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Abstract
Environment-phenotype interactions are significant particularly during early life history as they
often dictate physiological performance, growth and ultimately ecological fitness of individuals.
Temperature, dissolved oxygen and substrate are all important factors for developing metabolic
phenotypes in fish. In this thesis, effects of temperature, dissolved oxygen (DO) and substrate on
standard metabolic rate (SMR), forced maximum metabolic rate (FMR), metabolic scope (MS),
energy density (ED), enzyme activity associated with ATP regeneration (pyruvate kinase, lactate
dehydrogenase and cytochrome c oxidase), condition factor (K), hepatosomatic index (HSI) and
critical thermal maxima (CTmax) of developing age-0 Lake Sturgeon, Acipenser fulvescens,
including a simulated overwintering event, were examined. This research revealed that
temperature, dissolved oxygen and substrate all significantly influenced development of
metabolic phenotypes in Lake Sturgeon. While reduced temperature significantly increased
SMR, increased temperature substantially decreased the survival rate. Lower DO (80%) did not
impact FMR and MS in the short term, however, prolonged exposure to mild hypoxia,
particularly during the stressful condition of overwintering, significantly reduced FMR and MS.
Inclusion of substrate was found to significantly enhance K and SMR, and it was suggested that
substrate be used at the early yolk-sac stage to enhance growth and survival. Further, a strong
linear relationship between dry to wet mass ratio and ED was found, which can be used
practically to estimate energetic status of Lake Sturgeon. This research provides information
regarding environment-phenotype interaction during the first year of life in Lake Sturgeon. This
information will contribute to a better understanding of critical factors influencing the successful
recruitment of populations that are endangered throughout most of their natural range.
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Chapter 1. General Introduction
Environment-Phenotype Interactions
The phenotype of an organism is how the genotype of the organism has interacted with
the environment to create an individual with unique behavioural and physiological traits.
Environment-phenotype interactions are particularly significant during early life development as
they can strongly influence the physiology of an individual and thus dictate developmental
trajectory and ultimately ecological fitness of that individual. Growth, enzyme activity,
nutritional content, endocrine stress responses and metabolic rate vary substantially during early
development (Gwak and Tanaka 2002, Ishibashi et al. 2005, Baumann et al. 2011, Lund et al.
2012, Zubair et al. 2012, Neilan and Rose 2014, Zhang et al. 2015). Development of these traits
can result in distinctly different phenotypes that may help to estimate survival during the first
year of life (Westerman and Holt 1994, Grote et al. 2014). Specifically, nutritional status and
metabolism imply the energetic condition of organisms (Régnier et al. 2010), which strongly
influences survival.
Metabolism
Metabolism of any organism, tissue or cell is the engine that fuels life essential processes
such as growth, foraging and reproduction (Neill et al. 1994). In fish, whole body metabolic rate
is typically inferred by measuring whole body oxygen consumption rate in specially-designed
respirometry chambers. Quantifying standard metabolic rate (SMR), maximum metabolic rate
(MMR) and metabolic scope (MS) provides an insight of how individuals adjust their
metabolism in response to environmental change and thus survive. SMR is the minimum oxygen
consumption for sustaining vital biological processes, and should be measured when the subject
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is in a post-prandial state, unstressed and resting (Beamish and Mookherjii, 1964, Brett, 1962,
Fry, 1957) to represent the minimum metabolic cost for maintaining vital processes. However,
BMR is more suitable for homeotherms as it measures metabolic rate at a neutral temperature
and also incorporates thermogenesis, a key component required for maintaining the functional
status of homeotherms. For ectotherms whose body temperature is largely dependent on the
environmental temperature, SMR is the preferred measurement of metabolic rate for sustaining
life (Chabot et al. 2016). Thus, in the context of this thesis, SMR will be used to represent the
minimum metabolic rate for survival.
MMR is the oxygen consumption rate used to maintain maximal strenuous activity and
replenish oxygen depletion associated with increased activity (Norin and Clark, 2016).
Standardized chasing (Reidy et al. 1995, Norin and Malte 2012) or critical swimming protocols
(Reidy et al. 1995, Roche et al. 2013) have generally been used to quantify MMR in fish. Both
methods force subjects to exercise to exhaustion to induce maximum metabolic rate, known as
forced maximum metabolic rate (FMR). Metabolic scope (MS) is the difference between SMR
and MMR, and MS represents the organism’s capacity for aerobic metabolism. This is the energy
that the organism can allocate to foraging and growth (Hochachka and Somero 2001) and is
particularly relevant in northern fish populations during the first year of life as they prepare for
their first winter when resources are typically scarce in the environment.
Many studies have been conducted to understand factors that explain metabolic rate in
individuals, and previous studies have shown that environmental temperature and body mass are
likely key determinants of SMR. This hypothesis has been developed and proposed as the
metabolic theory of ecology (MTE) to understand how SMR can explain ecological productivity
(Brown et al. 2004, Kearney and White 2012). MTE hypothesizes that metabolic rate is
16

explained by environmental temperature and body mass, whose oxygen transport network is
limited by the fractal infrastructure of the body as an animal grows. However, MTE has been
challenged by many critical reviewers arguing that other components play a more important role
in the control of SMR (Killen et al. 2007, Burton et al. 2011, Glazier 2015). Many studies have
shown that intraspecific variation in metabolic rate is related to a variety of factors such as size
of metabolically active organs (i.e. liver), mitochondrial enzyme activity in liver and white
muscle tissue, different genetic structures in a population and maternal investment in the egg
(Somero and Childress 1980, Rolfe and Brown 1997, Burton et al. 2011, Norin and Malte 2012,
Metcalfe et al. 2016). Thus, physiological indices of an individual such as Fulton’s condition
factor, hepatosomatic index, enzyme activity associated with ATP regeneration and thermal
tolerance may be used to proximate the limit of aerobic metabolism in a species.
Metabolic rate is also known to be strongly influenced by extrinsic factors (Chabot et al.
2016, Metcalfe et al. 2016). Temperature is the foremost important factor influencing biological
phenomena as the rate of biochemical reactions is governed by the laws of thermodynamics. As
most fish are ectotherms, environmental temperature strongly influences the biological
pacemaker (metabolic rate), which may determine the productivity of a population and thus
distribution of a species (Brown et al. 2004, Stewart and Allen 2014, Glazier 2015). The
relationship between temperature and metabolic rate in fish has been investigated in numerous
studies, and it has been observed that metabolic rate typically increases with temperature (Laird
and Haefner 1976, Jo and Kim 1999, Grigoriou and Richardson 2009). However, some studies
have suggested that the relationship between metabolic rate and temperature can be a unimodal
curve with upper and lower thermal limits (critical thermal maximum; CTmax and critical
thermal minimum; CTmin) that set the thresholds where oxygen delivery cannot be met and
17

metabolic suppression occurs (Pörtner 2010). This hypothesis has been developed and proposed
as the oxygen and capacity limited thermal tolerance (OCLTT) hypothesis to understand the
impact of increased temperature on aquatic organisms. In addition, several studies have
demonstrated that fish raised in cold temperature show a metabolic adjustment and enhance
oxidative capacity by increasing mitochondrial volume density and adjusting lipid composition
in the phospholipid membrane of mitochondria and tissues (Guderley 2004). The majority of
studies have focused on understanding physiological responses to different temperature in
juvenile or adult fishes, however, it remains poorly understood how temperature may influence
phenotypic development during early life stages in fish.
Temperature also has a profound influence on hypoxia in aquatic environments as the
solubility of oxygen decreases with increasing temperature, and recent studies have shown that
increased temperature and hypoxia likely have a synergistic effect on the physiology of aquatic
animals (McBryan et al. 2013). Hypoxia is a status of reduction in dissolved oxygen that can
cause adverse effects on the behaviour and physiology of an organism (Pollock et al. 2007), and
hypoxia is a common phenomenon in the aquatic environment in areas of stagnant water, algal
blooms, high-density fish populations and eutrophication. Several studies have reported that
sensitivity to hypoxia varies with species (Fitzgibbon et al. 2007, Svendsen et al. 2014, Norin et
al. 2016), and physiological responses to hypoxia are very important as hypoxia has been shown
to negatively influence ontogeny and aerobic metabolism (Ton et al. 2003, Baker et al. 2005,
Fitzgibbon et al. 2007).
Previous studies have shown that most elasmobranchs are oxygen conformers in which
SMR is altered to reflect the availability of oxygen in the environment (Fritsche and Nilsson,
1993) whereas most teleosts are reported to be oxygen regulators, where SMR is maintained
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regardless of oxygen availability until a species-dependent threshold is reached (Perry et al.
2009, Claireaux and Chabot 2016). A recent study confirmed that juvenile Lake Sturgeon are
oxygen regulators (Svendsen et al. 2014). However, it remains unknown whether Lake Sturgeon
during early development and throughout the first year of life are regulators or conformers. This
is important as the availability of oxygen to cells and tissues strongly influences MS and growth
prior to the first winter (Claireaux et al. 2000). Specifically, exposure to hypoxia during early
ontogenesis can be detrimental and long-lasting (Vanderplancke et al. 2014). The availability of
oxygen directly impacts mechanisms of adenosine triphosphate (ATP) regeneration by either
oxygen-dependent phosphorylation or oxygen-independent phosphorylation. Typical
physiological responses to hypoxia entail increases in oxygen carrying capacity, substrate level
ATP production and metabolic suppression (Richards 2009).
In addition to temperature and oxygen availability, substrate is an extrinsic factor
associated with enhanced growth performance and survival in fish because it serves as refuge for
hatched larvae as yolk is absorbed (McAdam 2011). Substrate is used in a hatchery setting for
salmonids as it improves growth and performance (Taylor 1984), and the role of substrate has
been highlighted in conservation aquaculture programs. Previous studies have shown that
inclusion of substrate promoted growth and survival in Atlantic Sturgeon, Acipenser oxyrinchus,
and White Sturgeon, Acipenser transmontanus (Gessner et al. 2009, McAdam 2011, Boucher et
al. 2014).
The ability to endure prolonged periods without food over winter when resources are
scarce is critical for survival in the first year of life. Aquatic organisms frequently face starvation
due to seasonal changes in prey availability and type, and acute environmental changes in
temperature, and maintenance of blood glucose over winter plays an important role for survival
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in over-wintering fishes (Gillis and Ballantyne 1996). In order to alleviate starvation, fish tend to
minimize protein metabolism with down regulated gene expression levels of mitochondrial
function (Salem et al. 2007); however, during extended periods of starvation gluconeogenesis is
initiated to sustain vital biological processes, such as gill, heart and brain function.
Understanding the mechanisms involved in promoting survival during times of starvation can
provide a better approach for maximizing survival during the first winter of life.
General Biology of Model Organism: Lake Sturgeon, Acipenser fulvescens
Sturgeon are classified as primitive fishes with a large body size, cartilaginous skeleton
and benthic behaviour (Peterson et al. 2007). Sturgeon are widely distributed throughout the
northern hemisphere, and a number of species have been raised commercially for meat and
caviar (Bronzi and Rosenthal 2014). According to the International Union for Conservation of
Nature, 70% of sturgeon species are threatened or at risk of extinction (IUCN 2015). Slow
recovery of sturgeon populations has been attributed to a variety of factors, such as late age to
sexual maturation, slower growth, irregular spawning behaviour, pollution, habitat deterioration
and exploitation over the last number of decades (Peterson et al. 2007, Bronzi and Rosenthal
2014).
Lake Sturgeon, Acipenser fulvescens Rafinesque 1817, is native to North America and is
known to complete its life in freshwater. Lake Sturgeon mature at a relatively late age and spawn
intermittently throughout their life. Spawning behaviour is largely dependent on biotic and
abiotic factors with migration to spawning sites typically occurring in early spring (Bruch and
Binkowski 2002). Female Lake Sturgeon position themselves over gravel or cobble substrate,
and males compete for fertilization of eggs released. Fertilized eggs fall into the interstitial space
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between the substrate where development proceeds and yolk sac larvae hatch between 7 and 12
days depending on environmental temperature (Eckes et al. 2015).
Following yolk absorption, emerging larvae are then subject to river hydrology and will
drift downstream, varying distances, before settling out over appropriate substrate, typically
coarse sand or finer gravel (Auer and Baker 2002). Larvae then begin exogenous feeding on a
diet typically composed of small invertebrates with diet size increasing as gape size increases
with growth. Prey is presumably located with sensory barbels, and depending on the seasonal
and geographical availability, diet usually consists of a variety of benthic invertebrates such as
leeches, snails or clams and occasionally dead fish (Barth et al. 2013). Total length and body
mass range substantially in adult Lake sturgeon (100-200cm and 11-100kg), and females are
usually found to be longer and heavier than males of an equivalent age (Peterson et al. 2007).
Similar to other Acipenserids, Lake Sturgeon are distinguished by three rows of scutes, a
heterocercal tail, blunted rostrum and a white or ivory coloured ventral surface. Locomotion in
juvenile to adult Lake Sturgeon is typified with station holding using their pectoral fins under
low to medium water velocities and limited ability to actively swim against stronger currents.
Further, Lake Sturgeon, as with other sturgeon species, show a relatively mild cortisol response
following exposure to a stressful event in comparison to teleost fish (Barton 2002, Hare et al.
2015), which may be related to the slow pace of living adopted by sturgeons.
Historically, Lake Sturgeon were widely distributed with abundant populations
throughout the Hudson’s Bay, Great Lakes and Mississippi drainage basins (Scott and Crossman
1973). However, due to a variety of factors such as over-harvesting, damming and pollutants,
Lake Sturgeon is currently recognized as an endangered or threatened species across most of its
natural range. In efforts to recover and/or maintain Lake Sturgeon populations in rivers,
21

conservation programs have been in operation since the early 1990’s with limited success in
many areas. Most of the conservation programs have been dependent on utilising hatchery-reared
fish for stock enhancement of wild populations with limited understanding of the effects of
rearing environments on phenotypic development. This is particularly problematic during early
life stages when the ecological and physiological needs of the species are critical for appropriate
development and adaptive capacity in the wild environment.
Hypotheses and Objectives
In this study, the effects of temperature, dissolved oxygen and substrate on the
development of metabolic phenotypes in age-0 Lake Sturgeon, including a simulated
overwintering period were explored to test the following hypotheses:
(1) different rearing temperature will result in the development of distinct metabolic phenotypes
in age-0 Lake Sturgeon,
(2) mild hypoxia (80% DO) will negatively influence longer term aerobic metabolic scope in
age-0 Lake Sturgeon,
(3) the presence of substrate will positively influence development of energy density and aerobic
metabolism during early life history of Lake Sturgeon
In testing these hypotheses, I hope to improve our understanding of how the environment
interacts with the Lake Sturgeon during early life leading to the development of different
metabolic phenotypes. This research has the potential to be applied in developing hatchery
rearing protocols that result in development of a metabolic phenotype of fall stocked fish that
stand the best chance of survival in the first winter of life.

