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Abstract

Abstract
Aerobic respiration is an essential component of vertebrate life. However, fish occupy
an aquatic environment that possesses low and fluctuating O2 conditions as a result of
numerous physical, chemical and anthropogenic forcings. An understanding of how fish
respond both physiologically and behaviourally to low O2 conditions (hypoxia) is
therefore an important component of fish biology. Kingfish (Seriola lalandi)
demonstrate a moderate ability to tolerate hypoxic conditions, and show no apparent
changes in behaviour during progressive hypoxia exposures until they experience
inescapable and severe hypoxia at a 4 kPa oxygen partial pressure (PO2). This change
in behaviour during inescapable hypoxia involves a marked agitation response and is
associated with elevated levels of physiological stress (including cortisol, lactate and
glucose). Interestingly, kingfish show no changes in swimming behaviour (i.e. gait and
speed) or evidence of physiological stress when exposed to severe (4 kPa), but
escapable hypoxia. With no evidence of physiological stress upon exposure to
escapable hypoxia it is suggested that they are not required to change their behaviour or
avoid severely low O2 conditions if they are able to mitigate hypoxic stress with regular
forays into normoxic environments.

The suggestion that physiological stress may initiate hypoxia avoidance behaviours is
supported by evidence of snapper (Pagrus auratus) avoiding hypoxia at 3.1 ± 1.2 kPa
PO2, an oxygen level that is below their critical O2 partial pressure (Pcrit) of 5.8 ± 0.6
kPa PO2 at 18°C. Indeed, avoidance only occurs when snapper experience significant
anaerobic and glycolytic stress. However, this stress and perturbation is not associated
with physiological fatigue because metabolic fuel reserves were not depleted,
identifying that snapper can tolerate severely low O2 conditions for a limited period of
time. In one investigation, snapper showed a significant and subtle reduction in
swimming speed prior to avoiding hypoxic conditions. This energy-saving response
may have helped snapper minimise the physiological challenge of low O2 residence, but
since this response was not seen in two other studies this behavioural response is only
deemed to have minor importance to the behavioural low O2 avoidance strategy of
snapper. Ultimately, these results identify that physiological limits underpin the
behavioural low O2 tolerance of fish and that the physiological stress experienced upon
approaching these physiological limits may initiate hypoxia avoidance behaviours.
i
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The physiological state of snapper was manipulated experimentally to identify whether
the hypoxic tolerance and associated avoidance behaviours of snapper are determined
by aerobic and anaerobic physiological characteristics of the species. The aerobic
capacity of snapper was modified using a haemolytic agent (phenylhydrazine) that
induced anaemia and their response was compared against a sham control. The
haemolytic anaemia treatment consistently reduced the maximum metabolic rate and
aerobic scope at all levels of water PO2 investigated which raised the Pcrit limit from 5.3
± 0.4 kPa to 8.6 ± 0.6 kPa. This physiological modification also resulted in the
behavioural threshold for hypoxia avoidance shifting from 2.9 ± 0.5 kPa in untreated
normocythaemic fish, to 6.6 ± 2.5 kPa in anaemic individuals. Each treatment therefore
avoided hypoxia just below their Pcrit, and were subject to equivalent levels of
physiological stress (plasma lactate and glucose). Using a different form of
experimental manipulation, snapper preconditioned to hypoxia over 6-12 weeks at O2
levels between 10.2-12.1 kPa show improvements in their hypoxic tolerance. This
increased tolerance was characterised by hypoxia preconditioned fish avoiding lower
PO2 levels than normoxia preconditioned fish (3.3 ± 0.7 vs 5.3 ± 1.1 kPa, respectively)
without displaying greater perturbations of lactate, glucose and blood pH. The increased
tolerance shown by hypoxia preconditioned fish was not associated with changes in
Pcrit, which were unchanged at ~ 7 kPa, as were standard, routine and maximum
metabolic rates. Moreover, blood O2 carrying capacity was not increased as expected
because haemoglobin concentrations were decreased following hypoxia-acclimation.
Acclimation to hypoxic conditions only resulted in a few subtle physiological changes
that appeared to underlie a significant improvement in low O2 behaviour. The PO2 at
which haemaglobin was half saturated (i.e. the P50) was elevated unexpectedly, perhaps
facilitating Hb-O2 off-loading to tissues. The respiration of cardiac mitochondria as
measured in situ in permeabilised fibres also showed improved O2 uptake efficiencies.
However, changes in aerobic function were not the only drivers of behavioural
adjustment as the proportion of the anaerobic metabolic enzyme lactate dehydrogenase
was increased relative to the aerobic marker enzyme citrate synthase in heart and
skeletal red muscle. By exposing fish to two contrasting experimental manipulations it
has been clearly identified that physiological changes can significantly influence the
hypoxia avoidance behaviours of fish.
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Throughout this thesis snapper consistently showed a characteristic release of lactate
from the cell into the primary circulation prior to avoiding low O2 conditions. Whether
this release of lactate acts as an indicator of cellular low O2 stress capable of motivating
the hypoxia avoidance behaviours of fish was therefore investigated. It was
demonstrated that the artificial infusion of lactate into the primary circulation caused
fish to spend a significantly greater proportion of time in low O2 (5 kPa) than shaminfused individuals which strongly avoided the same low O2 conditions. These
unexpected results raise the possibility that circulating lactate might actually assist
aerobic metabolism in patchy low O2 conditions, a finding that contrasts markedly to
those of other studies that suggest lactate triggers emergency behavioural responses in
both vertebrates and invertebrates (De Wachter et al., 1997; Portner et al., 1994).
Despite my attempts, the physiological trigger of hypoxia avoidance behaviour was not
identified. This remaining unknown provides an intriguing avenue for future research.
The Pcrit thresholds of 5.8 ± 0.6 and 7.0 ± 0.6 kPa PO2 at 18 and 21°C, respectively,
identify the environmental survival limits of snapper when exposed to severe and acute
hypoxic challenges. These O2 levels represent the lethal limits for snapper and do not
consider the sub-lethal effects that will be experienced at less severe levels of hypoxia. I
therefore consider that the future success of snapper and other coastal marine fish
species of New Zealand would depend upon their ability to undergo geographical shifts
away from waterways that experience low O2 conditions.
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CHAPTER 1

1

CHAPTER ONE - GENERAL INTRODUCTION

1.1 Homeostasis
Fish, like all vertebrates, maintain a constant internal (physiological) environment through a
process called homeostasis. A constant physiological environment favours optimal cellular
function because it defends against rapid and hostile changes in both internal and the external
conditions. Commonly cited examples of the homeostatic capacities of fish include their
ability to maintain the solute concentrations of their internal fluids in either dilute
(freshwater) or concentrated (saltwater) environments, a process called osmoregulation; and
the ability to ensure adequate blood circulation to the brain, heart and other organs through
modifications in blood pressure. Once favourable physiological conditions are established,
cellular activity can generate a myriad of complex biological processes which provide for the
structure, function, and survival of living organisms. However, the costs of maintaining a
constant internal state and providing for increasing levels of biological function require
significant energetic input. Cellular metabolism and the ‗free energy‘ derived from adenosine
tri-phosphate (ATP) breakdown provide this support.

1.2 Metabolism
The most efficient means by which organisms can produce ATP is by aerobic metabolism
which is dependent upon O2 being available to the cell. O2 is taken up from the external
environment through the gills, where it then binds to haemoglobin molecules in the red blood
cells. Haemoglobin bound O2 (Hb-O2) is then delivered through the vascular network to
working tissues, where it is released from the haemoglobin and diffuses to the cell. Cellular
O2 is then utilised in the mitochondria, the ‗metabolic powerhouse‘, which are dispersed
throughout the cytosolic compartments of cells. The mitochondria are structurally arranged to
possess an outer- and inner-membrane, separated by an inner-membrane space which
possesses folds of cristae – in which lie the mitochondrial matrix. The mitochondrial matrix
contains the enzymes of the tricarboxylic acid (TCA) cycle. Carbohydrate, amino acid,
ketone and fatty acid fuel substrates are consumed in the TCA cycle in order to form reduced
nicotinamide adenine dinucleotide (NADH), reduced flavin adenine dinucleotide (FADH2),
Ubiquinone (UQ), guanosine triphosphate, (GTP) and carbon dioxide, (CO2). NADH,
1

CHAPTER 1
FADH2, UQ and GTP are fed into the electron transport chain in the inner-membrane space,
where oxidative-phosphorylation occurs. Oxidative phosphorylation involves five large
enzyme complexes (Complex I-V).
-

Complex I / NADH dehydrogenase oxidises the NADH generated from malate,
pyruvate and glutamate catabolism in the TCA cycle in order to reduce UQ to UQH2

-

Complex II / succinate dehydrogenase oxidises the FADH2 generated from succinate
catabolism in the TCA cycle to generate further UQH2

-

Complex III / cytochrome c reductase transfers electrons from UQH2 to cytochrome c,
protons generated are transported into the intermembrane space.

-

Complex IV transfers electrons from cytochrome c to oxygen which was initially
acquired from the ambient environment. The protons generated during this process are
again transported into the intermembrane space.

-

Protons present in the intermembrane space create an electro-chemical gradient that
drives complex V (ATP synthase) which rephosphorylates ADP to ATP.

An overall and greatly simplified equation describing aerobic generation of ATP from a fuel
molecule (glucose) is as follows (1):
Glucose + 6O2 → 6H2O + 6CO2 + 36 ATP (1)
The 36 molar units of ATP produced in the TCA cycle and oxidative phosphorylation thus
represents an incredibly efficient means to generate ATP from a single molar unit of glucose.

However, aerobic metabolism is not the only means by which cells can produce ATP. When
O2 availability is low or insufficient to meet ATP demand, ATP can be produced
anaerobically (independent of O2). Glucose is the only fuel substrate suitable for anaerobic
metabolism and it is enzymatically catabolised in the cytosol according to the general
equation:
Glucose + 2NAD+ + 2ADP + 2 inorganic phosphate → 2 pyruvate + 2NADH + 2ATP (2)
ATP generation by anaerobic means is not as efficient as aerobic pathways, whereby only 2
molar units of ATP (cf 36 by aerobic metabolism) are produced by each molar unit of
glucose. This metabolic pathway is also evident under aerobic conditions, whereby the
pyruvate

produced

would

normally be

incorporated

into

the

mitochondria

by

monocarboxylate transport proteins (MCT) and converted to acetyl-coenzyme A before
entering the TCA cycle. But when O2 levels are inadequate or ATP demand outstrips
production the TCA cycle will not function and the only means to generate ATP is by this
breakdown of glucose (2). Cellular NAD+ concentrations are rapidly depleted under this
2
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scenario, resulting in the cessation of ATP production. To circumvent this problem, NAD+
can be regenerated from NADH via reduction by the enzyme lactate dehydrogenase (LDH)
(3).
Pyruvate + NADH + H+ → Lactate + NAD+ (3)
The lactate produced in anaerobic metabolism will accumulate in the cytosol where it is
transported into the extracellular space by MCT where it then makes its way into the primary
circulation (plasma). Evidence of elevated lactate levels in tissue compartments or blood
plasma is a clear indication that aerobic metabolism is unable to support the metabolic
function of tissues.

Conceptually, the ATP generated by metabolism must initially provide for essential
biological functions that keep the animal alive (i.e. essential cellular, tissue, and organ
function). This level of maintenance metabolism is commonly referred to as the standard
metabolic rate (SMR) in fish and is defined as the metabolic requirements of an unfed,
inactive, unstressed animal (Nelson and Chabot, 2011). This definition is sometimes extended
to include adults in non-reproductive condition (Hochachka and Somero, 2002). Further
capacity to produce ATP exists and culminates at the animal‘s maximum metabolic rate
(MMR). This extra capacity enables fish to perform additional biological processes including
food digestion, activity and reproduction, which collectively ensure the long term survival
and ‗fitness‘ of the individual (Claireaux and Lefrancois, 2007). An understanding of these
metabolic rates is important, as they present insight into how fish interact with their
environment. Currently, there is no suitable method to directly measure ATP turnover in a
whole animal, dictating that scientists utilise indirect means to measure cellular metabolism.
Calorimetry methods that measure the heat generated by the myriad of biochemical reactions
in an animal present the most accurate means to measure whole animal metabolism (Nelson
and Chabot, 2011). Due to the high thermal inertia of water and low metabolic rates of fish,
the thermal signature generated is difficult to detect – in practice, making calorimetry a less
desirable methodology. Given that O2 is a key component of aerobic respiration, net O2
uptake from the environment gives a good indication of the metabolic rate of the animal.
Therefore respiration (metabolic O2 uptake – M˙ O2, or ‗indirect calorimetry‘) is the best proxy
for ATP turnover in fish. The limitations of respiration as a means to characterise metabolism
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is its inability to account for anaerobic contributions to ATP generation or shifts in fuel use
that alter the caloric gain from O2 consumption.

1.3 Low O2 in aquatic environments
As illustrated above, O2 availability is essential to the aerobic function of animals. O2 levels
are incredibly stable at any given altitude in the terrestrial environment that aerially respiring
animals are accustomed to. But this is not the case in aquatic environments which possess
lower (20-40 times less oxygen, by volume) and more variable O2 conditions (Graham,
1990). This variability leads waters of different O2 levels to be categorised as either
normoxic, hypoxic or anoxic. Normoxia refers to well oxygenated conditions, hypoxia is
defined by physical oceanographers as oxygen concentrations <2mg l-1 (Wu, 2002). However,
this level of hypoxia may already be well below the lethal limit of a species, therefore an
ambient oxygen concentration that limits ‗normal‘ oxygen uptake and physiological
functioning would be deemed hypoxic by physiologists. Anoxia represents waters with no
biologically available oxygen.

Temperature and salinity exert a strong influence on oxygen solubility, with cooler or fresh
water holding more O2 than warmer or more saline conditions. Physical barriers can limit the
mixing of oxygen rich bodies of water with those that are O2 poor – a situation arising when
O2 production (by photosynthesis) is limited or excessive O2 depletion (respiration) has
occurred. These physical barriers can take the form of boundary layers between waters of
different temperature or salinities (thermo-haline boundaries) or topographical boundaries
(e.g. enclosed lagoons, fjords). In addition to natural O2 depleted zones, anthropogenic
forcings including eutrophication and greenhouse gas accumulation are further intensifying
these natural processes, with some sites including the Gulf of Mexico and the Black sea being
so severely and frequently hypoxic that they are commonly referred to as ‗dead zones‘ (Diaz,
2001; Diaz and Rosenberg, 2008). Furthermore, over the past 50 years the frequency and
magnitude of low O2 episodes has increased dramatically in freshwater, coastal and open
ocean environments, and now includes freshwater and marine environments in New Zealand
(Diaz, 2001; Diaz and Rosenberg, 2008; Taylor et al., 1985; Wilcock et al., 1995).
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1.4 Low O2 as a metabolic constraint
As described in section 1.2, oxygen is taken up from the ambient environment and cascades
along an oxygen partial pressure gradient through numerous levels of biological organisation
to the cell and mitochondria, where 80-90% of total O2 consumption occurs during oxidative
phosphorylation. As O2 diffuses from the external environment to the cell there is a
progressive loss in O2 partial pressure. For example, when ambient water concentrations are
fully saturated to ~21kPa oxygen partial pressure (PO2), arterial blood PO2 will only be as
high as 16kPa (Perry and Thomas, 2001), and as low as 0.4kPa in the cell (Wittenberg and
Wittenberg, 1989; Wittenberg and
Wittenberg, 2007). However, these O2
levels are still sufficient to maintain
mitochondrial

metabolism

(Jones,

1986). Given the significant cascade of
O2 from the external environment to
the cell, any reductions in ambient PO2
Figure 1: The oxygen cascade. Upon active ventilation, O2
will diffuse from the external environment through the gills
where it is bound to erythrocyte associated haemoglobin (Hb)
before transport through the vascular network. Diffusion to
oxygen demanding tissues and associated mitochondria
provides for cellular respiration through oxidation of fuel
substrates in the TCA cycle, and oxidative phosphorylation.
The ATP generated provides the ‗free energy‘ necessary for
numerous physiological processes including neural function,
anabolic synthesis and muscle contraction

will have a profound effect on the
ability of the animal to perform
aerobic metabolism. Limitations in
cellular

O2

mitochondrial

will

constrain

respiration

and

associated ATP production.

The constraints that hypoxia imposes upon aerobic metabolism are elegantly depicted in the
scope for activity framework, originally developed by Fry (1947) and refined by Claireaux
and Lefrancois (2007) (Fig. 2). SMR is depicted by a constant level of metabolism (Claireaux
and Lefrancois, 2007). Additional capacities to acquire O2 (and generate ATP) culminate at
the MMR. The difference between MMR and SMR describes the animal‘s aerobic metabolic
scope (AS), which represents the metabolic capacity to perform additional behaviours
including growth, activity, and reproduction. As ambient O2 levels decrease, so does AS. The
point where AS = 0 (MMR = SMR) defines the critical oxygen partial pressure (Pcrit) and
emphasises the point at which aerobic metabolism can only sustain basal metabolism.
Ecological functions such as growth, feeding and predator avoidance must be met by
anaerobic pathways when O2 levels are below Pcrit (Claireaux et al., 2000). In these
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circumstances, anaerobic
metabolism

is

an
MMR

appropriate mechanism to
support these activities.
anaerobic

metabolism

is

AS
MO2

However,

fuelled
SMR

entirely by glucose which
PCRIT

is stored in high quantities
in the form of glycogen.
SEVERE HYPOXIA

When glucose demand is

HYPOXIA

NORMOXIA

Ambient Oxygen

high (i.e. when ATP is
being

generated

by

Figure 2: The aerobic metabolic scope frame work (Claireaux and
Lefrancois, 2007). For further description see text.

anaerobic metabolism), glucose and glycogen may become exhausted; constraining anaerobic
metabolism and jeopardising survival.

1.5 Maintaining homeostasis under low O2 conditions
Insufficient O2 availability hinders aerobic metabolism, potentially constraining the animal‘s
ability to generate ATP. As ATP provides the means to perform cellular functions, limitations
in ATP will present significant challenges to homeostasis, and in severe circumstances survival. Maintaining homeostasis and combating low O2 conditions is achieved by a
combination of neural and endocrine responses that regulate the O2 extraction, transport, and
delivery characteristics of the animals‘ physiology. Sensory neurons in the peripheral nervous
system detect changes occurring within the body (i.e. O2 levels, glucose levels, arterial blood
pressure) and relay information to the brain which activates a corrective neural response.
Reflex adjustments initiated by the combined actions of the peripheral nervous system and
parasympathetic and sympathetic divisions of the autonomic nervous system (ANS) will
operate in a negative feed-back loop to adjust bodily functions in an attempt to cope with and
extract more O2 from the environment. A general interpretation of the ANS describes that the
activation

of

the

parasympathetic

division

(which

utilises

acetylcholine

as

its

neurotransmitter) slows down various physiological processes, while the sympathetic division
(via the neurotransmitter adrenaline) will target and enhance important and essential
physiological processes. Endocrine counter-measures initiated through the actions of the
general stress response (see later) may also occur if homeostasis is severely challenged. As a
6
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result of this hormone release (often labelled the primary response to stress) numerous
modifications to physiological and behavioural function are observed which are categorised
into the secondary and tertiary stress response. Shifts in neural activity, adjustments in
parasympathetic/sympathetic balance, and the actions of stress hormones will combine to
maintain homeostasis under changing conditions.

1.5.1 Reflex responses to hypoxia
Upon encountering hypoxic conditions the initial reflex response observed by fish is
hyperventilation. Increases in opercular beat frequency and opercular amplitude increase the
volume of water passing through the buccal cavity in an attempt to enhance O2 transfer across
the gills and increase arterial PO2 (Randall, 1982). These ventilatory changes have been
observed immediately upon exposure to low O2 conditions identifying a rapid capacity to
respond to changes in the ambient environment (Bushnell et al., 1990). Multiple sites of O2
sensing are proposed to initiate the ventilatory responses of fish, with internal and external
chemoreceptive O2 sensors (detecting changes in arterial PO2 and ambient PO2 respectively)
considered the most likely. The putative (supposed) mechanism of O2 detection in the fish
gill involves the neuro-epithelial cells (NEC), which have been identified throughout
epithelial layers of gill tissue and the orobuccal cavity (Coolidge et al., 2008). Potassium
channels of the NEC plasma membrane are considered to be O2 sensitive, with K+ transport
inhibition causing cellular depolarisation and serotonin release (Jonz et al., 2004). Sensory
nerve fibres (associated with the glossopharangeal nerve) innervate the NEC (Zaccone et al.,
2006) and likely provide information to a central pattern generator in the hindbrain –which is
phylogenetically equivalent to the mammalian respiratory control centre (Burleson and
Smith, 2001).

In combination with changes in ventilation, modifications in cardiac function are typically
observed upon exposure to hypoxic water conditions. Enhanced parasympathetic influence
through the vagus nerve causes a reduction in heart rate (bradycardia) which is considered to
benefit the heart by improving cardiac contractility through the Frank-Starling effect,
enhancing blood (and therefore O2) perfusion through the myocardium, reducing the overall
metabolic demands of the heart, and may also serve to synchronise heart and ventilation beat
frequencies, supposedly enhancing gas transfer (Farrell, 2007; Satchell, 1991). The onset of
bradycardia is not typically observed immediately upon exposure to hypoxic conditions, but
rather occurs at a species-specific threshold between 5 and 15 kPa (Gamperl and Driedzic,
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2009). Sensory activation of the glossopharangeal nerve by either NEC chemoreceptors
(described above) or arterial baroreceptors (which respond to changes in arterial blood
pressure) provide sensory information to the hindbrain which initiates this parasympathetic
response (Taylor et al., 1999).

1.5.2 The primary stress response
If homeostasis is unable to be maintained in low O2 conditions, a non-specific stress response
involving the release of endocrine hormones (catecholamines and cortisol) will occur via the
action of the hypothalamic-pituitary-interenal (HPI) axis. Adrenaline is rapidly released from
the chromaffin cells of the head kidney under conditions of hypoxemia, occurring exclusively
when haemoglobin oxygen saturation levels (Hb-O2) drop below 50% of its maximum value
(i.e. surpasses its P50 value) via a H2S mediated mechanism (Perry et al., 2009; Perry et al.,
2004; Reid et al., 1998). This hypoxemia-induced catecholamine release is also termed the
acute humoral adrenergic stress response (Perry and Bernier, 1999). Cortisol release
accompanies adrenaline release, although its appearance in the circulation is delayed due to
additional regulatory steps before secretion from interennal tissue - also in the kidney
(Mommsen et al., 1999; Van Raaij et al., 1996; Vianen et al., 2001). Both these hormones
initiate a suite of secondary physiological responses (described in the next section) that
enable the animal to cope with more severe levels of hypoxia.

1.5.3 The secondary stress response
When released into the primary circulation, catecholamines and cortisol will bind to specific
receptors (adrenergic and glucocorticoid receptors, respectively) and modulate many
important metabolic, respiratory and cardiovascular adjustments. Adrenaline activates both
alpha- and beta-adrenoreceptors triggering lipolysis and glycolysis which will provide both
aerobic and anaerobic metabolic fuels to working cells. The binding of adrenaline onto beta
receptors on the erythrocyte membrane improves the oxygen carrying capacity of the blood
through complementary adjustments in erythrocyte function and abundance. Activation of the
Na+/H+ exchanger leads to an alkalinisation of intracellular pH, and acidification of the
plasma (Nikinmaa and Salama, 1991). This increase in intracellular pH enhances
haemoglobin oxygen affinity via the Bohr effect and maximises the O2 carrying capacity of
the blood via the Root effect (Reid, 2011). These changes in erythrocyte function also induce
a swelling of the cell, which can be measured as a change in the mean cell haemoglobin
concentration (MCHC) of the blood. The red cell swelling also influences the oxygen binding
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characteristic of the erythrocytes, diluting nucleoside triphosphates (allosteric regulators of
Hb-O2 binding) and increasing Hb-O2 affinity. The spleen is also responsive to adrenaline,
undergoing contraction to release additional erythrocytes into the circulation (Wells and
Weber, 1990). These additional erythrocytes result in a haemo-concentration, which can be
measured through changes in haematocrit (packed cell volume). At the gills, adrenaline will
also enhance the permeability of epithelial layers, encouraging increased gas exchange from
the ambient environment to the blood; a change which will potentially reduce the osmoregulatory capacity of the fish – often termed the osmorespiratory compromise (Gonzalez and
McDonald, 1992; 1994; Isaia et al., 1979). In order to make use of the improved O2 uptake
and transport dynamics, catecholamines act on the heart to increase heart rate (tachycardia)
and increase stroke volume, collectively increasing blood (and O2) delivery to oxygen
demanding tissues (Gamperl and Driedzic, 2009).

Like adrenaline, cortisol induces glycolysis, lipolysis and also proteolysis, increasing the
availability of fuel substrates to the cell; however cortisol has a dual role in carbohydrate
metabolism also acting in a gluconeogenic capacity helping to restore tissue glycogen levels
once the stressor has been avoided (Mommsen et al., 1999). In addition, cortisol will suppress
immune function, reproduction and growth, enabling a redirection of energy to support shortterm coping mechanisms (Mommsen et al., 1999).

1.5.4 The tertiary stress response
Prolonged exposure to stress (i.e. chronic hypoxia) may result in the continual or repeated
activation of the primary and secondary stress response. Associated metabolic repartitioning
may lead to reduced growth and reproductive capacities of fish and lead to population level
changes over time (Iwama et al., 2006).

1.5.5 Behavioural responses to hypoxia
In addition to physiological hypoxic responses, fish may also adopt behavioural responses
that enable them to maintain homeostasis. Numerous different behavioural swimming
responses have been identified when fish are exposed to inescapable hypoxia. Decreases in
swimming speed have been observed in species including Atlantic cod, crucian carp, and
eelpout; this response is considered to benefit the animal by decreasing oxygen demand while
preventing the physiological stress and metabolic perturbations associated with increased
activity in a low O2 environment (Fischer et al., 1992; Herbert and Steffensen, 2005; Nilsson
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et al., 1993; Schurmann and Steffensen, 1994). Elevations in locomotory activity have been
observed in fish that are typically more active and pelagic, including Atlantic herring, tuna,
and hake; this response is considered to assist avoidance of hypoxic conditions and relocation
to a more favourable environment (i.e. more oxygenated surface waters) (Bejda et al., 1987;
Bushnell and Brill, 1991; Domenici et al., 2000; Pihl et al., 1991). However, the behavioural
response a particular species shows can vary markedly, with some species showing a
combination of activity responses (e.g. PO2-specific increases and decreases in activity)
(Dalla Via et al., 1998; Herbert and Steffensen, 2005). The level of behavioural change in a
species can also vary, depending on the rate of hypoxia onset, behavioural state of the animal
prior to low O2 exposure, and the time spent in hypoxic conditions (Domenici et al., 2000;
Herbert et al., 2011; Johansen et al., 2006; Moss and McFarland, 1970). Collectively, these
results identify that the behavioural response of fish is highly variable and likely occurs as a
result of complex decision making.

The general behavioural responses described above originate from studies that exposed fish
to inescapable hypoxia, indicating that interpretations of behavioural responses may actually
be misleading when fish have the opportunity to move into more favourable conditions. Early
work on the low O2 avoidance responses of fish identifies that the behavioural response
observed in different species is highly variable between, and even in, a species (Jones, 1952;
Stott and Cross, 1973; Whitmore et al., 1960). However, differences in the experimental
designs of these studies make it difficult to draw any further conclusions. More recent studies
utilising standardised methodologies have begun to illuminate the existence of contextspecific adjustments in behaviour and species-specific responses. Whereby rainbow trout
initiate hypoxic avoidance behaviours (defined as reductions in time spent in hypoxia) upon
exposure to subtle reductions in O2 levels (Poulsen et al., 2011), Atlantic cod only seek
normoxic refuges after spending substantial durations of time in severely hypoxic conditions
equivalent to their Pcrit (4.2kPa) (Herbert et al., 2011). The wildly varying behavioural
responses to hypoxia identify that the avoidance behaviour of fish vary on a species-specific
basis. However, an absence of knowledge identifying which sensory systems are involved in
low O2 detection complicate our understanding of what drives hypoxic avoidance behaviour.
Moreover, whether avoidance is initiated (i) to circumvent, or (ii) in direct response to,
physiological stress is not understood.
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It is widely accepted that fish typically avoid low O2 conditions, but despite this general
observation only limited information exists on the nature and mechanisms of the avoidance
response itself (Bell and Eggleston, 2005; Breitburg, 1992; Pihl et al., 1991). Improved O2
conditions could potentially be located by either; (i) controlled and orientated ‗oxytactic‘
movements along an O2 gradient, or (ii) with by chance encounters as a result of oxykinetic
responses involving random (and potentially erratic) movements. Earlier studies identify that
different species may respond to low O2 conditions using either of these strategies, although
the response shown by a particular species is not necessarily uniform. For example, the roach
(Rutilus rutilus) has been described to show an erratic increase in activity by some
researchers, but others have described a more controlled ‗oxytactic‘ avoidance response (Stott
and Cross, 1973; Whitmore et al., 1960).

