
Ince, B.W., and Thorpe, A. 1975. The effects of diabetogenic and hypoglycaemic
agents in the northern pike, Esox lucius L. Gen. Pharmacol. 6(2–3): 109–113.
doi:10.1016/0306-3623(75)90040-3.
Jeffries, K.M., Hinch, S.G., Sierocinski, T., Clark, T.D., Eliason, E.J.,
Donaldson, M.R., Li, S., Pavlidis, P., and Miller, K.M. 2012. Consequences of
high temperatures and premature mortality on the transcriptome and blood
physiology of wild adult sockeye salmon (Oncorhynchus nerka). Ecol. Evol. 2(7):
1747–1764. doi:10.1002/ece3.274. PMID:22957178.
Jentoft, S., Aastveit, A.H., Torjesen, P.A., and Andersen, Ø. 2005. Effects of stress
Published by NRC Research Press

Can. J. Zool. Downloaded from www.nrcresearchpress.com by CARLETON UNIV on 09/07/18
For personal use only.

Lawrence et al.

on growth, cortisol and glucose levels in non-domesticated Eurasian perch
(Perca ﬂuviatilis) and domesticated rainbow trout (Oncorhynchus mykiss). Comp.
Biochem. Physiol. Part A Mol. Integr. Physiol. 141(3): 353–358. doi:10.1016/j.
cbpb.2005.06.006.
Kieffer, J.D., and Cooke, S.J. 2009. Physiology and organismal performance of
centrarchids. In Centrarchid ﬁshes: diversity, biology, and conservation.
Edited by S.J. Cooke and D.P. Phillip. Wiley-Blackwell, West Sussex, U.K.
pp. 207–263.
Kieffer, J.D., Ferguson, R.A., Tompa, J.E., and Tufts, B.L. 1996. Relationship between body size and anaerobic metabolism in brook trout and largemouth
bass. Trans. Am. Fish. Soc. 125(5): 760–767. doi:10.1577/1548-8659(1996)125
<0760:RBBSAA>2.3.CO;2.
Killick, R., Haynes, K., Eckley, I., Fearnhead, P., and Lee, J. 2016. Package ‘changepoint’. R package version 0.4.-2011. Available from http://cran.rproject.org/
web/packages/changepoint/index.html.
Knapp, R., and Neff, B.D. 2007. Steroid hormones in bluegill, a species with male
alternative reproductive tactics including female mimicry. Biol. Lett. 3(6):
628–632. doi:10.1098/rsbl.2007.0379. PMID:17911051.
Koakoski, G., Oliveira, T.A., da Rosa, J.G.S., Fagundes, M., Kreutz, L.C., and
Barcellos, L.J.G. 2012. Divergent time course of cortisol response to stress in
ﬁsh of different ages. Physiol. Behav. 106(2): 129–132. doi:10.1016/j.physbeh.
2012.01.013. PMID:22289300.
Kubokawa, K., Yoshioka, M., and Iwata, M. 2001. Sex-speciﬁc cortisol and sex
steroids responses in stressed sockeye salmon during spawning period. Zool.
Sci. 18(7): 947–954. doi:10.2108/zsj.18.947.
Lai, J.C., Kakuta, I., Mok, H.O., Rummer, J.L., and Randall, D. 2006. Effects of
moderate and substantial hypoxia on erythropoietin levels in rainbow trout
kidney and spleen. J. Exp. Biol. 209(14): 2734–2738. doi:10.1242/jeb.02279.
PMID:16809464.
Lawrence, M.J., Wright, P.A., and Wood, C.M. 2015. Physiological and molecular
responses of the goldﬁsh (Carassius auratus) kidney to metabolic acidosis, and
potential mechanisms of renal ammonia transport. J. Exp. Biol. 218(13): 2124–
2135. doi:10.1242/jeb.117689. PMID:25987732.
Lawrence, M.J., Eliason, E.J., Brownscombe, J.W., Gilmour, K.M.,
Mandelman, J.W., and Cooke, S.J. 2017. An experimental evaluation of the