22

References
Auer, N.A., and Baker, E.A. 2002. Duration and drift of larval lake sturgeon in the Sturgeon
River, Michigan. J. Appl. Ichthyol. 18(4–6): 557–564. doi:10.1046/j.14390426.2002.00393.x.
Baker, D.W., Wood, A.M., Litvak, M.K., and Kieffer, J.D. 2005. Haematology of juvenile
Acipenser oxyrinchus and Acipenser brevirostrum at rest and following forced activity. J. Fish
Biol. 66(1): 208–221. doi:10.1111/j.1095-8649.2004.00595.x.
Barth, C.C., Anderson, W.G., Peake, S.J., and Nelson, P. 2013. Seasonal variation in the diet of
juvenile lake sturgeon, Acipenser fulvescens, Rafinesque, 1817, in the Winnipeg River,
Manitoba, Canada. J. Appl. Ichthyol. 29(4): 721–729. doi:10.1111/jai.12193.
Barton, B.A. 2002. Stress in Fishes: A Diversity of Responses with Particular Reference to
Changes in Circulating Corticosteroids. Integr. Comp. Biol. 42(3): 517–525.
doi:10.1093/icb/42.3.517.
Baumann, H., Talmage, S.C., and Gobler, C.J. 2011. Reduced early life growth and survival in a
fish in direct response to increased carbon dioxide. Nat. Clim. Chang. 2(1): 38–41. Nature
Publishing Group. doi:10.1038/nclimate1291.
Beamish, F. W. H. and Mookherjii, P. S. (1964). Respiration of fishes with special emphasis on
standard oxygen consumption. I. Influence of weight and temperature on respiration of
goldfish, Carassius auratus L. Can. J. Zool. 42, 161–175.
Bickler, P.E., and Buck, L.T. 2007. Hypoxia tolerance in reptiles, amphibians, and fishes: life
with variable oxygen availability. Annu Rev Physiol 69: 145–170.
doi:10.1146/annurev.physiol.69.031905.162529.
Boucher, M.A., McAdam, S.O., and Shrimpton, J.M. 2014. The effect of temperature and
substrate on the growth, development and survival of larval white sturgeon. Aquaculture 430:
139–148. Elsevier B.V. doi:10.1016/j.aquaculture.2014.03.011.
Brett, J. R. (1962). Some considerations in the study of respiratory metabolism in fish,
particularly salmon. J. Fish. Res. Board Canada 19, 1025–1038.
Bronzi, P., and Rosenthal, H. 2014. Present and future sturgeon and caviar production and
marketing: A global market overview. J. Appl. Ichthyol. 30(6): 1536–1546.
doi:10.1111/jai.12628.
Brown, J.H., Gilloonly, J.F., Allen, A.P., Savage, V.M., and West, G.B. 2004. Toward A
Metabolic Theory of Ecology. Ecology 85(7): 1771–1789. doi:10.1890/03-9000.
Bruch, R.M., and Binkowski, F.P. 2002. Spawning behavior of lake sturgeon (Acipenser
fulvescens). J. Appl. Ichthyol. 18(4–6): 570–579. doi:10.1046/j.1439-0426.2002.00421.x.
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? Proc. R. Soc. B
278(September): 3465–3473. doi:10.1098/rspb.2011.1778.

23

Chabot, D., Steffensen, J.F., and Farrell, A.P. 2016. The determination of standard metabolic rate
in fishes. J. Fish Biol. 88(1): 81–121. doi:10.1111/jfb.12845.
Laird, C and Haefner, P. 1976. Effects of Intrinsic and Environmental Factors on Oxygen
Consumption in the Blue Crab, Callinectes Sapidus Rathbun. J. Exp. Mar. Bio. Ecol. 22(738):
171–178.
Claireaux, G., and Chabot, D. 2016. Responses by fishes to environmental hypoxia: Integration
through Fry’s concept of aerobic metabolic scope. J. Fish Biol. 88(1): 232–251.
doi:10.1111/jfb.12833.
Claireaux, G., Webber, D.M., Lagardère, J.P., and Kerr, S.R. 2000. Influence of water
temperature and oxygenation on the aerobic metabolic scope of Atlantic cod (Gadus morhua).
J. Sea Res. 44(3–4): 257–265. doi:10.1016/S1385-1101(00)00053-8.
Eckes, O.T., Aloisi, D.B., and Sandheinrich, M.B. 2015. Egg and Larval Development Index for
Lake Sturgeon. N. Am. J. Aquac. 77(2): 211–216. doi:10.1080/15222055.2014.999847.
Fitzgibbon, Q.P., Strawbridge, A., and Seymour, R.S. 2007. Metabolic scope, swimming
performance and the effects of hypoxia in the mulloway, Argyrosomus japonicus (Pisces:
Sciaenidae). Aquaculture 270(1–4): 358–368. doi:10.1016/j.aquaculture.2007.04.038.
Fritsche, R. and Nilsson, S. (1993). Fish Ecophysiology. 1st ed. (ed. Rankin, J. C. and Jensen, F.
B.) London: Chapman & Hall.
Fry, F. E. J. (1957). The Physiology of fishes. Vol. 1. (ed. Brown, M. E.) New York: Academic
Press.
Gessner, J., Kamerichs, C.M., Kloas, W., and Wuertz, S. 2009. Behavioural and physiological
responses in early life phases of Atlantic sturgeon (Acipenser oxyrinchus Mitchill 1815)
towards different substrates. J. Appl. Ichthyol. 25(SUPPL. 2): 83–90. doi:10.1111/j.14390426.2009.01246.x.
Gillis, T., and Ballantyne, J. 1996. The effects of starvation on plasma free amino acid and
glucose concentrations in lake sturgeon. J. Fish Biol.49: 1306–1316.
Glazier, D.S. 2015. Is metabolic rate a universal “pacemaker” for biological processes? Biol.
Rev. 90(2): 377–407. doi:10.1111/brv.12115.
Grigoriou, P., and Richardson, C.A. 2009. Effect of body mass, temperature and food
deprivation on oxygen consumption rate of common cuttlefish Sepia officinalis. Mar. Biol.
156(12): 2473–2481. doi:10.1007/s00227-009-1272-4.
Grote, B., Ekau, W., Stenevik, E.K., Clemmesen, C., Hans M. Verheye, Lipinski, M.R., and
Hagen, W. 2014. Characteristics of survivors: growth and nutritional condition of early stages
of the hake species Merluccius paradoxus and M. capensis in the southern Benguela
ecosystem. ICES J. Mar. Sci. 69(4): 553–562.
Guderley, H. 2004. Metabolic responses to low temperature in fish muscle. Biol. Rev. Camb.
Philos. Soc. 79(May 2004): 409–427. doi:10.1017/S1464793103006328.

24

Gwak, W.-S., and Tanaka, M. 2002. Changes in RNA, DNA and protein contents of laboratoryreared Japanese flounder Paralichthys olivaceus during metamorphosis and settlement. Fish.
Sci. 68(1): 27–33. doi:10.1046/j.1444-2906.2002.00385.x.
Hare, A.J., Waheed, A., Hare, J.F., and Anderson, W.G. 2015. Cortisol and catecholamine
responses to social context and a chemical alarm signal in juvenile lake sturgeon, Acipenser
fulvescens. Can. J. Zool. 93(8): 605–613. doi:10.1139/cjz-2015-0045.
Hochachka, P.W., and Somero, G.N. 2001. Biochemical Adaptation : Mechanism and Process in
Physiological Evolution: Mechanism and Process in Physiological Evolution. In 1st edition.
Oxford University Press, New York.
Ishibashi, Y., Inoue, K., Nakatsukasa, H., Ishitani, Y., Miyashita, S., and Murata, O. 2005.
Ontogeny of tolerance to hypoxia and oxygen consumption of larval and juvenile red sea
bream, Pagrus major. Aquaculture 244(1–4): 331–340.
doi:10.1016/j.aquaculture.2004.11.019.
IUCN. 2015. The IUCN Red List of Threatened Species. Version 2015-3. Available from
www.iucnredlist.org [accessed 22 October 2015].
Jo, J., and Kim, Y. 1999. Oxygen Consumption of Far Eastern Catfish, Silurus asotus, on the
Different Water Temperatures and Photoperiods. 32(1): 56~61. J. Korean Fish. Soc.
Kearney, M.R., and White, C.R. 2012. Testing Metabolic Theories. Am. Nat. 180(5): 546–565.
doi:10.1086/667860.
Killen, S.S., Costa, I., Brown, J. a, and Gamperl, A K. 2007. Little left in the tank: metabolic
scaling in marine teleosts and its implications for aerobic scope. Proc. Biol. Sci. 274(1608):
431–438. doi:10.1098/rspb.2006.3741.
Lund, I., Skov, P.V., and Hansen, B.W. 2012. Dietary supplementation of essential fatty acids in
larval pikeperch (Sander lucioperca); short and long term effects on stress tolerance and
metabolic physiology. Comp. Biochem. Physiol. - A Mol. Integr. Physiol. 162(4): 340–348.
Elsevier Inc. doi:10.1016/j.cbpa.2012.04.004.
McAdam, S.O. 2011. Effects of substrate condition on habitat use and survival by white sturgeon
(Acipenser transmontanus) larvae and potential implications for recruitment. Can. J. Fish.
Aquat. Sci. 68(2004): 812–822. doi:10.1139/F2011-021.
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.
Integr. Comp. Biol. 53(4): 648–659. doi:10.1093/icb/ict066.
Metcalfe, N.B., Van Leeuwen, T.E., and Killen, S.S. 2016. Does individual variation in
metabolic phenotype predict fish behaviour and performance? J. Fish Biol. 88(1): 298–321.
doi:10.1111/jfb.12699.
Neilan, R.M., and Rose, K. 2014. Simulating the effects of fluctuating dissolved oxygen on
growth, reproduction, and survival of fish and shrimp. J. Theor. Biol. 343: 54–68. Elsevier.
doi:10.1016/j.jtbi.2013.11.004.

25

Neill, W.H., Miller, J.M., Van Der Veer, H.W., and Winemiller, K.O. 1994. Ecophysiology of
marine fish recruitment: A conceptual framework for understanding interannual variability.
Netherlands J. Sea Res. 32(2): 135–152. doi:10.1016/0077-7579(94)90037-X.
Norin, T., and Malte, H. 2012. Intraspecific variation in aerobic metabolic rate of fish: relations
with organ size and enzyme activity in brown trout. Physiol. Biochem. Zool. 85(6): 645–656.
doi:10.1086/665982.
Norin, T., Malte, H., and Clark, T.D. 2016. Differential plasticity of metabolic rate phenotypes in
a tropical fish facing environmental change. Funct. Ecol. 30(3): 369–378. doi:10.1111/13652435.12503.
Norin, T. and Clark, T. D. 2016. Measurement and relevance of maximum metabolic rate in
fishes. J. Fish Biol. 88, 122–151.
Perry, S.F., Jonz, M.G., and Gilmour, K.M. 2009. Chapter 5 Oxygen Sensing and The Hypoxic
Ventilatory Response. In Fish Physiology, 1st edition. Elsevier Inc. doi:10.1016/S15465098(08)00005-8.
Peterson, D.L., Vecsei, P., and Jennings, C.A. 2007. Ecology and biology of the lake sturgeon: A
synthesis of current knowledge of a threatened North American Acipenseridae. Rev. Fish
Biol. Fish. 17(1): 59–76. doi:10.1007/s11160-006-9018-6.
Pollock, M.S., Clarke, L.M.J., and Dubé, M.G. 2007. The effects of hypoxia on fishes: from
ecological relevance to physiological effects. Environ. Rev. 15: 1–14. doi:10.1139/a06-006.
Pörtner, H.-O. 2010. Oxygen- and capacity-limitation of thermal tolerance: a matrix for
integrating climate-related stressor effects in marine ecosystems. J. Exp. Biol. 213(6): 881–
893. doi:10.1242/jeb.037523.
Régnier, T., Bolliet, V., Labonne, J., and Gaudin, P. 2010. Assessing maternal effects on
metabolic rate dynamics along early development in brown trout (Salmo trutta): An
individual-based approach. J. Comp. Physiol. B Biochem. Syst. Environ. Physiol. 180(1): 25–
31. doi:10.1007/s00360-009-0385-x.
Reidy, S.P., Nelson, J., Tang, Y., and Kerr, S.R. 1995. Postexercise metabolic rate in Atlantic
cod and its dependence upon the method of exhaustion. J. Fish Biol. 47: 377–386.
doi:10.1006/jfbi.1995.0145.
Richards, J.G. 2009. Chapter 10 - Metabolic and Molecular Responses of Fish to Hypoxia. In
Fish Physiology, 1st edition. Elsevier Inc. doi:10.1016/S1546-5098(08)00010-1.
Roche, D.G., Binning, S. A, Bosiger, Y., Johansen, J.L., and Rummer, J.L. 2013. Finding the
best estimates of metabolic rates in a coral reef fish. J. Exp. Biol. 216(Pt 11): 2103–10.
doi:10.1242/jeb.082925.
Rolfe, D.F., and Brown, G.C. 1997. Cellular energy utilization and molecular origin of standard
metabolic rate in mammals. Physiol. Rev. 77(3): 731–58. Available from
http://www.ncbi.nlm.nih.gov/pubmed/9234964.

26

Salem, M., Silverstein, J., Rexroad, C.E., and Yao, J. 2007. Effect of starvation on global gene
expression and proteolysis in rainbow trout (Oncorhynchus mykiss). BMC Genomics 8: 328.
doi:10.1186/1471-2164-8-328.
Scott, W.B., and Crossman, E.J. 1973. Freshwater fishes of Canada. Fisheries Research Board of
Canada, Ottawa.
Somero, G.N., and Childress, J.J. 1980. A violation of the metabolism-size scaling paradigm:
activities of glycotic enzymes in muscle increase in larger-size fish. Physiol. Zool. 53(3):
322–337.
Stewart, H. AA., and Allen, P.J. 2014. Critical thermal maxima of two geographic strains of
channel and hybrid catfish. N. Am. J. Aquac. 76(June): 104–111.
doi:10.1080/15222055.2013.856827.
Svendsen, J.C., Genz, J., Anderson, W.G., Stol, J.A., Watkinson, D.A., and Enders, E.C. 2014.
Evidence of circadian rhythm, oxygen regulation capacity, metabolic repeatability and
positive correlations between forced and spontaneous maximal metabolic rates in lake
sturgeon Acipenser fulvescens. PLoS One 9(4). doi:10.1371/journal.pone.0094693.
Ton, C., Stamatiou, D., and Liew, C. 2003. Gene expression profile of zebrafish exposed to
hypoxia during development. Physiol. Genomics 13(2): 97–106.
doi:10.1152/physiolgenomics.00128.2002.
Ultsch, G.R., Jackson, D.C., and Moalli, R. 1981. Metabolic oxygen conformity among lower
vertebrates: The toadfish revisited. J. Comp. Physiol. - B, Biochem. Syst. Environ. Physiol.
142(4): 439–443. doi:10.1007/BF00688973.
Vanderplancke, G., Claireaux, G., Quazuguel, P., Huelvan, C., Corporeau, C., Mazurais, D., and
Zambonino-Infante, J.L. 2014. Exposure to chronic moderate hypoxia impacts physiological
and developmental traits of European sea bass (Dicentrarchus labrax) larvae. Fish Physiol.
Biochem. 41(1): 233–242. doi:10.1007/s10695-014-0019-4.
Westerman, M., and Holt, G.J. 1994. RNA:DNA ratio during the critical period and early larval
growth of the red drum Sciaenops ocellatus. Mar. Biol. 121(1): 1–9.
doi:10.1007/BF00349468.
Zhang, Y.-L., Hu, W.-H., Wu, Q.-W., Wang, F., Zhao, Z.-B., He, H., Liu, R.-. P., and Fan, Q.-X.
2015. Ontogenetic changes in RNA, DNA and protein contents of Chinese loach,
Paramisgurnus dabryanus (Dabry de Thiersant, 1872), larvae and juveniles. J. Appl.
Ichthyol. 31(5): 876–882. doi:10.1111/jai.12808.
Zubair, S.N., Peake, S.J., Hare, J.F., and Anderson, W.G. 2012. The effect of temperature and
substrate on the development of the cortisol stress response in the lake sturgeon, Acipenser
fulvescens, Rafinesque (1817). Environ. Biol. Fishes 93(4): 577–587. doi:10.1007/s10641011-9951-7.