Avoidance is effective but it is not the sole mechanism used by fish to offset the costs of
hypoxia. Fish, as ectotherms, are known to seek cooler environments which benefit the
animal by decreasing their metabolic requirements, enhance branchial oxygen extraction
efficiency and modify haemoglobin oxygen affinity (Petersen and Steffensen, 2003;
Schurmann and Steffensen, 1994; Schurmann et al., 1991). In certain cases, fish capable of
aquatic surface respiration (ASR) or aerial respiration may avoid hypoxia by exploiting
atmospheric O2 conditions (Chapman and McKenzie, 2009). A further response that enables
fish to cope with hypoxia involves hypo-metabolic strategies. Hypometabolism acts to
decrease oxygen demands below the animal‘s SMR while limiting ATP production
(Hochachka and Lutz, 2001). This response is typically only observed in hypoxia tolerant
species (Van Ginneken et al., 1996; 1998; 2001) and is not likely to be relevant in the marine
species investigated in this thesis.

1.6 Do the behavioural and physiological responses to hypoxia integrate?
In vertebrates such as fish, behavioural and physiological responses are intimately related
(Iwama et al., 2006). Thirst and drinking (vasopressin-angiotensin system), appetite and
feeding (leptin and ghrelin mediated), acute stress reactions (adrenergic ‗flight or fight
response‘), and poikilothermic thermoregulatory strategies all represent behaviours derived
from physiological signals that together support homeostasis (Bicego et al., 2007; Jensen,
2001; Takei, 2000). Yet, whether physiological signals associated with hypoxia integrate
with, or potentially even initiate, behavioural responses is currently an unknown area of
11
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research. Physiological changes underpinning the behavioural thermoregulatory responses of
vertebrates resemble the changes that fish undergo during hypoxia. Catecholamines, which
are released during moderate-severe hypoxia, induce a dose-dependent decrease in preferred
water temperature when injected into the forebrain of goldfish (Perry and Bernier, 1999;
Wollmuth et al., 1987). Similarly, the cellular metabolites adenosine (a breakdown product of
the high energy adenylates) and lactate both increase in concentration during hypoxia and
have been observed to trigger behavioural hypothermia (anapyrexia) in vertebrates (Branco
and Steiner, 1999; Branco et al., 2000; Portner et al., 1994). Endocrine and cellular changes
that initiate thermoregulatory behaviours could conceivably trigger hypoxia avoidance
behaviours, a hypothesis that will be considered throughout this thesis.

1.7 Structure of the thesis
Given the significant knowledge gaps hindering our understanding of the hypoxic avoidance
behaviours of fish, it is the primary aim of this thesis to understand how the physiology and
behaviour of fish interact when subjected to avoidable hypoxic challenges. Emphasis is
placed upon the avoidance response of fish, as avoidance represents a largely unstudied
response to hypoxia. As low O2 conditions inextricably represent a challenge to the animal
from the molecular through to the organismal level, an integrative physiological approach has
been adopted in order to understand how the physiology of the animal may influence (or even
modulate) avoidance behaviours. The thesis is structured as follows:

Chapter 2: It is not currently known whether fish respond to escapable and inescapable
hypoxia in a similar manner. To address this unknown, the behavioural and physiological
responses of a highly aerobic and athletic species of marine fish Seriola lalandi (Yellowtail
kingfish) were investigated during differing hypoxia presentations. Questions addressed
include:
-

Do kingfish respond to escapable and inescapable hypoxia in a similar manner?

-

Do kingfish avoid escapable hypoxia presentations? If so, what behavioural and
physiological responses are associated with the avoidance response?

-

How does physiological stress associate with the two forms of hypoxic presentation?

It was hypothesised that kingfish would avoid low O2 levels that caused significant
physiological stress and that any change in behaviour would associate with changes in the
animal‘s state of physiological stress.
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Chapter 3: There is currently an inadequate understanding of whether the hypoxic avoidance
responses of fish are associated with the internal physiological state of the animal, or whether
avoidance behaviours associate with the detection of threshold ambient PO2 levels. Utilising
a moderately active species Pagrus auratus (snapper), the interactions between physiological
states and hypoxic behaviours were investigated. The haematological state of one treatment
was modified and compared to a sham control treatment. The primary question addressed
was:
-

Do differences in O2 carrying capacity influence the behavioural response of fish to
hypoxia?

It was hypothesised that experimental differences in blood oxygen carrying capacity would
result in a marked metabolic reorganisation and differing levels of hypoxia tolerance, which
would result in significantly different avoidance behaviours. The results of this study could
provide clues to the physiological driver behind hypoxia avoidance behaviour.

Chapter 4: It is not currently known whether the hypoxia avoidance behaviours of fish are
performed in order to circumvent physiological perturbation, or whether they are performed
in response to physiological stress. Therefore, it was the aim of this chapter to extensively
characterise the behavioural avoidance response of snapper and to determine the
physiological responses to hypoxia. The primary question addressed was:
-

What is the physiological state of snapper at the point of hypoxic avoidance?

It was hypothesised that by occupying hypoxic conditions snapper would suffer physiological
perturbations, fatigue, or perhaps a state of physiological exhaustion. Any of which would
present a strong drive for avoidance behaviours.

Chapter 5: It is unknown whether long-term inescapable hypoxia can alter the behavioural
response of fish to acute but escapable hypoxic exposures. To address this question, the
physiological adaptations and behavioural response of snapper were investigated following
long-term hypoxia (6-12 wks, 10.2-12.1 kPa) and compared to a normoxic control treatment
(6-12 wks, ~ 21kPa). Questions addressed include:
-

Are snapper able to physiologically adapt to chronically hypoxic conditions, and if so,
what components of the O2 cascade are modified?

-

Is the behavioural response of snapper adjusted after long-term hypoxia as a result of
physiological conditioning and/or low O2 experience?
13
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Two possible (and alternate) hypotheses were suggested, (i) the physiological modifications
resulting from long-term hypoxia would enhance the tolerance of snapper to hypoxia and
result in delayed avoidance responses, or (ii) prior experience of hypoxic conditions would
result in snapper developing an improved behavioural response to hypoxia

Chapter 6: Little is known about the mechanisms that trigger hypoxia avoidance behaviours
in fish. Throughout the preceding experimental chapters, elevated concentrations of lactate
were consistently observed following hypoxia avoidance in snapper. With evidence that
lactate is capable of modifying animal behaviour (De Wachter et al., 1997; Portner et al.,
1994), we considered it valid to ask the following question:
-

Is the release of lactate into circulation responsible for initiating hypoxia avoidance
behaviours?

It was hypothesised that artificial infusion of lactate, at concentrations equivalent to those
observed after avoidance in previous studies, would trigger the hypoxia avoidance response
of snapper.

Chapter 7: The final chapter presents a synthesis of the results described in the thesis.
Findings are discussed with reference to wider literature and potential avenues for future
research are outlined.

1.7.1 Miscellaneous
This thesis takes the form of a ‗thesis with publications‘. I apologise for any repetition
occurring in the different chapters, which may be particularly evident in the introduction, and
materials and methods sections of each chapter. Despite this inevitable amount of repetition,
every effort has been made to ensure that the chapters of this thesis, and ideas herein, are
develop in a logical and ordered manner.
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CHAPTER TWO - THE RESPONSE OF JUVENILLE KINGFISH
(SERIOLA LALANDI) TO ESCAPABLE AND INESCAPABLE
HYPOXIA

Published as:
Cook, D. G. and Herbert, N. A. (2012). The physiological and behavioural response of
juvenile kingfish (Seriola lalandi) differs between escapable and inescapable
progressive hypoxia. J. Exp. Mar. Biol. Ecol 413, 138-144.

2.1 Introduction
Coastal marine areas, including fjords, reefs and bays, as well as large tracts of open ocean
depths are reported to experience low oxygen conditions (hypoxia) (Helly and Levin, 2004;
Karlson et al., 2002; Nilsson and Ostlund-Nilsson, 2004). Given that predicted increases in
global sea surface temperatures will decrease oxygen solubility within surface layers (Shaffer
et al., 2009), while additively strengthening oceanic physical boundary layers (halo- and
thermo-clines), hypoxic regions are predicted to expand and intensify in future years (Bopp et
al., 2002; Stramma et al., 2008). Furthermore, land use practices and resulting eutrophication
processes are contributing to the increased prevalence of hypoxic zones within coastal areas,
exemplified in areas such as the Gulf of Mexico and Baltic Sea (Diaz and Rosenberg, 2008).
Because oxygen availability supports aerobic metabolism and efficient energy production,
hypoxia is not a desired environmental state for most metabolically active animals.
Insufficient oxygen may ultimately hinder a number of important biological processes from
cellular to ecological levels (Wu, 2002). With reports of mass mortalities and population
decline already being reported (Wu, 2002), an appreciation of how important marine finfish
will respond to worsening levels of hypoxia in coastal and pelagic environments is vital.

Hypoxia serves as a major physiological challenge by limiting the O2 uptake potential of fish
(Chabot and Claireaux, 2008). For example, low oxygen availability will at some point be
insufficient to sustain maintenance metabolism (defined as the standard metabolic rate in
ectotherms, SMR), necessitating metabolic functioning by anaerobic means (Randall, 1982;
Richards, 2009) and SMR conformity at even lower external O2 pressures (PO2). The point of
transition where oxygen availability is no longer able to support SMR is known as the critical
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oxygen partial pressure (Pcrit) and extended durations of time below this PO2 level will
threaten the animal‘s survival. As aerobic metabolic scope is compressed at non-critical
levels of hypoxia (Chabot and Claireaux, 2008), the ability of fish to survive low O2
conditions is undoubtedly influenced by behavioural strategies too, especially when different
levels of energetic expenditure are associated with diverse modes of swimming. Indeed, fish
have been observed to respond to inescapable progressive hypoxia either through an increase
or decrease in swimming speed. Depending on the ecotype of fish and whether the hypoxic
episode is escapable (patchy) or inescapable (extensive), these conflicting modes of
swimming are thought to provide different advantages. For example, Atlantic cod Gadus
morhua often reside in extensive low O2 areas and it is believed their marked drop in
swimming speed offsets stress through a minimisation of energetic expenditure (Herbert and
Steffensen, 2005; Schurmann and Steffensen, 1994). Conversely, active pelagic fish that
school, such as tuna and herring, generally appear to increase their swimming speed (Brady et
al., 2009; Bushnell and Brill, 1991; Dizon, 1977; Domenici et al., 2000; Herbert and
Steffensen, 2006), which presumably enables escape from discrete patches of low O2 and
mitigates the physiological stress of hypoxic residence (Herbert and Steffensen, 2006).

Aside from the advantages gained by changes in swimming speed, many fish do also have the
capacity to avoid hypoxia when the opportunity to escape is presented (Brady et al., 2009;
Herbert et al., 2011; Höglund 1961; Jones, 1952; Lefevre et al., 2011; Poulsen et al., 2011;
Spoor, 1990; Wannamaker and Rice, 2000). The ability to avoid dangerous low O2 conditions
as an effective front-line response to environmental challenge would naturally be considered
an adaptive behavioural strategy. However, whilst extreme low O2 is physiologically
dangerous and avoidance is often an option, some fish do still enter dangerously low O2 on a
voluntary basis, typically to feed, over-winter, and/or escape predation (Claireaux et al.,
1995; Kaartvedt et al., 2009; Neuenfeldt et al., 2009; Robb and Abrahams, 2003). Current
observations therefore lead us to believe that, despite the potential physiological risk of
entering low O2, complete avoidance is not actually a uniform response and, in certain cases,
a lack of avoidance may even be adaptive. But a noticeable gap in our understanding of the
low O2 avoidance behaviours of fish still exists. Behavioural and physiological responses to
low O2 have largely been studied within inescapable low O2 conditions where fish are not
provided the opportunity to escape (Bushnell and Brill, 1991; Dalla Via et al., 1998; Herbert
and Steffensen, 2005; 2006; Petersen and Gamperl, 2011; Schurmann and Steffensen, 1994;
Sloman et al., 2006; Van Raaij et al., 1996). Furthermore, the link between stress and the
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behavioural response of fish in hypoxia is largely unknown. Understanding and comparing
the response of fish to various modes of low O2 is therefore important, especially since
conditions of escapable and inescapable hypoxia are likely to persist in the wild.

Based on key unknowns in our current understanding (above), I set out to compare the
response of an active pelagic fish to inescapable and escapable progressive hypoxia with two
experimental aims. Firstly, I wanted to establish whether active pelagic species always
increase their swimming speed in response to low O2 conditions, irrespective of hypoxia
being escapable or inescapable. Secondly, with a general lack of physiological measures in
behavioural hypoxia studies, it was important to resolve whether physiological stress differed
between escapable and non-escapable progressively hypoxic conditions and whether stress
was associated with observable shifts in swimming speed or avoidance. The yellowtail
kingfish (Seriola lalandi, Family: Carangidae) was deemed a valuable model species, being a
highly active migratory species that inhabits both open ocean and coastal marine
environments, both of which are prone to hypoxia (Diaz and Rosenberg, 2008; Gilbert et al.,
2010).

2.2 Materials and methods
2.2.1 Experimental fish and holding
Juvenile S. lalandi (0+ years) were collected from the National Institute of Water and
Atmospheric Sciences (NIWA) Bream Bay Aquaculture Park, Ruakaka, New Zealand, and
transferred to the Leigh Marine Laboratory. Fish where held at a stocking density of 5kg/m 3
within a 1200 litre circular tank receiving high quality flow-through water at ambient
seasonal temperatures (14-23°C) and fed a mixed diet of commercial pellets (Nova, Skretting
Australia) and frozen pilchard. Fish were maintained under these holding conditions for an 8
month period prior to experimentation, during which fish maintained good health and no
unexplained mortalities were observed. All experiments were performed during the Austral
winter when holding temperatures were relatively stable for a 3 month period, ranging
between 14.2-15.3°C. These temperatures represent the thermal minima of the species.
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2.2.2 Hypoxia test chamber
A hypoxia choice chamber (Fig. 3) similar to that described in Skjæraasen et al. (2008) and
Herbert et al. (2011) was used to examine the behavioural and physiological response of
individual S. lalandi to various low O2 induction protocols (Fig. 3). Following transfer of
individual fish to fully air saturated conditions within the behavioural arena (BA) of the
chamber, fish were allowed to recover and explore the new environment for between 16 and
20 h. The BA (800 mm long x 600 mm wide x 300 mm deep) was supplied with two parallel,
recti-linear flows of water (each 30 cm wide and 20 cm deep), flowing between 1–2 cm s-1.
Fish were free to swim between these two discrete bodies of water without any physical
hindrance. Water was recirculated through the BA at a total rate 4,800 litres h-1. Within this
recirculation system, the discrete body of water on either side of the BA flowed into a sump
bin and was subsequently pumped back to one (of two) tall gassing towers (305 mm id, 2050
mm height). Water flowing from each of the two gassing towers passed through a series of
baffles and honeycomb diffusers, generating micro-turbulent flow. Distinct separation (rectilinearity) of flows were confirmed by the addition of food colouring to the inflowing water
while fish where absent from the BA. Two oxygen probes were positioned between each set
of honeycomb baffles; the PO2 of the water was therefore determined before entering the
behavioural arena. Water PO2 on each side of the BA was regulated using an Oxyreg control
system (Loligo Systems, Tjele, Denmark) which, after comparing water PO2 against the
desired set-point, opened a solenoid valve to provide a supply of compressed air (for
oxygenation) or a flow of compressed nitrogen (for deoxygenation) though a fine bubble
diffuser. Throughout the design of this system every effort was made to ensure that adequate
flow rates and rectilinear flows were apparent within the BA. However, it is likely that the
high activity levels of fish may have caused temporary disturbances of flow within the BA.
Water temperatures within the choice box were 15.0 ± 0.2°C (mean ± 95% confidence
interval). This temperature range was achieved via a manually operated flow of refrigerated
water passing through aluminium heat transfer coils within the mixing towers.
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Figure 3: Diagrammatic representation of the behavioural apparatus. Water passing through gassing towers
(GT) was either aerated or deoxygenated (with nitrogen gas) before passing through the inflow into the choice
box. Oxygen sensors (DOS) enabled control of inflow PO2. Water was passed initially through coarse diffusers
before flowing through two fine honeycomb baffles (HcB) creating strictly laminar flow within the behavioural
arena (BA). A screen (obscured from view) prevented the fish from moving towards the outlet. Water would
drain to sumps before being pumped (P) back to the gassing towers. A video camera (V) enabled observation
and tracking throughout the experimental procedure.

2.2.3 Behavioural tracking setup
Tracking of fish swimming behaviour was performed in two dimensions using Lolitrack
(Loligo Systems, Tjele, Denmark) software, sampling the positional x,y coordinates of the
fish‘s geometric centre of mass at 10 Hz. Video capture was achieved by an analogue CCD
camera (Monacor, 720x576 pixels, 25 fps) mounted above the BA. The image was streamed
to a PC via a USB frame grabber (PCTV USB2, Pinnacle Systems Inc). The BA was
enclosed with lightproof block-out material to control light levels but also to prevent any
external disturbance. Diffuse ambient light and an additional 8W fluorescent lights entering
through a series of light ports provided low levels of illumination within the BA. Greater
contrast for tracking was achieved by sitting the BA on top of an acrylic sheet (18mm height)
and side-lighting the acrylic sheet with infra-red light. Positional x,y coordinates were used to
calculate swimming speed, bursting and location preferences within the BA which were
derived as follows: Swimming speed was expressed as the cumulative speed (per second) of
the animal within the BA. Swimming direction was not uni-directional within experiments,
for this reason swimming speed was not corrected for flow rates. Within the inescapable
progressive hypoxia experiment juvenile kingfish were observed to adopt a ‗burst and rest‘
style of swimming at low levels of PO2. In order to quantify this response I tallied the
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number of bursts observed when speed exceeded 0.5 body lengths (BL) over a 0.1 sec period.
This threshold was derived on the basis that the equivalent swimming speed of 5BL s-1
approximates the escape swimming speed of comparable species (Domenici and Blake,
1997). My definition of burst activity was therefore used to identify acceleration events
associated with hypoxic escape reactions within the confines of the BA. Fish were not able to
maintain bursting activity for extended durations. Therefore, when the period of ‗rest‘
between bursts exceeded 2 min duration it was considered ethical to terminate the
experiment. The number of bursts observed was reported as bursts per unit time (bursts min-1)
owing to the fact that fish were exposed to the 4 kPa exposure level for differing lengths of
time. Location preference was derived from the location of the fish‘s geometric centre of
mass, relative to the boundary between the two different flow channels. An inability of the
tracking software to discern the location of the fish‘s head (which could conceivably be in a
different channel to the fish‘s geometric centre) was considered to be of minor importance
owing to the continuous swimming activity of individuals during experimentation.

2.2.4 Hypoxia induction protocols
The behavioural and physiological response of S. lalandi to two differing progressive
hypoxia protocols were assessed and compared against an unexposed control group (see Fig.
2 for details of O2 profiles). The first experiment consisted of an inescapable progressive
hypoxia condition, involving progressive O2 reductions on both sides of the BA. Experiment
two presented kingfish with escapable low O2 (oxygen choice) conditions, whereby normoxic
conditions (PO2 ~19-21 kPa) were maintained on one side of the BA whilst PO2 on the other
side was subject to the same progressive stepwise decline as the first experiment. Stepwise O2
reductions involved maintaining oxygen saturations at steady states of PO2 equal to ~21, 16,
12, 8, 6 and 4 kPa for 30 min periods, followed by ~15 min periods of (unsteady) decreasing
PO2 which was required to reach the next exposure level (Fig. 4). For the purpose of the
oxygen choice experiment, avoidance of low O2 would be attributed if fish showed a
reduction of time spent (%) within the low O2 channel of the BA. For the hypoxia induction
experiments, control background behaviour was assessed in the initial 30 min period of
recording when water in the BA was always fully saturated on both sides (PO2 ~ 21 kPa). On
successive days of the escapable hypoxia experiment, the side of the BA experiencing
progressively hypoxic conditions was alternated to avoid any potential bias in the selection of
side by fish. The unexposed control group involved exposing individuals to normoxia for the
equivalent period of time as hypoxia induction experiments, thus enabling a comparison of
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control physiological variables with those observed during hypoxia induction protocols. Feed
was withheld from individual fish 24 h prior to transfer to the experimental apparatus. Fish
utilised in experimental protocols possessed a mean mass of 37.3 ± 5.1 g and mean fork
length of 144 ± 4 mm (mean values ± 95% confidence interval). Fish size did not vary
significantly between the experimental treatments. Sample sizes of n = 8 were adopted for all
three treatment groups.
Figure 4: Water PO2 levels for
the inescapable and escapable
hypoxia experiments. The grey
symbols represent the overall
PO2 level of the inescapable,
progressive

low

O2

experiment.

Normoxia

was

provided for the initial 30 min
of

exposure

whereupon

a

gradual, stepwise decline in
PO2 was invoked with 15 min periods of unsteady (decreasing) PO2 and 30 min periods of steady PO2 at
predefined levels (see text for more detail). The black symbols indicate the PO2 level across the two sides of the
behavioural arena. One side was held under normoxic conditions while the other was deoxygenated
progressively. The open symbols represent the PO2 level of the unexposed control treatments across the
experimental period. Symbols and error bars represent mean ± 95% confidence intervals.

2.2.5 Blood sampling and analysis
Blood samples were drawn in order to investigate the physiological stress response of
kingfish exposed to the different hypoxia exposure protocols. Glucose and lactate were
measured so to ascertain whether fish were experiencing anaerobic stress (Herbert and
Steffensen, 2005, 2006). Measures of cortisol indicated whether fish exhibited a general
stress response following exposure to experimental treatments. Sampling involved rapidly
netting fish from the BA at the end of each experiment. Fish were then immediately killed by
a percussive stun to the head and brain ablation, after which venous mixed blood was
sampled (within 30 seconds of capture) from the caudal vein using a heparinised syringe and
needle. Sampling by this method is sufficient to obtain resting baseline values of both lactate
and cortisol (Herbert and Steffensen, 2005; 2006). Plasma was removed from whole blood
after centrifugation for 3 min @ 10,000 rpm, at 4oC, then stored at -80 °C until later analysis.
Plasma lactate was measured using the standard lactate dehydrogenase coupled assay with
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spectrophotometric absorbance readings at 340 nm (Gardner, 2007; Lundholm et al., 1963).
Briefly, de-proteinised plasma (50 µL of plasma with 100 µL 0.6 M perchloric acid), was
added to a glycine/hydrazine buffer containing nicotinamide adenine dinucleotide (NAD+)
and lactate dehyrogenase reagents. Enzymatic breakdown of lactate yielded the reduction
product, NADH, which was subsequently measured spectrophotometrically at 340 nm
(Multiskan, Thermoscientific, Finland). Commercial test kits were used to measure plasma
glucose (Sigma-Aldrich, 15-UV) and plasma cortisol (EIAgen microplate assay, Adaltis,
Italy) with procedures performed according to manufacturer‘s guidelines. All multiplate
measurements were performed in triplicate using the spectrophotometer described above.

2.2.6 Data and statistical analysis
As residuals from all behavioural determinations in this investigation met assumptions of
normality and homoscedacity, one-way repeated measure ANOVA tests were used for all
within-treatment comparisons of swimming speed, bursting, hypoxic residence time and %
time in hypoxia. This was followed by Tukey post–hoc tests for specific pair-wise
comparisons when significant differences were apparent. Haematological parameters from
the escapable low O2 experiment and unexposed control treatment were compared using
Students t-test or Mann Whitney U tests when data did not meet normality and
homoscedacity requirements. All statistical analyses were performed within Sigmaplot (v 11,
Systat software Inc). Significance was accepted at P<0.05 with all results reported as mean
values ± 95% confidence intervals.

2.3 Results
2.3.1 Swimming speed response during inescapable and escapable hypoxia
When exposed to progressive inescapable hypoxia conditions (Fig. 5a) fish showed no
significant deviations in their swimming speed when compared to levels observed during
normoxia (F5,35 = 1.281, P =0.296). Similarly, when presented with escapable hypoxia, fish did
not show any statistically significant change in swim speed on either the progressively hypoxic
(F5,35 = 0.270, P =0.926) or normoxic (F5,35 = 0.868, p=0.512) side of the chamber. However, a
significant increase in bursting behaviour, defined as the number of burst events per min, was
observed within the inescapable progressive hypoxia experiment (F5,35 = 6.549, P <0.001,
Fig.5b). A significant increase in bursting activity was particularly apparent at the lowest O 2
level (4 kPa) (q = 4.418, P <0.01) as identified by the Tukey post-hoc test. Burst activity at 4
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kPa PO2 during inescapable progressive
hypoxia conditions was also associated
with periods of immobility in an upright
position at the bottom of the tank (for
periods extending up to two min). Bursting,
followed

by

motionless

activity

was

observed in all 8 individuals within the
treatment, at the 4 kPa exposure level. The
total

number

of

bursts

observed

in

individuals ranged between 7 and 32, prior
to the individual remaining motionless for
2 min, thus signalling the end of the
experiment.

In

all

cases,

immobility

occurred within 10 min of exposure at 4
kPa. Inclusion of the 2 min period of
motionless

activity

undoubtedly

contributed to variation in the mean
number of burst events observed at 4 kPa
(Fig. 5b). Despite remaining motionless
after intense bursts of activity, fish
maintained equilibrium and no mortality
was observed throughout the duration of
experiment.

Figure 5: The behavioural response of S. lalandi to various low O2 induction protocols. The grey circles represent
the response of fish to inescapable low O2 conditions. For the escapable choice experiment, the black circles
represent the response of fish on the normoxic side of the BA whilst the open circles represent the response of
fish on the hypoxic side of the BA. Behavioural measures relevant to only the escapable low O 2 protocol are
represented by open squares. (A) Swimming speed (U). (B). Bursting activity (C). The residence time of fish in
low O2 per trip. (D) The percentage of time spent in the low O 2 channel of the BA. Symbols and error bars
represent mean ± 95% confidence intervals. * indicates a significant difference (P<0.05) from the unexposed
control. ** indicates a significant differences at the P<0.01 level.
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2.3.2 Side selectivity of kingfish during escapable hypoxia
Regardless of the water PO2 levels presented during escapable low O2 conditions, the average
residence time of fish in hypoxia per trip was always ~10 seconds (F5,35 = 0.730, p=0.606,
Fig. 5c). Kingfish therefore moved continuously between the normoxic and progressively
hypoxic channel and this was not affected by the level of hypoxia presented alongside the
normoxic refuge. Kingfish also chose to spend about 50% of their time in the progressively
hypoxic channel throughout the entire experiment (F5,35 = 0.375, P=0.855, Fig. 5d), indicating
that fish did not avoid any level of PO2, including the severely low level of 4 kPa.

2.3.3 Physiological response of kingfish to inescapable and escapable hypoxia
Plasma from fish at the end of inescapable progressive hypoxia conditions showed
significantly higher levels of lactate (t = 100, P >0.001), glucose (t = 2.703, P=0.017) and
cortisol (t = 29.502, P=0.001) than observed in unexposed controls. As a direct contrast,
blood from fish at the end of the escapable progressive hypoxia experiment was not different
from unexposed controls in terms of lactate (t = 0.623, p=0.543), glucose (t = 1.017, P
>0.326) and cortisol (t = 0.923, P =0.372).

Table 1: Plasma lactate, glucose and cortisol concentrations of fish following the inescapable and escapable low
O2 experiments, with comparisons made against an unexposed control group.