role of the stress axis in mediating predator–prey interactions in wild marine
ﬁsh. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 207: 21–29. doi:10.
1016/j.cbpa.2017.02.001.
Ling, N., and Wells, R.M.G. 1985. Plasma catecholamines and erythrocyte swelling following capture stress in a marine teleost ﬁsh. Comp. Biochem. Physiol.
Part C Comp. Pharmacol. 82(1): 231–234. doi:10.1016/0742-8413(85)90236-1.
PMID:2865069.
Livingstone, D.R. 1983. Invertebrate and vertebrate pathways of anaerobic metabolism: evolutionary considerations. J. Geol. Soc. 140(1): 27–37. doi:10.1144/
gsjgs.140.1.0027.
Lowe, T.E., and Wells, R.M.G. 1996. Primary and secondary stress responses to
line capture in the blue mao mao. J. Fish Biol. 49(2): 287–300. doi:10.1111/j.
1095-8649.1996.tb00024.x.
McConnachie, S.H., O’Connor, C.M., Gilmour, K.M., Iwama, G.K., and Cooke, S.J.
2012. Supraphysiological cortisol elevation alters the response of wild bluegill sunﬁsh to subsequent stressors. J. Exp. Zool. Part A Ecol. Genet. Physiol.
317(5): 321–332. doi:10.1002/jez.1726.
Milligan, C.L., and Wood, C.M. 1987. Regulation of blood oxygen transport
and red cell pHi after exhaustive activity in rainbow trout (Salmo gairdneri)
and starry ﬂounder (Platichthys stellatus). J. Exp. Biol. 133(1): 263–282. PMID:
3430114.
Mommsen, T.P., Vijayan, M.M., and Moon, T.W. 1999. Cortisol in teleosts: dynamics, mechanisms of action, and metabolic regulation. Rev. Fish Biol. Fish. 9(3):
211–268. doi:10.1023/A:1008924418720.
Moon, T.W. 2001. Glucose intolerance in teleost ﬁsh: fact or ﬁction? Comp.
Biochem. Physiol. Part B Biochem. Mol. Biol. 129(2–3): 243–249. doi:10.1016/
S1096-4959(01)00316-5. PMID:11399456.
Morales, A.E., Cardenete, G., Abellán, E., and García-Rejón, L. 2005. Stress-related
physiological responses to handling in common dentex (Dentex dentex
Linnaeus, 1758). Aquacult. Res. 36(1): 33–40. doi:10.1111/j.1365-2109.2004.01180.x.
O’Toole, A.C., Danylchuk, A.J., Suski, C.D., and Cooke, S.J. 2010. Consequences of
catch-and-release angling on the physiological status, injury, and immediate
mortality of great barracuda (Sphyraena barracuda) in The Bahamas. ICES J.
Mar. Sci. 8: 1667–1675. doi:10.1093/icesjms/fsq090.
Pankhurst, N.W. 1992. Effect of stress on plasma cortisol levels and blood viscosity in blue mao mao, Scorpis violaceus (Hutton), a marine teleost. Comp.
Biochem. Physiol. 101: 335–339.
Pankhurst, N.W. 2011. The endocrinology of stress in ﬁsh: an environmental
perspective. Gen. Comp. Endocrinol. 170(2): 265–275. doi:10.1016/j.ygcen.2010.
07.017. PMID:20688064.
Pearson, M.P., and Stevens, E.D. 1991. Size and hematological impact of the
splenic erythrocyte reservoir in rainbow trout, Oncorhynchus mykiss. Fish
Physiol. Biochem. 9(1): 39–50. doi:10.1007/BF01987610. PMID:24214608.
Perrier, C., Terrier, M., and Perrier, H. 1978. A time-course study of the effects of
angling stress on cyclic AMP, lactate and glucose plasma levels in the rainbow
trout (Salmo gairdnerii Richardson) during a 64 hour recovery period. Comp.
Biochem. Physiol. Part A Physiol. 60(2): 217–219. doi:10.1016/0300-9629(78)
90235-9.