27

Chapter 2. Effects of Temperature, Dissolved Oxygen and Substrate on the Development of
Metabolic Phenotypes in age-0 Lake Sturgeon, Acipenser fulvescens: Implications for
Overwintering Survival
†*Gwangseok R. Yoon, †David Deslauriers, ‡Eva C. Enders, †Jason R. Treberg and †W. Gary
Anderson
†Department of Biological Sciences, University of Manitoba, Winnipeg, Canada, R3T 2N2
‡Freshwater Institute, Fisheries and Oceans Canada, Winnipeg, Canada, R3T 2N6
*Author to whom correspondence should be addressed yoongs@myumanitoba.ca

Gwangseok R. Yoon conducted all the experiments, analysed the data and drafted the
manuscript. David Deslauriers assisted in experimental design, data analysis and manuscript
revision. Eva Enders assisted in the energy density experiments and analysis of metabolic rate
data. Jason Treberg assisted in the enzyme assays. Gary Anderson assisted in experimental
design, data interpretation and revision of manuscript.

Keyword: environment-phenotype interaction, metabolic phenotype, metabolic rate, energy
density, temperature, hypoxia, substrate, fish, sturgeon, overwintering
28

Abstract
Metabolic rate is represented by the rate of whole body energy turnover and indicates the
energetic capacity of an organism. Metabolic rate is known to be strongly influenced by both
intrinsic and extrinsic factors, and intraspecific variation in metabolic rate is important toward
comprehending how animals acclimate and survive to a given environment by adjusting
metabolism. Specifically, environment-phenotype interactions are particularly important during
early life history as they can often dictate the ecological fitness of individuals. In this study, we
examined the effects of temperature (14 and 16°C), dissolved oxygen saturation (80 and 100%),
and substrate (presence or absence) on standard metabolic rate (SMR), forced maximum
metabolic rate (FMR) and metabolic scope (MS) in relation to energy density (ED),
hepatosomatic index (HSI), Fulton’s condition factor (K) and enzyme activity associated with
ATP production of age-0 Lake Sturgeon throughout the first year of life, including a simulated
overwintering period. All three environmental variables had significant effects on metabolic rate,
ED and K of age-0 Lake Sturgeon. Fish reared at 14°C showed higher SMR than those reared at
16°C and showed no mortality during the simulated overwintering period. However, age-0 Lake
Sturgeon raised in 80% DO showed a higher mortality rate during the overwintering event and a
reduction in aerobic metabolism following this event. Inclusion of substrate showed a positive
influence on ED during larval development and significantly enhanced K. Longer-term
implications of early-life rearing environments on survival and fitness are discussed to promote
the successful recruitment of Lake Sturgeon, a species considered at risk across its Canadian
distribution.
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Introduction
Measurement of metabolic rate in animals provides an indication of whole animal energy
turnover (Brown et al. 2004). In fish, whole body metabolic rate is typically inferred from the
measurement of in vivo oxygen consumption rates, with over 95% of oxygen consumption in fish
known to be the result of mitochondrial regeneration of ATP through oxidative phosphorylation
(Richards 2009).
Standard metabolic rate (SMR) is the minimum oxygen consumption rate required to
sustain vital processes, such as protein turnover, ion regulation, substrate cycling and the
maintenance of internal organism integrity (Beamish and Mookherjii, 1964, Brett, 1962, Fry,
1957, Hochachka and Somero 2001, Treberg et al. 2016). Thus, SMR should be measured when
a subject is in a post-absorptive state, unstressed and resting (Hochachka and Somero 2001).
SMR may play an important role in the ecological fitness of individuals as SMR influences
developmental trajectory, energy assimilation, maximum aerobic performance, growth and
behavioural traits (Frappell and Butler 2004, Killen et al. 2007, Chabot et al. 2016, Metcalfe et
al. 2016).
Maximum metabolic rate (MMR) is the maximum rate of oxygen consumption that is
required to maintain maximal aerobic activity and replenish oxygen debt associated with
increased activity (Norin and Clark, 2016). Therefore, MMR may be used to infer the aerobic
performance of an individual. MMR in fish has been estimated using standardized chasing
protocols (Reidy et al. 1995, Norin and Malte 2012) or critical swimming protocols (Reidy et al.
1995, Roche et al. 2013), which are both designed to measure maximal oxygen consumption
rates of subjects that were forced to exercise to exhaustion (forced maximum metabolic rate;
FMR). Physiological responses to exhaustive exercise, such as decreased oxygen stores in
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tissues, muscle ATP, glycogen deposition and metabolic acidosis contribute to MMR which is
also strongly influenced by body size, temperature, oxygen availability and physiological states
(Norin and Clark 2016). Norin and Malte (2011) demonstrated that Brown Trout, Salmo trutta,
fed ad libitum showed repeatable MMR measurements over the course of weeks and concluded
that MMR is a physiological trait that is subject to strong evolutionary pressure and thus natural
selection. Interestingly, previous studies have demonstrated that the repeatability in measurement
of whole body metabolic rate in animals is evident across taxa (Nespolo and Franco 2007, Norin
and Malte 2011, Svendsen et al. 2014) although this repeatability tends to decrease over time
(White et al. 2013). Finally, metabolic scope (MS) is the difference between SMR and MMR,
and MS is of particular importance during early developmental stages as this is considered the
energy currency for growth (Hochachka and Somero 2001).
Intraspecific variation in metabolic rate in fish is correlated with intrinsic factors such as
maternal investment, body mass, size of liver and activity of cytochrome c oxidase (CCO) in
liver tissue and lactate dehydrogenase and pyruvate kinase in white muscle tissue (Somero and
Childress 1980, Rolfe and Brown 1997, Burton et al. 2011, Norin and Malte 2012, Metcalfe et al.
2016, Salin et al. 2016). Numerous studies have been conducted to understand the relationship
between aerobic enzyme activity in fish liver or white muscle and whole body metabolic rate
with mixed results. For example, in Brown Trout activity of CCO in liver was positively
correlated to MMR (Norin and Malte, 2012). However, in the same species, no correlation
between the activity of CCO in liver and white muscle and SMR or MMR was reported, but
mitochondrial leak respiration in the liver and white muscle was found to be positively correlated
with SMR and MMR, respectively (Salin et al. 2016).
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Indicators of physiological state of an individual such as condition factor, hepatosomatic
index, energy density and aerobic enzyme activity may be used to approximate the upper limit of
aerobic capacity and thus metabolic rate. Fulton’s condition factor (K) represents the ratio
between body mass and the cube of a fish’s total length (Ricker 1975, Nash et al. 2006), and
hepatosomatic index (HSI) shows the percentage of fish total mass attributed to the mass of the
liver. HSI can also be used as a general indicator of health and energetic status as liver function
is central to metabolic rate, in particular SMR (Hochachka and Somero 2001). Energy density
(ED) is the amount of energy per volume or mass in animals, which strongly influences aerobic
metabolism. ED is expressed as the total energy (J) relative to body mass (g) and has been
widely used in fisheries ecology and management to estimate population productivity and in
bioenergetics models (Tirelsli et al. 2006, Canale 2014, Sinclair et al. 2015, Deslauriers et al.
2016).
In addition to intrinsic factors, metabolic rate in fish is strongly influenced by extrinsic
conditions (Chabot et al. 2016). Temperature, dissolved oxygen and substrate are critical factors
to the development of metabolic phenotypes in aquatic organisms. It is well documented that
temperature is a key determinant of biological phenomena in ectotherms as it dictates the rate of
biochemical reactions and thus metabolism (Angilletta et al. 2010). It has been reported that
metabolic rate in fish typically increases in response to increasing environmental temperature (Jo
and Kim 1999, Claireaux et al. 2000, Kieffer and Wakefield 2009). Environmental temperature
also strongly influences energy intake and assimilation in fish, and a study showed that the
optimum temperature for growth in cod, Gadus morhua, was higher in larger fish (Imsland et al.
2005). Previous studies have shown that fish were able to enhance oxidative capacity in response
to cold environments by increasing mitochondrial density and tissue oxidative capacity through
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adjustment of mitochondria phospholipid bilayers (Guderley 2004, Kraffe et al. 2007). However,
it remains poorly understood how lower temperature during early developmental stages may
impact the aerobic metabolism in sturgeon.
Dissolved oxygen (DO) is a critical factor for organisms as the availability of oxygen
impacts the mode of ATP production through oxygen-dependent phosphorylation or oxygenindependent phosphorylation (Richards 2009). Hypoxia (i.e. low oxygen concentrations) is
observed frequently in aquatic systems due to high density, seasonal changes and eutrophication
(Diaz and Breitburg 2009). Typical defense strategies for hypoxia in fish include enhancing
oxygen carrying capacity, substrate-level ATP production and induction of metabolic
suppression (Richards 2009). Depending on the severity, hypoxia can cause adverse effects on
ontogenesis, aerobic metabolism and glycolytic enzyme activity (Ton et al. 2003, Baker et al.
2005a, Fitzgibbon et al. 2007, Martínez et al. 2011). However, prolonged exposure to chronic
hypoxia may allow for the development of hypoxia tolerant phenotypes promoting survival
under hypoxic conditions (Yang et al. 2013, Gaulke et al. 2014). The majority of studies
examining hypoxia tolerance in fishes have focussed on teleost, and little is known regarding
development of hypoxia tolerant phenotypes in more primitive fishes.
Inclusion of substrate is common practice in hatchery reared salmonids for stock
enhancement purposes (Taylor 1984, Peterson and Martin-Robichaud 1995) and more recently
the role of substrate during early development in sturgeons suggests improved survival rate and
growth and more appropriate development of the endocrine stress response (Gessner et al. 2009,
McAdam 2011, Zubair et al. 2012, Bates et al. 2014, Boucher et al. 2014).
Lake Sturgeon, Acipenser fulvescens, is a native species to North America, and unlike
most other Acipenserids, it spends its entire life in freshwater (Scott and Crossman 1973). Lake
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Sturgeon is classified as threatened or endangered in five provinces of Canada (COSEWIC 2017)
due primarily to over-exploitation and habitat degradation leading to significant population
declines throughout the species range (Hay-Chmielewski and Whelan 1997, Haxton and Findlay
2008). To counteract this issue, recovery programs have been ongoing with limited success
owing in large part to low recruitment (McDougall et al. 2014). Many recovery programs have
relied on hatchery-reared stock enhancement, which typically use unnatural rearing
environments with fixed temperatures (i.e. 16°C), dissolved oxygen (100%) and absence of
substrate throughout year. Without an adequate understanding of phenotypic development in
response to abiotic environments during early life stages, success of recovery programs may be
hindered (Boucher et al. 2014).
In this study, we examined the effects of temperature (14 and 16°C), dissolved oxygen
(80 and 100%) and substrate (presence or absence) on the development of energy density,
condition factor, hepatosomatic index, standard metabolic rate, maximum metabolic rate,
metabolic scope and enzyme activities of age-0 Lake Sturgeon during the first year of life,
including a simulated over-wintering period.
Materials and Methods
Fish husbandry and sampling protocol
Lake Sturgeon eggs and sperm were collected from three females (11.1 ± 2.95kg; mean ±
S.E) and four males (16.5 ± 2.38kg; mean ± S.E) captured from the Winnipeg River at Pointe Du
Bois, Manitoba, Canada (50º17’52N, 95º32’51W) on May 20 and 21, 2015. Sperm was
immediately collected in 50ml Falcon tubes and stored at 4°C. Gonadotropin releasing hormone
(GnRH) was administered to each female to facilitate the coordination of egg maturation and

34

collection of eggs for fertilization. On May 22, 2015, all the gametes were transferred to the
Animal Holding Facility at the University of Manitoba. Approximately a 50µl of sperm was
added to 5ml of eggs (~225 eggs) in a Petri dish with approximately 5ml of water was used to
activate the sperm. The gametes were gently mixed by hand for two minutes after which the
fertilised eggs were rinsed three times in fresh water before being spread evenly across one of
forty-two 1L aquaria housed in a three-row multi-stressor unit (AquaBiotech, Quebec, Canada).
Developing embryos were exposed to one of three rearing environments: 16°C and 100%
dissolved oxygen; 14°C 100% dissolved oxygen; and 16°C and 80% dissolved oxygen. Each row
consisted initially of a total of 14 aquaria, which were evenly split between tanks that contained
substrate and tanks that did not. Substrate consisted of gravel, approximately 10-15mm diameter,
at a depth of approximately 2cm. Photoperiod was set to correspond to the time of dawn and
dusk at Pointe Du Bois on the Winnipeg River. Each tank was carefully cleaned on a daily basis
to remove any dead eggs and/or shells during the development, and hatching was completed
within 3 days. Hatched yolk-sac larvae were monitored for yolk absorption after which
exogenous feeding began using freshly hatched brine shrimp (Artemia International LLC, Texas,
USA). At 57 days post hatch (dph), all fish were transferred to one of eighteen 9L aquaria, and a
mixture of ground bloodworm and brine shrimp was fed to the fish with the proportion of
bloodworm increasing as the fish grew until they were on a diet of 100% blood worm at 67 dph.
Larvae were initially fed three times a day to satiation until 138 dph after which fish were fed
twice daily. Fish were sampled for measured physiological parameters at 3 and 4 (June 03-04,
2015), 32 (June 30, 2015), 138 (October 13-14, 2015) and 338 (April 27, 2016) dph within the
first year of life. During each sampling point, a total of 36 fish per treatment were sacrificed to
measure total length, fork length and mass, and for a subset of 8 fish at 138 and 338 dph, the
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liver was removed and mass was recorded to the nearest 0.0001g for calculation of
hepatosomatic index (HSI). All of the remaining fish were euthanized at the last sampling period
(338 dph) to measure morphometrics. Stocking density was kept roughly equivalent between
tanks prior to the onset of the simulated overwintering period.
After 158 dph (November 3, 2015), an overwintering event was simulated by decreasing
the temperature of all treatments by 0.5°C per day until the temperature reached 3.5°C (Figure
1). Light intensity in each treatment was decreased by 20% per day and remained at 10% during
the overwintering period. Frequency of feeding was gradually reduced by increasing the intervals
between feeds until 214dph (December 30, 2015) when food was deprived from the fish for 40
days. Mechanical limitations constrained our ability to take the temperature below 3.5°C in the
holding tanks. Following the 40-day starvation period temperature was increased by 0.5°C until
it reached 16°C in all tanks (Figure 1). Light intensity was also increased in the reverse order to
that described above while dissolved oxygen increased to 100% for the 80% treatment at a rate
of 5% per day. Frequency of feeding was also gradually increased during this warming phase
until the fish were being fed ‘pre-winter’ rations.
Energy Density
Energy density (J·g-1) was quantified by bomb calorimetry (Semi-micro Bomb
calorimeter 6725, Parr Instruments, Illinois, USA) using a protocol similar to that described by
Deslauriers et al. (2016) with minor modifications to adjust for small sample mass. In brief, 8
fish per treatment collected at 4 dph and 138 dph were sacrificed in an overdose of tricane
methane sulfonate (MS222, 250mg·L-1) and wet mass was recorded. Individuals were then
placed in a drying oven and desiccated at 60°C for 48 h or until a constant mass was recorded.
Dried samples were pelleted and combusted under 27PSI oxygen. Benzoic acid controls were
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conducted every three samples to minimize experimental error. The resultant values of energy
density from dry mass were converted into energy density by wet mass using the dry to wet mass
ratio. Then, a linear regression model of 138 dph was generated to estimate energy density using
the dry to wet mass ratio of each fish. This model was then evaluated with 15 independent
observations of energy density using a 97.5% joint interval to test the null hypothesis that the
intercept and slope are equal to 0 and 1, respectively.
Metabolic Rate
Whole body metabolic rate was estimated using whole body oxygen consumption rate
(Ṁ𝑂 ) through intermittent flow respirometry (Loligo Systems, Djele, Denmark). Ṁ𝑂 was
assessed approximately at 108 and 338 days post hatch for Pre and Post Winter. Measurements
of SMR were conducted as previously described (Svendsen et al. 2014), with several
modifications due to the small size of age-0 fish. Briefly, individual fish were fasted for twelve
hours before measurement of Ṁ𝑂 was conducted. Prior to metabolic rate measurement each fish
was lightly anesthetized by immersion in a solution of MS222 (50mg·L-1; Syndel Laboratories,
British Columbia, Canada) dissolved in tank water and mass and length was recorded. Fish were
then placed into the resting chambers and flow rate was adjusted to minimise stress to
individuals, but sufficient to provide water exchange for measurement of respiration. The
respirometry setup was surrounded by a black curtain to avoid external disturbance during all
trials. The following parameters were used: a 360 s flushing period, 60 s wait period and 300 s
measurement period. Fish were initially acclimated to the respirometry chambers for 24 h to
ensure a reliable and stable measurement of SMR during the following 24h period. For each
experimental trial, a total of six fish were tested with two blank chambers (i.e. empty) being used
to determine trends in biological oxygen demand (BOD). Following measurement of SMR, FMR
37

