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GENERAL ABSTRACT

Increasing coastal eutrophication and rising global temperatures are placing
substantial pressure on wild fish populations. In the tropics, routinely high
temperatures close to the equator have the combined effects of reducing the
solubility of O2 in water, increasing metabolic rates and enhancing thermal
stratification. Such conditions may be particularly pronounced in lentic
freshwater environments, and have led to a suite of adaptations by tropical
fish species. Inter-specific diversity in hypoxia tolerance is widely
acknowledged, however, many species exist not as a single, continuous
population, but rather as multiple populations that may be distributed over
broad latitudinal gradients, potentially spanning thousands of kilometres. In
the absence of horizontal migration and genetic mixing between populations,
and with differences in prevailing environmental conditions (such as
temperature and dissolved O2), such populations may become phenotypically
and even genotypically divergent over time.
Performance of fish populations have been extensively investigated in the
context of temperature, particularly with regard to projected temperature
increases from climate change models. Despite the intrinsic relationship
between temperature, O2 and metabolism in fish, population differences in
hypoxia tolerance have received little research attention to date. To address
this knowledge gap, the hypoxia tolerance of geographically and genetically
divergent populations of juvenile barramundi from across the distribution in
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northern Australia was assessed (Chapter 2). Juvenile barramundi were
collected from five hatcheries across northern Australia, and were assessed
for their resting O2 consumption rate (ṀO2) and critical O2 level (O2CRIT) using
intermittent-flow respirometry. Measurements for all five populations were
made at temperatures considered benign for this species across its
distribution in Australia (26°C) and at temperatures that may be encountered
during the pre-wet season (36°C). A posteriori comparisons revealed
significant temperature effects for both resting ṀO2 and O2CRIT, but no
conclusive evidence for population differences in either measure. The results
from this study indicate a similar capacity for barramundi populations to
regulate metabolism in response to hypoxia at typical and warm
temperatures. The magnitude of temperature effects on O2CRIT for
barramundi was lower than for many other tropical and temperate fish
species, indicating that barramundi retain a high capacity to regulate
metabolism in hypoxic environments at high temperatures.
Over long time scales (tens to hundreds of thousands of years), populations
that are genetically divergent may become either locally adapted to a
specified range of conditions (if conditions are constrained within a narrow
range), or they may retain a large degree of physiological plasticity (if the
environments they inhabit are highly variable). Further, dissolved O2 may
display high spatial and temporal variability in coastal freshwater and
estuarine systems that is often overlooked in empirical studies. To assess the
contribution of population-of-origin or physiological plasticity to hypoxia
tolerance, juvenile barramundi (one tropical and one sub-tropical population)
were exposed to daily fluctuations in dissolved O2 (>85% to <10% saturation)
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for 0 (control), 8 or 16 d (Chapter 3). Fish (separate cohorts) were then
assessed for either resting ṀO2 and O2CRIT, or haematological parameters.
No changes in any parameters were detected after 8 d, however after 16 d a
reduction in O2CRIT, and increases in both haematocrit and haemoglobin were
observed. No population differences were detected for any measured
parameter. This study demonstrates that barramundi populations are capable
of acclimating to diel-cycling hypoxic conditions following repeated exposure,
and that such changes are accompanied by improvements to blood-O2
carrying capacity.
Inter-specific diversity in hypoxia tolerance of teleost fish is widely
acknowledged, however the extent of intra-specific diversity in hypoxia
tolerance is less well understood, due in part to the logistical and temporal
constraints of measuring performance across a large number of individuals.
Further, the temporal repeatability and hence the reliability of hypoxia
tolerance measures have received virtually no attention in the broader
scientific literature. To address these knowledge gaps, ~800 juvenile
barramundi were first separated into hypoxia tolerance categories (Chapter
4) based on time to loss of equilibrium (LOE) tests: sensitive, intermediate
and tolerant. Following a recovery period, fish were then assessed for growth
performance, metabolic regulation under hypoxia (O2CRIT) and repeatability of
time to LOE. Further, the relationship between ṀO2 and DO during O2CRIT
tests was assessed using non-linear regression and broken-stick regression
techniques, which represents a novel approach to handling such a large
empirical data set. Fish were reliably separated into different hypoxia
tolerance categories, yet there were no significant category effects for any of
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the subsequently measured variables: growth rate, feed conversion ratio,
standard metabolic rate or O2CRIT. Non-linear regression was more robust in
describing the relationship between ṀO2 and DO than the more commonly
used broken-stick regression method. Surprisingly, there was no significant
relationship between two independent measures of hypoxia tolerance: time to
LOE and O2CRIT. The time to LOE test was broadly repeatable after ~100 d.
This study highlights the extent of intra-specific diversity in hypoxia tolerance
that can exist within fish populations.
All previous assessments of hypoxia tolerance were necessarily conducted
on unfed individuals to eliminate the influence of specific dynamic action
(SDA) on metabolic responses. In the wild, and on commercial fish farms,
metabolism of fish may be elevated above resting levels due to feeding
behaviour. Digestive responses are potentially influenced by dissolved O2
conditions, however, few studies have assessed this possibility in tropical
fish. Further, no studies have assessed the effect of hypoxia tolerance
phenotype on digestive metabolic responses. Therefore, barramundi were
separated into hypoxia tolerance phenotypes (sensitive or tolerant) based on
time to LOE tests (Chapter 5). Fish were then fed a restricted ration (2.5% of
their body-mass), before being assessed for ṀO2 under normoxic (>85%
saturation) and chronic hypoxic (~35% saturation) conditions. There was no
effect of hypoxia tolerance phenotype for any measured parameter, and
negligible differences in a range of digestive responses (SDA magnitude,
SDA duration, SDA coefficient) under normoxic or hypoxic conditions. The
results from this study suggest that barramundi are capable of maintaining
maximal digestive capacity even when O2 drops to 35% saturation.
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The results from this thesis demonstrate that barramundi are extremely
resilient to bouts of environmental hypoxia, and retain a strong tolerance to
hypoxic conditions at extremely warm temperatures. The lack of population
differences in hypoxia tolerance may be explained by the retention of a high
degree of physiological plasticity as a strategy for responding to
environmental hypoxia. The extent of phenotypic diversity in hypoxia
tolerance is impressive, and the influence of this diversity on performance is
still poorly understood. The homogeneity of performance between hypoxia
tolerance phenotypes across two experiments and a number of measured
parameters suggests that hypoxia tolerance is unrelated to several other
performance metrics under either normoxic or hypoxic conditions. Future
research should be directed at further exploring the relationship between
phenotypic diversity in hypoxia tolerance and fitness, with an objective to
more clearly elucidate the ecological consequences of trait variability.
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CHAPTER 1. GENERAL INTRODUCTION

Environmental hypoxia
Low dissolved oxygen (DO), known as hypoxia, was identified by aquatic
ecologists as being detrimental to fish as early as the 1920s (Díaz and
Rosenberg, 2011; Fry and Hart, 1948; Jones, 1952), and is widely regarded
as being an important and ubiquitous stressor for aquatic life (Butler and
Burrows, 2007). Critical hypoxia is defined in broad terms as the partial
pressure of oxygen (O2) when physiological function becomes compromised
(Farrell and Richards, 2009). Environmental hypoxia may be either a
seasonal (Arend et al., 2011; Díaz and Rosenberg, 2011; Townsend and
Edwards, 2003) or daily (Butler and Burrows, 2007; Nilsson et al., 2004; Val
et al., 2005) phenomenon that occurs in natural, undisturbed waters due to
three primary mechanisms: 1, thermal stratification, 2, high biochemical O2
demand (BOD) and 3, diel cycling due to fluctuations in O2 production
(photosynthesis) and respiration.
Thermal stratification is particularly prevalent in tropical lakes and wetlands
(Val et al., 2005) and occurs due to differences in water density (Figure 1).
Under such conditions the cooler, denser waters (hypolimnion) become
separated from the air-water interface (epilimnion) and, in the absence of
submerged macrophytes, much or all of the O2 may be consumed, leading to
severe hypoxia or anoxia. In shallow waters (freshwater and estuarine
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systems), the epilimnion may cool to such an extent during the night that
complete mixing occurs, however, in deeper waters a distinct thermocline
can develop and may persist until a major disturbance causes a turnover
(Felsing and Glencross, 2004). In some instances, the bottom waters of deep
lakes (Verburg et al., 2003) and continental shelf slopes (Helly and Levin,
2004; Reichart et al., 1998) may become permanently anoxic. Such
variability in water quality constrains activity and habitat use by aquatic fauna
(Borsuk et al., 2002; Chabot and Claireaux, 2008; Kramer, 1987; discussed
further below).
Biochemical O2 demand (BOD) is the quantity of O2 required by heterotrophic
microbes to break down organic material in water (Brenniman, 1999),
whereas biological O2 demand is the total demand for O2 of all biological
organisms in water (Pearson et al., 2003). An increase in the quantity of
organic material present in water, such as accumulation in benthic sediments
or a sudden increase throughout the water column from pre-flush rain events
(Waltham et al., 2013), may increase BOD to the point where DO becomes
life-threatening to obligate aerobes. Such conditions can result in large-scale
fish kills (Bishop, 1980; Small et al., 2014; Thronson and Quigg, 2008;
Townsend et al., 1992), which can have long-lasting ecological impacts.
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Figure 1 - Spatial and temporal variability in dissolved O2 from selected locations in tropical
north-east Queensland, Australia. Diel fluctuations in O2 recorded 300 mm below the surface
from two locations in the Burdekin River (panel a): open river, ~350km from the river delta
(bb; red) and a floodplain wetland covered by native floating plants, ~30km from the river
delta (kelly; blue), adapted from Loong et al. (2005). Shaded (grey) regions indicate an
absence of sunlight. Panel b: spatial and temporal variability in dissolved O2 from a
floodplain wetland on the Herbert River, adapted from Butler (2008). Time of day is indicated
by the different colours and numbers in the figure legend: 7 = 0700, 8.5 = 0830, 10 = 1000,
12 = 1200, 14 = 1400, 15.5 = 1530, 18 = 1800. Panel c: seasonal variability in maximum and
minimum surface dissolved O2 (red and blue, respectively), recorded on a commercial fish
(barramundi) farm ~100km south of Cairns, Australia (Chung, C. and Hayward, S., personal
comm.). Shaded (grey) regions indicate the wet (monsoon) season (December – April) in the
Australian wet tropics.

Diel-cycling in DO is common in many waterways, but may be particularly
prevalent in shallow, lentic systems with high plant or algal biomass
(Almeida‐Val et al., 2005; Butler, 2008). O2 production due to photosynthesis
occurs only during the daylight hours and such systems may become O2
deficient overnight (Figure 1). The amplitude of diel cycling may be further
influenced by natural weather events (e.g. cloud cover) which may restrict O2
production. Such fluctuations may result in daily physiological and
behavioural adjustments to fish and other aquatic fauna (Tyler and Targett,
2007; discussed further below).

Anthropogenic influence on O2 in water
“Globally, human activities have led to large-scale modification of landscapes
at the expense of ecosystem function and services” (Díaz, 2010). Hypoxia
has increased substantially over the past 50 years in many coastal and
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estuarine systems adjacent large-scale human development (Figure 2), with
notable examples including the Baltic Sea (Conley et al., 2011), Gulf of
México (Rabalais et al., 2007) and Chesapeake Bay (Rabalais et al., 2010).
The primary influence of human activity on water quality has been through
the alteration of nutrient cycles, in particular nitrogen and phosphorous from
the agricultural industry, and effluent from municipal wastewater (Díaz,
2010). Such changes can result in large-scale increases in primary
production that may lead to eutrophication (an increase in the rate of supply
of organic matter to an ecosystem; Boesch, 2002; Nixon, 1995), and hence a
concomitant increase in BOD and decrease in DO to critically low levels.
Anthropogenic influences on O2 in water may be further exacerbated in the
future due to the rapid average increase in global temperatures, attributed to
a rise in carbon dioxide (CO2) and methane gas in the atmosphere from the
burning of fossil fuels (BoM and CSIRO, 2014; IPCC, 2013; Rabalais et al.,
2010). Such increases in temperature are predicted to affect aquatic life
through elevated metabolic demand for O2, lower solubility of O2 in water and
by exacerbating thermal stratification (Altieri and Gedan, 2015; Diaz and
Breitburg, 2009; Harley et al., 2006; Vaquer-Sunyer and Duarte, 2008;
Vaquer-Sunyer and Duarte, 2011; Figure 4).
Hypoxia may also be an issue in artificial environments created by people for
intensive aquaculture (ponds, tanks, raceways and cages), where stocking
densities and nutrient inputs are unnaturally high. Indeed, low O2 and
concomitant high CO2 as a result of high stocking densities and nutrient
inputs are widely recognised as imposing a limit on the productivity of such
systems, and considerable effort is often invested in alleviating such
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problems in order to maximise system productivity (Colt and Orwicz, 1991;
Cruz-Neto and Steffensen, 1997; Summerfelt et al., 2000). In addition to
being a problem inside intensive aquaculture systems, the wastewater from
aquaculture can deliver large quantities of nutrients to river and estuarine
systems and, if not properly treated, may further contribute to freshwater and
coastal eutrophication (Cai et al., 2013; Lin et al., 2002), exacerbating the
pressure on wild fish populations.

Figure 2 - Increase in nitrogen entering coastal waterways from the years 1900 to 2000
(adapted from Diaz and Breitburg, 2009). The red line displays the cumulative number of
hypoxic sites in coastal waterways over the same period.

Behavioural and Physiological Responses by Fish to Hypoxia
Mobile aquatic vertebrates such as fish exhibit a range of behavioural,
morphological and physiological changes accompanying hypoxia exposure
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that vary depending on the severity and magnitude of the hypoxic event
(reviewed by Almeida‐Val et al., 2005; Bickler and Buck, 2007; Claireaux and
Chabot, 2016; Hochachka and Lutz, 2001; Pollock et al., 2007; Richards,
2009; Wu, 2002). Responses to environmental changes, such as hypoxia
can be broadly classified as short-term, plastic responses or longer term,
evolutionary adaptations. Plastic responses can be further categorised as
reversible (e.g. seasonal changes or acclimation; Fu et al., 2011; Love and
Rees, 2002) or irreversible (developmental plasticity; West-Eberhard, 2005).

Avoidance behaviour and aquatic surface respiration

Probably the most common behavioural response employed by fish is
avoidance of hypoxic water (Burleson et al., 2001; Kramer, 1987), however,
some fish actively make forays into hypoxic water of varying durations for
either foraging (Behrens et al., 2012; Plambech et al., 2013), or to seek
refuge from predation (Chapman et al., 1995; Schofield and Chapman,
2000). If hypoxia is severe and inescapable, fish may resort to further
behavioural adjustments, including skimming the O2 -rich surface layer of the
water (commonly known as aquatic surface respiration (ASR); Abdallah et
al., 2015; Almeida‐Val et al., 2005), or for some species, air-breathing (Clark
et al., 2007; Fritsche et al., 1993).
Changes at the gills and heart

One of the simplest and most common responses by fish to sub-lethal
hypoxia is to maintain O2 uptake by increasing the amplitude and frequency
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of gill ventilation (Flint et al., 2015; Perry et al., 2009). Such responses serve
to maximise the blood/water partial pressure gradient, and hence to minimise
the reduction in arterial partial pressure of O2 and maintain a consistent
supply of O2 to tissues (Perry et al., 2009). Oxygen uptake may be further
assisted by increasing the surface area of the gills (Chapman et al., 2000; Fu
et al., 2011), although this response is not ubiquitous and in some cases a
decrease in gill surface area can occur (Borowiec et al., 2015). Acute hypoxic
episodes result in bradycardia for many fish species and under these
conditions, cardiac output may be compensated for by an increase in stroke
volume (Gamperl and Driedzic, 2009).
Changes in the blood

A suite of changes occur within the blood during hypoxia to compensate for a
decline in environmental O2, with alternative changes occurring during
functional hypoxia (rigorous exercise) (Wells, 2009a). A fishes’ ability to
tolerate environmental hypoxia is correlated, in large part, to O2 carrying
capacity of the blood (Figure 3), and the O2 binding affinity of haemoglobin
(Hb; Mandic et al., 2009; Richards, 2011). Fish that are better adapted to
environmental hypoxia tend to have Hb that exhibits a high affinity for O2 and
blood that is relatively insensitive to changes in pH (i.e. a less pronounced
Bohr effect), while the reverse seems to be more typical of fish that have an
athletic lifestyle (Wells, 2009a). It is worth mentioning here that many fish
often contain more than one form of Hb in blood (Wells et al., 1997), some of
which have entirely different characteristics (Weber, 1996). In addition to the
properties of Hb mentioned above, the O2 carrying capacity of fish blood is
modulated by the quantity of red blood cells, the quantity of Hb present within
8

the blood and changes to Hb function by phosphates (ATP and GTP) present
within erythrocytes (Rasmussen et al., 2009; Wells, 2009a). When
environmental O2 declines to low levels, large changes in O2 carrying
capacity of the blood may be experienced over a relatively small range in DO
(Figure 3), adversely affecting the capacity for aerobic metabolism.
Changes to oxygen consumption

The availability of O2 was described by Fry (1971) as a limiting factor for
metabolism by aquatic life. The functional role of O2 in metabolism is as a
terminal electron acceptor in the oxidation of organic substrates which,
through a series of biochemical reactions in the mitochondria, results in the
generation of ATP (Hochachka and Somero, 2002). As O2 declines fish may
regulate the rate of O2 consumption (ṀO2) to sustain aerobic metabolism, but
below the critical O2 level (O2CRIT; also referred to in the literature as the
critical O2 tension (PCRIT)) a fish’s ṀO2 transitions from being independent to
being dependent upon O2 in the environment (Claireaux and Chabot, 2016;
Richards, 2009; Figure 3). At such critically low levels (typically between 10
and 40% of air saturation in teleost fishes (Rogers et al., 2016)), glycolysis
and/or phosphagen mobilisation become the primary sources of ATP
generation (Boutilier and St-Pierre, 2000; Hochachka and Somero, 2002;
Richards, 2009). The decline in ṀO2 below O2CRIT is often precipitous (Figure
3) and is an ubiquitous response by fish species during severe hypoxia. The
O2CRIT is therefore a common measurement in ecological physiology and has
been utilised extensively for broad inter-species comparisons of hypoxia
tolerance (Fu et al., 2014; Mandic et al., 2009; Richards, 2011; Rogers et al.,
2016).
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Figure 3 - Relationships between blood-O2 saturation (panel a) and metabolic rate (panel b)
and dissolved O2 in fish. The blood-O2 saturation curve (panel a) has been modified from
Grigg (1969), and is from channel catfish (Ictalurus punctatus) blood at 24°C. The vertical
lines at 13%, 6.5% and 3% water dissolved O2 saturation indicate where blood-O2 saturation
is equal to 75%, 50% and 25%, respectively. The relationship between ṀO2 and DO is from
data collected for this thesis using barramundi (Lates calcarifer) held at 30°C. The vertical
dashed line at ~13% saturation indicates the critical O2 level (O2CRT), and the shaded grey
region around the O2CRIT represents the region of transition from oxy-regulation to oxyconformation. The shaded grey region ≤ 5% saturation indicates the region where fish are
likely to rapidly lose equilibrium.
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Intra-specific diversity in hypoxia tolerance
While it is generally accepted that species display a broad array of responses
to hypoxia (Fu et al., 2014; Mandic et al., 2009), less well understood is the
influence of hypoxia as a selective evolutionary pressure on localised fish
populations. Recent evidence has indicated that populations of fish inhabiting
different environments (e.g. well-oxygenated rivers vs. shallow, aperiodically
hypoxic wetlands) may elicit differences in physiology and morphology
(Crispo and Chapman, 2010; Martínez et al., 2009; Sneddon and Yerbury,
2004; Timmerman and Chapman, 2004). The quantity of O2 in the water and
metabolic rates of aquatic fauna are proportional to water temperature
(Figure 4). Persistent high temperatures are characteristic of tropical
environments (Almeida‐Val et al., 2005) and while great effort has been
expended in the characterisation of fish performance at elevated
temperatures across latitudinal gradients (Dhillon and Schulte, 2011;
Donelson and Munday, 2012; Grabowski et al., 2009; Righton et al., 2010;
Whitehead et al., 2011), population-level responses to hypoxia are less-well
understood.
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Figure 4 - Relationships between the solubility of O2 in freshwater (Boutilier et al., 1984;
Davis, 1975; FAO, 1987; panel a) and resting O2 consumption rates of teleost fish (modified
from Clarke and Johnston, 1999; panel b) and water temperature. The relationship between
O2 solubility in freshwater and temperature is defined by the equation: ƒ(x) = -0.00005x3 +
0.0069x2 -0.3906x + 14.616, where x is equal to water temperature
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Study Species (Lates calcarifer)
The species of teleost fish used for this thesis was the barramundi (also
known as Asian Sea Bass; Jerry, 2014; Figure 5). Barramundi (Lates
calcarifer) occur throughout the tropical and sub-tropical Indo-Pacific and are
of substantial economic, ecological and cultural importance in the region.
Barramundi are diadromous and make regular forays into both fresh and salt
water environments. A critical period of the life history for this species is
spawning in estuaries (salinities >25 psu are required for hatching and egg
development; Thépot and Jerry, 2015), which typically occurs during the
monsoon season. Following spawning, juveniles disperse into local
mangrove and wetland habitats before migrating into the upper reaches of
rivers, where they may remain for several years (Milton et al., 2005; Milton
and Chenery, 2005). While some juveniles and adults may migrate into
adjacent river systems, tagging studies indicate that movement between river
systems is relatively low in Australia (Davis, 1986; Russell and Garrett,
1988). The localised nature of distribution, together with historical barriers to
dispersal (Keenan, 2000) has led to the formation of localised population
structure in Australia (Figure 6). Recent evidence has indicated that
differences between populations may exist for thermal tolerance (Edmunds et
al., 2012; Edmunds et al., 2010; Newton et al., 2010; Newton et al., 2013)
and other performance measures (Rodgers and Bloomfield, 1993).
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Figure 5 - Lates calcarifer juvenile sketch, Katayama and Taki (1984)

Figure 6 - Map of the northern Australian coastline (panel b; modified from Jerry et al., 2013)
with major freshwater bioregions indicated as light grey lines on the figure (Unmack, 2001).
Major population centres across northern Australia are indicated by the text and diagonal
lines. Genetically distinguishable sub-populations of barramundi are indicated on the map as
coloured circles and corresponding numbers (1 – 21). The co-ancestry plot immediately
above the map (panel a) (and corresponding numbers) indicates the degree of relatedness
between the two major stocks, as identified using 16 microsatellite loci and pairwise FST
comparisons: Western (yellow) and Eastern (blue).
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Research aims and thesis objectives
The primary aims of this thesis were to use barramundi as a model to
examine intra-specific variability in hypoxia tolerance in tropical fish
populations, and to understand the biological consequences of variability in
hypoxia tolerance both within and between fish populations. All of the data
chapters presented herein are broadly related to these aims, yet there is a
clear dichotomy in this thesis with data chapters 2 and 3 focussing on
variability in hypoxia tolerance between populations, and chapters 4 and 5
focussing on variability within populations (Figure 7). As such, the data
chapters presented in this thesis have been written as stand-alone
manuscripts for publication, yet they complement each other to form a
comprehensive examination of the primary aims.
Barramundi was selected as an appropriate species for this research due to
their: 1, broad distribution and availability across a large latitudinal gradient,
2, distinct and known genetic population structure, 3, propensity to inhabit
coastal wetlands that are subject to large variability in temperature and
dissolved O2, and 4, substantial ecological, economic and cultural importance
across the natural distribution. Increasing thermal stratification due to rising
temperatures, and eutrophication from higher population pressure in coastal,
tropical waterways mean that fish species such as barramundi are likely to
encounter a higher incidence of hypoxic stress in the future.
The specific objectives of this thesis were to:
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1. Quantify the metabolic responses of barramundi populations to the
combined pressures of high temperature and low O2
2. Assess the capacity for acclimation to cyclic bouts of low O2 in
barramundi populations
3. Determine the extent of intra-specific variability in hypoxia tolerance of
barramundi populations
4. Assess intra-specific diversity in performance of barramundi hypoxia
tolerance phenotypes
5. Quantify the metabolic responses of barramundi hypoxia tolerance
phenotypes to the combined challenges of digestion and hypoxia

Chapter 2 investigates the resting metabolic rate and critical O2 level (O2CRIT)
of barramundi at benign and warm temperatures, and was essential for
characterising metabolic responses to hypoxia in barramundi, as well as for
broad population-level comparisons. In Chapter 3 the effects of daily hypoxia
exposure on metabolic and haematological responses of a sub-tropical and
tropical population were assessed. Chapter 4 builds upon the results in the
preceding two chapters by assessing the diversity of hypoxia tolerance
phenotypes that exist within sub-tropical and tropical populations. Growth
performance and metabolism of hypoxia tolerance phenotypes are then
assessed, as well as the repeatability of hypoxia tolerance tests in order to
assess the biological consequences of variability in hypoxia tolerance within
fish populations, and to determine the efficacy of spot measurements of
hypoxia tolerance in physiological studies. Chapter 5 investigates the

16

metabolic responses to digestion in hypoxia tolerance phenotypes under
normoxia and chronically low O2 conditions. The main findings from these
four data chapters are discussed in Chapter 6.

Figure 7 - Chapter structure of thesis
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CHAPTER 2. HYPOXIA TOLERANCE IS CONSERVED
ACROSS GENETICALLY DISTINCT POPULATIONS OF AN
ICONIC, TROPICAL AUSTRALIAN TELEOST (LATES
CALCARIFER)

Abstract
Tropical coastal systems are particularly prone to periods of environmental
hypoxia, which can result from organismal respiration as well as thermal
stratification, and may be further exacerbated by anthropogenic disturbances.
In this study I used five genetically distinct populations of Australian
barramundi (Lates calcarifer) to examine the extent of intraspecific variability
in hypoxia tolerance. Fish were maintained at two temperatures (26°C or
36°C), representing the seasonal thermal range for this species across its
tropical distribution in Australia. All fish maintained a constant O2
consumption rate (ṀO2) as air saturation of the water decreased from 100%
down to a critical O2 level (O2CRIT) of 15.44 ± 3.20% (mean ± SD) and 21.07 ±
3.92% at 26°C and 36°C, respectively. Mean O2CRIT did not differ between
populations. No differences were found for resting ṀO2 between populations
at 26°C, however modest differences were detected between two
populations at 36°C. Resting ṀO2 was lower for populations at 26°C than at
36°C. I conclude that both hypoxia tolerance and resting ṀO2 are conserved
across the distribution of barramundi in Australia, which reflects the capacity
of this species to cope in environments with large fluctuations in both
temperature and dissolved O2.
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Introduction
The availability of dissolved O2 (DO) in aquatic systems is critical in
defining the abundance and distribution of biological communities (Pearson
et al., 2003). In freshwater and estuarine systems, O2 can fluctuate between
normoxia and severe hypoxia due to respiration of organisms inhabiting such
systems and thermal stratification (Brauner and Val, 2005; Pearson et al.,
2003). In tropical regions, initial rains at the onset of the monsoon season
can carry high loads of organic material into freshwater and estuarine
systems causing a rapid depletion of O2, which can be fatal for resident
animal populations (Bishop, 1980; Erskine et al., 2005; Townsend et al.,
1992). Furthermore, natural occurrences of hypoxia may be exacerbated by
anthropogenic disturbances such as agriculture and urbanisation (Pollock et
al., 2007).
Altered weather patterns resulting from climate change have the
potential to exacerbate periods of environmental hypoxia. Higher water
temperatures reduce the solubility of O2 in water while concurrently
increasing the metabolic demand for O2 in aquatic ectotherms (Diaz and
Breitburg, 2009; Weiss, 1970). As such, the unprecedented rate of
temperature rise predicted under current climate change scenarios may push
many aquatic species close to, or above, their upper thermal thresholds
(Huey et al., 2012; Morrongiello et al., 2011; Tewksbury et al., 2008). This
may be particularly pronounced at very low latitudes near the equator, where
species may be adapted to mean temperatures that may span only 1-2°C
annually (Tewksbury et al., 2008). Thus, it is likely that the elevated
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temperatures predicted to occur in the future will progressively increase the
prevalence and severity of hypoxia in aquatic systems, with flow-on effects to
larger scale processes such as population growth, fitness and ecosystem
dynamics (Pollock et al., 2007).
Fish can physiologically and behaviourally respond to fluctuating DO,
although such responses are highly species- and context-dependent. For
example, fish that encounter hypoxic conditions may actively avoid areas of
low DO (Herbert and Steffensen, 2005; Poulsen et al., 2011), increase gill
ventilation volume (Fernandes and Rantin, 1989; Jesse et al., 1967),
increase the number of red blood cells and haemoglobin concentration (Wells
et al., 1989), and/or induce bradycardia (Randall and Smith, 1967). Exposure
to acute or chronic hypoxia can have sub-lethal effects such as altered
behaviour and reduced growth and reproduction, which may be further
exacerbated by increasing water temperatures (Vaquer-Sunyer and Duarte,
2008).
The physiological responses to hypoxia are regarded to be dependent
on the frequency and severity of the hypoxic event (Farrell and Richards,
2009). Below a certain DO, most fish are unable to regulate their O2
consumption rate (ṀO2) independently of ambient O2 levels and
consequently enter a state of O2 conformity (Fernandes et al., 1995; Prosser
and Brown, 1961; Schurmann and Steffensen, 1997). The level of DO at
which this conformity occurs is referred to as the critical O2 level (O2CRIT) and
is commonly used as a measure of the hypoxia tolerance of a species
(Prosser and Brown, 1961; Schurmann and Steffensen, 1997).
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The prevalence of intraspecific local adaptation (or interdemic
variation) may influence the capacity for sub-populations to respond to
environmental changes (Grabowski et al., 2009; Tobler et al., 2011;
Whitehead et al., 2011). It has previously been proposed that selection
pressure for hypoxia tolerance may lead to variation among populations for
species with broad habitat ranges (Timmerman and Chapman, 2004). A
number of studies to date have found evidence for local thermal adaptation in
metabolic traits between populations of species including killifish (Fundulus
heteroclitus; Dhillon and Schulte 2011) and Atlantic cod (Gadus morhua;
Sylvestre et al. 2007; Grabowski et al. 2009). Local adaptation to hypoxia
between populations of fish species across broad spatial scales, however, is
less well understood and no study has investigated this for a higher-level
predator.
To help address this knowledge gap, I investigated O2CRIT and resting
ṀO2 in five different populations of Australian barramundi (Lates calcarifer)
spanning ~12° of latitude (Figure 8). Experiments were performed at two
temperatures chosen to represent typical (26°C) and warm (36°C) summer
conditions. The main aims of this study were to; 1) investigate whether
populations differ in their O2CRIT and/or resting ṀO2, 2) quantify how different
populations respond to the combined challenges of temperature and hypoxia,
and 3) determine whether hypoxia tolerance is related to latitudinal position. I
expected barramundi populations from lower latitudes to be more hypoxia
tolerant than their higher latitude counterparts due to the inverse relationship
between water temperature and O2 solubility. I also expected barramundi
(irrespective of population) to exhibit higher metabolic rates at warmer
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temperatures, and to consequently be less hypoxia tolerant due to the
elevated metabolic demand for O2.

