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Abstract 

High water temperature combined with low dissolved oxygen (LO or hypoxia) is one of the 

most challenging environmental conditions farmed fish experience. The oxygen requirement 

of fish increases in parallel to this, which limits the aerobic energy metabolism and 

consequently reduces feed intake and growth of fish. The global ocean warming followed 

by reduced oxygen availability, is expected to exacerbate associated physiological stress on 

fish in several areas where Atlantic salmon are currently farmed. Understanding the impact 

of temperature and limited oxygen on growth regulatory mechanisms and the energy 

metabolism, will be of significant relevance to both cultured and wild fish populations. 

 

Conditions of high temperature and hypoxia are related with reduced feed intake and growth 

in fish. It is unclear whether the low oxygen availability directly affects growth regulatory 

mechanisms, and if low feed intake is the primary cause of depressed growth under LO 

conditions. Studies of appetite and growth regulation in salmon under such conditions are 

few, and considerations of the fluctuating character of endocrine signals and nutrient 

absorption are scarce. Limitation of the aerobic energy metabolism under reduced oxygen 

availability is further restricted by a thermal increase. It is therefore interesting to find out 

how high energy diets can potentially impact appetite and growth regulation under LO 

conditions. 

 

This thesis therefore investigated mechanisms by which LO and high temperature 

conditions impact appetite and growth regulation in seawater adapted Atlantic salmon. Free 

amino acid (FAA) and endocrine dynamics in relation to meal time were also studied. Four 

fish trials were conducted, including the following variables; dissolved oxygen (DO; LO 

and high, HO), temperature and digestible energy (low and high, LE and HE). Endocrine 

appetite and growth signalling was investigated through analyses of plasma ghrelin and 

IGF-1 concentration, and mRNA levels of the growth hormone receptor (ghr1) and insulin 

like growth factor-1 (igf1) in liver and muscle tissue. 

LO conditions demonstrated direct depressed effects on appetite and growth in salmon 

across temperatures. Reduced growth in salmon under LO was not caused only by a reduced 
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feed intake, but appeared to be a combined effect of impairment of growth regulation and 

increased metabolic costs, as demonstrated by a pair-feeding technique. Increased metabolic 

costs by LO were indicated by responses in oxyregulating mechanisms, such as increased 

haemoglobin, reduced blood pH and imbalanced osmoregulation. Reduced specific growth 

rate (SGR) and feed intake were also found for salmon under LO compared to HO groups, 

at both optimal and high temperatures. High temperature demonstrated a diminished growth 

potential in salmon compared to an optimal temperature. This was reflected in a faster 24 

hour postprandial catabolism of absorbed FAA, and generally lower and faster declines of 

IGF-1 (plasma and mRNA) at 19°C compared to 13°C. 

 

Ghrelin was found to signal feed anticipation in salmon, consistent with mammalian 

findings, and reflected by clear preprandial plasma ghrelin peaks at 12°C. Ghrelin and GH-

IGF factors responded to LO at a high temperature, but further studies should focus on a 

postprandial perspective to confirm the preprandial peaks at 12°C. 

 

Results from feeding HE diets to salmon, indicate that it is possible to stimulate growth, 

feed utilisation and the energy metabolism under LO conditions through DE level, 

regardless of temperature. 

 

To summarise, the thesis shows that growth regulation in seawater adapted salmon is 

negatively affected by LO at optimal and high temperatures. Positive effects from feeding 

HE diets under LO, demonstrate possibilities to support energy metabolism through dietary 

means under challenging environmental conditions. Diet effects and environmental impact 

on growth regulation are of great relevance to salmon farming, as further knowledge can 

improve growth, welfare, health and future farming possibilities. 
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1. Introduction 

1.1 General introduction 

Globally Atlantic salmon production exceeds 2.3 million tonnes per annum (FAO, 2014a). 

However, its farming is restricted to geographical areas with a suitable environment. 

Favourable farming conditions are characterised by deep waters with a high water exchange 

and invariable weather conditions, providing stable cool and oxygen-rich seawater, within 

optimal ranges for salmon growth. Since its beginning in Norway in the 1960’s, salmon 

farming has grown to a great extent in both northern and southern hemispheres including 

regions in Scotland, Ireland, the Faroe Islands, North America, Chile and Tasmania 

(Australia) (FAO, 2014a). The world population increasingly relies on farmed fish to meet 

their requirement for long chain polyunsaturated (n-3) fatty acids and proteins, and the share 

of farmed fish in global fish consumption by humans is projected to exceed 53% by 2022 

(FAO, 2014b). Forecasted global climate change revolves heavily around temperature 

change (Perry et al., 2005; Pörtner and Knust, 2007) and predicts negative impacts on wild 

fisheries, land-based food production (Ficke et al., 2007; IPCC, 2014) and coastal water 

quality, including increased prevalence of hypoxic conditions (Diaz, 2001; Diaz and 

Breitburg, 2009; Rabalais et al., 2009). This underlines the importance of knowledge 

generation relating to ensuring food production under suboptimal environmental conditions 

to facilitate a continued supply of farmed fish. 

 

Global ocean oxygen content has decreased significantly due to warmer sea temperatures 

following the 1950’s (Helm et al., 2011; IPCC, 2014), while increased river temperatures 

(Daufresne et al., 2009; Durance and Ormerod, 2007; 2009; Elliott and Elliott, 2010) 

indicate the same trend in freshwater. Climate models predict an increase in average surface 

temperatures of 1.0 to 5.0°C in Southern Hemisphere seawater and 1.5 to 11.0°C in 

Northern Hemisphere seawaters by 2100 (IPCC, 2014). This is expected to exacerbate 

associated physiological stress on fish in several areas where Atlantic salmon are currently 

farmed. In fact, the largest salmon farming countries, Norway and Chile, are considered the 
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top two marine production areas with highest vulnerability to associated climate changes in 

the world (Handisyde et al., 2016). Understanding the implications of climate change on 

growth regulatory mechanisms will have an increasing relevance to both cultured and wild 

fish populations globally. 

 

1.2 Thermal tolerance and aerobic scope 

Water oxygen and temperature are the major environmental factors affecting metabolic rate 

and growth potential of fish (Brett, 1979). While temperature directly controls metabolic 

rate, oxygen availability in water has a limiting role on energy metabolism, below a certain 

threshold level (Brett, 1979). The solubility of oxygen is reduced when temperature 

increases, and so warm conditions, such as summer and late autumn, is commonly 

accompanied with periods of low water oxygen. 

1.3 Thermal tolerance 

Thermal tolerance window is defined as a species specific temperature range in which the 

animal thrives and grows, and with additional upper and lower temperature ranges defined 

as lethal or critical. The width of the thermal window generally varies with size or life stage, 

starting with a narrow window which widens at later stages and then a narrowing, i.e. a 

reduced thermal tolerance, for larger specimens and during reproduction (Pörtner et al., 

2006; Pörtner and Farrell, 2008) (Fig 1.1). 

Conversion efficiency and rates of ingestion, growth and metabolism are accelerated by 

increasing temperature, peaking at different optimal temperatures before declining and 

eventually ceasing if peaking at the upper thermal limit (Brett, 1979; Jobling, 1997) (Fig 

1.2). 
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Figure 1.1. The aerobic thermal window across life stages for fish. Modified from Pörtner and Farrell (2008). 
 
 

 
 
Figure 1.2. Effect of temperature on feed conversion efficiency (A) and rates of growth (B), ingestion (C) and 
metabolism. The letters (A, B, C) indicate respective maxima (optimum, peak of the curves) in relation to temperature. 
Modified from Jobling (1997). 
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Recommendations on how to optimise feeding and growth under different temperature and 

oxygen levels are lacking and would benefit both welfare and growth conditions of farmed 

fish. In this context, it is especially effects from fluctuating environmental conditions that 

should be investigated, as this is more representing the conditions fish are facing in the open 

sea.  

 

Fish body temperatures rely on the surrounding water temperature, to which they are 

sensitive enough to detect changes as small as 0.03°C (Murray, 1971). Sensitivity to 

temperature changes can be an advantage, especially for wild fish, as they can respond by 

swimming away from waters of a suboptimal quality. Farmed salmon are more confined to 

the limit of their sea cages, and have restricted scope for migration to more favorable 

environments. 

 

Large fish are generally considered more vulnerable to thermal stress than smaller fish (Fig 

1.1), but this is debated (Clark et al., 2012; Clark et al., 2008; Daufresne et al., 2009; Elliott, 

1981; Lefevre, 2016; Nilsson and Östlund-Nilsson, 2008; Pörtner and Knust, 2007). 

 

Under short-term temperature fluctuations, large fish are claimed to have an advantage due 

to a smaller skin surface area in relation to body volume (Elliott, 1981). Internal temperature 

is exchanged mainly via the skin, and to a lesser degree through the gills (Elliott, 1981), and 

so a large body size requires longer time to adjust body temperature to ambient water 

temperature than smaller fish. This will then result in reduced effects on body temperature 

and metabolism compared to smaller fish (Elliott, 1981). 

 

However, there is a faster reduction in growth and survival of large fish than small fish 

when thermal tolerance is limited by hypoxia (Pörtner and Knust, 2007). Large fish are 

therefore less robust when facing long term environmental changes and handling stress than 

smaller fish. This is supported by lower abundance and survival of large fish in wild fish 

populations exposed to prolonged water temperature increase (Daufresne et al., 2009; 

Pörtner and Knust, 2007). In fact, a reduced fish size is recognised as a common 
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consequence of global warming to aquatic animals, in addition to shifts in habitat and 

disorder in seasonal life cycle sequences (Daufresne et al., 2009).  

 

Farming of salmon stands the biggest economic risk when large salmon, approaching the 

end of the production cycle, are exposed to suboptimally warm and hypoxic conditions. 

Future research on metabolic regulation of this size group is therefore of great interest. 

Acclimation to a wide temperature range can increase tolerance to critical temperatures, but 

has little effect on preferred or optimal temperature limits (Pörtner and Peck, 2010). This 

ability to adapt tolerance to thermal extremes can be an advantage at locations of frequent 

temperature changes and towards global warming. 

 

Salmon farms experience changes in temperature due to stratification and oscillations 

occurring naturally across seasons in periods lasting from days to months. In parallel, 

salmon in cages are also exposed to significant variations in oxygen and light (Johansson et 

al., 2006). Within the water column of a cage, the temperature is generally higher closer to 

the surface during the warm season and the opposite in the cold season (Oppedal et al., 

2007). Episodes of ice melting or heavy rain can alter this and create the opposite situation 

in fjords with high run off from land. Daily mean temperature in the fjords during a 

Norwegian summer or autumn can vary from 7-15°C (Aas-Hansen, 2010) with maximum 

reaching up to 20°C (Johansson et al., 2006; Oppedal et al., 2011), while Tasmanian salmon 

farming (Australia) holds mean summer temperatures of 17-21°C (Attard et al., 2012; Carter 

et al., 2008).  

 

Temperatures optimal for growth are size and life stage and species dependent (Jobling, 

1981). Literature on optimal temperatures varies, but the principles of the thermal window 

(Pörtner et al., 2006; Pörtner and Farrell, 2008) (Fig 1.1) generally applies to Atlantic 

salmon. Eggs have the narrowest thermal window (4-7°C and critical temperature at 7-8°C) 

(Elliott and Elliott, 2010), while a range of 16-20°C is reported optimal for the freshwater 

stages (typically 0-100 g), compared to 12.8-14°C for the postsmolt stage (50-300 g) 

(Coutant, 1977; Elliott and Elliott, 2010; Elliott and Hurley, 1997; Forseth et al., 2001; 

Handeland et al., 2008; Koskela et al., 1997; Peterson and Martin-Robichaud, 1989). 
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Optimal growth of large Atlantic salmon (1.6-2.9 kg) reared in tanks were found at 13°C 

compared to 15°C, 17°C and 19°C (Hevrøy et al., 2013). 

 

Temperature effect on growth is highly dependent on feed intake (Jobling, 1997). A 

compromised feed intake (i.e. less ingested energy) can lower the fish’s thermal tolerance 

(Elliott and Elliott, 2010; Jobling, 1997) and reduce the optimal temperature for growth 

(Elliott and Hurley, 2000a; b). A limitation in feed ration or a reduced feed intake also lower 

growth rate and so feed access must be unlimited to allow maximum growth. Elevated water 

temperature also reduces feed intake when temperature rises above preferred thermal 

optimum values (Brett, 1979). While optimal temperature for feed conversion (a) is slightly 

lower than that for maximum growth (b), the highest feed ingestion rate (c) is achieved at a 

little higher temperature than that for maximum growth (b) (Brett, 1979; Jobling, 1997) (Fig 

1.2). 
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1.4 Oxygen 

The impact of warm water on fish physiology cannot be evaluated without considering the 

water oxygen concentration, since the physicochemical characteristics of these parameters 

in water are closely connected. Oxygen solubility in water (DO) is reduced at higher 

temperatures (Brett, 1979), so raising temperature naturally lowers DO concentration (mg L-

1), even if it is maintained at 100 % oxygen saturation (Nilsson, 2010) (Fig 1.3). Oxygen is a 

limiting factor for fish metabolism due to its crucial role in aerobic synthesis of ATP and 

consequently regulates energy availability for metabolism. 

 

 

Figure 1.3. Dissolved oxygen concentration (DO; mg L-1) at 100 % oxygen solubility (saturation) in freshwater and 
seawater in relation to temperature. Modified from source: Nilsson (2010).  

 

Low dissolved water oxygen, also called environmental hypoxia, is recognised by a 

shortage of oxygen below the requirement for physiological functions of an organism 

(Farrell and Richards, 2009). Hypoxic water, normally followed by the build-up of excreted 

CO2 and NH3, impacts growth in fish at critical levels (Thorarensen and Farrell, 2011). 

Saturation level and duration of exposure decide when DO becomes critical for the fish 

(Nilsson and Randall, 2010). At the extremes, when oxygen levels are low (hypoxic) or 

absent (anoxic), fish metabolism goes from an anaerobic to anoxic state (Claireaux et al., 

2000), and eventually death (Pörtner and Farrell, 2008; Pörtner and Knust, 2007). 
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An elevation in water temperature also increases oxygen consumption by fish (Barnes et al., 

2011). The challenge for fish under warm conditions is therefore to meet an increasing 

oxygen demand under decreasing DO. Fish living in the marine environment are even more 

susceptible to low oxygen due to a lower DO in sea compared to freshwater (Fig 1.3). 

 

As for thermal stress, also oxygen sensitivity according to fish size is debated. Large fish 

are considered to cope better than smaller fish under severe episodes of hypoxic and 

anaerobic conditions (Nilsson and Östlund-Nilsson, 2008). This is due to a lower metabolic 

rate and decreasing oxygen demand with increasing body mass, which means that easily 

accessible energy stores (glycogen) last longer and accumulation of unfavourable levels of 

lactic acid is slower than in smaller fish (Nilsson and Östlund-Nilsson, 2008). On the 

contrary, large body size is also claimed to be a disadvantage under hypoxic conditions due 

to a faster depletion of dissolved oxygen than in smaller fish (Pörtner and Peck, 2010). 

Blood oxygen levels are generally lower in larger fish (Clark et al., 2012; Clark et al., 

2008), which require longer restoration time following hypoxia and stress handling (Clark et 

al., 2012). 

 

However, in a review of body size and hypoxia tolerance, it was concluded that size did not 

matter in terms of oxygen uptake, since reduced gill surface in larger specimens is also 

followed by a reduced metabolic rate (Nilsson and Östlund-Nilsson, 2008) and a reduced 

oxygen consumption relative to body size (Gjedrem, 1993). 

 

The aerobic scope (AS) is the capacity to consume oxygen from a calm state (standard 

metabolic rate, SMR) to a maximum (MMR), which indicates how much oxygen is 

available for swimming, behaviour, immune functions, reproduction and growth processes 

(Farrell and Richards, 2009; Pörtner and Peck, 2010; Rogers et al., 2016) (Fig 1.4). Optimal 

growth conditions are met at maximum AS within the species thermal window. As a 

consequence of decreasing oxygen availability and a reduced AS, the activity of vital 

functions are reduced or ceased, but how exactly this down regulation progress in fish is not 

known (Farrell and Richards, 2009). Water oxygen supply becomes critical (Pcrit) when the 
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oxygen uptake cannot meet the requirement of SMR, which only supports very basic 

activities, and the metabolism shifts to anaerobic energy dependency (Pörtner, 2010). 

 

 

 

Figure 1.4: Diagram illustrating aerobic scope (AS) and metabolic responses of fish to dissolved oxygen (DO). Solid 
lines indicate O2 consumption rates to support standard (SMR), routine (RMR), maximal metabolic rate (MMR) and AS 
of an oxyregulating fish. AS is the difference between MMR and SMR, which decreases with increasing hypoxia. 
Dashed lines show theoretical effects of decreases in DO level on physiological functions. Below critical dissolved 
oxygen (DOcrit) of RMR and SMR the metabolism becomes dependent on water O2 and anaerobic energy. DOcmax is 
defined as the critical DO level at which oxygen supply no longer meets the maximum demand for oxygen. Modified 
from Farrell and Richards (2009) and Pörtner (2010). 

 

Recent studies on AS at a high temperature indicate that acclimation can prevent an 

acceleration of metabolic rate and maintain the AS in fish species (Gräns et al., 2014; Norin 

et al., 2014; Raby et al., 2016; Sandblom et al., 2014). A long term elevation in temperature 

may therefore maintain the growth potential better than under a sudden period of warming. 

It also highlights awareness of thermal adaptation time when interpreting growth results 

from high temperature fish studies. 

 

The concept of oxygen and capacity-limited thermal tolerance (OCLT) describes how the 

aerobic scope and the thermal window interrelates (Pörtner and Peck, 2010) (Fig 1.5). 

Oxygen requirement is met within the thermal window, but as temperature increases the 

oxygen consumption also goes up (Barnes et al., 2011). When approaching the extremes of 

the thermal window, i.e. critically low or high temperature (Tcrit), the aerobic scope limits 
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the performance and puts constraints on the metabolism due to reduced oxygen supply (Fig 

1.5) from (Pörtner and Farrell, 2008; Pörtner and Knust, 2007). A raise in temperature 

increases Pcrit, i.e. oxygen supply becomes limited at a higher level than Pcrit at a lower 

temperature, which is demonstrated in Atlantic salmon (Barnes et al., 2011). Increasing 

hypoxia and carbon dioxide levels reduce both thermal window width and aerobic scope 

(Pörtner and Peck, 2010). 

 

 

 
Figure 1.5. Model of how aerobic scope (AS) and metabolic rate are limited by thermal changes, i.e. the concept of 
oxygen and capacity-limited thermal tolerance (OCLT). AS is the difference between maximum metabolic rate (MMR) 
and standard metabolic rate (SMR), which is limited by critical low and high temperatures (Tcrit Low and Tcrit High) and 
oxygen supply. AS is at maximum (Max) at an optimal temperature (grey dashed line). Source: Pörtner and Peck 
(2010). 
 

 

The most predictable occurrence of hypoxia in commercial salmon farming is under 

conditions of high water temperature, but low and fluctuating oxygen also occurs in 

connection to shallow water, low tidal current, stratification, algae bloom, short day length, 

high fish biomass density and during feeding throughout the year. 

 

Growth and feed utilisation of seawater adapted salmon improved when oxygen was raised 

from 50% to 100% saturation at 8-9°C (Bergheim et al., 2002) and reflects the importance 

of available oxygen for performance of this species. Growth of salmon is significantly 
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improved by raising oxygen saturation from 70-75% to 80-85% at 15°C (Bergheim et al., 

2006) and oxygen level below 70% saturation reduces feed intake at 16°C (Remen et al., 

2012). A review by Thorarensen and Farrell (2011) mentions that although recommended 

oxygen level for optimal growth of salmonids is minimum 70-80% saturation, it is close to 

100% saturation to gain maximum growth of salmon. Salmon growth is found to increase 

even further at oxygen levels up to approximately 120 % (Hosfeld et al., 2008). A recent 

study of salmon postsmolt (Remen et al., 2016) demonstrates well how level of oxygen 

required to achieve maximum feed intake is strongly dependent on temperature. At a low 

temperature (7°C) maximum feed intake was found at 42 % DO, 11°C at 53% DO, 15°C at 

66% and at 76% DO for the highest temperature (19°C) (Remen et al., 2016). These results 

are consistent with Atlantic salmon being increasingly sensitive to low oxygen water at high 

temperatures. 