was obtained using a standardised chase protocol. Briefly, fish were removed from the
respirometry chamber and chased for 15 min using a plastic pipette with gentle prodding to the
tail. They were then immediately returned to the respiromety chamber and oxygen consumption
was measured for three-measurement cycles. All the metabolic rate experiments were conducted
at 16°C and 100% DO. BOD in each respirometry chamber was obtained by measuring oxygen
consumption without fish for 15 min before and after SMR and FMR was assessed for each fish.
Only r2 values > 0.9 for slopes of declining oxygen concentration during the
measurement phase were accepted and the Q10 method (10th quantile) as previously described
(Chabot et al. 2016) was used for the final calculation of SMR. The average BOD of each
chamber was then subtracted from the calculated SMR to provide a measure of oxygen
consumption of the fish. FMR was determined by selecting the highest oxygen consumption rate
from three consecutive measurements taken immediately after the standardised chase protocol.
Metabolic scope (MS) was calculated by subtracting SMR from FMR for each fish.
Enzyme Activity
White muscle was prepared for enzyme activity analysis as previously described by
Jarvis and Ballantyne (2003); briefly, approximately 0.025g of white muscle was placed in 2ml
of ice cold 50mM Imidazole buffer at pH 8.0. Muscle tissue was then homogenised using a
Polytron PT (Kinematica, Lucerne, Switzerland) at three bursts of 13,500 rpm for 10 s each, and
samples were cooled on ice between each burst for 30 s.
Maximum activities for Lactate Dehydrogenase (LDH; EC 1.1.1.27), Pyruvate Kinase
(PK; EC 2.7.1.40) and Cytochrome C Oxidase (CCO; EC 1.9.3.1) were assessed using
previously published protocols (Leblanc et al. 1995; Spinazzi et al. 2012). Assay conditions and
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reagent concentrations were as follows: Lactate dehydrogenase – 50mM Imidazole pH 8.0 at
16°C, 2.0mM NADH and 10mM Sodium Pyruvate; Pyruvate Kinase – 50mM Imidazole pH 8.0
at 16°C, 0.15mM NADH, 5mM ADP, 10mM MgCl2, 50mM KCl, 11 units of PK-free LDH and
10mM Phosphoenol Pyruvate; Cytochrome C Oxidase – 50mM Potassium Phosphate at pH 7.0,
60µM reduced Cytochrome C, 300µM Potassium Cyanide. Reaction rates of LDH and PK were
determined by change in absorbance of NADH or NADPH at 340nm (Ɛ340=6.22). CCO was
measured by decline of Cytochrome C at 550nm (Ɛ550=29.5). Samples were measured on a UVvis spectrophotometer at 16°C (Cary 100UV-Vis Spectrophotometer, Agilent Technologies,
Ontario, Canada). Maximal enzyme activities were calculated as the rate at which 1µM of
substrate (NADH or Cytochrome C) was converted to product per minute (µmol·min-1·g-1). All
chemicals were obtained from Sigma-Aldrich (Ontario, Canada).
Statistical Analysis
A generalized linear mixed model (GLMM) was employed to account for the random
effect associated with repeated measurements on different fish coming from the same rearing
tank. The full model was written as follows:
𝑅 = 𝛼 + 𝛽 · 𝑇 + 𝛽 · 𝐷 + 𝛽 · 𝑆 + 𝛽 · 𝑊 + 𝛽 ∗ · 𝑇𝑆 + 𝛽 ∗
𝛽∗

· 𝑆𝑊 + 𝛽 ∗

∗

· 𝑇𝑆𝑊 + 𝛽

∗ ∗

· 𝐷𝑆𝑊 + 𝛼

· 𝑇𝑊 + 𝛽

∗

· 𝐷𝑆 +

+𝜀

where the response variable (𝑅 ) represents either metabolic rate (mgO2·kg-1·h-1), energy density
(J·g-1 of wet mass), Fulton’s condition factor (g·cm-³), or enzyme activity (µmol·g-¹·min-¹). 𝛼
represents the intercept for the rearing tank random effect and 𝜀 indicates the residual error.
Temperature, dissolved oxygen, substrate and overwintering were considered as discrete factor
variables, and they are represented by T (16°C to 14°C), D (100% to 80%), S (presence or
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absence) and W (pre- to post-winter) respectively. The rationale for assigning these independent
variables to factor variables was so that the relative changes in response variables in response to
different rearing environments could be examined. Thus, binary dummy variables were created
to compare the effect of each treatment using the following description: (1) temperature: 14 [1]
and 16 [0], (2) dissolved oxygen: 80 [1] and 100 [0] and (3) substrate: absence (0) and presence
(1).
The control rearing environment was considered as 16°C, 100% dissolved oxygen and no
substrate, which simulates a typical hatchery rearing protocol, and the intercept for each model
represents the mean of each response variable in the control treatment. Significance of each
variable was tested by a likelihood ratio test with backward elimination. Significance was
accepted when p-value < 0.05. Johnson transformation was used on the data when the
assumption of normality was not met. All experimental protocols were performed as described
under animal use protocol F15-007 approved by the University of Manitoba Protocol
Management Review Committee under the guidelines of the Canadian Council for Animal Care.
Results
Overwintering Survival
The highest recorded mortality rate was seen during the decreasing temperature period
leading to overwintering (Table 2.1). However, no mortality was observed during the 40-day
starvation period. Fish reared at 16°C and 80% DO showed the highest mortality rate (~50%)
and fish raised at 14°C and100% DO without substrate had no mortality.

40

Energy Density
A very strong linear relationship between dry to wet mass ratio (DWR) and ED was
observed in age-0 Lake Sturgeon. The prediction of ED in the linear model was highly
significant (p<0.001 and r²= 0.96; Figure 2.2). The linear model for ED at 138dph is ED =
23965.7 · DWR - 433.1 r²=0.96. The linear model for 4dph was not included due to non-normal
distribution of residuals. The joint-internal confidence test indicates that the developed model
can be used to estimate the ED in age-0 Lake Sturgeon from the dry to wet mass ratio of
individuals (Figure 2.3).
At 4 dph, all the environmental variables significantly influenced the ED in yolk-sac
larvae (Table 2). Reduced temperature (14°C), lower oxygen concentration (80 %) and the
presence of substrate all had a positive impact on ED, however, the interaction between low
dissolved oxygen and presence of substrate was found to reduce ED (p=0.05). Across all
treatments, ED was highest at 4dph, then dramatically decreased throughout larval development
by 32 dph and remained around a mean of 2346 J·g-1 of wet mass during the rest of the year
(Figure 2.4).
Condition Factor and Hepatosomatic Index
K was not significantly different between all treatments at 32 dph (0.31 ± 0.00; mean ±
SE). However, overwintering significantly reduced K (p<0.001). Interestingly, presence of
substrate was shown to significantly enhance K at pre-winter age-0 juveniles (p<0.001; Table
2.3). Mild hypoxia (80% dissolved oxygen saturation) did not impact K, but interaction between
reduced temperature and substrate significantly decreased K (p=0.03). Overwintering was the
only variable to decrease HSI (χ2= 17.477, df=1, p<0.001, Figure 2.5).
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Standard Metabolic Rate
Temperature and overwintering were observed to be the most influential factors on SMR
(Table 2.4). Age-0 sturgeon reared at 14°C showed a 44.9% higher SMR than fish raised at 16°C
(p<0.001), but the longer-term effect of lower temperature (T × W) significantly reduced SMR.
The presence of substrate increased SMR by 23.1% (p=0.056), however, overwintering
significantly decreased SMR by 37.4% (p<0.001). While no effect on SMR was observed in the
fish raised in 80% DO, variability in SMR was found to be highest in this treatment. The
interaction between 14°C and overwintering showed a decrease in SMR whereas the other
interactions had no effect on SMR.
Forced Maximum Metabolic Rate
While age-0 sturgeon raised in 80% dissolved oxygen did not demonstrate a significant
change in FMR, lower temperature, presence of substrate and overwintering all significantly
reduced FMR (Table 2.4). Age-0 sturgeon reared at 14°C showed a reduction in FMR by 30.6%,
and the presence of substrate decreased FMR by 31.2%, while overwintering decreased FMR by
27.1%. The interactions between substrate and the other environmental variables (temperature,
dissolved oxygen and overwintering) increased FMR (p<0.05).
Metabolic Scope
Similar to the data described for FMR, each variable tested other than 80% DO reduced
MS compared to the control treatment (Table 2.4). Temperature was the most influential factor
on MS in age-0 Lake Sturgeon, followed by substrate and overwintering. However, it was
observed that the interaction between substrate and the other variables (temperature, dissolved
oxygen and overwintering) increased MS (p<0.05).
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Enzyme Activity
Temperature, dissolved oxygen and substrate did not significantly influence the maximal
activity rates of LDH, PK or CCO in white muscle regardless of sampling time point (Figure 2.8,
Figure 2.9, Figure 2.10, respectively). However, a general trend of increased activity in LDH and
PK was observed in the presence of substrate, and an up-regulation of CCO was found in the
absence of substrate. Variability of activity rates of CCO increased after the overwintering period
(Figure 10). Furthermore, LDH and PK showed a significant decrease in activity following the
overwintering period (p<0.05) while CCO remained unchanged.