Materials and Methods
Experimental Animals and Holding Conditions
Barramundi juveniles were obtained from five commercial hatcheries
located at Broome (Broome Aquaculture Centre), Darwin (Darwin
Aquaculture Centre), Karumba (Barramundi Discovery Centre), Townsville
(Mainstream Aquaculture) and Gladstone (Gladstone Water Board
Barramundi Hatchery) (Figure 8). All five hatcheries use broodstock sourced
from local rivers that are separated by a minimum of 700 km (Fig. 8). Wild
populations of Australian barramundi differ genetically (Doupé et al., 1999;
Keenan, 1994) and broodstock maintained at these locations have been
identified as genetically distinct (Smith-Keune et al, unpub. data). Prior to
experimental treatments, fish were on-grown to a size of ~200 g over
approximately 10 months in tanks containing fresh water connected to a
recirculating system at the Marine and Aquaculture Research Facility Unit of
James Cook University, Townsville, Australia. All fish were fed ~1% body
mass per day using a commercial pelleted feed (Ridley Aquafeed, Narangba,
Australia), and maintained at 26 ± 1°C under a 12:12 hour photoperiod.
Dissolved O2 (DO) was maintained >75% saturation in the holding tanks and
water quality was monitored daily. Individual fish were weighed and
measured prior to experiments and following respirometry. Mean (± SD) body
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mass and condition factor of fish after respirometry were 194.2 ± 22.6 g and
1.2 ± 0.1, respectively.
105 × mass
K=
length3

Equation 1 - Condition factor (Froese, 2006): mass (g) and length (mm)

Figure 8 - Map of Australia showing where individual populations of barramundi were
collected, as follows: BME, Broome; DRW, Darwin; GLT, Gladstone; KRB, Karumba; and
TSV, Townsville. Major river drainage divisions of northern Australia have been redrawn
from (Hutchinson and Dowling, 1991) and are indicated as follows: I, Indian Ocean; II,
Kimberley and Arafura Sea; III, Gulf of Carpentaria; and IV, North East Coast. Small, red
lines adjacent to the coast indicate the southerly limits of the species’ distribution. The
thicker green and red lines indicate the major stocks as per Figure 6.
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Experimental Design
Temperature treatments were selected based on a review of
atmospheric and sea-surface temperatures obtained from Australian
government databases (AIMS, 2012; BOM, 2012) and from a comprehensive
review of river temperatures from previously published data (Pusey et al.,
1998; Stuart and Berghuis, 2002; Webster et al., 2005). Based on this
information, the two temperature treatments were; 1) a ‘typical’ temperature
(26°C), which is representative of the annual mean across the species
distribution in Australia and the temperature at which the fish had been held
long-term, and 2) a ‘warm’ temperature (36°C), which is regarded to be
representative of the upper limit that wild populations experience (Russell
and Garrett, 1983), but still within the known tolerance limits for the species
(Bermudes et al., 2010). Prior to experiments, fish were removed from their
holding tanks and acclimated to one of two temperatures in a separate
system where water temperature could be closely controlled. While fish in the
26°C treatment did not undergo a temperature change relative to prior
holding conditions, fish used in the 36°C treatment were acclimated by
increasing the temperature by 1°C per day and then held at 36°C for a
minimum of 7 days prior to experimentation. All fish were fed as stated
above, but food was withheld for 24 h prior to conducting respirometry to
minimise the effect of specific dynamic action on O2 consumption
measurements.
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Respirometry
All measurements were performed using intermittent flow-through
respirometry following best practices outlined in Clark et al. (2013b).
Respirometers (volume = 10.3 L) were fitted with a small Perspex window to
allow fish to be observed during respirometry trials. Each respirometer was
connected to two pumps; a single recirculating pump to keep water within the
chamber mixed, and a flush pump to supply the chamber with aerated water
between ṀO2 measurements. Respirometers and flush pumps were
submerged in a shallow 1000 L tank with vigorous aeration to provide both
stable temperature conditions during experiments (26.2 ± 0.5 °C and 36.4 ±
0.2 °C) and to supply the chambers with ~100% saturated water during the
flush cycle.
Temperature-compensated O2 concentration (mg · L-1) of the water
within each chamber was continuously recorded (0.5 Hz) using O2 sensitive
REDFLASH® dye on contactless spots (2mm) adhered to the inside of each
chamber and linked to a Firesting Optical O2 Meter (Pyro Science e. K,
Aachen, Germany) via fibre-optic cables. Oxygen sensing equipment was
recalibrated daily using a one-point 100% saturation calibration and an
electrical (factory-calibrated) zero. Following initial measurements of
background respiration in the respirometers, individual fish that had been
fasted for 24 h were placed in respirometers in the evening and allowed to
acclimate to the respirometers for 16 h.

26

During the acclimation period, the flush pumps attached to each respirometer
were set to a 30:15 min on:off cycle and ṀO2 (mg O2 · kg-1 · min-1) was
measured from the decline in O2 in each respirometer during each 15 min off
cycle. Resting ṀO2* was calculated for each fish as the mean of the lowest
three measurements recorded during the acclimation period.
Following the chamber acclimation period and resting ṀO2
measurements, each flush pump was turned off and fish were permitted to
deplete the O2 within their respective respirometers down to 5% air
saturation. ṀO2 was calculated for each consecutive 5 min period during the
decline in O2 (~1.5 - 4 hours depending on temperature). Upon reaching 5%
air saturation, each flush pump was turned on to restore O2 levels to 100%
saturation. Preliminary trials conducted using similar sized fish indicated that
depletion to 5% saturation was sufficient to calculate O2CRIT but still above the
O2 levels that induce loss of equilibrium. Two values were identified from
each O2CRIT experiment; 1) pre-hypoxia ṀO2, which was calculated from the
mean of the lowest three 5-min measurements recorded between 100% and
75% saturation after flush pumps had been turned off, and 2) O2CRIT, which
was determined using previously established methods (Corkum and
Gamperl, 2009; Nilsson et al., 2010). Briefly, O2CRIT was determined by fitting
two linear regression lines to the measurements (one line based on the
calculated pre-hypoxia ṀO2, and another line based on the decrease in ṀO2
observed during the later stages of the O2CRIT test) and calculating the
intersection point of the two lines (Nilsson et al., 2004; Figure 9).
* The terminology “resting MO2” (Chapters 2 and 3) and standard metabolic rate (SMR;
Chapters 4 and 5) are used to describe the oxygen consumption rate of a fish at rest. While
these terms relate to different measurements in the broader literature, they can be
considered synonymous in the context of this thesis, as the methodology to measure each
was highly similar between studies
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After the completion of each trial, additional background respiration
measurements were obtained for each chamber in the absence of fish. Any
change in background respiration between the start and end of experiments
was assumed to be linear when correcting fish ṀO2.

Figure 9 - Plot of O2 consumption rate (ṀO2) against dissolved O2 for one fish, illustrating
how the critical O2 level (O2CRIT) was calculated as the intersection of two lines: the horizontal
line is calculated as the mean of the lowest 3 ṀO2 measurements ≥ 75% saturation, and the
line with positive slope at low DO was fit using least-squares regression.

Data Analyses and Statistics
All O2 consumption rate measurements (mg O2 · kg-1 · min-1) were
calculated using commercial software (LabChart v. 7, ADInstruments,
Sydney, Australia) from the slope of the decline in O2 concentration
according to the formula:
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ṀO2 =

∆O2
1
× V ×
M
∆T

Equation 2 - Oxygen consumption rate (ṀO2 mg O2 · kg-1 · min-1), where ΔO2 = the change
in water DO (mg · L-1), ΔT = the change in time (s), V = volume of the respirometer (L) and M
= the mass of the fish (g).

Resting ṀO2, pre-hypoxia ṀO2, and O2CRIT measurements were
obtained for 114 barramundi from the five geographically distinct subpopulations, with individual fish considered as an individual replicate for
population and temperature treatments. Individual replicates where O2CRIT
was not calculated (N = 7) were excluded from further analyses. The
temperature coefficient (Q10) was calculated as:

Q10

10

R 2 �T2 −T1 �
=
R1

Equation 3 - Temperature coefficient (Q10), where R is resting ṀO2, T is temperature, 1
represents values at 26oC, and 2 represents values at 36oC.

Statistical analyses were performed using SPSS v. 20 (IBM, Chicago,
IL, USA). A general linear model was used to assess the effect of the two
main factors (population and temperature) on resting ṀO2, pre-hypoxia ṀO2
and O2CRIT. These analyses were followed by one-way ANOVA with StudentNewman Keuls post hoc tests for O2CRIT and the non-parametric KruskalWallis test with Dunn’s post hoc comparison (where the assumption of
normality was not met) for resting ṀO2 and pre-hypoxia ṀO2 to assess
population differences at each temperature (Zar, 2010). Homogeneity of
variance and normality were assessed using Levene’s test and normal
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quantile-quantile (Q-Q) plot respectively. Data are presented as means ±
standard deviation and results were considered statistically significant at P <
0.05.

Results
Irrespective of population, resting ṀO2 of fish acclimated to 26°C was
significantly lower than resting ṀO2 of fish acclimated to 36°C (1.47 ± 0.24
mg O2 · kg-1 · min-1 vs. 3.10 ± 0.43 mg O2 · kg-1 · min-1 for all populations
combined), (F1, 110 = 563.57, P < 0.001; Figure 10). There was a significant
interaction between population and temperature for resting ṀO2 (P = 0.025).
No differences were found for resting ṀO2 between populations at 26°C (H5
= 1.446, P = 0.84). At 36°C, resting ṀO2 differed from that at 26°C (H5 =
11.25, P = 0.0239; Figure 10), although Dunn’s post hoc comparison did not
identify differences between individual populations. Pre-hypoxia ṀO2 was
higher for the Townsville population than for Darwin at 26°C (H5 = 11.90, P =
0.018) and was higher for the Gladstone population than for Broome or
Karumba at 36°C (H5 = 17.02, P = 0.002). There was no significant difference
between resting ṀO2 and pre-hypoxia ṀO2 at 26°C (F1, 92 = 0.38, P = 0.540)
or 36°C (F1, 116 = 0.00, P = 1) (Table 1). Average Q10 for resting ṀO2 and prehypoxia ṀO2 across all populations was 2.12 ± 0.30 and 2.12 ± 0.36.
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Figure 10 - Resting O2 consumption rates (ṀO2; means ± standard deviation) for five
barramundi populations at 26°C (blue; N = 48) and 36°C (red; N = 59). The continuous and
dashed horizontal lines represent the mean and standard deviation for all populations at
each temperature.

Barramundi exhibited a common and clear trend in response to
decreasing O2 with fish maintaining a relatively constant ṀO2 above the
O2CRIT, followed by a steep decline (Figure 11). There was no significant
interaction between population and temperature for O2CRIT (P = 0.486).
Temperature had a significant effect on mean O2CRIT across all populations,
with lower O2CRIT at 26°C than at 36°C (F1, 114 = 69.97; P < 0.001; Fig. 11).
No significant differences were observed for mean O2CRIT between four of the
five populations tested at both 26°C and 36°C (Figure 11). The exception
was that mean O2CRIT was highest for fish from Darwin at both 26°C and
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36°C (18.91 ± 2.97% and 23.84 ± 3.49%, respectively). O2CRIT
measurements varied between individuals, with minimum and maximum
values spanning 8.63 to 23.02% saturation at 26°C (mean = 15.44 ± 3.20%
saturation) and 13.47 to 31.17% saturation at 36°C (mean = 21.07 ± 3.92%
saturation). Fish displayed signs of distress such as erratic movements and
pale body colour below O2CRIT, however all fish recovered fully upon returning
to 100% saturated conditions.

Figure 11 - Mean critical O2 level (O2CRIT; mean ± standard deviation) for five populations of
barramundi at 26°C (blue; N = 50) and 36°C (red; N = 63). The continuous and dashed
horizontal lines represent mean and standard deviation, respectively, of O2CRIT for all
populations at each temperature. Letters indicate significant differences (P < 0.05; a < b and
A < B).
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Table 1- Mean ± standard deviation of results from respirometry. Superscript letters indicate
significant differences.
Pre-Hypoxia ṀO2

Resting ṀO2

O2CRIT

26°C
Gladstone

1.45 ± 0.24 a

1.34 ± 0.22 ab

14.05 ± 2.20 a

Townsville

1.63 ± 0.22 a

1.72 ± 0.22 b

15.12 ± 2.18 a

Broome

1.47 ± 0.24 a

1.56 ± 0.24 ab

14.35 ± 3.33 a

Karumba

1.44 ± 0.24 a

1.48 ± 0.28 ab

15.81 ± 2.13 a

Darwin

1.48 ± 0.31 a

1.25 ± 0.33 a

18.91 ± 2.97 b

36°C
Gladstone

3.37 ± 0.64 c

3.48 ± 0.68 d

19.27 ± 4.63 b

Townsville

3.06 ± 0.24 bc

3.14 ± 0.21 cd

22.92 ± 2.84 bc

Broome

2.83 ± 0.27 b

2.84 ± 0.26 c

19.69 ± 3.53 b

Karumba

2.93 ± 0.32 bc

2.89 ± 0.48 c

19.62 ± 3.11 b

Darwin

3.27 ± 0.37 bc

3.02 ± 0.28 cd

23.84 ± 3.49 c

Discussion
Species inhabiting thermally stable environments (e.g. equatorial or
polar) are thought to be physiologically constrained within a narrow range of
environmental thresholds, suggesting that they may be particularly
susceptible to increasing temperatures and increasing variability in mean
temperatures (Tewksbury et al., 2008). Due to the inverse relationship
between temperature and O2 solubility in water (Diaz and Breitburg, 2009), I
expected barramundi from lower latitudes to be more hypoxia tolerant than
their higher latitude counterparts. Contrary to expectations, Darwin fish (low
latitude) displayed a slightly higher average O2CRIT (less hypoxia tolerant)
than fish from the other four populations tested at both control and warm
temperatures. However, on the whole, I was unable to find consistent and
conclusive evidence for local adaptation in hypoxia tolerance between
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Australian barramundi populations separated by large longitudinal and
latitudinal distances.
Interspecific variation in hypoxia tolerance, as derived from O2CRIT
measurements, exists for a number of temperate and tropical fish species at
temperatures that are routine or typical (Table 2). Species such as Nile tilapia
(Oreochromis niloticus) can regulate ṀO2 down to 11 ± 3% saturation,
whereas other species such as Atlantic salmon (Salmo salar) can regulate
ṀO2 to only 36 ± 3% saturation (Table 2). Schofield and Chapman (2000)
reported a O2CRIT of 15% saturation for juvenile Nile perch (Lates niloticus) at
20°C, and also noted the tendency of Nile perch to congregate at the surface
layer of water during periods of aquatic hypoxia in an attempt to enhance O2
uptake from the more aerated surface waters (commonly referred to as
aquatic surface respiration (ASR)). It has been suggested, however, that Nile
perch are inefficient at using this technique to obtain O2 (Schofield and
Chapman, 2000). Anecdotal reports exist of farmed barramundi aggregating
at the surface during periods of low DO, however the capacity for barramundi
to utilise ASR remains unclear. No attempt was made to measure ASR in this
study, however future experiments using respirometers with an air pocket at
the surface (see Lefevre et al., 2016) would help to elucidate the potential for
ASR in barramundi and therefore their capacity to exist for extended periods
in hypoxic waters below O2CRIT.
Barramundi feature in mass mortality events in northern Australia
(Townsend et al., 1992), and previous reports indicate that barramundi
succumb rapidly to hypoxia under severe conditions. Pearson et al. (2003)
reported a ‘lethal DO concentration’ of ~ 15% saturation for barramundi living
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in temperatures ranging 28 – 30°C, however details of the fish and
experimental design were unclear, making the results difficult to interpret in
the context of the present study. In contrast, Wu (1990) reported no mortality
for 150 – 250 g barramundi held in saltwater after 8 h of exposure to ~ 15%
saturation at 25°C, but exposure to ~ 8% saturation resulted in 50% mortality
after 6.5 h. Butler et al. (2007) reported an ‘acute asphyxiation concentration’
of 4% saturation for 200 g barramundi in freshwater at 28°C. Fish were
visibly distressed under severe acute hypoxia in the present study, however
there was only one mortality during the O2CRIT tests despite the fact that each
individual fish was exposed to DO of ~ 4-5% saturation in order to obtain
precise O2CRIT measurements.
As well as measuring ‘acute asphyxiation’, Butler et al. (2007)
investigated the relationship between gill ventilation volume and frequency in
response to declining DO for barramundi at 28°C. Butler et al. (2007)
demonstrated that this species increases ventilation rates down to
approximately 15-20% saturation, followed by a steep decline in ventilation
rate as DO continues to decline. The maximum ventilation rate observed by
Butler et al. (2007) corresponds closely with the observed O2CRIT
measurements presented here. This suggests that increasingly elevated
ventilatory requirements may be needed to maintain a state of O2 regulation
by the fish under acute hypoxic conditions. Furthermore, a sharp decline in
both ventilation rate and ṀO2 may be inevitable once DO drops below O2CRIT.
There is varying evidence in the literature for local adaptation of
performance traits in populations of Australian barramundi. Cairns (latitude
16°S) and Burrum River (26°S) barramundi have been found to exhibit no
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differences in specific growth rate, critical thermal minima or critical thermal
maxima between populations (Burke, 1994; Keenan, 2000; Rodgers and
Bloomfield, 1993). Recent research, however, has documented differences in
performance traits at high temperatures for Australian barramundi from lower
(northern) latitudes compared with those from higher (southern) latitudes
through the measurement of critical swimming speed (Edmunds et al., 2010)
and time to loss of swimming equilibrium when challenged with acute water
heating (Newton et al., 2010). Edmunds et al (2012) found elevated transcript
abundance of the glycolytic enzyme lactate dehydrogenase-B (ldh-b) in
southern (Gladstone) populations of Australian barramundi, compared with
northern (Darwin) populations and suggested that southern populations may
be better adapted to cooler temperatures. Differences were observed for prehypoxia ṀO2 in this study, however such differences were not consistent with
resting ṀO2, neither was there conclusive evidence for a latitudinal trend.
The results from this study indicate that both resting ṀO2 and hypoxia
tolerance are conserved across populations of Australian barramundi.
Higher temperatures consistently result in elevated ṀO2 for teleost
fish, irrespective of species or life history, reflecting increased metabolic
requirements at higher temperatures (Brett and Groves, 1979; Clark et al.,
2011b; Fry and Hart, 1948). Barramundi elicit a two-fold increase in resting
ṀO2 (Q10 = 2.12) over a 10°C increase in temperature. Higher ṀO2 at
warmer temperatures might be expected to induce a decrease in hypoxia
tolerance in all fish species due to the increased O2 demands of the fish.
Results from previous studies on species such as Nile tilapia (Fernandes and
Rantin, 1989; Mamun et al., 2013), rainbow trout (Oncorhynchus mykiss; Ott
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et al., 1980) and common carp (Cyprinus carpio; Ott et al., 1980) indicate
that O2CRIT appears to be less temperature-sensitive than what is typically
found for resting ṀO2, however this is not consistent across all teleosts.
Species such as Atlantic salmon (Barnes et al., 2011), Doederlein’s cardinal
fish (Ostorhinchus doederleini; Nilsson et al., 2010) and Atlantic cod
(Schurmann and Steffensen, 1997) elicit a large increase in O2CRIT with
increasing temperature, particularly towards upper thermal tolerance limits.
My results indicate that O2CRIT displays only a small increase for barramundi
from typical (26°C) to high (36°C) temperatures, demonstrating the resilient
nature of this species to the synergistic effects of temperature and
environmental hypoxia.

Table 2 - Critical O2 level (O2CRIT; expressed as % saturation) measurements for a range of
temperate and tropical fish species

Species
Salmo salar

Lates niloticus
Prochilodus
scrofa

Anguilla anguilla
Oreochromis
niloticus
Lates calcarifer

O2CRIT
(% saturation)
36 ± 3
45 ± 4

Temperature
(°C)
18
22

Fish Mass
(g)
151 ± 41

Authors
Barnes et al., 2011 ¹

15 ± 2

20

4 - 28

Schofield and Chapman
(2000) ²

14
28

25
35

16

25

244 ± 76
295 ± 49
(yellow
phase)

11 ± 3
19 ± 0
15 ± 3
21 ± 4

25
35
26
36

Fernandes et al., 1995 ²

301 ± 46

Cruz-Neto and
Steffensen (1997) ²
Fernandes and Rantin
(1989) ²

191 ± 23

Present Study

¹ O2CRIT converted to % saturation from mg · L⁻¹ (100% saturation = 9.4 mg · L⁻¹ at 18 °C and 8.7 mg · L⁻¹ at 22 °C)
² O2CRIT converted to % saturation from mmHg (100% saturation = 159 mmHg)
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Aside from temperature, a number of other environmental parameters
can impact the hypoxia tolerance of fish. The ability to adjust to hypoxic
conditions through a lowering of O2CRIT following pre-exposure has been
reported for the epaulette shark (Hemiscyllium ocellatum; Routley et al.,
2002) and goldfish (Carassius auratus; Fu et al., 2011), although Cook et al.
(2011) found no differences in O2CRIT between naïve and hypoxia-conditioned
silver sea bream (Pagrus auratus). Henriksson et al. (2008) demonstrated
that alterations in salinity can increase the O2CRIT by up to 30% in prickly
sculpin (Cottus asper) acclimated to freshwater, compared with fish adapted
to seawater, however the same trend was not observed in the closely related
Pacific staghorn sculpin (Leptocottus armatus). Barramundi inhabit
environments that are prone to acute and chronic hypoxia, and such
environments also experience broad fluctuations in salinity and temperature.
Currently there is no understanding of the effects of exposure to repetitive
(short term) or chronic (long term) hypoxia on the physiology and
consequently performance of barramundi. However, this topic warrants future
research to elucidate more fully the capacity of fishes to tolerate extreme and
variable environments.
Elevated temperatures due to climate change are predicted to
increase the frequency and severity of hypoxic events through lower O2
solubility, increased animal respiration rates and enhanced stratification (Diaz
and Breitburg, 2009; Justic et al., 2001). Such conditions have the potential
to increase habitat availability at higher latitudes while leading to the
deterioration of habitats at lower latitudes (Graham and Harrod, 2009).
Nutrient inputs to aquatic coastal systems from human waste and agriculture,
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combined with habitat degradation through increased land use, have the
potential to further exacerbate the effects of environmental hypoxia on
physiological systems. The present study has shown for the first time that a
tropical euryhaline fish, barramundi does not display obvious local adaptation
in resting ṀO2 and hypoxia tolerance. This strongly suggests that all
populations of this species in northern Australia can cope equally well in
environments with large fluctuations in both temperature and dissolved O2.
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CHAPTER 3. PHYSIOLOGICAL PLASTICITY VERSUS
INTER-POPULATION VARIABILITY: UNDERSTANDING
DRIVERS OF HYPOXIA TOLERANCE IN A TROPICAL
ESTUARINE FISH

Abstract.

Physiological plasticity and inter-population variability (e.g.,

local adaptation) are two key drivers in determining the capacity for species
to cope with environmental change, yet the relative contribution of each
parameter has received little attention. Here, I investigate the acclimation
potential of two geographically-distinct populations of the barramundi (Lates
calcarifer) to diel hypoxia. Fish were exposed to a daily hypoxia challenge of
6 h below 62% saturation, down to a minimum of 10 ± 5% saturation,
followed by a return to normoxia. Respiratory and haematological variables
were assessed after 8 and 16 d of daily hypoxia exposure. Hypoxia tolerance
(measured as the critical O2 level; O2CRIT) was not different between
populations and not different from control fish after 8 d O2CRIT = 20.7 ± 2.8%
saturation), but improved similarly in both populations after 16 d (O2CRIT =
16.5 ± 3.1% saturation). This improvement corresponded with increases in
haematocrit and haemoglobin, but not an increase in the mean cell
haemoglobin concentration. Given the similarity of the response between
these two geographically-distinct populations, I conclude that hypoxia
tolerance for barramundi may be more dependent on physiological plasticity
than inherent variability between populations.
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Introduction
Environmental hypoxia occurs naturally in many aquatic environments due to
high biological O2 demand and stratification (Diaz and Breitburg, 2009).
However, many aquatic systems, particularly in coastal regions, are predicted
to undergo more frequent and severe episodes of hypoxia as anthropogenic
pressure continues to increase and the climate continues to change (Diaz
and Breitburg, 2009; Gillanders et al., 2011). In the tropics, environmental
hypoxia may be particularly pronounced as water temperatures and
metabolic rates of ectothermic animals are elevated in parallel (Almeida‐Val
et al., 2005), and the solubility of O2 in water decreases with increasing
temperature (Davis, 1975). Understanding the acclimation potential of
aquatic organisms to hypoxia will be critical to predict the impact of
increasing eutrophication and hypoxia on tropical aquatic systems.
Many vertebrates with broad geographical distributions exist not as a single
continuous population, but rather as multiple populations that may occur in
partial or complete reproductive isolation. Prevailing environmental
conditions, including temperature and dissolved O2, are expected to drive
selection pressure for locally adapted genotypes and/or phenotypes (Crispo
and Chapman, 2008; Tewksbury et al., 2008). Tolerance to acute
environmental change such as hypoxia may be achieved in the short term
through plasticity in physiological traits (Crispo and Chapman, 2010; Via et
al., 1995). Such responses may subsequently come under genotypic control
through genetic accommodation, resulting in locally adapted populations
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(West-Eberhard, 2005). Determining the relative importance of physiological
plasticity and inter-population variability in conferring hypoxia tolerance is
important for understanding how fish populations will respond to an
increasing prevalence of environmental hypoxia (Pollock et al., 2007;
Vaquer-Sunyer and Duarte, 2008).
Across the tropical and sub-tropical Indo-Pacific, the Asian sea-bass or
barramundi (Lates calcarifer) exists as multiple genetically-distinct
populations (Chenoweth et al., 1998). This species experiences substantial
variability in temperature and dissolved O2 across spatial scales and exhibits
localised habitat affinity (Moore and Reynolds, 1982; Russell and Garrett,
1988). These attributes make it an excellent candidate species to investigate
the roles of physiological plasticity and inter-population variability in
determining hypoxia tolerance. Two populations of barramundi were selected
for the present study; one from a low latitude, tropical location (Broome,
Western Australia [WA], 17° 57ʹ) and one from a higher latitude, sub-tropical
location (Gladstone, Queensland [QLD], 23° 50ʹ; Figure 8). Average annual
sea-surface (28.7 ± 2.1°C vs. 23.9 ± 2.4°C), river-surface (28.0 ± 1.8°C vs.
19.8 ± 3.8°C) and air (26.7 ± 3.2°C vs. 22.6 ± 3.5°C) temperatures differ
substantially between the tropical (WA) and sub-tropical (QLD) locations,
respectively (AIMS, 2012; BOM, 2012; Burford et al., 2011; Kay et al., 1999;
Pusey et al., 2004; Stuart and Berghuis, 2002). Given that temperatures are
higher at low latitudes and daily fluctuations in dissolved O2 due to
photosynthesis and respiration are severe (Val et al., 2005), I hypothesised
that barramundi living at lower latitudes would be better adapted and show
greater physiological plasticity to environmental hypoxia than their
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conspecifics living at higher latitudes. To test this hypothesis, I exposed the
two geographically-distinct populations of barramundi to diel cycling hypoxia
and quantified the responses in haematology and respiration at distinct time
points over 16 d of exposure.

Materials and methods
Animals and holding conditions
Barramundi juveniles were obtained from commercial hatcheries at a lowlatitude, tropical site (Broome, WA) and a high-latitude, sub-tropical site
(Gladstone, QLD) and air-freighted to Townsville, QLD. All fish were
approximately 3 months of age when collected. Both hatcheries use locallysourced broodstock and are separated by > 6,000 km (coastal distance).
Additionally, environmental conditions at the two hatcheries were very similar
during juvenile rearing, with dissolved O2 similar at both locations (>75% air
saturation) and mean rearing temperature slightly higher for the tropical
location (28.0 ± 1.1°C) than for the sub-tropical location (26.4 ± 1.4°C)
(Hayes, T., pers. comm., Aris, A., pers. comm.). The origin of fish used in this
study was verified using fin-clip samples for DNA extraction and
microsatellite sequencing, in comparison with known samples (Smith-Keune,
unpub. data; for full details of methods, see Jerry et al. (2013)). Fish were
held in 2,500 L tanks in a freshwater recirculating system and grown to a
mass of ~ 300 g at 26 ± 1°C over 24 months. This period of time helped to
ensure that the two populations were acclimated to the same conditions such
that inter-population differences could be investigated without the
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confounding effects of different acclimation histories. Dissolved O2 was
maintained >80% air saturation and photoperiod was maintained at 12:12 h
(L:D) during the holding period. All fish were moved to the experimental tank
system 11 d prior to the commencement of experiments to allow them to
settle. Temperature in the experimental system was increased from 26°C to
30°C at the rate of 1°C · d-1 and the new temperature (30°C) was maintained
for 7 d prior to commencing the experimental protocol.

Experimental design
An experiment was conducted to test the effects of repeated diel hypoxia
exposure on the aerobic metabolism and haematology of the fish, with
population (WA or QLD) and number of consecutive days exposed to hypoxia
(0, 8 or 16 d) as the main factors. Fish were randomly allocated to receive
one of two experimental sampling procedures: haematology or respirometry.
Throughout the experiment, individuals were used for either respirometry or
haematology, but never for both. Further, individuals were used only once for
sampling at a single time point and thus all measurements collected are
considered independent. Experimental procedures were replicated over two
consecutive months (December, 2013 and January, 2014) to achieve desired
sample sizes. Four fish (mean mass = 314 ± 27 g; Fulton’s condition factor
(K; Froese (2006)) = 1.23 ± 0.03) were placed into each of 50 × 100 L tanks
(25 tanks in each of December and January).
Tanks were considered sampling units (N = 4, haematology; N = 3,
respirometry) and fish within tanks (N = 4) were considered sub-samples.
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Time = 0 d acted as the initial control group (N = 16 fish per population for
haematology, N = 12 fish per population for respirometry). Control
measurements (i.e., constant normoxia) were additionally taken for a sub-set
of fish (N = 4 per population) on each of days 8 and 16. These control
measurements were statistically similar to the initial control group (Dunnett’s
post hoc test; see below), and so all control measurements were
subsequently pooled to create one single control group (N = 24 per
population) against which the treatment groups were compared (see Data
analysis). Treatment allocation for tanks was randomised between all 50
tanks and across the two months.

Hypoxia acclimation
Environmental hypoxia is defined by Farrell and Richards (2009) as the O2
partial pressure where physiological function is first compromised. Farrell and
Richards (2009) also state that this definition of hypoxia is plastic, depending
on the physiological system (species) being examined. Butler and Burrows
(2007) identified a critical trigger value (CTV) of 62.5% saturation for
barramundi (below this dissolved O2 (DO) the fish began increasing their
ventilation rate to maintain homeostasis). Therefore, for the purposes of
defining a hypoxia treatment protocol in the present study, DO below 62%
saturation was considered hypoxic.
The hypoxia treatment protocol simulated natural fluctuations in dissolved O2
within northern Australian rivers (Butler and Burrows, 2007). Hypoxia in
experimental tanks was achieved through the addition of nitrogen gas to a
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common ‘sump’ tank connected to the recirculating system using a custombuilt gas-diffusion column. Dissolved O2 was controlled in each tank by
adjusting rates of water flow and aeration. The hypoxia treatment consisted
of a decline in dissolved O2 from >75% saturation down to 10.0 ± 4.6%
saturation, followed by a return to normoxia (Figure 12). Dissolved O2 was
maintained below 62% saturation for 6.0 ± 0.8 h each day. Fish were fed a
commercial pelleted food at a rate of 2% body-mass · d-1, 2 h following the
daily return to normoxia. All fish were fasted for 48 h prior to respirometry or
blood sampling to minimise the effect of digestive processes on the
measurements. Water temperature was maintained at 30.6 ± 0.2°C in
experimental tanks. The experimental system was exposed to natural
daylight and hence fish experienced a natural photoperiod (13:11 h, L:D) for
the duration of experiments.
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Figure 12 - Average dissolved O2 (DO: mg · L-1) measurements (N = 32 per data point)
recorded during the experimental period. Each data point represents the mean ± standard
deviation for 15-min intervals. Open circles indicate DO within normoxic tanks, and closed
circles indicate DO in tanks undergoing daily hypoxia. The dashed horizontal line indicates
the DO considered hypoxic for this species (62% saturation: equal to 4.86 mg · L-1 at 30°C).