 

Fish can adapt to hypoxia by behavioural and physiological adaptations depending on 

species, size, habitat and degree of the hypoxia (Chapman and McKenzie, 2009). The 

behavioural responses to environmental changes by farmed fish are spatially limited in the 

sea cages. Positioning of fish in the water column is affected by temperature, oxygen and 

light, among other factors (Johansson et al., 2006; Oppedal et al., 2011; Oppedal et al., 

2007; Oppedal et al., 2001). Fish energy metabolism has two coping mechanisms for 

declining oxygen availability depending on degree and duration; oxyregulation when 

oxygen is approaching, but is still above Pcrit, and oxyconforming under anaerobic 

conditions below Pcrit (Pörtner, 2010). 

 

Oxyregulation is defined by behavioural, physiological or anatomical adaptations to 

maintain a steady oxygen supply to meet the demands of aerobic energy production without 

making any compromises in metabolic rate (Farrell and Richards, 2009; Perry et al., 2009). 

The most prominent physiological adaptation is the hypoxic ventilator response which is an 

immediate gill ventilation initiated by oxygen sensing cells (neuroepithelial) in gill 

filaments (Perry et al., 2009). Under long-term hypoxia, these cells can increase in density 

and change morphologically to facilitate oxygen uptake (Nilsson, 2007; Perry et al., 2009). 

Progression in hypoxia stimulates accompanying mechanisms supporting uptake and 
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transport of oxygen which can also relieve the degree of hyperventilation (Perry et al., 

2009). 

An increase of haemoglobin (Hb) concentration is the most common mechanism for fish to 

improve uptake and carrying capacity of oxygen and increase tolerance to hypoxia (Nilsson, 

2007; Nilsson and Randall, 2010; Perry et al., 2009; Stevens et al., 1998). Additionally, fish 

can also increase mean red blood cell volume (MCV), red blood cell count (RBC) or 

haematocrit concentration (Hct) to support oxygen supply under low oxygen conditions 

(Perry and Gilmour, 2010). Hb’s affinity for oxygen is reduced with higher temperatures, 

and so the ability to regulate its affinity to oxygen can be aiding delivery of oxygen to the 

tissues. Anaerobic metabolism reduces blood pH (Nilsson and Randall, 2010), which 

reduces oxygen affinity and consequently releases more oxygen to the tissue (Jensen et al., 

1998). Changes in haematology and osmoregulation are known as secondary responses to 

environmental stress (Barton, 2002). Imbalances in ions may also impact the oxygen 

binding capacity of Hb, as an increased flow of Na+ into red blood cells can inhibit binding 

of oxygen to Hb, releasing more oxygen to the metabolism (Ferguson and Boutilier, 1989; 

Ferguson et al., 1989). 

 

Oxyconforming is a reduction of metabolic rate so that oxygen is used more sparingly 

(Nilsson and Randall, 2010; Perry et al., 2009; Ultsch et al., 1981). Reduced feed intake is 

perceived as a consequence of oxyconforming and is thought to be a major cause of 

depressed growth of fish under low DO conditions (Brett, 1979; Carter et al., 2008), while 

secondary mechanisms affecting growth under low DO conditions are yet to be well 

elucidated. 

 

Atlantic cod (Gadus morhua) exposed to hypoxic conditions during feeding, immediately 

stopped eating when the declining oxygen uptake approached the critical oxygen level (Pcrit, 

Fig 1.4), but resumed feeding activity when oxygen saturation reached normoxia again 

(Claireaux et al., 2000). Claireaux et al. (2000) suggest that this demonstrates that the 

behavioural adaption of reducing feed intake can support metabolism in maintaining its 

aerobic scope under increasingly energy demanding conditions. Another study with cod 

(Chabot and Dutil, 1999) showed that reduced feed intake was responsible for 97% of the 
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growth reduction going from a normoxic to a hypoxic condition. Reducing feed intake is no 

doubt an efficient energy saving mechanism since digestion of food in cod can require up to 

90% of its aerobic scope (Soofiani and Hawkins, 1982). 

 

Atlantic salmon are considered to have a poor tolerance to low oxygen, based on their 

naturally active life style in oxygen rich habitats, with limited capacity to oxyregulate under 

severe hypoxia. However, postsmolt demonstrated a high ability to oxyregulate under 

hypoxia at 14°C, while use of oxyconforming mechanisms dominated under hypoxia at 

higher temperatures (18-22°C) (Barnes et al., 2011). This indicates that there are still more 

to be elucidated in terms of hypoxia tolerance in Atlantic salmon. 
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1.5 Influence of nutritional factors under warm water conditions 

Feed consists of mainly protein, fat, carbohydrates and moisture, but before the body can 

make use of ingested feed the nutrients are broken down to smaller units in the gut to enable 

absorption into the blood. In this way, the metabolism is provided with essential nutrients, 

where absorbed nutrients provide easy accessible energy for metabolism. Absorbed amino 

acids are transported via the circulatory system into the white muscle pool. Free amino acids 

in white muscle tissue indicate substrate availability for muscle growth (Espe et al., 1993). 

Post-digestive absorption of amino acids is also thought to stimulate endocrine growth 

promoting processes and signalling satiety (Mommsen, 2001; Planas et al., 2000). 

 

Several studies report on postprandial concentrations of free amino acids (FAA) in plasma 

and tissues of Atlantic cod (Gadus morhua) (Lyndon et al., 1993), koi carp (Cyprinus 

carpio) (Kwasek et al., 2010; Ogata, 1986), rainbow trout (Salmo gairdnerii R./ 

Oncorhynchus mykiss) (Barrows et al., 2007; Carter et al., 1995; Kaushik and Luquet, 1979; 

Larsen et al., 2012; Schlisio and Nicolai, 1978; Yamada et al., 1981; Yamamoto et al., 

2005) and Atlantic salmon (Carter et al., 2000; Espe et al., 1993; Mente et al., 2003; Sunde 

et al., 2003). However, data are lacking on amino acid flux in Atlantic salmon at elevated 

environmental temperatures. 

 

Fat is the most energy-dense macronutrient and the energy yield is more than double that of 

proteins or carbohydrates (Schmidt-Nielsen, 1997a). Dietary digestible energy is therefore 

readily optimised by changing lipid inclusion and choice of raw materials. Dietary fat 

require less oxygen for growth (fat deposition) than protein or starch, which is shown for 

both Nile tilapia (Oreochromis niloticus) and rainbow trout (Oncorhynchus mykiss) 

(Saravanan et al., 2013a; Saravanan et al., 2012). This will result in a higher DE intake 

compared to DE supplied mainly as protein or starch in the diets (Saravanan et al., 2013a; 

Saravanan et al., 2012). 

 

Dietary protein and fat recommendations are based on studies under normoxic conditions. 

However, the protein growth potential of salmon is reduced under limited oxygen 

availability. Feeding salmon with high protein under hypoxia, will then require fish to 
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catabolise access protein above requirement, and convert it into fat. This will demand more 

oxygen than utilising a diet that meets the requirement. Therefore, it is possible that a 

reduction in dietary protein and increase in fat, might support the oxygen budget under 

hypoxia, since fat can be deposited with less oxygen use than protein and starch. This could 

be an interesting diet to test under low oxygen conditions, especially for large salmon, due 

to the higher fat deposition than in smaller fish (Shearer et al., 1994). An additional thermal 

elevation puts an even further demanding challenge on salmon. It is therefore of particular 

interest to determine how dietary energy interacts with oxygen availability to regulate feed 

intake and growth under such conditions. 
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1.6 Endocrine regulation of appetite and growth 

The endocrine system activates and maintains balance of important physiological functions 

like digestion, metabolic reactions, osmoregulation, appetite, growth, reproduction and 

behaviour. 

 

Fish generally have the same endocrine organs as mammals and other vertebrates, except 

for the corpuscles of Stannius and urophysis, which are specific for fish species (Bone and 

Moore, 2008) (Fig 1.6).  

 

 

 
Figure 1.6. The endocrine organs of teleost fish. Modified from: Bone and Moore (2008). 

 

 

Hormones, which are the chemical messengers of the endocrine system, are released from 

specialised glands in the brain (neuropeptides) or other organs into the blood stream. They 

are then transported to a peripheral target tissue (endocrine), a neighbouring cell (paracrine) 

or inside the cell it is secreted from (autocrine). Hormones are recognised by specific 

receptors on the target which signals the hormone to carry out its function or stimulate the 

release of other hormones (Schmidt-Nielsen, 1997b). Several target organs can be affected 

by a single hormone and also one target organ can be affected by several hormones. This 

makes it useful to study the interactions of hormones related to the response of interest. 
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The endocrine messengers can be categorised as fat-soluble (steroids) and water-soluble 

(peptides, proteins and tyrosine-derived hormones) based on chemical composition and 

characteristics. Endocrine regulation operates by interacting with the central nervous 

system, called neuroendocrine regulation. 

 

The pituitary has a central role in hormonal regulation of diverse physiological functions, 

including growth, by controlling the secretion of selected hormones as well as producing its 

own. The gastrointestinal tract (GIT) is the largest endocrine organ and interacts with the 

brain (the brain-gut axis) to govern a number of endocrine reactions dealing with 

physiological functions like appetite, digestion, absorption and osmoregulation. One of the 

most profound neural influences on the endocrine signalling pathway is the hypothalamus’ 

regulation of the pituitary gland (Bone and Moore, 2008). The hypothalamus is also the 

principle regulator of appetite in vertebrates including fish species (Kulczykowska and 

Sánchez Vázquez, 2010). 

 

Endocrine function is vulnerable to stressors such as changes in environmental parameters 

(Pickering et al., 1991) making them relevant response indicators as well as functional 

descriptors of physiological processes. Sensitivity of fish to stressors also underlines the 

importance of having optimal adaptation conditions prior to sampling to rule out 

confounding factors.  
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1.7 Appetite regulation by ghrelin 

Appetite is regulated by stimulating (orexigenic) and inhibiting (anorexigenic) hormones 

(Fig 1.7). Known orexigenic hormones in fish are apelin, galanin, ghrelin, growth hormone 

(GH1), neuropeptide Y (NPY) and orexins (Volkoff, 2016; Volkoff et al., 2010). The most 

studied anorexigenic factors include leptin, cocaine- and amphetamine-regulated transcript 

(CART), melanin-concentrating hormone (MCH) and cholecystokinin (CCK) (Volkoff et 

al., 2010). 

 

While ghrelin studies within the Cyprinidae family are many and conclusive, the role of 

ghrelin in feeding regulation in salmonids is still not defined, according to a recent review 

by Volkoff (2016) (Fig 1.7). 

 

 

 
 
Figure 1.7. Key stimulating (orexigenic) and suppressing (anorexigenic) regulators of feeding in the most studied fish 
family Cyprinidae, and Salmonidae. Middle column lists factors where no effect on feeding is established. The symbol 
? indicates uncertain role in regulation of feeding. Modified from Volkoff (2016) and Volkoff et al. (2010). 
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Ghrelin was first identified as a strong growth stimulant, hence the name, which is derived 

from the Proto-Indo-European word “ghre” meaning growth. Ghrelin was first isolated from 

rat stomach tissue, where it was identified as the natural ligand that specifically binds to the 

growth hormone secretagogue receptor (GHSR) in the pituitary (Kojima et al., 1999). This 

is also called the ghrelin receptor, which stimulates the secretion of pituitary GH1 (Fig 1.8). 

In the same study, human ghrelin was found to resemble rat ghrelin except for two amino 

acids (Kojima et al., 1999). This led to a cascade of identifications of ghrelin and its GH1 

stimulating function in a wide range of vertebrates (Kojima and Kangawa, 2005), 

mammalian and non-mammalian, including a great number of fish species like goldfish 

(Unniappan et al., 2002), eel (Kaiya et al., 2003c), tilapia (Kaiya et al., 2003b), rainbow 

trout (Kaiya et al., 2003a), channel catfish (Kaiya et al., 2005), black sea bream (Yeung et 

al., 2006), cod (Xu and Volkoff, 2009) and Atlantic salmon (Hevrøy et al., 2011; Murashita 

et al., 2009). 

 

Fish ghrelin varies in peptide size from 12-26 amino acids, while human ghrelin has 28 

amino acids. Fish species can also have more than one molecular form of ghrelin including 

variations in the peptide structure (Kojima et al., 2008; Murashita et al., 2009). Activation 

of the biological function of ghrelin relies on a modification of the 3rd amino acid; usually 

serine, by acylation with a medium chained fatty acid (typically n-octanoic acid or n-

decanoic) (Kojima et al., 2008). 

 

As the only orexigenic hormone, ghrelin is synthesised in the gastrointestinal tract (GI), 

primarily in the stomach, but also in the brain (hypothalamus and pituitary), pancreas and 

heart tissue (Fig 1.8). Expression of ghrelin in teleost fish are also found in the spleen, liver, 

kidney and gills (Kaiya et al., 2008). In Atlantic salmon, expression of ghrelin has also been 

detected in adipose tissue, but its exact role is not yet described in this context (Murashita et 

al., 2009). 

 

The role of ghrelin as a powerful appetite stimulant started out with the findings of elevated 

plasma ghrelin levels during fasting and a postprandial decline in humans (Cummings et al., 

2001; Inui, 2001; Tschöp et al., 2001). Since then ghrelin has also received a lot of attention 
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in fish studies as the main hormone responsible for appetite stimulation (Frøiland et al., 

2010; Hevrøy et al., 2012; Jönsson, 2013; Matsuda et al., 2006a; Matsuda et al., 2006b; 

Miura et al., 2006; 2007; Riley et al., 2005; Unniappan and Peter, 2005). A continuously 

growing number of ghrelin studies, show that this is a multifunctional peptide also in fish 

(Kaiya et al., 2008). Ghrelin interacts with other hormones, and stimulates synthesis of 

GH1, prolactin (PRL), somatolactin (SL), follicle stimulating hormone (FSH) and 

luteinising hormone (LH) (Kaiya et al., 2008). It is also involved in swimming and feeding 

behaviour and several physiological functions (Kaiya et al., 2008). 

 

Ghrelin also holds a well-known role in energy balance in fish and higher vertebrates (Choi 

et al., 2003; Cummings, 2006; Cummings and Shannon, 2003; Frøiland et al., 2010; Hevrøy 

et al., 2012; Inui et al., 2004; Jönsson, 2013; Kaiya et al., 2008; Riley et al., 2005; Ueno et 

al., 2005; Unniappan and Peter, 2005). Correlations to body fat and increased feed intake 

and body weight following ghrelin treatment suggested an involvement of ghrelin in energy 

balance (Cummings, 2006; Tschöp et al., 2000). 

 

Leptin is also involved in energy metabolism and in mammals has a counteracting function 

to ghrelin by imposing satiety (Zigman and Elmquist, 2003). Leptin in mammals is secreted 

from adipose tissue and signals body fat status to the brain via circulation to induce anorexia 

(Saladin et al., 1995; Zigman and Elmquist, 2003). In contrast, fish leptin seems to be of 

mainly hepatic origin (Huising et al., 2006; Kurokawa et al., 2005) and its functions in 

energy metabolism are not yet fully described (Rønnestad et al., 2010). Studies of leptin 

show a link to anorexia and responses to feed availability in various fish species (Kling et 

al., 2009; Moen and Finn, 2013; Murashita et al., 2011; Rønnestad et al., 2010; Won et al., 

2013). This implies that leptin has a role in satiety signalling in fish as well as in mammals. 

 

Appetite signalling to encourage fish to eat is mediated by circulating ghrelin signalling the 

brain via the central nervous system, by interacting or stimulating release of other appetite 

regulating peptides from the hypothalamus (Fig 1.8) (Hosoda et al., 2006; Kulczykowska 

and Sánchez Vázquez, 2010), or by working directly on tissue nearby its production site. 

Appetite and growth are integrally linked, with appetite providing stimulus to eat and 
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thereby the nutrients required for growth. This is exemplified by the central role of ghrelin 

in stimulating both appetite and GH1 release (Inui et al., 2004; Kling et al., 2012). Ghrelin 

is therefore a suitable candidate to study interactions between appetite regulation and the 

GH-IGF system (Kaiya et al., 2009). Concentration of ghrelin in plasma was analysed in 

this thesis (Fig 1.8). 

 

Behaviour of swimming and feeding, and hormones and genes related to feeding and energy 

metabolism (ghrelin, GH secretagogue receptor, leptin, orexin, neuropeptide Y, melatonin) 

are shown to interact with the circadian system in many fish species (Betancor et al., 2014; 

Boujard and Leatherland, 1992; Feliciano et al., 2011; Hoskins, 2011; Kulczykowska and 

Sánchez Vázquez, 2010; Nisembaum et al., 2012; Rensing and Ruoff, 2002; Vera et al., 

2013). This means that several functions display a daily and seasonal rhythm, and 

progression of hormones and their receptors over time can add valuable information to 

endocrine studies.  
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1.8 Growth regulation by the GH-IGF system 

Fish growth regulation involves a range of hormones, with those receiving the most 

attention belonging to the GH-IGF system; specifically growth hormone (GH1 also called 

somatotropin) and insulin like growth factor-I (IGF-1) (Oksbjerg et al., 2004; Reinecke, 

2006; Wood et al., 2005). The GH-IGF system is the main endocrine growth regulator 

(Reinecke, 2010) (Fig 1.8) and is strongly influenced by nutritional status and 

environmental factors, especially temperature and light (Beckman, 2011; Deane and Woo, 

2009; Duan, 1998; MacKenzie et al., 1998; Pérez-Sánchez et al., 2002; Pérez-Sánchez et al., 

1995; Pickering et al., 1991; Reindl and Sheridan, 2012; Reinecke, 2010). The influence of 

the GH-IGF system on growth regulation is further determined by the feed intake, diet 

composition and stress. 

 

GH1 is well-documented as the most potent growth stimulant in vertebrates and reviewed 

by Björnsson et al. (2002). This is a multifunctional hormone that also plays significant 

roles in other essential functions like energy and protein metabolism (Kling et al., 2012; 

Mommsen, 2001; Sheridan, 1986), reproduction (Björnsson, 1997), appetite (Johnsson and 

Björnsson, 1994), behaviour (Björnsson, 1997; Jonsson and Bjornsson, 2002), 

osmoregulation, smoltification (Pelis and McCormick, 2001; Sakamoto and McCormick, 

2006) and immune system (Chang and Wong, 2009; Verburg Van Kemenade et al., 2009). 

 

GH1 production takes place in somatotroph cells in the anterior pituitary (adenohypophysis) 

and is under a strong and complex hypothalamic control via nerve cells (Fig 1.8) (Ágústsson 

et al., 2000; Gahete et al., 2009; Gorbman, 1995). It is called the hypothalamic-pituitary-

interrenal axis (HPI-axis) and is distinct from the mammalian organisation which uses the 

circulatory system as a signalling link between the two brain tissues (Gorbman, 1995). 
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Figure 1.8. Regulation of appetite and growth in fish by ghrelin and the GH-IGF system. GH1 is produced in 
somatotroph cells in PIT (pituitary). GH1 release from PIT is stimulated (+) by GH releasing hormone (GHRH) and 
inhibited (-) by somatostatin from the hypothalamus (HYP). Circulating GH1 binds to binding proteins (GHBP) which 
control their availability to the receptor (GHR1) in mainly liver and muscle. Production of IGF-1 is mainly in liver and 
muscle. IGF-1 released to circulation also binds to binding proteins (IGFBP) before binding to receptor (IGFR1) in 
target organs. Binding to receptors mediates biological functions of ghrelin, GH1 and IGF-1. Main roles of ghrelin, 
GH1 and IGF-1 are also given. Circulating ghrelin, mainly from the stomach and gastrointestinal tract (GIT), binds to 
the GH secretagogue receptor (GHSR, called the ghrelin receptor) in PIT and HYP to stimulate GH1 production. The 
availability of GH1 and IGF-1 to their receptors is controlled by binding to circulating binding proteins (BP). GH1 also 
has a possible stimulating role in extrahepatic IGF-1 production. Factors analysed in thesis are enclosed with dashed 
lines. Modified from sources: Chang and Wong (2009); Kaiya et al. (2008); Reinecke (2010); Unniappan and Peter 
(2005). 
 