Discussion
Standard metabolic rate by Environment
Age-0 Lake Sturgeon raised at 14°C showed significantly higher SMR than those raised
at 16°C. As an eurythermal species, the metabolic rate of Lake Sturgeon is expected to increase
non-linearly but positively with temperature. Positive relationships between temperature and
physiological responses have been reported in numerous studies (Laird and Haefner 1976, Jo and
Kim 1999, Grigoriou and Richardson 2009). However, results in the present study show an
increased SMR for fish raised in colder environments, which may indicate that they have an
increased metabolic cost for ATP production. Indeed, fish acclimated to colder temperatures at
higher latitudes adjust their metabolic rate increasing oxidative capacity as an adaptive
mechanism (St-Pierre et al. 1998, Kraffe et al. 2007, White et al. 2011). For example, salmonids
and cyprinids increase oxidative capacity during cold-acclimation by adjusting the fatty acid
composition and thus destabilising the mitochondrial membrane (homeoviscous) to help
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facilitate oxygen and metabolite diffusion and increase mitochondrial volume density (Guderley
2004). Altering mitochondrial membrane composition may result in a trade-off between
facilitating diffusion with increasing reactive oxygen species and proton leak, which may result
in the elevated activity of antioxidants, such as superoxide dismutase and tocopherol (Guderley
2004). Thus, increased energetic demands associated with metabolic adjustment at colder
temperatures may collectively increase SMR. Furthermore, fish raised in 14°C showed 0%
mortality during the overwintering period. This result may suggest that fish raised in a lower
temperature developed mechanisms that better equipped them for acclimation to colder
temperatures, which led to improved survival.
The SMR results also indicate that 80% DO did not significantly influence SMR, which
suggests that mild hypoxia of 80% DO did not result in an adjustment of SMR indicating that
age-0 Lake Sturgeon are oxygen regulators. This result is in agreement with Svendsen et al.
(2014) where no difference in SMR was reported between juvenile Lake Sturgeon held acutely at
30, 80 and 100% DO.
Interestingly, the presence of substrate was found to increase SMR in age-0 Lake
Sturgeon. SMR represents the rate of energy uptake and assimilation, which can strongly
influence growth and may set the upper limit of aerobic capacity in fish (Brown et al. 2004). The
observed increase in SMR in fish raised over substrate may in part explain the enhanced
condition factor in Lake Sturgeon raised in substrate. Burton et al. (2011) stated that higher SMR
can result in higher growth rate of individuals, and a previous study in Barramundi, Lates
calcarifer, demonstrated that individuals with higher SMR showed higher growth rates fed ad
libitum (Norin and Clark 2016).
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Substrate is frequently employed when rearing salmonids at the embryo and alevin life
stages (Taylor 1984). Indeed salmonid embryos raised at 8°C over substrate showed 152%
increased yolk utilization efficiency (Peterson and Martin-Robichaud 1995). Furthermore,
Atlantic Sturgeon, Acipenser oxyrinchus, yolk sac larvae had a 263% higher specific growth rate
compared to larvae raised over no-substrate at 14 days post hatch (Gessner et al. 2009) and
White Sturgeon, Acipenser transmontanus, reared in gravel showed 40% increased yolk
absorption efficiency and higher growth rate (p<0.001) compared to those raised in the absence
of substrate (Boucher et al. 2014). Basal whole body cortisol and duration of the cortisol stress
response has also been shown to be affected by the presence of substrate in early developing
Lake Sturgeon (Zubair et al. 2012). Our findings suggest that inclusion of substrate may enhance
the metabolic physiology in Lake Sturgeon during the early life history phase.
Overwintering was another variable observed to substantially reduce SMR in age-0 Lake
Sturgeon. Metabolic suppression is a typical defense strategy to a stressful environment such as
starvation, and food availability is a major determinant of metabolic rate. Metabolic adjustments
in response to starvation have been observed in many species (Foster and Moon 1991, Gillis and
Ballantyne 1996, Biro et al. 2004, Bar 2014). For example, O’Connor et al. (2000) demonstrated
that SMR decreased in response to reduced food availability in juvenile Atlantic salmon, Salmo
salar. In addition, metabolic rate of juvenile perch, Perca fluviatilis, gradually declined as the
period of starvation extended (Mehner and Wieser 1994).
In addition to reduced metabolic rate, various physiological adjustments occur to
maintain blood glucose through gluconeogenesis. An increase in hepaptic glycolysis and plasma
protein and a decrease in white muscle lipid content were observed in Adriatic Sturgeon,
Acipenser naccarii, following 72 days of starvation at 14°C (Furné et al. 2012). Gillis and
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Ballantyne (1996) demonstrated that the Lake Sturgeon starved for 60 days at 12°C exhibited
48% decreased haematocrit and a 2-fold increase in plasma free amino acids and essential amino
acids. In our study, after the overwintering period, fish exhibited decreases in HSI, which may
suggest a depletion of endogenous energy stores during starvation. This result is in agreement
with a previous study that reported Channel Catfish, Ictalurus punctatus, fasted for 45 days at
26°C showed a 72% reduction in growth and a 57% reduction in HSI compared to those fed for
an equal amount of time (Peterson and Waldbieser 2009). This reduced HSI could explain
decreases in SMR. Studies in mammals suggest that the liver can contribute up to 20% of SMR
and this relationship is highly correlated to liver mass (Rolfe and Brown 1997, Hochachka and
Somero 2001). Although not quantified in this study, it was observed that fish were not able to
maintain swimming during the standardized chasing for a long time after the simulated
overwintering period, including the 4 week post winter period. A previous study showed that
glycolytic enzyme activity in white muscle of fish was shown to be correlated with locomotion
and activity levels (Somero and Childress 1980), and decreases in LDH and PK after the
overwintering period may support metabolic suppression. These results suggest that glycolytic
enzyme activity plays an important role in SMR and MMR of Lake Sturgeon.
Maximum Metabolic rate and Metabolic Scope by Environment
Interestingly, a 2°C lower rearing temperature significantly reduced FMR in Lake
Sturgeon. Additionally, although not quantified in this study, the observed increased activity
levels for fish raised in the absence of substrate might explain the increase in FMR and decrease
in energy density at 4 dph in this group compared to those fish raised over substrate. Generally,
effects of moderate exercise on fish are known to enhance oxygen carrying capacity and increase
myoglobin in the muscle and these responses are coupled with increases in metabolic enzyme
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activity (Davison 1997). However, no significant difference in terms of aerobic enzyme activity
(CCO) of age-0 Lake Sturgeon raised in the presence or absence of substrate were found in the
present study. Even though the short-term inclusion of substrate reduced aerobic capacity, longterm inclusion of substrate (i.e. overwintering) actually enhanced aerobic metabolism that may
be explained by reduced physiological stress levels during overwintering. Previous studies
showed that inclusion of substrate reduced whole body cortisol level of Lake Sturgeon and White
Sturgeon during larval development (Zubair et al. 2012, Bates et al. 2014).
Lastly, FMR results support the SMR results, in regards to DO, which suggest that mild
hypoxia did not compromise the aerobic capacity, including the activity of CCO. Exposure to
mild hypoxia has little effect on FMR in a number of fish species (McBryan et al. 2013).
However, sensitivity to hypoxia has been shown to vary between species. For example, Martínez
et al. (2011) demonstrated that Neumayer’s barb, Barbus neumayeri, acclimated to low DO (1.35
mgO2·L-1) for 4 weeks upregulated phosphofructose kinase in heart and skeletal muscle, and
down regulated CCO in heart compared to those held in higher DO (5.58 mgO2·L-1). An acute
transfer to 75% hypoxia caused the Mulloway, Argyrosomus japonicas, to decrease its MMR and
MS by 18 and 28%, respectively (Fitzgibbon et al. 2007), and exposure to 45% DO in juvenile
Barramundi, Lates calcarifer, significantly reduced MMR (Norin et al. 2016).
Similar to SMR, overwintering decreased FMR and MS, and this metabolic suppression
would be beneficial for survival during a potentially stressful condition of reduced temperature
and starvation. Conversely, the maximal enzyme activity of CCO in white muscle was not
correlated with the MMR data, which is in agreement with Salin et al. (2016) who found no
correlation between the activity of CCO and citrate synthase (CS) and MMR in white muscle
tissue of Brown Trout. White muscle in fish constitutes a large portion of body composition, and
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it is known to greatly contribute to MMR as white muscle is important for lactate metabolism
and re-synthesis of glycogen following exhaustive exercise (Wood 1991). A previous study
demonstrated that lipid metabolism may play an important role in Lake Sturgeon where ketone
body and non-essential fatty acids were more preferred for oxidative substrates similar to those
of elasmobranchs (Singer et al. 1990). In our study, it remains undetermined why the activity of
CCO in white muscle did not change, but it is assumed that lipid metabolism associated with
oxygen-independent phosphorylation may occupy a large proportion of ATP production in Lake
Sturgeon.
Conclusion
This research provides information with respect to environment-phenotype interactions
during early developmental stages in Lake Sturgeon. The results revealed that metabolic
phenotypes were strongly influenced by temperature, dissolved oxygen, substrate and an
overwintering period in this species. Exposure to mild hypoxia during early life (80% DO) did
not compromise the aerobic metabolism, however, as the fish aged and experienced an
overwintering event, prolonged exposure to 80% DO was detrimental to age-0 Lake Sturgeon.
Substrate was found to be beneficial at the early developmental stage, and it also enhanced
condition factor and aerobic metabolism over the longer-term. Future research is warranted to
improve our understanding of the impact of changes in abiotic factors on metabolic physiology
may have in later life for Lake Sturgeon, which are known for their longevity and sedentary life
history traits.
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Table 2.1. Survival rate of Lake Sturgeon, Acipenser fulvescens, during the simulated
overwintering condition. Survival rate under each treatment and during each time period is
summarized, and final survival rates are shown as percentages. Temperature decreased at 0.5°C
per day during Pre-winter, and it remained at 3.5°C during Overwinter, and it increased to 16°C
by 0.5°C per day during Post-winter. Light intensity decreased and increased during Pre and
Post, respectively, but it remained at 10% of the initial setting during Overwinter.
Number of
individual
mortalities
pre-winter

Overwinter

Number of
individual
mortalities
post-winter

Survival Rate
(%)

Sub

2

0

1

86.4

NoS

2

0

0

90.9

Sub

1

0

3

81.8

NoS

0

0

0

100

Sub

11

0

0

56.7

NoS

14

0

3

43.3

Treatment

16°C 100% DO

14°C 100% DO

16°C 80% DO
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Table 2. Analysis of energy density in Lake Sturgeon, Acipenser fulvescens, raised under
different rearing environments at 4 days post hatch by generalized linear mixed model. Results
below were obtained by likelihood ratio test with an elimination of each variable. Three variables
are described in the table below: α0: Intercept, T: Temperature (14°C compared to 16°C), D:
Dissolved oxygen (80% compared to 100%), S: Substrate (presence compared to absence). χ² df
is 1 for all the variable, and na means not-available All the variable were regarded as factor
variables, and replicative tank was used as the random effect. Johnson Transformation was
performed for the normalization of data.
Variable

Coefficient

Std. Error

χ²

p-value

α0

-1.3878

0.2310

na

na

T (14°C)

2.4519

0.3266

25.045

<0.001

D (80%)

1.1040

0.3266

8.7931

0.003024

S (Presence)

1.0243

0.3266

7.8052

0.00521

T×S

-0.7197

0.4619

2.2743

0.1315

D×S

-0.9988

0.4785

3.859

0.04948
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Table 2.3. Analysis of condition factor in Lake Sturgeon, Acipenser fulvescens, raised in
different rearing environments. Results were obtained by likelihood ratio test with an elimination
of each variable. Four variables are described in the table below: α0: Intercept, T: Temperature
(14°C compared to 16°C), D: Dissolved oxygen (80% compared to 100%), S: Substrate
(presence compared to absence) and W: Winter (Post-winter compared to Pre-winter). χ² degree
of freedom is 1 for all the variables. and na means not-available. All the variables were regarded
as factor variables, and replicative tank was used as the random effect. Johnson Transformation
was performed for the normalization of data. Any variables that show a p-value above 0.05 were
omitted from the table.

Variables

Coefficient

Std. Error

χ²

p-value

α0

0.041164

0.128001

na

na

T (14°C)

0.236237

0.177042

1.7754

0.1827

D (80%)

-0.061448

0.181021

0.1152

0.7343

S (Presence)

0.711019

0.198298

11.816

0.00059

W (Post)

-1.057192

0.263283

15.717

<0.001

T×S

-0.59944

0.27655

4.663

0.03082
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Table 2.4. Analysis of standard metabolic rate (SMR), forced maximum metabolic rate (FMR)
and metabolic scope (MS) in Lake Sturgeon, Acipenser fulvescens, raised in different rearing
environments by generalized linear mixed model. Metabolic rates were assessed approximately
at 108 and 338 days post hatch for Pre and Post-Winter. Results below were obtained by
likelihood ratio test with an elimination of each variable. Four variables are described in the table
below: α0: Intercept, T: Temperature (14°C compared to 16°C), D: Dissolved oxygen (80%
compared to 100%), S: Substrate (presence compared to absence) and W: over-Wintering (Postwinter compared to Pre-winter). χ² df is 1 for all the variables. and na means not available. All
the variables were regarded as factor variables, and replicative tank was used as the random
effect. Johnson Transformation was only performed for the normalization of metabolic scope
data set. Any variables show a p-value above 0.05 were omitted from the table.
Metabolic Rate

Variables

Coefficient

Std.
Error

χ²

P

SMR

α0

115.242

9.581

na

na

T (14°C)

51.697

13.55

11.699

<0.001

D (80%)

11.541

13.55

0.7184

0.3967

S (Presence)

26.676

13.19

3.821

0.0561

W (Post)

-46.125

13.203

11.363

<0.001

T×W

-43.104

19.004

4.9821

0.02561

α0

345.24

22.51

na

na

T (14°C)

-105.81

31.84

10.423 0.001245

D (80%)

-44.16

31.84

1.9037

0.1677

S (Presence)

-107.83

30.94

11.398

<0.001

W (Post)

-93.96

31.84

8.3166 0.003929

T×S

89.04

44.4

3.9352

0.04728

T×W

35.37

45.83

0.5936

0.441

D×S

122.31

45.21

7.04

0.007971

D×W

-77.2

45.83

2.7944

0.09459

S×W

124.41

47.7

6.5599

0.01043

D×S×W

-133.88

66.69

3.9431

0.04706

α0

1.0868

0.2361

na

na

T (14°C)

-1.7069

0.3339

22.214

<0.001

D (80%)

-0.3883

0.3339

1.3424

0.2466

FMR

MS
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S (Presence)

-1.3484

0.3245

15.806

<0.001

W (Post)