Respirometry
Oxygen consumption rates (ṀO2) were measured using intermittent flowthrough respirometry in subsets of fish on days 0, 8 and 16 using techniques
described in Collins et al. (2013) and following best practises (Clark et al.,
2013a). Briefly, fish (N = 4 per day; N = 84, total) from one experimental tank
were transferred from the experimental system to respirometers (3.3 L; 1 fish
per respirometer). All respirometers were submerged in a 1,000 L tank that
provided fully air-saturated water during the flush cycle of respirometry.
Oxygen concentration within each chamber was recorded using a Firesting
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Optical O2 Meter (Pyro Science, Aachen, Germany). Fish were acclimated to
the chamber for 19 h (Figure 13), with ṀO2 being recorded every 15 min
between flush cycles. Resting ṀO2 was calculated as the mean of the lowest
5% of ṀO2 measurements over the 19 h period.

Figure 13 - Oxygen consumption rates (ṀO2: mg O2 · kg-1 · min-1) recorded every 15 min
during the chamber acclimation period of respirometry for tropical (a) and sub-tropical (b)
populations of barramundi (30°C). Each data point represents the mean ± standard
deviation.
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Following the acclimation period, the respirometer was sealed until the fish
depleted the O2 within the chambers to 5% saturation, after which the flush
pump was turned on again to restore O2 levels to 100% saturation. The ṀO2
was calculated for each consecutive 3 min period during the decline in O2
and the procedure lasted approximately 1.5 h. Two linear regressions were
fitted to the ṀO2 measurements and the O2CRIT was calculated as the
intersection point of the two slopes as per Nilsson et al. (2010), (Figure 14).
Individual fish where O2CRIT was not able to be calculated (N = 3) were
excluded from further analyses. Water temperature was maintained at 29.5 ±
0.3°C during respirometry, and fish were exposed to a 12:12 (L:D)
photoperiod.

Figure 14 - Plot of O2 consumption rate (ṀO2) against dissolved O2 for one fish, illustrating
how the critical O2 level (O2CRIT) was calculated in this study as the intersection of two lines,
fit using least-squares regression.
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Blood sampling
Following the final period of hypoxia exposure, fish were held under normoxic
conditions overnight before blood sampling the next morning, during the time
period of 09:00 to 12:00 h. Normoxic control fish were sampled at the same
time as fish exposed to hypoxia. Fish were removed individually from
experimental tanks and blood was collected from the caudal vasculature
using heparinised syringes (Li+ heparin, Merck Millipore, Victoria, Australia;
21G needles). Only one tank was disturbed at any one time and all blood
sampling was completed within 6 min of initial tank disturbance. Average time
to blood collection following removal from the tank was not different between
tropical (67.4 ± 5.8 s) and sub-tropical (66.9 ± 13.4 s) populations,
respectively, or between sampling cohorts (see Clark et al. (2011a) for
discussion of blood sampling efficacy). Glucose and lactate were measured
from whole blood using commercial test strips (Accutrend®; Roche
Diagnostics, Indiana, USA) (Wells and Pankhurst, 1999). Haematocrit (Hct)
was measured using heparinised micro-capillary tubes following
centrifugation at 10,000 g for 3 min. Packed red cell volume was measured to
the nearest mm using callipers. Haemoglobin (Hb) was measured using a
hand-held analyser including a correction for fish blood (Hemocue,
Ängelholm, Sweden; see Clark et al. (2008)).
MCHC =

Hb
Hct × 0.01

Equation 4 - Mean cellular haemoglobin concentration (MCHC): haemoglobin (g · dL-1)

Mass (g) and total length (mm) were recorded for every fish following either
respirometry or blood sampling. Fish mass (312.8 ± 24.5 g and 314.2 ± 32.8
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g) and condition factor (K: 1.25 ± 0.02 and 1.22 ± 0.04) were not different
between respirometry or blood sampling cohorts, respectively.

Data analysis
Data analysis was performed using GraphPad Prism v. 6 (La Jolla, California,
USA). Treatment means for haematology or respirometry were compared
using a general linear model (GLM) with experimental treatment (control or
exposed to hypoxia for 8 or 16 d) and population origin (tropical or subtropical) as fixed factors. Normality and homoscedasticity were assessed
using Kolmogorov-Smirnov test and Bartlett’s test, respectively. Control
measurements (i.e., constant normoxia) taken from each population at 0 d (N
= 16 per population for haematology or N = 12 per population for
respirometry), 8 d (N = 4 per population) and 16 d (N = 4 per population)
were compared using Dunnett’s post hoc test to determine if initial
measurements were significantly different from those collected from the
same population of fish held in normoxia throughout the experiment. No
differences were detected between controls across days (P > 0.05 for all
tests) and consequently data were re-analysed using a combined mean for
all control measurements within each population. Differences between
treatments were assessed and quantified using Tukey’s post hoc test.
Results were considered statistically significant when P ≤ 0.05. All data, with
the exception of boxplots (10th to 90th percentile), are presented as means ±
standard deviation.
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Results *
Respirometry
There were no differences in resting ṀO2 between populations or treatment
groups (Overall mean resting ṀO2 for controls = 1.54 ± 0.24 and 1.52 ± 0.34
mg O2 · kg-1 · min-1 for tropical and sub-tropical populations, respectively).
Fish of both populations and treatments exhibited a common trend in
response to decreasing DO that was characterised by a relatively stable ṀO2
above the O2CRIT, followed by a steep decline (Figure 14). The O2CRIT did not
differ between populations on day 0, yet the GLM revealed that duration of
hypoxia exposure had an overall significant effect on the O2CRIT of both
populations (F2, 79 = 15.87, P < 0.0001). After 8 d of hypoxia treatment, the
O2CRIT was not different from controls in either population, however after 16 d
O2CRIT was significantly lower in both tropical (17.0 ± 2.2% saturation) and
sub-tropical (16.0 ± 3.7% saturation) populations (Figure 15). No differences
existed in O2CRIT between populations, and there was no interaction between
population and hypoxia treatment (population, F1, 79 = 2.33, P = 0.1308 |
population*hypoxia treatment, F2, 79 = 0.006, P = 0.9943).

* The results presented herein for Chapter 3 are identical to those presented in Collins et al,
2016, Mar FW Res, 67(10), 1575-1582. The data have since been re-analysed due to
improvements in analytical methodology during the writing of this thesis. The results of the
additional analyses are presented in Appendix D of this thesis (see Figures 57 to 65 and
Tables 11 to 16).
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Figure 15 - Critical O2 level (O2CRIT) boxplots (10th to 90th percentile) for tropical (grey) and
sub-tropical (white) populations of barramundi. Fish were exposed to normoxia (control) or a
daily hypoxia challenge for 8 or 16 days. Each box within the plot represents the average of
three replicate tanks (N = 12 fish) for treatments (8 and 16 days) or five replicate tanks (N =
20 fish) for controls (sampled on Days 0, 8 and 16). Statistically significant differences (P <
0.05) between times are denoted by an asterisk. Statistically similar values between
populations and time are denoted by similar letters above boxes, whereas dissimilar letters
indicate differences (P < 0.05; a > b > c).
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Haematology
Exposure of barramundi to diel hypoxia had a significant effect on Hct (F2, 94
= 7.933, P = 0.0007) and Hb (F2, 98 = 6.361, P = 0.0025) that only emerged
after 16 d (Figure 16, Table 3). At 16 d, Hct and Hb were higher than controls
for the sub-tropical population but not for the tropical population. Both Hct
and Hb were significantly higher in sub-tropical fish than for tropical fish (Hct,
F1, 94 = 4.075, P = 0.0464; Hb, F1, 98 = 6.187, P = 0.0146). There were no
effects of either population or hypoxia exposure time on MCHC (Figure 16),
and there was no interaction between population and hypoxia treatment for
Hct (F2, 94 = 1.096, P = 0.3385), Hb (F2 98 = 1.146, P = 0.3222) or MCHC (F2,
94

= 0.984, P = 0.3776). Blood glucose (1.11 ± 0.40 mmol · L-1 and 1.24 ±

0.54 mmol · L-1) and lactate (0.74 ± 0.16 mmol · L-1 and 0.89 ± 0.25 mmol · L1)

were not different between hypoxia treatments for tropical and sub-tropical

populations, respectively (Table 3), however glucose was higher for the subtropical population in general (glucose: F2, 95 = 2.384, P = 0.0977; F1, 95 =
8.972, P = 0.0035 | lactate: F2, 98 = 1.51, P = 0.2262; F1, 98 = 2.11, P =
0.1491).
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Figure 16 - Mean haematocrit (a, upper panel), haemoglobin (b, middle panel) and mean
cellular haemoglobin concentration (MCHC; c, lower panel) in two populations of Australian
barramundi: tropical (Broome, WA; grey) and sub-tropical (Gladstone, Qld; white). Fish were
exposed to normoxia (control) or a daily hypoxia challenge for 8 or 16 days. Each box within
the plot represents the average of four replicate tanks (N = 16 fish) for treatments (8 and 16
days) or six replicate tanks (N = 24 fish) for controls (sampled on Days 0, 8 and 16).
Statistically significant differences (P < 0.05) between times are denoted by an asterisk.
Statistically similar values between populations and time are denoted by similar letters above
boxes, whereas dissimilar letters indicate differences (P < 0.05; b > a).

Discussion
The present study demonstrates for the two populations of diadromous
barramundi examined in this study that short-term acclimation to diel cycling
hypoxia is driven primarily by physiological plasticity rather than population of
origin. Natural selection is expected to favour the preservation of
physiological plasticity in populations that experience large environmental
fluctuations (Chapman et al., 2000). This concept has been examined
extensively in the context of temperature (Righton et al., 2010; Seebacher et
al., 2015), however the role that population of origin or physiological plasticity
play in hypoxia tolerance has received less attention. Improved hypoxia
tolerance following diel hypoxia exposure, as observed in this study (20%
decrease in O2CRIT after 16 d), has been demonstrated in geographically and
phylogenetically distant species, including southern catfish (Silurus
meridionalis; 22% decrease), qingbo (Spinibarbus sinensis; 29% decrease)
and the epaulette shark (Hemiscyllium ocellatum; 29% decrease) (Dan et al.,
2014; Routley et al., 2002; Yang et al., 2013). No differences were observed
in resting ṀO2 between populations or treatments which is consistent with
previous studies (Dan et al., 2014; Yang et al., 2013). Despite the variability
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in metabolic acclimation between species, the capacity and magnitude of
hypoxia acclimation appear to be conserved across a broad range of fishes
and this may reflect the importance of physiological plasticity as a survival
strategy in environments prone to hypoxia.
The O2CRIT is a common measurement for determining hypoxia tolerance and
represents the transition of an animals’ ṀO2 from being independent to being
dependent on environmental O2 (Almeida‐Val et al., 2005; Nilsson and
Ostlund-Nilsson, 2004). A decrease in O2CRIT, as observed in this and other
studies, indicates an increased capacity for O2 regulation during conditions of
hypoxia and thus an improved ability to utilise aerobic metabolism, which is
energetically more efficient than anaerobic metabolism. Diel-cycling O2 levels
occur year-round in some tropical freshwater systems, but may become more
frequent and severe as water recedes from main river channels and
becomes concentrated in isolated water bodies (Almeida‐Val et al., 2005;
Brauner and Val, 2005; Waltham et al., 2013). Such increases in diel-cycling
of O2 are strongly influenced by the quantities of micro-algae and plants
present in these systems (Waltham et al., 2013). In the present study,
acclimation to daily hypoxia (lower O2CRIT) occurred between 8 and 16 d in
both populations. These results indicate that hypoxia tolerance improves
following a number of consecutive days of hypoxia exposure. This functional
response likely improves survival in the natural environment as waters
recede and conditions of diel-cycling dissolved O2 become more severe.
Whether a further decrease in O2CRIT is possible after more than 16 d of daily
hypoxia is not known, but based on the studies outlined above it appears
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likely that a 20-30% reduction in O2CRIT might represent a limit to most
species.
Haematological parameters increased for the two barramundi populations
following hypoxia exposure, however the magnitude of the increase was
greater for the sub-tropical population. Both Hct and Hb were higher for the
sub-tropical population, however this did not translate into enhanced hypoxia
tolerance (lower O2CRIT) when compared with the tropical population. Blood is
the primary transport medium for O2 and it is expected that acclimation to
hypoxia would be accompanied by changes to the O2 transport capacity of
fish blood (Kind et al., 2002; Tetens and Lykkeboe, 1981; Wells, 2009a). This
hypothesis is supported by observations in goldfish (Carassius auratus),
where chronic hypoxia exposure elicits a reduction in O2CRIT that correlates
with increased Hb and lamellar surface area (Fu et al., 2011). Contrary to my
findings, killifish (Fundulus heteroclitus) increase Hb and Hct following
exposure to chronic hypoxia but not diel-cycling hypoxia, with O2CRIT
decreasing by a similar magnitude under both chronic and diel-cycling
hypoxia (Borowiec et al., 2015). Increases in circulating Hct and Hb were
observed in both Atlantic cod (Gadus morhua) and snapper (Pagrus auratus)
following hypoxia exposure, however this was not accompanied by any
change in hypoxia tolerance (Cook et al., 2013; Petersen and Gamperl,
2011). Such increases in circulating Hb may be accompanied by improved
blood- O2 affinity and a reduction in erythrocyte organic phosphates, as
observed in rainbow trout and European eel (Anguilla anguilla) (Bushnell et
al., 1984; Wood and Johansen, 1972). While many of these aspects remain
to be investigated in barramundi, the observed increases in both Hct and Hb

59

would likely increase O2 carrying capacity of the blood and enable improved
O2 uptake during daily hypoxic episodes. Changes to blood parameters
under hypoxia appear to be species-specific and may also be related to lifehistory, as well as being influenced by the nature of the hypoxic episode.

Table 3 - Mean ± standard deviation of results from the haematology component of the
experiment.
parameter
Treatment

Population

Hct

Hb

MCHC

Glucose

Lactate

Control

Tropical

0.25 ± 0.02

72.50 ± 3.62

297.28 ± 10.17

1.02 ± 0.26

0.73 ± 0.07

Sub-Tropical

0.25 ± 0.01

74.00 ± 4.47

292.94 ± 22.50

1.31 ± 0.39

0.76 ± 0.08

Tropical

0.25 ± 0.01

73.75 ± 4.35

304.75 ± 3.76

0.81 ± 0.22

0.82 ± 0.16

Sub-Tropical

0.26 ± 0.02

78.00 ± 5.29

300.20 ± 17.78

1.25 ± 0.44

0.78 ± 0.17

Tropical

0.27 ± 0.02

77.50 ± 4.36

288.35 ± 10.60

1.23 ± 0.43

0.75 ± 0.10

Sub-Tropical

0.29 ± 0.03

85.50 ± 3.79

304.50 ± 34.06

1.33 ± 0.40

0.92 ± 0.20

8

16

The observation of limited inter-population differences is consistent with
previous findings for populations of hatchery-reared barramundi exposed to
short-term hypoxia (Collins et al., 2013), although it must be acknowledged
that the use of only two populations in this study imposes some limitations as
regards inferences for adaptive responses for the species as a whole
(Garland and Adolph, 1994). Previous studies with barramundi populations
have reported that some traits may display differences associated with
temperature (Edmunds et al., 2012; Edmunds et al., 2010; Newton et al.,
2010), however acute hypoxia tolerance appears conserved across the
distribution irrespective of acclimation temperature (Collins et al., 2013). The
routine metabolic rate and aerobic scope of barramundi is reported to be
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similar across different populations and temperatures (Gamble et al., 2014;
Jerry et al., 2013) and may indicate a similar potential for hypoxia acclimation
across the distribution of this species in Australia, however this remains to be
demonstrated empirically. Both dissolved O2 and temperature display large
spatio-temporal variation in riverine and estuarine systems of northern
Australia (Butler, 2008; Butler and Burrows, 2007), and these results indicate
that hypoxia may be less important than temperature in driving population
differences for large estuarine fish species. While every effort was made in
the present study to control environmental conditions, I was not able to
control for any developmental plasticity or maternal effects that may have
occurred in the hatcheries prior to fish collection. Further studies across the
distribution of this species in the tropical and sub-tropical Indo-Pacific may
help to decipher any role of developmental plasticity or maternal effects
contributing to hypoxia tolerance, as well as helping to further elucidate the
role of hypoxia in driving local adaptation and physiological plasticity in
fishes.
The necessity for hypoxia acclimation may be mitigated where refugia with
conditions of less severe dissolved O2 exist (Burleson et al., 2001; Kramer,
1987; McNeil and Closs, 2007). Avoidance behaviour was not assessed in
the present study, as hypoxia in the treatments was inescapable, however
dissolved O2 in northern Australian rivers may vary greatly within the same
body of water (Butler, 2008; Butler and Burrows, 2007; Waltham et al., 2013).
Fish such as barramundi may rely on less severely affected areas for
persistence during times of severe hypoxia, however where aquatic systems
have been degraded by urbanisation and agriculture (Pearson et al., 2013),
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refugia may not exist and physiological plasticity, as observed in the present
study, may be the only mechanism for survival. Fish species such as
weakfish (Cynoscion regalis) of north-east coastal USA have been observed
to undertake diel horizontal migrations associated with declining O2 levels.
Laboratory testing with weakfish has demonstrated that hypoxia tolerance
correlates strongly with abundances observed in the natural environment,
indicating that avoidance is a critical survival strategy during severe
environmental hypoxia (Brady et al., 2009; Stierhoff et al., 2009; Tyler and
Targett, 2007). Hypoxia avoidance studies have not been conducted with
barramundi, and despite an increasing understanding of hypoxia tolerance
and respiration in this species (Butler et al., 2007; Collins et al., 2013; Flint et
al., 2015; Jerry et al., 2013; Norin et al., 2014), further research is required to
fill this knowledge gap.
The capacity for barramundi and other warm-water species to acclimate to
hypoxia over timescales relevant to climate change remains uncertain.
Nevertheless, my results suggest that physiological plasticity is a strong
driver of hypoxia acclimation over short timescales in barramundi and may be
similarly important across the species’ distribution, given that I found no
differences in plasticity for hypoxia tolerance between two genetically-distinct
and geographically distant populations. It would be prudent for future studies
to assess physiological responses of three or more populations, as such an
approach would enable a greater elucidation of adaptive responses to
hypoxia in this and other species.
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CHAPTER 4. INTRASPECIFIC DIVERSITY IN HYPOXIA
TOLERANCE OF A TROPICAL FISH IS HIGHLY PLASTIC
AND NOT DEPENDENT ON METABOLIC PHENOTYPE

Abstract
Occurrences of hypoxia are increasing in freshwater and coastal aquatic
systems, amplifying the selection pressure on individual phenotypes within
fish populations. Substantial intraspecific variability in hypoxia tolerance has
been documented in some species, yet the temporal repeatability of this
tolerance and the underlying mechanisms remain poorly understood. Here, I
address these knowledge gaps by first using loss of equilibrium (LOE) tests
to assign ~800 barramundi (Lates calcarifer) into three hypoxia tolerance
groups (sensitive, intermediate and tolerant). I then assessed individuals for
their standard metabolic rate (SMR), critical O2 level (O2CRIT), growth
performance, and temporal repeatability of time to LOE. Surprisingly, I found
no relationship between the median time to LOE (LT50) and O2CRIT across the
tolerance groups, nor between O2CRIT and SMR at an individual level. Indeed,
O2CRIT means and variability were similar across all three hypoxia tolerance
groups. The group-level time to LOE was not correlated with growth rate but
was weakly, yet significantly, repeatable after 105 days. These findings
highlight a disconnect between the interpretations derived from LOE vs.
O2CRIT measurements, and reveal a dramatic individual-level plasticity in
hypoxia tolerance that is not driven by baseline metabolic demands.
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Introduction
The capacity for any species to tolerate rapid environmental change is largely
dependent on the diversity of phenotypes within a population. Dissolved O2
displays large spatial and temporal variation in coastal and freshwater
aquatic systems, however the frequency and severity of environmental
hypoxia has increased in the past century due to nutrient enrichment from
anthropogenic sources (Díaz and Rosenberg, 2011). Hypoxia affects a range
of ecological and physiological processes (Abdallah et al., 2015; Almeida‐Val
et al., 2005; Chapman and McKenzie, 2009; Tyler and Targett, 2007) and
acts as a significant pressure on many fish populations in concert with other
natural and anthropogenic influences such as temperature and pH (Diaz and
Breitburg, 2009; Peña et al., 2010). Phenotypic diversity in hypoxia tolerance
has been documented for a small range of temperate fish species (Fu et al.,
2014; Scott et al., 2015; Shimps et al., 2005; Speers-Roesch et al., 2013),
yet comparatively little is known of tropical species despite a high prevalence
of hypoxia in warm environments (Val et al., 2005). While there have been
some recent advances in our understanding of hypoxia tolerance strategies
in fish (Dhillon et al., 2013; Mandic et al., 2009; Richards, 2011), both the
temporal repeatability and underlying drivers of intraspecific variability in
hypoxia tolerance remain poorly understood.
The emphasis throughout many historical studies on hypoxia tolerance and
other physiological traits has been on identifying trends between group
means (Borowiec et al., 2015; Collins et al., 2013; Healy and Schulte, 2012),
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rather than exploring the inherent inter-individual or intra-specific variability
(Joyce et al., 2016; Marras et al., 2010; Norin et al., 2016). Such an approach
may elucidate general, population-level patterns in environmental tolerance,
but provides little information on the broader ecological consequences of trait
variability and the inherent capacity of individuals and populations to tolerate
change (Bennett, 1987; Killen et al., 2016). Despite an increasing focus on
hypoxia as an environmental parameter of concern for many fish, intraspecific variability in hypoxia tolerance and its influence on metabolic
regulation, growth and survival have received scant attention (Roze et al.,
2013). Closer examinations of trait variability will enable a better
understanding of the sensitivity of populations and species to environmental
change, as well as helping to decipher the functional advantages of different
phenotypes.
Understanding phenotypic diversity in traits such as hypoxia tolerance relies
on robust and repeatable approaches that enable comparisons across
studies and species. There are three common, non-lethal experimental
techniques used to assess hypoxia tolerance in obligate water-breathing fish:
the critical O2 level (O2CRIT), the DO at loss of equilibrium (LOE), and the time
to LOE following hypoxia exposure (Rogers et al., 2016). These three metrics
are often measured in isolation without cross-validation (Collins et al., 2016;
Shimps et al., 2005), and while it is generally acknowledged that the
mechanisms underlying each measure differ (McBryan et al., 2016) and that
substantial diversity in responses below O2CRIT exist between species (Fu et
al., 2014; Shimps et al., 2005), it is intuitive and often implied that they should
be highly correlated (Claireaux and Chabot, 2016; Collins et al., 2016; Dan et
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al., 2014; Farrell and Richards, 2009). Further, while parameters such as
O2CRIT and time to LOE may inform intra-specific variation in hypoxia
tolerance at a given time point, they may lack temporal repeatability and thus
may not be representative of future performance (Dohm, 2002; Killen et al.,
2016; Norin and Malte, 2011). Accordingly, forecasting the performance of
fish in response to environmental hypoxia requires prior information on both
the underlying variability, and the repeatability of hypoxia tolerance
measures.

Here, many of these knowledge gaps are addressed using the barramundi
(Lates calcarifer), a euryhaline fish that routinely encounters hypoxic
conditions in its native range throughout the sub-tropical and tropical coastal
Indo-Pacific. Intra-specific variability in hypoxia tolerance in sub-tropical and
tropical populations is assessed to test the hypothesis that hypoxia tolerance
shows broad intra-specific diversity and correlates with other performance
metrics at the population level. I investigate whether individual- and
population-level assessments of hypoxia tolerance are repeatable over time
and robust across different methods. I also examine whether any relationship
exists between hypoxia tolerance and growth performance. Specifically, fish
are first separated into groups based on the time to LOE under hypoxic
conditions, and then assessed for their standard metabolic rate (SMR),
O2CRIT, growth performance and temporal repeatability of time to LOE. I
hypothesise that (1) time to LOE is repeatable over time, (2) time to LOE and
O2CRIT correlate strongly and thus provide synonymous assessments of
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hypoxia tolerance, and (3) hypoxia tolerance can be used at an individual- or
population-level to provide insight into whole-animal performance and fitness.

Materials and Methods
Animals and Holding Conditions
Barramundi were obtained from two commercial hatcheries in sub-tropical
(Gladstone; 23°S) and tropical (Innisfail; 17°S) regions of Queensland (QLD),
Australia. At the time of arrival fish were of comparable age (3 months) and
size (~40 mm). Fish were held in a freshwater recirculating system (29°C) for
three months prior to experimentation and fed a commercial diet ad libitum.
All fish were exposed to a natural photoperiod (13 h light: 11 h dark)
throughout the study.

Initial Hypoxia Challenge Test (HCT)
Hypoxia challenge tests (HCTs) at 29.1 ± 0.3°C (means ± SD herein) were
conducted on randomly selected replicate groups (24 tanks; 100 L; N ≈ 33
fish · tank-1) over a period of six days (N = 788 fish in total). Average fish
mass was 18.7 ± 4.0 g and stocking density within HCT tanks was 6.2 ± 1.2
kg · m-3. The HCT consisted of a decrease in DO from normoxia (>80% of air
saturation) to severe hypoxia (10% saturation) over 76 ± 20 min, after which
DO was maintained at 5.6 ± 0.9% saturation until fish lost equilibrium (Figure
43). DO was controlled in tanks by altering rates of water flow, aeration and
the addition of nitrogen gas through ceramic diffuser stones, and was logged
every 5 min using luminescent DO probes (Hach, Loveland, CO, USA). Fish
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were not denied access to the surface and were observed performing aquatic
surface respiration (ASR; i.e., gulping surface water) throughout the
experiment. LOE was defined as an inability to maintain an upright position in
the water column and failure to regain equilibrium within 5 s of being gently
nudged by the experimenter using a plastic rod (Roze et al., 2013;
Zambonino-Infante et al., 2013). When LOE was reached, fish were removed
from the experimental tanks and the mass, length and time to LOE were
recorded. The time to LOE was calculated for each fish as the time taken to
lose equilibrium following the depletion of DO below 10% saturation.

Fish were separated into five labelled recovery tanks containing air saturated
water, based on the time to LOE. The lower and upper quartiles were
labelled hypoxia sensitive (referred to hereafter as ‘sensitive’) and hypoxia
tolerant (tolerant), respectively. Fish in the semi-interquartile range were
labelled hypoxia intermediate (intermediate; control), and the remaining fish
in the interquartile ranges were removed and not used thereafter. LOE tests
were terminated after 410 ± 21 min, and any fish that had not lost equilibrium
(~3% of individuals) were removed and placed into the tolerant recovery
tank. Fish were given three weeks to recover following the HCT prior to
further tests. Sub sets of these fish were used for either growth or
respirometry experiments, as outlined below.
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Growth Trial
Following the initial HCTs, subsets of barramundi (N = 60 fish per population,
per hypoxia category; 3 replicate tanks per treatment (N = 360 in total)) were
assigned randomly to 18 × 100 L tanks and fed a commercial pelleted feed
(EWOS, Bergen, Norway) to satiation, twice daily for 45 d (30.4 ± 0.7 °C).
Uneaten pellets were removed from tanks 20 min following feeding and
counted. Specific growth rate, feed consumption and feed conversion ratio
were calculated as per (Yang et al., 2013).

Oxygen consumption rates (ṀO2)
Oxygen consumption rates (ṀO2) were measured on subsets of fish (N ≈ 36
per population, per hypoxia category; N = 211 in total) using intermittent flowthrough respirometry over a period of 40 days as described in Collins et al.
(2013) and following best practices (Clark et al., 2013a; Svendsen et al.,
2015). Briefly, respirometers (1.5 L) were submerged in a temperaturecontrolled (29.1 ± 0.3°C) tank that provided fully saturated water during the
flush cycle. DO was recorded using Firesting optical O2 sensors
(Pyroscience; Aachen, Germany). Mass-standardised ṀO2 was calculated
between each flush cycle for each fish as per equation 2. The SMR for each
fish was calculated using the quantile method, as per Chabot et al. (2016b).
O2CRIT tests were conducted on individuals using closed-respirometry, as per
Collins et al. (2016). Fish involved in respirometry trials were not used for any
further tests.
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HCT Repeatability
Fish (N = 354) were fed ad libitum once daily for 5 weeks after the
completion of the growth trial, after which HCTs were conducted using the
methodology described above to assess the temporal repeatability of LOE
measurements (i.e., ~105 days following the first HCT). HCTs were
conducted over 5 consecutive days (N ≈ 20 fish per HCT tank). Average fish
mass was 130.2 ± 26.7 g and stocking density within experimental LOE tanks
was 25.66 ± 2.11 kg m-3. DO was maintained at 5.1 ± 0.9% saturation until
LOE was reached, and then each individual was measured and handled as
outlined above. LOE tests were terminated after 428 ± 9 min, and any fish
that had not lost equilibrium (~3% of individuals) were removed and placed
into a recovery tank.

Data Analysis
Data analyses were performed using R v.3.2.1 (R Core Team, 2012). Results
were considered statistically significant at P ≤ 0.05 and all data are presented
as mean ± standard deviation unless otherwise stated.
Time to LOE data were compared using survival analysis procedures (Roze
et al., 2013; Zambonino-Infante et al., 2013). As LOE and not mortality was
assessed, the survival analysis is referred to herein as the ‘hypoxia resilience
analysis’ (HRA) to avoid confusion. Fish that had not lost equilibrium at the
completion of HCTs were right-censored. The HRA procedure consisted of
fitting a Cox proportional hazard’s model to assess differences between
population, hypoxia category and HCT, with fish mass included in the model
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as a covariate. The proportional hazard’s assumption was assessed via
examination of Schoenfield residuals and the accompanying chi-square teststatistic for each population, hypoxia category and HCT.

The O2CRIT was calculated for each fish using broken-stick regression (BSR)
(Muggeo, 2008), non-linear regression (NLR; Weibull function) (Marshall et
al., 2013) and least-squares regression accompanying SMR (Claireaux and
Chabot, 2016), (full details provided in Appendix B; see also Figures 28, 34).
The Weibull function and first derivative were defined as:
𝑓𝑓(x) = a × �1 −

x c
−� �
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�

Equation 5 - Weibull function: x = DO, a = asymptote, b = scale, c = shape
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Equation 6 - Weibull function (first derivative): x = DO, a = asymptote, b = scale, c = shape

With parameters a, b and c, and where x is equal to DO. The O2CRIT was
calculated for each fish where ƒ’(x) = 0.029.
It was desirable to perform goodness of fit tests to select a model that best
described the relationship between ṀO2 and DO. Least-squares regression
accompanying SMR did not meet this criterion and thus was excluded from
this procedure. Model fit to ṀO2 data (BSR or NLR) during the O2CRIT tests
were compared using Akaike weights (wi(AIC)) as per (Wagenmakers and
Farrell, 2004). NLR proved most robust (median wi(AIC) = 0.96; 1st and 3rd
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quartiles = 0.38 and 1.0, respectively; Figure 29) and thus all O2CRIT
estimates and comparisons reported herein are from NLR calculations,
unless otherwise stated (further details can be found in Appendices A and B).

Comparisons between ṀO2 or growth data across groups were conducted
using mixed model ANOVA (Bates et al., 2016; Pinheiro et al., 2014), with
the main factors (population and hypoxia category) included as fixed effects
and experimental day (ṀO2 data) or tank (growth data) included as random
effects (Thorarensen et al., 2015). Multiple comparisons of means were
performed using Tukey’s Honest Significant Difference. Correlations within
experiments and the repeatability of the median time to LOE (LT50) were
assessed using Pearson’s product-moment correlation coefficient (r).