Inescapable

Escapable progressive

Unexposed control

progressive hypoxia

hypoxia

Lactate (mmol l-1)

0.8 (0.2)

5.3 (1.3) **

0.7 (0.2) NS

Glucose (mmol l-1)

1.2 (0.2)

2.3 (0.7)*

1.5 (0.4)NS

27.2 (14.0)

537.1 (22.0)**

41.0 (24.0)NS

Cortisol (ng ml-1)

Values are presented as means ±95% confidence intervals. * indicates a significant difference (P<0.05) from the
unexposed control. ** indicates a significant differences at the P<0.01 level whilst NS indicates no significant
difference from the unexposed control.
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2.4 Discussion
2.4.1 Behavioural and physiological responses to low O2
This study provides a unique comparison of two hypoxia induction protocols, illustrating that
behavioural and physiological responses are invoked by differing modes of low O2 exposures
in a single species. When encountering an inescapable form of progressive hypoxia, juvenile
kingfish maintained a uniform and steady style of swimming at O2 conditions >4 kPa, with
no evidence of aquatic surface respiration behaviours at any level of hypoxia. Individuals
only modified their swimming pattern at a PO2 level of 4 kPa, adopting a burst swimming
behaviour which typically associated with passive glides before a stationary position was
maintained. This behavioural ‗bursting‘ response is defined elsewhere as an agitation
response (Chapman and McKenzie, 2009), with sole Solea solea and rainbow trout
Oncorhynchus mykiss exhibiting the same response under comparable inescapable conditions
(Dalla Via et al., 1998; Van Raaij et al., 1996). As both behavioural and physiological
observations were made simultaneously, it becomes apparent that this behaviour was
associated with a significant level of aerobic stress. Whether this stress occurred as a direct
result of the fish‘s behaviour, or prior to the behavioural change is unknown. More
importantly, however, neither the agitation response nor the change in physiological state was
observed when kingfish were exposed to escapable progressive hypoxia (≥4 kPa). This
exemplifies that behavioural and physiological responses to hypoxia are highly dependent on
the mode of low O2 exposure.
Contrary to the results of other studies on active pelagic fishes, the average routine swimming
speed of juvenile kingfish did not increase under any hypoxic condition (Fig. 5a). Even the
intense agitation response of the inescapable hypoxia protocol did not yield an increase in
average swimming speed. The apparent lack of change in average swimming speed therefore
contrasts markedly with the elevated swimming speed of other active pelagic species, such as
the hake Urophycis chuss (Bejda et al., 1987), skipjack Katsuwomas pelamis and yellowfin
tuna Thunnus albacores (Bushnell and Brill, 1991; Dizon, 1977), herring Clupea harengus
(Domenici et al., 2000; Herbert and Steffensen, 2006) and bluefin tuna Thunnus maccoyii
(Fitzgibbon et al., 2010). The function of a hypoxia-induced increase in swimming speed has
commonly been viewed as an avoidance strategy enabling active species to locate more
favourable environments when faced with patchy and/or ephemeral hypoxia (Brady et al.,
2009; Domenici et al., 2000; Herbert and Steffensen, 2005). However, only one other study
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has made detailed behavioural observations of swimming speed whilst also providing active
fish the opportunity to escape low O2. Poulsen et al. (2011) showed that rainbow trout,
Oncorhynchus mykiss, initially avoided progressively hypoxic conditions without adjusting
their swimming speed, denouncing the dogma that swimming speed changes are functionally
involved in initial avoidance behaviours. More comparative data would be valuable in this
debate but, since kingfish in the current study did not actually avoid low O2 nor did they
exhibit any change in swimming speed (despite the provision of an O2 choice), the
conclusions of Poulsen et al. (2011) cannot yet be corroborated for alternative fish species.

2.4.2 Kingfish do not necessarily avoid low O2 conditions
In contrast to the relatively safe avoidance response adopted by the active rainbow trout
(Poulsen et al., 2011), kingfish did not avoid hypoxia under comparable conditions of O2
choice. Individuals consistently spent equal amounts of time in the normoxic and
progressively hypoxic channels, regardless of the PO2 levels being maintained. This behaviour
was most surprising when the normoxic refuge was presented alongside water at a PO2 of 4
kPa, the level evoking a severe agitation response during inescapable hypoxia. Exposure to
critically low O2 conditions, for brief durations of time (~ 10 sec, Fig. 5c), apparently do not
present a drive for avoidance in kingfish. Atlantic cod also showed no low O2 avoidance and
no change in swimming speed under comparable conditions and with similar residence times
per trip (~ 8 sec) (Herbert et al., 2011). But Herbert et al., (2011) did force cod to avoid
critically low O2 pressures when hypoxic residence time was extended through an
experimental manipulation of O2 refuge access. This might imply that residence time in low
O2 conditions is a key feature in the low O2 avoidance behaviour of different species.
Therefore, whilst kingfish do not appear to avoid extreme low O2 pressures under the current
conditions, future experiments should test whether an extension of hypoxic residence time
forces kingfish to avoid PO2 as low as, and even possibly higher than, 4 kPa. This could be
achieved either by manipulating refuge PO2 or housing fish in a larger choice test tank that
encourages less frequent forays between normoxic and hypoxic regions. Akin to the response
of other species, another possibility is that kingfish voluntarily enter extreme low O2
conditions in the hope of attaining feeding opportunities or in attempt to avoid predators and
therefore show no sign of avoidance. However, this seems a less plausible explanation given
the strength of the residence time argument provided by Herbert et al. (2011) and the lack of
food and/or predatory stimuli at any time.
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2.4.3 Stress as a driver for behavioural change in hypoxia?
Low O2 avoidance is typically the result of hypoxic residence time limits being reached; the
absolute level of low O2 is not necessarily the deciding factor (Herbert et al. 2011). However,
as fish incur physiological stress when residing in low O2 for increasing amounts of time
(Herbert and Steffensen, 2005; 2006; Petersen and Gamperl, 2011), Herbert et al (2011)
proposed that avoidance behaviour is probably triggered by systemic stress and not by
residence time per se. In light of this, I therefore propose that S. lalandi did not avoid severe
low O2 under escapable conditions because stress was mitigated as a result of the frequent
forays to well oxygenated areas. Without any visible signs of stress (Table 1), the kingfish
were certainly not in any immediate danger and avoidance was probably not a high priority.
This physiological and behavioural capacity to tolerate severely low O2 conditions for brief
durations could potentially provide kingfish with the opportunity to exploit hypoxic
environments within the ecological setting. Future telemetric studies examining the hypoxia
excursion behaviour in fish in the wild would certainly add strength to this debate, especially
with respect to the influence of environmentally-relevant drivers such as predator avoidance
or prey capture.

No behavioural or physiological changes were observed under escapable conditions.
However, a significant level of physiological stress (Table 1) accompanied the inescapable
and severely hypoxic conditions and the associated agitation response. Under these severe
and inescapable conditions the transition from steady swimming to a bursting mode of
locomotion was apparently supported via the recruitment of anaerobically-fuelled white
muscle fibres given the marked accumulation of lactate in the plasma (Table 1), (Rome et al.,
1992; Weihs, 1974). This transition in gait has previously been shown to generate an
efficiency of locomotory force (Rome and Alexander, 1990), while potentially providing for
metabolic recovery during the phase of glide (Kramer and McLaughlin, 2001). However, it
does seem unlikely that fish adopting a non-linear (vs. linear) mode of swimming within the
BA would have been able to realise these benefits. The confined environment may have even
added to the level of stress observed. Regardless, modifications in swimming mode seem to
associate with the development of physiological stress during inescapable low O2 exposures,
a link also considered relevant to altered swimming behaviour and the development of fatigue
observed within confined swimming challenges (Peake and Farrell, 2006). Unfortunately our
data do not allow us to resolve whether the change in physiological state of fish preceded (as
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a ―trigger‖ for), or followed (as a consequence of), the observed shift in swimming pattern.
However, indications of such an association may be provided by herring Clupea harengus,
which upon exposure to progressive low O2 conditions increased their swimming speed
following an elevation of plasma cortisol and an increase in plasma osmolarity (Herbert and
Steffensen, 2006). The association between physiological and behavioural change in fish
exposed to low O2 conditions therefore presents as an interesting topic which warrants further
investigation.

2.4.4 Conclusions
Little is known about whether kingfish presently experience environmental hypoxia in the
marine environment, or whether they possess an adequate coping strategy when faced with
hypoxic challenge. Therefore, when considering the wider ecological context of the current
experimental data, I propose that juvenile kingfish could feasibly explore expansive zones of
hypoxia >6 kPa PO2 as well as spatially-limited regions of severe hypoxia without major
deleterious effects providing (i) the hypoxic excursion is brief and (ii) a normoxic refuge is
available. Short excursions could take the form of ‗diving‘ behaviour to capitalise on prey
items residing in hypoxic layers, as already observed in a number of other species (Claireaux
et al., 1995; Kaartvedt et al., 2009; Neuenfeldt et al., 2009; Rahel and Nutzman, 1994;
Roberts et al., 2009; Taylor et al., 2007). On the other hand, the ―panicked‖ behaviour and
major stress of spending time in severe hypoxia (<6 kPa PO2) under inescapable conditions
would undoubtedly present a major challenge for juvenile kingfish. Therefore, a major causefor-concern would be the widespread expansion of severe and inescapable regions of hypoxia
in coastal and pelagic environments which could feasibly compress the habitat range of
kingfish and other important active species.
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CHAPTER THREE - THE EFFECTS OF ANAEMIA ON THE
AEROBIC

PHYSIOLOGY

AND

HYPOXIA

AVOIDANCE

BEHAVIOUR OF SNAPPER (PAGRUS AURATUS)
Published as:
Cook, D. G., Wells, R. M. G. and Herbert, N. A. (2011). Anaemia adjusts the aerobic
physiology of snapper (Pagrus auratus) and modulates hypoxia avoidance behaviour during
oxygen choice presentations. J. Exp. Biol. 214, 2927-2934.

3.1 Introduction
Aquatic animals reside in environments characterised by low oxygen solubility and some face
the continual threat of environmental hypoxia (Graham, 1990). Metabolic demand for oxygen
has therefore necessitated adequate functional designs that are challenged further by
increasingly prevalent episodes of environmental hypoxia (Diaz and Rosenberg, 2008;
Gilbert et al., 2010) with negative effects manifested from cellular levels through to the scale
of populations (See Wu, 2002 for review). Impaired oxygen extraction may limit
opportunities for fish exposed to waters below fully saturated (normoxic) levels (see Chabot
and Claireaux, 2008a for review). While the rate of oxygen consumption required for
maintenance, measured as standard metabolic rate (SMR), remains relatively fixed and stable
at low-to-moderate oxygen pressures (PO2), hypoxia will reduce the oxygen diffusion
gradient between the external environment and blood borne erythrocytes and restrict the
fish‘s ability to achieve their maximum metabolic rate (MMR) (Claireaux and Lagardère,
1999; Petersen and Gamperl, 2011; Gallaugher et al., 1995). The progressive drop in MMR
during progressive hypoxia subsequently reduces an animal‘s aerobic scope (AS = MMR–
SMR) to a point where MMR is only sufficient to maintain stable SMR (and AS is equal to
zero), a point referred to as the critical oxygen tension, or Pcrit. If aquatic PO2 drops toward
Pcrit, important eco-physiological functions such as growth, activity and reproduction, may be
compromised by the hypoxia-induced drop in AS (Chabot and Claireaux, 2008a). Major lifethreatening processes are challenged at PO2<Pcrit as the fish is forced into an oxygenconforming state (McKenzie et al., 2007).
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Hypoxia undoubtedly presents a physiological challenge to fish but hypoxic episodes are
often patchy, ephemeral (Rabalais et al., 2002) and, in the case of stratification events,
vertically defined (Breitburg, 1994). When hypoxia is spatially limited and fish have the
option to move between different areas, complete low O2 avoidance would naturally
represent an adaptive response due to its immediate benefit to basic aerobic functions at
moderate PO2 and survival at extreme low levels. However, and perhaps surprisingly,
numerous studies have identified that fish enter severe hypoxia voluntarily (Jones, 1952;
Höglund 1961; Claireaux et al., 1995; Wannamaker and Rice, 2000; Kaartvedt et al., 2009;
Neuenfeldt et al., 2009; Herbert et al., 2011). With some evidence of larger predatory species
being less hypoxia tolerant than smaller prey species, deliberate excursions into hypoxic
water have proven beneficial to some fish as a form of predator avoidance (Robb and
Abrahams, 2003; Kaartvedt et al., 2009). It is thought that other species, such as Atlantic cod
(Gadus morhua), are also able to exploit rich feeding grounds by ―diving‖ into deep hypoxic
layers on a voluntary basis (Neuenfeldt et al., 2009). These provide fine examples of
behavioural trade-offs in the field but when studies on the same species are compared under
more experimental conditions it is also evident that avoidance rarely occurs at a fixed
threshold, leading authors to speculate that the physiological state of the animal influences
hypoxia avoidance behaviour. For example, vague systemic signals such as ‗respiratory
distress‘ (Jones, 1952; Höglund 1961) and ‗systemic stress‘ (Herbert et al., 2011) have been
quoted as triggers of avoidance behaviour, rather than the actual level of aquatic PO2. The
association between physiological state and avoidance behaviour has also been questioned by
Farrell and Richards (2009) who asked whether fish avoidance behaviours were performed
anaerobically on approach to their Pcrit level, or whether avoidance is conservative, occurring
with a fraction of aerobic scope remaining. Despite the critical importance of hypoxia to
aquatic animals, an understanding of the physiological basis of hypoxia avoidance behaviour
is lacking and requires urgent attention.

To address these concerns I sought to probe basic physiological mechanisms and their
association with the avoidance behaviour of juvenile Pagrus auratus (Sparidae; common
name snapper or red bream). Firstly, I investigated whether disturbed oxygen transport
potential has an effect on the aerobic physiology of the fish, and whether altered aerobic
states influence avoidance behaviour during hypoxic exposures. Secondly, while attempting
to manipulate the aerobic capacity of the species, we addressed whether fish avoid hypoxia at
PO2 above or below their Pcrit in order to resolve the level of safety within the hypoxia
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avoidance response. If impaired oxygen transport potential has a bearing on hypoxia
avoidance behaviour, I hypothesise that fish will avoid hypoxia at higher levels of PO2. I also
hypothesise that fish should avoid hypoxia at PO2>Pcrit as part of a safe and adaptive
avoidance strategy. Accordingly, a comparison between two experimental treatments
involving (i) a group exposed to induced anaemia and (ii) a normocythaemic (sham)
treatment group. This enabled us to compare fish with reduced blood oxygen carrying
capacity invoked by the reduced erythrocyte volume, and a hypothesised drop in aerobic
metabolic capacity, with controls. Although it is uncertain how often this species is exposed
to environmental hypoxia, P. auratus, were selected for the study owing to the wide
distribution of the Sparidae family throughout global temperate and tropical coastal
environments, as well as their significance and abundance within the waters of northern New
Zealand.

3.2 Materials and Methods
3.2.1 Fish handling and anaemia induction
Juvenile Pagrus auratus (Sparidae; common name snapper) 200 ± 20 mm FL, were caught
by line and barbless hook in the inshore waters in the vicinity of Leigh Harbour (36°19‘ S;
174°48‘ E, Northland, New Zealand). Fish were housed at the Leigh Marine Laboratory in a
2000 litre circular tank supplied with high quality, 200 µm filtered, flow-through sea water.
Fish were kept for a minimum of 6 weeks before experimentation and fed with a diet of
frozen squid and pilchard. Prior to experimentation, anaemia was induced using a haemolytic
agent (Gilmour and Perry, 1996). Briefly, fish were transferred to an anaesthetic tank
containing 22 ppm AQUI-S (AQUI-S NZ Ltd., Lower Hutt, New Zealand) and left to
progress to Stage II-2 anaesthesia (Ross and Ross, 2008). Fish were then weighed and given
an intraperitoneal injection of (i) phenylhydrazine hydrochloride (phz) (Sigma Aldrich, New
Zealand) or (ii) a sham saline injection. Phz was administered at a dose of 10 mg kg-1 (fish
mass). To achieve this doseage, phz was dissolved within a marine teleost modified Cortland
saline (Milligan and McDonald, 1988) at a concentration of 2 mg ml-1, with a distribution
volume of 5.0 ml kg-1 fish mass. Similarly, sham treated fish were administered the
physiological saline at 5.0 ml kg-1 fish mass. Following treatment, fish were placed in holding
tanks for 4-7 days. Separate experimental groups, each involving an anaemic and
normocythaemic treatment, were utilised for either behavioural analysis or respirometry
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(n=32 and n=52 respectively). Fish destined for behavioural analysis were netted carefully
from the holding tanks and transferred in water to the experimental choice box (described
below) 16-20 hr prior to experimental recording.

3.2.2 Respirometry
All measures of oxygen consumption were obtained using automated, intermittent flow
respirometry (Steffensen, 1989). Fish were transferred to a 5 litre acrylic respirometry
chamber, contained within a larger, 25 litre reservoir. After sealing fish in the respirometer, a
programme of flush, wait, and measurement phases (5, 1, and 4 min respectively) was
initiated by customised software coupled to a DAQ (In house design, Leigh Marine
Laboratory) control unit. Water temperature was held constant (18.0 ± 0.1 °C) by conducting
experiments in a temperature controlled room with additional stability provided by an on/off
relay supplying a flow of refrigerated water through the respirometry system. Five µm
filtered water circulating through the external reservoir was passed continuously through a
UV steriliser, then through a 40 litre cylindrical gassing tower that maintained desired oxygen
saturations by the addition of compressed nitrogen or air through a fine bubble diffuser.
Control of hypoxic PO2 set points was provided by an Oxyreg controller (Loligo Systems,
Denmark).

PO2 within the respirometer chamber was recorded using a Cellox galvanic probe connected
to a WTW 3310 meter (Wissenschaftlich-Technische Werkstätten GmbH, Germany). The
decline in PO2 was used to calculate mass-specific rate of oxygen consumption (M˙ O2) using
standard methods as described in Steffensen (1989) and Svendsen et al. (2010). M˙ O2 values
were used to calculate SMR, MMR and AS at multiple levels of PO2. Respirometry
performed at ~21 kPa was continued for 40 h for multiple measures of M˙ O2 under normoxic
conditions. SMR was subsequently defined according to the quantile method (Chabot and
Claireaux, 2008b; Dupont-Prinet et al., 2010). A 15% quantile value was selected as this
value typically coincided with the modal value of M˙ O2 when all data points were plotted in a
frequency distribution. As SMR defines the aerobic metabolic rate of a resting, fasting,
unstressed ectotherm (at a given temperature), the value of SMR determined in normoxia was
deemed to be representative of the SMR across all PO2 levels investigated. Additional
metabolic requirements that could become apparent during in hypoxia (i.e. ventilation) were
considered to be a ‗metabolic stressor‘ and therefore a component of routine metabolism.
Once SMR was resolved, the peak value of M˙O2 following chasing/exhaustion was adopted
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to resolve the maximum aerobic metabolic rate (MMR) (Reidy et al., 1995). Accordingly,
fish were chased within a 1500 litre circular tank for periods exceeding 5 min and continued
until the fish would not escape when attempts were made to constrain the individual against
the side of the tank. The fish was then transferred to the respirometer chamber and 5-6
measurement cycles initiated immediately, with MMR typically observed within the first
three cycles. MMR was determined at five points of PO2 (~21, 14, 10, 6 and 3 kPa; n=8 for
each regimen). AS was calculated as the difference between MMR and SMR at equivalent
PO2. Following each respirometric determination, fish were removed from the chamber and
euthanased by a percussive stun followed by brain ablation using the iki-jime technique.
Blood was sampled via caudal venepuncture for haematological analysis (see below).

3.2.3 Behavioural apparatus
Hypoxia avoidance behaviour was examined within a laminar flow choice chamber (Fig. 6).
A behavioural arena (BA) (length x width x depth = 800 x 600 x 300 mm) consisting of two
parallel, laminar, flows of water separated by a central divider with a square hole (100 x 100
mm) provided fish free passage between the two discrete bodies of water. Water from each of
the two channels was circulated through a sump before being pumped back into respective
(de-)oxygenation towers. Water flowing from the (de-)oxygenation towers passed through a
series of baffles and honeycomb diffusers, generating laminar flow, prior to re-entering the
behavioural arena. Flow rates within the tank were 2,400 l hr-1 per side (4,800 l hr-1 combined
flow rate). Within the gassing towers, water PO2 was held at normoxic levels with
compressed air, or, in the case of hypoxia induction, PO2 was altered by an intermittent flow
of nitrogen. Control of nitrogen flow (and hence rate of hypoxia induction) was provided by a
custom software programme written in Labview (v8.6, National Instruments, Austin, TX).
Measurement of PO2 from either side of the chamber was acquired from the analogue output
of two Oxyreg instruments (Loligo systems, Denmark). A proportional control algorithm
actuating the solenoids controlled the rate of de-oxygenation within the channel destined for
hypoxia. A Minilab 1008 (Measurement Computing, Norton, MA) served as the data
acquisition (DAQ) module. The temperature of circulating water was monitored by a
thermistor coupled to the Labview software. Temperature set-point control was achieved
within the Labview application by an on/off relay actuating a flow of refrigerated water
through aluminium heat transfer coils set within the oxygenation towers. A constant
temperature of 18.0 ± 0.2 °C was maintained. The behavioural arena was screened with (light
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proof) block-out material to prevent visual disturbance by investigators. Two diffuse 8 W
fluorescent u.v. white lights, set behind diffuser panels, provided a low level of illumination.
Fish activity within the BA was quantified real-time in two dimensions using Swistrack
tracking software (Correll et al., 2006). A modified digital Fire-I digital camera (Unibrain
Inc, CA, USA, 640 x 480 pixels, 15 fps) was fitted above the BA and connected to a PC via
an IEEE-1394 cable. Components were applied to the tracking software which tracked the
geometrical centre of the swimming fish. Activity variables including side preference,
hypoxic residence time, and swimming speed were calculated from the output of x and y
coordinates. For analysis, raw swimming speed values of individual fish were normalised (as
a differential value) using the speed of individual fish in the control period as the starting
reference (Herbert and Steffensen, 2005).

Characterisation of the hypoxia avoidance response was performed by a progressive hypoxia
induction in one of the two flow channels, while the other channel was retained at normoxic
PO2 (Fig. 7). After transfer of fish to the BA and 16 hr acclimation, experimentation began at
1200 with activity being tracked at ~21 kPa for a 1 hr control period. Over this period routine
swimming speed and side preference was determined. The experiment was continued only if
fish showed a strong (>80%) side preference, and excursions into the alternate channel did
not exceed 15 s duration. Ultimately, 40% of fish from the anaemic treatment and 60% of fish
from the normocythaemic treatment, preferred the left hand side channel, identifying no
major bias to one particular side of the tank. The fact that fish showed a random preference
for one particular side was viewed as routine formation (a component of any normal animal
personality/coping syndrome) (Coppens et al., 2010) and was not considered a problem since
neither side of the BA was considered disadvantageous. In fact, by ―driving‖ fish from their
preferred side with progressive hypoxia, the obvious side preference of fish was exploited in
the design of these experiments, allowing us to observe clear avoidance thresholds. After the
1 hr control period, the side of preference within the BA was deoxygenated progressively at a
constant rate of 1 kPa 5 min-1. The oxygen pressure at which the fish avoided the preferred
(hypoxic) channel for greater than 30 s was deemed the avoidance PO2. Immediately after
this avoidance event, the fish was netted from the chamber and euthanased. Blood was
sampled immediately and placed on ice for haematological analysis. For comparison, routine
swimming speed and haematological parameters were investigated in an unexposed control
group that received the sham and anaemic treatments but never experienced hypoxia. After
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acclimation to the choice box, unexposed controls were left in normoxia for 150 min with
behavioural recording and blood sampling carried out as above.

Figure 6: Elevation view of experimental apparatus with accompanying 3D representation of the choice box
setup.

3.2.4 Blood and tissue analysis techniques
Hct and Hb analyses were performed on freshly drawn heparinised blood. Hct was measured
in 75 mm capillary tubes, spun within a haemofuge (Haemocentaur, MSE, UK) for 10 min.
Hb concentration of whole
blood

was

quantified

spectrophotometrically at 540
nm using modified Drabkins
reagent (Wells et al., 2007).
Lactate

analysis

was

performed on thawed plasma
samples and was based on the
standard

lactate

dehydrogenase coupled assay
with

spectrophotometric

absorbance readings at 340
nm using a 96-well multiplate
reader
Finland).

(Thermoscientific,

Figure 7: Experimental hypoxia induction protocol showing the
PO2 of the normoxic channel (closed symbols) and PO2 of the
channel destined for hypoxia (grey symbols). The channel within
which the fish chose to reside was then deoxygenated
progressively at a constant rate of 1 kPa 5 min-1. Data are means ±
95% confidence interval.
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3.2.5 Statistical techniques
Statistical analysis of haematological values, SMR values, and hypoxic avoidance PO2 was
performed using Students t–tests. Between treatment comparisons of a variety of measures
against PO2 were made using two-way ANOVA. These included swimming speed, excursion
duration, and values of MMR. Post-hoc Bonferroni comparisons were performed where
applicable. Analyses were performed in Sigmaplot (v 11, Systat Software Inc). The effect of
routine swimming speed on the avoidance response of the 2 treatments was investigated
using 1-way ANCOVA in Statistica (v9, Statsoft Inc). Curve-fitting of MMR data points
within the AS determination was carried out using a modified hyperbolic curve (4) with a
forced y-intercept of zero.

y = y0 + (ax/(b+x))

(4)

The curve through points of MMR represents the Limiting Oxygen Curve (LOC). The fitting
of a LOC to points of MMR over the measured PO2 range enabled us to resolve the point of
intercept with SMR. This point of intercept was defined as the Pcrit value. In all statistical
analyses, significance was accepted at P<0.05.

3.3 Results
3.3.1 Respirometry
SMR was not significantly different between the normocythaemic and anaemic treatments
(Fig. 8; t=1.75, P>0.05), with mean values (±95% confidence intervals) of SMR at 133.6 ±
9.6 mg O2 kg-1 h-1 and 122.1 ± 8.6 mg O2 kg-1 h-1 for the normocythaemic and anaemia
treatments respectively (N=12 per treatment). The MMR of normocythaemic fish was
generally higher at all levels of PO2 (F=327.7, P<0.01) but a significant interaction effect
indicated that the magnitude of this difference was reduced under increasingly low PO2
(F=13.6, P<0.01). Taken together, the lack of difference in SMR but higher MMR in the
normocythaemic fish led to two additional observations: (i) AS was consistently higher in the
normocythaemic fish than the anaemic fish (F=183.6, P<0.01) and (ii) a significant difference
in Pcrit was observed between the normocythaemic (5.3±0.4 kPa) and anaemic (8.6±0.6 kPa)
treatments (T=-8.9, P<0.01), as governed by the rate of decline in AS and the eventual
crossover of SMR with MMR.
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Figure 8: Metabolic characterisation of
a.) the normocythaemic treatment and
b.) the anaemic treatment, both at 18°C.
Heavy dashed lines represent the SMR
extrapolated across the relevant PO2
range,

with

representing
intervals.

light
the

dashed

95%

Circular

lines

confidence

symbols indicate

points of MMR±95% CI at measured
PO2.

The

vertical

solid

red

line

represents the avoidance PO2 of the
treatment

with

dashed

representing the 95% CI.

red

lines

Symbols

denoted with an * indicate significant
differences

from

the

corresponding

normocythaemic value. Mathematical
constants describing the LOC were a =
738.01 and b = 23.31 for the normocythaemic treatment and a = 427.42 and b = 20.98 for the anaemic treatment

3.3.2 Behavioural choice and avoidance
Anaemic fish avoided hypoxia at significantly higher PO2 (6.6 ± 2.5 kPa) than did fish from
the normocythaemic treatment (2.9±0.5 kPa) (F=10.195, P<0.01) (Fig. 8). Within the
preferred channel (i.e. the channel destined for progressive de-oxygenation) residence time
was 96.5 % (± 4.2 %) in the normocythaemic treatment and 93.0 % (± 8.3 %) in the anaemic
treatment with no statistically significant differences (t=0.49, P>0.05). Even during hypoxic
exposures, short excursions from the preferred channel into the normoxic channel (always
<15 sec) were considered too short for fish to repay any anaerobic debt. Throughout the study
period, three fish (two normocythaemic and one anaemic fish) did not develop a side
preference during the control measurement period and were therefore excluded from the
study.
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3.3.3 Behavioural activity
No significant difference in the mean
routine swimming speed of fish was
observed between normocythaemic and
anaemic treatment groups during the 60 min
control

measurement

period

(t=-1.27,

P>0.05)(Table 2). However, routine speed
varied within treatments and a positive link
between routine swimming speed and
avoidance PO2 was observed for both groups
(1-way ANCOVA, F=30.3, P<0.01; Fig. 9).
This indicated that faster swimming fish
avoided hypoxia earlier at higher PO2. By
taking

routine

consideration
treatment

swimming

as

a

speed

into

covariate,

between

were

confirmed,

differences

Figure 9: (Above) Correlations between avoidance
PO2 and routine swimming speeds for the
normocythaemic (closed symbols) and anaemic
(open symbol) treatments. Regression lines show
significant
linear
correlation
in
the
normocythaemic (t=3.34, r2= 0.76, p<0.01) and
anaemic (t=3.06, r2= 0.76, p<0.05) treatments
respectively.

whereby anaemic fish did indeed avoid
hypoxia

earlier

at

higher

PO2

(1-way

ANCOVA, F=14.7, P<0.01). Because initial
routine swimming speed in normoxia varied
between individuals, swimming speed during
hypoxia was normalised as a differential
(Herbert

and

Steffensen,

2005).