 

 

Stimulatory or inhibitory signals from the hypothalamus are influenced by endogenous cues, 

such as nutritional state and humoral factors, and exogenous cues, such as temperature and 

photoperiod (Björnsson et al., 2002; Canosa et al., 2007). The hypothalamus produces the 

main GH1 stimulator; the GH-releasing hormone (GHRH, also called GHR factor) (Fig 1.8) 

and other stimulating peptides including the pituitary adenylate cyclase-activating peptide 

(PACAP), corticotropin-releasing hormone (CRH), neuropeptide Y (NPY),  thyrotropin 

releasing hormone (TRH) and gonadotropin releasing hormone (GnRH) (Gahete et al., 

2009). 

 

The identification of a peripheral GH1 stimulant; ghrelin (Inui et al., 2004; Kaiya et al., 

2003a; Kojima et al., 1999; Ueno et al., 2005), gave a new perspective to the GH signalling 

pathway and the established hypothalamic regulation (Fig 1.8). There are also indications 

that leptin can act as a GH secretagogue in mammals (Giusti et al., 2002) and recently in 

fish (Won et al., 2013), suggesting further endocrine factors possibly interacting with the 

GH-IGF system that should be elucidated to increase the understanding of fish growth 

regulation. 

 

The main inhibition of pituitary GH1 release is caused by the somatotropin release-

inhibiting factor (SRIF, or somatostatin) which is also of hypothalamic origin (Fig 1.8) 

(Gahete et al., 2009; Reinecke, 2010). Other inhibiting factors include the neuropeptide 

serotonin and the neurotransmitter norepinephrine (NE) (Gahete et al., 2009). Plasma IGF-1 

also plays an important inhibiting role in regulating GH1 secretion under catabolic 

conditions through a negative feedback function (Duan, 1998; Reinecke, 2010). Besides, 
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GH1 itself is reported to have a direct negative feedback function on GH1 pituitary release 

in rainbow trout (Ágústsson and Björnsson, 2000). The diverse role of GH1 is reflected in 

the many factors involved in GH-IGF regulation and wide expression of GH1 in extra-

pituitary tissue and receptors in extra-hepatic tissues (Canosa et al., 2007), which also 

supports a paracrine/ autocrine function of GH1 (Waters et al., 1999). 

Under anabolic conditions GH1 is released into the circulatory system and can stimulate 

tissue growth either directly or indirectly by binding to GH receptors (GHR1 and GHR2) 

and stimulate synthesis and secretion of IGF-1 mainly from the liver, but also from a wide 

range of other tissues (Beckman, 2011; Pérez-Sánchez, 2000; Pérez-Sánchez et al., 2002; 

Reinecke, 2010). The relative growth stimulating potency of IGF-1 originating from either 

liver or muscle is still not fully described in fish, although both promote muscle growth 

(Fuentes et al., 2013). 

 

Two types of GHR exist; GHR1 and GHR2, both of which are expressed in various body 

tissues and fish species (Saera-Vila et al., 2007). The functions of GHR’s are still not fully 

understood (Saera-Vila et al., 2007), but reported results indicate that function and 

expression seem to be dependent on type of tissue and fish species and that there are some 

similarities between the GHRs (Hevrøy et al., 2015; Reindl and Sheridan, 2012). In Atlantic 

salmon few functional differences were found between the two GHRs, and mRNA levels in 

both liver and muscle tissue reacted similarly to temperature treatments of 13°C and 19°C 

(Hevrøy et al., 2015). In trout, liver ghr2 mRNA levels were significantly lower at 19°C 

compared to 13°C, while liver ghr1 mRNA was unaffected by temperature treatments  

(Hevrøy et al., 2015). 

 

The availability of GH1 and IGF-1 to their receptors is controlled by binding to circulating 

binding proteins (BP); called GHBP and IGFBP, respectively (Fig 1.8) (Baumann et al., 

1988; Clemmons et al., 1998; Duan and Xu, 2005; Kopchick and Andry, 2000; Mannor et 

al., 1991; Wood et al., 2005). Hence, the BPs act as a reservoir and can create a 

disagreement between secretion and circulating levels of GH1 as shown recently in Atlantic 

salmon (Einarsdottir et al., 2014). Variations in GHR1 and levels of circulating BPs can also 
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create an imbalance between GH1, IGF-1 and growth (Duan, 1998; Wood et al., 2005). The 

role of BPs in the GH-IGF system is less known and the majority of our understanding of 

their functions and regulation is described for mammals. In fish, BPs role is in the early 

phase of research and their influence on the GH-IGF actions is still poorly understood, 

especially for GHBP (Reindl and Sheridan, 2012). However, in recent studies of zebra fish 

(Kajimura et al., 2005; Kamei et al., 2008), it was found that two genes of igfbp1 (a and b) 

influence growth under hypoxia by binding up free IGF-1. 

 

IGFs promote growth by stimulating growth of muscle and skeleton (bones and cartilage) 

and preventing breakdown of protein and cells (Duan et al., 2010; Oksbjerg et al., 2004; 

Wood et al., 2005). IGF-1 is also reported to have a stimulatory effect in development, 

osmoregulation and reproduction (Duan, 1997; Reinecke et al., 2005). 

  

As the name IGF-1 indicates, this endocrine growth stimulant has similar functions and 

structures to insulin (Duan et al., 2010). However, in terms of food availability the IGF-1 

responds more to long-term changes than insulin, which reacts to short and abrupt changes 

(Gabillard et al., 2006; Shimizu et al., 2009). The GH-IGF system consists of both IGF-1 

and IGF-2. This thesis focussed on IGF-1 (gene expressions in liver and muscle, and plasma 

concentration) (Fig 1.8) as it is well known to be the principle stimulant of muscle growth in 

fish, and the endocrine role and biological actions of IGF-2 are less understood (Reinecke, 

2006). Other factors of the GH-IGF system investigated in this thesis were gene expression 

analyses of the receptors; GHR1 and IGFR1 in liver and muscle tissue (Fig 1.8). 

 

Growth and IGF-1 often respond similarly to external factors, thus IGF-1 is also considered 

a useful growth indicator in fish in addition to GH1 (Beckman, 2011; Beckman et al., 2004; 

De-Santis and Jerry, 2007; Dyer et al., 2004; Pérez-Sánchez and Le Bail, 1999; Picha et al., 

2008; Wilkinson et al., 2006). Like GH1 (Chang and Wong, 2009), IGF-1 has an immune 

related function in fish (Segner et al., 2006; Yada, 2007; Yada, 2009), but its exact role is 

not yet well defined (Franz et al., 2016). 
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The GH-IGF regulation in fish is responsive to stressors like high temperature, fasting, 

handling, overcrowding and salinity (Pickering, 1993; Pickering et al., 1991; Reinecke, 

2010). Generally growth reduction in relation to environmental stressors are caused by 

elevation of secreted stress hormones (catecholamines and corticosteroids) (Pickering et al., 

1991). Reduced growth in gilthead seabream following confinement stress is thought to be 

caused by modifications in secretion and availability of circulating GH-IGF hormones 

(Rotllant et al., 2001). Also salmonids respond to handling stress by changes in circulating 

levels of hormones related to the GH-IGF system (Wilkinson et al., 2006), but discrepancies 

in results from various studies can be complicated due to different environmental conditions 

and sampling time regimes. When elevated levels of GH1 do not correlate with increased 

growth under warm conditions (Handeland et al., 2000), this may indicate an impaired 

growth regulation due to thermal stress (Deane and Woo, 2009; Pickering, 1993). However, 

due to GH1’s multifunctional role, several factors need to be considered when attempting to 

identify GH1 responses in growth regulation. 

 

Atlantic salmon exposed to sudden stress episodes resulted in elevated levels of both plasma 

GH1 and IGF-1 along with reduced growth (McCormick et al., 1998). However, elevated 

plasma GH1 is also found in crowded and uncrowded rainbow trout exposed to low oxygen 

conditions, while crowding itself resulted in reduced plasma GH1 levels (Pickering et al., 

1991). 

 

Nutritional status and temperature can interact to stimulate the GH-IGF signalling pathway 

in different ways. Rainbow trout exposed to high temperature (16°C) had higher circulating 

GH1 levels than those at 8°C and 12°C irrespective of feeding regimes (Gabillard et al., 

2003c), while plasma IGF-1 was elevated by a combination of high temperature and higher 

feed ration (Gabillard et al., 2003b). Postprandial peaks of both GH1 and IGF-1 are reported 

for various fish species (Ayson et al., 2007; Fox et al., 2009; Shimizu et al., 2009; Valente 

et al., 2012), and varies with factors like species, fish size, nutritional status, temperature 

(Reinecke, 2010). Starvation or restricted feeding generally results in increased plasma 

GH1, and reduced IGF-1 concentrations and hepatic mRNA levels of ghr1 and igf1, while 

refeeding or high feed ration reduce plasma GH1 and elevates plasma IGF-1 and hepatic 
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ghr1 and igf1 mRNA levels (Reinecke, 2010). Contradicting responses indicate that there 

may be species specific differences in how the GH-IGF system responds to fasting and 

refeeding or nutritional status (Reindl and Sheridan, 2012). 

 

GHR1 declines in fasted fish, implying a reduced stimulation of IGF-1 synthesis and growth 

(Gray et al., 1992; Pérez Sánchez et al., 1994), but also lack of negative feedback on GH1 

synthesis (Duan, 1998; Pérez Sánchez et al., 1994) leading to GH1 accumulation (Pérez-

Sánchez, 2000). GH1 also has a role in metabolic use of energy from fat, which can be 

influenced by nutritional status and dietary energy level (Company et al., 1999; Deane and 

Woo, 2009; Pérez-Sánchez, 2000).  Feeding a high fat diet increases the GH1 level in 

several fish species (Cameron et al., 2002; Company et al., 1999; Pérez-Sánchez, 2000) 

possibly caused by a shift in  use of dietary fat as metabolic energy source rather than 

protein (a protein sparing effect) (Company et al., 1999; Pérez-Sánchez, 2000) or by an 

enhanced lipolytic activity of GH1 (Björnsson, 1997; Hevrøy et al., 2013). 

 

The direct and interrelated actions of stimulating and inhibiting factors of the GH-IGF 

system are essential to describe how growth mechanisms are regulated. The tight 

relationship between appetite and growth regulation underlines the importance of studying 

both ghrelin and the GH-IGF system in order to elucidate more on these functions in fish 

under warm hypoxic conditions. Studies on endocrine regulation of appetite and growth are 

increasing in fish (Kang, 2011), but very few studies report on the interactions of the 

integrally linked mechanisms of the GH-IGF system and ghrelin in Atlantic salmon (Hevrøy 

et al., 2011; Hevrøy et al., 2012; Kullgren et al., 2013; Moen et al., 2010). Many useful 

parallels can be drawn from extensive mammalian studies, but variations in endocrine 

regulation of fish and vertebrates in general, have been reported for several functions, like 

appetite, growth and stress (Gahete et al., 2009; Jönsson, 2013; Jönsson et al., 2007; Kaiya 

et al., 2008; Pickering et al., 1991; Volkoff et al., 2010). This suggests significant species 

differences and a need for more endocrine studies on target fish species. 
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2. Aims of the thesis 

The main goal of the present PhD work is to increase knowledge on appetite and growth 

regulation in seawater adapted Atlantic salmon in relation to high water temperature, low 

oxygen conditions and dietary energy concentration. 

 

This topic is divided into three specific aims: 

1. Determine pre- and postprandial nutrient dynamics and endocrine regulation of 

appetite and growth  

2. Investigate the mechanisms by which low oxygen and high temperature impact 

appetite and growth 

3. Determine how dietary energy concentration affects growth regulation under hypoxia 

and high temperature 
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3. Abstract of papers 

3.1 Paper I 

Atlantic salmon farmed in sea cage facilities are exposed to changing environmental 

conditions. While growth decline under lower water temperatures are reasonably well 

understood, the mechanisms behind production decline under high water temperatures are 

yet to be well elucidated and have been hampered by a lack of data describing pre- and 

postprandial patterns of endocrine fluctuation. The present research therefore aims to 

determine whether peak nutrient flux into the blood plasma is the most appropriate time 

point to investigate the endocrine regulation of growth and appetite under conditions of 

normal and high temperature, and to investigate the interrelationship between appetite and 

growth on a pre- and postprandial time scale. Two experiments  are presented  which 

examine ghrelin (GHRL) as an indicator of appetite stimulation, the GH-IGF (growth 

hormone-insulin-like growth factor) system to describe growth-regulating processes and 

free amino acids (FAA) to indicate postprandial nutrient influx and link appetite and 

anabolic processes. Postprandial sampling of plasma and white muscle tissue from short-

term adapted postsmolt was conducted at 13°C and 19°C at 4, 8, 12, 16, 20 and 24 hours 

(h). The same samples were taken from long-term adapted big salmon at 12°C, -4, -2, -1, 0 h 

pre-prandially and 2, 3, 4 and 6 h post-prandially. While limited relationship between 

plasma ghrelin concentration and meal times was found for short term adapted postsmolt, 

clear ghrelin peaks were described for long term adapted salmon prior to the timing of 

anticipated meals. Possible explanations and consequences to experimental design in this 

area will be discussed. Postprandial FAA in plasma and white muscle from postsmolt were 

reduced at 19°C compared to 13°C and plasma levels peaked 8 h post-prandially. Muscle 

igf1 mRNA expression levels were consistently higher at 13°C than 19°C, with no clear 

postprandial patterns. In contrast, plasma IGF-1 concentration was relatively constant over 

time at 12°C and 13°C, but significantly declined from 20 h postprandially at 19°C. GH 

receptor (ghr1) mRNA expression in muscle was unaffected by temperature, peaking 4 h 

post-prandially at both temperatures. This paper describes growth and appetite-regulating 
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processes under conditions of normal and elevated temperature for Atlantic salmon, which 

is fundamental to our understanding of growth limitations inherent to high water 

temperature situations. 

 

3.2 Paper II 

This study examines how appetite and growth regulation of Atlantic salmon are affected by 

low dissolved oxygen (LO) and dietary digestible energy levels (DE: high [HE] vs. low 

[LE]). Long-term exposure to LO resulted in a reduced feed intake, growth, digestible 

protein and fat retention efficiencies and increased feed conversation ratio and plasma 

ghrelin concentrations (p < 0.05) compared to high dissolved oxygen (HO). Pair-feeding of 

rations based on the feed intake of the LO groups, but fed at HO, resulted in a 50% growth 

improvement in HE diet groups. This suggests that the poor growth under LO was not 

entirely caused by the reduced feed intake. Salmon adapted to LO by increased 

haemoglobin concentrations, while osmoregulation was affected by increased plasma 

chloride concentrations (p < 0.05). Plasma ghrelin concentration was unaffected by DE (p > 

0.05). Growth regulation was affected by the HE diet, with increased liver and muscle 

growth hormone receptor ghr1 mRNA (p < 0.05), regardless of oxygen level. The growth 

depression due to low oxygen appears to be related to higher metabolic costs, while higher 

DE upregulates the GH-IGF system at the ghr1 level and found to be beneficial for growth, 

feed intake, oxyregulation and osmoregulation under hypoxia.  

 

3.3 Paper III 

High temperature combined with low dissolved oxygen (DO) is one of the most challenging 

environmental conditions farmed fish experience, thus understanding their impact on 

growth regulation is of relevance to cultured and wild populations. This study examines 

appetite and growth regulating mechanisms in Atlantic salmon postsmolt exposed to either 

high (HO) or low oxygen (LO) at a suboptimally high temperature (17°C). Additionally, the 
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effects of high (HE) and low (LE) dietary energy (DE) were examined. After a month of 

treatment, analyses of hormones regulating appetite (ghrelin) and growth (growth hormone 

receptor ghr1 and insulin-like growth factor IGF-1), and free amino acids (FAA) were 

measured pre- and postprandially at -4, -2, 0, 2, 4 and 6 hours (h). No pre-prandial ghrelin 

peaks were detected despite a significant reduction of feed intake and growth under hypoxia 

compared to normoxia. LO treatment also had an overall negative effect on survival 

compared to HO, while nutrient retention, FCR and plasma FAA concentrations were 

unaffected (p > 0.05). Feeding HE diet resulted in increased growth (+17%) and improved 

FCR (-14%) and energy retention efficiency (+26%) independent of DO. Plasma FAA 

concentrations were unaffected by LO treatment and DE (p > 0.05). Growth regulatory gene 

expressions possibly reflect an overall lower growth at a high temperature overriding the 

impacts of DO and DE. This study also indicates that optimal adaptation time to 

environmental conditions and feeding regime is crucial for establishing a regular hormonal 

appetite signalling that reflects real feeding anticipation in salmon. 
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4. General discussion 

The present thesis investigates appetite and growth regulation in seawater adapted Atlantic 

salmon in relation to high water temperature, variable low oxygen conditions and dietary 

energy. This chapter compares and discusses the main findings from four fish trials which 

are published in three scientific papers: I (Vikeså et al., 2015), II (Vikeså et al., 2017) and 

III (Vikeså et al., 2016). Further implications for salmon farming and forecasted 

environmental challenges are also discussed. 

 

To determine pre- and postprandial nutrient dynamics and endocrine regulation of appetite 

and growth, two fish trials were conducting (Paper I). In the first trial, postsmolt (196 g) 

were exposed to an optimal and a sub-optimally high temperature (13°C and 19°C) for 35 

days (short-term adaptation) before a 24 h postprandial sampling of blood, and liver and 

muscle tissue were carried out. This was followed up by a long term adaptation (four 

months) of large salmon (3.7 kg) to feeding regimes at 12°C. The sampling set-up for large 

salmon was changed to separate pre- and postprandial sampling groups, to ensure 

postprandial sampled fish were not disturbed by the preprandial sampling, and therefore had 

normal feeding behaviour. Sampling range was also changed to be closer around mealtime; 

from -4 h pre-prandially to 6 h post-prandially. This was to determine whether any plasma 

FAA or endocrine responses were rather peaking closer to mealtime, than detected by the 4-

24 h postprandial sampling regime. Pre- and postprandial analyses (-4 h to 6 h) were also 

conducted with short-term adapted postsmolt at a high temperature (17°C, Paper III). 

 

To investigate the mechanisms by which low dissolved oxygen (LO, hypoxia) and high 

temperature regulate appetite and growth, different LO regimes were tested against groups 

at stable high oxygen conditions (HO, normoxia) in two fish trials (Paper II and III). In the 

first LO trial (Paper II), large salmon (1.3 kg) were held under a fluctuating LO regime, to 

mimic a possible natural situation, for 4 months at an optimal temperature for growth 

(12°C). A pair feeding technique was applied in order to separate the influences of oxygen 
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from feed intake. The second trial was conducted at a high temperature (17°C) (Paper III) 

with postsmolt (264 g) under stable LO and HO regimes, for 30 days. 

 

Finally, to determine how dietary energy concentration (DE) affects growth regulation 

under hypoxia and high temperature, diets with high and low energy (HE and LE) were 

tested in both LO studies (Paper II and III). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



42 

 

4.1 High temperature 

An elevation in water temperature has a well-known stimulatory effect on both appetite and 

growth within an optimal temperature range. Temperature is the main driver of metabolic 

rate (Brett, 1979; Jobling, 1997) and, together with feed availability, it greatly defines the 

potential for growth in fish. Feed intake is also important for growth as it initiates a cascade 

of metabolic reactions including the digestion process and secretion of regulatory factors. 

However, less is known about the mechanisms behind feed intake depression and growth 

regulation following a further thermal elevation beyond optimum, which has been the focus 

of this thesis. 

 

The signalling pathways of appetite and growth regulating hormones fluctuate and interact 

in response to important drivers of growth, such as feed availability and temperature. 