Results
Population Effects
Significant differences existed between tropical and sub-tropical populations
for all growth parameters (Figure 42) and for time to LOE in the first HCT
(Figures 18a, 44; Table 4), but not for SMR, O2CRIT (Figure 45) or time to LOE
in the second HCT (Figure 44). No significant differences were detected
between populations in the global Cox Proportional Hazard’s Model (further
details in Appendix B).
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Initial hypoxia challenge test (HCT)
Barramundi displayed substantial variability in hypoxia tolerance and were
separated into distinct groups based on the time to LOE (Figure 17).
Sensitive (LT50 = 77 min), intermediate (LT50 = 144 min) and tolerant (LT50 =
320 min) fish displayed significant differences in time to LOE (populations
pooled: likelihood ratio test: LRT = 1 418, df = 4, P < 0.0001), (Figures 18a,
44a; Table 4). Time to LOE varied from 2 to 430 min for sub-tropical fish and
from 38 to 425 min for tropical fish (LRT = 1418, df = 4, P < 0.0001). A further
26 fish (N = 18, sub-tropical; N = 8, tropical) did not lose equilibrium. There
was a significant positive correlation between fish mass and time to LOE in
the initial HCT (r = 0.409, df = 786, P < 0.0001; Figure 22).
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Standard metabolic rate and O2CRIT *
Surprisingly, hypoxia category had no significant effect on O2CRIT (F2, 22 =
0.659, P = 0.527; Figure 18c, d). Moreover, there was no significant
relationship between the time to LOE and O2CRIT (r = 0.389, df = 4, P =
0.446), (Figure 18a). SMR was similarly not different between the hypoxia
categories (F2, 22 = 1.845, P = 0.182), and the overall relationship between
SMR and O2CRIT was not significant (r = -0.077, df = 209, P = 0.267), (Figure
18b). In contrast to the assessment of hypoxia tolerance based on time to
LOE, larger fish appeared less hypoxia tolerant based on O2CRIT
measurements (Figure 36; r = 0.408, df = 209, P < 0.0001). However, this
was probably a consequence of the mass-dependent rate of O2 depletion
within respirometers (Figure 36).

* A post hoc power analysis was conducted on the data for O2CRIT and SMR and is presented
in Appendix B (see Figures 49 and 50). The model formulation and output for O2CRIT and
SMR is presented in Tables 7 and 9, respectively. The confidence intervals for model
parameters for O2CRIT and SMR are presented in Tables 8 and 10, respectively.
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Figure 17 - Density distribution of time to loss of equilibrium in the first HCT (panel a), where
blue, orange and green bars and density lines represent sensitive, intermediate and tolerant
fish, respectively. Sample sizes are: sensitive (N = 200); intermediate (N = 209); tolerant (N
= 173). Right-censored data are not included in histograms or density functions. Panel b
illustrates survival functions (solid line ± shaded 95% confidence limits) where blue
represents sensitive fish, orange represents intermediate fish, and green represents tolerant
fish.
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Figure 18 - Panel a: the relationship between O2CRIT of barramundi (N = 211) plotted against
the mean of the LT50 (N = 788) for each population and hypoxia category (see Table 5 for
mean of LT50 results). Error bars represent standard deviation. Circles and squares
represent sub-tropical and tropical populations, respectively. Blue, orange and green
symbols represent hypoxia-sensitive, -intermediate and -tolerant fish, respectively. The red
line ± 95% confidence limits (shaded grey area) is a fitted linear regression. Panel b: O2CRIT
for all fish plotted against SMR, along with a fitted linear regression (solid red line; data
pooled for sub-tropical and tropical populations). Panel c: density histogram and density
distribution (Gaussian kernel density estimates) of O2CRIT, where blue, orange and green
shading represent sensitive (N = 67), intermediate (N = 66), and tolerant (N = 78) fish,
respectively. Panel d: mean ± standard deviation for each 2% decline in DO and fitted
Weibull functions for sensitive (blue), intermediate (orange) and tolerant (green) fish.

76

Growth Trial
There was a significant effect of hypoxia category on absolute growth rate
(AGR; F2, 12 = 5.406, P = 0.021), but not on any of specific growth rate
(SGR), mean daily food consumption, feed conversion efficiency (FCE) or
feed conversion ratio (FCR) (Figure 19; P > 0.05 for all non-significant
results). Full details of the results from the growth trial are presented in
Appendix B and illustrated in Figures 19 and 42.

Hypoxia Challenge Test (HCT) Repeatability
Consistent with the first HCT, I observed substantial variability in time to LOE
(Figure 20): 16 to 382 min for sub-tropical fish, and 19 to 427 min for tropical
fish. A further 13 fish (N = 9, sub-tropical, N = 4, tropical) did not lose
equilibrium. There was no significant difference in LT50 between fish initially
assigned to the sensitive group (LT50 = 93 min) and those assigned to the
intermediate group (LT50 = 110 min; P = 0.119); however, fish initially
assigned to the tolerant group (LT50 = 147 min) displayed significantly longer
time to LOE (LRT = 145, df = 4, P < 0.0001). This observation was further
supported by the shape of the non-linear relationship between the residual
LT50 (Figure 21a). As in the initial HCT, fish mass and time to LOE remained
positively correlated despite the fish being ~7-times larger in the second trial
(r = 0.522, df = 352, P < 0.0001), (Figure 22).
There was a significant difference in LT50 between the first and second HCT,
with fish in the first HCT (LT50 = 131 min) exhibiting a longer time to LOE
than fish in the second HCT (LT50 = 114 min), (LRT = 968, df = 5, P <

77

0.0001), (Figure 21 b, c). The group-level repeatability of the HCT after 105 d
was statistically significant (r = 0.968, t = 7.756, df = 4, P = 0.001).

Figure 19 - Boxplots displaying growth parameters: absolute growth rate (panel a), specific
growth rate (panel b), feed consumption rate (panel c) and feed conversion ratio (panel d).
Raw data are overlayed as points.
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Figure 20 - Density distribution of time to loss of equilibrium in the second HCT (panel a),
where blue, orange and green bars and density lines represent sensitive, intermediate and
tolerant fish, respectively. Sample sizes are: sensitive (N = 115); intermediate (N = 120);
tolerant (N = 119). Right-censored data are not included in histograms or density functions.
Panel b illustrates survival functions (solid line ± shaded 95% confidence limits) where blue
represents sensitive fish, orange represents intermediate fish, and green represents tolerant
fish.
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Discussion
Hypoxia tolerance and repeatability
This study shows that barramundi have a broad array of hypoxia tolerance
phenotypes that are at least weakly repeatable across hypoxia categories
(groups) and the two populations assessed over a period of ~105 days.
Indeed, while the sensitive and intermediate groups were not clearly
distinguishable in the second HCT, the tolerant group demonstrated clear
separation throughout the study as illustrated by an approximately log-normal
distribution of the density functions (Figure 21). Intriguingly, the tolerance of
individuals within categories was highly plastic, indicating that individual
rankings of hypoxia tolerance within a population can shift dramatically even
when environmental conditions remain benign. As far as I am aware, this is
the first study to demonstrate the extent of temporal plasticity of hypoxia
tolerance across large cohorts of individuals within fish populations. Notably,
the substantial diversity in hypoxia tolerance (time to LOE) between groups
did not translate to differences in growth rates or SMR, suggesting that
hypoxia tolerance does not share common mechanisms with these traits.
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Figure 21 - Repeatability of residual LT50 in the HCT (panel a) for sub-tropical (squares) and
tropical (circles) populations of barramundi. Blue, orange and green symbols represent
sensitive, intermediate and tolerant hypoxia categories, respectively. The red line is a fitted
hyperbolic equation. Panel b: Survival functions (solid line ± shaded 95% confidence limits)
for the first (black; N = 788) and second (red; N = 354) HCT (data pooled for all hypoxia
categories and populations). Panel c: Density distribution of time to LOE in the first (grey
bars; N = 788) and second (red bars; N = 354) HCT. Black and red lines overlayed represent
fitted density functions for the first (black) and second (red) HCT.
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Hypoxia category and O2CRIT
Unexpectedly, I found no relationship between time to LOE and the capacity
of fish to regulate metabolism in response to hypoxia (O2CRIT; Figure 18).
Given that O2 changes from a limiting to a lethal factor as DO falls below
O2CRIT (Claireaux and Chabot, 2016), it is generally implied that O2CRIT may
serve as an indicator of survival for species when DO becomes critically low.
Despite this, my study adds to a growing literature indicating that O2CRIT does
not provide a universal metric of hypoxia tolerance (Dhillon et al., 2013; Fu et
al., 2014; Scott et al., 2015; Speers-Roesch et al., 2013). This raises
questions regarding what constitutes hypoxia tolerance, how it should be
measured, and what isolated measurements reveal about long-term,
ecologically-relevant levels of hypoxia tolerance in individuals. While the
answers to these questions must await further research, the present study
takes a significant step towards highlighting the knowledge gaps that remain
to be filled. Importantly, I have shown that there exists a clear disconnect
between the mechanisms responsible for endurance to severe hypoxia (time
to LOE) and those responsible for the regulation of metabolism in the face of
declining environmental O2 (O2CRIT). Such mechanistic responses await
elucidation through future research, but may include changes to the quantity
of ATP produced per O2 atom consumed (Salin et al., 2015) or increased
expression of myoglobin (Wells, 2009b) when O2 declines below the O2CRIT.
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Influence of mass on hypoxia tolerance
Consistent with previous observations from a tropical fish (Almeida-Val et al.,
2000), I observed a positive relationship between mass and time to LOE in
both the first and second HCTs (Figure 22). Additionally, the mass co-variate
was highly significant in the HRA, providing further support for a strong role
of mass in time to LOE. These findings are consistent with previous
observations of DO at LOE for barramundi (Butler et al., 2007) and rainbow
trout (Roze et al., 2013), indicating that smaller fish are faster to lose
equilibrium and therefore at greater risk of mortality than larger fish during
severe hypoxia. Despite this, hypoxia tolerance was not a simple function of
mass, as LT50 in the second HCT was actually lower than in the first HCT,
despite the fish being nearly 7-times larger. Only 17% and 27% of the
variation in time to LOE could be explained by fish mass in the first and
second HCTs, respectively. Moreover, it was not necessarily the largest
individuals that completed the 7.25-h HCT without losing equilibrium (black
circles in Figure 22). The observed differences between individuals may be
attributed to factors such as the capacity for metabolic suppression during
hypoxia (Hochachka, 1990; Van den Thillart et al., 1994), the efficacy of
aquatic surface respiration (Chapman and McKenzie, 2009), and the
utilisation of anaerobic metabolism (Hochachka and Somero, 2002). While
the role that mass plays in determining hypoxia tolerance for individuals or
populations remains speculative (Nilsson and Östlund-Nilsson, 2008; Sloman
et al., 2006), the present study demonstrates that this relationship can be
masked when hypoxia tolerance is quantified using measures of O2CRIT rather
than time to LOE.
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Hypoxia category and growth performance
The relationship between metabolic rate and growth performance of fish has
been investigated extensively for a range of temperate fish species,
particularly in relation to social status, behaviour and feeding rate (Auer et al.,
2015; Burton et al., 2011; Gifford et al., 2014; Metcalfe et al., 1995; Nakano,
1995; Yamamoto et al., 1998), where fish that exhibit a higher metabolic rate
tend to exert greater dominance behaviour and often grow faster. The
capacity for metabolic regulation (O2CRIT) and metabolic rate (SMR) are
predicted to be positively correlated (although no such relationship was
observed in this study; see Figure 18a), and it may therefore have been
expected that growth performance would correlate inversely with hypoxia
tolerance. Stated another way, fish that have a higher SMR tend to be faster
growing and conventional theory suggests that fish with a higher SMR also
have a higher O2CRIT and are therefore less tolerant of hypoxia. I observed a
positive relationship between fish mass and time to LOE, such that increased
weight gain for individuals through the growth trial correlated with in an
increase in time to LOE. An alternative hypothesis is therefore that hypoxia
tolerance will correlate positively with growth rate, where fish that exhibit
higher growth rates will increase in mass faster and will be more tolerant of
hypoxia. I found no evidence for a relationship between hypoxia tolerance
and any parameter associated with growth in this study (Figure 19), however
a marked difference was observed in growth responses between the two
populations examined (Figure 42) with sub-tropical fish exhibiting a lower
feed consumption, higher SGR and lower FCR. The two populations of
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barramundi examined in this study originate from the east coast of
Queensland and hence do not display large genetic differentiation (Loughnan
et al., 2015), however, previously observed differences in performance
attributes such as swimming speed (Edmunds et al., 2010) and thermal
tolerance (Newton et al., 2010) between sub-tropical and tropical populations
are consistent with my observation of differences in growth performance
between high and low latitude populations. While it is difficult to infer any
adaptive responses between sub-tropical and tropical populations on the
basis of a two population study (Garland and Adolph, 1994) the phenotypic
responses observed may be attributed to differences in prevailing
environmental conditions between locations coupled with genetic drift (BOM,
2012; West-Eberhard, 2005), but could also be attributed to genotypic and
phenotypic differences between family lines (Anttila et al., 2013) or yearclasses (Scott et al., 2015) of hatchery populations.
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Figure 22 - Fish mass plotted against time to LOE for the first and second HCT. Fish in the
first HCT were < 40 g, and fish in the second HCT were > 40 g. Blue, orange and green
circles represent hypoxia sensitive, intermediate and tolerant fish, respectively. Black circles
represent fish that did not lose equilibrium throughout the ~7 hour trial. The red lines
represent fitted non-linear regressions.

Conclusion
This study demonstrates for the first time that hypoxia tolerance (time to
LOE) exhibits substantial intra-specific variability yet it is only loosely
repeatable at a group level. Indeed, the bounds of inherent hypoxia tolerance
are set at the level of the population, as represented by a normal distribution,
but individual fish can dramatically shift their position in the distribution over
relatively short temporal scales (<105 days). Moreover, I have shown that
time to LOE is not correlated with O2CRIT, which overturns existing belief that
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the two metrics of hypoxia tolerance are synonymous and/or provide
qualitatively similar results. This finding calls for a re-appraisal of the
ecological significance of O2CRIT, and a deeper understanding of the
ecological relevance of the different approaches used to measure hypoxia
tolerance. A range of physiological adjustments can improve hypoxia
tolerance of fishes following long-term or repeated exposure to hypoxic
conditions, yet the improvements are often minor and there appears to be a
rather rigid lower limit (O2CRIT ~ 10-15% air saturation) that is largely
conserved across species (Borowiec et al., 2015; Collins et al., 2016; Dan et
al., 2014). Thus, while many fish species including barramundi are adapted
to withstand natural bouts of environmental hypoxia, individuals are bound to
relatively inflexible limits of hypoxia tolerance that will be increasingly
challenged as anthropogenically-induced hypoxic bouts become more severe
and frequent.
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This chapter is currently in preparation for submission to the journal Ecology of
Freshwater Fish

CHAPTER 5. METABOLIC RESPONSES TO DIGESTION
ARE INDEPENDENT OF ENVIRONMENTAL OXYGEN AND
HYPOXIA TOLERANCE PHENOTYPE IN A TROPICAL FISH

Abstract

Environmental hypoxia is increasing in tropical aquatic systems due to
elevated nutrient levels from anthropogenic sources, amplifying the selection
pressure on fish populations. Increasing hypoxia will likely exacerbate sublethal effects on fish populations and may impact ecosystem productivity
through individual responses such as poor digestion and slower growth.
Here, barramundi juveniles were separated into hypoxia tolerance
phenotypes (sensitive and tolerant) using hypoxia challenge tests. Fish were
then fed a restricted ration (2.5% body-mass) and their specific dynamic
action (SDA) was assessed during digestion using intermittent-flow
respirometry under normoxic (~95% saturation) or hypoxic (~35% saturation)
conditions. There was no effect of hypoxia on the magnitude or duration of
the SDA response, however the SDA coefficient was marginally, yet
significantly lower under hypoxic conditions. Hypoxia phenotype had no
effect on the SDA response, nor on the capacity for metabolic regulation
when faced with declining environmental O2 (O2CRIT). These results suggest
that barramundi are capable of maintaining maximal digestive capacity under
chronic, moderate hypoxia, and that such responses are not influenced by
hypoxia phenotype.
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Introduction

Environmental hypoxia is a naturally occurring phenomenon in many
freshwater, estuarine and marine systems that can occur due to thermal
stratification, depth-dependent limits in photosynthesis, high biochemical O2
demand, and/or pre-flush rain events at the onset of the monsoon season
(Butler and Burrows, 2007; Diaz and Breitburg, 2009; Val et al., 2005;
Waltham et al., 2013). A variety of anthropogenic pressures are increasing
the severity of hypoxia in freshwater systems, including nutrients from
agriculture and urbanisation (Diaz and Breitburg, 2009) and the spread of
exotic plants (Perna and Burrows, 2005). Hypoxia is also common in
aquaculture, where high stocking densities can lead to O2 depletion following
feeding, or through an accumulation of organic waste in benthic sediments
(Avnimelech and Ritvo, 2003). Prevailing high water temperatures make
tropical systems particularly susceptible to hypoxic events, due to elevated
organismal metabolic demands, lower solubility of O2 in water and thermal
stratification (Val et al., 2005). Increasing human development, combined
with rising average global temperatures and extreme weather events are
predicted to exacerbate the frequency and severity of hypoxia in tropical
systems (Diaz and Breitburg, 2009), placing further pressure on fish
populations.

Fish experience a range of energetic demands that elevate metabolism
above resting levels, and of paramount importance for growth and
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development is the efficient processing of food, commonly referred to as
specific dynamic action (SDA) (Secor, 2009; Wang et al., 2009). In broad
terms, SDA is defined as the quantity of energy expended on ingestion,
digestion, absorption and assimilation of a meal (Secor, 2009).
Environmental hypoxia may compromise SDA processes by imposing an
upper limit on aerobic metabolic capacity during digestion (Fry, 1971;
Jourdan-Pineau et al., 2010; Wang et al., 2009). The effects of hypoxia on
feeding and SDA have been characterised for several temperate fish
species, and include reduced appetite and growth rates (Chabot and Dutil,
1999) as well as prolongation of digestion (Dupont-Prinet et al., 2013; Jordan
and Steffensen, 2007). The effects of hypoxia on metabolic responses may
be particularly severe in the tropics due to high metabolic demands and a
concomitant reduced solubility of O2 in water, and may become more severe
in the future as the climate continues to warm (Aust Gov - BoM, 2015) yet
aside from recent research on a facultative, air-breathing catfish (Nelson et
al., 2007; Zhang et al., 2010), baseline information on SDA responses in
tropical species remains scarce.

While it is broadly recognised that substantial diversity in hypoxia tolerance
exists between fish species (Chapman et al., 1995; Fu et al., 2014; Richards,
2011), the impressive diversity in hypoxia tolerance within species (interindividual variability) is often overlooked in empirical physiological studies
(Scott et al., 2015). Accordingly, while the average responses for
performance traits associated with hypoxia are increasingly being elucidated
(Collins et al., 2016; Fu et al., 2014; Mandic et al., 2013), the underlying
drivers and biological consequences of individual-level variability remain
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poorly understood. Specifically, it is not known whether an increased ability to
tolerate hypoxia translates into other advantages or improved performance,
such as faster growth or an improved capacity to process meals during
hypoxic conditions.

Aims and Hypotheses
Here I examine these knowledge gaps using the Asian sea-bass /
barramundi (Lates calcarifer), a euryhaline fish of substantial ecological and
economic importance throughout the tropical and sub-tropical Indo-Pacific. I
assess intra-specific variability in metabolism following digestion during
normoxia and chronic, moderate hypoxia to test the idea that hypoxia
compromises SDA responses. The moderate hypoxic treatment was selected
based on prior information of dissolved O2 conditions commonly encountered
by wild populations (Loong et al., 2005) and in aquaculture (Bade, T.,
personal comm.). I first separate fish into hypoxia tolerance phenotypes
based on the time to LOE under hypoxic conditions (hypoxia challenge tests;
HCTs), and then assess O2 consumption rates (ṀO2) following feeding. I
hypothesise that (1) moderate hypoxia will increase the duration and
magnitude of the SDA response, and (2) hypoxia tolerant phenotypes will
display less disruption of the SDA response during hypoxia compared with
sensitive phenotypes, and (3) fish that are more hypoxia tolerant, as
assessed via HCTs, will have a concomitant lower O2CRIT.
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Materials and Methods
Animals and Holding Conditions
Juvenile barramundi (N = 120) were obtained from a commercial hatchery
(GFB Fisheries, Townsville (19°S), Queensland (QLD), Australia) and roadfreighted to an outdoor, covered aquarium research facility at James Cook
University, Townsville, QLD. At the time of arrival, fish were approximately 3
months old and 40-50 mm total length. Fish were held in 18 × 100 L tanks
connected to a freshwater recirculating system (total system volume = 15 kL)
at 30.1 ± 0.3°C for one month prior to experimentation, and fed a restricted
ration (1% of body mass) every second day with a commercial pelleted feed
(EWOS, Bergen, Norway: 42 g·kg-1 crude protein, 12 g·kg-1 crude lipid). Fish
were exposed to a natural photoperiod (approximately 13 h light:11 h dark)
throughout the study.

Hypoxia challenge test (HCT)
Hypoxia challenge tests (HCTs) were conducted on fish in four replicate
tanks (100 L; N = 30 fish per tank; 30.5 ± 0.1°C), as per the methodology
outlined in Chapter 4. Briefly, fish were transferred to experimental tanks 12 h
prior to HCTs and feed was withheld from fish for 48 h prior to HCTs to
minimise the effects of handling and digestion on hypoxic responses. The
HCT consisted of a decrease in dissolved O2 (DO) from normoxia (>80%
saturation) to severe hypoxia (<10% saturation) (Figure 51). DO was lowered
in tanks by reducing water flow and aeration and by bubbling nitrogen gas
through ceramic diffuser stones. DO was recorded every 5 min using
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luminescent/optical dissolved O2 meters (Hach, Loveland, CO, USA). The
time taken to reach severe hypoxia in each tank was 105 ± 11 min (Figure
51). Once severe hypoxia was achieved in the experimental tanks, DO was
maintained at 6.7 ± 0.8 % saturation until fish lost equilibrium. Fish were not
denied access to the surface and were observed performing aquatic surface
respiration (i.e., gulping surface water) throughout the experiment.
Loss of equilibrium (LOE) was defined as an inability to maintain position in
the water column and a failure to regain equilibrium within 5 s of being gently
tapped by the experimenter with a short length of polyethylene tubing (Roze
et al., 2013). When LOE was reached, fish were removed from the
experimental tanks, and mass and length were recorded, along with the time
of LOE. Fish were then placed into one of three labelled recovery tanks
containing air saturated water. The first 20% of fish to lose equilibrium were
placed into a tank labelled hypoxia sensitive (HS). The intermediate 60% of
fish were placed into a tank labelled hypoxia intermediate (HI). LOE tests
were terminated after 4 h and 15 min, and all fish that had not lost equilibrium
(the final 20%) were placed into a tank labelled hypoxia tolerant (HT). Fish
were maintained in these groups for all subsequent tests. A subset of HI fish
were used for standard metabolic rate (SMR) measurements, whereas
subsets of the HS and HT fish were used for measures of specific dynamic
action (SDA) and critical O2 level (O2CRIT; see below). Fish were given four
weeks of recovery following the HCT in normoxic water prior to further tests.
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Determination of SMR and handling stress
SMR was determined for a subset of unfed, HI fish, for the purpose of
accounting for handling stress associated with respirometry. The DO during
SMR measurements was adjusted according to one of the two experimental
treatments: normoxia (>90% saturation; N = 16 fish) or hypoxia (~35%
saturation; N = 16 fish) (Figure 52). Oxygen consumption rates (ṀO2) were
measured using intermittent flow-through respirometry as described in Collins
et al. (2013) and following best practices (Clark et al., 2013a; Svendsen et
al., 2015). Briefly, 8 fish per day were netted and transferred individually into
respirometers (1.5 L). Care was taken to ensure that the time from netting to
transferral into the respirometers was ≤ 15 s for all fish. The respirometers
were submerged in a temperature-controlled (29.4 ± 0.2 °C) 1,000 L reservoir
tank that provided new water to chambers during the flush cycle of
respirometry. DO was controlled in the tank by manipulating rates of aeration,
and was >90% saturation at the time of introduction to respirometers for all
fish. The hypoxic treatment was achieved through the addition of nitrogen
gas via ceramic diffuser stones. Fish in the hypoxic treatment were subject to
a gradual reduction in DO over ~3 h, immediately following the introduction of
fish to chambers. Submersible pumps (Eheim, Deizisau, Germany) were
used to ensure that DO in the reservoir tank was homogeneous. Oxygen
concentration was recorded in each individual respirometer using a Firesting
Optical O2 meter (Pyroscience; Aachen, Germany). Fish were acclimated to
respirometers for 22.0 ± 1.1 h, and ṀO2 was recorded every 12 min between
flush cycles, resulting in ~ 110 ṀO2 measurements for each individual fish
(Figure 52). Mass-standardised ṀO2 measurements were calculated using
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LabChart® software (ADI Instruments; Sydney, NSW, Australia) and
according to equation 2. The O2 data during the closed-chamber period of
respirometry were assessed visually for linearity throughout the analysis to
confirm the reliability of measurements. Background microbial respiration
was measured three times following the removal of fish from respirometers.
The average background respiration rate was then subtracted from the total
respiration rate for each respirometer throughout ṀO2 calculations. All
respirometers, including connecting fittings and tubing, were thoroughly
cleaned with hot water before the introduction of new fish to avoid microbial
accumulation. Following the ~ 22 h recovery period, fish were removed from
the respirometers and their mass and length recorded.

Determination of SDA
Fish from each of the HS and HT groups were used for SDA measurements
(N = 12 fish per hypoxia phenotype, per DO treatment; N = 48 fish total). Fish
were first separated into feeding tanks (N = 4 fish per 100 L tank) 24 h prior
to the measurement of ṀO2 for SDA. Each fish was weighed and measured
before introduction to the tanks. The biomass of fish in each tank was then
used to calculate the feeding ration (2.5% body mass) for each tank. All
feeding throughout the experiment was conducted in normoxic conditions
(DO > 85% saturation). After ~24 h of settling time in the tanks, feed was
distributed slowly and evenly throughout the tank, and feeding behaviour was
observed to ensure that all fish received an approximately equal portion of
allocated feed. Fish were transferred individually into respirometers 1 h after
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feeding. The time between netting and placement in respirometers was <15 s
to minimise handling stress on the fish.
DO was >90% saturation at the time of introduction to respirometers for all
fish. Fish allocated to the hypoxia treatment were subjected to a gradual
reduction in DO to 35% saturation over ~3 h immediately following their
introduction to chambers (Figure 55). Fish were left in the respirometers for
~53 h for the collection of ṀO2 measurements during digestion. ṀO2 was
recorded every 12 min between flush cycles, resulting in ~ 270 ṀO2
measurements for each individual fish. At the completion of each three-day
SDA trial a minimum of half the system volume (i.e. ≥ 500 L) was replaced
with new, filtered water before the introduction of new fish.

Determination of O2CRIT
Following the ~53 h digestion period, O2CRIT tests were conducted on each
individual to complement Chapter 4 and further assess the hypothesis that
time to LOE and O2CRIT provide synonymous assessments of hypoxia
tolerance. To achieve this, respirometers were manually sealed via solenoid
valves and fish depleted DO in the respirometers to ~ 5% air saturation, after
which the flush pump was turned on to restore DO to treatment levels (>90%
saturation or ~35% saturation for normoxic and hypoxic treatments,
respectively). Fish were removed from respirometers 1 h after the completion
of O2CRIT tests. ṀO2 was calculated for each consecutive 100 s period during
the decline in DO, and the DO point where ṀO2 began dropping rapidly (i.e.,
O2CRIT) was calculated as described below.
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Data Analysis
All data analyses were performed using R v. 3.2.1 (R Core Team, 2012).
Results were considered statistically significant at P < 0.05 and all data are
presented as mean ± standard deviation unless otherwise stated.
Accounting for handling stress
The SMR for each fish was calculated using the quantile method (Chabot et
al., 2016b), with P (probability) set to 0.1. A local polynomial regression was
fit to the ṀO2 data for unfed, hypoxia intermediate fish (N = 32), with α (the
parameter that controls the degree of smoothing) fixed at 0.4. The average
time taken to return to SMR after introduction to chambers was calculated
where the fitted regression dropped within a fixed percentage of the SMR
according to equation 7:
𝑓𝑓(x) = 0.003𝑥𝑥 3 + 0.013𝑥𝑥 2 − 0.13𝑥𝑥 + 0.28

Equation 7 - Percentage of the SMR (x), used to determine that SDA was complete for each
fish

The use of a third-order polynomial to determine the completion of handling
stress was deemed appropriate due to the approximately 3-fold difference
between the lowest and highest SMR between individual fish (lowest and
highest SMR during the handling stress experiment were 0.92 and 2.79 mg
O2 · kg-1 · min-1, respectively). The return to SMR took 207 ± 84 min and
recovery from handling stress was thus deemed complete at approximately
300 min after introduction to chambers, which is consistent with previous
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observation for this species (Collins et al., 2016; Rodgers et al., 2016; see
Figures 13, 52 of this thesis). There was no significant relationship between
the time to completion of handling stress and SMR (r = 0.11, df = 30, P =
0.545), and there was no significant difference in either time to completion of
handling stress (t = -0.126, df = 21.73, P = 0.901) or SMR (t = -0.839, df =
28.77, P = 0.408) between fish held in normoxia or hypoxia.
An exponential decay function was then fitted to the ṀO2 data to describe the
return to SMR following handling (Figure 53), according to the equation:
𝑁𝑁(𝑡𝑡) = 𝑁𝑁0 × 𝑒𝑒 −𝜆𝜆×𝑡𝑡

Equation 8 - Exponential decay function: t = time (min), λ was fixed at 0.135

The ṀO2 corrected for handling stress was similar to the method employed
by Green et al. (2006) and was calculated as:
ṀO2 CORRECTED (𝑖𝑖) = ṀO2 PREDICTED (𝑖𝑖) − α

Equation 9 - ṀO2 corrected: ṀO2 PREDICTED = predicted values from N(t), α = SMR

This same approach to correct for handling stress was applied to the fed fish,
where an exponential decay function was fit to the first 300 min of ṀO2 data,
and α was calculated using the quantile method from the first 300 min of ṀO2
data from that individual.
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SDA calculations
SDA calculations were similar to the additive quantile regression smoothing
(rqss) method used by Chabot et al. (2016a), however I chose to fit local
polynomial regressions (loess curves with α fixed at 0.4) to the ṀO2 data as
these provided a visually better fit (Figures 23 and 54). SDA was deemed
complete when the loess curve dropped to within a fixed percentage of the
SMR, according to equation 7. The SDA magnitude was calculated for each
individual fish by integrating the area under the loess curve (AUC):
SDA Magnitude = (AUC1 + AUC2 − AUCSMR ) × 13.86 × 0.001

Equation 10 - SDA Magnitude: AUC1, AUC2 and AUC3 are defined in equations 11, 12 and
13. 13.86 = the conversion factor from mg O2 to joules (Gessman and Nagy, 1988).

AUC1 = �

SDAEND

SDASTART

L 𝑑𝑑𝑑𝑑

Equation 11 - Area under the loess curve (L): SDAEND and SDASTART = the last and first
predicted values of ṀO2 along the loess curve

AUC2 = �

SDASTART

0

LM 𝑑𝑑𝑑𝑑

Equation 12 - Area under the linear model (LM): SDASTART = the first predicted value of ṀO2
along the loess curve

AUCSMR = �

SDAEND

0

SMR 𝑑𝑑𝑑𝑑

Equation 13 - Area under the SMR curve: SDAEND = the last predicted value of ṀO2 along
the loess curve
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Figure 23 - Oxygen consumption rate (ṀO2) as a function of time (h) for a representative
individual. A local polynomial regression was fitted to the ṀO2 data for each fish. The
horizontal (dashed) line indicates the standard metabolic rate. The shaded area beneath the
curve and above the SMR indicates the SDA response. The return to SMR after feeding is
indicated by the solid, vertical line at ~42 h.