Such

normalisations revealed that neither anaemic
nor

normocythaemic

fish

adjusted

their Figure 10: (Immediately above) The differential
swimming speed of the normocythaemic (closed

swimming speeds during hypoxia (F=0.7, symbols) and anaemic treatments (open symbols) at
PO2 over the course of the experimental
P>0.05 and F=1.7, P>0.05 respectively; Fig. different
protocol. Data are means±95% confidence interval
10).
3.3.4 Blood parameters
Haematological parameters (Table 1) of the normocythaemic and anaemic control treatments
were significantly different, with anaemic fish showing lower Hct (t=32.2, P<0.01) and lower
Hb concentrations (t=16.7, P<0.01). As expected, circulating lactate concentrations were low
and not significantly different between unexposed control fish. After hypoxic exposure and
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avoidance, normocythaemic fish had elevated Hct (t=21.0, P<0.01) and Hb concentrations
(t=25.0, P<0.01) when compared to unexposed normocythaemic controls. In contrast, fish
from the anaemic treatment did not demonstrate elevated Hct and Hb concentrations after
being exposed to hypoxia. After avoidance, circulating plasma lactate concentrations were
significantly elevated in both normocythaemic (t=6.0, P<0.01) and anaemic (t=7.7, P<0.01)
treatment groups with no significant differences between the two treatments (t=-1.0, P>0.05).
Table 2: Haematological parameters and routine behaviour of unexposed control and hypoxia exposed (post
avoidance) snapper from the two different anaemia treatments.

Unexposed controls

Post Avoidance

Normocythaemic

Anaemic

0.44 (0.08)

0.39 (0.12)

Hct (%)

25.7 (1.1)

Hb (g dL -1)
MCHC (g dL -1)

Routine swimming
speed (BL sec-1)

Plasma lactate
-1

(mmol l )
N

Normocythaemic

Anaemic

6.7 (0.9) *

31.8 (2.5) ‡

7.7 (1.7) †

5.7 (0.4)

1.8 (0.2) *

7.47 (0.9) ‡

1.9 (0.2) †

25.7 (1.1)

28.5 (2.1)

23.46 (1.1)

26.0 (3.7)

0.6 (0.2)

0.5 (0.2)

5.49 (1.0) ‡

6.3 (1.4) ‡

6

6

10

10

Values presented are means with 95% CI‘s presented in brackets.
Significant differences (P<0.05) between unexposed controls and post avoidance values are denoted by * for
comparisons between normocytahemic and anaemic unexposed controls,
normocythaemic and anaemic fish post avoidance, and by

‡

†

for comparisons between

for comparisons between unexposed control

and post avoidance fish from respective treatments.

3.4 Discussion
3.4.1 Effects of anaemia on aerobic physiology and avoidance behaviour
According to my measures of haematological O2 carrying capacities and rates of O2
consumption (M˙O2), normocythaemic and anaemic snapper differ in their aerobic physiology,
and this in turn appears to exert a strong influence over hypoxia avoidance behaviour. SMR
was comparable between the two treatments, implying that within the anaemic treatment (i)
standard metabolic requirements were unchanged, and that (ii) remaining erythrocytes in
circulation were sufficient to support standard metabolic function, but all other measures of
aerobic potential showed marked differences. Haemolytic anaemia has been widely employed
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in other studies on fish to address the consequences of reduced O2-carrying capacities (Smith
et al., 1971; Houston et al., 1988; Gallaugher et al., 1995; Gilmour and Perry, 1996). Of
these, the study of Gallaugher et al. (1995) investigated changes in respiratory character,
observing an approximate 70% drop in V˙O2

(max)

when anaemic (10% Hct) and

normocythaemic (30% Hct) rainbow trout were compared under normoxic conditions. This
compares qualitatively, but not quantitatively, to the current study in which Phz-treated
snapper were highly anaemic (6.7% Hct. Table. 2) yet showed only a 45% drop in MMR
compared to normocythaemic fish with normal erythrocytic volumes (25.7% Hct) in
normoxia. However, these experiments go further and reveal insight into the aerobic capacity
of anaemic fish during hypoxia. Anaemic fish had depressed MMR and showed a
concomitant drop in the AS at all PO2 values which, combined with equivalent standard
metabolic requirements between the two treatments, shifted the Pcrit of the anaemic group
upwards from 5.3 to 8.6 kPa, a remarkably large difference of 3.3 kPa (Fig. 8). With the main
objective to understand how aerobic state influences hypoxia avoidance behaviour, the 3.3
kPa Pcrit shift of the anaemic fish was paralleled by an increase in behavioural avoidance
threshold. Normocythaemic fish avoided low O2 at 2.9 ± 0.5 kPa while anaemic fish avoided
hypoxia at the higher level of 6.6 ± 2.5 kPa, a difference of 3.7 kPa. That the behavioural
avoidance threshold shifted slightly more than Pcrit in the anaemic fish may be explained by
the lack of capacity to release additional erythrocytes from the spleen that would otherwise
boost O2-carrying capacity during hypoxia (Table 1). Indeed, oxygen carrying capacity was
observed to increase in normocythaemic snapper during hypoxia, owing to the observed
increase in Hct and Hb concentration with no evidence of red blood cell swelling. It is
therefore assumed that the observed change of behaviour was driven directly by the decrease
in oxygen carrying capacity but I do also acknowledge that unknown non-target effects of
Phz administration could potentially have a role in the interaction between physiology and
behaviour. Further evidence that physiological state might affect avoidance is provided by the
observation of faster routine swimmers avoiding hypoxia at higher PO2 than slower
swimmers (Fig. 9). Moreover, at any given routine swimming speed, the avoidance PO2
threshold of anaemic fish was consistently higher than that of normocythaemic fish.

A number of studies have observed fish entering potentially dangerous levels of hypoxia on a
voluntary basis (Jones 1952, Höglund 1961, Herbert et al., 2011, Claireaux et al., 1995,
Kaartvedt et al., 2009, Neuenfeldt et al., 2009, Wannamaker and Rice, 2000) implying that
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residence time under low levels of oxygen is a key driver of avoidance. Recently, Herbert et
al. (2011) have shown that cod (Gadus morhua) voluntarily swim into critical PO2 without
any change in their behaviour but only when they have access to an O2 refuge. This response
was clearly regulated by residence time in hypoxia because avoidance did occur when the
safety (i.e. PO2) of the O2 refuge was reduced. Based on their observations, Jones (1952),
Höglund (1961), and Herbert et al. (2011) have all speculated that systemic signals may be
responsible for the initiation of hypoxia avoidance behaviour, as opposed to the actual level
of PO2 being encountered during escapable hypoxia. Because fish in hypoxia often exhibit
sudden erratic behaviour prior to avoidance, Jones (1952) and Höglund (1961) proposed
―respiratory distress‖ as the driver of the avoidance reaction but the authors did not clarify
whether they refer to ventilatory-oxygen diffusion limitations and resulting hypoxemia or
cellular substrate limitations. Results from the current study therefore present the first set of
data linking aerobic state with hypoxia avoidance, with evidence of reduced oxygen carrying
capacity and a shift in the Pcrit having a profound effect on avoidance thresholds. I achieved
this by using only fish exhibiting an initial preference of side in the behavioural choice box,
which was included into the design as a means of standardising residence time. This
effectively allowed us to ―drive‖ fish from hypoxia under standardised conditions such that
the experiment was free of behavioural variability that typically occurs when fish roam on a
routine basis between normoxia and hypoxia. This is an important point because residence
time in hypoxia appears to be a potent regulator of avoidance (cf. Herbert et al., 2011) and
this is should always be considered in studies addressing avoidance reactions.

By standardising the residence time of snapper in hypoxic water I was allowed an insight into
the avoidance response of fish with respect to physiological limitations. Interestingly, the
avoidance responses of both anaemic and normocythaemic snapper were not triggered until
PO2 values below their treatment-dependent Pcrit had been surpassed and aerobic scope had
been totally exhausted (Fig 8). The fact that blood lactate was comparably high in both
treatments certainly supports the view that physiological aerobic limits were surpassed in a
comparable way and that anaerobic metabolism may somehow be involved in the initiation of
avoidance. Further examples of the hypoxia avoidance behaviours of fish and their
relationship with physiological relevant thresholds are surprisingly limited (see Table 3).
Furthermore, physiological and behavioural measurements are often not reported within the
same study, meaning that I have collated the data from disparate experiments. Avoidance
behaviours are observed to occur across a range of PO2 values ranging from ―safe‖ avoidance
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(avoidance threshold > Pcrit) through to ―dangerous‖ avoidance strategies (avoidance
threshold < Pcrit). With reference to fish in the current study, avoidance thresholds are
consistently less than Pcrit denoting that this species possibly employs a high-risk and
dangerous avoidance strategy. Avoidance in this case is heavily reliant on the animal‘s ability
to function anaerobically and, by virtue of the maximal level of lactate observed in the blood
of snapper at the point of avoidance (5.5-6.3 mmol l-1)(Wells and Dunphy, 2009), fish
presumably had little time left before being overwhelmed by disorientation and death. Further
support for the dangerous nature of the snapper avoidance strategy is supported by the study
of Janssen et al. (2010). In anaesthetised snapper, cardiac function was impaired suddenly
below 3.1 kPa with evidence of synchronous bradycardia, decreased ventricular
depolarisation (reduced QRS amplitude) and arrhythmias (Janssen et al., 2010). Dangerous
avoidance strategies resulting in severe physiological perturbations and fatigue therefore lead
us to question the fitness of fish that are unable to relocate to an oxygen refuge. Indeed,
although difficult to infer from the current experiment, I doubt that snapper would knowingly
use this strategy to perform hypoxic dives to feed in the wild, or as a form of predator refuge.
However, before reaching this conclusion, it should also be considered that fish in the current
study were simply naive through a lack of previous hypoxia experience. Incorporating
hypoxic pre-conditioning protocols within future experimental designs may help to resolve
this uncertainty.

Table 3: Summary values of physiological tolerances matched to hypoxia avoidance behaviours of various
marine and freshwater fish species

Species

Pcrit

Oncorhynchus mykiss

2.9 kPa (15°C)a
3.6 kPa (20°C)a

Brevoortia tyrannus
Gadus morhua
Gadus morhua
Gadus morhua
Pagrus auratus

12hr LC50

3.3 kPa (25°C)c
e

3.4 kPa (5°C)
3.4 kPa (5°C)e
4.8 kPa (10°C)e
5.3 kPa (18°C)g

Avoidance PO2
2.6 kPa (13°C)b
7.3 kPa (20°C)b
6.0 – 3.0 kPa (25°C)d
7.2 kPa (5°C)f
9.0 – 3.0 kPa (5°C)g*
4.3 – 12.8 kPa (11°C)h**
2.9 kPa (18°C)i

Literature values reported in torr were converted to partial pressure values (kPa). Values originally reported in
concentration units (providing temperature and salinity values are also reported) were converted to partial
pressure (kPa) units assuming a standard atmospheric pressure of 101.3 kPa.
* Cod generally avoided oxygen levels below 9 kPa but feeding excursions into hypoxic waters equal to 3 kPa
were observed
** Avoidance behaviour of Atlantic cod were identified to be variable depending on the provision and
magnitude of a normoxic refuge
Cited References: a(Ott et al., 1980), b(Jones, 1952), c(Shimps et al., 2005), d(Wannamaker and Rice, 2000),
e
(Schurmann and Steffensen.,1996), f(D'Amours, 1993), g(Claireaux et al., 1995), h(Herbert et al., 2011),
i
(Current Study)
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3.4.2 Behavioural activity
One of the assumptions of the aerobic metabolic scope framework is that as oxygen becomes
limiting, fish will reduce behavioural activity to limit energetic expenditure (Chabot and
Claireaux, 2008a). This down-regulation in activity has been demonstrated in species such as
cod Gadus morhua (Schurmann and Steffensen, 1994; Herbert and Steffensen, 2005), crucian
carp Carassius carassius (Nilsson et al., 1993), Sole Solea solea (Dalla Via et al., 1998) and
eelpout Zoarces viviparous (Fischer et al., 1992) but was not shown in herring (Domenici et
al., 2000; Herbert and Steffensen, 2006), red hake Urophycis chuss (Bejda et al., 1987), tuna
Katsuwonus pelamis and Thunnus albacares (Dizon, 1977; Bushnell and Brill, 1991)
European sea bass Dicentrarchus labrax (Killen et al., 2012) and weakfish Cynoscion regalis
(Brady et al., 2009). Differences between species were previously considered to associate
with their ecotype (refer Chapter 2), where more active, pelagic species generally up-regulate
swimming activity in an attempt to reduce the residence time within the hypoxic
environment, while less active, benthic species down-regulate activity to conserve energy.
Further countering this generalisation, it was intriguing to observe that snapper did not adjust
their swimming speed throughout progressive hypoxia and avoidance, even when fish had
clearly surpassed the aerobic limits set by the oxygen limiting curve of the AS model. A
modulation of swimming activity clearly did not assist avoidance behaviour, which may
suggest that snapper do not have a hypoxia avoidance strategy, potentially as a result of
naivety and inexperience of hypoxia in their natural environment.
3.4.3 Conclusions
By experimentally manipulating the oxygen carrying capacity, aerobic scope and critical O2
limit of P. auratus, and exposing them to a range of PO2 choices, I have provided compelling
evidence that physiological state has a strong influence over the hypoxic avoidance response
of fish. Thus, anaemic fish avoided aquatic hypoxia at higher PO2 than did normocythaemic
fish and these behaviours corresponded closely with a comparable shift in Pcrit driven by
compressed aerobic scope. The additional observation that anaemic and normocythaemic fish
did not avoid hypoxia until ambient PO2 values were below respective Pcrit values (where AS
is exhausted and anaerobic pathways activated) represents a dangerous avoidance strategy.
This may be significant at the warm temperate and subtropical limits of distribution of the
species. From a more general ecological perspective, the data suggest that fish with disturbed
oxygen delivery potential, arising from anaemia, pollution or stress are more likely to avoid
hypoxia earlier, which may have an impact on the distribution of important finfish species.
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AURATUS) EXPERIENCE PRIOR TO AVOIDING HYPOXIA?
Published as:
Cook, D. G. and Herbert, N. A. (2012). Low O2 avoidance is associated with physiological
perturbation but not exhaustion in the snapper (Pagrus auratus: Sparidae), Comp. Biochem.
Physiol. 162A, 310-316.

4.1 Introduction
Many species of fish can endure hypoxic waters for limited periods of time using a suite of
well described respiratory, metabolic and hormonal adjustments that ensure adequate
metabolic functioning (Claireaux and Dutil, 1992; Farrell and Richards, 2009; Neuenfeldt et
al., 2009; Poulsen et al., 2011; Richards, 2009; Richards, 2011). Many investigations have
explored the hypoxic physiology of fish but only one study has ever considered the
physiology of fish at the point of low O2 avoidance (Cook et al., 2011). Whilst very
insightful, the level of analysis did not resolve the full extent of physiological perturbation at
the point of avoidance, nor how much disturbance can be tolerated before avoidance becomes
necessary. These are key unknowns because they ultimately define how a species will cope
with low O2 challenge, especially when they often have the opportunity to escape.
Previous experimental investigations have identified that Pagrus auratus (common name:
snapper or red bream) choose to reside in hypoxic water below their critical O2 tension (Pcrit)
for brief periods before leaving (Cook et al., 2011). Snapper that surpass Pcrit would be unable
to sustain basal metabolism by aerobic means and must therefore rely on anaerobic pathways
to support essential function (Randall, 1982; Richards, 2009). Surprisingly, snapper
experiencing low O2 conditions also maintain normal routine swimming speeds (Cook et al.,
2011) which would certainly place significant demands on aerobic and anaerobic metabolism
in the vicinity of Pcrit. Major physiological stress might therefore be expected at this
dangerous level of aquatic O2. Elevated concentrations of plasma lactate confirm the
importance of anaerobic pathways at the point of avoidance (Cook et al., 2011) but it is not
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currently clear whether snapper are suffering significant stress, with a reduced but still
adequate level of energy in reserve (i.e. fatigue), or whether fish are in a state of
physiological exhaustion where energy reserves are fully depleted (Peake and Farrell, 2006).
Knowing the levels of physiological stress is important as it has been suggested to influence
the decision to avoid hypoxic conditions (Cook et al., 2011; Herbert et al., 2011). A state of
fatigue or exhaustion would also demand different amounts of time to recover which could
affect ecological performance (e.g. growth and feeding etc) once dangerous levels of hypoxia
are avoided. Therefore, to provide more in-depth understanding of snapper performance
during low O2 exposure, I sought to address how much the physiology of snapper was
challenged at the point of avoidance. This was achieved by sampling an extensive range of
blood and muscle parameters (i.e. indicators of aerobic and anaerobic stress) from snapper as
they exited hypoxia. Because an accurate Pcrit determination was important to gauge the risk
of low O2 avoidance, the Pcrit threshold of snapper was also re-evaluated using an alternative
method to Cook et al. (2011). Pcrit in the current study was quantified by identifying the
respiratory break-point where routine metabolism decreases below the standard metabolic
rate (Behrens and Steffensen, 2007). The methodology of Cook et al. (2011) differed slightly
because they resolved the progressive drop in metabolic scope during low O2 and its eventual
exhaustion at Pcrit.

4.2 Materials and Methods
4.2.1 Fish handling
Juvenile snapper (Pagrus auratus, Forster 1801. 204 ± 31 mm FL; weight 225.3 ± 31.2 g,
mean ± 95% CI) were collected by line and hook from inshore waters around Leigh,
Northland, New Zealand. Following capture, fish were housed at the Leigh Marine
Laboratory in a 2000 L circular tank supplied with flow-through sea water (air saturated, 200
µm filtered, 35ppt salinity). Fish were housed for a minimum of 6 weeks before
experimentation and fed a maintenance ration of frozen squid and pilchard. However, food
was withheld from individuals 48 hr prior to experimentation. All capture, holding and
experimental techniques were performed under the approval of the University of Auckland
Animal Ethics Committee (approval R711).
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4.2.2 Respirometry
Measures of oxygen consumption (M˙ O2) were obtained using automated, intermittent flow
respirometry according to the methodology of Cook et al. (2011) and Steffensen (1989). Fish
were placed in a 4.96 L respirometer that consisted of an acrylic chamber equipped with 1) a
flush pump and 2) an external loop of tubing with an in-line pump that continually mixed the
chamber and held an O2 probe. The respirometer was contained in a larger 25 L reservoir of
seawater which provided clean seawater to the respirometer when the flush pump was
activated. At all other times the flush pump was inactive and any decline in O2 saturation as a
result of respiration in the respirometer was monitored by a WTW CellOx probe
(Wissenschaftlich-Technische Werkstätten GmbH, Weilheim, Germany) and a WTW 3310
meter at a rate of 1Hz. The digital output of the meter relayed O2 saturation data via a Leigh
Lab DAQ to a PC running in-house software. The custom software ultimately recorded the
change in chamber O2 saturation but also controlled the intermittent measure (5 min), flush (4
min) and wait (1 min) cycles of the respirometry protocol. Water was circulated between the
reservoir and a 40 L gassing tower as a means of controlling the O2 saturation level of the
reservoir, and hence the respirometer. The gassing tower was bubbled with air for
oxygenation and compressed nitrogen gas for deoxygenation through a fine bubble
membrane diffuser. An Oxyreg controller (Loligo Systems, Tjele, Denmark) equipped with a
solenoid valve ensured that normoxic and hypoxic PO2 set points were maintained through
the controlled release of nitrogen gas. Water between the reservoir and gassing tower was
continuously circulated through a u.v. steriliser and blank runs ensured that bacterial
respiration never exceeded 5% of fish SMR. Water temperatures were held constant (18.0 +
0.1 °C) in a temperature controlled room with additional stability provided by an on/off relay
supplying a flow of refrigerated water through cooling coils in the gassing tower. Upon
transfer of fish to the chamber, the unit was sealed tight and respirometry run across a 40 hr
period. The mass-specific rate of O2 consumption (M˙ O2) was resolved according to the
following equation:
M˙ O2 = V(ΔPO2/t)α.MB

(5)

Where V is the volume of the respirometry chamber less fish volume (l), ∆ PO2/t is the
change in oxygen partial pressure (kPa) per unit time,

is the solubility coefficient of oxygen

in water (35ppt, 18 °C) in mg O2 kPa-1, MB is the body mass of the fish (kg). Standard
metabolic rate (SMR) was defined during the initial 40 h measurement phase by the 15%
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quantile method (Chabot and Claireaux, 2008b; Cook et al., 2011; Dupont-Prinet et al.,
2010).

Pcrit was determined according to the method of Behrens and Steffensen (2007). The PO2 of
water circulating through the respirometer was lowered, then held stable at predefined levels
(PO2 = 14, 10, 8, 6 and 4 kPa). At each level of PO2, the mean value of M˙ O2 from four
measurement cycles was calculated and used for analysis. In order to define Pcrit, a one way
ANOVA was used to test the null hypothesis that PO2 specific values of M˙ O2 were not
significantly below the mean value of SMR for the experimental group. A Tukey post-hoc
test then identified any M˙ O2 value that failed this hypothesis. M˙ O2 data that failed the test
were therefore considered to represent an O2 conforming state where fish could no longer
regulate O2 uptake. When oxyconforming the metabolic rate of the organism will be dictated
by ambient oxygen availability, thus a linear regression was subsequently plotted through
these data with a forced y intercept of zero whilst the remaining values of SMR were
extrapolated across the entire range of PO2. The linear equations describing these two lines
and the associated point of intercept was used to define Pcrit.

4.2.3 Behavioural apparatus and protocols
The behavioural apparatus for hypoxia choice experiments is described in detail elsewhere
(Cook and Herbert, 2012; Cook et al., 2011). In brief, the system passed water through two
gassing towers, a divided choice chamber and two sumps before being recirculated back to
the gassing towers. In terms of the choice chamber, a central divider was used to separate
water from each of the two gassing tower channels and these flowed parallel to each other in
a recti-linear fashion at ~2,400 L h-1. Fish within the behavioural arena of the choice chamber
experienced flow rates ranging from 3cm s-1 at the inflow end of the arena and 1cm s-1 at the
draining end, and were able to move freely between the two bodies of water but only through
a 10 x 10 cm port in the central divider. The PO2 level of recirculating water in each channel
was controlled with solenoids that adjusted the flow of compressed air or nitrogen gas from
micro-diffusers at the bottom of two gassing towers. PO2 within the inflow water of the two
channels was sampled using two Oxyreg units (Loligo systems, Tjele, Denmark). Analogue
data from the Oxyreg units was streamed to a PC running custom Labview software (v8.6,
National Instruments, TX, USA) which controlled the release of N2 gas via the solenoids. The
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same software also controlled water temperature (18.0 ± 0.2°C) by activating the flow of
refrigerated water through cooling coils in the gassing towers.

Hypoxia avoidance behaviour was induced by deoxygenating one of the two channels in a
progressive fashion. Fish were transferred to the choice chamber 16-20 hr prior to
experimentation and allowed to settle under normoxic conditions. Behavioural analysis began
at 10:00 the following day. An initial one hour (control) period was used to record routine
swimming activity and the preferred channel of fish (cf. Cook et al., 2011). The experiment
was only continued if fish showed a strong preference for one particular side (defined as
spending >80% of time in that channel) and if excursions into the alternate channel did not
exceed 15 s. Fish often choose one side over the other as they settle and form a behavioural
routine (or habit); this form of normal behaviour was exploited as a means of resolving clear
avoidance thresholds during hypoxia (Cook et al., 2011). At the end of the 1 hr control
period, the preferred side was deoxygenated at a rate of 1 kPa 5 min-1 and the avoidance
behaviour of fish monitored. The point at which the fish avoided the preferred channel for >
30 s was taken as the hypoxia avoidance threshold (Cook et al., 2011). Fish activity within
the choice chamber was monitored throughout the experiment, in real time, using a modified
digital camera (Fire-I, Unibrain Inc, CA, USA, 640 x 480 pixels, 15 fps) which streamed
video to a PC running Swistrack tracking software (Correll et al., 2006).

Unexposed control fish were transferred into the choice chamber in water and, after a
comparable amount of time to settle, were exposed to normoxia across the same 3 hr period
before being sampled for blood (see below).

4.2.4 Behavioural analysis techniques
Activity variables including side preference, hypoxic residence time, swimming speed and
turning rate (denoted U and AT respectively) within the choice chamber were calculated from
the output of x, y coordinates which specified the geometric centre of the fish. Swimming
speed was determined as the cumulative speed travelled per second and expressed relative to
fork length (BL s-1). Turning rates (° s-1) were calculated from an arc-tan determination of the
x,y coordinate generated every 15th frame and sampled every second (Steinhausen et al.,
2010). An additional criterion was applied to turning rate that required each vector to be > 4
cm in length (approx. ¼ the fish‘s average fork length), thus eliminating error associated with
fish considered stationary or experiencing transitory sideways drift.
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4.2.5 Blood and tissue sampling after avoidance.
Immediately after avoidance, fish were netted and euthanised rapidly (<15 sec) with a
percussive stun and brain ablation. Blood was sampled immediately via caudal venepuncture
and placed on ice for hematological analysis. Heart, liver, mosaic red muscle (pink muscle,
PM) and white muscle (WM) were then excised rapidly from the animal. PM was collected
from the dorsal region of the ventral red muscle strip and epaxial WM was sampled anterior
to the dorsal fin. Tissue samples were rinsed in saline (0.9% NaCl) solution and then snap
frozen between two aluminum plates pre-cooled to -80°C. Tissue samples were subsequently
labelled and stored at -80°C until analysis.

4.2.6

Hematological techniques

Blood pH was measured immediately on a 100 µL subsample of fresh blood using a portable
ISFET type pH electrode (KS701, Shindengen, Tokyo, Japan). Hematocrit (Hct) was
measured in 75 mm capillary tubes after spinning blood (3 min) in a hemofuge
(Haemocentaur, MSE, UK). Hb concentration [Hb] of whole blood was quantified
spectrophotometrically at 540 nm using modified Drabkins reagent (Wells et al., 2007). Mean
corpuscular hemoglobin concentration (MCHC) was estimated from the ratio of ([Hb]/Hct) x
100. Aliquots of plasma were frozen for later determinations of osmolarity, lactate, glucose
and cortisol. Plasma osmolarity was measured from thawed samples using a Wescor
osmometer (Model 5500, Wescor Inc, UT, USA). Plasma lactate was determined on thawed
plasma samples using the standard LDH-coupled assay with spectrophotometric absorbance
readings at 340 nm (Lundholm et al., 1963). Plasma glucose was determined using a
commercially available kit (Roche Qluco-quant Glucose/HK, Mannheim, Germany). Plasma
cortisol concentration was resolved with an ELISA based multiplate assay (EIAgen, Adaltis,
Italy) on a Multiskan instrument (Model: Spectrum, Thermoscientific, Vaanta, Finland).

4.2.7 Tissue analysis techniques
Analysis of glucose, glycogen and lactate from cardiac, white muscle, and liver involved
grinding tissue under liquid N2 with a pre-cooled mortar and pestle. Approximately 0.1 g of
tissue was accurately weighed and recorded, then diluted in 0.5 ml ice cold 0.6M perchloric
acid (containing 30% methanol) and homogenised for 20 sec (T-25 Ultraturrex, Janke and
Kunkle, Germany). Two tissue extracts were prepared by these methods; one stored frozen (20°C) for tissue lactate and the other stored frozen for glucose/glycogen determinations.
Glycogen (as glycosyl units) was determined on thawed tissue samples as per the methods of
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Keppler and Decker (1974). Tissue glucose and lactate determinations were performed using
the assays described above for blood plasma.

In order to gauge the ability of snapper to tolerate functional hypoxia, the non-bicarbonate
buffer capacity of epaxial white muscle (WM) and mosaic red muscle (pink muscle, PM) was
estimated as per the methods of Castellini and Somero (1981). A known mass of muscle
tissue (~0.5 g WM or ~0.2 g PM) was homogenised in 10 parts of ice cold (0.9%) NaCl
solution, with further saline added to give a final tissue dilution ratio of 1:20 (w/v), after
which the suspension was transferred to a thermostated vessel (18°C). Using 0.2 mol L-1 HCl,
the pH of the suspension was lowered to pH = ~ 6.0. Successive aliquots of 0.2 mol L-1
NaOH were then added and mixed well with vortexing. The titration was continued until pH
8.0. The buffering Capacity (β), measured in Slykes, was defined by the concentration (µmol
L-1) of base required to titrate the pH of 1 g of tissue (wet weight) across a physiologically
relevant pH range (pH 6.5 - 7.5). pH was measured using a semi-micro combination pH
electrode (XC 161, Radiometer, Copenhagen, Denmark) connected to a TPS Lab analyser
(90-FL, TPS Pty Ltd, Queensland, Australia). All buffer capacity titrations were performed
within ten days of tissue harvest and storage.