785

Perry, S.F., and Capaldo, A. 2011. The autonomic nervous system and chromafﬁn
tissue: neuroendocrine regulation of catecholamine secretion in nonmammalian vertebrates. Autonomic Neuroscience: Basic and Clinical, 165(1):
54–66.
Pickering, A.D., Pottinger, T.G., and Christie, P. 1982. Recovery of the brown
trout, Salmo trutta L., from acute handling stress: a time-course study. J. Fish
Biol. 20(2): 229–244. doi:10.1111/j.1095-8649.1982.tb03923.x.
Polakof, S., Panserat, S., Soengas, J.L., and Moon, T.W. 2012. Glucose metabolism
in ﬁsh: a review. J. Comp. Physiol. B, 182(8): 1015–1045. doi:10.1007/s00360012-0658-7. PMID:22476584.
Pullen, C.E., Hayes, K., O’Connor, C.M., Arlinghaus, R., Suski, C.D., Midwood, J.D., and
Cooke, S.J. 2017. Consequences of oral lure retention on the physiology and
behaviour of adult northern pike (Esox lucius L.). Fish. Res. 186: 601–611. doi:
10.1016/j.ﬁshres.2016.03.026.
Randall, D.J. 1982. The control of respiration and circulation in ﬁsh during
exercise and hypoxia. J. Exp. Biol. 100: 275–288.
Randall, D.J., and Perry, S.F. 1992. 4. Catecholamines. In Fish physiology XII. Edited by
W. Hoar, D.J. Randall, and A.P. Farrell. Elsevier, Amsterdam. pp. 255–300.
Romero, L.M., and Reed, J.M. 2005. Collecting baseline corticosterone samples in
the ﬁeld: is under 3 min good enough? Comp. Biochem. Physiol. Part A Mol.
Integr. Physiol. 140(1): 73–79. doi:10.1016/j.cbpb.2004.11.004.
Romero, L.M., Dickens, M.J., and Cyr, N.E. 2009. The reactive scope model — a
new model integrating homeostasis, allostasis, and stress. Horm. Behav.
55(3): 375–389. doi:10.1016/j.yhbeh.2008.12.009. PMID:19470371.
Romero, M.L., and Butler, L.K. 2007. Endocrinology of stress. Int. J. Comp. Psychol. 20(2): 89–95.
Rothwell, S.E., Black, S.E., Jerrett, A.R., and Forster, M.E. 2005. Cardiovascular
changes and catecholamine release following anaesthesia in Chinook
salmon (Oncorhynchus tshawytscha) and snapper (Pagrus auratus). Comp.
Biochem. Physiol. Part A: Mol. Integr. Physiol. 140(3): 289–298.
Schreck, C.B., and Tort, L. 2016. The concept of stress in ﬁsh. In Fish physiology.
Vol. 35, pp. 1–34. Academic Press.
Schulte, P.M. 2014. What is environmental stress? Insights from ﬁsh living in a
variable environment. J. Exp. Biol. 217(1): 23–34.
Schwalme, K., and Mackay, W.C. 1985. The inﬂuence of exercise–handling stress
on blood lactate, acid–base, and plasma glucose status of northern pike (Esox
lucius L.). Can. J. Zool. 63(5): 1125–1129. doi:10.1139/z85-170.
Shrimpton, J.M., Zydlewski, J.D., and McCormick, S.D. 2001. The stress response
of juvenile American shad to handling and conﬁnement is greater during
migration in freshwater than in seawater. Trans. Am. Fish. Soc. 130(6): 1203–
1210. doi:10.1577/1548-8659(2001)130<1203:TSROJA>2.0.CO;2.
Siegel, S., and Castellan, N.J. 1988. Nonparametric statistics for the behavioral
sciences. McGraw-Hill Book Company, New York.
Small, T.W., Bebus, S.E., Bridge, E.S., Elderbrock, E.K., Ferguson, S.M., Jones, B.C.,
and Schoech, S.J. 2017. Stress-responsiveness inﬂuences baseline glucocorticoid levels: revisiting the under 3 min sampling rule. Gen. Comp. Endocrinol.
247: 152–165. doi:10.1016/j.ygcen.2017.01.028. PMID:28189590.
Sockman, K.W., and Schwabl, H. 2001. Plasma corticosterone in nestling American kestrels: effects of age, handling stress, yolk androgens, and body condition. Gen. Comp. Endocrinol. 122(2): 205–212. doi:10.1006/gcen.2001.7626.
PMID:11316426.
Soivio, A., and Oikari, A. 1976. Haematological effects of stress on a teleost, Esox
lucius L. J. Fish Biol. 8(5): 397–411.
Sopinka, N.M., Donaldson, M.R., O’Connor, C.M., Suski, C.D., and Cooke, S.J.
2016. Stress indicators in ﬁsh. In Biology of stress in ﬁsh. Edited by A.P. Farrell
and C.J., Brauner. Academic Press, London, U.K. pp. 406–436.
Stoot, L.J., Cairns, N.A., Cull, F., Taylor, J.J., Jeffrey, J.D., Morin, F., Mandelman, J.W.,
Clark, T.D., and Cooke, S.J. 2014. Use of portable blood physiology point-of-care
devices for basic and applied research on vertebrates: a review. Conserv.
Physiol. 2(1): cou011. doi:10.1093/conphys/cou011. PMID:27293632.
Sumpter, J.P., Dye, H.M., and Benfey, T.J. 1986. The effects of stress on plasma
ACTH, ␣-MSH, and cortisol levels in salmonid ﬁshes. Gen. Comp. Endocrinol.
62(3): 377–385. doi:10.1016/0016-6480(86)90047-X. PMID:3021561.
Suski, C.D., Killen, S.S., Morrissey, M.B., Lund, S.G., and Tufts, B.L. 2003. Physiological changes in largemouth bass caused by live-release angling tournaments in southeastern Ontario. N. Am. J. Fish. Manage. 23(3): 760–769. doi:
10.1577/M02-042.
Suski, C.D., Cooke, S.J., Danylchuk, A.J., O’Connor, C.M., Gravel, M.A.,
Redpath, T., Hanson, K.C., Gingerich, A.J., Murchie, K.J., Danylchuk, S.E.,
Koppelman, J.B., and Goldberg, T.L. 2007. Physiological disturbance and recovery dynamics of boneﬁsh (Albula vulpes), a tropical marine ﬁsh, in response
to variable exercise and exposure to air. Comp. Biochem. Physiol. Part A Mol.
Integr. Physiol. 148(3): 664–673. doi:10.1016/j.cbpa.2007.08.018.
Thomas, P., and Robertson, L. 1991. Plasma cortisol and glucose stress responses
of red drum (Sciaenops ocellatus) to handling and shallow water stressors and
anesthesia with MS-222, quinaldine sulfate and metomidate. Aquaculture,
96(1): 69–86. doi:10.1016/0044-8486(91)90140-3.
Thompson, L.A., Cooke, S.J., Donaldson, M.R., Hanson, K.C., Gingerich, A.,
Klefoth, T., and Arlinghaus, R. 2008. Physiology, behavior, and survival of
angled and air-exposed largemouth bass. N. Am. J. Fish. Manage. 28(4): 1059–
1068. doi:10.1577/M07-079.1.
Van Der Boon, J., Van Den Thillart, G.E., and Addink, A.D. 1991. The effects of
cortisol administration on intermediary metabolism in teleost ﬁsh. Comp.
Published by NRC Research Press