The duration of the peak period during the SDA process was determined
from binned ṀO2, with bin widths set to 1 h (5 measurements per h). The
completion of the SDA peak was calculated when ṀO2 fell below 0.8 ×
factorial scope, where factorial scope was calculated for each individual as
ṀO2 peak / SMR.
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The SDA coefficient (SDACOEF) was calculated as:

SDACOEF =

SDA Magnitude × Fish Mass
Feed Consumed × DE

Equation 14 - SDA Coefficient: SDA Magnitude (kJ · kg-1), fish mass (kg), feed consumed
(g), digestible energy (DE: kJ · g-1)

O2CRIT calculations
The critical O2 level (O2CRIT) was calculated using each of three methods:
broken stick regression (BSR; Muggeo, 2008; R Core Team, 2012),
piecewise regression accompanying SMR (LSRSMR; Claireaux and Chabot,
2016) and non-linear regression (NLR; Weibull function) as per Marshall et
al. (2013), where the O2CRIT is calculated from the first derivative of
standardised ṀO2 measurements: ƒ’(x) = 0.029. All O2CRIT results presented
are from non-linear regression, unless otherwise stated. Further details of
O2CRIT calculations can be found in Appendix A.

Statistical comparisons
Experiments were conducted using a 2 × 2 factorial design, with hypoxia
phenotype (hypoxia sensitive or hypoxia tolerant) and DO treatment
(normoxia or hypoxia) as the two main factors. Comparisons of means
between groups were conducted using mixed model ANOVA (Pinheiro et al.,
2014), with hypoxia phenotype and DO treatment included as fixed effects
and respirometer number included as a random effect in the model.
Normality of data was assessed by a visual examination of a normal Q-Q
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plot, frequency histogram and Shapiro-Wilk test. Homogeneity of variance
was assessed using Bartlett’s test. Multiple comparisons of means were
performed using Tukey’s Honest Significant Difference test.

Results
SDA
There were no significant differences between hypoxia tolerance phenotypes
for any of the parameters measured, and there were no significant
interactions between hypoxia phenotype and DO treatment. Fish mass was
similar for hypoxia phenotype (F1, 45 = 0.058, P = 0.811) and DO treatment
(F1, 45 = 1.776, P = 0.189). Feed consumption as a percentage of body mass
was similar for hypoxia phenotype (F1, 45 = 0.199, P = 0.658) and DO
treatment (F1, 45 = 0.01, P = 0.969). Gross feed consumption was marginally
higher for the normoxia treatment (0.94 ± 0.06 and 0.91 ± 0.02 g for the
normoxia and hypoxia treatments, respectively; F1, 44 = 5.955, P = 0.019),
likely driven by small yet non-significant differences in body-mass (39.2 ± 4.6
and 37.6 ± 3.5 g for the normoxia and hypoxia treatments, respectively).

There was no significant effect of DO treatment on SDA duration (F1, 37 =
0.159, P = 0.692; mean = 38.9 ± 6.3 h) or SDA magnitude (F1, 37 = 3.314, P =
0.077; mean = 46.3 ± 11.2 kJ · kg-1), however the SDA coefficient was
marginally, yet significantly lower in the hypoxia treatment (F1, 37 = 4.478, P =
0.041; SDACOEF = 14.7 ± 3.3% and 13.0 ± 2.9% for normoxia and hypoxia,
respectively), (Figures 24, 25). There was a strong, positive relationship
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between SDA magnitude and SDACOEF in fish, irrespective of DO treatment
or hypoxia phenotype (Figure 56). Time to completion of the ṀO2 peak was
not affected by DO treatment and averaged 16.2 ± 3.4 h. ṀO2 peak and
standard metabolic rates were not different between DO treatments and
averaged 4.25 ± 0.92 and 1.60 ± 0.42 mg O2 · kg-1 · min-1, respectively.
Factorial scope in ṀO2 during digestion was 2.71 ± 0.29. There was no
difference in SMR between unfed fish from the handling stress trial and those
that had recently completed the SDA response (F1, 64 = 0.548, P = 0.462),
indicating that digestion was complete after ~53 h.

O2CRIT
The O2CRIT was significantly lower in the hypoxia treatment (11.49 ± 0.90 %
saturation), compared with the normoxia treatment (12.39 ± 1.33 %
saturation), (F1, 37 = 7.146, P = 0.011; Figure 26). This may have resulted
because the time from closing the chambers to achieving O2CRIT was
significantly shorter in hypoxia (31 ± 5 min) compared with normoxia (85 ± 12
min) due to the hypoxia treatment starting at a DO of ~35% rather than >90%
saturation (F1, 46 = 424.93, P < 0.0001). There was a marginal, yet significant
difference in the mean O2CRIT calculated using the different methods (both
DO treatment groups combined), with NLR (11.94 ± 1.21 % saturation)
producing marginally higher O2CRIT than BSR (11.05 ± 1.34 % saturation; F2,
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= 5.050, P = 0.008). There was no difference between LSRSMR and either

BSR or NLR (11.64 ± 1.62 % saturation). Further details of O2CRIT
comparisons can be found in Appendix A (see Figure 31).
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Figure 24 - Boxplots with raw data overlayed for ṀO2 peak (panel a), factorial scope (panel
b), SDA duration (panel c), SDA magnitude (panel d), end of the ṀO2 peak (panel e) and
SDA coefficient (panel f). Dark and light grey boxes indicate fish maintained in the normoxia
and hypoxia treatments, respectively. Open circles and triangles represent hypoxia-sensitive
and –tolerant fish, respectively. Outliers are presented as either filled (black) circles or
triangles for –sensitive or –tolerant fish, respectively.
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Figure 25 - Oxygen consumption rate (ṀO2) as a function of time (h) for all fish used in this
study. The horizontal (dashed) line and shaded area indicates the mean standard metabolic
rate ± standard deviation for all fish. Each point indicates the mean of 24 fish for each hour
of data collected, and error bars indicate ± standard deviation. The open and closed circles
at time = 0 indicate the SMR calculated for unfed fish prior to SDA trials (i.e. those fish used
for the determination of handling stress). Open and black circles indicate fish maintained in
the hypoxia and normoxia treatments, respectively.
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Figure 26 - Oxygen consumption rate (ṀO2) plotted against dissolved O2 (% saturation) for
one fish maintained in the hypoxia treatment (panel a) and one fish maintained in the
normoxia treatment (panel b). A Weibull function was fitted to the ṀO2 data for each fish
(panels a and b), and the critical O2 level is indicated as the dashed, vertical line. Boxplots
with raw data overlayed (panels c and d) for the O2CRIT and SMR, respectively. Dark and light
grey boxes indicate fish maintained in the normoxia and hypoxia treatments, respectively.
Open circles and triangles represent hypoxia-sensitive and –tolerant fish, respectively.
Outliers are presented as either filled (black) circles or triangles for –sensitive or –tolerant
fish, respectively.
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Discussion

Barramundi exhibit metabolic responses to digestion typical of most fish
species, with a characteristic elevation of metabolic rate after feeding,
followed by a steady decline back to resting levels. All SDA parameters
measured were within ranges expected, based on studies with other teleost
fish (Jobling, 1981; Jordan and Steffensen, 2007; Lefevre et al., 2012; Wang
et al., 2012). Aside from a small difference in SDACOEF between DO
treatments, exposure to chronic, moderate hypoxia did not substantially
affect SDA responses in resting, juvenile barramundi. These results indicate
that, in spite of a likely reduction in aerobic scope under hypoxic conditions
(Chabot and Claireaux, 2008; Norin et al., 2016), barramundi are capable of
maintaining maximal digestive capacity even when DO drops to 35%
saturation. Such responses to digestion are broadly consistent with those
observed for southern catfish (Silurus meridionalis) and common sole (Solea
solea), where SDA responses are unaffected at DO >48% and >30%
saturation, respectively (Chabot and Claireaux, 2008; Zhang et al., 2010).
More severe hypoxia, as commonly encountered by barramundi and other
tropical species in the natural environment (Butler and Burrows, 2007), may
lead to increases in each of SDA magnitude, duration and coefficient, as
observed for Greenland halibut (Dupont-Prinet et al., 2013; 21% saturation),
Atlantic cod (Jordan and Steffensen, 2007; 30% saturation) and southern
catfish (Zhang et al., 2010; 24% saturation). Acclimation to diel-cycling or
chronic DO may further influence SDA responses (Dan et al., 2014), however
the magnitude of any potential improvements await elucidation through
further research.
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At an individual level, SDACOEF correlated strongly with SDA magnitude,
irrespective of hypoxia phenotype or DO treatment (Figure 56e). The lower
SDACOEF during hypoxia indicates that digestion may be more efficient under
hypoxic conditions, or perhaps more likely, that more nutrients pass through
the digestive tract without being assimilated (i.e. a decrease in digestive
efficacy or efficiency). Studies with Atlantic cod and silver bream indicate that
feed conversion efficiency (FCE) may decline with decreasing DO to ≈ 45%
and 24% saturation, respectively (Chabot and Dutil, 1999; Wang et al.,
2009). Sea-bass, turbot and spotted wolf-fish, however, all display no change
to FCE compared with normoxia at 40%, 45% and 37% saturation,
respectively (Foss et al., 2002; Pichavant et al., 2001), reflecting a degree of
inter-specific variability that may potentially be attributed to differences in
lifestyle and environment. Much of the changes to digestion and assimilation
under hypoxia are attributed to reduced feed intake (Brett and Groves, 1979;
Wang et al., 2009), however, all feeding was conducted in normoxia in this
study and thus feed intake was similar between DO treatments.

The lack of differences between hypoxia tolerance phenotypes indicates that
the capacity to tolerate near-lethal hypoxia (time to LOE) is not related to
metabolic responses for this species, either during digestion (SDA
responses) or under hypoxic stress for metabolic regulation (O2CRIT). These
findings are broadly consistent with previous research on this species
(Chapter 4), in which group-level hypoxia tolerance phenotypes displayed no
differences in growth performance (in normoxia) or O2CRIT. Thus, while
hypoxia tolerance phenotypes may differ in their capacity for anaerobic
metabolism, aerobic capacity (e.g. when O2 is ≥ O2CRIT) appears to be
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homogeneous between phenotypes. Further research that directly assesses
aerobic scope under O2 limitation (Jordan and Steffensen, 2007), capacity for
metabolic suppression (Hochachka, 1990) and alterations to biochemical
pathways (Wade et al., 2014) across hypoxia tolerance phenotypes will
assist to further elucidate the functional basis of trait variability in this and
other fish species.

Under natural conditions, barramundi and other fish likely encounter
energetic demands that elevate metabolism above resting levels during
digestion, including horizontal migration, predator avoidance and preycapture (Brett and Groves, 1979). While the results from this study
demonstrate no effects of hypoxia on digestion in resting barramundi, the
combined effects of exercise and hypoxia were not explored. Studies on
several temperate fish species have demonstrated that reductions to aerobic
scope under hypoxic conditions during digestion (Chabot and Claireaux,
2008; Jordan and Steffensen, 2007) are related to a deference of SDA
responses under exercise (Dupont-Prinet et al., 2009; Jourdan-Pineau et al.,
2010). Such responses may lead to a longer SDA duration through longer
gastrointestinal feed retention, and altered gastrointestinal blood flow
(Dupont-Prinet et al., 2009; Eliason and Farrell, 2014). Further alterations to
SDA responses, such as increased SDA duration through elevated CO2
(Tirsgaard et al., 2015) or changes to the SDA magnitude through elevated
temperature (Guinea and Fernández, 1991; Guinea and Fernández, 1997;
McLeod and Clark, 2016) may further affect fish populations as atmospheric
CO2 continues to increase and the climate continues to warm (Aust Gov BoM, 2015).
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Conclusions

This study provides the first assessment of respiratory metabolic responses
during digestion for barramundi. The results presented demonstrate that SDA
is largely unaffected in barramundi when DO declines to ~35% saturation.
Hypoxic conditions are common both in the natural environment and in
aquaculture and the results presented in this chapter highlight the resilience
of barramundi to bouts of environmental hypoxia. While this study shows
negligible effects of moderate hypoxia on SDA responses, future studies
should examine sub-lethal effects of hypoxia on factors like growth rate and
feed conversion efficiency to determine whether they may be responsible for
the slight reduction in SDACOEF documented here.
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CHAPTER 6. GENERAL DISCUSSION

At the inception of this thesis, there was very little empirical information on
the capacity for tropical fish populations to tolerate hypoxia across broad
latitudinal gradients. Further, the extent of intra-specific variability in hypoxia
tolerance and the biological consequences of this variability had received
virtually no research attention. The work in this thesis utilised a range of
techniques (experimental and analytical) to assess the effects of
environmental hypoxia on population-level and individual-level metabolic
responses in juvenile barramundi. The biological consequences of variability
in hypoxia tolerance were assessed through a range of performance
measures, including haematology, growth, metabolic regulation and digestion
of populations and hypoxia tolerance phenotypes. This research has
addressed several critical knowledge gaps and provides a solid foundation
for future research into the functional basis of hypoxia tolerance in fish.
The discussion below addresses the implications of results presented in the
preceding four data chapters. The selection of ecologically relevant dissolved
O2 treatments is discussed first, followed by a brief discussion of populationlevel responses to hypoxia in tropical fish. The ecological consequences of
intra-specific variability in hypoxia tolerance are then discussed, followed by
a brief analysis of the relationship between O2 consumption rates and
dissolved O2 in fish. Opportunities for future research are presented, along
with some concluding remarks about the results presented in this thesis.
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Dissolved O2 treatments
Dissolved O2 is highly dynamic across spatial and temporal scales in tropical
systems (Figure 1) and one of the challenges in this thesis was to devise
hypoxic treatments that approximate conditions encountered by barramundi,
both in the natural environment and in aquaculture. The daily variability in O2
used in Chapter 3 is common in environments that barramundi inhabit across
tropical Australia (Loong et al., 2005). The acute hypoxia treatment used
during time to LOE tests in Chapter 4 is likely similar to conditions that result
in fish kills (Townsend and Edwards, 2003), as >95% of fish had lost
equilibrium (a response that closely precedes mortality) at the end of these
tests. The more moderate, chronic hypoxia treatment in Chapter 5 is routinely
encountered on commercial fish farms with no mortality (Hayes, T., personal
comm.) and also in the natural environment (Loong et al., 2005). Responses
by fish to hypoxia vary depending on the duration and intensity of the hypoxic
event (Borowiec et al., 2015; Dan et al., 2014), and while it is impractical to
assess every environmental scenario the hypoxic treatments used in this
thesis (acute, chronic and diel-cycling hypoxia) encompass the range of
conditions encountered by this species, both in its natural environment and in
aquaculture.
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Population-level responses to hypoxia
One of the primary objectives of this thesis was to investigate populationlevel hypoxia tolerance in barramundi. No conclusive evidence for population
differences in hypoxia tolerance was found in any of Chapters 2, 3 and 4 for
either O2CRIT, or time to LOE. All populations examined in this thesis appear
similarly able to regulate ṀO2 at high temperatures. Further, sub-tropical and
tropical populations appear equally able to acclimate to hypoxia following
repeated, daily exposure, albeit with some observed differences in
haematological parameters. These results strongly indicate that whole-animal
hypoxia tolerance is conserved across the distribution of this species in
Australia, however the limitations in inferring adaptive responses across the
species’ distribution on the basis of two-population studies must be
acknowledged (Garland and Adolph, 1994). Incorporation of three or morw
populations with greater genetic divergence and from lower latitudes (i.e.
from Indonesia, Vietnam and Malaysia) in future studies would assist in
further resolving whether population of origin plays any significant role in
underpinning hypoxia tolerance above and beyond short-term phenotypic
plasticity.
Global temperatures have been increasing recently, and projected
temperature increases of 1.3 to 2.6°C are predicted across tropical northern
Australia by 2100 under an intermediate emissions scenario (Aust Gov BoM, 2015). The relationship between temperature and dissolved O2 in
water, together with high metabolic demands at elevated temperatures
(Figure 4) was expected to lead to a reduction of hypoxia tolerance, and thus
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impaired performance of fish under warmer conditions, irrespective of
population. It was hypothesised in Chapter 2 that fish which routinely
experience warmer temperatures (i.e. those from low latitudes) may be better
adapted to the combined challenges of elevated temperature and lower O2. A
general reduction in hypoxia tolerance was observed at 36°C, however
O2CRIT tests conducted in warmer conditions took considerably less time than
at cooler temperatures because of a more rapid rate of O2 utilisation in the
respirometers. It is therefore difficult to separate the effects of temperature on
O2CRIT from the speed of the decline in O2 within chambers (see Figure 36b).
Regardless of this caveat, the magnitude of the reduction in O2CRIT did not
differ substantially between the populations examined. These results provide
further evidence that local adaptation for hypoxia tolerance is unlikely for this
species.
The similar capacity for hypoxia acclimation between the populations in
Chapter 3 demonstrates that physiological plasticity is an important strategy
for this species’ response to environmental hypoxia. In Chapter 3 it was
hypothesised that fish from lower latitudes may experience greater daily
fluctuations in O2 due to consistently higher temperatures, and that those
populations may therefore display greater physiological plasticity. No such
differences between the populations were found, potentially due to the highly
variable nature of O2 in the environment across the distribution of this
species. Reversible, plastic responses to hypoxia are not atypical for tropical
fish species that frequently encounter environmental hypoxia (Almeida‐Val et
al., 2005; Chapman et al., 1999) and the lack of population differences
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observed in Chapter 3 demonstrates that physiological plasticity is an
important strategy for coping with environmental hypoxia.

Intra-specific diversity in hypoxia tolerance
Almost 30 years ago, Albert F. Bennett (1987) wrote about the “tyranny of the
golden mean” and of the classical experimental approaches employed by
researchers in ecological physiology, including those used in Chapters 2 and
3 of this thesis. Bennett (1987) posits that there is a great diversity of
information contained within populations that is often disregarded by
researchers in their search for the average response of a performance trait.
The two main questions that may be addressed by assessing variability in
performance within populations are: 1, what is the functional basis of trait
(performance) variability, and 2, what are ecological or biological
consequences of trait variability (Bennett, 1987). The latter of these two
questions was addressed in Chapters 4 and 5 through the comparison of
performance traits in individuals or groups of individuals within populations
(Joyce et al., 2016; Ozolina et al., 2016; Roze et al., 2013), after finding little
evidence for differences in hypoxia tolerance between populations in
Chapters 2 and 3.
The separation of fish into groups based on their tolerance to hypoxia and
subsequent performance tests revealed little difference in metabolism or
growth performance between hypoxia tolerance phenotypes. These results
indicate that performance in normoxia may not be related to hypoxia
tolerance. Further, metabolic responses to digestion were largely unaffected
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between phenotypes under either normoxic or hypoxic conditions. At present
there is very little information on the underlying drivers of individual-level
variability in hypoxia tolerance within fish populations. Previous research on
southern catfish (Silurus meridionalis) has demonstrated that, at the
population-level, growth rates decline following daily exposure to diel-cycling
hypoxia, along with a concomitant improvement in hypoxia tolerance (Yang
et al., 2013). It is unclear, however, from studies such as that conducted by
Yang et al., (2013) whether those individuals that displayed the greatest
improvement in hypoxia tolerance elicit any change from the average
response in growth. Complementary assessments of aerobic scope and
growth parameters across a range of dissolved O2 conditions with a focus on
individual-level responses would assist in shedding further light on the
performance of hypoxia tolerance phenotypes, and hence the ecological
consequences of variability in hypoxia tolerance.
The large sample sizes used in Chapter 4 provided a unique opportunity to
undertake some detailed analyses of performance traits. The lack of group
(hypoxia category) differences in O2CRIT observed in this thesis (Chapter 4),
together with the absence of any relationship between O2CRIT and time to
LOE provide strong evidence that these two measures of hypoxia tolerance
are not correlated. These findings are somewhat surprising, as the
implication is often made that fish with a higher O2CRIT are more sensitive to
environmental hypoxia, will require a greater reliance on anaerobic
metabolism during acute hypoxia and will therefore be at greater risk of
losing equilibrium faster (Claireaux and Chabot, 2016). Stated another way,
fish that take longer to lose equilibrium would be expected to have a lower
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O2CRIT. As mentioned in the discussion section of Chapter 4, these results
contribute to a growing body of literature which indicates that time to LOE
and O2CRIT measures of hypoxia tolerance are unrelated across a broad
range of fish species.
The temporal repeatability of hypoxia tolerance has received very little
attention in contemporary ecological physiology. It may be reasonable to
expect some traits to demonstrate changes over time that may be associated
with ontogeny (Almeida-Val et al., 2000) or seasonal differences (Arend et
al., 2011; Love and Rees, 2002). Nevertheless, over shorter temporal scales
(weeks to months) and with small overall changes in body-mass, metabolic
traits are expected to be temporally repeatable in individuals or groups of
individuals (Maciak and Konarzewski, 2010; Marras et al., 2010; Norin and
Malte, 2011; Norin et al., 2016). The results presented in Chapter 4
demonstrate that hypoxia tolerance is loosely repeatable at a group level
over ~100 d. Similar responses have also been observed for European SeaBass, in which hypoxia tolerance was broadly repeatable over an 18 month
period (Joyce et al., 2016), however there is considerable scope for future
research investigating the repeatability of hypoxia tolerance measures. One
caveat of conducting repeated measures on individuals is that experiments
used to assess hypoxia tolerance (HCTs) may be inherently biased: that is,
individuals that are more tolerant of hypoxia will also, by default, receive a
greater duration of hypoxia exposure than more sensitive fish during HCTs.
Care must therefore be taken to ensure that sub-lethal effects are minimised
through adequate time periods between measurements, combined with
behavioural observations of individuals throughout such studies.
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Aerobic scope and hypoxia
Aerobic scope was not directly assessed in this thesis, however, some
indirect comparisons with other studies involving barramundi are possible.
Reductions in aerobic scope (10 – 50%) are observed during moderate
hypoxia (45% saturation, 29°C, 35 ppt; Norin et al., 2016), however digestive
responses remain unaffected (35% saturation, 30°C, 0 ppt; present study),
with factorial scope (as measured during digestion) ≈ 2.7. Norin et al. (2014)
estimate that factorial scope (as measured during exercise) is ≈ 4 (29°C, 35
ppt). At the critical O2 level (~12 - 18% saturation at 30°C, 0 ppt), aerobic
scope is predicted to be equal to zero (Claireaux and Chabot, 2016). It can
thus be speculated that a rapid decline in aerobic capacity occurs between
~15% and ~35% saturation (Figure 27), and that activity becomes
constrained by aerobic scope at these O2 levels. A conceptual model for the
relationship between the maximum metabolic rate (MMR; Norin and Clark,
2016) and DO for barramundi is presented here (Figure 27), however,
validation of this model with empirical data requires further research.
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Figure 27 - Conceptual model of the relationship between maximum metabolic rate (MMR)
and dissolved O2 for barramundi at 30°C, adapted from Jordan and Steffensen (2007), with
data specific for barramundi from this thesis, as well as (Norin et al., 2014; Norin et al.,
2016).

Relationship between ṀO2 and DO
Further to the broad assessments of hypoxia tolerance measures and the
repeatability of hypoxia tolerance tests in Chapter 4, the large sample sizes
used provided an opportunity to re-assess the relationship between ṀO2 and
DO. While such analyses are hardly new (Hudson, 1966; Mueller and
Seymour, 2011; Nickerson et al., 1989; Tang, 1933; Yeager and Ultsch,
1989), this analysis is particularly timely as there is no single method used by
researchers to estimate the O2CRIT of fish species (Rogers et al., 2016).
Despite two excellent recent reviews on the subject (Claireaux and Chabot,
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2016; Rogers et al., 2016) and much commentary, there has been no
detailed analysis of this relationship conducted using a large, empirical data
set from a single species or study (to the best of my knowledge). The
analysis presented in Appendix A demonstrates that non-linear regression
provides an overall better fit to ṀO2 data than the more favoured broken-stick
regression methods for the large data set from Chapter 4, as predicted by
Marshall et al. (2013). Surprisingly, the opposite was true for ṀO2 data from
Chapter 5 (Table 4).
The method presented by Claireaux and Chabot (2016) (least-squares
regression accompanying SMR (LSRSMR), used in Chapter 2 of this thesis) is
based on the metabolic theory presented in Fry (1971), but does not lend
itself to model comparison, as the SMR portion of the curve is estimated
using a quantile or other method (Chabot et al., 2016b) rather than least
squares or log likelihood (Muggeo, 2008). Nevertheless O2CRIT estimates
obtained from LSRSMR should be similar to those from broken-stick
regression (Yeager and Ultsch, 1989; used in Chapter 3), and this was
indeed observed in data from Chapters 4 and 5 (Figures 28, 31; Table 4).
Claireaux and Chabot (2016) argue that traditional methods ignore a large
amount of information collected before the O2CRIT test (i.e. the ṀO2 data used
to estimate SMR), yet the counter argument is equally strong, perhaps even
more so: that all information above O2CRIT (between ~20% and ~85%
saturation) is virtually disregarded in LSRSMR. Accordingly, LSRSMR enables
an estimation of the point of transition (O2CRIT), but makes no attempt to
describe the relationship between ṀO2 and DO. Given recent advances in
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computing power and the relative simplicity with which non-linear regression
may be fit to physiological data, it would seem pertinent for future studies to
adopt a similar approach to that used in Chapters 4 and 5 of this thesis (and
similar to the analysis presented by Stoffels, 2015), where multiple models
are fitted to the data and compared. The results presented in this thesis
strongly indicate that NLR provides the best fit to describe the relationship
between ṀO2 and DO. However, from such conclusions arise further
questions, such as what is the relevance of a critical point along a continuous
function? Further analytical methods such as the ‘regulation index’ proposed
by Mueller and Seymour (2011) have the potential to provide further insight
into the capacity for fish to regulate metabolism during hypoxia, outside of the
more traditional paradigm.

Conclusions and opportunities for future research
Increasing global temperatures will likely exacerbate the effects of
environmental hypoxia through increasing metabolic rates, and reducing the
solubility of O2 in water (Diaz and Breitburg, 2009). Further, daily fluctuations
in dissolved O2 in natural systems may be accompanied by changes in pH,
associated with fluctuations in CO2 (Butler and Burrows, 2007), which may
be further exacerbated by global temperature changes and increasing
greenhouse gas emissions (Aust Gov - BoM, 2015). Even without
temperature changes, hypoxia is expected to become more frequent and
severe in many freshwater and coastal aquatic systems due to increasing
nutrient inputs and further eutrophication. There is increasing interest in
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assessing the synergistic effects of multiple environmental stressors on
performance of fish populations and to examine if such traits are correlated
(Burnett, 1997; Cruz-Neto and Steffensen, 1997; McBryan et al., 2013;
McKenzie et al., 2003; Melzner et al., 2012; Pörtner and Knust, 2007; Roze
et al., 2013). Many of the findings presented in this field are currently lacking
in broad consensus. For instance, acclimation to warm conditions may result
in improvements to hypoxia tolerance in Atlantic killifish (McBryan et al.,
2016) and common sole (Zambonino-Infante et al., 2013). Norin et al. (2016),
however, found that thermal tolerance may be inversely related to hypoxia
tolerance in barramundi and similarly, Roze et al. (2013) demonstrated an
inverse relationship between thermal tolerance and hypoxia tolerance in
rainbow trout. Nevertheless, with expected changes to environmental
conditions mentioned above and with considerable uncertainty about the
capacity for fish to acclimate or adapt to such conditions, investigating the
synergistic effects of temperature, hypoxia and CO2 on performance in fish
remains an important area for future research.
The results presented in this thesis focussed primarily on whole-animal
metabolic responses to hypoxia, however it is evident from the broader
literature and the results presented here that there remains considerable
scope to investigate the first question posed by Bennett (1987): what is the
functional basis of trait variability? In particular, while broad inter-species
comparisons may reveal evolutionary adaptations to hypoxia (Mandic et al.,
2009; Richards, 2011), it is becoming increasingly apparent that there is an
enormous intra-specific diversity of traits such as hypoxia tolerance that is
often not explained under current frameworks. More specifically, the
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mechanisms (molecular, physiological, morphological and behavioural) that
enable ~10% of individuals to tolerate severe hypoxia for >5 h, while ~10% of
individuals can only tolerate hypoxia for <1 h (Chapter 4) remain to be
elucidated. Further research in this area would benefit from a focus on
drivers of inter-individual variability, and in particular on performance
differences in metabolic phenotypes (Auer et al., 2015; Metcalfe et al., 2016;
Norin et al., 2016)
The repeatability of hypoxia tolerance measures has received very little
research attention, and any studies that do exist have focussed on loss of
equilibrium measures (Joyce et al., 2016). Given the importance attributed to
O2CRIT in the broader literature, it is perhaps surprising that not a single study
(to the best of my knowledge) has assessed the temporal repeatability of this
measure. Nevertheless, the results from Chapter 4 (that hypoxia tolerance is
only loosely repeatable at a group-level) suggest that further research is
required to examine the temporal repeatability of time to LOE measures over
longer time scales, and to assess the heritability of hypoxia tolerance.
It would seem prescient to repeat studies (where logistically feasible) to
obtain further confidence in results. Recent studies with Atlantic salmon
(Anttila et al., 2013) and rainbow trout (Scott et al., 2015), together with
findings from the research presented in this thesis, have demonstrated that
enormous variability in hypoxia tolerance measures may be found within
different family lines, across year-classes of hatchery populations, and
between different hatcheries. Such results highlight a distinct problem
currently encountered within ecological physiology and more broadly across
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many disciplines of science: that replication within studies does not
necessarily equal repeatability or reliability of results (Alberts et al., 2015;
Baker, 2016; Clark et al., 2016; Halsey et al., 2015; Nosek et al., 2015;
Parker et al., 2016). This may be particularly problematic for studies using
hatchery populations (where genetic diversity is low), yet hatchery
populations of fish contain enormous potential for examining questions of
interest in contemporary ecological physiology due to: 1, the capacity to
obtain large numbers of individuals at low cost, 2, consistency and reliability
of supply and 3, the ability to obtain fish that are accustomed to the presence
of people, thereby reducing the potential confounding effects of handling
stress on measurements. Regardless of caveats such as these, the results
from this thesis provide a solid foundation for future researchers to assess
and more fully elucidate the functional basis of hypoxia tolerance in fish
populations.