Despite this, these dynamics have not been systematically studied in Atlantic salmon. The 

majority of studies investigating endocrine growth regulation at high temperature, have 

sampled fish at an undefined period or a single, fixed sampling point after a feeding. This 

approach assumes that either the endocrine or nutrient factors under investigation are similar 

among the experimental groups over time, or that the time point chosen yields the most 

informative data. In order to test these assumptions and better understand the interaction of 

feed intake, temperature and regulation of appetite and growth, a study on postprandial 

dynamics was first conducted. Fish trials at optimal and high temperatures (Paper I and III) 

with up to 24 h postprandial sampling regimes were therefore designed to detect peak times 

for circulating FAA and endocrine growth factor levels in relation to meal time. The aim 

was to define the most appropriate time point to investigate regulation of growth and 

appetite and to get a basic understanding of how these mechanisms are regulated and 

interact in relation to temperature in Atlantic salmon (Paper I). 
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Postprandial FAA regulation 

Several studies have been conducted to describe postprandial absorption and storage of 

ingested FAA in Atlantic salmon (Carter et al., 1995; Carter et al., 2000; Espe et al., 1993; 

Espe et al., 1999; Mente et al., 2003; Torrisen et al., 1994). However, postprandial FAA 

data comparing high temperature with optimal conditions is lacking. 

 

A 24 hour postprandial sampling regime revealed that plasma FAA in postsmolt (Paper I) 

peaked 4-8 h postprandially at 13°C, while the high temperature treatment group at 19°C 

had a generally lower level and less pronounced peak for the same time interval. There was 

a general decrease in amino acid pools in both plasma and muscle associated with high 

water temperature (Paper I, Fig 2ab and 3ab). The greatest difference in FAA concentrations 

between temperature treatments did not occur at the time of peak nutrient absorption, but 

rather at 12-24 h postprandially when FAA levels were descending. Fish were fed regularly 

for a month prior to the postprandial sampling, and the consistently depressed FAA levels in 

muscle tissue indicate that the potential for growth at a high temperature can be reduced 

even under conditions of unlimited feed access. 

 

A narrowed pre- and postprandial time sampling of large salmon at 12°C and postsmolt at 

17°C did not reveal any distinct plasma FAA peaks from -4 h to 6 h (Paper I; Fig 7, Paper 

III; Fig 3ab), and supports the postprandial peak time at 4-8 h found for postsmolt at 13°C 

and 19°C (Paper I, Fig 2ab and 3ab). The sampling at 17°C (Paper III) showed similar 

plasma FAA levels at 4 h and 6 h postprandially, which were significantly higher than just 

before meal time (0 h), and demonstrates that protein digestion and absorption are rapid 

mechanisms. 

 

A significantly reduced feed intake was not found in postsmolt held at 19°C compared to 

13°C, which could be due to the short experimental period. In retrospect, it would have been 

interesting to monitor daily feed intake to look for trends throughout the trial period. Feed 

intake and growth were similar between treatments, while FAA pools were decreased at 

19°C, indicating a moderately elevated amino acid catabolism at higher temperature. This is 

also consistent with the known increase in metabolic rate and maintenance costs due to high 
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temperatures, which alters many metabolic functions like growth and ingestion rates (Brett, 

1979; Jobling, 1997). 

 

The 24 h postprandial investigation presents data on the FAA dynamics in salmon postsmolt 

exposed to both optimal and a high temperature treatment (13°C v. 19°C).  

It is in contrast to other FAA studies in salmon by not applying fasting prior to the 

postprandial sampling (Carter et al., 1995; Carter et al., 2000; Espe et al., 1993; Espe et al., 

1999; Mente et al., 2003; Torrisen et al., 1994). Nutrient status at time of sampling should 

therefore represent that from continuous feeding. 

 

Several characteristics to salmon life cycle are size dependent, and so the effect of high 

temperature on the FAA dynamics in large salmon should be followed up. From the study 

with postsmolt (Paper I), the use of a wide postprandial sampling regime and inclusion of 

both an optimal and a high temperature treatment made it possible to describe how 

temperature affects the postprandial absorption and storage of FAA. These parameters can 

serve as a useful template for future studies on FAA dynamics. 
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Growth regulation 

Study of the GH-IGF system in relation to high temperature is in its infancy, and current 

knowledge is hampered by frequent use of single postprandial sampling points. In the high 

temperature study (Paper I), exposure of postsmolt to 19°C resulted in declining plasma 

IGF-1 concentration and lower muscle igf1 mRNA levels postprandially compared to 13°C 

treatment groups (Paper I, Fig 4 and 5b). 

 

High temperatures are frequently reported to increase plasma levels of both GH1 (Deane 

and Woo, 2009; Gabillard et al., 2003a; Handeland et al., 2000; Kullgren et al., 2013; 

Ricordel et al., 1995) and IGF-1 (Beckman et al., 1998; Davis and McEntire, 2011; Imsland 

et al., 2007) in a variety of fish species, including salmon. Recent studies with both large 

and small salmon showed no differences in plasma IGF-1 levels in the temperature range 

13-19°C sampled at 4 h postprandially (Hevrøy et al., 2013; Hevrøy et al., 2015). This is 

somewhat inconsistent with the plasma IGF-1 levels reported in Paper I (Fig 4). Although a 

significant high temperature effect was not detected in the present study at 4 h, the decline 

in plasma IGF-1 levels from 12 h postprandially and the continued significant decline from 

20 to 24 h postprandially indicates a down-regulated growth potential at 19°C in contrast to 

the stable levels at 13°C. This demonstrates how temperature also controls growth through 

endocrine regulation and that IGF-1 plays a key role, and importantly that this was only 

detected by way of a wide postprandial sampling range of 24 h. 

 

High temperatures (15-19°C vs 13°C) have previously been reported to reduce muscle, but 

not liver, igf1 mRNA levels, 4 h post-prandially in large salmon (Hevrøy et al., 2013; 

Hevrøy et al., 2015). The postprandial sampling regime in Paper I also revealed that this 

depression is continued up to 24 h with a tendency to decline faster in fish at a high 

temperature compared to 13°C (Fig 5b). 

 

A high temperature effect was not detected for muscle ghr1 mRNA levels (Paper I, Fig 5a), 

which for both temperature groups showed a clear drop after 4 h postprandially down to 

stable values thereafter. This implies that ghr1 activity is more closely coupled to meal 

times, feed intake or appetite rather than temperature. Similar studies with salmon are few 
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and results from 4 h postprandial samples are variable. Large salmon exposed to 15-19°C 

had increased muscle ghr1 mRNA compared to 13°C and was related to lipolytic activity by 

GH1 (Hevrøy et al., 2013). In the same study, liver ghr1 mRNA was not affected by 

temperatures. In postsmolt at 19°C, a temperature effect was not found for muscle ghr1 

mRNA, but liver ghr1 mRNA was reduced at a high temperature compared to 13°C 

(Hevrøy et al., 2015). 

 

Overall, the contradicting effect of high temperature on growth regulating factors 

demonstrates that existing knowledge on this subject is still at an early stage. The GH-IGF 

system is influenced by many factors such as fish size, stress, different sampling regimes, 

adaptation time and dietary differences, which should be the focus of further studies. A 

range of endocrine growth factors have been identified in fish, but analyses of GHR1 and 

IGF-1 were chosen due to the key role of the GH-IGF system as a growth mediator and its 

sensitivity to nutritional state and temperature changes. Both plasma IGF-1 concentration 

and igf1 gene expression were analysed to see if the real circulating levels confirmed the 

mRNA expression levels. Since gene expression precedes the IGF-1 protein, this can also 

indicate what to expect from the hormone for which it encodes. However, there are more 

factors involved in endocrine growth regulation, e.g. the binding proteins (BPs) of both 

GH1 and IGF-1. Little is still known about BPs in fish and further research should focus on 

defining their role in growth regulation mediated by the GH-IGF system.  

 

Analyses of endocrine growth factors in postsmolt exposed to 17°C (Paper III) 

corresponded poorly with previous reported studies and observations suggest experimental 

conditions were suboptimal for detecting endocrine signals. Preprandial levels of plasma 

IGF-1 and muscle igf mRNA were significantly higher close to meal time (0 h) compared to 

postprandial levels (4-6 h) (Paper III, Fig 3 and 4ab). These results are not consistent with 

the postprandial findings at 19°C, nor at optimal temperatures (12°C and 13°C) as reported 

in Paper I (Fig 4, 5ab, 9 and 10ab). Whether this actually represents the GH-IGF regulation 

at high temperature needs to followed up, and should preferably include an optimal 

temperature treatment for better interpretation of responses to temperature and DO. 
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Stressors like environmental changes or handling are known to increase secretion of stress 

related hormones (Pickering et al., 1991), but also to alter circulating levels of GH-IGF 

hormones in fish, including salmonids (Pickering, 1993; Pickering et al., 1991; Reinecke, 

2010; Rotllant et al., 2001; Wilkinson et al., 2006). The overall high mortality (~15%) in the 

trial at 17°C (Paper III) could be a reaction to such stressors and it is possible that the 

adaptation time going from 12°C to 17°C during the initial phase of the study was 

insufficient duration. 

 

The high temperature study at 19°C (Paper I) shows a clearly diminished growth potential 

for salmon at a suboptimally high temperature, which was demonstrated by a faster 

postprandial catabolism of FAA and generally lower levels and faster declines of endocrine 

growth stimulating factors. Applying a wide postprandial sampling range made it possible 

to determine how salmon absorption and growth are affected by high temperature on a 

broader scale. This approach revealed that several important trends and differences between 

temperature treatments occurred after 8 h post-prandially. Future studies on nutrient and 

endocrine dynamics would gain from including more than one sampling point as this can 

strengthen interpretation of results. 
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4.2 Appetite regulation 

Ghrelin and meal anticipation in salmon 

Since its identification as a GH secretagogue (Kojima et al., 1999), ghrelin has received a 

lot of attention in human studies related to obesity and eating disorders due to its central role 

in metabolic energy balance, appetite and food intake regulation (Cummings and Shannon, 

2003; Klok et al., 2007; Zigman and Elmquist, 2003). This thesis deals with the same 

subjects, but from the opposite perspective; attempting to elucidate mechanisms behind 

growth depression under adverse environmental conditions. The multiple roles of ghrelin in 

energy metabolism, appetite stimulation and regulation of feed intake and growth, links 

several central paradigms associated with fish farming productivity. Understanding the 

mechanisms behind ghrelin signalling is therefore of great interest, as feed intake 

optimisation is crucial for salmon to utilise its growth potential. 

 

Ghrelin is often referred to as the “hunger hormone”, referring to its role in initiating feed 

intake. This supports the metabolism, maintaining a positive energy balance and increasing 

body weight or adiposity (Cummings, 2006). Circulating levels of ghrelin peak close to start 

of a meal, followed by a postprandial depression in humans and other mammals (Bagnasco 

et al., 2002; Cummings et al., 2001; Cummings and Shannon, 2003; Muller et al., 2002; 

Tschöp et al., 2001). Plasma ghrelin concentration also showed clear preprandial peaks in 

large salmon, which were long term adapted to 12°C and two daily meals (Paper I, Fig 6). 

The peaks appeared within the space of one to two hours before each meal was presented. 

This is consistent with mammalian findings, but data from fish studies are scarce and 

contradictory. 

 

For Atlantic salmon, no other reports exist on pre- and postprandial investigations of 

circulating ghrelin. However, an up-regulation of ghrelin mRNA expression in salmon 

larvae preceding first feeding (Moen et al., 2010) also supports that ghrelin is an appetite 

signal in this species. A postprandial investigation of several other appetite regulating 

hormones (npy, cart, cck, peptide yy; pyy, agouti-related protein; agrp, cholecystokinin; 

pomc) in Atlantic salmon showed that brain mRNA expression levels of these hormones 

react to feeding, but analyses of ghrelin was unfortunately not included (Valen et al., 2011).  
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Ghrelin responses in relation to meal time have been reported in rainbow trout 

(Oncorhynchus mykiss) and Atlantic cod (Gadus morhua). Blood analyses of rainbow trout 

showed that plasma ghrelin increased at the end of a 24 h postprandial sampling range 

(Pankhurst et al., 2008a). As the fish were long-term adapted (three months) to only one 

daily meal, this can be considered a preprandial plasma ghrelin peak in rainbow trout 

(Pankhurst et al., 2008a). This resembles the present finding in large salmon (Paper I) where 

each of two long-term adapted meal times had a corresponding preprandial ghrelin peak. 

 

In Atlantic cod, stomach ghrelin mRNA levels were upregulated during meal time 

compared to 2 h before and after the meal (Xu and Volkoff, 2009). In goldfish (Carassius 

auratis) a postprandial decline was found for both serum ghrelin and preproghrelin mRNA 

levels (precursor of ghrelin) in brain and gut tissue, although sampling range was limited to 

-3h to 3 h (Unniappan et al., 2004). In contrast to the above findings from rainbow trout, 

Atlantic cod and goldfish (Pankhurst et al., 2008a; Unniappan et al., 2004; Xu and Volkoff, 

2009), no significant postprandial changes in plasma ghrelin were found in another study 

with rainbow trout (Jönsson et al., 2007) nor in Mozambique tilapia (Oreochromis 

mossambicus) (Fox et al., 2009). 

 

Ghrelin response to feed deprivation shows how this hormone is linked to energy status, but 

also here the reported findings in fish vary. Fasting of salmon for two days increased plasma 

ghrelin levels, but declined to the level of fed groups after 14 days (Hevrøy et al., 2011). 

Similar responses of ghrelin (plasma or mRNA) to fasting is also found in plasma from 

goldfish (Unniappan et al., 2004) and Mozambique tilapia (Fox et al., 2009), and ghrelin 

mRNA expression in stomach tissue from sea bass (Dicentrarchus labrax) (Terova et al., 

2008). In contrast, studies of rainbow trout (Jönsson et al., 2007), Nile tilapia (Riley et al., 

2008) and Atlantic cod (Xu and Volkoff, 2009) found no effect of fasting on plasma ghrelin 

concentration nor the mRNA expression levels. However, small fish has a lower protein to 

fat ratio than adults with a higher fat deposition (Shearer et al., 1994). This should be kept in 

mind when interpreting ghrelin studies, as the use of different fish sizes may produce 

different ghrelin signalling and responses. 
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Possible species specific ghrelin regulation is also demonstrated in the varied effects 

reported from ghrelin injection, although precautions must be taken regarding possible 

effects from using different ghrelin sources (e.g. ghrelin from rainbow trout and goldfish vs. 

mammalian). Both central and peripheral administration (intracerebroventricular, icv and 

intraperitoneal, ip) of ghrelin peptides resulted in depressed feed intake in trout (839 g) held 

at 11°C (Jönsson et al., 2010), while there was no effect of an ip injection in study with 

small trout (133 g) held at 12-14°C (Jönsson et al., 2007). On the contrary, ghrelin 

injections (icv and ip) in goldfish increased feed intake (Unniappan et al., 2004; Unniappan 

et al., 2002), which is consistent with the results of central injections in rats (Nakazato et al., 

2001). A study with rainbow trout also revealed different responses to ghrelin treatment 

compared to mammal studies in terms of glucose homeostasis (Polakof et al., 2011), and 

suggested that even injection method (icv or ip) and different brain regions can impact the 

detected ghrelin responses. 

 

The present pre- and postprandial analyses (Paper I) is the first study to detect preprandial 

plasma ghrelin peaks in Atlantic salmon, and demonstrates that ghrelin has a role in appetite 

regulation in this species. 

 

 

 

 

 

 

 

 

 

 

 



51 

 

Adaptation time and endogenous feeding rhythm 

Contradictory results were also found in the present studies in relation to meal time, but also 

temperature. In short term adapted postsmolt held at optimal and high temperatures (Paper I 

and III) plasma ghrelin measurements failed to detect significant preprandial peaks despite a 

wide time sampling range. The ghrelin levels in these trials (Paper I; Fig 1, Paper III; Fig 2) 

were similar to the lowest levels found in the study with clear preprandial peaks in long 

term adapted large salmon (Paper I, Fig 6). 

 

Although it is well known that energy metabolism is dependent on temperature, the effect of 

temperature on ghrelin regulation in fish is not clear. In the 24 h postprandial sampling of 

postsmolt, a temperature effect (19°C vs. 13°C) on plasma ghrelin was absent (Paper I, Fig 

1). However, the work by Nieminen et al. (2003) and Hevrøy et al. (2012) suggest that 

ghrelin regulation is affected by temperature. Two weeks fasting of burbot (Lota lota) 

reduced the levels of both plasma ghrelin and leptin at a cold temperature (2°C vs. 10°C) 

(Nieminen et al., 2003), while large salmon displayed reduced plasma ghrelin, and gene 

expressions of ghrelin and the GH secretagogue receptor when held at a high temperature 

(19°C vs. 14°C) (Hevrøy et al., 2012). 

 

Hormones related to appetite and energy metabolism, as well as behaviour of swimming and 

feeding interact with the circadian system in salmon and several other fish species (Boujard 

and Leatherland, 1992; Feliciano et al., 2011; Kulczykowska and Sánchez Vázquez, 2010; 

Nisembaum et al., 2012). However, the understanding of how this is regulated and how an 

internal feeding rhythm is established is still not clear. The circadian system is highly 

influenced by light regime, feeding frequency and temperature in fish (Boujard and 

Leatherland, 1992; Nisembaum et al., 2012; Rensing and Ruoff, 2002). In Atlantic salmon, 

handling can suppress plasma ghrelin in addition to appetite (Pankhurst et al., 2008b) 

indicating that stress-induced appetite depression can be ghrelin-mediated. 

 

Plasma ghrelin peaks were not detected before meal times in short term adapted postsmolt 

held at 17°C (Paper III, Fig 2). It is possible that the experimental conditions and adaptation 

period to feeding regimes (only 11 days) in the high temperature study (Paper III) were 
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insufficient to develop and establish a regular feeding anticipation regime, as was 

demonstrated in plasma from long-term adapted large salmon (Paper I, Fig 6). 

 

There were several experimental differences, such as pre- and postprandial sampling 

methods, temperature, light regimes, fish size and adaptation time to feeding regimes in the 

three studies of pre- and postprandial plasma ghrelin patterns. When comparing with 

external studies of ghrelin in fish, there is also a variation in similar experimental factors 

and reports of contradictory results, as well as different ways of administering ghrelin 

treatments, sampling frequency and sample tissue. Based on this, it seems the lack of a 

consistent ghrelin correlation to meal times need not necessarily represent the long-term 

endocrine regulation of appetite. It is possible that ghrelin under stable long-term conditions 

produces a stronger feed anticipation and therefore more likely to stimulate growth due to 

the GH secretagogue effect. From a farming management perspective, this means that 

deviations to regular feeding times can alter this long-term appetite stimulation. It could also 

be that the contradictory ghrelin results reported from fish studies, in general, are caused by 

the variation in experimental conditions and sampling regimes, but also by species 

differences. 

 

It is clear that ghrelin is a sign of appetite in Atlantic salmon, as demonstrated by rapid 

plasma peaks before anticipated meals. It is also evident that a sufficient adaptation to 

feeding regime and a wide sampling range are essential to develop and detect an 

endogenous feeding rhythm that correlates ghrelin levels to feed anticipation and endocrine 

appetite regulation. Effects of fish size, high temperature and oxygen on ghrelin regulation 

in salmon remains to be elucidated. Light manipulation is a common farming practice in 

optimising fish growth and controlling maturation. Since light has a strong impact on 

circadian rhythms, this factor should not be ignored in future studies on ghrelin and 

endocrine appetite regulation. Reports from fish studies are also contradictory and indicate 

species specific responses of ghrelin. Further studies of ghrelin in Atlantic salmon are 

therefore critical to reach a better understanding of how ghrelin fits in the cues of appetite 

regulation in this species. 
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A growing number of ghrelin studies in humans and mammals keep revealing more 

functions of ghrelin related to behaviour, gut physiology, cardiovascular performance, 

circadian rhythms and glucose metabolism (Müller et al., 2015). It is therefore important to 

increase the knowledge on the multiple functions of ghrelin in fish species as well, since 

awareness of mechanisms interacting with appetite regulation also increases the 

understanding of how growth works in fish. 
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4.3 Low oxygen availability 

Decreasing oxygen has a limiting effect on the energy metabolism by directly suppressing 

aerobic energy synthesis (Brett, 1979) which leads to compromises of both welfare and 

growth of farmed fish. Low oxygen availability, or hypoxia, is most commonly found at 

warm water conditions, but naturally occurs at cooler temperatures as well (Chabot and 

Dutil, 1999). A range as wide as 60-100 % saturated oxygen is commonly reported for sea 

cages along the Norwegian coast and occasionally as low as 30-50%, which can be caused 

by periods of feeding and altered swimming densities in aquaculture (Johansson et al., 2006; 

Oppedal et al., 2011; Vigen, 2008). 