4.2.8 Statistical techniques
The behavioural activity of fish exposed to progressive low O2 was compared against the
initial one hour control measures using a Freidman repeated measures ANOVA test with a
Dunn‘s post-hoc test for specific pair-wise comparisons. These statistical tests were utilised
as results were not normally distributed and samples sizes were not necessarily equal between
PO2 levels (e.g. some fish avoided before 4 kPa). Swimming activity in the 300 sec prior to
avoidance and 30 sec following avoidance was also analysed using the Freidman repeated
measures ANOVA test. Hematology and tissue physiology from fish after avoidance were
compared against unexposed controls using Students t-tests. All statistical analysis was
performed using the Sigmaplot software package (V 11, Systat Software Inc,
www.systat.com) with significance accepted at P < 0.05. All results presented throughout
text, tables and figures are presented as mean values with 95% confidence intervals.
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4.3 Results
4.3.1 Respirometry
The SMR of snapper at 18°C was 136.6 ± 12.7 mg O2 kg-1 h-1. Values of M˙ O2 were
significantly less than SMR at 4.3 ( = 93.8 mg O2 kg-1 h-1, q = 8.37, P < 0.01) and 3.1 kPa (
= 63.9 mg O2 kg-1 h-1, q = 10.83, P<0.01). Pcrit was thus resolved at 5.8 ± 0.6 kPa (43.5 ± 4.5
mmHg, Fig. 11).
Figure 11: Respiratory characterisation of
snapper. The closed symbol identifies the
SMR of snapper at 18°C, 35ppt. The mean
value of SMR was extrapolated (horizontal
line) across the range of normoxic and
hypoxic PO2 values investigated, with
associated error indicated (dotted line . . .).
Open symbols indicate values of M˙ O2 during
the progressive reduction of ambient PO2. A
line of regression (long dashes — — —) is
plotted through values of M˙ O2 significantly
below the defined value of SMR (denoted
with an asterisks), with a forced y intercept =
0. The point of intercept of this regression
line with the extrapolated mean value of
SMR indicates the point of Pcrit at 5.8 ± 0.6
kPa. Symbols and error bars represent mean
values ± 95% confidence intervals.

4.3.2 Behavioural activity and
avoidance
All snapper showed strong side preferences
(>90% occupation) in the choice chamber
but the side chosen was different between
individuals. Deoxygenating the preferred
side of snapper invoked avoidance at 3.1 ±
1.2 kPa. Prior to the onset of hypoxia, fish
had a routine (control) swimming speed of
0.65 ± 0.10 BL sec-1 which was not
Figure 12: Swimming activity of snapper throughout
exposure to progressive hypoxia. A. Swimming speed
(U), B. Turning rate (AT). Values significantly
different (P < 0.05) from those observed during the
unexposed control period are denoted with an asterisk.
Symbols and error bars represent mean values ± 95%
confidence intervals
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significantly different from the routine speed of unexposed controls (0.53 ± 0.07 BL sec-1)(t =
-2.05, P > 0.05). Routine turning rates during the normoxic control period (33.9 ± 5.9 °sec-1)
were also comparable to unexposed controls (35.8 ± 3.4 °sec-1)(t = -0.54, P > 0.05).
However, snapper did show a significant drop in swimming speed during progressive low O2
(χ2(5) = 17.43, P < 0.01)(Fig. 12A); speed at 4 kPa was 33% lower than the control median
value. No significant change in the turning rate of individuals was observed (χ2(5) = 8.76, P =
0.12, Fig. 12B). No significant shift in swimming speed or turning rate occurred in the 300
sec before avoidance (χ2(32) = 39.89, P > 0.05) or during the 30 sec period afterwards (χ2
(32) = 45.75, P >0.05)(Fig. 13A-B).

Figure 13: Swimming speed (A) and turning rate (B) of fish during the 300 sec prior to avoidance of the low O2
environment, and for 30 sec following avoidance. Symbols and error bars represent mean values ± 95%
confidence intervals with the grey dashed vertical line at time point zero identifying the point of avoidance

4.3.3 Physiological state of snapper post avoidance
As a result of low O2 exposure before avoidance, snapper demonstrated a significant 16%
increase in Hct (t = -4.10, P<0.01) and a 20% increase in blood [Hb] (t = -3.94, P<0.01),
indentifying a splenic release of erythrocytes. These adjustments were not accompanied by
any difference in MCHC between treatments (t = 0.67, P>0.05). A mild, but significant,
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acidosis was observed post-avoidance, with snapper possessing a lower mean blood pH value
of 7.4 ± 0.05 compared to the 7.5 ± 0.05 level of unexposed controls (t = 4.35, P<0.01).
Plasma osmolarity increased from a resting value of 370.5 ± 10.0 mOsmol l-1 to 438.6 ± 19.5
mOsmol l-1 in hypoxia exposed fish (t = -6.03, P < 0.01). Levels of plasma lactate also
increased with values rising from 0.6 mmol l-1 (unexposed controls) to 2.1 mmol l-1 in postavoidance fish (t = -7.99, P < 0.01). A similar increase was seen for plasma glucose
concentrations which increased from 1.5 mmol l-1 in unexposed controls to 4.3 mmol l-1 at the
point of avoidance (t = -7.80, P < 0.01). A nearly 5-fold increase in plasma cortisol
concentrations was observed between unexposed control fish and fish that had just avoided (t
= -7.01, P<0.01). Elevated levels of lactate were seen in cardiac tissue (t = -2.36, P < 0.05)
but not within the WM tissue of post-avoidance fish (t = -1.37, P > 0.05). Glycogen stores
were significantly reduced within the cardiac (t = 2.64, P < 0.05), liver (t = 5.01, P < 0.01)
and WM (t = 2.23, P< 0.05) tissues.

Table 4: Physiological comparisons of snapper from an unexposed control group with snapper sampled
immediately (30 s) after they avoided escapable progressive hypoxia.

Whole Blood
Hct (%)
Hb (g d l-1)
MCHC (g d l-1)
pH
Plasma :
Osmolality (mOsmol l-1)
Lactate (mmol l-1)
Glucose (mmol l-1)
Cortisol (ng ml-1)
Heart:
Lactate (µmol g-1)
Glucose (µmol g-1)
Glycogen (µmol g-1)
Liver:
Glucose (µmol g-1)
Glycogen (µmol g-1)
White muscle:
Lactate (µmol g-1)
Glucose (µmol g-1)
Glycogen (µmol g-1)

Unexposed Control
(n=10)

Post Hypoxia Avoidance
(n=10)

26.1 (1.4)
5.8 (0.4)
24.2 (1.6)
7.51 (0.05)

30.2 (1.4) **
7.0 (0.5) **
23.4 (1.7) NS
7.38 (0.05)**

370.5 (10.0)
0.6 (0.1)
1.5 (0.3)
68.2 (21.0)

438.6 (19.5)**
2.1 (0.7)**
4.3 (0.6)**
386.9 (83.0)**

1.3 (0.5)
0.9 (0.5)
11.3 (2.2)

2.5 (0.8)*
0.5 (0.2) NS
7.7 (1.2)*

0.3 (0.1)
166.6 (15.3)

4.3 (0.1)**
97.4 (22.4)**

1.1 (0.5)
0.2 (0.1)
17.2 (3.6)

1.7 (0.7) NS
0.3 (0.1)**
12.0 (2.0)*

Values represent means with 95% CI depicted within parenthesis. Significant differences between postavoidance fish and unexposed control fish are presented with a * (P < 0.05) or ** (P < 0.01). Glycogen
measured as glycosyl units.
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4.3.4 Muscle buffering capacity
The buffering capacity (β) of white and pink muscle was 55.2 ± 2.2 and 35.0 ± 2.9 Slykes
respectively.

4.4

Discussion

The current Pcrit level of 5.8 kPa for snapper at 18°C is reassuringly close to the 5.3 kPa Pcrit
of Cook et al., (2011) leaving little doubt that the different respirometry methods provide
comparable threshold data. This Pcrit level is not especially low (Cook et al., 2011) but it does
compare to the Atlantic cod that is commonly seen to reside in hypoxia (Schurmann and
Steffensen, 1997). Although only moderately tolerant of hypoxia in terms of Pcrit, snapper
consistently avoid low O2 around 2.9 – 3.1kPa (current study and Cook et al., 2011),
revealing that this species will voluntarily enter water below critical threshold levels, at least
for short periods of time. The supply of O2 for essential metabolic processes (i.e.
maintenance) is heavily constrained below Pcrit (McKenzie et al., 2007) so any delay in
avoidance below this level is expected to incur major physiological stress. Current results
show a range of physiological perturbations in snapper at the point of avoidance (Table 4) but
these should not necessarily be considered major and maladaptive. The splenic release of
erythrocytes into primary circulation probably played a beneficial role in increasing blood O2
carrying capacity and enhancing the aerobic capacity of snapper during hypoxia (Wells and
Weber, 1990). A moderate decrease in plasma pH following hypoxic exposure indicated a
subtle acidosis of fish blood during low O2. This acidosis was likely to be metabolic in origin
but whether its magnitude was sufficient to influence oxygen uptake and delivery dynamics
through the Bohr and Root effects is debatable (Wells and Dunphy, 2009). A primary
hormonal stress reaction in the form of high plasma cortisol concentrations was also
observed. Although usually indicative of ―stress‖, the glycolytic action of cortisol (Mommsen
et al., 1999) presumably provided value by fuelling aerobic and anaerobic function at a time
of low O2 availability; the drop in hepatic glycogen certainly identifies the liver as the major
source of the plasma borne glucose (Table 4). However, the lack of ionoregulatory control at
the point of avoidance is a potentially harmful perturbation. It is unknown whether this
perturbation resulted from fluid volume shifts associated with glycolysis and lactate
accumulation (Wood, 1991), changes in branchial permeability (Randall et al., 1972), or as a
result of impaired branchial Na+, K+-ATPase activity – as seen during acute stress (Breves et
al., 2010). Osmoregulatory demands consume a significant percentage of fish energy budgets

54

CHAPTER 4
(Febry and Lutz, 1987) and any attempt to regain normal ionoregulatory status during
hypoxia would likely burden snapper with metabolic costs that cannot be met under low O2
conditions. Avoidance may therefore have been the best line of defence to reduce further
stress and offset an increasing metabolic cost.

Anaerobic pathways make an increasing contribution to ATP production under low O2
conditions as O2 consumption fails to support important routine processes such as
maintenance metabolism (Boutilier et al., 1988; Chabot and Claireaux, 2008a; Cook et al.,
2011; Dalla Via et al., 1998; Haman et al., 1997; Van Raaij et al., 1996). The fact that
snapper entered critically low O2 levels and showed a rise in plasma glucose and lactate, with
a concomitant decrease in carbohydrate energy stores (i.e. liver and WM glycogen
stores)(Table 4), certainly appears to support this proposition. However, low O2 residence
only led to a ~40% decrease in liver glycogen stores, indicating that metabolic fuel reserves
were by no means depleted and fish were not physiologically exhausted. Moderate increases
in plasma lactate and low to moderate concentrations of muscle lactate also indicated a submaximal (vs. maximal) release of lactate to the primary circulation, which is comparable to
the pattern of release seen in sole (Solea solea) during environmental hypoxia (Dalla Via et
al., 1997). Interestingly, the release of lactate to the plasma during hypoxia contrasts
markedly with the response of fish to exhaustive exercise, where high concentrations of
plasma lactate (5-20mM) typically associate with even greater concentrations in the WM
myotome (Milligan and Girard, 1993; Milligan and Wood, 1986, 1987). The dynamics of
lactate in fish therefore appear to depend on whether hypoxia is functional or environmental
in origin, although species-specific differences in locomotory strategies during low O2
residence and/or exhaustive swimming could also play a relevant role. Although commonly
viewed as an anaerobic stress reaction, the release of lactate to circulation may actually aid
the recovery of fish after avoidance since many organs use lactate as a preferred metabolic
fuel (Kam and Milligan, 2006; Milligan and Farrell, 1991).

Snapper possess low to moderate non-bicarbonate buffering capacities within the white and
pink muscle regions (β(WM) = 55.2 Slykes, β(PM) = 35.0 Slykes). From a comparative
perspective, the β(WM) and β(PM) values are on a par with other moderately active yet hypoxia
tolerant species such as yellow perch Perca flavescens (β(WM) = 53.7 slykes) and carp
Cyprinus carpio (β(WM) = 50.8 slykes) (Nelson and Magnuson, 1987; Okuma and Abe 1992).
Low non-bicarbonate buffering capacities identify that snapper are not well equipped to deal
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with high levels anaerobic activity, prolonged exercise, or restricted perfusion of red and
white skeletal muscle groups. However, as the non-bicarbonate buffering capacity of snapper
is comparable to more hypoxia tolerant species it is suggested that the ability to resist tissue
level pH changes is not a necessity when coping with hypoxia and that snapper muscle may
be sufficiently equipped to deal with low O2 function. Indeed, it would appear that the low to
moderate muscle buffering capacity of snapper is sufficient to support the level of routine
swimming and muscular disturbance seen in the current study.

Of particular concern, however, is the heart which is geared towards oxidative metabolism
and is thus more sensitive to low O2 challenge. Low O2 sensitivity is especially relevant to
the heart of snapper as it lacks a coronary blood supply to the myocardium, implying that
aerobic myocyte function is dependent upon venous O2 supplies which has already provided
for systemic O2 requirements (Satchell, 1991). In light of the above, the metabolite levels
seen in the heart of controls and post-avoidance fish (Table 4) may suggest that the heart of
snapper surpassed an O2 sensitivity threshold during hypoxia. With evidence of an increase in
ventricular lactate, the heart of snapper was probably reliant upon anaerobic metabolism, with
plasma-borne glucose serving as the carbohydrate fuel of choice (Clow et al., 2004; Gamperl
and Driedzic, 2009). Furthermore, snapper heart function deteriorates below 3.1 kPa (Janssen
et al., 2010) – a remarkably close match to the avoidance threshold of snapper at 2.9-3.1 kPa.
While I was not able to simultaneously measure cardiac function during hypoxia avoidance, I
tentatively suggest that the avoidance behaviour of snapper may have been initiated to protect
heart function, rather than a response to blood or muscle perturbations. This would be a new
and interesting avenue for future research since we do not currently understand the signals
that initiate fish avoidance behaviour.

Snapper showed a subtle drop in swimming speed under increasingly deep hypoxia. Given
the levels of glycolysis and lactate accumulation observed, swimming slower clearly did not
offset all aerobic stress but the activity-related drop in energy expenditure (Steinhausen et al.,
2010) might have allowed snapper to conserve metabolic fuel stores at least to a small degree.
Similar reductions in swimming activity during low O2 have been observed in other benthic
and mesopelagic marine fish species, including Atlantic cod Gadus morhua, sole Solea solea
and eelpout Ammodytes tobianus (Behrens and Steffensen, 2007; Dalla Via et al., 1997;
Herbert and Steffensen, 2005; Schurmann and Steffensen, 1994). The swimming activity of
snapper was remarkably constant both before and after avoidance (Fig. 12a) and since
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snapper retained metabolic reserves in the heart, liver and muscle they were not compelled to
engage in emergency-led behaviours (i.e. erratic swimming or behavioural fatigue). Indeed,
although routine activity was aerobically challenged it was not limited by metabolic fuel
availability because snapper were not at the point of exhaustion.

Within the current experimental investigation, P. auratus occupy low O2 conditions that
surpass the critical limit of the species. Snapper appear to endure these levels of hypoxia with
a subtle change in swimming speed and a number of physiological perturbations. However,
snapper were not in a state of physiological exhaustion at the point of avoidance. The nonexhausted state of snapper would probably allow this species to repay debt and recover
rapidly once normoxic conditions are found. Whether snapper would replicate the observed
behaviours under more natural conditions is not currently known – but snapper could enter
hypoxia on a voluntary basis to feed or escape predators at least for brief 15 min periods.
However, extending low O2 residence for longer time periods at levels <4 kPa will likely lead
to physiological exhaustion and this presents a worry for the survival of snapper in extensive
areas of hypoxia.
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5

CHAPTER FIVE – THE EFFECT OF HYPOXIC ACCLIMATION ON
THE HYPOXIA AVOIDANCE BEHAVIOURS AND THE
PHYSIOLOGICAL POISE OF SNAPPER (PAGRUS AURATUS)

Chapter submitted as:
Acclimation to low O2 shifts the hypoxia avoidance behaviour of snapper (Pagrus auratus)
with only subtle changes in aerobic and anaerobic function. Cook, D.G., Iftikhar, F.I., Baker,
D.W., Hickey, A.J., and Herbert, N.A.

With a revised version subsequently published as:
Low O2 acclimation shifts the hypoxia avoidance behaviour of snapper (Pagrus auratus) with
only subtle changes in aerobic and anaerobic function. Cook, D.G., Iftikhar, F.I., Baker, D.W.,
Hickey, A.J., and Herbert, N.A. J. Exp. Biol. 216, 369-378.

5.1 Introduction
Anthropogenic activity is increasing the prevalence of low oxygen episodes (environmental
hypoxia) across marine environments (Diaz and Rosenberg, 2008). Hypoxia presents a
significant and increasingly common challenge for most aquatic animals, understanding how
fish are likely to respond is therefore important. Fish engage an array of physiological
mechanisms to cope with hypoxia, but they can also employ behavioural strategies that
collectively counter the deleterious effects of low O2 exposures (Richards, 2009). Physiological
adaptations to chronic hypoxia generally involve enhanced capacities for O2 uptake and
delivery (Richards, 2009). For example, many fish increase red blood cell numbers and
haemoglobin concentrations (Hb) to enhance absolute O2 carrying capacity (Wells, 2009; Wells
et al., 1989), restructure gill morphologies to enhance gas exchange (Matey et al., 2008; Sollid
et al., 2003), increase Hb-oxygen binding affinities to enhance O2 uptake (Tzaneva et al., 2011;
Weber et al., 1976; Wood and Johansen, 1972; Wood et al., 1975) or modify cardiac function
to improve low O2 performance (Petersen and Gamperl, 2010). When combined, cellular and
tissue modifications should enhance the whole animal‘s capacity to tolerate hypoxia, and be
evident as a lowering of the critical O2 tension, Pcrit – the PO2 above which basal metabolic
demand (maintenance) is satisfied (Timmerman and Chapman, 2004).
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While physiological adaptations can improve the ability of fish to survive chronic low O2
conditions, behavioural responses may also be important. This is particularly true for species
that have a limited capacity to adapt physiologically (Pichavant et al., 2003). Reductions in
locomotory activity and early avoidance of low O2 conditions represent two notable behaviours
invoked by low O2 exposure which undoubtedly help to ensure the survival of fish facing
adverse O2 conditions (Herbert et al., 2011; Poulsen et al., 2011). Some fish engage these
strategies before encountering their respective Pcrit (Herbert and Steffensen, 2005; Poulsen et
al., 2011) but the New Zealand snapper (Pagrus auratus, Sparidae) does not show these
responses (Cook et al. 2011). Snapper are late to leave hypoxic water because hypoxia
avoidance commences below their Pcrit (Cook et al., 2011). Moreover, snapper do not show any
significant change in swimming speed during hypoxic exposure (Cook et al., 2011). However,
it was suggested that the individuals used in the study were behaviourally naïve, with their
response reflecting a lack of low O2 experience.
To date the effects of hypoxic acclimation on low O2 behaviour of fish remain untested. This
current study therefore aimed to resolve whether the behavioural avoidance and swimming
speed response of snapper would differ following acclimation to long-term hypoxia. The
physiology of snapper was also investigated in detail to gauge how physiological changes
(cellular - organ- whole animal) associated with behavioural responses. I hypothesized that
snapper may show one of two responses: whereby 1) long-term hypoxia could convey a degree
of low O2 experience to fish whereby they are less naïve and employ a safe avoidance strategy
well above Pcrit limits or 2) long-term hypoxia could provide greater low O2 tolerance across a
number of different levels whereby fish have the capacity to remain in hypoxia and avoid at
even lower levels of O2. The current study therefore provides the unique opportunity to see
how physiological change might influence behaviour following chronic hypoxia.

5.2 Materials and methods
5.2.1 Fish handling and acclimation procedures
Juvenile Pagrus auratus (Sparidae, common name snapper or red bream) (150 - 300 g) were
captured by line and barbless hooks from coastal waters around Leigh (36°19‘ S; 174°48‘ E,
Northland, New Zealand). Following capture, fish were housed in one of two 500 l tanks (max.
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50 individuals per tank) at the Leigh Marine Laboratory. Fish were provided with a continuous
flow of high quality, aerated seawater for at least 6 weeks before experimentation. After this
period, one tank was designated for hypoxia acclimation and the other as a normoxic control. A
moderately hypoxic partial pressure of oxygen (PO2) of 10.2 – 12.1 kPa was maintained in the
hypoxia tank using an oxygen controller (Model PR514, PR electronics, Denmark) and
Oxyguard oxygen electrode (Model: Mini probe, Technolab Pty Ltd, Tasmania, Australia)
positioned in the centre of the holding tank. An on/off relay output from the controller actuated
a solenoid-controlled flow of compressed nitrogen (BOC gas supplies, Auckland, New
Zealand) through a fine bubble diffuser fitted to the floor of the holding tank. A second relay
was programmed to actuate an auxiliary flow of compressed air if PO2 values fell below the
desired set-point of 10.2 kPa. This provided protection against any sudden drop in PO2 (e.g. as
result of post-prandial metabolism). Normoxic conditions in the control tank (>95% saturation)
were maintained by continually passing compressed air through a fine bubble diffuser fitted in
a similar fashion to the hypoxia tank. The initial stage of hypoxia acclimation involved
decreasing the PO2 of the hypoxia tank at a rate of ~1 kPa per day over a ten day period until
the desired minimum set-point range was established. Fish remained under these conditions for
between 6 and 12 weeks enabling investigators time to complete the sampling and
observational phase of the experiment. Normoxic controls were subject to the same period of
experimental holding. PO2 in both tanks was confirmed regularly with a Cell-Ox probe
connected to a WTW 3310 meter (Wissenschaftlich-Technische Werkstätten GmbH,
Germany). Water temperatures across the duration of holding and experimentation ranged 20.1
– 21.8°C. Fish were fed a standard ration of squid and pilchard.

5.2.2 The behavioural response of snapper to hypoxia
Behavioural responses to escapable hypoxia were investigated in an oxygen choice chamber
described elsewhere (Cook and Herbert, 2012; Cook et al., 2011). Individual fish occupied a
behavioural arena (BA) which consisted of two flows of water separated by a divider. Fish
could actively move between these two flows via a square port (10 x 10 cm) positioned
centrally on the divider. Diffusers and baffles were used to create rectilinear flow in the BA
(4,800 l hr-1 combined flow rate) and each side of the BA received water from a large (400 l)
gassing tower. Oxygen conditions on either side of the BA were therefore manipulated by
purging nitrogen gas (BOC Gas Supplies, Auckland, NZ), or compressed air, through the
towers. Oxygen set-points was controlled by two Oxyreg units (Loligo systems, Tjele,
Denmark) coupled to a DAQ (Minilab 1008, Measurement computing, MA, USA) under the
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control of Labview software (v8.6, National Instruments, TX, USA). The behavioural activity
of fish in the choice box was quantified using a digital camera (Fire-I, Unibrain Inc, San
Ramon, CA, USA) that streamed video to a PC running ‗Swistrack‘ software (Correll et al.
2006). The movements of fish were sampled at a rate of 15 Hz and were used to resolve
avoidance behaviour and activity variables (including swimming speed and spontaneous
turning rates). Water temperatures within the choice chamber were actively maintained at 21.0
± 0.3°C (mean ± 95% CI).

Fish were transferred to the BA at least 18 h prior to experimentation. Following this period
behavioural variables were determined over a 1 h control period, during which any preference
for side and normoxic swimming activity was determined. During this one hour control period,
all fish formed a strong preference for one particular water flow (i.e. >80% of time spent on
one particular side of the divider) and excursions into the alternate channel were infrequent and
never in excess of 15 s. This behavioural routine formation presented investigators with the
opportunity to ―drive‖ fish from their preferred side and identify clear avoidance thresholds
(Cook et al. 2011). Following the 1 h control period, the preferred channel was deoxygenated
progressively at a linear rate of 1 kPa 5 min-1. The PO2 at which snapper avoided their
preferred channel for 30 sec was taken as the avoidance threshold. The experiment was
terminated at this point; fish were immediately captured then rapidly euthanized by brain
ablation before blood was sampled via caudal venepuncture (< 30 s post-capture).

5.2.3 Haematological and biochemical techniques
A heparinised syringe and needle was used to draw caudal mixed blood at the point of
avoidance in the behavioural trial above (n= 8 per treatment), as well as a separate resting
control group (n = 10) for comparison. Blood pH was read immediately on a portable ISFET
type pH electrode (KS701, Shindengen, Tokyo, Japan). Whole blood was placed in 75 mm
capillaries and haematocrit (Hct, the % of RBCs) determined after 3 min of centrifugation
(Haemocentaur, MSE, UK). In addition, 10 µl of whole blood was pipetted into 1 ml of
modified Drabkin‘s reagent and haemoglobin concentration [Hb] was calculated after reading
A540nm against a blank (Wells et al., 2007). Mean corpuscular haemoglobin concentration
(MCHC) was estimated from the ratio of ([Hb]/Hct) x 100. Remaining blood was then
centrifuged (14000 g, 4°C), and the plasma separated before being stored at -80°C for later
analysis of plasma glucose and lactate using standard enzymatic techniques (also described in
Cook et al., 2011).
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Muscle enzyme activity was determined according to the methods of Hickey and Clements
(Hickey and Clements, 2003). Pre-weighed samples of tissue (~ 0 mg) were diluted in ice cold
homogenization buffer (in mmol l-1: 25 Tris-HCl; pH 7.8, 1 EDTA, 2 MgCl2, 50 KCl, 0.5%
Triton-X 100) to a ratio of 1:10 (w/v). Samples were homogenised (TissueLyser II, Qiagen,
Auckland, NZ), then centrifuged (20,000 g, 4°C), with the supernatant retrieved for analysis.
LDH activity was determined by adding 20 µl of appropriately diluted tissue homogenate to
180 µl of LDH assay mix (in mmol l-1: 100 Tris-HCl; pH 7.0, 1 EDTA, 2 MgCl2, 1
dithiothreitol and 0.15 NADH). The oxidation of NADH was measured at 340 nm in a plate
reader (Spectramax 340, Molecular devices LLC, CA, USA) after addition of 25 µl 1.5 mmol
l-1 pyruvate. Citrate synthase (CS) was measured by adding 30 µl of dilute tissue homogenate
to 170 µl of CS assay mix (in mmol l-1: 50 Tris-HCl; pH 8.0, 0.1 acetyl coenzyme A and 0.2
5,5‘-disthiobis-(2-bitrobenzoic acid), (DTNB). The reduction of DTNB was followed at 412
nm following addition of 25 µl 5 mmol l-1 oxaloacetate. LDH and CS enzyme activity were
expressed as U mg

-1

but also in ratio to one another (LDH:CS). The use of LDH:CS ratio

accounted for individual variability in enzyme activities, and importantly, enabled us to resolve
differences in the relative anaerobic and aerobic capacities of fish between the two treatments
(Hochachka et al., 1983). All chemicals were sourced from Sigma-Aldrich (Auckland, NZ).

As all blood components had been previously washed from ventricular tissue within the
modified Langendorff preparation (see below), ventricular myoglobin concentrations [Mb]
could be determined using the cyanmetmyoglobin (cyanmetMb) method (Drabkin, 1950). 200
µl of supernatant (also utilised for enzyme activity analyses) was added to 800 µl of modified
Drabkins reagent. Absorbance at 540 nm was recorded in 10 mm cuvettes (Multiskan
Spectrum, Thermoscientific, Vaanta, Finland). Tissue [Mb] was calculated using a cyanmetMb
extinction coefficient of 10.36 mmol cm-1 according to the methodology of Viriyarattanasak
and colleagues (Viriyarattanasak et al., 2011).