-0.6625

0.3339

3.8525

0.04967

T×S

1.1145

0.4657

5.5547

0.01843

T×W

1.1931

0.4806

5.9264

0.01461

D×S

1.3823

0.4741

8.1255 0.004365

D×W

-0.6132

0.4806

1.6131

0.2041

S×W

1.734

0.5003

11.283

<0.001

T×S×W

-1.4501

0.6938

4.2672

0.03886

D×S×W

-1.9718

0.6995

7.6181 0.005779
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Figure 2.1. Temperature and dissolved oxygen profiles used throughout the study. Numbers on
the X axis represent day of sampling or environmental change. At 158 days post hatch (dph),
temperature in all treatments decreased by 0.5°C per day until temperature reached 3.5°C while
light intensity gradually reduced to minimum. On day 214 post hatch, fish were subjected to a
starvation period of 40 days. At 255 dph, temperature, dissolved oxygen, and light intensity of all
treatments increased to 16°C 100%.
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Figure 2.2. Relationship between dry to wet mass ratio and energy density (J·g-1 of wet mass) in
Lake Sturgeon, Acipenser fulvescens. Two different lines indicate different days post hatch
(dph), and grey shades denote 95% confidence intervals of each model.
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Figure 2.3. Relationship between the established linear model of energy density at 138dph (J·g-1
of wet mass) and 15 independent observations in age-0 Lake Sturgeon, Acipenser fulvescens.
They are plotted against model predictions. Shaded area is the joint confidence interval. Straight
line is the 1:1 line while the dashed line is the regression through the points.
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Figure 2.4. Change in energy density of age-0 Lake Sturgeon, Acipenser fulvescens, raised under
different rearing environments. DO represents dissolved oxygen, and Sub and NoS indicate
substrate and no-substrate. Black dots represent outliers, and all the data points were used for the
statistical analysis
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Figure 2.5. Change of hepatosomatic index in age-0 Lake Sturgeon, Acipenser fulvescens, raised
in three different rearing environments at pre-winter, overwintering and post-winter. Samples
were collected from no-substrate treatments only. All the data points were used for the statistical
analysis.
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Figure 2.6. Changes in standard metabolic rate (SMR) of age-0 Lake Sturgeon, Acipencer
fulvescens, raised under different rearing environments. Overwinter denotes a simulated
overwintering period where the food was deprived for 40 days and temperature was maintained
at 3.5°C. SMR was assessed approximately at 108 and 338 days post hatch for Pre and Post,
respectively. DO represents dissolved oxygen, and Sub and NoS indicate presence of substrate
and absence of substrate. Black dots represent outliers, and all the data points were used for the
statistical analysis.
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Figure 2.7. Changes in forced maximum metabolic rate (FMR) of age-0 Lake Sturgeon,
Acipencer fulvescens, raised under different rearing environments. Overwinter denotes a
simulated overwintering period where the food was deprived for 40 days and temperature was
maintained at 3.5°C. FMR was assessed approximately at 108 and 338 days post hatch for Pre
and Post, respectively. DO represents dissolved oxygen, and Sub and NoS indicate presence of
substrate and absence of substrate. Black dots represent outliers, and all the data points were
used for the statistical analysis.
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Figure 2.8. Changes in metabolic scope (MS) of age-0 Lake Sturgeon, Acipencer fulvescens,
raised under different rearing environments. Overwinter denotes a simulated overwintering
period where the food was deprived for 40 days and temperature was maintained at 3.5°C. MS
was assessed approximately at 108 and 338 days post hatch for Pre and Post, respectively. DO
represents dissolved oxygen, and Sub and NoS indicate presence of substrate and absence of
substrate. Data are not transformed for graphical purpose. Black dots represent outliers, and all
the data points were used for the statistical analysis.
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Figure 2.9. Maximal enzyme activities of Lactate Dehydrogenase (LDH) (µmol·min-1·g-1) in
white muscle tissue of Lake Sturgeon, Acipenser fulvescens, raised in different rearing
environments. Samples were collected at 138 and 338dph after a simulated overwintering, and
data are not transformed for graphical purpose and expressed as mean±SE. Two treatments of
14°C 100% DO Sub and 16°C 80% DO Sub are not displayed in Pre-Overwinter due to limited
sampling. Black dots represent outliers, and all the data points were used for the statistical
analysis.
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Figure 2.10. Maximal enzyme activities of Pyruvate Kinase (PK) (µmol·min-1·g-1) in white
muscle tissue of Lake Sturgeon, Acipenser fulvescens, raised in different rearing environments.
Samples were collected at 138 and 338dph after a simulated overwintering, and data are not
transformed for graphical purpose and expressed as mean±SE. Two treatments of 14°C 100%
DO Sub and 16°C 80% DO Sub are not displayed in Pre-Overwinter due to limited sampling.
Black dots represent outliers, and all the data points were used for the statistical analysis,
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Figure 11. Maximal enzyme activities of Cytochrome C Oxidase (CCO) (µmol·min-1·g-1) in
white muscle tissue of Lake Sturgeon, Acipenser fulvescens, raised in different rearing
environments. Samples were collected at 138 and 338dph after a simulated overwintering, and
data are not transformed for graphical purpose and expressed as mean±SE. Two treatments of
14°C 100% DO Sub and 16°C 80% DO Sub are not displayed in Pre-Overwinter due to limited
sampling. Black dots represent outliers, and all the data points were used for the statistical
analysis.
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Abstract
Environment-phenotype interactions are the most pronounced during early life stages and can
strongly influence metabolism, physiological performance and ultimately ecological fitness. In
the present study, we examined the effect of temperature (ambient river temperature regime
[ARTR] vs ARTR+2°C), dissolved oxygen (100 vs 80%) and substrate (presence vs absence) on
standard metabolic rate (SMR), forced maximum metabolic rate (FMR) and metabolic scope
(MS) with Fulton’s condition factor (K), energy density (ED) and critical thermal maximum
(CTmax) in age-0 Lake Sturgeon, Acipenser fulvescens, including a simulated overwintering
event. We found that all the environmental variables strongly influenced survival, K, ED and
CTmax. Fish reared in elevated temperature showed higher mortality and reduced condition
factor. Interestingly, we did not find any significant difference in terms of metabolic rate
between treatments. Longer-term exposure to 80% DO reduced ED in Lake Sturgeon, and our
data suggest that presence rather than absence of substrate should be used to enhance the survival
rate of age-0 Lake Sturgeon in the first winter of life. Effects of early rearing environment during
larval development on survival over winter are discussed with respect to successful recruitment
of stock enhanced Lake Sturgeon, a species that is at risk throughout its natural range.
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Introduction
Environmental temperature is key to biological phenomena in fish as it dictates the rate of
biochemical reactions and strongly influences physiological processes, locomotion and the
geographical distribution of many fish species (Stewart and Allen 2014). The link between
environmental temperature and metabolic rate in fish has been well reported for many species
(Clarke and Johnston 1999). Standard metabolic rate (SMR) is defined as the minimum oxygen
consumption rate to maintain vital processes such as cellular homeostasis and organismal
integrity (Hochachka and Somero 2001, Treberg et al. 2016). As SMR represents the rate of
energy uptake and assimilation at resting, SMR in fish may play an important role in aerobic
metabolism and thus dictate the growth performance of fish (Sloman et al. 2001, Frappell and
Butler 2004, Burton et al. 2011, Norin et al. 2016). Maximum metabolic rate (MMR) is the
maximum oxygen consumption rate required to maintain maximum activity and entails a variety
of metabolic changes such as blood redistribution following metabolic depletion of endogenous
energy stores and repayment of oxygen deficit after exercise. MMR is important in prey capture,
predator escape, reproduction and habitat distribution as all these ecological factors are largely
dependent on the fish’s swimming ability (Kieffer 2000); thus, MMR can represent the upper
limit of aerobic performance as well as the ability of the fish to survive predation (Norin and
Clark 2016). In most studies, MMR is estimated by forced exhaustive exercise (forced maximum
metabolic rate; FMR) as a result of a standardized chase (Svendsen et al. 2014) or critical
swimming protocol (Kieffer et al. 2009). The difference between SMR and MMR is defined as
metabolic scope (MS), which is the aerobic capacity for routine activities such as foraging,
growth, locomotion, and reproduction (Hochachka and Somero 2001). The relationship between
MS and temperature has been described by a unimodal curve, with upper and lower limits known
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as critical thermal maximum (CTmax) and minimum (CTmin) beyond which normal
physiological function cannot meet the oxygen demand of tissues and metabolic suppression
occurs (Pörtner 2010). This hypothesis has been developed and proposed as the oxygen and
capacity limited thermal tolerance (OCLTT) to explain the effect of increased temperatures on
MS in aquatic organisms. Specifically, the negative impacts of decreased MS due to increased
temperature and hypoxia can be detrimental for fish given the importance of MS for growth,
reproduction and ecological fitness (Pörtner 2010, Holt and Jørgensen 2015).
Warmer aquatic environments are frequently associated with hypoxia as the solubility of
oxygen decreases with increasing temperature. Further, increased temperature results in an
increased metabolic demand for most ectotherms and thus, oxygen consumption rate increases.
Studies have suggested that increased temperature and hypoxia may have a synergistic effect
(Pörtner 2010, McBryan et al. 2013) as temperature increases metabolic rate in fish (Jo and Kim
1999) and hypoxia can negatively impact locomotion, growth, development of the embryo and
aerobic metabolism coupled with increased level of glycolysis (Baker et al. 2005, Behrens and
Steffensen 2007, Farrell and Richards 2009, Richards 2009, Dupont-Prinet et al. 2013, Svendsen
et al. 2014, Yang et al. 2014). Previous studies have focused on teleosts (Fernandes et al. 1995,
Hobbs and Mcdonald 2010) but these relationships remain poorly understood in primitive fishes
such as the sturgeons. Thus, understanding metabolic scope and intrinsic factors such as energy
density and condition factor may help to understand how individuals adjust metabolic physiology
in response to a changing environment and thus survive.
Fulton’s condition factor (K) represents standardized body mass by total length, and K
implies condition of individuals in fish (Nash et al. 2006). Many studies have reported that K is
strongly influenced by extrinsic factors such as seasonality, food availability and geography
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(Sutton et al. 2000, Leclercq et al. 2010). K was also shown to be positively correlated to fat and
protein content in Bighead Carp, Aristichthys nobilis (Naeem and Salam 2010). Thus, K may be
used to estimate the overall condition of an individual as well as proximate energy content of the
fish. Energy density (ED) directly shows the status of energy reserves in an individual, and ED is
known to change with geographical distribution (Schultz and Conover 1996) and developmental
stages (Wuenschel et al. 2006). Specifically, energy allocation toward somatic growth and
energy reserve during the first year of life is critical prior to winter, particularly in northern
fishes where food sources become scarce and endogenous stores are mobilized to sustain life.
Previous studies have shown that individuals with higher energy stores are more likely to survive
winter (Schultz and Conover 1996, Houston et al. 2014).
Lake Sturgeon, Acipenser fulvescens Rafinesque 1817, is a large cartilaginous, benthic
fish. They are native to North America and complete their life history in freshwater. Lake
Sturgeon were once widely distributed throughout North America with abundant populations
(Peterson et al. 2007), however, they are now recognized as an endangered or threatened species
across most of their natural range due to a variety of factors such as over-harvesting,
hydroelectric dams and pollution. Despite conservation efforts across the natural range of the
species for many decades, poor success has often been attributed to low recruitment of stock
enhanced fish. Recent emphasis of research examining the impact of the rearing environment on
the phenotypic development of sturgeons (Gessner et al. 2009, McAdam 2011, Zubair et al.
2012, Boucher et al. 2014) has indicated that current hatchery practices should be modified to
improve stock enhancement success. For example, the inclusion of substrate during early life
history in sturgeons has resulted in improved growth, survival and influenced the development of
the endocrine stress response (Gessner et al. 2009, McAdam 2011, Zubair et al. 2012, Boucher et
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al. 2014). Thus, understanding the effects of rearing environments during early development
stages may enhance the survival rate and lead to increased recruitment.
In this study, we examined the effects of increased ambient temperature, dissolved
oxygen (80%) and presence of substrate on the development of condition factor, energy density
standard metabolic rate, forced maximum metabolic rate, metabolic scope and critical thermal
maxima in age-0 lake sturgeon throughout the first year of life including a simulated
overwintering period.

Material and Method
Animal husbandry and maintenance
Two females (28 ± 0.0kg; mean ± SE) and three males (10.4 ± 0.7 kg; mean ± SE) were
captured by gill netting in the Nelson River, MB. Eggs and sperm were fertilized and brought to
Grand Rapids Fish Hatchery on May 27, 2016. Upon yolk absorption fish were fed to satiation
three times a day with freshly hatched brine shrimp (Artemia International LLC, Texas, USA) at
8 days post hatch (dph). At 20 dph, Lake Sturgeon larvae were transferred to the Animal Holding
Facility at the University of Manitoba. Fish were distributed into one of eighteen 9L aquaria
placed in a three-row multistressor unit (AquaBiotech, Quebec, Canada). In each row, tanks were
evenly split between tanks that contained substrate and tanks that did not. Substrate consisted of
plastic ring bio-balls with ~3cm diameter, and the equal amount of substrate was provided to
cover the bottom of each tank without bare areas. At 22dph, a mixture of ground bloodworm
(Hikari USA, California, USA) and brine shrimp was fed to the fish, and the proportion of
bloodworm increased by 10% per day as the fish grew until they were on a diet of 100%
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bloodworm at 32dph. Rearing environments were maintained as one of the following: Row A:
ambient river temperature regime (ARTR) and 100% dissolved oxygen; Row B: ARTR+2°C and
80% dissolved oxygen; and Row C: ARTR+2°C and 100% dissolved oxygen. The ARTR was
created based on the average daily temperature profile rounded up to the nearest 0.5°C recorded
in Slave Falls on the Winnipeg River from 2013-2016 (Figure 3.1). Each row consisted initially
of a total of six aquaria, which were evenly split between substrate and no-substrate. Substrate
consisted of sand with a diameter of 1--2mm, and it was set at a depth of 0.5 cm in each tank.
Photoperiod was set to correspond to the time of dawn and dusk at Pointe Du Bois on the
Winnipeg River. Daily survival in each treatment was calculated as the average survival across
the three treatment tanks throughout the experimental period.
Overwintering
A simulated over-wintering event was performed with changes in temperature and light
intensity while dissolved oxygen remained constant throughout the experiment period (Figure
3.2). Temperature in all treatment tanks reached 3.5°C at 175dph. After temperature reached
3.5°C, light intensity of treatments decreased gradually and remained at 10% of the initial
brightness prior to overwinter. At 204 dph, temperature and light intensity were kept at 3.5°C
and 10%, respectively, food was deprived for 40 days to simulate an overwintering period, after
which temperatures of all treatments increased to 16°C by 0.5°C per day.
Condition Factor and Energy Density
At 53, 88, 127 and 271 dph, total length and body mass of fish was measured to the
nearest 1mm and 0.0001g, respectively, and Fulton’s condition factor (K) was calculated
following the equation:
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K=

𝑊𝑒𝑖𝑔ℎ𝑡 (𝑔)
×1000
𝑇𝑜𝑡𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ (𝑚𝑚)

Fish were sacrificed by immersion in an overdose of tricaine methane sulfonate (MS222; 250
mg·L-1; Syndel Laboratories, British Columbia, Canada) and wet mass was recorded. Carcasses
were then placed in a drying oven and desiccated at 60°C for 48 h or until a constant mass was
recorded. Dry to wet mass ratio was then used to predict the energy density (J·g-1 of body mass)
of individual fish using a model previously verified by Yoon et al. (2017, unpublished; see
Chapter 2).
Metabolic Rate
At approximately 122 and 269 dph, metabolic rate was assessed as whole body oxygen
consumption rate (𝑀̇𝑂 ) using intermittent flow respirometry with the following parameters: a
360 s flushing period, 60 s wait period and 300 s measurement period (Loligo Systems, Djele,
Denmark) as previously described (Svendsen et al. 2014). Briefly, biological oxygen demand
(BOD) was quantified by measuring oxygen consumption without fish for fifteen minutes in
each metabolic chamber. Flow rate was set to minimise stress to individuals, but sufficient to
provide water exchange for measurement of 𝑀̇ 𝑂 on an intermittent basis. Respirometry
chambers were surrounded by black curtains to avoid visual disturbance for each trial.
Individual fish were fasted for 12 h prior to measurement of 𝑀̇ 𝑂 . Individuals were
lightly anesthetized by immersion in 50 mg·L-1 of MS222 for 10 s, and their mass and total
length was recorded before being placed in the respirometry chamber. SMR was then collected
for the following 24 h. Following this period, FMR was assessed using a standardized protocol
where individuals were chased for 15 min with gentle prodding of the tail region with a plastic
pipette. Fish were then immediately returned to the same respirometry chamber and oxygen
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consumption was measured for three-measurement periods. Fish were then removed and 𝑀̇𝑂
was measured in each empty chamber to correct for any increases in BOD during the timeframe
of the experiment. All experiments assessing 𝑀̇ 𝑂 were conducted at 16°C and 100% DO.
Slopes of declining oxygen concentration were collected for each measurement, and only
coefficients of determination (r²) above 0.9 were used for analysis. Measured BODs in the
beginning and end of each trial were then used to interpolate a linear slope over time to reflect
BOD drifting, and all the data points were corrected by each corresponding BOD at each
measurement time. The 𝑄

method (10th quantile) was employed as previously described by

Chabot et al. (2016) to estimate representative SMR values. FMR was determined by choosing
the highest oxygen consumption rate among three measurements following the standardized
chase protocol. Metabolic scope (MS) was calculated by subtracting SMR from FMR.
Critical Thermal Maximum (CTmax)
At 55 dph and 271 dph, CTmax was assessed in individuals as described previously by
Deslauriers et al. (2016) with modifications. In brief, 48 small plastic containers with screen
mesh were placed on a tray where the water temperature was increased by 2°C per hour. Initial
water temperature was set to the same temperature of each rearing environment regulated by a
thermostat (Fisher, Massachusetts, USA) while being well oxygenated. Once fish lost
equilibrium and showed no response to gentle prodding, temperature was recorded in each
container using a temperature probe equipped with a Witrox 4 oxygen meter (Loligo Systems,
Djele, Denmark). At the end of the trial fish were removed from their individual containers,
measured and weighed before being euthanized by immersion in an overdose of MS222
(250mg·L-1).
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Statistical Analysis
A generalized linear mixed model (GLMM) was employed to analyze the data to account
for the random effect of rearing tanks as follows:
𝑅 = 𝛼 + 𝛽 · 𝑇 + 𝛽 · 𝐷 + 𝛽 · 𝑆 + 𝛽 · 𝑊 + 𝛽 ∗ · 𝑇𝑆 + 𝛽 ∗
𝛽∗