 

It is generally believed that depressed growth in fish, including salmon, is caused by a 

reduced feed intake related to low oxygen conditions (Brett, 1979; Buentello et al., 2000; 

Carter et al., 2008; Chabot and Claireaux, 2008; Foss et al., 2002; Pichavant et al., 2001; 

Thetmeyer et al., 1999; Tran-Duy et al., 2008). This thesis aimed at finding out whether 

other mechanisms for growth regulation in Atlantic salmon were altered under hypoxia. 

 

Low oxygen (LO) treatment resulted in a significantly lower feed intake and a depressed 

growth of large salmon held at 12°C and postsmolt at 17°C, compared to salmon held under 

normoxia (high oxygen, HO) (Paper II; Table 3, Paper III; Table 2). This is in line with 

several reported studies with fish (Bergheim et al., 2002; Buentello et al., 2000; Carter et al., 

2008; Dam and Pauly, 1995; Davis, 1975; Evans, 2007; Glencross, 2009; Mallekh and 

Lagardère, 2002; Pichavant et al., 2001; Saravanan et al., 2013b; Thetmeyer et al., 1999). 

 

A study with postsmolt clearly shows how growth and feed intake are strongly correlated to 

water oxygen saturation level ranging from 50 to 100 % (Bergheim et al., 2002) (Fig 4.1). 
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Figure 4.1. Feed utilisation (FCR) and growth (SGR) in postsmolt Atlantic salmon exposed to four levels of DO 
concentrations at 8-9°C sea water. FCR y= -0.0051x + 1.3881, R2= 0.7795. SGR y= 0.0052x + 0.0573, R2= 0.8819. 
Modified from Bergheim et al. (2002). 

 

 

To find out if other growth regulating mechanisms are affected under low oxygen, the effect 

from the feed intake needed to be separated from the low oxygen effect by applying a pair 

feeding technique (Paper II). This revealed that when large salmon were pair fed with the 

same amount of feed eaten by salmon groups under low oxygen, it resulted in a better 

growth when given under normoxic conditions (HO), at the same temperature (12°C) (Paper 

II, Table 3). This suggests that there must be other mechanisms as well as the reduced feed 

intake affecting growth regulation in salmon under low oxygen conditions. 

 

Significant effects from pair feeding were detected for high energy diet groups (HE), while 

low energy groups (LE) only showed the same tendency (p > 0.05). Effects of DE under 

hypoxia and high temperature will be discussed in the next chapter (4.4). 

 

The LO treatment at 12°C (Paper II) also resulted in increased plasma ghrelin levels 

compared to the HO groups across DE level at 4 h postprandially. This indicates that salmon 

appetite is not suppressed under low oxygen availability, but rather up-regulated (Paper II, 

Fig 2). From this, it is safe to say that DO can alter appetite signalling. However, it is not 
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possible to conclude whether this up-regulation under LO conditions is consistent 

postprandially or only valid for this specific single time point. This makes it an interesting 

result to follow up in future postprandial studies on salmon appetite under low dissolved 

oxygen conditions. 

 

Fish possess a range of adaptation mechanisms to maintain oxygen supply under hypoxic 

conditions including physiological (oxyregulating and oxyconforming), morphological and 

behavioral changes (Chapman and McKenzie, 2009). Analyses of blood were therefore 

conducted as an attempt to detect any adjustments in maintaining oxygen supply to the 

metabolism, i.e. oxyregulating mechanisms. 

 

After the four month treatment, the blood analyses reflected a disrupted homeostasis in large 

salmon treated with low oxygen compared to normoxic groups, all at the same temperature 

(12°C) (Paper II, Table 3). A clear oxyregulating adaptation was demonstrated by increased 

levels of blood haemoglobin in low oxygen treated salmon, which is one of the most 

common mechanisms for vertebrates to support a sufficient oxygen supply when available 

oxygen decreases (Nilsson and Randall, 2010). This was supported by a reduced pH, a 

documented reaction to an increased anaerobic metabolism in fish exposed to hypoxia 

(Nilsson and Randall, 2010), which reduces the bloods affinity to oxygen and releases more 

oxygen into the tissues (Jensen et al., 1998). An elevation in Cl- concentration indicated an 

osmotic imbalance from the low oxygen treatment. Since the blood responses were similar 

between pair-fed groups and fish fed to satiety under normoxia, the detected differences to 

low oxygen groups can be ascribed to water oxygen level rather than differences in feed 

intake. 

 

However, other oxyregulating mechanisms like increased mean cell volume (MCV), red 

blood cell count (RBC) or haematocrit (Hct) (Perry and Gilmour, 2010) were not 

significantly affected by low water oxygen conditions (Paper II, Table 3). The results 

confirm that salmon can oxyregulate, and apparently a few oxyregulating mechanisms were 

sufficient to maintain aerobic scope (AS, Fig 1.4) for salmon under the fluctuating oxygen 

treatment at 12°C. Whether this is due to the daily episodes of normoxia and full AS, or that 
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the DO drop down to 57-63% oxygen saturation represents a mild hypoxia for large Atlantic 

salmon at 12°C, requires further experiments to conclude on. If the low oxygen treatment 

was severe one would expect the AS to approach or go below critical oxygen levels (Pcrit, 

Fig 1.4) which shifts the metabolic balance from oxyregulating to oxyxonforming 

dependency, of which was not part of this study. However, the reduction in feed intake 

under hypoxia may be interpreted as a down-regulation of metabolic rate. This is explained 

by the fact that a reduced feed intake is perceived as consequence of the oxyconforming 

strategy to lower the need for oxygen and energy (Nilsson and Randall, 2010; Perry et al., 

2009). 

 

Although a small selection of blood parameters were analysed in the present study (Paper II, 

Table 3), they support that depressed growth under hypoxia is partly due to a combination 

of increased metabolic costs and a reduced feed intake, as shown by the pair feeding 

technique. 

 

Maximum growth of fish requires a high feed intake and a certain level of available oxygen. 

The oxygen level which allows for a maximum feed intake (DOmaxFI) has recently been 

described for salmon postsmolt in relation to a wide temperature range (Remen et al., 2016) 

(Fig 4.2). DOmaxFI was determined as the threshold DO below which feed intake started to 

decline. The work by Remen et al. (2016) showed clearly how oxygen requirement increase 

with increasing temperature, which is consistent with literature. Further, the DOmaxFI were as 

low as 42% up to 76% saturation for 11°C to 19°C, and feed intake started to decline below 

these break points. This is also in line with Remen et al. (2012), where DOmaxFI was found at 

70% saturation for postsmolt at 16°C. 
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Figure 4.2. The effect of temperature on the minimum DO required for maximal feed intake (DOmaxFI, % of air 
saturation, SE of estimate, dashed line) of Atlantic salmon postsmolt kept at different temperatures. DOmaxFI was 
determined as the threshold DO below which feed intake started to decline. The DFImax represents mean feed intake on 
days with DO levels higher than the DOmaxFI. DOmaxFI y= 2.8675T + 21.848, R2= 0.997. Solid lines indicate treatments 
in Paper II and III. Modified from Remen et al. (2016).  

 
 

When adding the experimental temperatures (12°C and 17°C) from the low oxygen trials 

into the equation in Fig 4.2 (Remen et al., 2016), the oxygen (DOmaxFI) is given as above 

approximately 55% (solid line, Paper II) and 70% (solid line, Paper III) to allow a 

maximum feed intake. The applied low oxygen treatment varied around 57-63% when 

oxygen was low at 12°C (Paper II, Fig 1), but was stable and close to 70% at 17°C (Paper 

III, Fig 1). As feed intake and growth were both reduced by the low oxygen treatments in 

these two studies, the results do not seem to correlate that well with the curve in Fig 4.2 

(Remen et al., 2016). This is just an indication, as a direct comparison of these studies is not 

possible due to differences in experimental factors, like fish size, temperature and oxygen 

regimes.  

 

An inconsistency with previous findings on DO needed to maximise growth in salmon 

(Bergheim et al., 2002; Bergheim et al., 2006; Hosfeld et al., 2008) is also mentioned by 

Remen et al. (2016). Several reasons can explain this inconsistency and possibly alter the 
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DOmaxFI model (Fig 4.2). Feed intake and oxygen consumption are also influenced by diet 

composition (like high or low protein or fat and fat source) (Saravanan et al., 2013c) and a 

dietary amino acid imbalance can increase the oxygen consumption (Saravanan et al., 

2013b), or feed quality in general. There is also a genetic variation in tolerance of Atlantic 

salmon to temperature and hypoxia (Anttila et al., 2013; Barnes et al., 2011). Under 

fluctuating hypoxia, salmon adjusted by eating more during the normoxic periods and daily 

feed intake and growth potential were thereby maximized (Remen et al., 2012). Even a 

salinity change is found to impact oxygen consumption in fish (Altinok and Grizzle, 2003). 

 

Fish size is a factor expected to have a significant effect on the DOmaxFI model (Fig 4.2) and 

is probably why the present results from the hypoxia trial at 12°C did not fit the model, 

which is based on postsmolt measurements (Remen et al., 2016). Larger fish differ from 

smaller specimens by having a lower temperature tolerance, lower metabolic rate, higher 

oxygen requirement and a lower oxygen consumption capacity due to a decreased gill 

surface area relative to body weight. The oxygen level allowing a maximum feed intake is 

therefore likely to be different for large fish than small, possibly higher. This is consistent 

for large salmon (> 1.7-1.9 kg) found to require 82% oxygen saturation to maximize growth 

at 15°C (Bergheim et al., 2006), and salmon (600-800 g) showing a significantly poorer 

growth and FCR even at 85% saturation compared to a 100% treatment at a cold 

temperature (8-9°C) (Bergheim et al., 2002). The result of these two studies with large 

salmon would both show a requirement above the DOmaxFI model (Fig 4.2) by Remen et al. 

(2016). In a study with barramundi, the effect of fish size was even stronger on oxygen 

consumption (mg O2 h
-1) than that from water temperature with small fish consuming less 

than larger individuals (Glencross and Felsing, 2006). 

 

In the study by Remen et al. (2016) it was also concluded that 16.3°C is an optimal 

temperature for growth of postsmolt. This is high compared to other studies on optimal 

temperature for growth of the same size (12.8-14°C) (Coutant, 1977; Elliott and Elliott, 

2010; Elliott and Hurley, 1997; Forseth et al., 2001; Handeland et al., 2008; Koskela et al., 

1997; Peterson and Martin-Robichaud, 1989), but also above the optimal range reported for 

adult salmon (13°C) (Hevrøy et al., 2013). However, the low oxygen study at 17°C was 
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conducted with postsmolt (Paper III), and these results do not correlate well with DOmaxFI 

model (Fig 4.2), as feed intake was significantly reduced at 70% compared to 100 % 

saturation. The study in Paper III was recognized by relatively high mortality, short 

adaptation time to experimental conditions and inconsistent endocrine results, indicating 

suboptimal experimental conditions. Also other studies with pre- and postsmolt deviate 

from the DOmaxFI model, but for unknown reasons. As any factor causing stress, such as low 

oxygen availability, high temperature or handling, creates increased metabolic costs, which 

is likely to alter the DOmaxFI found by Remen et al. (2016). 

 

When comparing performance by feed intake, SGR and FCR with the postsmolt trial at 

13°C and 19°C (Paper I) and other studies (Carter et al., 2008; Handeland et al., 2008; 

Remen et al., 2012), it seems the postsmolt behind the DOmaxFI model (Fig 4.2) is 

underperforming (Remen et al., 2016). For this kind of model to predict and plan good 

appetite, growth and welfare under changing temperature and oxygen, the data behind 

should represent high performing and healthy fish, which after all is the main goal of 

producing fish. Although the present low oxygen studies (Paper II and III) were not 

performed under the same experimental conditions or parameters as Remen et al. (2016), 

the simple comparison indicate that it is also possible to strengthen the DOmaxFI model by 

relating it to size of salmon. 

 

From the two studies on low oxygen availability it is clear that oxygen has a strong negative 

influence on feed intake and growth of Atlantic salmon at both optimal and sub optimally 

high temperatures (Paper II and III). Under low and fluctuating saturation levels, the ability 

of salmon to adjust to hypoxia was illustrated by changes in blood parameters facilitating 

oxygen uptake and supply (Paper II). Analyses of blood can therefore be useful indicators of 

metabolic status of Atlantic salmon under changing and suboptimal environmental 

conditions. 

 

Other mechanisms important to appetite and growth are also influenced by reduced oxygen 

availability, such as feeding, absorption and digestion of ingested nutrients. In terms of the 

nutrient utilisation, both protein and energy retention efficiencies were reduced under low 
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oxygen conditions compared to normoxic groups, but only at 12°C (Paper II, data not shown 

before). At 17°C, there was no significant effect from LO on retention efficiencies (Paper 

III, Table 2). This can be explained by accelerated metabolic rates at high temperatures, 

which means that the energy demand, i.e. oxygen is also increased. A metabolic restraint by 

high temperature would affect both oxygen treatments in Paper III, possibly overriding the 

effect from oxygen, hence the lack of significant effect from oxygen at 17°C on retention 

efficiencies. In hindsight, the study at 17°C lacked control treatments at an optimal 

temperature (Paper III), which would have made comparison of high temperature effects 

more correct, but the study at 12°C still serves as a suitable base to interpret the results from 

17°C. 

 

Absorption and digestion of food is oxygen demanding, which is demonstrated by an 

increased oxygen consumption postprandially in Tilapia (Saravanan et al., 2013c). Oxygen 

consumption was not recorded in any studies in this thesis, but indirectly an increased 

postprandial oxygen use is reflected in the oxygen profiles of tank water from the hypoxia 

study at 12°C (Paper II, Fig 1). More knowledge on the mechanisms of pre- and 

postprandial oxygen requirement could increase the understanding of growth regulation and 

is an interesting topic for future studies. This might be of extra value to the growing 

business of salmon smolt production in recirculation aquaculture systems (RAS), as 

oxygenation could be adjusted according to feeding operations. Postprandial oxygen 

requirement is also an interesting area for possible diet effects, as raw materials differ in 

degree of digestibility which is likely to impact the metabolic energy budget. 

 

Another important factor to growth regulation in farmed salmon, is exposure to natural 

temperature fluctuations, which cannot be avoided by any easy practical means. Present 

high temperature studies (Paper I and III) were short (about 30 days), while in a farming 

situation this can last for months and at different layers of the water column. How long-term 

temperature fluctuations above optimal temperatures affect feed utilisation and growth, and 

if that can be influenced by dietary factors, are interesting questions for new research and 

future salmon farming. 

 



62 

 

In a farming situation, the present findings mean that large salmon are especially vulnerable 

to hypoxia and that even small drops from 100% saturation may have detrimental effects on 

welfare and productivity. Adding oxygen to sea cages with salmon under hypoxic periods 

has proven positive both on a performance and economic perspective (Bergheim et al., 

2006) and could be a solution to prevent hypoxia. The current plans in Norway of changing 

the traditional open sea cage farming into enclosed farming units in the sea (Aale 

Hægermark, 2013; Kvamme, 2016; Nodland, 2016), is possibly even more promising in 

terms of maintaining stable oxygen levels as close as possible to 100% saturation. 
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4.4 Can dietary factors impact performance under hypoxia and 
high temperature? 

Farmed salmon have few possibilities to avoid unfavourable environmental conditions other 

than migrating within the water column of a cage. Efforts to impact the environmental 

factors defining water quality in open sea cages are also restricted. One way to make an 

impact and possibly support welfare and growth of fish under challenging environmental 

conditions is through feed and feeding changes. The diet provides fish with essential 

nutrients, but also energy by combustion of ingested nutrients. 

 

Low water oxygen is related with higher energetic costs than under unlimited oxygen 

availability (Brett, 1979). The energy requirement needed for maximum feed intake and 

growth is compromised (reduced aerobic scope, Pörtner and Knust (2007)) and the 

metabolism must make adaptations and reallocate energy expenditure to maintain vital 

functions. Since oxygen availability regulates energy metabolism and the metabolic rate is 

controlled by temperature, it was relevant to look at how energy from ingested feed can 

affect growth regulatory mechanisms under suboptimal low oxygen and high temperature 

conditions. 

 

Experimental diets were made to differ in digestible energy (DE) by varying oil and starch 

inclusions, while protein levels were kept similar (iso-nitrogenous). Two different sets of 

diets with high and low DE (HE and LE) were fed to large salmon at 12°C (Paper II, Table 

2) and to postsmolt at 17°C (Paper III, Table 1). Energy from fat was chosen because of its 

higher energy yield and lower oxygen requirement in metabolisation compared to protein 

and carbohydrates. The idea behind the present dietary study was to find out if salmon 

metabolism can be impacted by dietary energy under challenging metabolic conditions. 

 

Feeding HE diets resulted in a significantly improved feed utilisation at both at 12°C and 

17°C (Paper II and III), which was reflected in lower FCR and increased energy retention 

efficiencies (Fig 4.3 a and b).  
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a) 

 
 
b) 

 
Figure 4.3. Effect of dietary energy (high; HE and low; LE) on FCR (a) and energy retention efficiency % (b) in 
Atlantic salmon at 12°C and 17°C (Paper II and III). The symbol * and ** indicate significant differences (p < 0.05) 
between two dietary treatments (HE vs LE). 
 

 

Postsmolt at 17°C also had an increased growth performance from feeding HE diets (Paper 

III, Table 2), consistent with previous studies on increased feed utilisation in salmon by 

feeding high fat diets (Bendiksen et al., 2003; Hevrøy et al., 2012). Both the LE diet and 
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low oxygen treatment resulted in lower growth of postsmolt at 17°C (Paper III, Table 2) 

(LO effects discussed in Chapter 4.3). 

 

Effect of DE level on growth was limited for large salmon at 12°C with no significant effect 

on SGR (Paper II, Table 3), but an increased GH1 receptor activity in HE diet groups (Paper 

II, Fig 3a and 4), whereas no DE effects were found for IGF-1 (plasma and mRNA) (Paper 

II; Fig 3b). GH1 and IGF-1 both bind to specific binding proteins (GHBP and IGFBP) to 

make them available for their receptors, and a better understanding of the regulating roles of 

BPs and receptors could have helped explain the inconsistencies in present endocrine 

responses. 

 

High energy diets have become standard practice in salmon farming due to the recognised 

benefits linked to dietary fat such as stimulation of feed intake, growth, feed utilisation, and 

the sparing effect on dietary proteins. DE levels in commercial diets are commonly in the 

range of 21-23 MJ kg-1 in diets for large salmon (>500 g) and 18-20 MJ kg-1 for postsmolt 

(100-300 g) (pers. comm. Sissel Tjøstheim Susort, Global Product Manager, Skretting). In 

comparison, present experimental diets named HE were at 21.1 MJ kg-1 (large salmon) and 

20.0 MJ kg-1 (postsmolt), of which both were about 2 MJ kg-1 higher than the LE diet. It is 

possible that the indistinct effects from HE diet found in the present studies (Paper II and 

III) would have been different by having a higher HE level and a bigger DE difference 

between HE and LE diets. This is maybe why feeding HE vs LE diets did not produce any 

differences in growth, feed intake or nutrient utilisation under low oxygen conditions at 

either temperature. Energy requirement is also size dependent, and so ideally the studies 

should be with similar fish size for better interpretation of results. The pre- and postprandial 

analyses in Paper I also point at including more sampling points to detect treatment effects 

on endocrine growth signals. 

 

Feed intake has also been linked to limitation in oxygen consumption, regardless of water 

oxygen availability in studies with tilapia and rainbow trout (Saravanan et al., 2013a; 

Saravanan et al., 2012). The dietary oxygen demand (DOD, mg O2 kg-1 or kJ feed) varies 

with nutrient composition of the diet where a high energy diet derived from fat gives a 
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reduced DOD. Studies with tilapia and rainbow trout showed that increased dietary oxygen 

consumption limited the DE intake and the use of fat as source of energy increased growth 

significantly (Saravanan et al., 2013a; Saravanan et al., 2012). This means when oxygen is 

limited (under hypoxia) a high DOD will have a greater negative impact on feed intake and 

metabolism than under high oxygen availability. 