5.2.4 Blood oxygen binding properties
Whole blood binding properties and the fixed acid Bohr effect of Hb were investigated in
venous mixed blood drawn from the caudal vein of rested fish in each treatment (n=7).
Samples were prepared by suspending 50 µl of whole blood in 4 ml of 50 mmol-1 HEPES salt
solution (125 mmol l-1 NaCl), buffered to a range of physiologically relevant pH levels (7.8,
7.6, 7.4, 7.2, 7.0 and 6.8). Antifoam (2 µl) was added to the solution immediately before
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analysis. The binding properties of whole blood at 21°C, at each pH level, were then
investigated using a Haem-ox analyser (TCS Research Products, PA, USA). The Hill's
cooperativity coefficient (n) and the PO2 at which Hb was half O2 saturated (denoted as HbP50) was calculated from oxygen equilibrium curves (OECs) using TCS proprietary software
(Version 2.14, TCS Research Products, PA, USA). The Bohr coefficient (ф) was determined
using the standard equation, ф = ∆log Hb-P50 . ∆pH-1. The Root effect was recorded as the
decrease in maximal Hb saturation at each measured pH level relative to a reference value for
maximal Hb saturation (Hb-P100) at pH 7.8, and 21°C (Regan and Brauner, 2010; Wells and
Dunphy, 2009).

5.2.5 Mitochondrial respiration
Tissue Preperation: The heart of resting, euthanised, snapper was perfused in a modified
Langendorff preparation. The bulbous arteriosis was cannulated and perfused with a gravity
delivered flow of teleost ringer which, in combination with spontaneous ventricular
contractions, served to wash all blood from the tissue. The ringer was composed of (in mmol
l-1): 159.6 NaCl, 2.1 KCl, 0.99 MgCl2, 1.30 CaCl2, 10 glucose, 3 HEPES acid, 6.99 HEPES
sodium salt; 0.30 Na-glutamate, 0.40 L-glutamate; 0.02 Na-aspartate; 0.05 DL-carnitine, 1 mg
L-1 insulin (porcine), 1 mg L-1, thiamine pyrophosphate-co-carboxylase, pH 7.6 (Forgan and
Forster, 2010). After 5-10 min of perfusion, the heart was removed from the perfusion set-up
and prepared for mitochondrial respiration assays. Permeabilised heart fibres were prepared as
follows. Spongy myocardium excised from the perfused heart was placed into modified, ice
cold, relaxation media (BIOPS, in mmol-1: 2.77 CaK2EGTA, 7.23 K2EGTA, 5.77 Na2ATP,
6.56 MgCl2·6H2O, 20 taurine, 20 imidazole, 0.5 dithiothreitol, 50 K-MES, 15 Na-PCr and 50
Sucrose, pH 7.1) and then teased apart into fibre bundles and transferred to permeabilising
solution (BIOPS + 50 ug.ml-1 saponin). After gentle shaking (30 min, 0°C) the tissue was
removed from the permeabilising solution and washed three times in a modified mitochondrial
respiratory medium [MiRO5, in mmol-1: 0.5 EGTA, 3 MgCl2·6H2O, 60 K-lactobionate, 20
taurine, 10 KH2PO4, 20 HEPES, 160 sucrose and 1g l-1 BSA (Gnaiger et al., 2000)]. Fibres
were removed from MiRO5, blotted dry and weighed into bundles (approximately 5-10 mg) for
respirometric determinations. Isolated mitochondria were prepared by immersing 50-100 mg of
cardiac tissue into ice cold MiRO5 followed by manual mincing. After washing 2-3 times with
MiRO5 the tissue was digested (MiRO5 + 5% trypsin) for 30 min then filtered through fine
muslin before re-suspension in 1000 µl MiRO5. Following centrifugation (700 g, 10min, 4°C),
the supernatant was transferred to a new 1.7 ml micro-centrifuge tube and spun (8000 g, 10
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min, 4°C). The supernatant was discarded and 100 µL of MiRO5 was added to resuspend the
remaining pellet containing isolated mitochondria. Protein concentration was determined from
an aliquot of the mitochondrial suspension using the BCA protein assay (ThermoFisher
Scientific, Auckland NZ) according to guidelines provided. All chemicals utilised were
obtained from Sigma-Aldrich (Auckland, NZ).
Mitochondrial Assays – permeabilised heart fibres: Fibres typically require super-saturation
with oxygen in order to determine maximal flux capacities (Gnaiger, 2009). In general settings,
such as with mammalian cardiac or skeletal muscles, this may be problematic as muscle fibres
are typically perfused by capillaries, which are not functional in vitro. However fish
cardiomyocytes, in particular the spongy myocardium of the snapper, is perfused by luminal
blood. This permitted us to test the oxygen dependence of flux (J˙O2) of permeabilised fibres
isolated from snapper ventricle, without concerns of experimental diffusion limitation.
Using an Oroboros Oxygraph-2K™ respirometer (Oroboros Instruments, Innsbruck, Austria),
the mitochondrial function of heart tissue from the two acclimation treatments was evaluated
by successive addition of TCA cycle substrates (malate, glutamate, pyruvate and succinate)
(Gnaiger 2009). Excess ADP (2.5 mmol l-1) was then added to stimulate oxidative
phosphorylation (OXPHOS-I). Following these determinations, chambers were equilibrated to
approximately 21 kPa. Once fueled with further respiratory substrates (in mmol l-1: 5 malate, 10
glutamate, 10 pyruvate, 10 succinate, and 2.5 ADP) oxygen was allowed to deplete into anoxia
with oxygen flux rates determined using Datlab 4.2.3.2.7. The characteristics of mitochondrial
respiration during progressive O2 depletion (oxygen dependent flux, ODF, Fig. 16) were
quantified by transforming exported data according to the following equation:
ODF = (J˙O2/O2).O2 -1 (6)
Where J˙O2 represents the oxygen flux. When plotted graphically, this transformed measure of
respiration was observed to decrease in a linear fashion, enabling determination of slope
characteristics – the gradient of this line is here termed the oxygen dependent flux index
(ODFI). ODFI values are greatest in tissue showing high oxygen dependence and lowest in
tissues showing low oxygen dependence, respectively.
Mitochondrial Assays – isolated mitochondria: Isolated mitochondria from the two acclimation
treatments were initially evaluated by successive addition of TCA cycle substrates (as above).
As isolated mitochondria are not diffusion limited, the Mito-P50 (i.e. PO2 at which
64

CHAPTER 5
mitochondrial respiration is 50% of maximum recorded levels) of isolated mitochondria was
determined following respiratory depletion of oxygen from saturating conditions (~21 kPa) to
anoxia.

5.2.6 Microscopy techniques
The mitochondrial ultrastructure of cardiac tissues (ventricle) was investigated to identify
whether hypoxic preconditioning changed the structural morphology of the heart. Excised,
perfused sections of spongy myocardium were immersed in fixative buffer (10 mmol l-1 Hepes,
250 mmol l-1 sucrose, pH 7.1, 2.5% glutaraldehyde) then stored at 4°C. Preparation involved
washing samples three times (10 min wash-1) with Sorensens buffer (0.1 mol l-1) before being
fixed (1% osmium tetroxide in 0.1 mol l-1 Sorensens buffer). This was followed by a series of
alcohol washes (30-100% ethanol, dry ethanol then two washes in 100% acetone). Samples
were infiltrated with epoxy resin (1:1, 812 epoxy:acteone), later replaced with 100% epoxy
resin and left overnight. Resin was removed the following morning and replaced with fresh
100% epoxy. After a further 6 h, tissue was transferred to moulds, and kept at 60°C for 48 h.
Following trimming, ultra-thin (80 nm) sections of cardiac tissue were then stained with 2%
aqueous uranyl acetate. Images were acquired at the following magnifications, 5600x, 8800x
and 66000x, using a Phillips CM-10 transmission electron microscope. Analysis of
mitochondrial surface density (% cover), and cristae density (cristae µm-1), was performed in
ImageJ software (v 1.45, National Institutes of Health, USA, www.imagej.nih.gov/ij) using
protocols described by Hickey and colleagues (Hickey et al., 2009).

5.2.7 Whole animal respirometry
Respirometric measures of standard metabolic rate (SMR), routine metabolic rate (RMR),
maximum metabolic rate (MMR) and critical oxygen partial pressure (Pcrit) were determined
using intermittent closed-phase respirometry with an automated protocol (Cook et al., 2011).
Fish were transferred from their holding tanks to a 5 l respirometry chamber supplied with fully
saturated (normoxic) water at constant temperature (21 ± 0.1 °C). A computer running custom
software controlled the flush, wait and measure cycles of the respirometry protocol chamber (4,
1 and 5 min intervals respectively) and recorded the closed phase decline in chamber O2
saturation via a WTW CellOx probe connected to a 3310 meter (Wissenschaftlich-Technische
Werkstätten GmbH, Weilheim, Germany). The mass-specific rate of oxygen consumption
(M˙ O2) was calculated from the decline in closed phase O2 (i.e. 1 measure of M˙ O2 every 10
min) according to the formula in Cook and colleagues (Cook et al., 2011). SMR was thus
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resolved over 40 h of normoxia using 240 measures of M˙ O2 and the 15% quantile method
(Chabot and Claireaux, 2008; Cook et al., 2011; Dupont-Prinet et al., 2010). RMR was defined
as the mean M˙ O2 throughout the 40hr duration of SMR determination. Previous observations
(unpublished data) have identified that the peak measure of M˙ O2 observed following
introduction to the respirometer are comparable to the MMR observed after manual chasing
(Cook et al., 2009), thus MMR was defined as the peak measurement of M˙ O2 observed during
the first three recorded measurement cycles. Once SMR, RMR and MMR were resolved, the
PO2 of water supplying the respirometry chamber was reduced progressively to the following
levels: 15, 12, 9, 7.5, 6 and 4 kPa. These steps were used to identify the critical PO2 limit (or
Pcrit) where M˙ O2 was reduced below SMR and fish were in an oxy-conforming state (Behrens
and Steffensen, 2007). Defined PO2 set-points were achieved by circulating water through a 40
l gassing tower which was intermittently purged with compressed nitrogen for deoxygenation.
Three M˙ O2 measures were recorded at each PO2 level. A one way ANOVA and Tukey post-hoc
test was used to identify measures of PO2 where fish could not maintain SMR (i.e. resting M˙ O2
<SMR). The line of oxygen dependence for the animal was subsequently derived from a linear
regression fitted to resting M˙ O2 < SMR with a forced y intercept of zero. The point of intercept
between the extrapolated value of SMR and the line of oxygen dependence was taken as Pcrit.

5.2.8 Statistical techniques
The behavioural responses to progressive low O2 conditions were investigated using a two
way, repeated measures, non-parametric ANOVA (Shrier-Ray-Hare comparison). Behavioural
observations at exposures <4 kPa were omitted from statistical analysis as some fish had
avoided prior to this observation period (resulting in poor statistical power as a result of
reduced sample sizes). Comparisons between avoidance levels and the physiological state of
treatments at the point of avoidance were performed using Students t-test. Between treatment
comparisons of descriptors of mitochondrial ultrastructure, enzyme activities, and heart [Mb]
were all performed using Students t-test, with data appropriately (e.g. log) transformed when
variances were not equal. Oxygen equilibrium curve (OEC) data was compared using 2-way
ANOVA repeated measures, with Tukey post-hoc tests incorporated where applicable. The
Schrier-Ray-Hare test was performed in SPSS (v 18, SPSS for Windows, www.spss.com) but
all other analyses were performed in Sigmaplot (v 11, Systat software Inc., www.systat.com).
All results are presented as means with 95% confidence intervals in parentheses. Significance
was accepted at P<0.05.
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5.3 Results
5.3.1 Behavioural and physiological responses to progressive hypoxia
Individuals exposed to moderate hypoxia for 6-12 wks avoided low O2 conditions at
significantly lower PO2 (3.3 ± 0.7 kPa) than normoxia acclimated individuals (5.3 ± 1.1 kPa,
F= 12.20, P<0.05, Table 6) but, at all levels of PO2, the two treatments behaved similarly in
terms of swimming speed, turning rate, percentage of time in lowest PO2 and the frequency of
hypoxic excursions (Fig. 14A-D, refer to Table 5 for statistical summary). No treatment
differences or interaction effects existed in any behavioural variable investigated.
The haematological profiles of both normoxia- and hypoxia-acclimated snapper were different
to those of rested (unexposed) controls
immediately after avoidance (refer Table
6). Specifically, exposing normoxia- and
hypoxia-acclimated snapper to hypoxia
yielded a significant increase in [Hb] (t = 2.14 P<0.05 and t = -3.32 respectively,
P<0.01), plasma lactate (t = -2.219,
P<0.01 and t = -7.12, P<0.01) and plasma
glucose (t = -3.32, P<0.01 and t = -8.90,
P<0.01). A significant increase in blood
Hct was also observed in hypoxiaacclimated individuals (t = -3.96, P<0.01)
but

normoxia-acclimated

fish

only

showed a near-significant increase (t= 1.95, P=0.08). No significant difference in
plasma pH was observed in either
treatment at the point of avoidance (t = Figure 14: (Left) Behavioural Behavioural
characterisation of snapper to an escapable
progressive hypoxia protocol following 6
exposure to normoxic (closed symbols) or hypoxic
(open symbols) conditions. (A) Average swimming
speed, (B) average spontaneous turning rate, (C)
percentage time spent on the preferred (and
therefore progressively hypoxic) side of the BA,
and (D) frequency of movements from preferred
side of the chamber into the normoxic refuge. Error
bars represent 95% confidence intervals. BL, body
lengths.
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0.81, P>0.05 and t = -0.68 P>0.05 for normoxia and hypoxia treatment groups respectively).
Despite hypoxia-acclimated fish being exposed to lower PO2 (see above) there was no
significant difference in [Hb] (t = 1.29 P=0.22), Hct (t = -0.27 P=0.79), MCHC (t = -1.49
P=0.15), plasma lactate (t = -1.72, P=0.49), plasma glucose (t = -0.30, P=0.77) or pH (t = 0.81, P=0.43) between the two groups following avoidance. This lack of difference in
physiology between the two treatments is particularly important and is discussed further below.
Table 5: Statistical results from the Schrier-Ray-Hare test identifying the combined effects of acclimation
treatment, level of PO2 exposure and potential interactions upon exposure to a progressive low O 2 stimulus.

Swimming speed

Turning rate

% time in lowest PO2

Excursion duration

Effect

SS

H value

P value

d.f.

Treatment
PO2 level
Interaction
Treatment
PO2 level
Interaction
Treatment
PO2 level
Interaction
Treatment
PO2 level
Interaction

906.50
1365.80
1307.70
1665.30
5870.50
3399.70
647.90
3409.90
5217.30
64.80
2407.40
5691.80

0.33
4.94
0.47
0.76
2.70
1.56
0.31
1.63
2.49
0.03
1.15
2.66

0.57
0.30
0.99
0.92
>0.99
>0.99
0.95
>0.99
>0.99
0.98
>0.99
>0.99

1
4
4
1
4
4
1
4
4
1
4
4

Table 6: Behavioural and haematological parameters from snapper acclimated to long term normoxia (~21 kPa)
or chronic moderate hypoxia (10.2-12.1 kPa) for >6 weeks.

Normoxia acclimation group
Resting
Behavioural parameters
Routine swimming speed
(BL.sec-1)
Hypoxia avoidance
threshold (kPa)
N
Haematological parameters
Haematocrit (%)
Haemoglobin (g dL -1)
MCHC (g dL -1)
Plasma lactate (mmol l-1)
Plasma glucose (mmol l-1)
Plasma pH
N

24.80 (1.70)
5.60 (0.30)
22.60 (1.70)
1.30 (0.40)
1.70 (0.50)
7.40 (0.20)
8

Post hypoxia
avoidance

Moderate hypoxia acclimation
group
Post hypoxia
Resting
avoidance

0.63 (0.07)

0.55 (0.09)

5.30 (1.10)

3.30 (0.70) †

8

8

27.00 (2.10)
6.40 (0.50) ‡
23.60 (1.10)
3.70 (0.60) ‡
5.20 (0.70) ‡
7.30 (0.10)
8

22.70 (2.10)
4.80 (0.40)*
21.10 (1.90)
0.90 (0.50)
1.70 (0.30)
7.50 (0.10)
8

27.10 (1.50) ‡
6.00 (0.20) ‡
22.10 (0.80) †
4.00 (0.50) ‡
5.10 (0.90) ‡
7.40 (0.10)
8

Mean values are presented with 95% CI‘s denoted in parentheses. Significant differences (P<0.05) between
resting and post hypoxia avoidance values are depicted: * comparisons between normoxia acclimated and
hypoxia acclimated resting controls, † for significant differences between normoxia acclimated and hypoxia
acclimated groups post hypoxia exposure, and ‡ for comparisons between resting control and post avoidance
fish from respective treatments (normoxia acclimated or hypoxia acclimated).

68

CHAPTER 5

5.3.2 Blood and muscle physiology and biochemistry
The haemoglobin of snapper exhibits typical responses to pH. For example, pH had a strong
negative effect on Hb-P50 (Fig 15a. F = 21.38, P<0.01), whilst exerting a positive effect on
binding cooperativity (n value, Fig. 15b. F = 182.42, P<0.01). Snapper blood also revealed a
modest Root effect according to the reduction in maximal Hb-O2 saturation at pH <7.4 (Fig.
15c., F =32.94, P<0.01). In terms of treatment differences, the Hb-P50 of hypoxia-acclimated
snapper was on average 12% higher than normoxia-acclimated individuals at any level of pH
(F = 7.84, P<0.01) but the Bohr coefficient of normoxia-acclimated fish (ф = -1.02 ± 0.12) was
similar to that of hypoxia-acclimated individuals (ф = -1.08 ±0.12) (t = 0.66, P=0.524). The
sigmoidal shape of the oxygen binding curve (n value), at any level of pH, was also not
affected by treatment conditions (F = 1.13, P=0.29).

Exposure to moderate hypoxia across a 6
week

period

led

to

other

minor

modifications in the resting physiology of
snapper (Result summary see table 6). In
blood from fish under resting conditions,
only [Hb] was significantly different
between treatments, as hypoxia-exposed
individuals were, on average, 8% lower
than normoxic individuals (t = -2.14,
P<0.05). Furthermore, only LDH activity
in the red skeletal muscle was different
between

hypoxia-

and

normoxia

acclimated fish; all other enzyme activities
were similar (Table 7). It is important to
note that when LDH was expressed
Figure 15: (Right) Haemoglobin oxygen binding
properties of in-vitro snapper blood following 6
weeks exposure to normoxic (closed symbols) or
hypoxic (open symbols) conditions. A – Bohr shift
demonstrating the effect of pH on Hb-P50 value. B –
n (Hills) coefficient identifying the cooperativity of
Hb-O2 binding and C –the maximal saturation of
Hb relative to that observed at pH = 7.8, indicative
of the root effect.
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relative to CS, the LDH/CS ratios were higher in cardiac and red skeletal muscle of hypoxia
treated fish. LDH activity and LDH/CS in WM tissue did not differ significantly. Snapper
ventricular myoglobin concentrations were not affected by long-term hypoxia (~ 2.7 mg g-1,
pooled values).
Table 7: Muscle properties of snapper acclimated to either long term normoxia (~21 kPa) or chronic moderate
hypoxia (10.2 – 12.1 kPa) for 6 weeks.

Normoxia exposed
group

Hypoxia exposed
group

Test statistic

P value

101.23 (37.31)
21.84 (5.32)
4.21 (0.42)
2.70 (0.50)

129.96 (33.30)
22.72 (6.24)
5.92 (0.31)*
2.70 (0.70)

t = -0.94
t = 0.16
t = -7.11
t = -0.04

0.33
0.88
<0.01
0.97

Red muscle
LDH
CS
LDH/CS

0.63 (0.07)
28.27 (4.82)
0.28 (0.05)

0.55 (0.09)
23.51 (3.70)
0.39 (0.05)*

t = -2.21
t = 1.18
t = -3.35

0.05
0.26
0.01

White muscle
LDH
CS
LDH/CS

91.54 (9.05)
5.32 (1.12)
62.96 (15.01)

101.14 (22.00)
3.38 (0.72)
70.27 (21.9)

t = -0.27
t = 0.81
t = -1.18

0.80
0.44
0.27

8

8

Heart
LDH
CS
LDH/CS
[Mb]

N

Mean values are presented with 95% CI‘s denoted in parentheses. All enzyme activity values are expressed as U
mg-1 tissue (wet weight). LDH Lactate dehydrogenase, CS Citrate synthase, LDH/CS: LDH activity
standardised to CS activity. Myoglobin [Mb] expressed as mg g-1 tissue (wet weight).

5.3.3 Mitochondrial respiration and ultrastructure
Respiration flux of isolated cardiac mitochondria was not significantly affected by the hypoxia
acclimation treatment (Table 8). Complex I and II supported phosphorylating respiration
(OXPHOS-I) and ‗leak‘ rates (synonymous with complex I respiration) were all statistically
similar between treatments. Despite these similarities, permeabilised cardiac fibres showed
different oxygen uptake dynamics, whereby mitochondrial respiration within fibres from hearts
of hypoxia acclimated fish appeared to be less affected by the diffusive oxygen gradient
between the respiratory medium and active mitochondria. This was reflected by lower
conformance to ambient PO2 in the hypoxia acclimated treatment as determined by our ODFI
score (t = -2.560, P=0.03). Snapper heart mitochondria occupied ~ 19% of myocytes volume
with mean cristae densities of ~ 22 cristae µm-1 (Fig. 17) and were not altered by 6 wks
exposure to moderate hypoxia (Table 8 for statistical summary).
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Figure 16: (Left) Representative trace of
mitochondrial respirational flux assay in
saponin permeabilised fibres used to determine
the apparent oxygen binding affinity of
mitochondria in-situ. A substrate titration
protocol was employed that involved the
addition of Complex I substrates glutamate and
malate (G-10 mmol l-1, and M-5 mmol l-1) and
pyruvate (P-10 mmol l-1), followed by ADP
(1.25 mmol l-1) then succinate (S-10 mmol l-1).
Fibres were permitted to respire into anoxia.
The dark black line represents the change in
PO2 throughout the assay procedure (primary yaxis), with the light gray line depicting the
respiratory flux (secondary y-axis)

Table 8: Mitochondrial characteristics of snapper acclimated to either long term normoxia (~21 kPa) or chronic
moderate hypoxia (10.2 – 12.1 kPa) for 6 weeks.

Isolated mitochondria
Complex I activity
(JO2, gmp)
OXPHOS-I (J˙O2, gmpADP
OXPHOS Complex I +
II activity (J˙O2, gmpsADP)
Mt-P50 (kPa)
N
Permeabilised cardiac
fibres
Complex I leak activity
(J˙O2, gmp)
OXPHOS-I (J˙O2, gmpADP
OXPHOS Complex I +
II activity (J˙O2, gmpsADP)
ODFI
N
Cardiac ultrastructure
Mitochondrial density
(%)
Cristae density
(cristae µm-1)
N

Normoxia exposed
group

Hypoxia exposed
group

Test
statistic

P value

341.90 (138.45)

357.14 (164.72)

t = 0.14

0.89

611.87 (162.33)

758.02 (172.46)

t = 0.88

0.41

3284.41 (603.97)

3762.90 (874.78)

t = 1.21

0.27

0.011 (0.001)
4

0.012 (0.002)
4

t = -0.58

0.58

11.67 (2.29)

12.69 (3.06)

t = 0.54

0.60

39.76 (4.24)

47.92 (7.57)

t = 1.85

0.09

21.11 (2.26)

24.96 (2.96)

t = 2.06

0.07

-0.78 (0.06)
6

-0.66 (0.07)
6

t = -2.56

0.03

19.80 (0.8)

19.20 (0.6)

t = 1.29

0.25

22.00 (2.4)

22.30 (0.5)

t = -0.22

0.83

4

4

Mean values are presented with 95% CI‘s denoted in parentheses. Respiration (J˙O2) within permeabilised fibres
is expressed as weight-specific oxygen flux [pmol O2 (sec mg wet weight)-1], respiration in isolated
mitochondria was measured as oxygen flux [pmol O2 (sec mg protein)-1]. g: glutamate, m: malate, p:
pyruvate, s: succinate.
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17:
Mitochondrial
ultrastructure of cardiac tissue from
normoxia (A) and hypoxia (B)
acclimated treatment groups. No
differences in mitochondrial surface
density (predominant image) or
cristae density (insert) were seen in
either treatment.
Figure

5.3.4

Whole animal respirometry

Long-term exposure to moderate hypoxia had no significant effects on rates of oxygen
consumption (Fig. 18). The standard metabolic rate of the normoxia treatment group was 152.1
± 13.4 mg O2 kg-1 hr-1 compared to
155.4 ± 10.4 mg O2 kg-1 hr-1 in the
hypoxia

treatment

(F

=

0.46,

P=0.51). RMR was 196.7 ± 10.8
and 209.2 ± 20.4 mg O2 kg-1 hr-1 for
the

normoxic

and

hypoxic

treatment groups respectively (F =
1.99,

P=0.18).

MMR

normoxia treatment

in

the

group was

442.4 ± 28.6 and 420.1 ± 21.5 mg
O2 kg-1 hr-1 in the hypoxia treatment
group (F = 1.29, P=0.28). Pcrit
values from the normoxic fish (6.9
± 0.6 kPa) were no different to the
hypoxia-acclimated fish (7.0 ± 0.6
kPa) (t = -0.19, P=0.85).

Figure 18: Respiratory characterisation of snapper from the normoxic (A - closed symbols) and hypoxia
acclimated (B - open symbols) treatment groups at 21°C. Square symbols indicate the SMR of the treatment
determined in normoxia. Circular symbols represent the RMR of the treatment during progressive stepwise
decline in ambient PO2. The continuous horizontal line represents the SMR of the treatment group extrapolated
across the relevant PO2 range. The dashed line represents the linear regression through data points significantly
below SMR, and is considered to represent points of oxy-conformance. Error bars represent 95% confidence
intervals.
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5.4 Discussion
5.4.1 Long-term hypoxia improves low O2 tolerance
Snapper exposed to moderate long-term hypoxia (10.2 - 12.1 kPa) avoided hypoxia at a
significantly lower level of PO2 than normoxic controls (3.1 ± 0.7 vs 5.5 ± 1.1 kPa. Table 6),
signifying that hypoxia-acclimation does not sensitize the behavioural response of this species
as a result of low O2 experience. It has previously been reported that, during experimental low
O2 exposures, snapper avoid hypoxia below Pcrit thresholds (Cook et al., 2011) and this was
again observed with both groups in the current study. It would therefore seem that long-term,
chronic, hypoxia does not encourage snapper to adopt a more ―safe‖ avoidance response by
leaving low O2 at higher PO2. In fact, quite the opposite was observed. Given that each
treatment was exposed to a standardised and linear drop in ambient PO2, hypoxia-acclimated
individuals spent a longer period of time exposed to critically low O2 that increased in severity
(i.e. 2.4 kPa lower PO2 for an extra 12 min). Yet surprisingly, hypoxia-acclimated fish did not
experience higher levels of low O2 stress because levels of plasma lactate were comparable
between treatments. The ability of fish to reside under increasingly low O2 conditions for
greater periods of time, but show similar levels of physiological perturbation at the point of
avoidance, would strongly suggest that hypoxia-acclimated fish gained a significant advantage
in terms of improved low O2 tolerance. This was presumably the result of a change in low O2
physiology because fish did not show any down-regulation of swimming speed or turning
behaviour that could otherwise have reduced energetic expenditure and allowed fish to reside
in hypoxia for longer periods (Fig. 14A-B).

5.4.2 Is this evidence for aerobic adjustments improving hypoxia tolerance?
Exposing fish to long-term hypoxia is typically considered to improve hypoxia tolerance
through alterations in Hb function. For example, elevated [Hb] enhances the blood O2 carrying
capacity (Lai et al., 2006; Petersen and Gamperl, 2011; Wells et al., 1989). Similarly, increased
Hb-O2 affinities are commonly reported to improve the O2 blood uptake capacity during
environmental hypoxia (Weber et al., 1976; Wood and Johansen, 1972). Both features can be
viewed as beneficial (adaptive) to the survival of fishes in hypoxic waters. However, following
six weeks of chronic hypoxia, snapper did not show these responses. Indeed, both the
concentration and O2 affinity of Hb decreased by 8 and 12% respectively following hypoxia
exposure, changes that would not typically be deemed adaptive. The drop in resting [Hb]
should be detrimental, unless this change accompanied a decreased Hct which could lower
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cardiac energetic requirements by decreasing blood viscosity (Gallaugher et al., 1995). As no
changes in Hct were witnessed the reduction in [Hb] would not benefit cardiac function. In
fact, the response observed would likely represent a maladaptive response to chronic hypoxia,
perhaps further emphasising that snapper lack environmental low O2 experience and do not
adapt to low O2 in a typical manner. However, the drop in Hb-O2 affinity observed may have
provided an adaptive benefit as it would favour O2 offloading at the tissues. This will aid
aerobic tissue function by elevating O2 diffusion gradients while also potentially increasing
plasma PO2 levels of the venous return (Brauner and Wang, 1997; Wang and Malte, 2011); a
feature that could increase O2 availability to the snapper heart. Despite the haematological
changes observed, respirometric measures of O2 uptake (including Pcrit) at the level of the
whole animal did not differ between groups (Fig. 18), suggesting that the drop in [Hb] and HbO2 affinity did not significantly hinder O2 uptake during hypoxia. It therefore seems plausible
that snapper possessed adequate capacities for O2 uptake in the moderately hypoxic conditions,
and a physiological advantage was gained by placing greater priority on improved O 2 tissue
delivery during long-term hypoxia.