· 𝑆𝑊 + 𝛽 ∗

∗

· 𝑇𝑆𝑊 + 𝛽

∗ ∗

· 𝐷𝑆𝑊 + 𝛼

· 𝑇𝑊 + 𝛽

∗

· 𝐷𝑆 +

+𝜀

where the response variable (𝑅 ), represents either metabolic rate (mgO2·kg-1·h-1), energy density
(J·g-1 of wet mass), Fulton’s condition factor (g·cm-³) or critical thermal maximum (°C).
Temperature, dissolved oxygen, substrate and overwintering are considered as discrete factor
variables, and they are represented by T (ARTR to ARTR+2°C), D (100% to 80%), S (presence
or absence) and W (pre-winter to post-winter), respectively. 𝛼

represents the intercept of

random effects of rearing tanks, and 𝜀 indicates residuals errors. Where the assumption of
normality was not met, Johnson transformations were used on the data. The control rearing
environment was considered as ARTR and 100% dissolved oxygen with no substrate, the
intercepts of each model represent the mean of each response variable in the control treatment.
All the variables were regarded as discrete factor variables, and a binary dummy variable was
assigned to each level in the factor as following: (1) ARTR [0], ARTR+2°C [1], (2) 100% DO
[0], 80% DO [1], (3) absence of substrate [0], presence of substrate [1] and (4) pre-winter [0],
post-winter [1]. Significance of each factor was tested by a likelihood ratio test with a backward
elimination. All statistical analyses were performed using R, and significance was accepted with
p-value < 0.05.
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All of the experimental protocols were performed as described under animal use protocol
F15-007 approved by the University of Manitoba Protocol Management Review Committee
under the guidelines of the Canadian Council for Animal Care.
Results
Survival Rate
Survival in all treatments decreased throughout development prior to the simulated
overwintering. However, no mortality was observed across treatments during the simulated
winter period (Figure 3.2). The increased temperature treatment appeared to have the greatest
impact on survival in all treatments and presence of substrate reduced survival rate prior to
overwintering.
Condition Factor
A general trend of increases in K throughout the first year of life (Figure 3.3) although K
at 53 dph was found to be significantly reduced by increased temperature and presence of
substrate. Mild hypoxia had a negative effect on condition factor at 53 dph, albeit insignificant
(Table 1; p=0.078).
Energy Density
A general trend of increase in ED was observed throughout development prior to the
initiation of starvation at 204 dph, following which ED decreased in all treatments (Figure 3.4).
Increased temperature showed a reduction in ED, but its effect was not found to be significant
(p=0.11; Table 2). While mild hypoxia and dph elevated ED, the interactive effect of hypoxia
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and dph significantly decreased ED (p=0.001). Furthermore, hypoxia and inclusion of substrate
significantly decreased ED (p<0.001).
Critical Thermal Maximum
While the other environmental factors did not indicate a statistical significance, our result
showed that CTmax significantly decreased from 34.03 ± 1.00°C (mean ± SE) to 32.76 ± 0.72°C
(mean ± SE) after the simulated overwintering event (p<0.001, Table 3.3).
Metabolic Rate (SMR, FMR and MS)
Increased temperature showed a negative impact on SMR, FMR and MS, but its effect
was not observed to be significant (Table 3.4). However, the interaction between mild hypoxia
and inclusion of substrate significantly reduced FMR and MS. It is worth noting that the
variability in SMR, FMR and MS decreased in all treatments following the winter period.
Discussion
Metabolic Rate by Environment
Early developing fish are known to be particularly sensitive to thermal stress with
consequences to thermal stress manifesting developmental deformities and increases in
antioxidants during key life history phases (Werner et al. 2007, Simčič et al. 2015). Our data
showed that increased rearing temperature had no impact on SMR, FMR and MS of Lake
Sturgeon. This result may suggest that fish reared in increased ambient temperature do not pay
an extra cost associated with increased metabolic demand in warmer waters throughout
development, which is supported by the trend of increasing ED prior to overwintering with
higher temperatures during development. Previous studies have demonstrated that a thermal
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tolerance window limits aerobic performance of fish (Farrell et al. 2008, Pörtner and Peck 2011),
and this hypothesis has been developed and proposed as the oxygen and capacity limited thermal
tolerance (OCLTT). OCLTT hypothesizes that oxygen demand cannot be met due to limited
oxygen delivery caused by thermal limits (upper and lower) where physiological function starts
to diminish. This in turn causes a reduction in metabolic scope and maximum metabolic rate
while SMR remains elevated due to increased metabolic costs with increasing temperature
(Pörtner and Farrell 2016). However, the OCLTT has been challenged by recent studies that have
found no evidence to support the relationship between reduced aerobic capacity and increased
temperature (Gräns et al. 2014, Norin et al. 2014). Similarly, we were not able to detect a
significant difference in metabolic scope with respect to the temperature treatments used in the
present study.
Lake Sturgeon are eurythermal species, with the upper threshold of acute thermal
tolerance in Lake Sturgeon being reported as ~33°C when acclimated at 18°C (Wilkes 2011),
and our data showed a similar value of 34.03 ± 1.00 and 32.76 ± 0.72°C (mean ± SE) for preand post-winter, respectively. Furthermore, the peak temperature of the regime was 21.5 (ARTR)
or 23.5°C (ARTR+2°C), both of which were still lower than the observed threshold. Therefore, it
is possible that thermal stress during early development did not affect metabolic scope. However,
it is worth noting that many previous studies used fixed temperature regimes to test the OCLTT
whereas natural temperature regimes with an increase in 2°C were used in this study.
Surprisingly, increased temperature significantly reduced survival rate prior to the winter
period. This is likely due to failure to appropriately respond to thermal stress during early
development especially during the onset of exogenous feeding. This trend of decrease in survival
is similar to Boucher et al. (2014) who reported decreased survival rate during larval
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development at higher temperatures (17.5 vs 13.5°C). Also, a previous study reported that
increased temperature reduced survival in juvenile Lake Sturgeon (Wehrly 1995). Interestingly,
our finding of lower survival rate for fish reared over substrate is contradictory to other studies
(Gessner et al. 2009, Boucher et al. 2014). The longer-term effect of thermal stress during larval
development may have consequences later in life and is particularly critical during the first
winter of life when fish at higher latitudes often experience prolonged periods of cold
temperatures coupled with a lack of resources. Thus, it would be interesting to examine the
phenotype developed by survived individuals in of the increased temperature treatment.
We further confirmed that 80% dissolved oxygen did not compromise aerobic
metabolism in Lake Sturgeon, and this result is supported by Svendsen et al. (2014), who found
that FMR of juvenile Lake Sturgeon did not decrease in acute exposure to 80% DO. A recent
study by Yoon et al. (2017, unpublished, see Chapter 2) demonstrated that fish reared in 16°C
and 80% DO did not show a reduction in FMR. However, counter to the present study, it was
reported that 80% DO showed a negative impact on survival and aerobic capacity during a
simulated overwintering event as described in this study. It remains undetermined why results
from these two studies differ, however, it is important to note that the population of Lake
Sturgeon used in this study was different from the previous study (see Chapter 2). Population
differences as intraspecific variation in SMR have been explained by geographical adaptation of
the isopod, Porcellio laevis (Lardies and Bozinovic 2008). Furthermore, Stewart and Allen
(2014) demonstrated intraspecific variation in thermal tolerance in Channel Catfish, Ictalurus
punctatus and Hybrid Catfish, I. furcatus. In addition, the discrepancy may be also explained by
the two different temperature regimes used. While the previous study (see Chapter 2) used fixed
rearing environments with temperature and dissolved oxygen, the present study used a
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fluctuating temperature regime reflective of the natural environment. Cyclic changes in
temperature are known to cause synchronism in many organisms across taxa such as
cyanobacteria, algae, fungi and animals (Rensing and Ruoff 2002, López-Olmeda 2017). Further,
reproductive cycles of adult fish are known to be regulated by annual photo-thermal cycles
(Wang et al. 2010), and in Zebrafish, Danio rerio, environmental temperature was an important
cue for acclimatizing the seasonal changes in swimming performances (Condon et al. 2010).
Moreover, a recent study demonstrated the circadian rhythm of metabolic rate in Lake Sturgeon
(Svendsen et al. 2014). Thus, natural changes of temperature may trigger seasonal changes in
metabolic rate, which may regulate the effect of hypoxia on metabolic rate in this species.
Interestingly, fish reared in 80% DO with substrate showed a significant reduction in
FMR and MS during onset of exogenous feeding in comparison to the other treatments. This may
be the result of a synergistic interaction between mild hypoxia and reduced food availability
during early development. Although not quantified, it was observed that fish reared with
substrate (bio-balls) at the onset of exogenous feed appeared to be struggling with feeding
compared to fish reared over no substrate during larval development. When hatched larvae were
fed brine shrimp, which would often fall into the space between the substrate, limiting access to
food at a critical developmental period. High mortality in the first year of life is not unusual in
fish (Caroffino et al. 2010) particularly at the onset of exogenous feeding (Gisbert et al. 2000).
Thus, it is possible that the effect of limited access to food during early development was longlasting and mild hypoxia generated a detrimental effect on aerobic metabolism, which is also
supported by the significant negative effect of the interaction between 80% DO and presence of
substrate on energy density at 53 dph.
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Regardless of treatment, our data indicated that SMR did not decrease after the simulated
overwintering event, which was surprising and is counter to previous studies including our own
(Mehner and Wieser 1994, O’Connor et al. 2000, see Chapter 2). It remains unknown why SMR
did not decrease after the overwintering period, however, this discrepancy between the previous
(see Chapter 2) and present study can be explained by our finding that ED and K increased prior
to overwintering when natural temperature regime and photoperiod were given. This result
agrees with previous research that showed fish increasing their lipid reserve from summer to fall
in nature (Booth and Keast 1986, Griffiths and Kirkwood 1995, Schultz and Conover 1996). It is
thought that fish maximize their somatic growth as well as energy storage such that they can
survive winter when resources are likely to be scarce. Post et al. (2007) demonstrated that lipid
content varied with growth rates in Rainbow Trout, Onchoryncus mykiss, and energy allocation
to lipid reserves may play an important role in overwintering as lipid was shown to be the critical
energy source in fish exposed to periods of starvation (Byström et al. 2006). Further, ED after
the overwintering event in this study was higher than the reported threshold of energy density for
survival. Deslauriers et al. (submitted) demonstrated that energy density was the most
appropriate predictor of survival rate for age-0 Lake Sturgeon. Our data may imply that during
the starvation period, fish did not reach a point where the level of endogenous energy reserves
(<2000 J·g-1) became critical to initiate metabolic suppression.
Condition Factor and Energy Density by Environment
Although not significant, Lake Sturgeon reared under increased temperature showed
lower K at 53 dph compared to other sampling timepoints. This result suggests that the increased
thermal regime for Lake Sturgeon in the present study was not optimal. A similar trend was
reported in White Sturgeon larvae that had a 7% reduction in condition factor when fish were
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reared at increased temperatures (14.5 vs 17.5°C; Boucher et al. 2014). In Shovelnose Sturgeon,
Scaphirhynchus platorynchus, maximum feed conversion rate was found to be at 21.7°C, which
was slightly lower than the optimal temperature for growth at 22.4°C and when environmental
temperature exceeded 22.4°C, juvenile Shovelnose Sturgeon showed a reduced growth rate, feed
efficiency and survival rate (Kappenman et al. 2009). Thus, fish reared in higher temperatures
may experience lowered efficiency of energy assimilation and thus reduced K. Further, our
analysis indicated that inclusion of substrate significantly reduced K at 53 dph, which disagrees
with previous reports that showed a positive influence of substrate on K (Boucher et al. 2014, see
Chapter 2). Our data also indicated that increased temperature reduced ED. A similar trend of
significantly decreased hepatolipid content was seen in larval white sturgeon reared at higher
temperatures (Boucher et al. 2014). These results may explain the observed higher mortality rate
during the larval development prior to overwintering in the increased temperature treatment.
Thermal Tolerance and Metabolic Scope
Many studies have reported that hypoxia could significantly reduced thermal tolerance of
fish (Alabaster and Welcomme 1962, Weatherley 1970, Rutledge and Beitinger 1989, Healy and
Schulte 2012). Further, a positive correlation between CTmax and hypoxia tolerance was
reported in Atlantic Salmon (Anttila et al. 2013). Healy and Schulte (2012) found no significant
difference of CTmax in Killifish, Fundulus heteroclitus, following exposure between normoxia
(injecting air) and hyperoxia (injecting oxygen) for 4 weeks. However, they also reported that
Killifish exposed to 0.8 mgO2·L-1 for the same period of 4 weeks significantly reduced CTmax,
which supports the OCLTT in that the window of metabolic scope is set by the thermal tolerance
of organism. However, our data showed that mild hypoxia of 80% DO did not affect thermal
tolerance of age-0 Lake Sturgeon. Further, decreased CTmax after overwintering in our study
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could not explain the lack of change in MS after overwintering. Thus, the OCLTT fails to
explain the metabolic scope by thermal tolerance in Lake Sturgeon in the present study.
However, CTmax has been reported to vary with populations in different habitats, species,
photoperiod and time of day (Healy and Schulte 2015). Also, numerous studies demonstrated
that acclimation temperature and body size are important factors regarding thermal tolerance of
individuals (Beitinger and Bennett 2000, Beitinger et al. 2000, Deslauriers et al. 2016). In
Shovelnose Sturgeon, Acipenser brevirostrum, a positive relationship between acclimation
temperature and CTmax was found (Zhang and Kieffer 2014). Therefore, it is possible that Lake
Sturgeon adjusted their thermal tolerance according to the photothermal cycle of the year, which
is something that can be easily examined by sequential examination of CTmax in the same
population throughout the year.
Conclusion
This research demonstrates an interaction between the environment and phenotype in
age-0 Lake Sturgeon. Increased temperature reduced condition factor and energy density and
significantly reduced survival rate throughout early development. 80% dissolved oxygen did not
impact aerobic metabolism of Lake Sturgeon, but longer-term exposure to 80% DO significantly
reduced the energy density of age-0 sturgeon. No correlation between MS and CTmax was
observed in this study, which does not support the OCLTT. Our results also suggest that
substrate should be used for developing larval sturgeon for a short period during yolk sac
absorption prior to emergence, to enhance survival rate in the first year. As our data indicated
that increased temperature and hypoxia substantially decreased survival of age-0 Lake Sturgeon
during early development, further research is needed to understand what trade-offs allowed those
fish to survive in the long-term.
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Table 3.1. Analysis of condition factor in Lake Sturgeon, Acipenser fulvescens, raised in
different rearing environments at 53 days post hatching by generalized linear mixed model.
Results below were obtained by likelihood ratio test with an elimination of each variable. Three
variables are described in the table below: α0: Intercept, T: Temperature (ARTR+2 compared to
ARTR), D: Dissolved oxygen (80% compared to 100%), S: Substrate (presence compared to
absence). χ² df is 1 for all the variables, and na means not available. All variables were regarded
as factor variables, and replicative tank was used as the random effect. Johnson Transformation
was performed to meet the normalization of data.
Variables

Coefficient

Std. Error

χ²

p-value

α0

0.296856

0.00521

na

na

T (ARTR+2)

-0.03903

0.007499

20.11

<0.001

D (80%)

0.013307

0.007499

3.0945

0.0785

S (Presence)

-0.0236

0.007369

9.6466

0.001897

T×S

0.026964

0.010514

6.3456

0.01177

D×S

-0.00515

0.010514

0.2398

0.6244
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Table 3.2. Analysis of energy density in Lake Sturgeon, Acipenser fulvescens, raised in different
rearing environments. Samples were collected at 53, 88, 127 and 227 days post hatch (DPH).
Results were obtained by likelihood ratio test with an elimination of each variable. Four
variables are described in the table below: α0: Intercept, T: Temperature (ARTR+2°C compared
to ARTR), D: Dissolved oxygen (80% compared to 100%), S: Substrate (presence compared to
absence) and DPH (days post hatch). χ² degree of freedom is 1 for all the variables. and na means
not available. All the environmental variables were regarded as factor variables, and DPH was
regarded as continuous variable. Replicative tank was used as the random effect. Interactions of
three variables were omitted from the table. Johnson Transformation was performed to meet the
normalization of data.
Coefficient

Std. Error

χ²

p-value

α0

-0.6676

0.213412

na

na

T (ARTR+2)

-0.48617

0.309368

2.4611

0.1167

D (80%)

0.880506

0.310954

7.9301

0.004862

S (Substrate)

0.091925

0.304011

0.0914

0.7674

DPH

0.004302

0.001136

14.05

0.000178

T×S

0.247845

0.436826

0.3218

0.5705

T× DPH

0.003117

0.001658

3.5166

0.06076

D×S

-3.62665

0.759039

22.134

<0.001

D × DPH

-0.00536

0.001662

10.251

0.001366

S × DPH

0.000106

0.001594

0.0045

0.9468

Variables
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Table 3. Analysis of critical thermal maximum in Lake Sturgeon, Acipenser fulvescens, raised in
different rearing environments. Results were obtained by likelihood ratio test with an elimination
of each variable. Four variables are described in the table below: α0: Intercept, T: Temperature
(ARTR+2°C compared to ARTR), D: Dissolved oxygen (80% compared to 100%), S: Substrate
(presence compared to absence) and overwinteroverw (post compared to pre). χ² degree of
freedom is 1 for all the variables. and na means not available. All the environmental variables
were regarded as factor variables, and replicative tank was used as the random effect.
Interactions of three variables were omitted from the table. Johnson Transformation was
performed to meet the normalization of data.