 

It is well known that nutrient imbalanced diets limit appetite and growth performance at 

normoxia, but less is known about the impact of nutrient composition in fish under hypoxia. 

By feeding diets low in essential amino acids to rainbow trout, the feed intake was 

significantly reduced under both hypoxic and normoxic conditions compared with a 

balanced diet, and the difference was largest under normoxia (Saravanan et al., 2013b). Not 

only did an amino acid imbalanced diet require more oxygen per digestible protein 

compared to a balanced diet, but trout also consumed more oxygen per digestible protein 

when fed the imbalanced diet under hypoxia compared to normoxia (Saravanan et al., 

2013b). The impact from nutrient composition on DOD and feed intake underlines the 

importance of formulating diets according to the specific nutrient requirement of a species 

and size. As energy metabolism and feed intake is affected by both DOD and oxygen 

availability, it also suggests a need to redefine well established nutritional criteria in relation 

to critical environmental conditions. 

 

The present findings (Paper II and III) are also in support of using dietary energy from fat 

when the energy metabolism is challenged by hypoxia across temperatures. However, exact 

requirement for dietary DE at varying level of oxygen and temperature for salmon still 

remains to be elucidated. The thesis by Saravanan (2013) indicate that feed intake is not all 

about digestible energy, but also how much oxygen is required to make use of the energy; 

the DOD. This area of possible dietary impact makes it interesting to investigate further in 

farmed salmon, as DOD could be a critical factor for feed intake under low oxygen 

conditions. 

 

Another dietary factor of potential interest for the salmon energy metabolism under 

challenging conditions, is type of raw materials and their combinations. Raw materials are 
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commonly combined at various inclusion levels to meet nutritional requirement of 

digestible protein and energy, essential amino acids and fatty acids, and at a certain 

production cost. Oils and protein meals are derived from a wide range of fish and land 

animal species and from a variety of plant origins, which generally differ in essential fatty 

acid and amino acids profiles. These differences require different metabolic costs to 

metabolise for growth and energy. So even though essential nutrient requirement is met, the 

DOD will depend on the raw material combination as this varies the balance between 

essential and non-essential nutrients. Future studies on this topic should consider DOD in 

diet formulation and find out how this could possibly affect feed intake and growth 

regulation in salmon under environmentally challenging conditions. 

 

Stress responses and diseases are also physiologically challenging for the energy 

metabolism and several nutrients are recognized as having an impact the immune system in 

fish (Pohlenz and Gatlin, 2014). This makes it relevant to look into how DE and DOD 

possibly could affect survival and growth regulation in fish with a poor health condition, 

like recovering from infectious diseases. 

 

Although the detected effects from feeding HE diets on salmon performance were limited to 

stimulation of growth regulation and feed utilisation (Paper II and III), it shows that dietary 

energy has a potential to alter salmon metabolism under limiting oxygen conditions across 

temperatures. However, the role of DE in salmon growth regulation still needs to be further 

described and should be followed up with a systematic approach over a wide range of 

temperatures and oxygen levels in relation to fish size and oxygen consumption. Fish size is 

an important factor to consider due to the differences in protein and fat deposition between 

small and large salmon, with a relative higher protein than fat growth in small fish 

compared to large salmon (Shearer et al., 1994). Fish of different size can also differ in 

energy status (fat storage), which can impact short- and long-term feed intake regulation. 

This needs to be clarified in future studies on digestible energy source (protein, fat or starch) 

and feed intake regulation. 
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5. Conclusions 

The current PhD work demonstrates how changes in temperature, water oxygen and dietary 

energy concentration can impact appetite and growth regulation in sea water adapted 

Atlantic salmon. 

 

The following conclusions can be drawn from the experimental results of this thesis: 

 

Ghrelin: a “hunger hormone” also in Atlantic salmon 

Ghrelin signals feed anticipation in salmon, consistent with mammalian findings. 

• Plasma ghrelin concentration showed clear preprandial peaks in large salmon, after 

long term feeding, adapted at 12°C. 

• A sufficient adaptation to feeding regime and a wide sampling range are essential to 

develop and detect an endogenous feeding rhythm that correlates ghrelin levels to 

feed anticipation and endocrine appetite regulation in salmon.  

 

Pre- and postprandial nutrient dynamics and growth regulation 

A high water temperature represents a clear diminished growth potential for salmon, and 

was reflected in both FAA and endocrine growth dynamics. 

 

Reduced aerobic scope under LO conditions 

Growth depression in salmon following low oxygen conditions appears to be a combined 

effect of limited growth regulation and increased metabolic costs, and not just by a lower 

feed intake, as often assumed. 

• Atlantic salmon can adapt, to a certain extent, to long term low oxygen availability 

by various oxyregulating mechanisms. 

• Increased metabolic costs under LO, i.e. limitation in aerobic scope, was also 

indicated by impairment of functions important for growth, such as reduced SGR and 

feed intake, at both 12°C and 17°C compared to HO groups. 
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• Endocrine analyses showed alterations in ghrelin and GH-IGF factors by high 

temperature and low oxygen availability. 

 

High energy diets 

High digestible energy diets can support growth regulation, feed utilisation and the energy 

metabolism when fed to salmon under hypoxia and high temperature. 

• Salmon fed HE diets had increased SGR and feed utilisation at 12°C and 17°C, and 

increased GH1 receptor activity at 12°C, regardless of DO level. 

• DE concentration also caused alterations in survival, oxyregulation and 

osmoregulation under LO and high temperature. 
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6. Future perspectives 

Feed anticipation by way of preprandial plasma ghrelin peaks represents baseline 

knowledge for salmon appetite regulation. A high feed intake is critical for maximising 

growth, and studies should continue focusing on ghrelin signalling and interactions with 

high temperature and hypoxia. Present ghrelin peaks were detected after long-term 

adaptation to feeding regimes and experimental conditions. This indicates that adaptation is 

important for developing an endogenous feeding rhythm that reflects appetite signalling in 

salmon. Adaptation time to feeding regime should therefore be part of future studies on 

ghrelin as an appetite stimulant in fish.  

 

Little data exist relating environment to endocrine growth regulation in salmon, and this 

thesis studied selected key factors belonging to the GH-IGF system. A wider approach, i.e. 

including factors taking part in each of the endocrine steps, leading to growth stimulation, 

such as binding proteins, receptor activity and ghrelin, could identify interesting knowledge 

gaps.  

 

Present investigations indicate size and species specific effects on endocrine appetite and 

growth factors, and should be stressed in future studies. 

 

The results show that dietary energy concentration can make an impact on appetite and 

growth regulating factors, including energy metabolism. Raw materials and combinations of 

these do not just provide digestible energy, but making use of the energy requires oxygen. 

This indicates potential diet effects on aerobic scope by looking into specific raw materials 

and how they impact the metabolic energy budget. 

 

New studies of DE effects on feed intake regulation should also investigate differences in 

fish size and short- and long-term effects, due to the difference in protein and fat deposition 

in small vs. large fish, and impact of nutrient status. 
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Atlantic salmon farmed in seacage facilities are exposed to changing environmental conditions. While growth
decline under lowerwater temperatures are reasonablywell understood, themechanisms behind production de-
cline under high water temperatures are yet to be well elucidated and have been hampered by a lack of data de-
scribing pre- and postprandial patterns of endocrine fluctuation. The present research therefore aims to
determine whether peak nutrient flux into the blood plasma is the most appropriate time point to investigate
the endocrine regulation of growth and appetite under conditions of normal and high temperature, and to inves-
tigate the interrelationship between appetite and growth on a pre- and post-prandial time scale. Two experi-
ments are presented which examine ghrelin (GHRL) as an indicator of appetite stimulation, the GH–IGF
(growth hormone–insulin-like growth factor) system to describe growth-regulating processes and free amino
acids (FAA) to indicate postprandial nutrient influx and link appetite and anabolic processes. Postprandial sam-
pling of plasma andwhitemuscle tissue from short-term adapted postsmolt was conducted at 13 °C and 19 °C at
4, 8, 12, 16, 20 and 24 hours (h). The same samples were taken from long-term adapted big salmon at 12 °C,−4,
−2,−1, 0 h pre-prandially and 2, 3, 4 and 6 h post-prandially.While limited relationship between plasma ghrel-
in concentration andmeal timeswas found for short term adapted postsmolt, clear ghrelin peaks were described
for long term adapted salmonprior to the timing of anticipatedmeals. Possible explanations and consequences to
experimental design in this area will be discussed. Postprandial FAA in plasma and whitemuscle from postsmolt
was reduced at 19 °C compared to 13 °C and plasma levels peaked 8 h post-prandially. Muscle Igf1mRNA expres-
sion levels were consistently higher at 13 °C than 19 °C, with no clear postprandial patters. In contrast, plasma
IGF-1 concentration was relatively constant over time at 12 °C and 13 °C, but significantly declined from 20 h
postprandially at 19 °C. GH receptor (ghr1) mRNA expression inmuscle was unaffected by temperature, peaking
4 h post-prandially at both temperatures. This paper describes growth and appetite-regulating processes under
conditions of normal and elevated temperature for Atlantic salmon, which is fundamental to our understanding
of growth limitations inherent to high water temperature situations.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Temperature and feed intake are the most prominent determinants
of fish growth (Brett, 1979) making these two factors central to our un-
derstanding of growth-regulating processes. Most fish are poikilother-
mic ectotherms, with physiology particularly subject to changes in
water temperature. Appetite increases with temperature to a thermal
optimum, above which little data exists relating to factors controlling

appetite and growth depression. Developments relating to appetite,
feed intake, digestive processes and nutrient absorption kinetics are
likely to provide important baseline information for strategies to cope
with higher summer temperatures in commercial salmon aquaculture.
While diurnal temperature fluctuation exists, it is common that com-
mercial salmon farming sites experience periods of several weeks to
months where water temperature exceeds 18 °C (Attard et al., 2012),
which is well above generally accepted thermal optima for growth
(Handeland et al., 2008; Hevrøy et al., 2012; Koskela et al., 1997;
Kullgren et al., 2013; Peterson and Martin-Robichaud, 1989). Reduced
production due to high water temperatures is expected to become an
increasingly relevant problem due to climate change and concomitant
seawater temperature elevation. Climate models for 2020 to 2099 pre-
dict an average increase of 0.5 to 3.5 °C in the Southern Hemisphere
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waters and 0.5 to 7.5 °C in the Northern Hemisphere waters (Solomon
et al., 2007). Understanding the implications of elevated temperatures
is expected to have increasing relevance to both cultured andwild pop-
ulations of fish globally. When determining the effects of suboptimal
conditions on growth physiology it can be instructive to use endocrine
signals to separate growth, appetite and nutrient circulation signals to
identify the root causes of declining growth.

Growth is regulated by a range of hormones, with those receiving
themost attention belonging to the GH–IGF system; specifically growth
hormone (GH1) and insulin like growth factor-I (IGF-1) (Oksbjerg et al.,
2004; Reinecke, 2006; Wood et al., 2005). GH1 is released from the
anterior pituitary, depending on stimulatory or inhibitory signals from
the hypothalamus (the hypothalamus–pituitary axis). The signals
from the hypothalamus are influenced by endogenous cues, such as nu-
tritional state and humoral factors, and exogenous cues, such as temper-
ature and photoperiod (Björnsson et al., 2002; Canosa et al., 2007).
Under anabolic conditions GH1 is released into the circulatory system
and stimulates the synthesis and secretion of IGF-1 from a range of
tissues.

Growth and appetite are integrally linked, with appetite providing
stimulus to eat and thereby the nutrients required for growth. The pep-
tide hormone ghrelin (GHRL) has received the most recent attention in
fish studies as the main hormone responsible for immediate appetite
stimulation (Frøiland et al., 2010; Hevrøy et al., 2012; Jönsson, 2013;
Matsuda et al., 2006a, 2006b; Miura et al., 2006, 2007; Riley et al.,
2005; Unniappan and Peter, 2005) and has a well-documented role in
energy balance and promoting appetite for both fish and higher verte-
brates (Choi et al., 2003; Cummings et al., 2001). In addition, GHRL
can stimulate GH1 release directly (Inui et al., 2004), and is therefore
suitable to study the interaction between appetite and growth regula-
tion (Kaiya et al., 2009). Circulating GHRL concentration and ghrl
mRNA expression are increased during fasting (Inui, 2001; Inui et al.,
2004) in order to stimulate feed intake.

Post-digestive absorption of amino acids is thought to promote sati-
ety and stimulate a number of growth promoting processes, including
the IGF-1 response (Mommsen, 2001; Planas et al., 2000). Postprandial
free amino acid levels (FAA) indicate substrate availability for muscle
growth and provide a link between feed intake and anabolic processes.
Several investigations have studied postprandial concentrations of FAA
in plasma and tissues of Atlantic cod (Gadus morhua) (Lyndon et al.,
1993), koi carp (Cyprinus carpio) (Kwasek et al., 2010; Ogata, 1986),
rainbow trout (Salmo gairdneri R., Oncorhynchus mykiss) (Barrows
et al., 2007; Carter et al., 1995; Kaushik and Luquet, 1979; Larsen
et al., 2012; Schlisio and Nicolai, 1978; Yamada et al., 1981;
Yamamoto et al., 2005) and Atlantic salmon (Carter et al., 2000; Espe
et al., 1993; Mente et al., 2003; Sunde et al., 2003) however data are
lacking relating amino acidflux to elevated environmental temperature.

Atlantic salmon seem to have higher temperature optima for early
stages, with ranges of 15.6–20 °C reported for parr (typically 20–100 g),
compared to 12.8–14 °C for postsmolt (typically 50–200 g) (Handeland
et al., 2008; Koskela et al., 1997; Peterson and Martin-Robichaud, 1989).
Large Atlantic salmon (1.6–2.9 kg) seem to grow optimally at 13 °C,
with reduced growth after 45 days exposure to 15 °C, 17 °C and 19 °C
(Hevrøy et al., 2013). Long termstudies havebeen conducted at high tem-
peratures up to 19 °C using large Atlantic salmon (2.2 kg) and postsmolt
(175 g) (Hevrøy et al., 2012; Kullgren et al., 2013). These studies de-
scribed, amongst other factors, reduced feed intake, somatic growth per-
formance, feed utilisation and energy stores in fish at 19 °C and 18 °C,
compared tofish at 14 °C and 12 °C, respectively. In large salmon these re-
sponses could be linked to lower plasma GHRL and reduced energy status
in fish groups at 19 °C compared to 14 °C (Hevrøy et al., 2012). Smaller
salmon (175 g) at 18 °C did not showdifferences in plasmaGHRL concen-
tration in relation to temperature, but a higher plasma concentration of
leptin, a hormone known to inhibit food intake (Kullgren et al., 2013).
While Hevrøy et al. (2013) did not find differences in circulating plasma
IGF-1 concentration, they described profound local down-regulation of

muscle igf1mRNA expression at elevated temperatures (15–19 °C) com-
pared to 13 °C.

Common to the vast majority of work in this area is that sampling is
done either at an undefined period or at a single, fixed sampling point
after a feeding point. This approach assumes that either the endocrine
or metabolite factors under investigation are unaffected by the meal
time, or that the time point chosen yields the most informative data.
The present study is designed to determine whether peak nutrient
flux into the blood plasma is the most appropriate time point to inves-
tigate the endocrine regulation of growth and appetite under optimal
and adverse environmental conditions, and to investigate the interrela-
tionship between appetite and growth on a pre- and post-prandial time
scale.

2. Materials and methods

Two experiments are presented in this paper; a postprandial study
with short-term meal adapted postsmolt conducted at both normal
(13 °C) and elevated temperatures (19 °C) and pre- andpostprandial in-
vestigations with long-term meal adapted large salmon at 12 °C. The
former of these studies was designed to evaluate differences in growth
and appetite-related endocrinology under conditions of normal and el-
evated seawater temperatures in relation tomeal timing and circulating
amino acid levels after feeding. The latter experiment was optimised
based on the former to better capture ghrelin dynamics before and
after feeding periods, while also reporting on growth endocrinology in
relation to meal time and circulating amino acid levels.

2.1. Experimental design (postsmolt 13 °C and 19 °C)

This study was conducted at Matre Havbruksstasjon (Institute of
Marine Research) in Matredal, Norway. Atlantic salmon postsmolt
(0+, AquaGen strain) with initial body weights (BW) of 101 ± 2.1 g
(SE) were adapted to 13 °C for 3 weeks in 8 tanks (1 m3) each contain-
ing 80 fish. The temperature was then increased by 1 °C/day in four of
the eight tanks up to a desired temperature of 19 °C (days 1 to 6). Tem-
perature profiles were then kept at 13 °C and 19 °C for four tanks each
for the remaining experimental time (days 7 to 35). The salinity of the
sea water was 28–30 g/l and oxygenated water was supplied to main-
tain tank water close to 100% saturation (8.8–8.9 mg/l at 13 °C and
7.8–7.9mg/l at 19 °C). Thefishwere reared under an18/6 h light regime
(daylight period 05:00–23:00). Final mean body weight (BW) for all
fish groups was 196.0 ± 1.5 g (SE) with no difference between groups.

A commercial diet (Optiline) produced by Skretting (Stavanger,
Norway; 51% protein, 28% fat and 5% moisture, 4 mm pellets) was
provided to fish in three daily meals at 08.15–10.00, 11.30–12.30 and
14.00–15.00 h by way of automatic feeders and to excess of satiation.
Only the first meal was given on the 35th day and the ration was in-
creased by 50% to increase the likelihood of all fish consuming feed
prior to sampling. Daily feedwastewas collected from all tanks. Estima-
tions of daily feed intake were then calculated by subtracting the dried
weight of feed waste from the weight of feed offered.

2.2. Sampling (postsmolt 13 °C and 19 °C)

Fish groups were individually weighed at days 1, 15 and 35. A post-
prandial sampling was conducted on the 35th day, starting 4 h after the
morning meal was initiated. This was repeated every 4th hour, up to
24 h, giving a total of 6 sampling points. At each sampling point three
fish were sampled from each tank, totalling twelve fish from each tem-
perature. Sampled fishwere anaesthetized by placing them in a solution
of tricaine methanesulfonate (70 mg/l) in sea water until fish were se-
dated. Weight and length were then registered before samples of
blood and white muscle tissue were taken. Samples were only taken
from fish that were determined to have consumed feed in the previous
meal after examination of gut contents.
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Blood samples were taken from the caudal vein from 3 fish per tank
with syringes and transferred to 1.8 ml microcentrifuge tubes each con-
taining 5 μl heparin (5 IU/μl), and then centrifuged at 1250g for 10 min
before plasmawas aspirated.Whitemuscle tissuewas excised fromme-
dial cutlets of 3 fish per tank for free amino acid analysis (approximately
6 cm3) and 2 fish per tank for RNA extraction and analysis (approxi-
mately 1 cm3) and immediately flash-frozen in liquid nitrogen. All sam-
ples were stored at−80 °C prior to further analyses.

2.3. Experimental design (market sized salmon 12 °C)

A second studywas conducted at Lerang Research Station (Skretting
ARC) in Forsand, Norway with long-term adapted Atlantic salmon
(Salmobreed strain). The fish group was reared in six experimental
tanks (approximately 7000 l) at the same temperature (12 °C) and feed-
ing regime for 134 days. Thefish had amean initial BWof 1.71±0.16 kg
and a mean BW on the day of sampling of 3.68 ± 0.19 kg (SE). The sa-
linity of the sea water was 33–34 g/l and average oxygen saturation
was at 110% (9.7 mg/l).

Optiline (Skretting, Stavanger, Norway; 37.0% fat, 36.1% protein and
5.7%moisture, 9mmpellets)was offered tofish in all tanks in twomeals
each day using automatic feeders. Feeding was done to excess of satia-
tion, with approximately 70% of the daily ration in the first meal
(07.30–09.30 h) and 30% in the second meal (12.00–14.00 h). Feed
waste collection and daily feed intake estimations were conducted
following the same principles as in the other study.

2.4. Sampling (market sized salmon 12 °C)

The tanks were divided into two groups of three tanks; one for pre-
prandial and another for postprandial sampling. This ensured that the
fish sampled post-prandially were not disturbed by the preprandial
sampling and therefore had normal feeding behaviour.