Measures of in situ O2 utilisation identified improved low O2 performance in the cardiac
mitochondria of hypoxia acclimated snapper. Respiratory function in most teleost hearts is
oxygen dependent, with a drop in O2 decreasing respiratory function in a near-linear manner
(Forgan and Forster, 2010). Although this is consistent with our findings, the respirational flux
of cardiac tissue from the hypoxia-acclimated snapper was less influenced by decreasing [O2]
than normoxia-acclimated snapper. Thus hearts from hypoxic acclimated snapper may
potentially be able to maintain ATP synthesis at lower O2 levels. While no significant
difference in mitochondrial flux capacities were observed between treatments, hypoxia
acclimated snapper trended higher in terms of maximal oxidative phosphorylation capacity
(OXPHOS-Complexes I + II) (P = 0.06, Table 8). Differences in mitochondrial oxygen uptake
kinetics could also be explained by alterations in the electron transport systems of
mitochondria, including changes in the expression (amounts or isoforms) of cytochrome c
oxidase, and/or changes in the positioning of mitochondria within cardiomyocytes (Gnaiger et
al., 1998). While no ultrastructural differences were immediately apparent within hearts,
analyses could not determine the relative placement/arrangements of mitochondria within
cardiomyocytes which would alter diffusion distances.
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The observed alterations in blood function and mitochondrial function following long-term
hypoxia did not correspond well with changes in whole animal O2 uptake (i.e. SMR, RMR,
MMR), neither did whole animal Pcrit shift with treatment. This response contrasts to that of a
lowered Pcrit for the sailfin molly (Poecilia latipinna), following comparable durations of low
O2 exposure (Timmerman and Chapman, 2004). However, since snapper did not increase the
level of circulating erythrocytes or boost O2 uptake capacity with an increase in Hb-O2 affinity,
it is perhaps unrealistic to expect a lowering of Pcrit thresholds as a result of long-term hypoxia
in this species. Conclusions drawn upon whole animal O2 uptake measures and Pcrit may not
provide best estimate of low O2 tolerance, because O2 within the respiratory cascade is
governed by the rate of O2 uptake, O2 supply and O2 utilisation at the tissues. Indeed, improved
hypoxia tolerance could feasibly occur without a change in Pcrit if, for example, O2 supply was
enhanced through the lowering of Hb-O2 affinity and/or improved efficiencies in the handling
of O2 by mitochondria. This was potentially the case for snapper (Fig 15 and Table 8) and may
partly explain why hypoxia-acclimated snapper could occupy lower O2 levels without a change
in Pcrit thresholds.

5.4.3 Are anaerobic adjustments responsible for improved hypoxia tolerance?
The red tissue groups of skeletal and cardiac muscle showed an increased capacity for
anaerobic metabolism, indicated by relatively higher LDH:CS ratios (Table 7). Elevation of
these ratios suggests that when snapper are chronically challenged by low PO2 (10.2-12.1 kPa),
anaerobic systems may compensate for constrained aerobic ATP synthesis. Similar increases in
anaerobic potential have been observed in other species of fish exposed to periods of chronic
hypoxia (Greaney et al., 1980; Johnston and Bernard, 1982; Ton et al., 2003; Yang et al., 1992;
Zhou et al., 2000), but not in others (Driedzic et al., 1985; Martínez et al., 2006; Zhou et al.,
2000). Whilst these adjustments in anaerobic enzyme activity were possibly important to
snapper during moderate long-term hypoxia (10.2-12.1 kPa), hypoxia-acclimated fish in the
behavioural trials also showed signs of improved low O2 tolerance at sub-critical PO2 <7 kPa
where fish would likely struggle to meet basal metabolic demands using aerobic pathways
alone. It is certainly plausible that the anaerobic adjustments made to improve their
performance in moderately hypoxic conditions provided a dual benefit, enhancing anaerobic
ATP supply or perhaps oxidative lactate metabolism during moderate hypoxia, whilst also
improving ATP generation at sub-critical PO2. Unfortunately, this study provides no real
insight into the role of anaerobic function during either moderate or acute hypoxia since greater
focus was placed on identifying aerobic rather than anaerobic mechanisms of adaptation.
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Further investigations are therefore required to gain a deeper understanding of the metabolic
adaptations that improve both the chronic and acute low O2 tolerance of snapper and other fish
species.

5.4.4 Conclusion
Snapper exposed to moderate levels of hypoxia for between 6 and 12 weeks showed a
significant shift in their hypoxia avoidance threshold from 5.3 (± 1.1) to 3.3 (± 0.7) kPa; a
major alteration in behaviour that did not result in greater levels of physiological perturbation
following avoidance. The ability to endure hypoxia for longer was not achieved through
differences in swimming activity, but were likely a result of subtle adjustments in
mitochondrial uptake efficiency and anaerobic capacity within the cardiac and skeletal red
muscle. Contrary to general hypotheses, the decrease in [Hb] and Hb-O2 binding affinity might
have also helped to improve low O2 tolerance by boosting tissue O2 delivery without any
change in whole animal O2 uptake. This study therefore presents a novel insight into how
snapper might cope with low O2 challenge after long-term acclimation. The response of
snapper to both acute and chronic hypoxia is complex, different to other species, and still not
fully understood. Regardless of unresolved details, snapper are limited in their ability to adapt
to low O2 conditions and certainly do not demonstrate the same level of physiological plasticity
as other more hypoxia-tolerant species (Timmerman and Chapman, 2004; Wood and Johansen,
1972; Yang et al., 1992; Zhou et al., 2000), presenting cause for concern should O2 conditions
within the habitat of snapper deteriorate.
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6

CHAPTER SIX - DOES LACTATE SERVE AS AN AVOIDANCE
SIGNALLER IN SNAPPER, PAGRUS AURATUS?

6.1 Introduction
Anaerobic metabolism and the associated generation of lactate are fundamental constituents of
vertebrate metabolism. Although only of minor importance during routine aerobic activity,
anaerobic metabolism makes a significant contribution to physiological function when oxygen
demand is high (e.g. during intense exercise) or when environmental oxygen availability is low
(hypoxia) (Haman et al., 1997; Omlin and Weber, 2010; Richards et al., 2002). Under oxygen
limiting conditions, lactate - a product of anaerobic metabolism, may accumulate within the
circulatory system (Dalla Via et al., 1997). The commonly held view is that lactate is a
metabolic waste product and historically was considered to limit the contractile performance of
working muscles (Hill and Kupalov, 1929). However, it is now recognised that lactate has a
functional role as a metabolic fuel substrate and mounting evidence suggests that lactate has a
metabolic signalling role controlling cellular redox state (NAD+/NADH balance), modulating
catecholamine release, and initiating vascular responses (for reviews refer Chatham, 2002;
Philp et al., 2005). Moreover, it has been suggested that circulating lactate enables an animal to
sense unfavourable metabolic (and therefore environmental) conditions – a notion borne from
the observation that lactate initiates metabolic and behavioural emergency responses in toad
Bufus marinus and shore crab Carcinus maenas (De Wachter et al., 1997; Portner et al., 1994).
Given suggestions that lactate is capable of modifying animal behaviour, while also being a
physiological indicator of low O2 conditions, it is feasible that lactate acts as a trigger of
hypoxic avoidance behaviours. This proposition is circumstantially supported by the
observation that plasma lactate levels are consistently elevated in snapper following avoidance
of hypoxic conditions (Chaps 3-5). Therefore, the current study aimed to isolate lactate as one
potential ‗signaller‘ of physiological hypoxia which I hypothesised would ‗trigger‘ hypoxic
avoidance behaviours in snapper.

6.2 Methods and Materials
In the current study hypoxia avoidance behaviour of snapper was investigated in a recti-linear
flow choice box (Fig. 19) (for detailed description see Cook and Herbert, 2012; Cook et al.,
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2011). Fish occupied a behavioural arena (BA) consisting of two readily accessible and
independent flows of water, presented side by side. Water passing through the BA was
collected in a side-specific sump and re-circulated through one of two tall gassing towers. A
fine bubble diffuser fixed inside each tower enabled active aeration (with compressed air) or
de-oxygenation (with N2 gas) of water before recirculation into the BA. By maintaining
constant aeration in one of the two gassing towers, while actively deoxygenating water in the
other gassing tower, an escapable hypoxia stimulus could be generated in the BA. O2 levels of
water entering the BA were measured with Oxyreg controllers (Loligo system Inc, Tjele,
Denmark) that streamed data to custom software (Labview, v8.6, National Instruments, TX,
USA) and DAQ unit, which could then provide proportional control of a solenoid valve
supplying compressed N2 to the gassing tower. The temperature of re-circulating water was
maintained at 16.0 ºC (± 0.2ºC, mean ± s.e.m.), equivalent to the ambient seasonal temperature
at

the

time

of

experimentation.

A

downward facing digital camera (Fire-I,
Unibrain Inc, CA, USA, 7.5 fps) streamed
video to a PC running video capture
software (I-spy, v 4.3.3, sourceforge.net)
enabling real-time observation of fish
behaviour and recording for later analysis.
Post-analysis of behavioural activity was
performed in MATLAB (R2008a, the
Mathworks, Inc) using DLTdv5 tracking
software

(Tyson,

2008).

The

rostral

coordinates of fish swimming in the BA
were tracked (at 7.5 Hz), and from these
coordinates side selectivity and swimming
activity (speed vectors) were calculated
(Cook and Herbert, 2012a).

Adult

snapper

(Pagrus

auratus,

also

referred to as red bream) were collected by
long-line from inshore fishing grounds in
the vicinity of Kawau Island (Hauraki Gulf,

Figure 19: Diagrammatic representation of the
experimental setup. Fish chronically implanted with a
cannula (C) occupied a behavioural arena that consisted
of two rectilinear flows of water, generated by passing
water initially through a diffuser (D) then through two
honeycomb baffles (HcB). A screen (Sc) prevented fish
from moving towards the rear of the behavioural arena
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NZ), then transferred to the Leigh Marine Laboratory where they were held in a circular 3000 l
holding tanks. Fish (997.8 ± 72.7 g, mean ± s.e.m) were maintained on a diet of frozen squid
and pilchard while housed under these conditions for a 3 month period and up until 48 h before
experimentation, whereupon feeding was ceased. Prior to experimentation, individual snapper
were anaesthetised in a buffered solution of MS-222 (Supplier: Sigma Aldrich, 200 mg l-1) for
cannula implantation. Using the ―guide-wire‖ technique, a length of PE-50 cannula, pre-rinsed
in heparinised (50IU l-1) saline (composition in mmol l−1: NaCl 125.0, KCl 5.1, NaH2PO4 1.0,
MgSO4 0.9, NaHCO3 30, CaCl2 1.0, and glucose 5.0), was implanted occlusively into the
efferent branchial artery of the third gill arch (Axelsson and Fritsche, 1994; Rothwell et al.,
2005). The efferent branchial artery was chosen as this is the only major blood vessel
surgically accessible in snapper. Infusion of heparinised teleost saline (2 ml, 100 mU ml-1)
followed. A heat generated bubble allowed the cannula to be anchored in place during its
ligation to the gill arch, before it was further sutured to the dorsal surface of the fish. Following
this procedure, the fish was introduced into the BA to recover (Fig. 19). The terminal end of
the cannula was heat sealed before being passed over an overhead runner, then through a small
gap in the screen surrounding the BA for ease of access. A small weight (~2 g) fixed to the
terminal end of the cannula kept the line taut and prevented tangling, but did not hinder the
movements of fish. Following 20 h of habituation to the BA, the behaviour was recorded over a
30 min control phase, during which baseline behaviour and the preferred side within the BA
was determined. The side preference, which was defined as the occupation of either channel for
>50% of the recording duration, enabled the investigator to ―drive‖ fish from this preferred
side of the BA with an avoidable progressive hypoxia stimulus. This involved a rapid drop in
ambient PO2 to 5 kPa on one side of the BA (Fig. 20A). 5 kPa represents an O2 level that
approaches the hypoxia avoidance threshold of snapper in previous studies. An avoidance
threshold was clearly observed according to a significant decrease in the time spent in the
preferred channel. Normoxia (>18 kPa) was maintained on the alternative side of the BA
throughout the entire experiment. Upon stabilisation at 5 kPa PO2 (45 min experiment duration)
snapper were infused with either a bolus of buffered lactate (L-lactate, 0.5 mol l-1, pH 7.8), or
with a sham infusion of saline alone (pH 7.8). The infusion dose of 2 ml kg-1 was delivered
manually via a syringe at a rate of 1 ml min-1, irrespective of what side of the behavioural arena
the fish was occupying. The dose administered intended to increase plasma lactate levels ~2
mmol l-1 above pre-infusion levels (Warren et al., 2004), therefore mimicking the level of
lactate accumulation observed prior to hypoxia avoidance behaviours (Cook et al., 2011).
Thirty minutes after infusion (upon termination of the experiment) an arterial blood sample was
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drawn from the cannula. Plasma
lactate levels were quantified by
standard enzymatic methods (Cook
and Herbert, 2012b; Lundholm et al.,
1963).

Statistical

analyses

were

performed using Sigmaplot (v 11.0,
Systat

Software

Inc).

Statistical

investigations into the response of the
two

treatments

to

the

hypoxia

protocol were performed using two
way repeated measures ANOVA,
while

the

relationship

between

terminal lactate concentration and
time in hypoxia was investigated
using

linear

regression

analysis.

Significance was accepted at P<0.05.

6.3

Results

Snapper

from

both

treatments

occupied their preferred channel for
60-80%

of

the

control

period,

indicating that fish had developed a
modest side preference. This side
preference
throughout

was
both

maintained
the

control

measurement phase and the period of
declining PO2 (Fig. 20A). In the latter
stages of progressive de-oxygenation
Figure 20: The proportion of time (%) spent within water destined for progressive hypoxia (A), Number of
threshold crossings between normoxic and hypoxic conditions (B), average excursion duration into hypoxia (C),
and ventilation rate (D). Open (○) and filled (●) circles represent the sham and lactate infused treatments during
hypoxia respectively. Open (□) and filled (■) squares represent the sham and lactate infused treatments during the
normoxic control period, respectively * indicates significant differences during pairwise comparison (P<0.05) †
indicates a significant difference from control measures (P<0.05). Data are means ± 95% confidence intervals. The
dark grey line (- - -) represents the indicative PO2 of the progressively hypoxic channel, while the light grey line (- -) represents the indicative PO2 of the normoxic channel (refuge). The centrally located colour-graded bar
represents the time-line for the experimental protocol. Blue indicates the normoxic control period, green the
progressive PO2 decline on one side of the BA, yellow the infusion, and red the period of escapable hypoxia.
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(50 min experiment duration), a significant hyperventilatory response was evident in both
treatments (F = 5.96, P<0.01, Fig. 20B) with no differences between treatments (F = 2.22,
P=0.17). Ten minutes after infusion (65 min experiment duration), both treatments showed a
statistically significant behavioural change, whereby they decreased the duration of time spent
within the hypoxic environment (F = 18.48, P<0.01). This represented the hypoxia avoidance
response of snapper. The lack of difference between the two treatments identify that both
sham- and lactate-infused fish showed the same avoidance behaviours (F = 3.75, P=0.08),
although a significant interaction effect was observed (F= 4.31, P<0.01). Differences in
behaviour, post avoidance, were illuminated following Holm-Sidak post-hoc analysis; pairwise comparisons illustrated that lactate-infused fish spent a significantly greater period of time
in the low O2 conditions (P<0.01) than sham-treated fish. No differences between the average
excursion duration and number of threshold crossing and were observed between treatments (F
= 0.00, P=0.97 and F = 0.99, P=0.77, Fig 20.C and 20.D, respectively). Although time did have
a significant effect on the movements between channels, which were less frequent once fish
were exposed to the escapable
hypoxia stimulus (F = 2.76, P<0.01).
Average excursion duration did not
100

These results identify that lactate
infused

fish

proportion

of

spent

a

greater

time

in

hypoxia

Time in hypoxia (%)

change over time (F = 1.19, P=0.29).
80

r2 = 0.64
60
40

through a combination of more

20

frequent movements and slightly

0

longer durations in hypoxia, which
were

statistically

indiscernible.

Quantification of plasma lactate levels
identified
correlation

a

significant

between

the

positive
terminal

0

1

2

3

4

5

6

7

Lactate (mmol L-1)

Figure 21: Correlation between plasma lactate concentrations and
time spent in the hypoxic environment. Open (○) and filled (●)
circles represent the sham and lactate infused treatments,
respectively. Solid line represents line of best fit, as determined by
regression analysis.

lactate load and time spent (%) in
hypoxia (Regression analysis: r2=0.63, F = 16.89, P<0.01, Fig.21). This emphasises the
relationship between circulating lactate levels and hypoxic residence behaviour. Rather than
acting as a trigger for avoidance, the infusion of lactate appeared to encourage fish to spend
time under hypoxic conditions.
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6.4 Discussion
In contrast to my hypothesis, lactate did not invoke strong behavioural avoidance responses in
snapper, but instead appeared to encourage snapper to remain in low O2 conditions than would
otherwise be preferentially avoided. Indeed, lactate infused snapper spent nearly 5-fold more
time in hypoxia than sham-infused individuals (on average) (Fig. 20A). The historical views
that lactate exists as a ‗waste‘ by-product of anaerobic metabolism has been superseded by the
knowledge that lactate acts as a carbohydrate fuel source for cellular metabolism (Chatham,
2002; Milligan and Farrell, 1991; Omlin and Weber, 2010). In fact, lactate has often been
deemed a preferrential fuel substrate in aerobic tissues, oxidised more readily than glucose
(Lanctin et al, 1980; Farrell and Milligan, 1991). Therefore, in the current study, lactate
oxidation could arguably have supported aerobic metabolism during shifts between the
moderately hypoxic and normoxic channels, conserving glucose to be utilised for anaerobic
metabolic processes and ultimately enabling snapper to spend greater durations of time in low
O2 conditions. In its role as a fuel, lactate is shuttled through the circulatory system from its site
of production in anaerobically functioning tissues to lactate consuming aerobic tissues
including the highly perfused heart and red skeletal muscle (Brooks, 2002a; Chatham, 2002;
McCullagh et al., 1997; Wilson et al., 1998). Transport of lactate in and out of cells is
controlled by various isozymes of the monocarboxylate transport (MCT) proteins. Once lactate
has entered the cytosol (or contentiously the mitochondria) it is converted to pyruvate and
subsequently acetyl coenzyme A by lactate dehydrogenase (LDH) and pyruvate dehydrogenase
(PDH) respectively, before being catabolised in the tricarboxylic acid cycle (Brooks, 2002a;
Brooks, 2002b; Gladden, 2004; 2007). The ability of lactate to act as a metabolic fuel substrate
depends upon metabolic processes continuing aerobically as some species of fish experience
significant decreases in PDH activity during chronic hypoxia (Richards et al., 2007; Richards et
al., 2008). In the current study, snapper demonstrated frequent movements between the
normoxic and hypoxic environments allowing them to maintain a degree of aerobicity. This
would conceivably prevent regulatory changes to key mitochondrial enzymes (i.e. PDH)
involved in lactate oxidation and metabolism.

Alternate mechanisms by which lactate may be supporting hypoxic behaviours could involve
metabolic partitioning. De Watcher et al., (1997) suggested lactate could initiate metabolic
‗emergency‘ responses. It is conceivable that lactate acted as a metabolic signal that led to the
down-regulation of ‗unnecessary‘ metabolic functions such as protein expression or digestive
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function, as is typically observed in hypoxia (Forgan and Forster, 2012; Lewis et al., 2007;
Wang et al., 2009). By restricting the ATP production capacity of non-essential metabolic
activities, the limited availability of metabolic substrates (i.e. O2) could conceivably be
reserved for more essential metabolic processes (i.e. brain, skeletal muscle and heart function).
One other alternate, but supposedly much less likely, mechanism is gluconeogensis - the
production of glucose from monocarboxylates such as glycerol, amino acids and most
pertinently, lactate. During aerobic metabolism, glucose can be generated from lactate by
gluconeogenetic enzymes present in the liver and kidney, through multiple enzymatic steps
generating the intermediary products pyruvate, oxaloacetate, phosphenolpyruvate, fructose-6phosphate and glucose-6-phosphate (Knox et al., 1980). Thus, when encountering hypoxic
conditions while having access to a normoxic refuge, gluconeogenesis could potentially
support both aerobic and anaerobic metabolic function by restoring carbohydrate reserves
(Kam and Milligan, 2006; Laberee and Milligan, 1999). It must be noted that the duration of
time between infusion and the observation of behavioural change was likely to be insufficient
for these gluconeogenetic pathways to have a substantial influence on the fish‘s metabolic
poise. Also, gluconeogenic pathways are much more ATP demanding than those involved in
the conversion of lactate to pyruvate for mitochondrial consumption. Collectively these
assumptions suggest that the direct oxidation of lactate to pyruvate during mitochondrial
metabolism would be a more optimum metabolic strategy.

Lactate infusion in the current study did not result in the behaviours seen in previous research
although differences in experimental design may go partway to explaining these differences
(De Wachter et al., 1997; Portner et al., 1994). The current study sought to increase lactate to
moderate levels, whereas previous studies exposed animals to maximal levels, relevant to the
respective species (De Wachter et al., 1997; Portner et al., 1994). The differences in behaviour
associating with different target lactate concentrations suggest that a bi-phasic behavioural
response to lactate exists, with moderate concentrations supporting metabolic function and
maximal levels triggering behavioural alarm reactions. However, it cannot be excluded that the
infusion of lactate triggered a ‗confusion‘ response in snapper leading to fish spending more
time in hypoxia. Differences in the refuge environment also existed, whereby the current study
presented normoxic conditions, rather than a hypothermic (cool) environment as in the studies
of shore crab and toad (De Wachter et al., 1997; Portner et al., 1994). This difference in refuge
environment potentially could suggest that lactate has a greater influence on thermo-regulatory
responses than oxygen seeking behaviours.
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Results from this study clearly identify the merit in investigating the role of lactate as a
behavioural trigger, although further studies are required. The addition of an un-operated
‗control‘ treatment to supplement the lactate and sham-infused treatments needs to be included
to determine whether the hypoxic behaviours observed were typical of un-cannulated
individuals. This would be an important consideration as the experimental procedures
performed had the potential to alter the osmoregulatory state of fish (particularly for the
lactate-infusion treatment) and/or induce a hypervolemia (equal to a ~6% increase in blood
volume, assuming snapper have a blood volume equal to 3% of their body mass), either of
which may induce atypical behaviours. The incorporation of ‗lactate clamp‘ methodologies
utilised in mammalian studies (e.g. Gao et al., 1998) may provide investigators with the
opportunity to raise lactate to chronic and stable levels and avoid the unintended consequences
of the infusion techniques in future studies. Whether lactate infusion has any effect on the
behaviour of individuals during normoxia also needs to be considered, and characterised. The
observation that moderate elevations in lactate cause snapper to respond differently to other
animals exposed to higher lactate concentrations requires that further experiments investigate
whether a dose-dependent behavioural response exists. Additional avoidance experiments that
expose both sham and lactate infused fish to less hypoxic conditions may enable investigators
to more clearly differentiate behavioural changes in the two treatment groups. Lastly, point
measurements of circulating lactate (as performed in the current study) give no insight into the
dynamics of lactate production and oxidation. Therefore an understanding of whether
circulating lactate does support aerobic metabolism in patchy O2 conditions requires a more
developed understanding of lactate release and consumption, and determination of the
metabolic fate of circulating lactate.

6.4.1 Conclusions
It was the intention of the current study to identify whether lactate could act to trigger
behavioural avoidance responses in snapper. Rather than triggering avoidance, I uncovered
evidence that artificially elevated plasma lactate concentrations encourage snapper to occupy
hypoxic conditions for longer durations than individuals possessing lower lactate loads. In light
of these observations it is suggested that elevated lactate concentrations may function as a
metabolic fuel supporting low O2 function. This suggestion is consistent with previous research
that illustrates lactate‘s role as a metabolic fuel substrate in fish (Haman et al., 1997). In order
to verify these observations and suggestions, further studies into the role of lactate in triggering
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behavioural avoidance during hypoxia need to be undertaken. Whether physiological signals
associated with low O2 exposure are capable of triggering hypoxia avoidance behaviours in fish
remains unresolved.
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7

CHAPTER SEVEN - GENERAL DISCUSSION

The primary aim of this thesis was to understand the interaction of physiology and behaviour in
fish subject to low O2 (hypoxia). Throughout the preceding experimental chapters, I have tried
to resolve the behavioural low O2 response of fish with respect to their aerobic and anaerobic
limits and physiological stress, which at times was manipulated experimentally.

7.1 The Physiological basis of hypoxia avoidance: Why and when to avoid low
O2
7.1.1 Comparative aspects of low O2 avoidance strategies
The hypoxia avoidance behaviours of fish are conceptually shown in Figure 22. Early
avoidance responses shown by species including chinook and coho salmon represent a highly
conservative and ‗safe‘ strategy characterised by immediate movement away from mildly O2
limited waters (Whitmore et al., 1960). However, such immediate avoidance would probably
be deemed unnecessary for many species of fish as a 25% reduction in ambient O2 levels only
marginally decreases their maximum respiratory capacity (i.e. 10-20% of AS) (Chabot and
Claireaux,
avoiding

2008).
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fact,

conditions

immediately could preclude a fish
from
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ecological activities, such as food
capture or predator avoidance,
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Figure 22: Depiction of the hypoxia avoidance strategies of various teleost
species interpreted with reference to the level of aerobic metabolic scope
remaining pre-avoidance. Salmonids: Oncorynchus sp.; sea bass:
Dicentrarchus labrax; largemouth bass: Micropterus salmoides; cape
silverside: Atherina breviceps; snapper: Pagrus auratus. The dashed
horizontal line depicts am arbitrary value of SMR, while the vertical dotted
line decpicts an arbitrary value of Pcrit. See text for further details.

behavioural strategy. In this scenario the risk of asphyxiation would escalate as hypoxia
became more severe. This risk could be minimised by adopting an avoidance strategy that
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ensures a margin of aerobicity is maintained. This intermediate strategy is adopted by species
including sea bass, largemouth bass and cape silverside, which avoid moderately hypoxic
conditions when aerobic scope is decreased by ~50% (Burleson et al., 2001; Herbert
unpublished; Schurmann et al., 1998). However, some species of fish do not adopt avoidance
strategies that ensure a degree of aerobicity is maintained. Throughout this thesis snapper were
repeatedly observed to avoid hypoxia at O2 levels below their Pcrit, when AS is zero and no
aerobic safety margin was retained. Clearly, there is considerable inter-specific variation in low
O2 avoidance strategies and in this context the response shown by snapper could be interpreted
as the most ‗risky‘ strategy identified in the literature. The behaviour shown by snapper
provided a unique context in which to investigate how physiological change and behavioural
responses interact in one species of fish. This interaction is discussed in depth throughout the
following sections.

7.1.2 Evidence of ‘stress’ being involved with avoidance
Neither the snapper, nor the kingfish, investigated in this thesis showed immediate avoidance
of low O2 conditions. When hypoxic conditions were escapable, kingfish did not avoid severely
low O2 environments equal to 4 kPa PO2; they would briefly enter such severely low O2 levels
on a frequent and regular basis (Cook and Herbert, 2012). Juvenile Atlantic cod show similar
behaviours in escapable hypoxia, regularly entering low O2 conditions for brief periods
(Herbert et al., 2011). However, when juvenile cod are subjected to a prolonged hypoxic
exposure they showed a markedly different behavioural response, strongly avoiding the low O2
environment and depressing their swimming activity (Herbert et al., 2011). With evidence that
a prior hypoxic challenge can change the behavioural response of cod, it has been suggested
that physiological stress can modify fish behaviour in low O2 conditions. By taking
physiological measures following observation of hypoxic behaviours, we were able to
demonstrate that short and frequent movements into hypoxia did not perturb the physiological
state of kingfish (e.g. lactate, glucose or cortisol) (Cook and Herbert, 2012). With no evidence
of physiological stress in kingfish, there appeared to be no drive for the animal to change its
behaviour. It is therefore suggested that some species of fish are not motivated to avoid
hypoxia until they experienced low O2 stress. Interestingly, the frequent but brief movements
into hypoxia that were observed in kingfish and ‗unstressed‘ Atlantic cod resemble the brief
but frequent excursions into hypoxia observed in some species of fish under field conditions
(Cook and Herbert, 2012; Herbert et al., 2011; Neuenfeldt et al., 2009; Rahel and Nutzman,
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1994). This suggests that in the wild, fish may adopt behavioural strategies that minimise the
physiological stress associated with hypoxic encounters.