126

LITERATURE CITED

Abdallah, S. J., Thomas, B. S. and Jonz, M. G. (2015). Aquatic surface respiration
and swimming behaviour in adult and developing zebrafish exposed to hypoxia. The Journal
of Experimental Biology 218, 1777-1786.
AIMS. (2012). AIMS Data Centre, vol. 2012 (ed. Australian Institute of Marine
Science). Townsville, Australia.
Alberts, B., Cicerone, R. J., Fienberg, S. E., Kamb, A., McNutt, M., Nerem, R. M.,
Schekman, R., Shiffrin, R., Stodden, V., Suresh, S. et al. (2015). Self-correction in science at
work. Science 348, 1420-1422.
Almeida-Val, V. M. F., Val, A. L., Duncan, W. P., Souza, F. C. A., Paula-Silva, M. N.
and Land, S. (2000). Scaling effects on hypoxia tolerance in the Amazon fish Astronotus
ocellatus (Perciformes: Cichlidae): contribution of tissue enzyme levels. Comparative
Biochemistry and Physiology Part B: Biochemistry and Molecular Biology 125, 219-226.
Almeida‐Val, V. M. F., Chippari Gomes, A. R. and Lopes, N. P. (2005). Metabolic
and Physiological Adjustments to Low Oxygen and High Temperature in Fishes of the
Amazon. In Fish Physiology, vol. Volume 21 eds. V. M. F. D. A.-V. Adalberto L. Val and J. R.
David), pp. 443-500: Academic Press.
Altieri, A. H. and Gedan, K. B. (2015). Climate change and dead zones. Global
Change Biology 21, 1395-1406.
Anttila, K., Dhillon, R. S., Boulding, E. G., Farrell, A. P., Glebe, B. D., Elliott, J. A. K.,
Wolters, W. R. and Schulte, P. M. (2013). Variation in temperature tolerance among
families of Atlantic salmon (Salmo salar) is associated with hypoxia tolerance, ventricle size
and myoglobin level. The Journal of Experimental Biology 216, 1183-1190.
Arend, K. K., Beletsky, D., DePinto, J. V., Ludsin, S. A., Roberts, J. J., Rucinski, D. K.,
Scavia, D., Schwab, D. J. and HööK, T. O. (2011). Seasonal and interannual effects of
hypoxia on fish habitat quality in central Lake Erie. Freshwater Biology 56, 366-383.
Auer, S. K., Salin, K., Rudolf, A. M., Anderson, G. J. and Metcalfe, N. B. (2015). The
optimal combination of standard metabolic rate and aerobic scope for somatic growth
depends on food availability. Functional Ecology 29, 479-486.
Aust Gov - BoM. (2015). Climate Change in Australia, (ed. D. o. E. a. C. Australian
Government).
Avnimelech, Y. and Ritvo, G. (2003). Shrimp and fish pond soils: processes and
management. Aquaculture 220, 549-567.
Baker, M. (2016). Is there a reproducibility crisis? Nature 533, 452-454.
Barnes, R., King, H. and Carter, C. G. (2011). Hypoxia tolerance and oxygen
regulation in Atlantic salmon, Salmo salar from a Tasmanian population. Aquaculture 318,
397-401.
Bates, D., Maechler, M., Bolker, B., Walker, S., Christensen, R. H. B., Singmann, H.,
Dai, B., Grothendieck, G. and Green, P. (2016). lme4: Linear Mixed-Effects Models using
'Eigen' and S4. In CRAN: R Core Team.
Behrens, J. W., Axelsson, M., Neuenfeldt, S. and Seth, H. (2012). Effects of Hypoxic
Exposure during Feeding on SDA and Postprandial Cardiovascular Physiology in the Atlantic
Cod, Gadus morhua. PLoS ONE 7, e46227.
Bennett, A. F. (1987). Interindividual variability: an underutilized resource. In New
Directions in Ecological Physiology, eds. M. E. Feder A. F. Bennett W. W. Burggren and R. B.
Huey), pp. 147-169. New York, USA: Cambridge Unversity Press.

127

Bermudes, M., Glencross, B., Austen, K. and Hawkins, W. (2010). The effects of
temperature and size on the growth, energy budget and waste outputs of barramundi
(Lates calcarifer). Aquaculture 306, 160-166.
Bickler, P. E. and Buck, L. T. (2007). Hypoxia Tolerance in Reptiles, Amphibians, and
Fishes: Life with Variable Oxygen Availability. Annual Review of Physiology 69, 145-170.
Bishop, K. A. (1980). Fish kills in relation to physical and chemical changes in
Magela Creek (East Alligator River system, Northern Territory) at the beginning of the
tropical wet season. Australian Zoologist 20, 485-500.
Boesch, D. F. (2002). Challenges and Opportunities for Science in Reducing Nutrient
Over-Enrichment of Coastal Ecosystems. Estuaries 25, 886-900.
BOM. (2012). Bureau Of Meteorology - Commonwealth of Australia, vol. 2012 (ed.
Australian Government - Bureau of Meteorology). Canberra, Australia.
BoM and CSIRO. (2014). State of the Climate, vol. 2014.
Borowiec, B. G., Darcy, K. L., Gillette, D. M. and Scott, G. R. (2015). Distinct
physiological strategies are used to cope with constant hypoxia and intermittent hypoxia in
killifish (Fundulus heteroclitus). The Journal of Experimental Biology 218, 1198-1211.
Borsuk, M. E., Powers, S. P. and Peterson, C. H. (2002). A survival model of the
effects of bottom-water hypoxia on the population density of an estuarine clam (Macoma
balthica). Canadian Journal of Fisheries and Aquatic Sciences 59, 1266-1274.
Boutilier, R. G., Heming, T. A. and Iwama, G. K. (1984). Appendix: Physicochemical
Parameters for use in Fish Respiratory Physiology. In Fish Physiology, vol. Volume 10, Part A
eds. W. S. Hoar and D. J. Randall), pp. 403-430: Academic Press.
Boutilier, R. G. and St-Pierre, J. (2000). Surviving hypoxia without really dying.
Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology 126,
481-490.
Brady, D. C., Targett, T. E. and Tuzzolino, D. M. (2009). Behavioral responses of
juvenile weakfish (Cynoscion regalis) to diel-cycling hypoxia: swimming speed, angular
correlation, expected displacement, and effects of hypoxia acclimation. Canadian Journal of
Fisheries and Aquatic Sciences 66, 415-424.
Brauner, C. J. and Val, A. L. (2005). Oxygen Transfer. In Fish Physiology, vol. Volume
21 eds. A. L. Val V. M. F. Almeida Val and D. J. Randall), pp. 277-306: Academic Press.
Brenniman, G. R. (1999). Biochemical oxygen demand. In Environmental Geology,
pp. 45-46. Dordrecht: Springer Netherlands.
Brett, J. R. and Groves, T. D. D. (1979). Physiological energetics. In Fish Physiology,
vol. 8 eds. W. S. Hoar D. J. Randall and J. R. Brett), pp. 279-352. New York: Academic Press.
Burford, M. A., Revill, A. T., Palmer, D. W., Clementson, L., Robson, B. J. and
Webster, I. T. (2011). River regulation alters drivers of primary productivity along a tropical
river-estuary system. Marine and Freshwater Research 62, 141-151.
Burke, J. B. (1994). Temperature and salinity requirements in the early life-history
of two catadromous fishes, Barramundi, Lates calcarifer (Bloch), and Australia Bass,
Macquaria novemaculeata (Steindachner) in Eastern Australia. In Centre For Marine
Science, vol. Unpublished Masters Thesis. Sydney: University of New South Wales.
Burleson, M. L., Wilhelm, D. R. and Smatresk, N. J. (2001). The influence of fish size
size on the avoidance of hypoxia and oxygen selection by largemouth bass. Journal of Fish
Biology 59, 1336-1349.
Burnett, L. E. (1997). The Challenges of Living in Hypoxic and Hypercapnic Aquatic
Environments. American Zoologist 37, 633-640.
Burton, T., Killen, S. S., Armstrong, J. D. and Metcalfe, N. B. (2011). What causes
intraspecific variation in resting metabolic rate and what are its ecological consequences?
Proceedings of the Royal Society B: Biological Sciences 278, 3465-3473.

128

Bushnell, P. G., Steffensen, J. F. and Johansen, K. (1984). Oxygen consumption and
swimming performance in hypoxia-acclimated rainbow trout Salmo gairdneri. Journal of
Experimental Biology 113, 225-235.
Butler, B. (2008). Report 5: Water Quality. In A Compendium of Ecological
Information on Australia's Northern Tropical Rivers. Sub-Project 1 of Australia's Tropical
Rivers - an integrated data assessment and analysis (DET18). A report to Land & Water
Australia., eds. G. P. Lukacs and C. M. Finlayson), pp. 61. Townsville, Queensland, Australia:
National Centre for Tropical Wetland Research.
Butler, B. and Burrows, D. (2007). Dissolved oxygen guidelines for freshwater
habitats of northern Australia. ACTFR Report No. 07/32, pp. 51: Australian Centre for
Tropical Freshwater Research, James Cook University, Townsville, QLD, Australia.
Butler, B., Burrows, D. and Pearson, R. G. (2007). Testing the Hypoxia Tolerance of
Tropical Freshwater Fishes. In Providing Regional NRM With Improved Aquatic Health Risk
Assessment and Monitoring Tools: the Nationally Significant Indicator - Dissolved Oxygen,
vol. ACTFR Report No. 07/31, pp. 53. Townsville, QLD, Australia: Australian Centre for
Tropical Freshwater Research: James Cook University.
Cai, C., Gu, X., Ye, Y., Yang, C., Dai, X., Chen, D. and Yang, C. (2013). Assessment of
pollutant loads discharged from aquaculture ponds around Taihu Lake, China. Aquaculture
Research 44, 795-806.
Chabot, D. and Claireaux, G. (2008). Environmental hypoxia as a metabolic
constraint on fish: The case of Atlantic cod, Gadus morhua. Marine Pollution Bulletin 57,
287-294.
Chabot, D. and Dutil, J. D. (1999). Reduced growth of Atlantic cod in non-lethal
hypoxic conditions. Journal of Fish Biology 55, 472-491.
Chabot, D., Koenker, R. and Farrell, A. P. (2016a). The measurement of specific
dynamic action in fishes. Journal of Fish Biology 88, 152-172.
Chabot, D., Steffensen, J. F. and Farrell, A. P. (2016b). The determination of
standard metabolic rate in fishes. Journal of Fish Biology 88, 81-121.
Chapman, L. G., Galis, F. and Shinn, J. (2000). Phenotypic plasticity and the possible
role of genetic assimilation: Hypoxia-induced trade-offs in the morphological traits of an
African cichlid. Ecology Letters 3, 387-393.
Chapman, L. J., Chapman, C. A., Brazeau, D. A., McLaughlin, B. and Jordan, M.
(1999). Papyrus swamps, hypoxia, and faunal diversification: variation among populations
of Barbus neumayeri. Journal of Fish Biology 54, 310-327.
Chapman, L. J., Kaufman, L. S., Chapman, C. A. and McKenzie, F. E. (1995). Hypoxia
Tolerance in Twelve Species of East African Cichlids: Potential for Low Oxygen Refugia in
Lake Victoria. Conservation Biology 9, 1274-1288.
Chapman, L. J. and McKenzie, D. J. (2009). Chapter 2 Behavioral Responses and
Ecological Consequences. In Fish Physiology, vol. Volume 27 eds. A. P. F. Jeffrey G. Richards
and J. B. Colin), pp. 25-77: Academic Press.
Chenoweth, S. F., Hughes, J. M., Keenan, C. P. and Lavery, S. (1998). When oceans
meet: a teleost shows secondary intergradation at an Indian–Pacific interface. Proceedings
of the Royal Society of London. Series B: Biological Sciences 265, 415-420.
Claireaux, G. and Chabot, D. (2016). Responses by fishes to environmental hypoxia:
integration through Fry's concept of aerobic metabolic scope. Journal of Fish Biology 88,
232-251.
Clark, T. D., Binning, S. A., Raby, G. D., Speers-Roesch, B., Sundin, J., Jutfelt, F. and
Roche, D. G. (2016). Scientific Misconduct: The Elephant in the Lab. A Response to Parker et
al. Trends in Ecology & Evolution.
Clark, T. D., Donaldson, M. R., Drenner, S. M., Hinch, S. G., Patterson, D. A., Hills,
J., Ives, V., Carter, J. J., Cooke, S. J. and Farrell, A. P. (2011a). The efficacy of field

129

techniques for obtaining and storing blood samples from fishes. Journal of Fish Biology 79,
1322-1333.
Clark, T. D., Eliason, E. J., Sandblom, E., Hinch, S. G. and Farrell, A. P. (2008).
Calibration of a hand-held haemoglobin analyser for use on fish blood. Journal of Fish
Biology 73, 2587-2595.
Clark, T. D., Jeffries, K. M., Hinch, S. G. and Farrell, A. P. (2011b). Exceptional
aerobic scope and cardiovascular performance of pink salmon (Oncorhynchus gorbuscha)
may underlie resilience in a warming climate. The Journal of Experimental Biology 214,
3074-3081.
Clark, T. D., Sandblom, E. and Jutfelt, F. (2013a). Aerobic scope measurements of
fishes in an era of climate change: respirometry, relevance and recommendations. The
Journal of Experimental Biology 216, 2771-2782.
Clark, T. D., Sandblom, E. and Jutfelt, F. (2013b). Aerobic scope measurements of
fishes in an era of climate change: respirometry, relevance and recommendations. The
Journal of Experimental Biology 216, 2771-2782.
Clark, T. D., Seymour, R. S., Christian, K., Wells, R. M. G., Baldwin, J. and Farrell, A.
P. (2007). Changes in cardiac output during swimming and aquatic hypoxia in the airbreathing Pacific tarpon. Comparative Biochemistry and Physiology - Part A: Molecular
&amp; Integrative Physiology 148, 562-571.
Clarke, A. and Johnston, N. M. (1999). Scaling of metabolic rate with body mass
and temperature in teleost fish. Journal of Animal Ecology 68, 893-905.
Collins, G. M., Clark, T. D. and Carton, A. G. (2016). Physiological plasticity v. interpopulation variability: understanding drivers of hypoxia tolerance in a tropical estuarine
fish. Marine and Freshwater Research 67, 1575-1582.
Collins, G. M., Clark, T. D., Rummer, J. L. and Carton, A. G. (2013). Hypoxia
tolerance is conserved across genetically distinct sub-populations of an iconic, tropical
Australian teleost (Lates calcarifer). Conservation Physiology 1.
Colt, J. and Orwicz, K. (1991). Modeling production capacity of aquatic culture
systems under freshwater conditions. Aquacultural Engineering 10, 1-29.
Conley, D. J., Carstensen, J., Aigars, J., Axe, P., Bonsdorff, E., Eremina, T., Haahti,
B.-M., Humborg, C., Jonsson, P., Kotta, J. et al. (2011). Hypoxia Is Increasing in the Coastal
Zone of the Baltic Sea. Environmental Science & Technology 45, 6777-6783.
Cook, D. G., Iftikar, F. I., Baker, D. W., Hickey, A. J. R. and Herbert, N. A. (2013).
Low-O2 acclimation shifts the hypoxia avoidance behaviour of snapper (Pagrus auratus)
with only subtle changes in aerobic and anaerobic function. The Journal of Experimental
Biology 216, 369-378.
Corkum, C. P. and Gamperl, A. K. (2009). Does the ability to metabolically
downregulate alter the hypoxia tolerance of fishes?: a comparative study using cunner (T.
adspersus) and Greenland cod (G. ogac). Journal of Experimental Zoology Part A: Ecological
Genetics and Physiology 311A, 231-239.
Crispo, E. and Chapman, L. J. (2008). Population genetic structure across dissolved
oxygen regimes in an African cichlid fish. Molecular Ecology 17, 2134-2148.
Crispo, E. and Chapman, L. J. (2010). Geographic variation in phenotypic plasticity
in response to dissolved oxygen in an African cichlid fish. Journal of Evolutionary Biology 23,
2091-2103.
Cruz-Neto, A. P. and Steffensen, J. F. (1997). The effects of acute hypoxia and
hypercapnia on oxygen consumption of the freshwater European eel. Journal of Fish
Biology 50, 759-769.
Dan, X.-M., Yan, G.-J., Zhang, A.-J., Cao, Z.-D. and Fu, S.-J. (2014). Effects of stable
and diel-cycling hypoxia on hypoxia tolerance, postprandial metabolic response, and
growth performance in juvenile qingbo (Spinibarbus sinensis). Aquaculture 428–429, 21-28.

130

Davis, J. C. (1975). Minimal Dissolved Oxygen Requirements of Aquatic Life with
Emphasis on Canadian Species: a Review. Journal of the Fisheries Research Board of Canada
32, 2295-2332.
Davis, T. L. O. (1986). Migration patterns in barramundi, Lates calcarifer (Bloch), in
Van Diemen Gulf, Australia, with estimates of fishing mortality in specific areas. Fisheries
Research 4, 243-258.
Dhillon, R. S. and Schulte, P. M. (2011). Intraspecific variation in the thermal
plasticity of mitochondria in killifish. The Journal of Experimental Biology 214, 3639-3648.
Dhillon, R. S., Yao, L., Matey, V., Chen, B. Y., Zhang, A.-J., Cao, Z. D., Fu, S. J.,
Brauner, C., Wang, Y. S. and Richards, J. G. (2013). Interspecific Differences in HypoxiaInduced Gill Remodeling in Carp. Physiological and Biochemical Zoology 86, 727-739.
Díaz, R., J. (2010). Agriculture's impact on aquaculture: Hypoxia and eutrophication
in marine waters. In OECD, Advancing the Aquaculture Agenda: Workshop Proceedings.
Diaz, R. J. and Breitburg, D. L. (2009). Chapter 1 The Hypoxic Environment. In Fish
Physiology, vol. Volume 27 eds. J. G. Richards A. P. Farrell and C. J. Brauner), pp. 1-23:
Academic Press.
Díaz, R. J. and Rosenberg, R. (2011). Introduction to Environmental and Economic
Consequences of Hypoxia. International Journal of Water Resources Development 27, 7182.
Dohm, M. R. (2002). Repeatability estimates do not always set an upper limit to
heritability. Functional Ecology 16, 273-280.
Donelson, J. M. and Munday, P. L. (2012). Thermal sensitivity does not determine
acclimation capacity for a tropical reef fish. Journal of Animal Ecology 81, 1126-1131.
Doupé, R. G., Horwitz, P. and Lymbery, A. J. (1999). Mitochondrial genealogy of
Western Australian barramundi: applications of inbreeding coefficients and coalescent
analysis for separating temporal population processes. Journal of Fish Biology 54, 11971209.
Dupont-Prinet, A., Claireaux, G. and McKenzie, D. J. (2009). Effects of feeding and
hypoxia on cardiac performance and gastrointestinal blood flow during critical speed
swimming in the sea bass Dicentrarchus labrax. Comparative Biochemistry and Physiology
Part A: Molecular & Integrative Physiology 154, 233-240.
Dupont-Prinet, A., Vagner, M., Chabot, D. and Audet, C. (2013). Impact of hypoxia
on the metabolism of Greenland halibut (Reinhardtius hippoglossoides). Canadian Journal
of Fisheries and Aquatic Sciences 70, 461-469.
Edmunds, R. C., Smith-Keune, C., Van Herwerden, L., Fulton, C. J. and Jerry, D. R.
(2012). Exposing local adaptation: synergistic stressors elicit population-specific lactate
dehydrogenase-B (ldh-b) expression profiles in Australian barramundi, Lates calcarifer
Aquatic Sciences 74, 171-178.
Edmunds, R. C., van Herwerden, L. and Fulton, C. J. (2010). Population-specific
locomotor phenotypes are displayed by barramundi, Lates calcarifer, in response to
thermal stress. Canadian Journal of Fisheries and Aquatic Sciences 67, 1068-1074.
Eliason, E. J. and Farrell, A. P. (2014). Effect of hypoxia on specific dynamic action
and postprandial cardiovascular physiology in rainbow trout (Oncorhynchus mykiss).
Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology 171,
44-50.
Erskine, W. D., Saynor, M. J., Erskine, L., Evans, K. G. and Moliere, D. R. (2005). A
preliminary typology of Australian tropical rivers and implications for fish community
ecology. Marine and Freshwater Research 56, 253-267.
FAO. (1987). Site selection for aquaculture: chemical features of water. In FAO
Series Reports, vol. 12 (9), pp. 56. Rome, Italy: Food and Agriculture Organisation of the
United Nations.

131

Farrell, A. P. and Richards, J. G. (2009). Chapter 11 Defining Hypoxia: An Integrative
Synthesis of the Responses of Fish to Hypoxia. In Fish Physiology, vol. Volume 27 eds. A. P.
F. Jeffrey G. Richards and J. B. Colin), pp. 487-503: Academic Press.
Felsing, M. and Glencross, B. (2004). Defining the impact of hydrological changes
associated with lake-turnover events on barramundi cage aquaulture in Lake Argyle, Final
Report - Aquaculture Development Fund of WA Project. In Fisheries Research Contract
Report No. 7, pp. 104. North Beach, WA, Australia: Department of Fisheries, Government of
Western Australia.
Fernandes, M. N., Barrionuevo, W. R. and Rantin, F. T. (1995). Effects of thermal
stress on respiratory responses to hypoxia of a South American Prochilodontid fish,
Prochilodus scrofa. Journal of Fish Biology 46, 123-133.
Fernandes, M. N. and Rantin, F. T. (1989). Respiratory responses of Oreochromis
niloticus (Pisces, Cichlidae) to environmental hypoxia under different thermal conditions.
Journal of Fish Biology 35, 509-519.
Flint, N., Crossland, M. R. and Pearson, R. G. (2015). Sublethal effects of fluctuating
hypoxia on juvenile tropical Australian freshwater fish. Marine and Freshwater Research 66,
293-304.
Foss, A., Evensen, T. H. and Øiestad, V. (2002). Effects of hypoxia and hyperoxia on
growth and food conversion efficiency in the spotted wolffish Anarhichas minor (Olafsen).
Aquaculture Research 33, 437-444.
Fritsche, R., Axelsson, M., Franklin, C. E., Grigg, G. G., Holmgren, S. and Nilsson, S.
(1993). Respiratory and cardiovascular responses to hypoxia in the Australian lungfish.
Respiration Physiology 94, 173-187.
Froese, R. (2006). Cube law, condition factor and weight–length relationships:
history, meta-analysis and recommendations. Journal of Applied Ichthyology 22, 241-253.
Fry, F. E. J. (1971). 1 The Effect of Environmental Factors on the Physiology of Fish.
In Fish Physiology, vol. Volume 6 eds. W. S. Hoar and D. J. Randall), pp. 1-98: Academic
Press.
Fry, F. E. J. and Hart, J. S. (1948). The Relation of Temperature to Oxygen
Consumption in the Goldfish. Biological Bulletin 94, 66-77.
Fu, S.-J., Brauner, C. J., Cao, Z.-D., Richards, J. G., Peng, J.-L., Dhillon, R. and Wang,
Y.-X. (2011). The effect of acclimation to hypoxia and sustained exercise on subsequent
hypoxia tolerance and swimming performance in goldfish (Carassius auratus). The Journal
of Experimental Biology 214, 2080-2088.
Fu, S.-J., Fu, C., Yan, G.-J., Cao, Z.-D., Zhang, A.-J. and Pang, X. (2014). Interspecific
variation in hypoxia tolerance, swimming performance and plasticity in cyprinids that prefer
different habitats. The Journal of Experimental Biology 217, 590-597.
Gamble, S., Carton, A. G. and Pirozzi, I. (2014). Open-top static respirometry is a
reliable method to determine the routine metabolic rate of barramundi, Lates calcarifer.
Marine and Freshwater Behaviour and Physiology 47, 19-28.
Gamperl, A. K. and Driedzic, W. R. (2009). Chapter 7 Cardiovascular Function and
Cardiac Metabolism. In Fish Physiology, vol. Volume 27 eds. A. P. F. Jeffrey G. Richards and
J. B. Colin), pp. 301-360: Academic Press.
Garland, T. and Adolph, S. C. (1994). Why Not to Do Two-Species Comparative
Studies: Limitations on Inferring Adaptation. Physiological Zoology 67, 797-828.
Gessman, J. A. and Nagy, K. A. (1988). Energy Metabolism: Errors in Gas-Exchange
Conversion Factors. Physiological Zoology 61, 507-513.
Gifford, M. E., Clay, T. A. and Careau, V. (2014). Individual (Co)variation in Standard
Metabolic Rate, Feeding Rate, and Exploratory Behavior in Wild-Caught Semiaquatic
Salamanders. Physiological and Biochemical Zoology 87, 384-396.

132

Gillanders, B. M., Elsdon, T. S., Halliday, I. A., Jenkins, G. P., Robins, J. B. and
Valesini, F. J. (2011). Potential effects of climate change on Australian estuaries and fish
utilising estuaries: a review. Marine and Freshwater Research 62, 1115-1131.
Grabowski, T., Young, S., Libungan, L., Steinarsson, A. and Marteinsdóttir, G.
(2009). Evidence of phenotypic plasticity and local adaption in metabolic rates between
components of the Icelandic cod (Gadus morhua; L.) stock. Environmental Biology of Fishes
86, 361-370.
Graham, C. T. and Harrod, C. (2009). Implications of climate change for the fishes
of the British Isles. Journal of Fish Biology 74, 1143-1205.
Green, J. A., Frappell, P. B., Clark, T. D. and Butler, P. J. (2006). Physiological
Response to Feeding in Little Penguins. Physiological and Biochemical Zoology 79, 10881097.
Grigg, G. C. (1969). Temperature-induced changes in the oxygen equilibrium curve
of the blood of the brown bullhead, Ictalurus nebulosus. Comparative Biochemistry and
Physiology 28, 1203-1223.
Guinea, J. and Fernández, F. (1991). The effect of SDA, temperature and daily
rhythm on the energy metabolism of the mullet Mugil saliens. Aquaculture 97, 353-364.
Guinea, J. and Fernández, F. (1997). Effect of feeding frequency, feeding level and
temperature on energy metabolism in Sparus aurata. Aquaculture 148, 125-142.
Halsey, L. G., Curran-Everett, D., Vowler, S. L. and Drummond, G. B. (2015). The
fickle P value generates irreproducible results. Nat Meth 12, 179-185.
Harley, C. D. G., Randall Hughes, A., Hultgren, K. M., Miner, B. G., Sorte, C. J. B.,
Thornber, C. S., Rodriguez, L. F., Tomanek, L. and Williams, S. L. (2006). The impacts of
climate change in coastal marine systems. Ecology Letters 9, 228-241.
Healy, T. M. and Schulte, P. M. (2012). Factors affecting plasticity in wholeorganism thermal tolerance in common killifish (Fundulus heteroclitus). Journal of
Comparative Physiology B 182, 49-62.
Helly, J. J. and Levin, L. A. (2004). Global distribution of naturally occurring marine
hypoxia on continental margins. Deep Sea Research Part I: Oceanographic Research Papers
51, 1159-1168.
Henriksson, P., Mandic, M. and Richards, Jeffrey G. (2008). The Osmorespiratory
Compromise in Sculpins: Impaired Gas Exchange Is Associated with Freshwater Tolerance.
Physiological and Biochemical Zoology 81, 310-319.
Herbert, N. A. and Steffensen, J. F. (2005). The response of Atlantic cod, Gadus
morhua, to progressive hypoxia: fish swimming speed and physiological stress. Marine
Biology 147, 1403-1412.
Hochachka, P. W. (1990). Scope for Survival: A Conceptual “Mirror” to Fry's Scope
for Activity. Transactions of the American Fisheries Society 119, 622-628.
Hochachka, P. W. and Lutz, P. L. (2001). Mechanism, origin, and evolution of anoxia
tolerance in animals. Comparative Biochemistry and Physiology Part B: Biochemistry and
Molecular Biology 130, 435-459.
Hochachka, P. W. and Somero, G. N. (2002). Biochemical Adaptation: Mechanism
and Process in Physiological Evolution. Cary, NC, USA: Oxford University Press.
Hudson, D. J. (1966). Fitting Segmented Curves Whose Join Points Have To Be
Estimated. Journal of the American Statistical Association 61, 1097-1129.
Huey, R. B., Kearney, M. R., Krockenberger, A., Holtum, J. A. M., Jess, M. and
Williams, S. E. (2012). Predicting organismal vulnerability to climate warming: roles of
behaviour, physiology and adaptation. Philosophical Transactions of the Royal Society B:
Biological Sciences 367, 1665-1679.
Hutchinson, M. F. and Dowling, T. I. (1991). A continental hydrological assessment
of a new grid-based digital elevation model of Australia. Hydrological Processes 5, 45-58.

133

IPCC. (2013). Summary for Policymakers. In Climate Change 2013: The Physical
Science Basis., pp. 29. Cambridge, UK and New York, USA: Cambridge University Press.
Jerry, D. R. (2014). Biology and Culture of Asian Seabass Lates calcarifer. New York:
CRC Press, Taylor and Francis Group.
Jerry, D. R., Smith-Keune, C., Hodgsone, L., Pirozzi, I., Carton, A. G., Hutson, K. S.,
Brazenor, A. K., Gonzalez, A. T., Gamble, S., Collins, G. M. et al. (2013). Vulnerability of an
iconic Australian finfish (barramundi - Lates calcarifer) and aligned industries to climate
change across tropical Australia, vol. Project No. 2010/521, pp. 222. Townsville, QLD,
Australia: Fisheries Research and Development Corporation and James Cook University.
Jesse, M. J., Shub, C. and Fishman, A. P. (1967). Lung and gill ventilation of the
african lung fish. Respiration Physiology 3, 267-287.
Jobling, M. (1981). The influences of feeding on the metabolic rate of fishes: a short
review. Journal of Fish Biology 18, 385-400.
Jones, J. R. E. (1952). The Reactions of Fish to Water of Low Oxygen Concentration.
Journal of Experimental Biology 29, 403-415.
Jordan, A. D. and Steffensen, J. F. (2007). Effects of Ration Size and Hypoxia on
Specific Dynamic Action in the Cod. Physiological and Biochemical Zoology 80, 178-185.
Jourdan-Pineau, H., Dupont-Prinet, A., Claireaux, G. and McKenzie, D. (2010). An
Investigation of Metabolic Prioritization in the European Sea Bass, Dicentrarchus labrax.
Physiological and Biochemical Zoology: Ecological and Evolutionary Approaches 83, 68-77.
Joyce, W., Ozolina, K., Mauduit, F., Ollivier, H., Claireaux, G. and Shiels, H. A.
(2016). Individual variation in whole-animal hypoxia tolerance is associated with cardiac
hypoxia tolerance in a marine teleost. Biology Letters 12, 20150708.
Justic, D., Rabalais, N. N. and Turner, R. E. (2001). Implications of global climate
change for coastal and estuarine hypoxia; hypothesis observations and models for the
northern Gulf of Mexico. In Proceedings of the 6th International Symposium on Fish
Physiology, (ed. R. V. Thurston), pp. 1-102. Athens, Georgia.
Katayama, M. and Taki, Y. (1984). Lates japonicus, a new Centropomid fish from
Japan. Japanese Journal of Ichthyology 30, 361-367.
Kay, W. R., Smith, M. J., Pinder, A. M., McRae, J. M., Davis, J. A. and Halse, S. A.
(1999). Patterns of distribution of macroinvertebrate families in rivers of north-western
Australia. Freshwater Biology 41, 299-316.
Keenan, C. (1994). Recent evolution of population structure in Australian
barramundi, Lates calcarifer (Bloch): An example of isolation by distance in one dimension.
Marine and Freshwater Research 45, 1123-1148.
Keenan, C. P. (2000). Should we allow human-induced migration of the Indo–West
Pacific fish, barramundi Lates calcarifer (Bloch) within Australia? Aquaculture Research 31,
121-131.
Killen, S. S., Adriaenssens, B., Marras, S., Claireaux, G. and Cooke, S. J. (2016).
Context dependency of trait repeatability and its relevance for management and
conservation of fish populations. Conservation Physiology 4.
Kind, P. K., Grigg, G. C. and Booth, D. T. (2002). Physiological responses to
prolonged aquatic hypoxia in the Queensland lungfish, Neoceratodus forsteri. Respiratory
Physiology & Neurobiology 132, 179-190.
Kramer, D. L. (1987). Dissolved oxygen and fish behavior. Environmental Biology of
Fishes 18, 81-92.
Lefevre, S., Bayley, M. and McKenzie, D. J. (2016). Measuring oxygen uptake in
fishes with bimodal respiration. Journal of Fish Biology 88, 206-231.
Lefevre, S., Huong, D. T. T., Phuong, N. T., Wang, T. and Bayley, M. (2012). Effects
of hypoxia on the partitioning of oxygen uptake and the rise in metabolism during digestion
in the air-breathing fish Channa striata. Aquaculture 364–365, 137-142.