Variables

Coefficient

Std. Error

χ²

p-value

α0

0.94929

0.23485

na

na

T (ARTR+2)

-0.22988

0.33212

0.4479

0.4894

D (80%)

0.55198

0.33212

2.7254

0.09876

S (Substrate)

-0.36976

0.33212

1.232

0.267

W (Post)

-1.63295

0.34235

20.538

<0.001
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Table 3.4. Analysis of standard metabolic rate (SMR), forced maximum metabolic rate (FMR)
and metabolic scope (MS) in Lake Sturgeon, Acipenser fulvescens, raised in different rearing
environments by generalized linear mixed model. Results below were obtained by likelihood
ratio test with an elimination of each variable. Four variables are described in the table below: α0:
Intercept, T: Temperature (ARTR+2 compared to ARTR), D: Dissolved oxygen (80% compared
to 100%), S: Substrate (presence compared to absence) and W: over-Wintering (Post-winter
compared to Pre-winter). χ² df is 1 for all the variables. and na means not available. All the
variables were regarded as factor variables, and replicative tank was used as the random effect.
Johnson Transformation was performed to meet the normalization of data. Any variables show a
p-value above 0.05 were omitted from the table.
Metabolic Rate

Variables

Coefficient

Std.
Error

χ²

p

SMR

α0

0.14303

0.32002

na

na

T (ARTR+2)

-0.01713

0.45258

0.0014

0.9698

D (80%)

0.12667

0.45258

0.0783

0.7796

S (Presence)

0.18747

0.45258

0.1714

0.6789

W (Post)

0.11354

0.46846

0.0587

0.8085

α0

-0.29994

0.32647

na

na

T (ARTR+2)

-0.08687

0.46169

0.0354

0.8508

D (80%)

0.55757

0.46169

1.4471

0.229

S (Presence)

0.07084

0.46169

0.235

0.8701

W (Post)

0.71051

0.4779

2.1845

0.1394

D×S

-1.30996

0.65293

3.9405

0.04714

α0

-0.4876

0.3297

na

na

T (ARTR+2)

0.1781

0.4662

0.1459

0.7025

D (80%)

0.5318

0.4662

1.2923

0.2556

S (Presence)

0.2637

0.4662

0.3193

0.572

W (Post)

0.8761

0.4826

3.2391

0.0719

D×S

-1.4429

0.6593

4.6702

0.03069

FMR

MS
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Figure 3.1. Temperature regimes used in this study. Numbers on the X axis represent day of
sampling or environmental change. Two lines represent two different temperature regimes: (1)
upper line: ARTR+2°C and (2) lower line: ARTR. Dissolved oxygen did not change throughout
the experiment. Sampling was conducted at 53, 88, 127 and 271 days post hatch (dph). As of 204
dph, food was deprived for 40 days following which temperature increased by 0.5°C per day.
Temperature data were collected from 2013-2016 at Slave Falls, MB, Canada. The average daily
temperature was rounded up to by 0.5°C.
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Figure 3.2. Changes in survival rate of Lake Sturgeon, Acipencer fulvescens, raised in different
rearing environments. ARTR denotes ambient river temperature regime, and ARTR+2 represents
2°C increased regime. 100 and 80 represent the saturation of dissolved oxygen. Sub and NoS
indicate substrate and no-substrate. Each treatment consists of three rearing tanks, and survival
rate was calculated from the average at each date. Solid lines represent different treatments, and
grey area denotes 95% confidence interval.
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Figure 3.3. Changes in condition factor of Lake Sturgeon, Acipenser fulvescens, raised in
different rearing environments. ARTR denotes ambient river temperature regime, and ARTR+2
represents 2°C increased regime. 100 and 80 represent the saturation of dissolved oxygen. Sub
and NoS indicate substrate and no-substrate. Samples for ARTR+2_80_Sub were not collected
after 88 dph due to limited sampling numbers.
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Figure 3.4. Changes in energy density of Lake Sturgeon, Acipenser fulvescens, raised in different
rearing environments. ARTR denotes ambient river temperature regime, and ARTR+2 represents
2°C increased regime. 100 and 80 represent the saturation of dissolved oxygen. Sub and NoS
indicate substrate and no-substrate. Samples for ARTR+2_80_Sub were not collected after 88
dph due to limited sampling numbers.
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Figure 3.5. Changes in standard metabolic rate (SMR) of age-0 Lake Sturgeon, Acipenser
fulvescens, raised in different rearing environments. ARTR denotes ambient river temperature
regime, and ARTR+2 represents 2°C increased regime. 100 and 80 represent the saturation of
dissolved oxygen. Sub and NoS indicate substrate and no-substrate.
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Figure 3.6. Changes in forced maximum metabolic rate (FMR) of age-0 Lake Sturgeon,
Acipenser fulvescens, raised in different rearing environments. ARTR denotes ambient river
temperature regime, and ARTR+2 represents 2°C increased regime. 100 and 80 represent the
saturation of dissolved oxygen. Sub and NoS indicate substrate and no-substrate.
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Figure 3.7. Changes in metabolic scope (MS) of age-0 Lake Sturgeon, Acipenser fulvescens,
raised in different rearing environments. ARTR denotes ambient river temperature regime, and
ARTR+2 represents 2°C increased regime. 100 and 80 represent the saturation of dissolved
oxygen. Sub and NoS indicate substrate and no-substrate.

105

Chapter 4. General Discussion
SMR by environment
As a eurythermal species it was expected that SMR of Lake Sturgeon would increase
with temperature, however, results from the two experimental chapters are inconsistent with
previous findings that standard metabolic rate increases with environmental temperature (Laird
and Haefner 1976, Jo and Kim 1999, Grigoriou and Richardson 2009). In this study, effects of
temperature on SMR appeared to be more complex during early developmental stages than what
has been previously reported. In Chapter 2, fish reared at 14C showed higher SMR than those
reared at 16C, which suggested that age-0 Lake Sturgeon reared at a lower temperature paid a
metabolic cost to compensate for the reduced environmental temperature. Guderley (2004)
demonstrated that many temperate zone fish, including Common Carp, Cyprinus carpio and
Rainbow Trout, Onchorynchus mykiss, demonstrate physiological adjustments to enhance
oxidative capacity in response to colder environments by increasing mitochondrial volume
density and adjusting lipid composition of the mitochondrial and cellular membrane. The net
result of these adjustments is an increase in SMR. Further, a meta-analysis demonstrated that fish
from higher latitudes also showed higher SMR than those at lower latitudes (White et al. 2011).
Thus, Lake Sturgeon raised in colder-temperatures may develop phenotypes that enhance
oxidative capacity, which is a metabolic cost leading to an increase in SMR. However, long-term
effects (over-wintering) of lower temperature for the population of Lake Sturgeon from the
Winnipeg River examined in Chapter 2 resulted in a reduction in SMR, suggesting that these
phenotypes may trigger a metabolic suppression when exposed to reduced temperature regimes.
However, in Chapter 3, temperature had no effect on SMR over the short- and long-term
(overwintering event) in the population of sturgeon from the Nelson River.
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There was agreement between the two studies in that Lake Sturgeon are oxygen
regulators to as low as 80% dissolved oxygen in the environment, which is supported by
Svendsen et al. (2014) who found no significant reduction in SMR of Lake Sturgeon acutely held
from 100% to 80 and 30% DO. Oxygen regulators have been reported in many teleosts where
SMR is maintained regardless of oxygen availability until it reaches to a species-dependent point
in which metabolic suppression occurs (Perry et al. 2009, Claireaux and Chabot 2016). Oxygen
conformers have been found in lower vertebrates where SMR changes with the ambient oxygen
concentration (Ultsch et al. 1981, Bickler and Buck 2007). In sturgeon, mixed results have been
reported. For example, Siberian Sturgeon, A. baeri, were capable of regulating SMR down to
~23% DO through hyperventilation (Nonnotte et al. 1993). Furthermore, McKenzie et al. (1997)
showed that Adriatic Sturgeon, A naccarii, maintained SMR down to ~40% DO. However,
White Sturgeon reduced their metabolic rate in response to ~60% DO (Crocker and Cech 1997).
Inclusion of substrate also showed different results between the two experimental
chapters. While effect of substrate in Chapter 2 significantly increased SMR, no significance of
substrate was found in Chapter 3. This could be explained by the observation that fish used in
Chapter 3 struggled to feed on brine shrimp at the exogenous feeding stage.
FMR and MS by Environment
The results of Chapter 2 emphasize a significant effect of rearing temperature on aerobic
metabolism as it was observed that a 2C lower temperature significantly reduced FMR and MS
in age-0 Lake Sturgeon. Conversely, Chapter 3 showed no effect of increased temperature on
FMR and MS, which does not support the idea that increased temperature may limit the
metabolic scope of individuals (OCLTT). In addition, 80% dissolved oxygen did not
compromise the maximum metabolic rate. Reduction of DO from 100 to 80% DO effectively
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resulting in mild hypoxia has little effect on MMR in a number of fish species (McBryan et al.
2013). However, sensitivity to hypoxia can vary with different species. For example, acute
transfer to 75% hypoxia decreased MMR and MS by 18 and 28% in Mulloway, Argyrosomus
japonicas (Fitzgibbon et al. 2007). Also, exposure to 45% DO in juvenile Barramundi, Lates
calcarifer, resulted in a significant decrease in MMR and MS (Norin et al. 2016).
In this thesis, both chapters demonstrated that the presence of substrate significantly
reduced MMR and MS. Although not quantified in this study, this may be the result of increased
activity in fish raised over no-substrate as they appeared more active compared to fish raised
over substrate that could seek refuge and reduce activity during early development particularly at
the yolk sac stage. It has been reported that effects of moderate exercise on fish improved
oxygen carrying capacity and increased myoglobin in the muscles coupled with enzyme activity
(Davison 1997). However, no significant difference in terms of enzyme activity of age-0
sturgeon raised in substrate or no-substrate were reported in Chapter 2. Thus, further
investigation to examine the difference of metabolic adjustments in response to exercise with or
without substrate is warranted. However, inclusion of substrate particularly during the
overwintering event increased aerobic capacity.
In both experimental chapters, overwintering resulted in two different results of FMR and
MS. In Chapter 2, metabolic suppression in response to overwintering was observed, which
makes sense regarding the low winter temperatures and the benefit to the fish for survival during
a potentially stressful condition of long-term reduced temperature and starvation. However, the
maximal enzyme activity of CCO reported in Chapter 2 remained the same after an
overwintering period, which agrees with a study by Salin et al. (2016) where no evidence
between MMR and the activity of CCO and citrate synthase in white muscle tissue of brown
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trout was reported. In our study, it remains undetermined why the activity of CCO in white
muscle did not change. However, Singer et al. (1990) suggested that lipid metabolism may play
an important role in Lake Sturgeon where ketone body and non-essential fatty acids were more
likely used for oxidative substrates. Thus, it may be possible that lipid metabolism associated
with oxygen-independent phosphorylation may be a critical part of regenerating ATP in Lake
Sturgeon.
Conversely, in Chapter 3, no significant changes in FMR and MS were found after the
simulated overwintering event. This may be supported by no changes in SMR, which indicates
that metabolic suppression did not occur during the simulated overwintering event. These could
be explained by increases in ED and K in Chapter 3 while Chapter 2 did not show increases in
these metrics. Energy reserves prior to overwintering play a critical role in survival as
individuals with higher energy content are more likely to survive (Schultz and Conover 1996,
Houston et al. 2014). Furthermore, ED after the simulated overwintering remained higher than
the reported threshold for survival of 2000 J·g-1 (Deslauriers et al. submitted). Thus, in Chapter
3, it is hypothesized that energy reserves prior to winter were not sufficiently depleted to trigger
metabolic suppression during the overwintering event.
ED and K by Environment
Fulton’s condition factor (K) is widely used to estimate fish condition, and K has been
reported to vary with season (Sutton et al. 2000), geographic location (Leclercq et al. 2010),
photoperiod (Nordgarden et al. 2003), age (Beamish et al. 1996) and food availability (PérezJiménez et al. 2012). The results from both studies indicate that increased temperature reduced
K, and this may be an increased metabolic cost associated with temperature. SMR represents the
rate of energy uptake and assimilation, and SMR in fish is known to increase with environmental
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temperature (Clarke and Johnston 1999). Boucher et al. (2014) reported a similar result of a
reduction in K of White Sturgeon by 7% at increased temperatures (14.5 vs 17.5°C).
Furthermore, enhanced feed conversion rates were reported at 21.7°C while the maximum
growth performance was found at 22.4°C in Shovelnose Sturgeon, Scaphirhynchus platorynchus
(Kappenman et al. 2009).
Overwintering showed two different results in both chapters where overwintering
significantly reduced K in Chapter 2, but no changes were observed in Chapter 3. This is most
likely the result of increases in ED prior to winter in fish used for Chapter 3. In Bighead Carp,
Aristichthys nobilis, K was positively related to lipid content and protein (Naeem and Salam
2010). Thus, increases in ED throughout early development may have led to increases in
endogenous energy sufficient enough to sustain SMR and maintain K over a 40-day starvation
period. It remains undetermined why the effect of overwintering and substrate on K differed
between the two studies. However, Bar (2014) suggested that fish can replace the loss of fat or
protein with water, which would confound interpretation of K. Thus, further investigation is
suggested to understand the relationship between K, ED and energy metabolism in Lake
Sturgeon.
Conclusion
This research demonstrates that rearing environment (temperature, dissolved oxygen and
substrate) at the early development can have a profound effect on metabolic phenotypes as well
as survival rate during the first year of life. The established ED model will be used to predict the
total energy content of Lake Sturgeon as well as to estimate the survival rate of individuals prior
to stocking in nature. Future research is suggested to understand what mechanisms are present in
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those fish that survived thermal stress and mild hypoxia and how these phenotypes would impact
metabolic physiology in later life.
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