In support of the argument that some species of fish do not avoid hypoxia until experiencing
low O2 stress, snapper only avoid hypoxia when experiencing significant physiological
perturbation. When exposed to the experimental protocol adopted in Chapters 3-5, snapper
repeatedly occupied progressively hypoxic conditions for ~90 min and were therefore
experiencing PO2 levels below their Pcrit for an average of 10-20 min before avoidance
responses were observed. The occupation of low O2 conditions below their Pcrit was associated
with a significant requirement for anaerobic metabolism and glycolysis. In addition to this
metabolic stress, snapper were experiencing osmo-regulatory imbalance at the point of
avoidance and a marked primary stress response in the form of significantly elevated plasma
cortisol levels (Chapter 4). The failure to maintain homeostasis and the metabolic adjustments
required under progressive hypoxia clearly identify that snapper were subject to physiological
stress. This stress was interpreted to motivate low O2 avoidance behaviours, with the resulting
relocation to a normoxic environment enabling snapper to ameliorate the stress and
perturbations experienced. The identification that physiological stress is associated with
hypoxic avoidance provides support for the role of physiological phenomena driving low O2
avoidance behaviour. Importantly, this finding supports the proposition of Herbert et al. (2011)
that ‗systemic stress‘ triggers avoidance behaviours while also providing a more developed and
detailed understanding of the historical, yet vague, notion that ‗respiratory stress‘ is responsible
for low O2 avoidance (Jones, 1952).
Snapper did not avoid hypoxic conditions until surpassing their Pcrit threshold throughout
chapters 3-5. Pcrit is a relevant point of reference because at O2 levels below this threshold, fish
are in an oxy-conforming state where aerobic metabolism is insufficient to maintain the basal
metabolic requirements of the animal. In order to sustain both basal and routine levels of
activity snapper were reliant upon anaerobic metabolism, evident from the increased
concentration of lactate observed in the plasma and the observation of glycolysis in all tissues
investigated (liver, heart and white muscle). Interestingly, when anaemic and normocythaemic
snapper were compared in Chapter 3, both groups of fish avoided below their respective Pcrit
with equivalent levels of anaerobic stress (plasma lactate and glucose) illustrating that snapper
avoid hypoxia at a given level of cellular low O2 stress. As both myself and others (Herbert et
al., 2011) have suggested that physiological (systemic) signals can drive low O2 avoidance
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behaviours, it is reasonable to suggest that ‗metabolic stress‘ may be the physiological signal
that drives avoidance behaviour in snapper. Previous studies of other animal species, including
both an invertebrate (Carcinus maenas) and a vertebrate (Bufo marinus) identify that
circulating lactate concentrations can initiate emergency metabolic and behavioural emergency
responses which lead to the animals seeking out cooler environments – a behaviour termed
anapyrexia, or behavioural hypothermia (De Wachter et al., 1997; Pörtner et al., 1994). If
lactate, a biochemical indicator of anaerobic stress, can modify animal thermo-regulatory
behaviour I hypothesised that lactate could also influence O2 seeking behaviour in avoidable
low O2 environments. This hypothesis was circumstantially supported in Chapters 3 and 5,
which show that when two different experimental treatments are compared (i.e.
normocythaemia vs anaemia, and normoxia vs hypoxia conditioned, respectively) both
treatments avoid low O2 with similar levels of plasma lactate. However, when this hypothesis
was tested in Chapter 6, we identified that artificially increased plasma lactate concentrations
do not cause snapper to continually avoid a hypoxic environment. Rather, fish with increased
lactate concentrations spent a greater length of time in low O2 conditions than control animals
that were not subjected to artificially elevated lactate levels. Lactate can also act as an aerobic
metabolic fuel substrate (Chatham, 2002) and perhaps by this mechanism lactate could have
encouraged snapper to spend a greater duration of time in low O2 conditions. Unfortunately this
study does not provide direct evidence that lactate was supporting metabolism and contributing
to the behaviours observed. Moreover, many unknowns still remain to be tested (see discussion
in Chapter 6). Despite these limitations, it is tentatively suggested that this lactate may support
metabolic function in a manner that could potentially offset the physiological and metabolic
stress of hypoxia, and influence snapper behaviour.

As described earlier in Section 7.1.1, wide variation in hypoxia avoidance strategies exist
between species and snapper perhaps show the most risky of these strategies described. As a
species that avoids hypoxia only when subjected to severe aerobic limitations, the possibility
that physiological stress drives hypoxia avoidance is sensible. However, it is currently
unknown whether hypoxia avoidance strategies of this nature are typical of species with as yet
un-described hypoxia avoidance responses. In species such as largemouth bass, seabass and
salmonids who avoid low O2 environments with a considerable amount of AS remaining
(Burleson et al., 2001; Poulsen et al., 2011; Schurmann et al., 1998; Svendsen et al., 2012;
Whitmore et al., 1960), it is conceivable that avoidance is occurring prior to the animal having
experienced considerable physiological stress. Unfortunately no physiological measure
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accompanied the behavioural investigations of these species. I therefore assume that by
avoiding low O2 conditions while retaining a degree of aerobicity, stress would not be the
motivator of hypoxia avoidance behaviours and some other driver of avoidance behaviour must
exist (for further discussion see 7.3.2).

7.1.3 Do induced changes in physiology influence avoidance behaviours?
O2 is acquired from the ambient environment to support cellular metabolism but, in order to
reach the cell, O2 must first cascade through numerous levels of biological organisation
collectively known as the ‗O2 transport cascade‘. The characteristics of the ‗O2 transport
cascade‘ are plastic – altering their function instantaneously under fluctuating conditions (i.e.
Hb Bohr shifts, vascular adjustments), or undergoing gradual change (adaptation) in response
to continuous challenge (Wells, 2009). It was hypothesised that any change in the O2 transport
cascade and the resulting changes in O2 delivery dynamics will influence the hypoxic tolerance
and behaviours of the animal.

The importance of blood O2 carrying capacity was demonstrated in Chapter 4. Artificially
lowered [Hb] and a resulting drop in blood O2 carrying capacity impaired hypoxia tolerance
causing fish to avoid hypoxia significantly earlier than normocythaemic individuals (Cook et
al., 2011). MMR is reduced when significantly less [Hb] is available to bind to O2 (Gallaugher
et al., 1995), suppressing the ability of fish to acquire O2 and increasing the Pcrit of anaemic
fish (Cook et al., 2011). The manipulation of blood O2 carrying capacity using haemolytic
techniques would have conceivably had no effect on other arterial blood O2 characteristics
including arterial PO2 (PaO2, O2 partial pressure in the plasma) or SaO2 (arterial Hb-O2
saturation), implying that only the reduction in O2 carrying capacity and associated anaerobic
stress drives early avoidance responses in anaemic snapper. In addition to the absolute carrying
capacity of blood, the characteristics of O2 delivery defined as the Hb affinity for O2 (Hb-O2
affinity) also define how O2 is acquired then delivered to the cell. The preconditioning of
snapper to moderately hypoxic conditions (10.2-12.1kPa, Chapter 5) resulted in a decrease in
Hb-O2 affinity, which is portrayed as a 12% increase in their Hb-P50 value. Enhanced Hb-O2
dissociation would provide a relative increase in plasma PO2 levels, increasing the O2 diffusion
gradient to the cell, potentially providing greater O2 supply to the mitochondria. Interestingly,
this change in Hb-O2 affinity is atypical of other species of fish which show an increase in HbO2 affinity following periods of chronic hypoxia (Jensen and Weber, 1982; Tetens and
Lykkeboe, 1981; Wood et al., 1975). An increase in Hb-O2 affinity would ordinarily benefit
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fish by enhancing O2 uptake at the gills but will reduce the diffusion gradient of O2 to the cell
(Brauner and Wang, 1997). Given that the response shown by snapper is uncharacteristic of the
typical hypoxia acclimatory response of fish, it is difficult to identify whether the changes in
snapper would in fact provide a functional benefit to snapper in hypoxic conditions. It could be
argued that the decrease in affinity observed in snapper would enable snapper to synthesise
more ATP than normoxia acclimated individuals at any given level of ambient PO2 (or more
correctly, arterial PaO2). It is equally probable that the observed change in Hb-O2 binding
affinity may have supported a relative increase in venous [O2], providing O2 utilisation was
comparable between the two different treatments (Brauner and Wang, 1997). This change
would serve an additional benefit by increasing O2 availability to the heart which is reliant
upon the venous return to support cardiac metabolism (Satchell, 1991). In addition to changes
in the O2 diffusion gradient, the cardiac mitochondria (measured in situ within permeabilised
fibres) showed decreased conformance to deteriorating O2 conditions (Chapter 5, Table 4).
Although the mechanism behind this change could not be identified, this functional adjustment
may enable the heart of snapper to maintain elevated rates of cellular respiration at
comparatively lower [O2] than normoxia acclimated individuals. The enhanced respiratory
capacity of the cardiac mitochondria may have supported improved cardiac performance in
snapper when exposed to low O2 conditions. Improvements of this nature have been observed
in the in situ perfused heart of Atlantic cod, which demonstrated improved low O2 cardiac
function (specifically improved cardiac output) following preconditioning to comparable levels
of moderate hypoxia (Petersen and Gamperl, 2010). The combination of enhanced cellular O2
delivery brought about by changes in Hb-O2 affinity and the improved cellular O2 uptake in
permeabilised cardiac fibres were two aerobic changes that could have conceivably supported
increased behavioural performance in snapper faced with hypoxia, enabling them to delay
hypoxia avoidance responses (Chapter 5).

In combination with changes to aerobic function including Hb-O2 binding affinity and
mitochondrial respiration, the ability of hypoxia pre-conditioned snapper to delay their
avoidance reactions was also associated with increases in the relative activity of the enzyme
lactate dehydrogenase (LDH). LDH is responsible for both the forward and reverse conversion
of pyruvate to lactate, whereby increased concentrations of this enzyme would provide snapper
with an improved ability to synthesise ATP under both aerobic and anaerobic conditions
(Chatham, 2002; Wang and Richards, 2011). These results suggest that improvements in
aerobic function are not the only means by which snapper can improve hypoxic tolerance, and
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that physiological adjustments to the animals anaerobic capacity can also influence the hypoxic
behaviours of fish.

7.2 How do fish actually avoid hypoxia? Looking at behavioural avoidance in
detail
Previous studies have suggested that athletic and pelagic species of fish increase their
swimming speed as part of a behavioural ‗alarm reaction‘ that will enable fish to find higher O2
conditions (Domenici et al., 2000; Herbert and Steffensen, 2006). In our investigation on
juvenile kingfish, a highly athletic species that inhabit both coastal and pelagic environments,
no changes in average swimming speed accompanied escapable hypoxia exposure. Routine
levels of activity were maintained until fish elicited an ‗agitation‘ reaction at severely low PO2
levels (4 kPa). This agitation response involved brief anaerobic bouts of bursting activity
interspersed with prolonged periods of inactivity, dictating that no increase in average
swimming speed was observed (Cook and Herbert, 2012). Whether this behaviour could have
assisted in the avoidance of low O2 conditions could not be ascertained from this study as I
uncovered no evidence of low O2 avoidance in this species under conditions of escapable
hypoxia. Furthermore, as we did not witness any low O2 avoidance we cannot draw any
conclusions as to whether behavioural modifications of any description assist kingfish when
avoiding hypoxic conditions. An alternative hypoxic strategy demonstrated by less active,
benthic and meso-pelagic species including Atlantic cod, sole and crucian carp, is the reduction
of swimming speed in hypoxic conditions (Dalla Via et al., 1998; Nilsson et al., 1993;
Schurmann and Steffensen, 1994). In this thesis snapper showed significant but subtle
reductions in swimming speed in one study (Chapter 4) but did not show significant reductions
in activity in two other studies (Chapters 3 and 5). These subtle and often non-significant
reductions in activity suggest that decreases in swimming speed are not an essential component
of the hypoxia avoidance strategy of snapper although, when adopted, these decreases in
swimming activity may have enabled snapper to minimise the physiological stress of hypoxia
by reducing the metabolic costs of activity (Herbert and Steffensen, 2005). Recent
investigations have also identified that changes in swimming speed are not an essential
component of hypoxia avoidance in juvenile rainbow trout (Poulsen et al., 2011). Trout appear
to avoid low O2 environments at surprisingly high O2 levels (80% air saturation), but avoidance
in this species is not observed as an absolute and continual avoidance of low O2 conditions; it is
instead characterised by fish entering low O2 conditions for shorter time periods. More
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importantly, when trout initially avoid hypoxia and spend less time under low O2 conditions
they do not show any changes in swimming speed (Poulsen et al., 2011). Although both
snapper and rainbow trout do not actively down-regulate their swimming speed when avoiding
hypoxic conditions, the Atlantic cod do show an average drop in swimming activity while
avoiding hypoxia (Herbert et al., 2011). The evidence available describing how different
species of fish regulate their swimming activity when avoiding hypoxia indicates that
substantial behavioural variation exists between species. Why different species would show
such markedly different activity regulation strategies is not immediately obvious and could
possibly reflect the mode of hypoxia the fish would typically encounter in their natural
environment, where the appropriate response to expansive low O2 conditions would be a
decrease in activity, while patchy O2 conditions could best be avoided with no changes, or
increases, in activity. Alternatively, species specific differences may reflect the physiological
resilience of the species, and the level of homeostatic perturbation experienced during elective
occupation of hypoxic conditions.

The avoidance response of snapper would be best described as a steady, controlled movement
from low O2 to normoxia. Despite being steady, the behavioural response should not be termed
oxy-tactic which is defined as a controlled and orientated movement into improved O2
conditions. This is because snapper were frequently observed entering the normoxic
environment, only to immediately (10-20 s after crossing the threshold) return to the hypoxic
environment. It typically took two or three excursions into normoxia, over a brief time period
(<2 min), before snapper would show definitive selection of normoxic conditions (pers. obs.).
Such indecisive behaviour would suggest that avoidance behaviours were oxy-kinetic in nature
with the response characterised by being somewhat random and indirect. In the case of
kingfish, it was not possible to discern whether oxytactic or oxykinetic behaviours were
adopted because avoidance behaviours were not observed.

7.3 Scope for future research
7.3.1 Lactate metabolism and signalling
In Chapter 6, I provide evidence that artificially elevated concentrations of lactate in the
primary circulation encourage the occupation of hypoxic conditions. Lactate is still widely
considered as a terminal by-product of anaerobic metabolism, despite solid evidence of its
functional role as an oxidisable fuel substrate (Chatham, 2002; Milligan and Farrell, 1991).
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Researchers investigating changes to the molecular components of anaerobic metabolism
following chronic low O2 exposures (i.e. LDH, LDHa, MCT4, MCT1) frequently discuss their
findings in light of their ability to improve the animal‘s potential for anaerobic ATP production
(Gracey et al., 2001; Martínez et al., 2006; Ton et al., 2003). If these results were to be
interpreted in the context of evidence from chapter 6, and the wider mammalian literature, it
could be considered that this interpretation may only describe half the story. An alternative, yet
complimentary, hypothesis suggests that changes in MCT4 (export) and MCT1 (uptake)
expression act in combination to increase lactate release from sites of production while acting
in combination with elevations in LDH enzyme activity to support an enhanced capacity for
‗reverse‘ LDH function (i.e. lactate to pyruvate conversion) in aerobic muscle groups (Ngan
and Wang, 2009). With an elevated ability to both transport and oxidise this metabolic fuel,
this scenario could ultimately assist metabolic function and enhance ATP synthesis in O2
demanding tissues. Alternatively, lactate could have acted as a metabolic signal that led to the
down-regulation of ‗unnecessary‘ metabolic functions such as protein expression or mesenteric
blood flow, as is typically observed in hypoxia (Lewis et al., 2007; Wang et al., 2009). By
restricting the ATP production capacity of non-essential metabolic activities, the limited
availability of metabolic substrates (i.e. O2) could conceivably be reserved for more essential
metabolic processes (i.e. brain, skeletal muscle and heart function). No known research
describes a neuro-modulatory action of lactate, which lactate must possess in order to signal
inadequate low O2 conditions in working tissues to higher regulatory centres (i.e. central
nervous system and brain) that will enact these physiological adjustments. However, anecdotal
evidence suggests that lactate can indirectly regulate catecholamine levels and, by this means,
lactate may be able to function as a humoral signalling molecule under low O2 conditions
(Philp et al., 2005). An understanding of the roles and importance of lactate is in its infancy,
particularly in fish, presenting virgin territory for further investigation. The design of
behavioural experiments that expose fish to escapable low O2 conditions while observing in
vivo carbohydrate metabolism with the use of radio-labelled substrates (i.e. lactate) and / or the
pharmacological blockade of MCT proteins may provide further information into the functional
role of lactate and its influence on fish behaviour.

7.3.2 O2 sensing and triggers of behavioural avoidance
The ability to respond to environmental hypoxia requires that an animal possess an ‗awareness‘
of O2 conditions, or an ‗awareness‘ of metabolic disturbances resulting from low O2 conditions.
This ‗awareness‘ will be provided by one, or many, sensing elements (sensors) that provide
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afferent information to the brain which invokes reflex homeostatic adjustments (i.e.
hyperventilation) and possibly the motivation of behavioural avoidance reactions. Despite
attempts to identify potential signalling mechanisms capable of activating these assumed
behavioural sensing elements, I was unable to provide any significant insights into the sensory
basis of behavioural change. This is perhaps unsurprising given the complexity of biological O2
sensing mechanisms which suggest that low O2 conditions in either the external, internal or
cellular milieu, could be sensed at one (or a combination) of many different levels of
physiological organisation. Which one (or combination) of the possible sensory pathways are
involved with behavioural hypoxia avoidance therefore remains unknown for the foreseeable
future.

It is generally accepted that oxygen chemoreceptive NEC, thought to detect O2 levels in the
blood and ambient environment, are responsible for reflex hyperventilatory and bradycardia
responses in fish (Burleson and Milsom, 1993; Taylor et al., 1999). NEC derived physiological
modifications (i.e. hyper-ventilation) occur immediately upon exposure to lowered O2
conditions (Milsom and Brill, 1986). It therefore seems unlikely that species of fish that
perform frequent hypoxic excursions will initiate a behavioural response as a direct result of
NEC derived sensory information (Cook and Herbert, 2012; Cook et al., 2011; Herbert et al.,
2011; Neuenfeldt et al., 2009). This hypothesis is supported by evidence that the
hyperventilatory response of snapper precedes hypoxia avoidance behaviours (Chapter 6).
However, arguments against this idea also exist as salmonids show near immediate avoidance
of low O2 conditions (Poulsen et al., 2011; Whitmore et al., 1960); and sodium cyanide
administration (a potent NEC and neural activator) triggers aquatic surface respiration
behaviours in mullet, which can be interpreted as a form of hypoxia avoidance behaviour
(Shingles et al., 2005). This leads me to suggest that perhaps NEC-derived sensing of ambient
hypoxia or hypoxemia is modulated by additional metabolic or neural signals, resulting in a biphasic response of the NEC, that provides the drive for hypoxia avoidance behaviours.
Definitive determinations of whether NEC function has a role in triggering avoidance
behaviours could be achieved by branchial denervation (i.e. cranial nerves IX and X) (Burleson
and Millsom 1993), or infusion of hypoxic media into the buccal cavity or branchial circulation
(Shingles et al., 2005).

In addition to the detection of inadequate O2 levels in the ambient or humoral environment,
there is also the possibility of visceral (Latin: viscera ‗inner organs‘) sensation of ‗low O2
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conditions‘. Although the brain only represents 0.05-0.08% of total circulatory requirements in
fish, its function is entirely dependent upon aerobic metabolism (Lutz and Nilsson, 1994;
Schultz et al., 1999), suggesting that the brain would be an ideal site to sense O2 conditions.
Neurons in mammalian respiratory centres of the brain stem are sensitive to hypoxia (LopezBarneo et al., 2001), while astrocytes in the hindbrain of mammals show chemosensory
capacities (Gourine and Kasparov, 2011). Anecdotal evidence therefore suggests that the brain
itself may be capable of recognising low O2 conditions, instantaneously triggering behavioural
avoidance reactions. The heart as another visceral organ represents the second most O2
sensitive organ. When exposed to hypoxia, the heart initially responds with bradycardia which
can associate with increases in systemic vascular resistance, increased cardiac pre-load, and
elevations in blood pressure (Axelsson and Fritsche, 1991; Holeton and Randall, 1967). These
changes in cardiac function, and more specifically blood pressure, are sensed by arterial
baroreceptors which are innervated by the cardiac branch of the vagus nerve (Laurent, 1984).
Whether sensory information from the arterial baroreceptors are capable of identifying whether
cardiac function is performing at maximum capacity, is providing insufficient blood delivery,
or is suffering contractile dysfunction is unknown. But such signals could conceivably
influence the behavioural drive for avoidance which may be triggered in order to protect
cardiac (mechanical or metabolic) function, a possibility raised in Chapter 4. Whether changes
in blood pressure associate with avoidance behaviours could be tested by pre-treating or
infusing selected pharmacological agents into fish that will alter cardiovascular function and
could potentially initiate early, or alternatively delay, avoidance behaviours (e.g angiotensin II
or phenylepherine, or atropine + phentolamine, respectively).

The mitochondria, haem-based sensors, O2 regulated ion channels, lactate, adenylates and
gasotransmitters (i.e. H2S, NO and CO) are all mechanisms by which cells ‗indirectly‘ detect
low O2 (See Lopez-Barneo et al., 2010; Lopez-Barneo et al., 2001 for reviews). However,
whether sensory function at the cellular level translates into whole animal behavioural change
is simply not known. As avoidance behaviours are complex neuro-motor activities, it is
suggested that cellular and metabolic adjustments that invoke behavioural adjustments occur in
the brain itself or alternatively occur in peripheral tissues with information being translated
back to the brain. Metabolic changes in peripheral tissues require a neuromodulating
intermediate to relay information from the periphery to the brain; catecholamines and
adenosine are two neuromodulatory agents possibly involved in behavioural signalling.
Alternatively, signals could potentially be carried in the blood stream to the brain, where they
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could then cross the blood-brain-barrier. Adenosine and lactate would be suitable candidates
for humoral signalling as both are stable in the circulation and can cross the blood-brain-barrier
(Pardridge et al., 1994). Repeat blood sampling of fish prior to hypoxia avoidance may provide
indirect evidence of a humoral intermediate that triggers hypoxia avoidance. Direct evidence
that a humoral agent triggers avoidance behaviours could be achieved by artificially infusing
select compounds during hypoxia choice experiments. Alternatively, by exposing fish to sublethal concentrations of metabolic poisons (i.e. rotenone) during hypoxic choice experiments it
will be possible to recreate conditions of cellular hypoxia, identifying whether cellular low O2
detection and signalling pathways exist in fish. Ultimately, numerous avenues and a tantalising
array of valid experimental designs are available for investigations into the sensory basis of
hypoxia avoidance behaviours; providing a body of future work that will improve our
understanding of how physiology and behaviour interact in fish.

7.3.3 Chronic hypoxia exposure vs episodic hypoxia exposure
In Chapter 5, snapper were subjected to a 6-12 week period of chronic hypoxia exposure. In
response, snapper showed a moderate capacity to physiologically adapt to these conditions
which translated into an increased tolerance to low O2 conditions. Following on from these
findings, a most interesting companion study could query how snapper respond to episodic
hypoxia. Episodic hypoxia is of particular relevance as it could represent either diurnal, or
circa-tidal, hypoxia events which are are both of considerable ecological relevance.
Hypothetically, short durations of hypoxia exposure may be inadequate to induce marked
physiological changes, necessitating that snapper (or other estuarine fish species) recruit
behavioural coping strategies such as earlier hypoxia avoidance responses or regulated changes
in swimming activity.

7.4 Limitations of the thesis
The primary limitation of this thesis was our inability to directly and continuously measure
physiological variables (including cardiac activity, blood PaO2, CaO2, adrenaline, pH and
lactate) as fish progressed through experimental exposures; information that may have enabled
us to determine whether any shift in physiology preceded, and therefore served to initiate,
behavioural change. The necessity to measure ‗normal‘ behavioural activity in my small choice
box required that the fish utilised in experiments were also small in size <250g. The difficult
anatomy and small size of these fish precluded chronic cannula implantation. Furthermore, the
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laboratory does not have adequate analytical facilities to accurately measure these variables.
Only in chapter 6 did we attempt to cannulate larger individuals, although in this set of
experiments the behavioural activity of the animal was significantly impaired and the
cannulation of free swimming fish was problematic.

With hindsight, additional measures may have also provided further information into the
interactions between physiology and behaviour in the context of avoidance. In chapter 4, a
deeper analysis of cellular metabolism, including tissue adenylate levels and AMPK activity
would have provided evidence of cellular stress and/or any cellular changes that snapper were
tolerating during the elective occupation of hypoxic conditions. This data may have provided
indications of possible cellular low O2 sensing pathways. In chapter 5, where we compared the
behavioural and physiological responses of hypoxia and normoxia acclimated individuals, we
should have also analysed the anaerobic capacity of the individuals (i.e. glycogen reserves),
identified whether any capillarisation occurred, and could have analysed a wider suite of
enzymes indicative of different metabolic fuel substrates. Indeed, any one of these variables
could have potentially been adjusted during hypoxia acclimation (e.g. Hydroxyacyl-CoA
dehydrogenase in the β-oxidation pathway) with a resulting affect on hypoxic activity and
behaviour. Lastly, insufficient time and a shortage of animals limited my intentions to further
investigate the behavioural and physiological response of snapper to lactate infusion, which
initially would have involved exposing fish to an intermediate level of hypoxia prior to lactate
infusion.

7.5 The environmental tolerances of snapper and kingfish to hypoxia
Inshore and coastal marine environments are becoming increasingly hypoxic in many
geographic locations around the planet (Diaz, 2001; Diaz and Rosenberg, 2008), a worrying
development as neither kingfish nor snapper are particularly low O2 tolerant. Snapper possess a
Pcrit of ~6 kPa (~28% sat) at 18°C, and ~7 kPa (~35% sat) at 21°C, and these O2 thresholds
ultimately represent environmental survival limits for the species. Unfortunately a Pcrit level
could not be ascertained for kingfish, but given the behavioural response of the species (Cook
and Herbert, 2012), an O2 level of 6 kPa represents an approximation of the lethal O2 limit for
the species at 16°C. However, lethal limits only represent the expected mortality response of
the fish to severe and acute hypoxic challenges. Higher PO2 levels will not put fish in
immediate danger of asphyxiation, but will have sub-lethal effects upon the species. Chronic
exposures to 70% saturation, a level of low O2 which only reduces AS by 25%, decreases food
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consumption and growth in Atlantic cod (Chabot and Claireaux, 2008; Chabot and Dutil,
1999). The feeding metabolism and routine energy expenditure of snapper in both normoxia
and hypoxia are also currently unknown, but the cod represents a good species for comparison
as they possess very similar aerobic characteristics to snapper (Schurmann and Steffensen,
1997). For example, snapper too would also experience a 25% reduction in AS at 70% O2
saturation (~15 kPa, 18°C, chapter 3). So if oxygen levels in the habitat of snapper fell below a
conservative threshold of 70% O2 saturation the ecological fitness of the species might also be
affected adversely (Portner and Farrell, 2008). In this event a biogeographical shift by certain
species, away from hypoxic zones, would be likely. It is of significant concern that
environmental O2 levels periodically drop below this conservative limit in the Mahurangi
estuary (Hauraki Gulf, NE New Zealand) (Patel, 2011), an important snapper habitat (Usmar,
2011). Unfortunately, with a lack of biologically relevant O2 monitoring programmes with the
New Zealand coastal environment, it is difficult to judge the magnitude and extent by which
snapper are being challenged by moderately low O2 conditions. It is therefore implored that,
given the limited tolerance of snapper and their inability to dramatically adapt to chronic low
O2 conditions, monitoring begins in sites affected by deteriorating water quality such as the
Firth of Thames and inner waterways of the Hauraki Gulf.
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