134

Lin, Y.-F., Jing, S.-R., Lee, D.-Y. and Wang, T.-W. (2002). Nutrient removal from
aquaculture wastewater using a constructed wetlands system. Aquaculture 209, 169-184.
Loong, D., Butler, B., Burrows, D., Davis, A. and Faithful, J. (2005). Limnological
Assessment and Benchmarking of Key Sentinel Wetlands in the Burdekin Catchment, North
Queensland. In National Action Plan For Salinity and Water Quality for the Burdekin
Catchment: Priority Action Project No. 4, pp. 225. Townsville, QLD, Australia: Australian
Centre For Tropical Freshwater Research, James Cook University.
Loughnan, S. R., Smith-Keune, C., Jerry, D. R., Beheregaray, L. B. and Robinson, N.
A. (2015). Genetic diversity and relatedness estimates for captive barramundi (Lates
calcarifer, Bloch) broodstock informs efforts to form a base population for selective
breeding. Aquaculture Research, n/a-n/a.
Love, J. W. and Rees, B. B. (2002). Seasonal Differences in Hypoxia Tolerance in
Gulf Killifish, Fundulus Grandis (Fundulidae). Environmental Biology of Fishes 63, 103-115.
Maciak, S. and Konarzewski, M. (2010). Repeatability of standard metabolic rate
(SMR) in a small fish, the spined loach (Cobitis taenia). Comparative Biochemistry and
Physiology Part A: Molecular & Integrative Physiology 157, 136-141.
Mamun, S., Focken, U. and Becker, K. (2013). A respirometer system to measure
critical and recovery oxygen tensions of fish under simulated diurnal fluctuations in
dissolved oxygen. Aquaculture International 21, 31-44.
Mandic, M., Speers-Roesch, B. and Richards, J. G. (2013). Hypoxia tolerance in
Sculpins is associated with high anaerboic enzyme ativity in brain but not liver or muscle.
Physiological and Biochemical Zoology 86, 92-105.
Mandic, M., Todgham, A. E. and Richards, J. G. (2009). Mechanisms and evolution
of hypoxia tolerance in fish. Proceedings of the Royal Society B: Biological Sciences 276,
735-744.
Marras, S., Claireaux, G., McKenzie, D. J. and Nelson, J. A. (2010). Individual
variation and repeatability in aerobic and anaerobic swimming performance of European
sea bass, Dicentrarchus labrax. Journal of Experimental Biology 213, 26-32.
Marshall, D. J., Bode, M. and White, C. R. (2013). Estimating physiological
tolerances – a comparison of traditional approaches to nonlinear regression techniques.
The Journal of Experimental Biology 216, 2176-2182.
Martínez, M. L., Chapman, L. J. and Rees, B. B. (2009). Population variation in
hypoxic responses of the cichlid Pseudocrenilabrus multicolor victoriae. Canadian Journal of
Zoology 87, 188-194.
McBryan, T. L., Anttila, K., Healy, T. M. and Schulte, P. M. (2013). Responses to
Temperature and Hypoxia as Interacting Stressors in Fish: Implications for Adaptation to
Environmental Change. Integrative and Comparative Biology 53, 648-659.
McBryan, T. L., Healy, T. M., Haakons, K. L. and Schulte, P. M. (2016). Warm
acclimation improves hypoxia tolerance in Fundulus heteroclitus. Journal of Experimental
Biology 219, 474-484.
McKenzie, D. J., Piccolella, M., Valle, A. Z. D., Taylor, E. W., Bolis, C. L. and
Steffensen, J. F. (2003). Tolerance of chronic hypercapnia by the European eel Anguilla
anguilla. Journal of Experimental Biology 206, 1717-1726.
McLeod, I. M. and Clark, T. D. (2016). Limited Capacity for Faster Digestion in Larval
Coral Reef Fish at an Elevated Temperature. PLoS ONE 11, e0155360.
McNeil, D. G. and Closs, G. P. (2007). Behavioural responses of a south-east
Australian floodplain fish community to gradual hypoxia. Freshwater Biology 52, 412-420.
Melzner, F., Thomsen, J., Koeve, W., Oschlies, A., Gutowska, M. A., Bange, H. W.,
Hansen, H. P. and Körtzinger, A. (2012). Future ocean acidification will be amplified by
hypoxia in coastal habitats. Marine Biology 160, 1875-1888.

135

Metcalfe, N. B., Taylor, A. C. and Thorpe, J. E. (1995). Metabolic rate, social status
and life-history strategies in Atlantic salmon. Animal Behaviour 49, 431-436.
Metcalfe, N. B., Van Leeuwen, T. E. and Killen, S. S. (2016). Does individual
variation in metabolic phenotype predict fish behaviour and performance? Journal of Fish
Biology 88, 298-321.
Milton, D., Yarrao, M., Fry, G. and Tenakanai, C. (2005). Response of barramundi,
Lates calcarifer, populations in the Fly River, Papua New Guinea to mining, fishing and
climate-related perturbation. Marine and Freshwater Research 56, 969-981.
Milton, D. A. and Chenery, S. R. (2005). Movement patterns of barramundi Lates
calcarifer, inferred from 87Sr/86Sr and Sr/Ca ratios in otoliths, indicate non-participation in
spawning. Marine Ecology Progress Series 301, 279-291.
Moore, R. and Reynolds, L. (1982). Migration patterns of barramundi, Lates
calcarifer (Bloch), in Papua New Guinea. Marine and Freshwater Research 33, 671-682.
Morrongiello, J. R., Beatty, S. J., Bennett, J. C., Crook, D. A., Ikedife, D. N. E. N.,
Kennard, M. J., Kerezsy, A., Lintermans, M., McNeil, D. G., Pusey, B. J. et al. (2011).
Climate change and its implications for Australia’s freshwater fish. Marine and Freshwater
Research 62, 1082-1098.
Mueller, C. A. and Seymour, R. S. (2011). The Regulation Index: A New Method for
Assessing the Relationship between Oxygen Consumption and Environmental Oxygen.
Physiological and Biochemical Zoology 84, 522-532.
Muggeo, V. M. R. (2008). Segmented: an R package to fit regression models with
broken-line relationships. R News 8/1, 20-25.
Nakano, S. (1995). Individual Differences in Resource Use, Growth and Emigration
Under the Influence of a Dominance Hierarchy in Fluvial Red-Spotted Masu Salmon in a
Natural Habitat. Journal of Animal Ecology 64, 75-84.
Nelson, J. A., Rios, F. S. A., Sanches, J. R., Fernandes, M. N. and Rantin, F. T.
(2007). Environmental influences on the respiratory physiology and gut chemistry of a
facultatively air-breathing, tropical herbivorous fish Hypostomus regani (Ihering, 1905). In
Fish Respiration and Environment, eds. M. N. Fernandes F. T. Rantin M. L. Glass and B. G.
Kapoor), pp. 191-218. Boca Raton, Florida, USA: CRC Press.
Newton, J. R., Smith-Keune, C. and Jerry, D. R. (2010). Thermal tolerance varies in
tropical and sub-tropical populations of barramundi (Lates calcarifer) consistent with local
adaptation. Aquaculture 308, Supplement 1, S128-S132.
Newton, J. R., Zenger, K. R. and Jerry, D. R. (2013). Next-generation transcriptome
profiling reveals insights into genetic factors contributing to growth differences and
temperature adaptation in Australian populations of barramundi (Lates calcarifer). Marine
Genomics 11, 45-52.
Nickerson, D. M., Facey, D. E. and Grossman, G. D. (1989). Estimating Physiological
Thresholds with Continuous Two-Phase Regression. Physiological Zoology 62, 866-887.
Nilsson, G. E., Hobbs, J.-P., Munday, P. L. and Östlund-Nilsson, S. (2004). Coward
or braveheart: extreme habitat fidelity through hypoxia tolerance in a coral-dwelling goby.
Journal of Experimental Biology 207, 33-39.
Nilsson, G. E. and Ostlund-Nilsson, S. (2004). Hypoxia in paradise: widespread
hypoxia tolerance in coral reef fishes. Proceedings of the Royal Society B: Biological Sciences
271, S30 - S33.
Nilsson, G. E. and Östlund-Nilsson, S. (2008). Does size matter for hypoxia
tolerance in fish? Biological Reviews 83, 173-189.
Nilsson, G. E., Östlund-Nilsson, S. and Munday, P. L. (2010). Effects of elevated
temperature on coral reef fishes: Loss of hypoxia tolerance and inability to acclimate.
Comparative Biochemistry and Physiology - Part A: Molecular &amp; Integrative Physiology
156, 389-393.

136

Nixon, S. W. (1995). Coastal marine eutrophication: A definition, social causes, and
future concerns. Ophelia 41, 199-219.
Norin, T. and Clark, T. D. (2016). Measurement and relevance of maximum
metabolic rate in fishes. Journal of Fish Biology 88, 122-151.
Norin, T. and Malte, H. (2011). Repeatability of standard metabolic rate, active
metabolic rate and aerobic scope in young brown trout during a period of moderate food
availability. Journal of Experimental Biology 214, 1668-1675.
Norin, T., Malte, H. and Clark, T. D. (2014). Aerobic scope does not predict the
performance of a tropical eurythermal fish at elevated temperatures. The Journal of
Experimental Biology 217, 244-251.
Norin, T., Malte, H. and Clark, T. D. (2016). Differential plasticity of metabolic rate
phenotypes in a tropical fish facing environmental change. Functional Ecology 30, 369-378.
Nosek, B. A., Alter, G., Banks, G. C., Borsboom, D., Bowman, S. D., Breckler, S. J.,
Buck, S., Chambers, C. D., Chin, G., Christensen, G. et al. (2015). Promoting an open
research culture. Science 348, 1422-1425.
Ott, M. E., Heisler, N. and Ultsch, G. R. (1980). A re-evaluation of the relationship
between temperature and the critical oxygen tension in freshwater fishes. Comparative
Biochemistry and Physiology Part A: Physiology 67, 337-340.
Ozolina, K., Shiels, H. A., Ollivier, H. and Claireaux, G. (2016). Intraspecific
individual variation of temperature tolerance associated with oxygen demand in the
European sea bass (Dicentrarchus labrax). Conservation Physiology 4.
Parker, T. H., Forstmeier, W., Koricheva, J., Fidler, F., Hadfield, J. D., Chee, Y. E.,
Kelly, C. D., Gurevitch, J. and Nakagawa, S. (2016). Transparency in Ecology and Evolution:
Real Problems, Real Solutions. Trends in Ecology & Evolution 31, 711-719.
Pearson, R. G., Crossland, M. R., Butler, B. and Manwaring, S. (2003). Effects of
cane-field drainage on the ecology of tropical waterways, vol. Report No. 03/04-1,2,3 to
Sugar R&D Corporation. Townsville, Queensland, Australia: James Cook University.
Pearson, R. G., Godfrey, P. C., Arthington, A. H., Wallace, J., Karim, F. and Ellison,
M. (2013). Biophysical status of remnant freshwater floodplain lagoons in the Great Barrier
Reef catchment: a challenge for assessment and monitoring. Marine and Freshwater
Research 64, 208-222.
Peña, M. A., Katsev, S., Oguz, T. and Gilbert, D. (2010). Modeling dissolved oxygen
dynamics and hypoxia. Biogeosciences 7, 933-957.
Perna, C. and Burrows, D. (2005). Improved dissolved oxygen status following
removal of exotic weed mats in important fish habitat lagoons of the tropical Burdekin
River floodplain, Australia. Marine Pollution Bulletin 51, 138-148.
Perry, S. F., Jonz, M. G. and Gilmour, K. M. (2009). Chapter 5 Oxygen Sensing And
The Hypoxic Ventilatory Response. In Fish Physiology, vol. Volume 27 eds. A. P. F. Jeffrey G.
Richards and J. B. Colin), pp. 193-253: Academic Press.
Petersen, L. H. and Gamperl, A. K. (2011). Cod (Gadus morhua) Cardiorespiratory
Physiology and Hypoxia Tolerance following Acclimation to Low-Oxygen Conditions.
Physiological and Biochemical Zoology 84, 18-31.
Pichavant, K., Person-Le-Ruyet, J., Bayon, N. L., Severe, A., Roux, A. L. and Boeuf,
G. (2001). Comparative effects of long-term hypoxia on growth, feeding and oxygen
consumption in juvenile turbot and European sea bass. Journal of Fish Biology 59, 875-883.
Pinheiro, J., Bates, D., DeBroy, S., Sarkar, D. and R Core Team. (2014). nlme: Linear
and Nonlinear Mixed Effects Models. R package version 3.1-122.
Plambech, M., Van Deurs, M., Steffensen, J. F., Tirsgaard, B. and Behrens, J. W.
(2013). Excess post-hypoxic oxygen consumption in Atlantic cod Gadus morhua. Journal of
Fish Biology 83, 396-403.

137

Pollock, M. S., Clarke, L. M. J. and Dubé, M. G. (2007). The effects of hypoxia on
fishes: from ecological relevance to physiological effects. Environmental Reviews 15, 1-14.
Pörtner, H. O. and Knust, R. (2007). Climate Change Affects Marine Fishes Through
the Oxygen Limitation of Thermal Tolerance. Science 315, 95-97.
Poulsen, S. B., Jensen, L. F., Nielsen, K. S., Malte, H., Aarestrup, K. and Svendsen,
J. C. (2011). Behaviour of rainbow trout Oncorhynchus mykiss presented with a choice of
normoxia and stepwise progressive hypoxia. Journal of Fish Biology 79, 969-979.
Prosser, C. L. and Brown, F. A. (1961). Comparative Animal Physiology.
Philadelphia, PA, USA: Saunders.
Pusey, B. J., Arthington, A. H. and Read, M. G. (1998). Freshwater fishes of the
Burdekin River, Australia: biogeography, history and spatial variation in community
structure. Environmental Biology of Fishes 53, 303-318.
Pusey, B. J., Kennard, M. J. and Arthington, A. H. (2004). Freshwater Fishes of
North-Eastern Australia. Collingwood, Vic, Australia: CSIRO Publishing.
R Core Team. (2012). R: A language and environment for statistical computing, (ed.
R Foundation for Statistical Computing). Vienna, Austia.
Rabalais, N. N., Díaz, R. J., Levin, L. A., Turner, R. E., Gilbert, D. and Zhang, J.
(2010). Dynamics and distribution of natural and human-caused hypoxia. Biogeosciences 7,
585-619.
Rabalais, N. N., Turner, R. E., Sen Gupta, B. K., Boesch, D. F., Chapman, P. and
Murrell, M. C. (2007). Hypoxia in the northern Gulf of Mexico: Does the science support the
Plan to Reduce, Mitigate, and Control Hypoxia? Estuaries and Coasts 30, 753-772.
Randall, D. J. and Smith, J. C. (1967). The regulation of cardiac activity in fish in a
hypoxic environment. Physiological Zoology 40, 104-113.
Rasmussen, J. R., Wells, R. M. G., Henty, K., Clark, T. D. and Brittain, T. (2009).
Characterization of the hemoglobins of the Australian lungfish Neoceratodus forsteri
(Krefft). Comparative Biochemistry and Physiology - Part A: Molecular & Integrative
Physiology 152, 162-167.
Reichart, G. J., Lourens, L. J. and Zachariasse, W. J. (1998). Temporal variability in
the northern Arabian Sea oxygen minimum zone (OMZ) during the last 225,000 years.
Paleoceanography 13, 607-621.
Richards, J. G. (2009). Chapter 10 Metabolic and Molecular Responses of Fish to
Hypoxia. In Fish Physiology, vol. Volume 27 eds. A. P. F. Jeffrey G. Richards and J. B. Colin),
pp. 443-485: Academic Press.
Richards, J. G. (2011). Physiological, behavioral and biochemical adaptations of
intertidal fishes to hypoxia. Journal of Experimental Biology 214, 191-199.
Righton, D. A., Andersen, K. H., Neat, F., Thorsteinsson, V., Steingrund, P.,
Svedäng, H., Michalsen, K., Hinrichsen, H. H., Bendall, V., Neuenfeldt, S. et al. (2010).
Thermal niche of Atlantic cod Gadus morhua: limits, tolerance and optima. Marine Ecology
Progress Series 420, 1-13.
Rodgers, G. G., Tenzing, P. and Clark, T. D. (2016). Experimental methods in
aquatic respirometry: the importance of mixing devices and accounting for background
respiration. Journal of Fish Biology 88, 65-80.
Rodgers, L. J. and Bloomfield, J. P. (1993). Comparison of growth, condition and
mortality between stocks of barramundi Lates calcarifer: 1. Cairns and Burrum River strains.
In Larval and Juvenile Culture of Barramundi Lates calcarifer, eds. C. G. Barlow and M. A.
Rimmer), pp. 9.1 - 9, 19. Canberra: Fishing Industry Research and Development Council.
Rogers, N. J., Urbina, M. A., Reardon, E. E., McKenzie, D. J. and Wilson, R. W.
(2016). A new analysis of hypoxia tolerance in fishes using a database of critical oxygen
level (Pcrit). Conservation Physiology 4.

138

Routley, M. H., Nilsson, G. E. and Renshaw, G. M. C. (2002). Exposure to hypoxia
primes the respiratory and metabolic responses of the epaulette shark to progressive
hypoxia. Comparative Biochemistry and Physiology Part A: Molecular & Integrative
Physiology 131, 313-321.
Roze, T., Christen, F., Amerand, A. and Claireaux, G. (2013). Trade-off between
thermal sensitivity, hypoxia tolerance and growth in fish. Journal of Thermal Biology 38, 98106.
Russell, D. J. and Garrett, R. N. (1983). Use by juvenile barramundi, Lates calcarifer
(Bloch), and other fishes of temporary supralittoral habitats in a tropical estuary in
Northern Australia. Marine and Freshwater Research 34, 805-811.
Russell, D. J. and Garrett, R. N. (1988). Movements of juvenile barramundi, Lates
calcarifer (Bloch), in north-eastern Queensland. Marine and Freshwater Research 39, 117123.
Salin, K., Auer, S. K., Rey, B., Selman, C. and Metcalfe, N. B. (2015). Variation in the
link between oxygen consumption and ATP production, and its relevance for animal
performance. Proceedings of the Royal Society B: Biological Sciences 282.
Schofield, P. J. and Chapman, L. J. (2000). Hypoxia tolerance of introduced Nile
perch: implications for survival of indigenous fishes in the Lake Victoria basin. African
Zoology 35, 35-42.
Schurmann, H. and Steffensen, J. F. (1997). Effects of temperature, hypoxia and
activity on the metabolism of juvenile Atlantic cod. Journal of Fish Biology 50, 1166-1180.
Scott, M. A., Dhillon, R. S., Schulte, P. M. and Richards, J. G. (2015). Physiology and
performance of wild and domestic strains of diploid and triploid rainbow trout
(Oncorhynchus mykiss) in response to environmental challenges. Canadian Journal of
Fisheries and Aquatic Sciences 72, 125-134.
Secor, S. M. (2009). Specific dynamic action: a review of the postprandial metabolic
response. Journal of Comparative Physiology B 179, 1-56.
Seebacher, F., White, C. R. and Franklin, C. E. (2015). Physiological plasticity
increases resilience of ectothermic animals to climate change. Nature Clim. Change 5, 6166.
Shimps, E. L., Rice, J. A. and Osborne, J. A. (2005). Hypoxia tolerance in two
juvenile estuary-dependent fishes. Journal of Experimental Marine Biology and Ecology 325,
146-162.
Sloman, K. A., Wood, C. M., Scott, G. R., Wood, S., Kajimura, M., Johannsson, O.
E., Almeida-Val, V. M. F. and Val, A. L. (2006). Tribute to R. G. Boutilier: The effect of size
on the physiological and behavioural responses of oscar, Astronotus ocellatus, to hypoxia.
Journal of Experimental Biology 209, 1197-1205.
Small, K., Kopf, R. K., Watts, R. J. and Howitt, J. (2014). Hypoxia, Blackwater and
Fish Kills: Experimental Lethal Oxygen Thresholds in Juvenile Predatory Lowland River
Fishes. PLoS ONE 9, e94524.
Sneddon, L. U. and Yerbury, J. (2004). Differences in response to hypoxia in the
three-spined stickleback from lotic and lentic localities: dominance and an anaerobic
metabolite. Journal of Fish Biology 64, 799-804.
Speers-Roesch, B., Mandic, M., Groom, D. J. E. and Richards, J. G. (2013). Critical
oxygen tensions as predictors of hypoxia tolerance and tissue metabolic responses during
hypoxia exposure in fishes. Journal of Experimental Marine Biology and Ecology 449, 239249.
Stierhoff, K. L., Tyler, R. M. and Targett, T. E. (2009). Hypoxia tolerance of juvenile
weakfish (Cynoscion regalis): Laboratory assessment of growth and behavioral avoidance
responses. Journal of Experimental Marine Biology and Ecology 381, Supplement, S173S179.

139

Stoffels, R. J. (2015). Physiological Trade-Offs Along a Fast-Slow Lifestyle
Continuum in Fishes: What Do They Tell Us about Resistance and Resilience to Hypoxia?
PLoS ONE 10, e0130303.
Stuart, I. G. and Berghuis, A. P. (2002). Upstream passage of fish through a verticalslot fishway in an Australian subtropical river. Fisheries Management and Ecology 9, 111122.
Summerfelt, S. T., Vinci, B. J. and Piedrahita, R. H. (2000). Oxygenation and carbon
dioxide control in water reuse systems. Aquacultural Engineering 22, 87-108.
Svendsen, M. B. S., Bushnell, P. G. and Steffensen, J. F. (2015). Design and setup of
intermittent-flow respirometry system for aquatic organisms. Journal of Fish Biology, n/an/a.
Sylvestre, E.-L., Lapointe, D., Dutil, J.-D. and Guderley, H. (2007). Thermal
sensitivity of metabolic rates and swimming performance in two latitudinally separated
populations of cod, Gadus morhua L. Journal of Comparative Physiology B: Biochemical,
Systemic, and Environmental Physiology 177, 447-460.
Tang, P.-S. (1933). On the Rate of Oxygen Consumption by Tissues and Lower
Organisms as a Function of Oxygen Tension. The Quarterly Review of Biology 8, 260-274.
Tetens, V. and Lykkeboe, G. (1981). Blood respiratory properties of rainbow trout,
Salmo gairdneri: Responses to hypoxia acclimation and anoxic incubation of blood in vitro.
Journal of comparative physiology 145, 117-125.
Tewksbury, J. J., Huey, R. B. and Deutsch, C. A. (2008). Putting the Heat on Tropical
Animals. Science 320, 1296-1297.
Thépot, V. and Jerry, D. R. (2015). The effect of temperature on the embryonic
development of barramundi, the Australian strain of Lates calcarifer (Bloch) using current
hatchery practices. Aquaculture Reports 2, 132-138.
Thorarensen, H., Kubiriza, G. K. and Imsland, A. K. (2015). Experimental design and
statistical analyses of fish growth studies. Aquaculture 448, 483-490.
Thronson, A. and Quigg, A. (2008). Fifty-Five Years of Fish Kills in Coastal Texas.
Estuaries and Coasts 31, 802-813.
Timmerman, C. M. and Chapman, L. G. (2004). Hypoxia and interdemic variation in
Poecilia latipinna. Journal of Fish Biology 65, 635-650.
Tirsgaard, B., Moran, D. and Steffensen, J. F. (2015). Prolonged SDA and reduced
digestive efficiency under elevated CO2 may explain reduced growth in Atlantic cod (Gadus
morhua). Aquatic Toxicology 158, 171-180.
Tobler, M., Palacios, M., Chapman, L. J., Mitrofanov, I., Bierbach, D., Plath, M.,
Arias-Rodriguez, L., García de León, F. J. and Mateos, M. (2011). Evolution in extreme
environments: replicated phenotypic differentiation in livebearing fish inhabiting sulfidic
springs. Evolution 65, 2213-2228.
Townsend, S. A., Boland, K. T. and Wrigley, T. J. (1992). Factors contributing to a
fish kill in the Australian wet/dry tropics. Water Research 26, 1039-1044.
Townsend, S. A. and Edwards, C. A. (2003). A fish kill event, hypoxia and other
limnological impacts associated with early wet season flow into a lake on the Mary River
floodplain, tropical northern Australia. Lakes & Reservoirs: Research & Management 8, 169176.
Tyler, R. M. and Targett, T. E. (2007). Juvenile weakfish Cynoscion regalis
distribution in relation to diel-cycling dissolved oxygen in an estuarine tributary. Marine
Ecology Progress Series 333, 257-269.
Unmack, P. J. (2001). Biogeography of Australian freshwater fishes. Journal of
Biogeography 28, 1053-1089.

140

Val, A. L., De Almeida‐Val, V. M. F. and Randall, D. J. (2005). Tropical Environment.
In Fish Physiology, vol. Volume 21 eds. V. M. F. D. A.-V. Adalberto L. Val and J. R. David), pp.
1-45: Academic Press.
Van den Thillart, G., dalla Via, J., Vitali, G. and Cortesi, P. (1994). Influence of longterm hypoxia exposure on the energy metabolism of Solea solea. I. Critical O2 levels for
aerobic and anaerobic metabolism. Marine Ecology Progress Series 104, 109-117.
Vaquer-Sunyer, R. and Duarte, C. M. (2008). Thresholds of Hypoxia for Marine
Biodiversity. Proceedings of the National Academy of Sciences of the United States of
America 105, 15452-15457.
Vaquer-Sunyer, R. and Duarte, C. M. (2011). Temperature effects on oxygen
thresholds for hypoxia in marine benthic organisms. Global Change Biology 17, 1788-1797.
Verburg, P., Hecky, R. E. and Kling, H. (2003). Ecological Consequences of a Century
of Warming in Lake Tanganyika. Science 301, 505-507.
Via, S., Gomulkiewicz, R., De Jong, G., Scheiner, S. M., Schlichting, C. D. and Van
Tienderen, P. H. (1995). Adaptive phenotypic plasticity: consensus and controversy. Trends
in Ecology & Evolution 10, 212-217.
Wade, N. M., Skiba-Cassy, S., Dias, K. and Glencross, B. D. (2014). Postprandial
molecular responses in the liver of the barramundi, Lates calcarifer. Fish Physiology and
Biochemistry 40, 427-443.
Wagenmakers, E.-J. and Farrell, S. (2004). AIC model selection using Akaike
weights. Psychonomic Bulletin & Review 11, 192-196.
Waltham, N. J., Burrows, D., Butler, B., Wallace, J., Thomas, C., James, C. and
Brodie, J. (2013). A technical report to the Australian Government from the CSIRO Flinders
and Gilbert Agricultural Resource Assessment, part of the North Queensland Irrigated
Agriculture Strategy, (ed. Centre For Tropical Water and Aquatic Ecosystem Research
(TropWater)), pp. 460. Townsville, QLD, Australia: James Cook University and CSIRO.
Wang, Q., Wang, W., Huang, Q., Zhang, Y. and Luo, Y. (2012). Effect of meal size on
the specific dynamic action of the juvenile snakehead (Channa argus). Comparative
Biochemistry and Physiology Part A: Molecular & Integrative Physiology 161, 401-405.
Wang, T., Lefevre, S., Thanh Huong, D. T., Cong, N. v. and Bayley, M. (2009).
Chapter 8 The Effects of Hypoxia On Growth and Digestion. In Fish Physiology, vol. Volume
27 eds. A. P. F. Jeffrey G. Richards and J. B. Colin), pp. 361-396: Academic Press.
Weber, R. E. (1996). Hemoglobin adaptations in Amazonian and temperate fish
with special reference to hypoxia, allosteric effectors and functional heterogeneity. In
Physiology and Biochemistry of the Fishes of the Amazon, eds. A. L. Val V. M. F. Almeida Val
and D. J. Randall), pp. pp. 75-90. Brasil: INPA.
Webster, I. T., Rea, N., Padovan, A. V., Dostine, P., Townsend, S. A. and Cook, S.
(2005). An analysis of primary production in the Daly River, a relatively unimpacted tropical
river in northern Australia. Marine and Freshwater Research 56, 303-316.
Weiss, R. F. (1970). The solubility of nitrogen, oxygen and argon in water and
seawater. Deep Sea Research and Oceanographic Abstracts 17, 721-735.
Wells, R. M. G. (2009a). Blood‐Gas Transport and Hemoglobin Function:
Adaptations for Functional and Environmental Hypoxia. In Fish Physiology, vol. Volume 27
eds. A. P. F. Jeffrey G. Richards and J. B. Colin), pp. 255-299: Academic Press.
Wells, R. M. G. (2009b). Chapter 6 Blood‐Gas Transport and Hemoglobin Function:
Adaptations for Functional and Environmental Hypoxia. In Fish Physiology, vol. Volume 27
eds. A. P. F. Jeffrey G. Richards and J. B. Colin), pp. 255-299: Academic Press.
Wells, R. M. G., Baldwin, J., Seymour, R. S. and Weber, R. E. (1997). Blood oxygen
transport and hemoglobin function in three tropical fish species from northern Australian
freshwater billabongs. Fish Physiology and Biochemistry 16, 247-258.

141

Wells, R. M. G., Grigg, G. C., Beard, L. A. and Summers, G. (1989). Hypoxic
Responses in a Fish From a Stable Environment: Blood Oxygen Transport in the Antarctic
Fish Pagothenia Borchgrevinki. Journal of Experimental Biology 141, 97-111.
Wells, R. M. G. and Pankhurst, N. W. (1999). Evaluation of Simple Instruments for
the Measurement of Blood Glucose and Lactate, and Plasma Protein as Stress Indicators in
Fish. Journal of the World Aquaculture Society 30, 276-284.
West-Eberhard, M. J. (2005). Developmental plasticity and the origin of species
differences. Proceedings of the National Academy of Sciences 102, 6543-6549.
Whitehead, A., Galvez, F., Zhang, S., Williams, L. M. and Oleksiak, M. F. (2011).
Functional Genomics of Physiological Plasticity and Local Adaptation in Killifish. Journal of
Heredity 102, 499-511.
Wood, S. C. and Johansen, K. (1972). Adaptation to hypoxia by increased HbO2
affinity and decreased red cell ATP concentration. Nature New Biology 237, 278-279.
Wu, R. S. S. (1990). Environmental tolerance of some marine fish: applications in
mariculture management. In Fish Physiology, Fish Toxicology and Fisheries Management:
Proceedings of an international symposium, (ed. R. C. Ryans), pp. 197-207. Guangzhou,
PRC: U.S. Environmental and Protection Agency.
Wu, R. S. S. (2002). Hypoxia: from molecular responses to ecosystem responses.
Marine Pollution Bulletin 45, 35-45.
Yamamoto, T., Ueda, H. and Higashi, S. (1998). Correlation among dominance
status, metabolic rate and otolith size in masu salmon. Journal of Fish Biology 52, 281-290.
Yang, H., Cao, Z.-D. and Fu, S.-J. (2013). The effects of diel-cycling hypoxia
acclimation on the hypoxia tolerance, swimming capacity and growth performance of
southern catfish (Silurus meridionalis). Comparative Biochemistry and Physiology Part A:
Molecular & Integrative Physiology 165, 131-138.
Yeager, D. P. and Ultsch, G. R. (1989). Physiological Regulation and Conformation:
A BASIC Program for the Determination of Critical Points. Physiological Zoology 62, 888907.
Zambonino-Infante, J. L., Claireaux, G., Ernande, B., Jolivet, A., Quazuguel, P.,
Sévère, A., Huelvan, C. and Mazurais, D. (2013). Hypoxia tolerance of common sole
juveniles depends on dietary regime and temperature at the larval stage: evidence for
environmental conditioning. Proceedings of the Royal Society of London B: Biological
Sciences 280.
Zar, J. H. (2010). Biostatistical Analysis. 5th Edition. Upper Saddle River, N.J.:
Pearson Prentice-Hall.
Zhang, W., Cao, Z.-D., Peng, J.-L., Chen, B.-J. and Fu, S.-J. (2010). The effects of
dissolved oxygen level on the metabolic interaction between digestion and locomotion in
juvenile southern catfish (Silurus meridionalis Chen). Comparative Biochemistry and
Physiology Part A: Molecular & Integrative Physiology 157, 212-219.