Preprandial sampling of 3 fish per tank was conducted at−4 hours
(h),−2 h,−1 h and 0 h before the start of thefirst dailymeal, whichwas
given from0–2 h, while postprandial sampling of 3 fish per tankwas con-
ducted 2 h, 3 h, 4 h and 6h after themealwas initiated. Fishwere partially
anaesthetised by applying isoeugenol (AQUI-S) (8 ml/1000 l water) into
the tanks before transferring threefish individually to a second anaesthet-
ic container (70 mg tricaine methanesulfonate/l water). Registration of
BW and length were done when fish were sedated and samples were
only taken from fish that were determined to have consumed feed in
the previous meal after examination of gut contents.

Blood samples were taken from the caudal vein from 3 fish per tank
with heparinized 4 ml vacutainers (lithium heparin 60 USP) and then
centrifuged at 3600g for 7 min at 4 °C before plasma was aspirated.
White muscle tissue for RNA extraction and free amino acids were cut
out in the same way as in the other study. All samples were stored at
−80 °C prior to further analysis.

2.5. Analytical methods

Protein in feedwas estimated fromKjeldahlNitrogen (N*6.25, NMKL
method no. 6, 4th Ed. 2003), fat by Nuclear Magnetic Resonance (NMR)
on aQuickFat analyser (Anvendt Teknologi AS) and drymatter by gravi-
metric determination after drying (102–105 °C for 16–18 h, NMKL
method No.23, 3rd ed. 1991).

The level of amino acids in feed was analysed photometrically after
separation by ionic exchange chromatography and reactionwith ninhy-
drin reagent and sodium citrate eluent (EU method, COMMISSION DI-
RECTIVE 98/64/EC). Free amino acids in plasma and white muscle
tissue were also analysed photometrically after separation by ionic ex-
change chromatography and reactionwith a ninhydrin reagent and lith-
ium eluents (Biochrom method AAAFAQ8). The analysis was done on
pooled samples from 3 fish taken from the same tank at each sampling
time.

Plasma concentrations of IGF-1 and GHRL were measured by
using fluoroimmunoassay and radioimmunoassay (RIA), respective-
ly using the methods of Hevrøy (Hevrøy et al., 2013, 2012). For IGF-1
in plasma a dissociation-enhanced lanthanide fluorescence immu-
noassay (DELFIA) method using Europium (Eu)-labelled IGF-1 tracer
(15.9 ng/ml; 1244–302; Perkin Elmer), rabbit anti-barramundi IGF-1
polyclonal antiserum (diluted 1:2072; GroPep, Australia) and re-
combinant salmon IGF-1 (GroPep, Australia) were used (Hevrøy
et al., 2013). GHRL levels in salmon plasma were measured with a
heterologous assay using a 125I-radioimmunoassay kit for human
ghrelin specific for biologically active (octanoylated) ghrelin (Linco
Research Inc., St. Charles, Missouri) validated for use in Atlantic
salmon (Hevrøy et al., 2011). IGF-1 and GHRL analyses were con-
ducted on 3 samples taken from the same tank at each sampling
time in the postprandial study, while 2 samples per tank at all sam-
pling points, except 6 h after the meal, were analysed in the pre-
and postprandial study.

RNA extraction and real-time RT-qPCR (reverse transcription quan-
titative polymerase chain reaction) were used to measure transcription
of the proteins for ghr and igf1 in white muscle tissue by analysing 2
samples taken from the same tank at each time sampling.

Total RNA was extracted using Trizol reagent according to the
manufacturer's recommendation (Invitrogen, USA). In order to elim-
inate genomic DNA, the total RNA sample was subjected to DNase
treatment (DNeasy, Ambion), using the manufacturer's protocol.
Quantity and quality of RNA were assessed with NanoDrop® ND-
1000 UV–vis spectrophotometer (NanoDrop Technologies,Wilming-
ton, DE, USA) and an Agilent 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA, USA), where a 260/280 nm absorbance ratio of 1.8–2.0
indicates a pure RNA sample. To evaluate the RNA integrity the 6000
Nano LabChip® kit (Agilent Technologies, Palo Alto, CA, USA) was
used, with average RNA integrity numbers (RIN) of 9.5 (SD ± 0.1)
muscle tissue.

PCR primers for the target genes ghr1 and igf1 were designed with
Primer Express software and Biosoft software, as previously described
(Hevrøy et al., 2012). β-actin (actb), eukaryotic translation elongation
factor 1αβ (ef1ab) (Hevrøy et al., 2013) and ribosomal protein L13
(rpl13) (Olsvik et al., 2013) were used as reference genes.

Reverse transcription (RT) was performed using a modified
Multiscribe reverse transcription protocol (GeneAmp PCR 9700, Ap-
plied Biosystems, AB), as previously described (Hevrøy et al., 2005).
White muscle samples from postsmolt were analysed in triplicate
with a total RNA input of 500 ng ± 5% on 96-well plates for the RT
and real-time PCR, while white muscles from big salmon were
analysed in duplicate. Real-time PCR amplification and analysis
were performed using a LightCycler 480 Real-time PCR system
(Roche Applied Science, Basel, Switzerland). The real-time PCR
SYBR Green Master Mix (LightCycler 480 SYBR Green master mix
kit, Roche) contained FastStart DNA polymerase and gene-specific
primers at a final concentration of 500 nM. Twomicroliters of diluted
cDNA from each well were transferred to a new plate and 8 μl real-
time master mixes were added. PCR was achieved with a 5 min acti-
vation and denaturizing step at 95 °C followed by 45 cycles of a 10 s
denaturizing step at 95 °C, a 20 s annealing step at 60 °C and 30 s syn-
thesis step at 72 °C. The efficiency of real-time PCR was monitored
using two-fold dilution curves of total RNA using 5 points (range,
1000 to 31 ng/μl). Target gene mean normalised expression (MNE)
was determined using a normalisation factor calculated with the
geNorm software (Vandesompele et al., 2002).

2.6. Calculations

The following calculations were applied:

Specific growth rate; SGR; % : ln final BW− ln Initial BWð Þ=days� 100
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BW is body weights (g) and days are number of feeding days from
initial to final weighing.

Feed conversation ratio; FCR : Feed eaten; g=weight gain; g

Condition factor : BW; g=Fork length; cm3
� �

� 100:

2.7. Statistics

All data are presented as mean values ± standard error of the mean
(SEM) unless otherwise described. Tanks are used as experimental
units. Statistical analyses were conducted using Unistat 6.0 (Unistat
Ltd.) and significant differences were accepted at P values b 0.05. Data
from the same time point, but from different temperature treatments
were subjected to an unpaired t-testwhile all other datawere subjected
to analysis of variance (ANOVA). The post hoc test Tukey-HSD was
applied if any significant differences were detected by ANOVA.

Results from the study at 12 °C were statistically treated as two sets
of data; preprandial and postprandial, as these consisted of differentfish
tanks. A dotted line is applied in figures to interpolate between pre- and
postprandial data sets.

3. Results

3.1. Postsmolt (13 °C and 19 °C)

BWat the intermediate samplingpoint (day 15)was 140.8±1.6 g at
13 °C and 148.3 ± 2.8 g at 19 °C, while final BW after 35 days was
195.0 ± 1.6 g and 197.0 ± 2.8 g. SGR was not significantly different be-
tween temperature treatments (1.81± 0.12% at 13 °C and 1.92± 0.14%
at 19 °C, P N 0.05) in the first period (15 days), but was significantly
lower in the second period (20 days) for the 19 °C treatment compared
to 13 °C (1.78 ± 0.07% and 2.04 ± 0.06%; P b 0.05). Mortality was close
to zero with only a single fish dying in the 19 °C group.

There were no significant differences in mean feed intake or FCR
which ranged from 57 to 73 g per day and 0.66 to 0.79 in the two tem-
perature groups (P N 0.05). For fish reared at 19 °C, GHRL peaked at 8 h
post-prandially (P b 0.05; Fig. 1), while plasma GHRL concentrations
from the 13 °C treatment groupwere stable throughout the day follow-
ing feeding (P N 0.05). Despite these differences there were no statisti-
cally significant differences in plasma ghrelin concentration between
the two temperature treatments at any particular time point.

Mean total FAA concentration was consistently lower at 19 °C than
at 13 °C for both plasma and white muscle tissue throughout the 24 h
sampling period, although this difference only reached statistical

significance at 12 h and 24 h for plasma and 8 h, 12 h, 16 h and 20 h
for white muscle (Fig. 2a and b; P b 0.05).

Plasma total FAA concentration (Fig. 2a) peaked 4 to 8 h after the
meal at both temperatures, followed by a significant decline to the
12 h sampling point (P b 0.05). Plasma FAA values continued to decline
over the next 12 h, with the 24 h sampling point giving significantly
lower values than 12 h at both temperatures (P b 0.05). The correspond-
ing values in white muscle tissue (Fig. 2b) were relatively stable over
time with no significant differences between sampling points at either
temperature (P N 0.05). Plasma level of essential free amino acids
(EFAA), which constitute Arginine (Arg), Histidine (His), Isoleucine
(Ile), Leucine (Leu), Lysine (Lys), Threonine (Thr), Tryptophan (Trp),
Valine (Val), Methionine (Met) and Phenylalanine (Phe), have similar
trends to total plasma FAA levels, with significantly higher levels at
13 °C (16 h, 20 h and 24 h; P b 0.05) than at 19 °C and higher levels at
4 h and 8 h sampling points, followed by decline from 12 h up to 24 h
(Fig. 3a). This was also reflected in all individual plasma EFAA
(Table 1a and b) except for Trp. Trp concentrations were lower than
any other FAA analysed in plasma and showed no significant differences
between temperature treatments, but a significantly higher level at the
last sampling point (24 h) compared to the first (4 h) for the 19 °C treat-
ment (P b 0.05).

In contrast to the stable total white muscle FAA, the corresponding
values for EFAA at 13 °C were significantly elevated at 8 h (P b 0.05;
Fig. 3b). Mean EFAA levels declined after 16 h at 13 °Cwith a significant-
ly reduced value for the 24 h sampling point (P b 0.05). At 19 °C only the
12 h and 16 h values were significantly higher than the 4 h sampling

Fig. 1. Concentration (pg/ml) of ghrelin (GHRL) in plasma 4–24 hours (h) post-prandially
from Atlantic salmon reared at 13 °C and 19 °C (mean + SEM). Values with different let-
ters at the same temperature (xy at 19 °C) were significantly different (P b 0.05). n = 12
except for 16 h and 24 h at 13 °C (n = 11) and 24 h at 19 °C (n = 6).

Fig. 2.Total free amino concentration (FAA) in (a) plasma (μmol/ml) and (b)whitemuscle
(μmol/g) 4–24 hours (h) post-prandially in Atlantic salmon reared at 13 °C and 19 °C
(mean + SEM). Values with different letters at the same temperature (abcd at 13 °C
and xyz at 19 °C) were significantly different (P b 0.05) while differences between the
temperature groups are indicated with the symbol * (P b 0.05). n = 4 except for plasma
8 h at both temperatures (n = 2) (pooled samples of 3 fish per analysis).
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time (P b 0.05). All other values are intermediate. These postprandial
patterns were similar for most individual white muscle EFAA
(Table 2a and b), but not in the Lys, His and Thr levels. There were no
significant variation or difference in white muscle Lys concentration at
either temperatures (P N 0.05), except higher Lys for the last sampling
point at 13 °C (P b 0.05). Free His and Thr in white muscle did not
vary significantly between time points at 19 °C (P N 0.05), but His was
higher at 8 h and 16 h than at 4 h post-prandially for fish at 13 °C (P b

0.05). Thr was significantly higher from 12 h post-prandially at 13 °C
(P b 0.05) and did not show any decline within the sampling range.

Therewere no significant differences between plasma IGF-1 concen-
trations in fish reared at 13 °C and 19 °C (P N 0.05; Fig. 4) at any partic-
ular time point. While there were also no statistically significant
differences in plasma IGF-1 concentrations between sampling points
at 13 °C, the corresponding values at 19 °C started to decline after 8 h
and were significantly lower at 20 h and 24 h sampling points (P b

0.05). At 13 °C there were no statistically significant differences in plas-
ma IGF-I concentrations between sampling points (P N 0.05). Expres-
sions of ghr1 mRNA levels (mean normalised expression, MNE) were
the same in white muscle samples from both temperatures (P N 0.05)
with significantly higher level at 4 h than all other sampling points
(P b 0.05; Fig. 5a). Expressions of igf1 mRNA were significantly lower
at 19 °C than at 13 °C (P b 0.05; Fig. 5b) except at 8 h (P N 0.05). Within
each temperature treatment, there were no significant differences in
white muscle igf1 mRNA expression levels between sampling points
(P N 0.05).

3.2. Market sized salmon (12 °C)

Daily feed intake was 0.67 ± 0.02% of BW during the 134 days prior
to the pre- and postprandial sampling with only a single fish dying.
GHRL concentrations in plasma peaked before each adapted mealtime
from −2 h to 0 h and at 3 h (P b 0.05; Fig. 6).

Total FAA concentration in plasma had no statistically significant
peaks (P N 0.05) between sampling points pre- or post-prandially
(Fig. 7) and values were similar to the basal (24 h) sampling period in
the short-term study. White muscle tissue total FAA was also relatively
stable with no significant differences post-prandially (P N 0.05, Fig. 8),
which is consistent with the short-term study. White muscle FAA
peaked 1 h prior to feeding, although the magnitude of this change
was small and only significantly higher than 2 h prior to feeding.

There was a significant decline (P b 0.05) in plasma EFAA between
the −4 h sampling point and the 0 h sampling point, when these fish
groups usually would have received their first meal of the day (Fig. 7).
When divided into individual FAA, this trend is consistent for Lys and
Trp (P b 0.05) (Table 3) however no significant differences were found
between time points for the other individual FAA (P N 0.05). Plasma
EFAA concentrations found pre-prandially were similar to the short-
term study.

Postprandial EFAA levels in big salmon at 12 °Cwere generally stable
in the plasma,with the exceptions ofMet, Phe and Leu,which all peaked
2–3 h post-prandially (P b 0.05; Table 3). The concentration of EFAA in
white muscle tissue was stable with no significant elevations amongst
the preprandial or the postprandial sampling points (Fig. 8; P N 0.05).
The levels of individual EFAA (Table 4) in white muscle were also con-
stant (P N 0.05), except Leu which had a decline at 4 h post-prandially
(P b 0.05).

Plasma IGF-1 concentrations (Fig. 9) were stable with no significant
differences between sampling points pre- or postprandially (P N 0.05).
Expressions of ghr1 or igf1 mRNA levels in white muscle (Fig. 10a and
b) also did not have statistically significant changes over the time span
investigated (P N 0.05). Average pre- and postprandial mRNA levels
were 0.201 and 0.302 MNE for ghr1 and 0.330 and 0.183 MNE for igf1.

4. Discussion

The current research presents two studies that provide baseline data
regarding the endocrinology of appetite and growth in relation to meal
times, temperature and nutrient absorption dynamics for postsmolt and
market sized Atlantic salmon.

Decreased growth was recorded for salmon postsmolt held at 19 °C
compared to those held at 13 °C between the intermediate weighing
and the end of the experiment, but not between the start of the exper-
iment and the intermediate weighing point. This indicates that the peri-
od of exposure may influence the ability of salmon to cope with high
water temperatures.

Contrary to previously described (Kullgren et al., 2013), fish in the
present study did not have a decreased feed intake or poorer FCR at
19 °C compared to 13 °C. There were also no differences in GHRL levels
between temperatures, indicating that appetite was equivalent for both
temperatures. Two previous experiments (Hevrøy et al., 2012; Kullgren
et al., 2013) have presented contrasting results regarding the relation-
ship between plasmaGHRL and temperature for salmon; one describing
no difference between 8 °C, 12 °C and 18 °C (Kullgren et al., 2013) and
the other describing depressed levels at 19 °C compared to 14 °C
(Hevrøy et al., 2012). Common to both of these previous reports is
that they had a single sampling point after themeal, and no description
of GHRL changes over time. The current experiment attempted to clarify
this discrepancy by repeated postprandial sampling, and thereby dem-
onstrated a clear peak of plasma GHRL concentration 8 h after sampling
for the 19 °C treatment, corresponding to the next expected meal. Since
this pattern is describedby a single samplingpoint, a better understand-
ing of appropriate timing of GHRL peak levels may be obtained by more

Fig. 3. Total essential free amino acid concentration (EFAA) in (a) plasma (μmol/ml) and
(b) white muscle (μmol/g) 4–24 hours (h) post-prandially in Atlantic salmon reared at
13 °C and 19 °C (mean + SEM). Tryptophane was not detected in white muscle. Values
with different letters at the same temperature (abcd at 13 °C and xyz at 19 °C) were sig-
nificantly different (P b 0.05) while differences between the temperature groups are indi-
catedwith the symbol * (P b 0.05). n= 4 except for plasma 8 h at both temperatures (n=
2) (pooled samples of 3 fish per analysis).
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frequent sampling points. Given its role in meal initiation in other verte-
brates and acclimation to feeding regimes (Cummings et al., 2001;
Sugino et al., 2002) it was considered pertinent to further examine
GHRL concentrations in a second experiment both before and after meal
times and in fish that were acclimated to a fixed feeding regime for a
long period. This approach revealed that plasma GHRL concentration

peaked 1 to 2 h before each expected feeding time, clearly demonstrating
anticipation of themeal and indicating that the fish were well habituated
to this feeding regime.