Can. J. Zool. Downloaded from www.nrcresearchpress.com by CARLETON UNIV on 09/07/18
For personal use only.

786

Biochem. Physiol. Part A Physiol. 100(1): 47–53. doi:10.1016/0300-9629(91)
90182-C.
Ward, T.D., Brownscombe, J.W., Gutowsky, L.F., Ballagh, R., Sakich, N.,
McLean, D., et al. 2017. Electric ﬁsh handling gloves provide effective immobilization and do not impede reﬂex recovery of adult largemouth bass. N.
Am. J. Fish. Manage. 37(3): 652–659.
Waring, C.P., Stagg, R.M., and Poxton, M.G. 1996. Physiological responses to
handling in the turbot. J. Fish Biol. 48(2): 161–173. doi:10.1111/j.1095-8649.1996.
tb01110.x.
Wells, R.M.G., and Baldwin, J. 2006. Plasma lactate and glucose ﬂushes following
burst swimming in silver trevally (Pseudocaranx dentex: Carangidae) support
the “releaser” hypothesis. Comp. Biochem. Physiol. Part A Mol. Integr.
Physiol. 143(3): 347–352. doi:10.1016/j.cbpa.2005.12.015.
Wells, R.M.G., Baldwin, J., Seymour, R.S., Baudinette, R.V., Christian, K., and
Bennett, M.B. 2003. Oxygen transport capacity in the air-breathing ﬁsh,
Megalops cyprinoides: compensations for strenuous exercise. Comp. Biochem.
Physiol. Part A Mol. Integr. Physiol. 134(1): 45–53. doi:10.1016/S1095-6433(02)
00179-4.

Can. J. Zool. Vol. 96, 2018

Wendelaar Bonga, S.E. 1997. The stress response in ﬁsh. Physiol. Rev. 77(3):
591–625. doi:10.1152/physrev.1997.77.3.591. PMID:9234959.
Wingﬁeld, J.C., Smith, J.P., and Farner, D.S. 1982. Endocrine responses of whitecrowned sparrows to environmental stress. Condor, 84: 399–409. doi:10.2307/
1367443.
Wood, C.M. 1991. Acid–base and ion balance, metabolism, and their interactions, after exhaustive exercise in ﬁsh. J. Exp. Biol. 160(1): 285–308.
Wood, C.M., and Perry, S.F. 1985. Respiratory, circulatory, and metabolic adjustments to exercise in ﬁsh. In Circulation, respiration, and metabolism. Edited by
R. Gilles. Springer, Berlin Heidelberg. pp. 2–22.
Yamamoto, K.I., Itazawa, Y., and Kobayashi, H. 1985. Direct observation of ﬁsh
spleen by an abdominal window method and its application to exercised and
hypoxic yellowtail. Jpn. J. Ichthyol. 31(4): 427–433.
Zolderdo, A.J., Algera, D.A., Lawrence, M.J., Gilmour, K.M., Fast, M.D.,
Thuswaldner, J., Willmore, W.G., and Cooke, S.J. 2016. Stress, nutrition and
parental care in a teleost ﬁsh: exploring mechanisms with supplemental
feeding and cortisol manipulation. J. Exp. Biol. 219(8): 1237–1248. doi:10.1242/
jeb.135798. PMID:26896551.

Published by NRC Research Press