142

APPENDIX A - RELATIONSHIP BETWEEN ṀO2 AND DO
During the course of this thesis two key papers emerged (Claireaux and
Chabot, 2016; Marshall et al., 2013) that presented new opportunities for the
analysis of O2CRIT data. Consequently, the O2CRIT data collected for Chapters
4 and 5 were analysed using not one but three methods: non-linear
regression (NLR; Marshall et al., 2013), broken-stick regression (BSR;
Muggeo, 2008; Yeager and Ultsch, 1989) and least-squares regression
accompanying SMR (LSRSMR; Claireaux and Chabot, 2016). These methods
were then compared (where appropriate) using Akaike’s Information Criterion
(AIC) as a means of assessing the relationship between ṀO2 and DO. The
large sample sizes used in Chapter 4 presented a unique opportunity to
assess the relationship between ṀO2 and dissolved O2 using a large,
empirical data set, in the first such analysis of its kind (to the best of my
knowledge).
BSR and LSRSMR were by far the most commonly used methods for
analysing O2CRIT data at the time of writing this thesis. NLR has been used
very little to assess hypoxia tolerance, perhaps due to the absence of a
distinct “break-point” at the intersection of two lines. Both BSR and NLR are
fit to the data through minimising the negative log-likelihood (BSR) or the
residual sums of squares (NLR), and thus provide a basis for model
comparison using AIC. No such method may be applied to LSRSMR, and this
technique was therefore excluded from this component of the analysis. Due
to slight differences in methodology between the two chapters (4 and 5), it
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was not considered appropriate to analyse both data sets collectively and
they have therefore been kept separate.
NLR provided an overall better fit to ṀO2 data than BSR in Chapter 4, and
may therefore be a better descriptor of the relationship between ṀO2 and DO
(Figure 29; Table 4). This was predicted by Marshall et al. (2013), however
the analysis presented here benefited from the use of empirical, rather than
theoretical data, and thus was not reliant on assumptions used to generate
simulated data sets. Somewhat surprisingly, the reverse was true for data
from Chapter 5: BSR provided a better fit to ṀO2 data than NLR (Figure 32;
Table 4).
Regardless of the method used to describe the relationship between ṀO2
and DO, all O2CRIT estimates were generally within the range expected for
this species (~10 – 20% saturation). Parameter estimates for the NLR
(Weibull) function are presented here (Table 4), together with goodness-of-fit
profiles (Figure 30).
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Figure 28 - Relationship between ṀO2 and DO, for one individual barramundi (panel a), with
three different models fit to the data: non-linear regression (Weibull function; black line),
segmented (broken-stick) regression (red line) and least-squares regression accompanying
SMR (blue line). The vertical line for each function indicates the O2CRIT estimate. Panel b is a
density histogram with density functions (Gaussian) overlayed that represents the O2CRIT
estimated for 211 fish (Chapter 4) using three methods: non-linear regression (grey bars,
black line), segmented regression (red bars and line) and least-squares regression
accompanying SMR (blue bars and line).

145

Figure 29 - Density histograms of Akaike weights for non-linear regression (a) and brokenstick regression (b) for 211 fish (Chapter 4).
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Figure 30 - Parameter estimates for all fish (i, iii and v) and goodness of fit profile plots for
parameters from one individual fish (ii, iv and vi) for the Weibull function (Chapter 4).
Parameters a, b and c represent the asymptote, scale and shape of the Weibull function.
The vertical red line on histograms indicates the median value. The vertical red line on
goodness of fit plots indicates the minimum of the sums of squares for each parameter for
that fish.
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Figure 31 - Density histogram with density functions (Gaussian) overlayed that represents
the O2CRIT estimated for 48 fish (Chapter 5) using three methods: non-linear regression (grey
bars, black line), segmented regression (red bars and line) and least-squares regression
accompanying SMR (blue bars and line).
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Figure 32 - Density histograms of Akaike weights for non-linear regression (a) and brokenstick regression (b) (Chapter 5).
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Table 4 - Results for O2CRIT estimates from Chapters 4 and 5
Mean ± SD

Median (Q1 - Q3)

Range (min - max)

O2CRIT
NLR
BSR
LSRSMR

14.23 ± 1.22 a
16.39 ± 1.47 c
15.22 ± 2.09 b

14.32 (13.55 - 15.00)
16.25 (15.45 - 17.39)
15.10 (13.95 - 16.45)

10.07 - 17.03
12.73 - 21.56
8.50 - 21.20

Aggregated

15.28 ± 1.86

15.20 (14.14 - 16.40)

8.50 - 21.56

-

0.96 (0.38 - 1.00)
0.04 (0.00 - 0.62)

-

a
b
c

0.89 ± 0.05
11.39 ± 1.06
2.00 ± 0.32

0.89 (0.86 - 0.92)
11.41 (10.76 - 12.14)
1.97 (1.75 - 2.19)

0.67 - 0.96
8.32 - 14.74
1.30 - 3.08

SMR

1.72 ± 0.63

1.72 (1.18 - 2.24)

0.54 - 3.09

NLR
BSR
LSRSMR

11.94 ± 1.21 b
11.05 ± 1.34 a
11.64 ± 1.62 ab

11.89 (11.21 - 12.50)
11.12 (10.09 - 11.90)
11.65 (10.50 - 12.23)

8.89 - 14.99
7.53 - 14.90
8.50 - 15.60

Aggregated

11.54 ± 1.44

11.55 (10.64 - 12.25)

7.53 - 15.60

wi(AIC)
NLR
BSR

-

0.08 (0.0004 - 0.59)
0.92 (0.41 - 1.00)

-

Parameter estimates
a
b
c

0.87 ± 0.07
8.88 ± 0.92
3.19 ± 1.06

0.89 (0.85 - 0.91)
8.67 (8.33 - 9.34)
3.23 (2.53 - 3.86)

0.70 - 0.97
7.44 - 11.23
1.14 - 6.36

Chapter 4

wi(AIC)
NLR
BSR
Parameter estimates

Chapter 5
O2CRIT

SMR
1.60 ± 0.42
1.52 (1.33 - 1.87)
0.82 - 2.82
Data are presented as mean ± standard deviation, median (1st and 3rd quartiles) and range
(minimum and maximum). Super-script letters next to mean O2CRIT estimates indicate
significant differences: a < b < c. NLR = non-linear regression; BSR = broken-stick
regression; LSRSMR = least-squares regression accompanying SMR. wi(AIC) = Akaike
weights. Parameter estimates (a, b and c) are the asymptote, scale and shape parameters,
respectively, for the Weibull function.
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APPENDIX B – SUPPORTING INFORMATION FOR
CHAPTER 4

Supplementary Materials and Methods

ṀO2 Measurements
Oxygen consumption rates (ṀO2) were measured on sub-sets of fish (N ≈ 40
per population, per hypoxia tolerance category: N = 233 in total) using
intermittent flow-through respirometry as described in Collins et al. (2013)
and following best practices (Clark et al., 2013a; Svendsen et al., 2015).
Briefly, 8 fish per day were transferred from the experimental system and
placed individually in respirometers (1.5 L). The respirometers were
submerged in a temperature-controlled (29.10 ± 0.29°C) 1,000 L tank that
provided fully saturated water during the flush cycle of respirometry. Oxygen
concentration was recorded in each individual respirometer using a Firesting
Optical O2 Meter (Pyroscience; Aachen, Germany). Fish were acclimated to
respirometers for 17.8 ± 1.2 h, and ṀO2 was recorded every 12 min between
flush cycles, resulting in ~ 90 ṀO2 measurements for each individual fish
(Figure 33). There was no relationship between acclimation time (ranging
15.2 – 20.8 h) and SMR (r = 0.089, df = 209, P = 0.199) or O2CRIT (r = 0.106,
df = 209, P = 0.123). ṀO2 was calculated using LabChart® software (ADI
Instruments; Sydney, NSW, Australia) and according to Equation 2. The O2
data during the sealed cycles of respirometry were assessed visually for
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linearity throughout the analysis to confirm the absence of spurious
measurements. Background microbial respiration was measured prior to the
fishes’ introduction to the respirometer, and again following the fishes’
removal from the respirometer. The average of three background ṀO2
readings was subtracted from the total ṀO2 to account for microbial
respiration in ṀO2 calculations. Respirometers were cleaned regularly to
avoid microbial accumulation, and background microbial respiration was
generally negligible throughout the experiment.
Following the ~ 18 h acclimation period, the respirometers were manually
sealed via a polyethylene valve and fish depleted DO in the respirometers to
~ 5% air saturation, after which the flush pump was turned on to restore DO
levels to 100% saturation. ṀO2 was calculated for each consecutive 100 s
period during the decline in DO and the procedure lasted 96 ± 20 min
(dependent on fish size; see Figure 36). ṀO2 measurements were used to
calculate the critical O2 level (O2CRIT) using each of three methods: brokenstick regression (BSR) using the ‘segmented’ package in R v. 3.2.1 (Muggeo,
2008; R Core Team, 2012), non-linear regression (NLR; Weibull function) as
per Marshall et al. (2013), where the O2CRIT is calculated from the first
derivative (ƒ’(x) = 0.029), and least-squares regression accompanying SMR
(LSRSMR; Claireaux and Chabot, 2016). Representative examples of the
O2CRIT estimate methods are presented in Figures 28a and 34, and ṀO2 data
from all O2CRIT tests are presented in Figure 28b. The NLR approach
provided an overall better fit to ṀO2 measurements than the BSR approach
(median w(AIC) for BSR = 0.04: 1st and 3rd quartiles = 0.00 and 0.62,
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respectively) (Figure 29). The distribution and density functions for each of
the three O2CRIT methods are presented in Figures 28 and 35.

Growth Trial
Barramundi from the three hypoxia tolerance groups (N = 60 in each group; 3
replicate tanks per group with 20 fish·tank-1) and populations (N = 2) were
assigned randomly to 18 × 100 L tanks (N = 360 in total). Random tank
allocation was achieved using pseudo-random number generation in R v.
3.2.1.
Fish were fed a commercial pelleted feed (EWOS, Bergen, Norway) to
satiation, twice daily for 45 d (first feed at 08:30 and second feed at 15:30).
Uneaten pellets were removed from the tanks 20 min following feeding.
These were then counted for each tank and at each feeding period for
subsequent calculations of feeding rate and feed conversion ratio (detailed
below). Uneaten feed was calculated for each tank as the number of pellets
remaining after feeding × average pellet mass (0.0488 ± 0.0015 g). DO was
73 ± 9% saturation during the experiment and was maintained by increasing
rates of aeration and water flow as required. Temperature of the water was
maintained at 30.4 ± 0.7 °C. Stocking density within the tanks increased from
6.8 ± 0.6 kg · m-3 at the beginning of the growth trial, to 22.8 ± 1.7 kg · m-3 at
the completion. Water quality parameters (ammonia, nitrites and pH) were
monitored daily with test kits (Aqua One, Ingleburn, NSW, Australia) and
were maintained within acceptable levels (NH3/NH4+ = 0.2 ± 0.4 ppm; NO2- =
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1.8 ± 1.5 ppm; pH = 6.8 ± 0.3) by replacing 15% of the system volume daily
with fresh, dechlorinated and carbon-filtered water.
Fish were weighed and measured at the beginning of the study and again
after 7, 25 and 45 d. Accordingly, the first, second and third growth periods
were of 6, 18 and 20 d, respectively. The following equations were used to
determine absolute growth rate (AGR), specific growth rate (SGR), feeding
rate (FR), feed conversion efficiency (FCE) and feed conversion ratio (FCR),
as per Yang et al. (2013).
AGR =

∆W
∆T

Equation 15 - Absolute growth rate, where W = mass (g) and T = time (days)

SGR = 100 ×

[Ln(WT ) − Ln(W0 )]
∆T

Equation 16 - Specific growth rate, where Ln = natural logarithm, W T = mass (g) at time = T,
W 0 = mass at time = 0, T = time (days)

FR = FC ×

2
× 100
[(WT + W0 ) × ∆T]

Equation 17 - Feeding rate, where FC = feed consumption (g), W T = mass (g) at time = T, W 0
= mass at time = 0, T = time (days)

FCE =

ΔW
× 100
FC

Equation 18 - Feed conversion efficiency, where W = mass (g) and FC = feed consumption
(g)

FCR =

FC
∆W

Equation 19 - Feed conversion ratio, where FC = feed consumption (g) and W = mass (g)
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Hypoxia Resilience (Survival) Analysis
The LOE response in fish during severe hypoxia is closely followed by
mortality, and while no mortality was observed in my experiment, time to LOE
data were compared using standard survival analysis procedures (Roze et
al., 2013; Speers-Roesch et al., 2013; Zambonino-Infante et al., 2013). The
survival analysis is referred to as the ‘hypoxia resilience analysis’ (HRA)
herein to avoid confusion. The HRA procedure consisted of fitting a Cox
proportional hazard’s model to assess differences between population,
hypoxia category and HCT, with fish mass included in the model as a
covariate. The proportional hazard’s assumption was assessed via a visual
examination of Schoenfield residuals (Figures 46, 47, 48) and the
accompanying chi-square test-statistic for each population, hypoxia category
and HCT.
An additional assessment of the HRA was conducted using Kaplan-Meier
analysis. A log-rank test was used to assess differences between survival
curves for the three hypoxia categories, with rho set to 0.

Additional data analysis
To satisfy the assumptions of linearity for Pearson’s product-moment
correlation, it was necessary to perform a log10 transformation of the
response (x) variable for the residual LT50 from the second HCT (Figure 21).
A linear regression was fit to time vs. (mass)2 in the first HCT, and loge(time)
vs. mass in the second HCT (Figure 22). The adjusted R2 for the first and
second HCT from this analysis was 0.166 and 0.270, respectively. These
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same transformations were used to compute Pearson’s product-moment
correlation for the relationship between time to LOE and mass for the first
and second HCTs.

Supplementary Results
Food Consumption & Growth Rates
Tropical fish were marginally but significantly heavier (36.04 ± 7.70 g) than
sub-tropical fish (32.03 ± 6.47 g) at the commencement of the trials (F1, 354 =
30.93, P < 0.0001).
The main results from the growth trial are presented in Figures 19 and 42.
The average rate of food consumption throughout the experiment was 3.14 ±
0.57% body mass · d-1. There were no differences in feeding rate between
populations (F1, 2 = 14.69, P = 0.062) or hypoxia categories (F2, 2 = 1.0, P =
0.50). The average FCR was 1.19 ± 0.18. Average FCE throughout the
experiment was 85.92 ± 10.80 %. There was no effect of hypoxia category on
either FCR or FCE, however FCE was higher for the sub-tropical population,
and accordingly FCR was lower (Figure 42).
Given the positive correlation between fish mass and LOE, hypoxia tolerant
fish were significantly heavier at the beginning and end of the growth trial
(final mass = 123.6 ± 4.7 g) than either hypoxia intermediate fish (113.1 ± 1.5
g) or hypoxia sensitie fish (109.2 ± 7.1 g), (F2, 342 = 15.910, P < 0.0001, initial
mass; F2, 338 = 14.338, P < 0.0001, final mass). There were no differences in
final fish mass between the two populations (F1, 338 = 1.404, P = 0.237).
There were significant differences in AGR for population (F1, 12 = 7.325, P =
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0.019), and hypoxia category (F2, 12 = 5.406, P = 0.021). There was no
difference in SGR between the different hypoxia categories (F2, 12 = 0.495, P
= 0.621), however sub-tropical fish (2.94 ± 0.60 % · d-1) had a significantly
higher SGR than tropical fish (2.56 ± 0.68 % · d-1), (F1, 12 = 31.638, P =
0.0001). Condition factor was not different between hypoxia categories
initially (F2, 342 = 0.062, P = 0.940), but was significantly higher for tropical fish
at the completion of the growth trial (F2, 338 = 7.667, P = 0.001). Condition
factor was significantly greater in tropical (1.34 ± 0.08, final condition factor)
compared with sub-tropical (1.26 ± 0.07, final condition factor) fish at the start
and the completion of the growth trial (F1, 342 = 104.88, P < 0.0001, initial
condition factor; F1, 338 = 120.61, P < 0.0001, final condition factor).

Hypoxia resilience analysis
Hypoxia categories were significantly different in both the first (χ2 = 139, df =
2, P < 0.0001) and second (χ2 = 61.9, df = 2, P < 0.0001) HCTs, when
assessed through Kaplan-Meier analysis.
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Figure 33 - Frequency histograms (upper panels) for O2 consumption rates (ṀO2) from two
individual fish over the ~18 h acclimation period. The dashed red vertical line indicates the
SMR calculated using the quantile method, with q set to 0.1 (Chabot et al., 2016b). Oxygen
consumption rates (ṀO2) plotted against time (lower panels) during the respirometer
acclimation period for individual fish. The SMR is indicated by the dashed red horizontal line.
Upper and lower panels indicate data from the same fish.
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Figure 34 - Relationship between O2 consumption rate and dissolved O2 for two individual
barramundi (panels a, c and e represent data from one individual, and panels b, d and f
represent data from another individual). The O2CRIT was calculated using three different
methods: non-linear regression (Marshall et al., 2013; panels a and b), broken-stick
regression (Muggeo, 2008; panels c and d) or least-squares regression accompanying SMR
(Claireaux and Chabot, 2016; panels e and f).
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Table 5 – Time to loss of equilibrium (mean ± standard deviation) from the first and second
hypoxia challenge tests (HCT), separated according to population and hypoxia category.
Means were calculated for each combination of hypoxia category and population from the
median time to loss of equilibrium for each day of data collection (N = 3 for all
measurements). Super-script letters indicate significant differences for each population *
category for HCT 1 (ANOVA; F5, 12 = 196.3, P < 0.0001), identified from Tukey’s Honest
Significant Difference (HSD) test. There were significant differences between each
combination of population * category for HCT 2 (ANOVA; F5, 12 = 3.12, P = 0.0494), however
Tukey’s HSD test failed to elucidate any specific differences.

HCT 1

HCT 2

Sub-Tropical

Tropical

Sub-Tropical

Tropical

Sensitive

70 ± 22 a

81 ± 3 a

100 ± 25

108 ± 19

Intermediate

149 ± 10 b

147 ± 8 b

122 ± 8

113 ± 27

Tolerant

342 ± 13 d

289 ± 18 c

186 ± 25

184 ± 80
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Figure 35 - Density histograms for O2CRIT, calculated using non-linear regression (NLR; panel
a), broken-stick regression (BSR; panel b) and least-squares regression accompanying SMR
(LSRSMR; panel c). Blue, orange and green bars and density functions represent hypoxia
sensitive, intermediate, and tolerant groups, respectively.
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Figure 36 - Relationship between O2CRIT (calculated using non-linear regression) and mass
(panel a). Relationship between O2CRIT and the time from sealing the respirometers to the
O2CRIT for each individual fish (panel b). Relationship between fish mass (g) and the time
from sealing respirometers to the O2CRIT (panel c). Blue, orange and green circles represent
hypoxia sensitive, intermediate, and tolerant groups, respectively. Pearson’s correlation test
results were: r = 0.408, df = 209, P < 0.0001 (O2CRIT ~ mass), r = -0.453, df = 209, P <
0.0001 (O2CRIT ~ time to O2CRIT), r = -0.822, df = 209, P < 0.0001 (time to O2CRIT ~ mass;
where mass was loge transformed prior to correlation analysis).
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Figure 37 - Alternative analysis for the relationship between O2CRIT and SMR. The O2CRIT was
calculated using broken-stick regression (BSR; panel a) and least-squares regression
accompanying SMR (LSRSMR; panel b). Blue, orange and green circles represent hypoxia
sensitive, intermediate, and tolerant groups, respectively. Pearson’s correlation test results
were: r = 0.011, df = 209, P = 0.868 (BSR), r = 0.428, df = 209, P < 0.0001 (LSRSMR).

163

Figure 38 - Alternative analyses for the relationship between O2CRIT and fish mass. O2CRIT
was calculated using non-linear regression (NLR; panel a), broken-stick regression (BSR;
panel b) or least-squares regression accompanying SMR (LSRSMR; panel c). Blue, orange
and green circles represent hypoxia sensitive, intermediate, and tolerant groups,
respectively. Pearson’s correlation test results were: r = 0.408, df = 209, P < 0.0001 (NLR), r
= 0.248, df = 209, P = 0.0003 (BSR), r = 0.303, df = 209, P < 0.0001 (LSRSMR).
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Figure 39 - Relationship between mass-specific SMR and fish mass (g). Blue, orange and
green circles represent hypoxia sensitive, intermediate, and tolerant groups, respectively.
Pearson’s correlation test results: r = -0.145, df = 209, P = 0.035.
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Figure 40 - Alternative analysis for the relationship between O2CRIT and LT50 (cf. Figure 18a).
O2CRIT was calculated using segmented/broken-stick regression (BSR; panel a) or leastsquares regression accompanying SMR (LSRSMR; panel b). Error bars (horizontal and
vertical) represent standard deviation. Blue, orange and green symbols represent hypoxia
sensitive, intermediate, and tolerant groups, respectively. Squares and circles represent subtropical and tropical populations, respectively. Pearson’s correlation test results: r = 0.701, df
= 4, P = 0.121 (BSR), r = 0.774, df = 4, P = 0.071 (LSRSMR).
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Figure 41 - Alternative analysis for the relationship between O2CRIT (Non-linear regression)
and average LT50 (based on time to LOE) for juvenile barramundi. The LT50 for each
population and treatment were obtained from the second HCT (cf. Figure 18a). Error bars
represent standard deviation. Squares and circles represent sub-tropical and tropical
populations, respectively. Blue, orange and green symbols represent hypoxia-sensitive, intermediate and -tolerant fish, respectively. The red line ± 95% confidence limits (shaded
grey area) is a fitted linear regression. Results from Pearson’s correlation test were: r =
0.296, df = 4, P = 0.569.
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Figure 42 - Growth and food consumption rates for barramundi during the 45 d growth trial.
Panels represent: a, absolute growth rate (grams · fish-1 · d-1); b, specific growth rate (% · d1);

c, feed consumption (% average fish mass · d-1); d, feed conversion ratio (unit less).

Boxes represent the first and third quartiles, and the black line inside the box indicates the
median. Upper and lower whiskers represent the maximum and minimum, and red dots
indicate outliers. Blue, and red boxes represent sub-tropical (GAWB; Gladstone) and tropical
(JC; Innisfail) populations, respectively.
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Figure 43 - Dissolved O2 in the experimental tanks during the first (red line) and second (blue
line) HCT. The lines fit to the data are non-parametric (loess) curves, with the smoothing
parameter fixed at 0.3. The horizontal dashed line indicates where DO = 10% saturation.
Time to LOE was calculated for each tank when DO fell below this level.
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Figure 44 - Survival functions (solid line ± shaded 95% confidence limits) for the first (panel
a) and second (panel b) HCT, where blue and red lines represent the sub-tropical and
tropical populations, respectively.
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Figure 45 - Density histograms (panels a and b) and horizontal boxplots (panels c and d) for
the critical O2 level (panels a and c) and standard metabolic rate (panels b and d). Blue and
red bars and boxes represent sub-tropical (GAWB) and tropical (JC) populations,
respectively
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Table 6 - Table of results for the assessment of the proportional hazard’s assumption from
Cox PH models. The models are indicated by the blue text as follows: HCT (full model);
HCT0 (1st HCT); HCT1 (2nd HCT)

co-variate
weight
populationJC
categoryINT
categoryTOL
HCT
GLOBAL
weight
populationJC
categoryINT
categoryTOL
GLOBAL
weight
populationJC
categoryINT
categoryTOL
GLOBAL

rho

χ²

P

HCT
0.108589517
0.061652204
0.166441573
0.138129945
-0.092190836
NA
HCT0
0.154748361
0.036887217
0.119483663
0.092527325
NA
HCT1
0.234556212
0.052209578
0.172244589
0.169072031
NA

HCT
21.52800087
4.642325352
32.48727562
21.25470693
14.72538341
98.03092476
HCT0
22.21582626
1.149534477
12.0887823
7.1233327
99.69830518
HCT1
27.06831575
0.951763375
10.17600239
9.085249776
40.7542749

HCT
3.49E-06
0.031192709
1.20E-08
4.02E-06
0.000124361
0
HCT0
2.44E-06
0.283646621
0.000507261
0.007608714
0
HCT1
1.96E-07
0.329270851
0.001422803
0.002576793
3.02E-08
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Figure 46 - Schoenfield residuals plots for the HCT Cox Proportional Hazard’s model.
Panels represent: top-left (mass); top-right (population_JC); mid-right (hypoxia
category_TOL); bottom-left (HCT); mid-left (hypoxia category_INT)
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Figure 47 - Schoenfield residuals plots from the first HCT. Panels represent: top-left (mass);
top-right (population_JC); bottom-right (category_TOL); bottom-left (category_INT)
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Figure 48 - Schoenfield residuals plots for the second HCT. Panels represent: top-left
(mass); top-right (population_JC); bottom-right (category_TOL); bottom-left (category_INT)
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Table 7 – O2CRIT comparisons (NLR) from linear mixed effects model

Table 8 - Confidence intervals for model parameters from Table 7 (O2CRIT comparisons)

.sig01

2.5%

97.5%

0.4252681

0.8855060

.sigma

0.8938697

1.0977599

(Intercept)

12.9349090

14.3946715

populationJC

-0.4082384

1.5448455

treatmentINT

-0.7795884

1.2994851

treatmentTOL

-0.2592698

1.6913994

populationJC:treatmentINT

-1.1399704

1.6314207

populationJC:treatmentTOL

-2.0490708

0.6272964
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Table 9 - SMR comparisons from linear mixed effects model

Table 10 - Confidence intervals for model parameters from Table 9 (SMR comparisons)
2.5%

97.5%

.sig01

0.26154942

0.5061208

.sigma

0.43957066

0.5395872

(Intercept)

1.00311297

1.8231193

populationJC

-0.28038904

0.8174711

treatmentINT

-0.45780269

0.7085036

treatmentTOL

-0.05096417

1.0457929

populationJC:treatmentINT

-0.91154838

0.6452193

populationJC:treatmentTOL

-0.99856683

0.5068391
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Figure 49 - Computed power with conditions: N = 211, α = 0.05, f = 0.2. Panels a and b
display power analysis for numerator d.f. = 1 and 2, respectively (where the number of
groups = 2 and 3, respectively, corresponding to the number of groups for population (a) and
treatment (b) comparisons), where computed power is equal to 0.82 and 0.74, respectively.
Calculations were performed using the software package G*Power 3.1.9.2.
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Figure 50 - Statistical power plotted against total sample size for a range of effect sizes (0.1
to 0.4), where the numerator d.f. is equal to 1 (panel a) and 2 (panel b), respectively.
Calculations were performed using the software package G*Power 3.1.9.2.
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APPENDIX C – SUPPORTING INFORMATION FOR
CHAPTER 5

Figure 51 – Dissolved O2 plotted against time during the hypoxia challenge tests (HCT). The
blue line is a fitted local polynomial regression.
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Figure 52 – Oxygen consumption rates (panel a) and dissolved O2 (panel b) plotted against
time during the determination of handling stress trial. Blue and red lines and dots
represented normoxic and hypoxic treatments, respectively. The vertical dashed line in panel
a (5 h after the fish’s introduction to the respirometer) represents the time where recovery
from handling stress was deemed complete.
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Figure 53 – Oxygen consumption rate (ṀO2) plotted against time from introduction to the
respirometer (grey circles) for an unfed fish. The solid black line is an exponential decay
function fitted to the observed data. The solid blue circles are the predicted ṀO2 (observed
ṀO2 – the corresponding predicted value along the exponential decay function). The
horizontal, dashed line represents the SMR.
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Figure 54 – Oxygen consumption rate (ṀO2; grey circles) plotted against time for two fed
fish: panels a and c are data from the same fish, and likewise panels b and d are data from
the same fish. A local polynomial regression (loess curve) was fit to the data in panels a and
b, and additive quantile regression smoothing (rqss) was fit to the data in panels c and d
(Chabot et al, 2016).
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Figure 55 - Dissolved O2 (% saturation) plotted against time from introduction to the
respirometer for Chapter 5. Blue and red circles represent DO for the normoxic and hypoxic
treatments, respectively. The solid black lines are local polynomial regressions.
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Figure 56 – Relationships between metabolic measurements in SDA trials, plotted according
to dissolved O2 treatment: red circles and line = normoxia, blue circles and line = hypoxia.
The solid lines and shaded confidence regions are fitted linear regressions. The overall
results from Pearson’s correlation tests were: r = 0.646, df = 46, P < 0.0001 (panel a); r = 0.614, df = 46, P < 0.0001 (panel b); r = -0.015, df = 46, P = 0.921 (panel c); r = 0.740, df =
46, P < 0.0001 (panel d); r = 0.885, df = 46, P < 0.0001 (panel e); r = -0.103, df = 46, P =
0.486 (panel f).
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APPENDIX D – SUPPORTING INFORMATION FOR
CHAPTER 3
The O2CRIT and haematology (haematocrit, Hct; haemoglobin, Hb)
measurements from chapter 3 have been re-analysed using the nlme
package in R v. 3.2.2 and the results are presented below.
The fixed effects in the model are treatment (normoxia vs. hypoxia) and
population (Gladstone (sub-tropical) vs. Broome (tropical)), where tank
number and consecutive number of days within the experiment are
introduced into the model as random effects. The O2CRIT data analysis is
presented first, followed by the haematology (haematocrit and haemoglobin).
The first model assesses the main effects of treatment and population on the
response variable (O2CRIT, Hct or Hb), with consecutive number of days
introduced as a random effect, and tank number as an additional random
effect nested within the number of consecutive days (see Tables 11, 13 and
15).
The results from the first model indicate that there is no significant effect of
population on O2CRIT (Table 11) or Hct (Table 13), however population is
significant for Hb (Table 15) with the tropical population consistently
displaying a lower Hb than the sub-tropical population throughout the
experiment. Treatment (DO) is significant for all of O2CRIT, Hct and Hb (Tables
11, 13 and 15). There are no significant interactions between the two main
factors (treatment and population) for any of O2CRIT, Hct or Hb.
The second model assesses the control measurements at days 0, 8 and 16
and the hypoxic measurements at days 8 and 16 for the response variables
(O2CRIT, Hct and Hb) independently through a variable named ‘treatment.id’,
which contains the following levels: 1 = normoxia (0 days), 2 = hypoxia (8
days), 3 = normoxia (8 days), 4 = hypoxia (16 days), 5 = normoxia (16 days)
(see Tables 12, 14 and 16). The population term was removed from the
second model, however the results of adding population into the model for
each of O2CRIT, Hct and Hb are presented in Figures 59, 62 and 65,
respectively. Tank number is maintained in the model as a random effect.
Consecutive days within the experiment is no longer in the model as a
random effect, as each combination of normoxia and consecutive days within
the experiment is now assessed independently as a fixed effect and is
therefore already accounted for in the model design.
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Critical O2 Level (O2CRIT)

Table 11 - Output from mixed effects model examining treatment and population effects on
O2CRIT
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Figure 57 - Effect plot from mixed effects model assessing population and treatment effects
on O2CRIT. Black circles and red vertical lines represent the mean and standard error
respectively.

Table 12 - Output from mixed effects model examining the effect of each combination of
treatment and number of consecutive days within the experimental system on O2CRIT
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Figure 58 – Effects plot for the mixed effects model from Table 7. Black circles and red
vertical lines represent the mean and standard error, respectively.

190

Figure 59 – Effects plot for the mixed effects model from Table 12 with population added to
the model as an additional fixed effect.

Haematocrit (Hct)

Table 13 - Output from mixed effects model examining treatment and population effects on
haematocrit
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Figure 60 - Effect plot from mixed effects model assessing population and treatment effects
on haematocrit. Black circles and red vertical lines represent the mean and standard error
respectively.

Table 14 - Output from mixed effects model examining the effect of each combination of
treatment and number of consecutive days within the experimental system on haematocrit
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Figure 61 - Effects plot for the mixed effects model from Table 14. Black circles and red
vertical lines represent the mean and standard error, respectively.
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Figure 62 - Effects plot for the mixed effects model from Table 9 with population added to the
model as an additional fixed effect.

194

Haemoglobin (Hb)

Table 15 - Output from mixed effects model examining treatment and population effects on
haemoglobin
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Figure 63 - Effect plot from mixed effects model assessing population and treatment effects
on haemoglobin. Black circles and red vertical lines represent the mean and standard error
respectively.

Table 16 - Output from mixed effects model examining the effect of each combination of
treatment and number of consecutive days within the experimental system on haemoglobin
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Figure 64 - Effects plot for the mixed effects model from Table 16. Black circles and red
vertical lines represent the mean and standard error, respectively.
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Figure 65 - Effects plot for the mixed effects model from Table 11 with population added to
the model as an additional fixed effect.
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