Analyses of plasma andmuscle frompostsmolt revealed a clear post-
prandial pattern of FAA entering the plasma, with values peaking be-
tween 4 h and 8 h post-prandially. Muscle EFAA levels also increased

Table 1
Plasma concentration (μmol/ml) of the individual essential free amino acids; Threonine (Thr), Valine (Val), Methionine (Met), Isoleucine (Ile), Leucine (Leu), Phenylalanine (Phe), Lysine
(Lys), Histidine (His), Tryptophan (Trp) andArginine (Arg) 4–24 hours (h) post-prandially in Atlantic salmon reared at 13 °C (a) and 19 °C (b) (mean+SEM). Valueswith different letters
at the same temperature were significantly different (P b 0.05). n = 4 except for 8 h (n = 2) (pooled samples of 3 fish per analysis).

a

EFAA plasma 13 °C Postprandial time (hours)

4 8 12 16 20 24

Thr 0.31 ± 0.08 0.33 ± 0.03 0.21 ± 0.03 0.16 ± 0.02 0.12 ± 0.01 0.13 ± 0.01
Val 0.65 ± 0.03b 0.78 ± 0.03a 0.62 ± 0.02b 0.58 ± 0.03b 0.49 ± 0.01c 0.44 ± 0.01c

Met 0.16 ± 0.01a 0.18 ± 0.01a 0.13 ± 0.01a,b 0.10 ± 0.01b,c 0.08 ± 0.01c 0.07 ± 0.00c

Ile 0.33 ± 0.02b 0.45 ± 0.03a 0.34 ± 0.02b 0.31 ± 0.02b 0.23 ± 0.00c 0.20 ± 0.01c

Leu 0.85 ± 0.03b 1.10 ± 0.04a 0.92 ± 0.04a,b 0.87 ± 0.06b 0.65 ± 0.03c 0.52 ± 0.03c

Phe 0.32 ± 0.02a,b 0.41 ± 0.02a 0.32 ± 0.03a,b 0.26 ± 0.02b,c 0.20 ± 0.02c,d 0.17 ± 0.01d

Lys 0.35 ± 0.05a 0.32 ± 0.03a 0.22 ± 0.04a,b 0.15 ± 0.01b 0.12 ± 0.02b 0.14 ± 0.01b

His 0.14 ± 0.04 0.14 ± 0.01 0.09 ± 0.01 0.07 ± 0.01 0.05 ± 0.00 0.06 ± 0.00
Trp 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00
Arg 0.17 ± 0.01 0.22 ± 0.02 0.19 ± 0.02 0.13 ± 0.01 0.16 ± 0.03 0.16 ± 0.02

b

EFAA plasma 19 °C Postprandial time (hours)

4 8 12 16 20 24

Thr 0.31 ± 0.01a 0.33 ± 0.03a 0.16 ± 0.03b 0.14 ± 0.01b 0.12 ± 0.00b 0.12 ± 0.01b

Val 0.69 ± 0.01a 0.74 ± 0.07a 0.53 ± 0.05b 0.47 ± 0.02b,c 0.42 ± 0.01b,c 0.39 ± 0.02c

Met 0.16 ± 0.01a 0.17 ± 0.03a 0.11 ± 0.02b 0.09 ± 0.01b 0.07 ± 0.01b 0.06 ± 0.00b

Ile 0.37 ± 0.01a 0.41 ± 0.05a 0.27 ± 0.02b 0.23 ± 0.02b,c 0.18 ± 0.01c,d 0.16 ± 0.01d

Leu 0.89 ± 0.02a,b 0.99 ± 0.10a 0.74 ± 0.05b,c 0.62 ± 0.06c,d 0.50 ± 0.04d,e 0.37 ± 0.02e

Phe 0.35 ± 0.01a 0.35 ± 0.04a 0.24 ± 0.02b 0.22 ± 0.02b,c 0.18 ± 0.01c,d 0.14 ± 0.00d

Lys 0.39 ± 0.01a 0.31 ± 0.06a 0.14 ± 0.04b 0.13 ± 0.01b 0.13 ± 0.01b 0.11 ± 0.01b

His 0.13 ± 0.00a 0.13 ± 0.01a 0.06 ± 0.01b 0.07 ± 0.01b 0.05 ± 0.00b 0.04 ± 0.00b

Trp 0.01 ± 0.00a 0.02 ± 0.00a,b 0.02 ± 0.00a,b 0.02 ± 0.00a,b 0.02 ± 0.00a,b 0.02 ± 0.00a,b

Arg 0.22 ± 0.01a 0.21 ± 0.03a 0.12 ± 0.01b 0.11 ± 0.01b 0.12 ± 0.01b 0.12 ± 0.01b

Table 2
White muscle concentration (μmol/g) of the individual essential free amino acid; Threonine (Thr), Valine (Val), Methionine (Met), Isoleucine (Ile), Leucine (Leu), Phenylalanine (Phe),
Lysine (Lys), Histidine (His) and Arginine (Arg) 4–24 hours (h) post-prandially in Atlantic salmon reared at 13 °C (a) and 19 °C (b) (mean + SEM). Tryptophan was not detected. Values
with different letters at the same temperature were significantly different (P b 0.05). n = 4 (pooled samples of 3 fish per analysis).

a

EFAA white muscle 13 °C Postprandial time (hours)

4 8 12 16 20 24

Thr 0.29 ± 0.01a 0.36 ± 0.04a,b 0.41 ± 0.01b 0.43 ± 0.02b 0.44 ± 0.02b 0.42 ± 0.02b

Val 0.11 ± 0.02a 0.21 ± 0.01b 0.30 ± 0.00d 0.29 ± 0.02c,d 0.25 ± 0.01b,c,d 0.23 ± 0.02b,c

Met 0.04 ± 0.00a,b 0.05 ± 0.00a,b 0.05 ± 0.00b 0.07 ± 0.01c 0.05 ± 0.00a,b 0.04 ± 0.00a

Ile 0.04 ± 0.01a 0.10 ± 0.00b,c 0.15 ± 0.00d 0.12 ± 0.01c,d 0.11 ± 0.00c 0.09 ± 0.00b

Leu 0.28 ± 0.01a 0.44 ± 0.01c 0.52 ± 0.01d 0.47 ± 0.01c 0.38 ± 0.01b 0.31 ± 0.01a

Phe 0.10 ± 0.01a 0.15 ± 0.00b 0.15 ± 0.01b 0.15 ± 0.00b 0.10 ± 0.00a 0.08 ± 0.01a

Lys 0.05 ± 0.01 0.06 ± 0.01 0.04 ± 0.00 0.07 ± 0.00 0.06 ± 0.01 0.06 ± 0.01
His 0.12 ± 0.02a 0.33 ± 0.07b 0.22 ± 0.02a,b 0.30 ± 0.04b 0.27 ± 0.03a,b 0.28 ± 0.03a,b

Arg 0.15 ± 0.02a 0.28 ± 0.01b 0.32 ± 0.02b 0.33 ± 0.02b 0.32 ± 0.03b 0.25 ± 0.01b

b

EFAA white muscle 19 °C Postprandial time (hours)

4 8 12 16 20 24

Thr 0.25 ± 0.25 0.29 ± 0.29 0.30 ± 0.30 0.30 ± 0.30 0.32 ± 0.32 0.34 ± 0.34
Val 0.11 ± 0.11a 0.17 ± 0.17a,b 0.24 ± 0.24b,c 0.25 ± 0.25c 0.20 ± 0.20c 0.23 ± 0.23c

Met 0.05 ± 0.05 0.05 ± 0.05 0.06 ± 0.06 0.06 ± 0.06 0.04 ± 0.04 0.05 ± 0.05
Ile 0.05 ± 0.05a 0.08 ± 0.08b 0.10 ± 0.10c 0.10 ± 0.10b,c 0.08 ± 0.08b 0.09 ± 0.09b,c

Leu 0.27 ± 0.27a 0.36 ± 0.36b 0.40 ± 0.40b 0.35 ± 0.35b 0.26 ± 0.26a 0.26 ± 0.26a

Phe 0.09 ± 0.09a 0.12 ± 0.12a 0.12 ± 0.12a 0.12 ± 0.12b 0.08 ± 0.08b 0.08 ± 0.08b

Lys 0.14 ± 0.14 0.07 ± 0.07 0.06 ± 0.06 0.06 ± 0.06 0.06 ± 0.06 0.13 ± 0.13
His 0.25 ± 0.25 0.28 ± 0.28 0.34 ± 0.34 0.29 ± 0.29 0.28 ± 0.28 0.22 ± 0.22
Arg 0.17 ± 0.17a 0.22 ± 0.22a,b 0.31 ± 0.31c 0.31 ± 0.31c 0.30 ± 0.30c 0.26 ± 0.26a,b
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during this time, but with a later peak, 12–16 h post-prandially. This
peak value was more pronounced for fish kept at 13 °C. While total
FAA have a very similar trend to EFAA in plasma, total FAA in muscle
did not vary with postprandial time. At colder temperatures (8.6 ±
0.6 °C and 10.8 ± 0.1 °C), two studies with postsmolt (95 ± 18 g and
100 g BW), both found the highest plasma EFAA concentrations from

6 h to 12 h after a 1 h long meal were finished (Espe et al., 1993;
Torrison et al., 1995). One of these studies (Torrison et al., 1995) also
measured the highest total plasma FAA at 6 h, but statistical significance
was not reported. Since the present study at warmer temperatures
found peak values even sooner, 4–8 h after the meal was commenced,
it is likely that timing of peak plasma FAA levels differwith temperature
in a similar way to gut transit time (Fauconneau et al., 1983; Fänge and
Grove, 1979; Miegel et al., 2010; Pérez-Casanova et al., 2009; Usher
et al., 1991).

The clear pattern that is obvious for total FAA in muscle is a consis-
tent depression at 19 °C compared to 13 °C, showing that FAA muscle
pools are lower at high temperatures irrespective ofmeal inputs. Similar
trends are evident for muscle EFAA, plasma FAA and plasma EFAA, indi-
cating a general decrease in amino acid pools in both plasma andmuscle
associated with high water temperature. The time-course of sampling
employed in the present study has revealed that the greatest difference
between temperatures occurred not at the time of peaknutrient absorp-
tion, but rather at 12–24 h post-prandially when FAA levels were de-
scending. This is pertinent data for further experimentation in this
area, as the tendency of previously published work (Carter et al.,
2008; Hevrøy et al., 2011) has been to select a single sampling point
at peak nutrient absorption (4–8 h), which has prevented this trend
from becoming clear.

Previously reported data in this field has suggested that FAA can ac-
cumulate in the muscle at high temperature due to down-regulation of
igf1 mRNA levels which depresses protein synthesis (Hevrøy et al.,
2011; Hunskår, 2010). The present study has not found data consistent
with this result.Muscle FAA levels were consistently lower at 19 °C than

Fig. 4. Concentration (ng/ml) of insulin like growth factor-1 (IGF-1) in plasma 4–24 hours
(h) post-prandially from Atlantic salmon reared at 13 °C and 19 °C (mean+ SEM). Values
with different letters at the same temperature (xy at 19 °C) were significantly different
(P b 0.05). n = 12 (4 h), n = 9 (8 h), n = 8 (12 h), n = 5 (16 h and 20 h) and n = 3
(24 h) at 13 °C. n = 12 (4 h), n = 7 (8 h), n = 8 (12 h), n = 6 (16 h), n = 8 (20 h) and
n = 9 (24 h) at 19 °C.

Fig. 5. Growth hormone receptor-1 (ghr1) (a) and insulin like growth factor-1 (igf1)
(b) mRNA levels (mean normalised expression, MNE) in white muscle 4–24 hours
(h) post-prandially from Atlantic salmon reared at 13 °C and 19 °C (mean+ SEM). Values
with different letters at the same temperature (ab at 13 °C and xy at 19 °C for ghr1) were
significantly different (P b 0.05), while significant differences between the temperature
groups are indicated with the symbol * (P b 0.05). n = 7–8.

Fig. 6. Concentration (pg/ml) of ghrelin (GHRL) in plasma−4–0 hours (h) pre-prandially
and 2–6 h post-prandially from Atlantic salmon reared at 12 °C (mean + SEM). Values
with unlike letters were significantly different (P b 0.05) within pre- or postprandial sam-
pling groups. Dotted line interpolates between the datasets. n = 7–9.

Fig. 7. Plasma concentration (μmol/ml) of total free amino acid (FAA) and total essential
free amino acids (EFAA)−4–0 hours (h) pre-prandially and 2–6 h post-prandially in At-
lantic salmon reared at 12 °C (mean + SEM). Significantly different values (P b 0.05) are
indicated with different letters (ab in preprandial group). Dotted line interpolates be-
tween the datasets. n = 3 (pooled samples of 3 fish per analysis).
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at 13 °Cwhich is consistentwith plasma FAAdata and indicates a chron-
ic disruption of homeostasis at 19 °C that has a greater impact on FAA
pools than postprandial amino acid influx.

Concentrations of total FAA in white muscle did not vary over time at
either temperature, indicating that the majority of FAA was incorporated
intomuscle or catabolised at the same rate as theymoved into themuscle
pool. A lack of postprandial variation inmuscle FAA concentration is con-
sistent with data from Mente et al. (2003), who claimed that a regular
feeding regime before postprandial sampling resulted in a steady supply
of FAA to tissues, which continued long after plasma FAA levels had
returned to a basal state. Carter et al. (2000) reported increases inmuscle
FAA levels up to 15 h post-prandially to a single meal, following seven
days starvation, which appears to support the hypothesis of Mente et al.
(2003). What is unclear now is how long it takes for muscle FAA levels
to begin to decrease after ameal. The present data suggest that such a de-
cline requires more than 24 h for both temperatures.

Very few significant differences or peaks in FAA were detected at
13 °C for the long-term adapted salmon in contrast to the short-term
study with postsmolt. However, concentration patterns of total FAA
and EFAA resemble each other where these two experiments overlap
in sampling points. Lack of significant differences in absorption and
storage of FAA over time in the long-term study can also be due to
different fish sizes and other demands to feed composition; with a
lower protein requirement for larger fish. There were also less daily
meals offered in the long-term study (two vs. three meals) which may
explain the lack of detectable FAA changes in plasma and white muscle
from big salmon.

Of the individual EFAA, Leu has a clear influence over the general
trends, since it is not only the most abundant EFAA in both plasma
and muscle pools, but it is also the EFAA that is most affected by

temperature. Leu stands out as a FAA documented to have a particular
stimulating role in muscle protein regulation (Garlick, 2005; Kimball
and Jefferson, 2004; Suryawan et al., 2011). The effect of temperature
was also seen for white muscle Thr with higher levels at 13 °C than at
19 °C. Results from the study at 13 °C and 19 °C are consistent with
Kullgren et al. (2013), who reported significant declines in several plas-
ma EFAA at 18 °C compared to 8 °C and 12 °C for postsmolt, but also
show that FAA in both plasma and muscle can be affected by high tem-
perature from an early stage post-prandially.

Leu, Met and Phe dropped in plasma and white muscle concentra-
tion post-prandially at 12 °C for big salmon, up to the 3 h sampling,
followed by stable concentrations or an increase. FAA plays an interme-
diate signalling role between appetite regulating and growth regulating
processes. The only FAA to peak pre-prandially at 12 °C is Trp in plasma,
which has received considerable attention for its role in appetite regula-
tion in higher vertebrates, including humans (Hill and Blundell, 1988;
Hrboticky et al., 1985;Wurtman et al., 1981). Since GHRL suppresses re-
lease of serotonin from the hypothalamus (Brunetti et al., 2002), this
Trp peak is likely to be caused by a reduced conversion of Trp to seroto-
nin and therefore indicative of GHRL action. Postprandial FAA signal for
nutrient availability and increase anabolic processes mediated by IGF-1.
Branched-chain amino acids (BCAA), in particular Leu, have been well
documented as anabolic stimulants (Thissen et al., 1994). BCAA are con-
sistently depressed at 19 °C compared to 13 °C in bothwhitemuscle and
plasma and present possiblemechanism for reduced igf1mRNA inmus-
cle. Concentration of Arg in plasma and white muscle was in general
lower in 19 °C treatment groups than at 13 °C. Arg stimulates the release
and activity of many pancreatic hormones, including IGF-1 and insulin,
which stimulate growth andmetabolism of protein and fat (Mommsen,
2001). Arg is also reported to have a positive impact on growth regula-
tion in trout when given as intraperitoneal injections (Planas et al.,
2000). The decreased plasma Arg concentration found under high tem-
perature conditions, may contribute to the depressed igf1 mRNA
expression in white muscle and plasma concentration at 19 °C.

White muscle ghr1 mRNA activity was not affected by temperature,
but rather peaked after themeal in the short term studywith postsmolt.
The lack of temperature effect implies that ghr1 is more closely coupled
to meal times and appetite rather than temperature. This trendwas not
as clear in the long-term studywith big salmon,where therewas an ap-
proximately two-fold rise in ghr1 mRNA activity after the meal, but
more variation within treatment values. White muscle igf1 mRNA was
much more sensitive to temperature than ghr1, with significantly
lower levels at 19 °C compared to 13 °C. Circulating concentrations of
IGF-1 were not affected by temperature. However, the plasma IGF-1
levels at 19 °C started to decline at 12 h post-prandially with significant
lower levels at 20–24 h post-prandially, while levels at 13 °C remained
stable, indicating that the scope for growth is limited at 19 °C. White
muscle igf1 mRNA and circulating IGF-1 in big salmon at 12 °C showed
no significant differences over time and confirms the stable results

Fig. 8.White muscle concentration (μmol/g) of total free amino acids (FAA) and total es-
sential free amino acid (EFAA)−4–0 hours (h) pre-prandially and 2–6 h post-prandially
in Atlantic salmon reared at 12 °C (mean + SEM). Significantly different values (P b 0.05)
are indicated with different letters (ab in preprandial group for total FAA). Dotted line in-
terpolates between the datasets. n = 3 (pooled samples of 3 fish per analysis).

Table 3
Plasma concentration (μmol/ml) of the individual essential free amino acids; Threonine (Thr), Valine (Val), Methionine (Met), Isoleucine (Ile), Leucine (Leu), Phenylalanine (Phe), Lysine
(Lys), Histidine (His), Tryptophan (Trp) and Arginine (Arg)−4–0 hours (h) pre-prandially and 2–6 h post-prandially in Atlantic salmon reared at 12 °C (mean + SEM). Dotted line in-
terpolates between the datasets. Valueswith different letters at the same temperature, within each pre or post-prandial group, were significantly different (P b 0.05). n= 3 (pooled sam-
ples of 3 fish per analysis).

EFAA plasma 12 °C Preprandial time Postprandial time (hours)

−4 −2 −1 0 2 3 4 6

Thr 0.33 ± 0.02 0.21 ± 0.02 0.27 ± 0.04 0.21 ± 0.05 0.42 ± 0.09 0.23 ± 0.01 0.29 ± 0.05 0.34 ± 0.14
Val 0.65 ± 0.06 0.57 ± 0.01 0.61 ± 0.02 0.49 ± 0.05 0.62 ± 0.01 0.57 ± 0.02 0.51 ± 0.02 0.54 ± 0.09
Met 0.15 ± 0.01 0.13 ± 0.00 0.14 ± 0.02 0.13 ± 0.01 0.16 ± 0.01a 0.15 ± 0.01a,b 0.12 ± 0.00b 0.12 ± 0.01b

Ile 0.33 ± 0.04 0.27 ± 0.01 0.28 ± 0.02 0.21 ± 0.02 0.30 ± 0.00 0.28 ± 0.01 0.23 ± 0.01 0.23 ± 0.04
Leu 0.60 ± 0.07 0.54 ± 0.01 0.53 ± 0.02 0.43 ± 0.04 0.54 ± 0.03a 0.55 ± 0.02a 0.42 ± 0.01b 0.41 ± 0.02b

Phe 0.19 ± 0.01 0.16 ± 0.00 0.17 ± 0.02 0.14 ± 0.01 0.18 ± 0.00a 0.17 ± 0.01a 0.13 ± 0.00b 0.13 ± 0.00b

Lys 0.52 ± 0.03a 0.40 ± 0.02 a,b 0.45 ± 0.03a,b 0.33 ± 0.05b 0.64 ± 0.05 0.55 ± 0.05 0.49 ± 0.10 0.51 ± 0.11
His 0.06 ± 0.01 0.05 ± 0.00 0.07 ± 0.02 0.05 ± 0.00 0.06 ± 0.01 0.06 ± 0.00 0.05 ± 0.00 0.04 ± 0.01
Trp 0.01 ± 0.00b,c 0.02 ± 0.00a 0.02 ± 0.00a,b 0.01 ± 0.00c 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00
Arg 0.20 ± 0.02 0.15 ± 0.02 0.16 ± 0.04 0.10 ± 0.01 0.24 ± 0.02 0.17 ± 0.01 0.14 ± 0.02 0.16 ± 0.04
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found for postsmolt at 13 °C. Neither the receptor for GH1 nor the
growth stimulating hormone IGF-1, had any significant differences
throughout the sampling range at 12 °C, which is considered to be in
the optimal temperature range for growth of big salmon (Hevrøy
et al., 2013). This shows that fish can have a positive growth response
all day at optimal temperature conditions.

In summary, plasma and white muscle FAA levels and growth stim-
ulation (IGF-1) were negatively affected by high temperature. Growth
differences between 13 °C and 19 °C were only apparent for the last
20 trial days, which indicates that high water temperature may take
several weeks to elicit negative effects which are also previously report-
ed (Hevrøy et al., 2013; Kullgren et al., 2013).

5. Conclusions

High temperature resulted in persistently lower muscle FAA levels,
while feed intake was not affected. Plasma FAA peaked 4–8 h post-
prandially, but effect of temperature was not pronounced until plasma
levels were declining. As for plasma FAA, high temperature gave a
more rapid decline of IGF-1 concentrations and expression of muscle
igf1mRNA, indicating a diminished growth potential at 19 °C compared
to 13 °C. Since feed intake andGHRL levelswere not affected by temper-
ature in the study with short-term adapted postsmolt, this also impli-
cates that nutrient availability may have a greater impact on growth
regulation at high temperatures than appetite for Atlantic salmon of
this size.

Circulating GHRL has rapid peaks before anticipated meal times,
with two-fold changes occurring within the space of 1 to 2 h. This
makes adaptation time to feeding regime, sampling frequency and

timing important for detecting meaningful changes in GHRL levels.
The effect of high temperature on GHRL remains to be elucidated. Plas-
ma IGF-1 concentrations for salmon at 12 °C were even throughout the
sampling period, further indicating that IGF-1 does not respond to feed-
ing time under ideal conditions, but becomes sensitised to short-term
nutrient availability under suboptimal conditions.

These data indicate that prolonged periods of warmer conditions, as
expected from forecasted global warming, will impact growth and nu-
trient utilisation. The paper also describes detailed patterns of FAA and
regulation of growth and appetite linked hormones for Atlantic salmon
in relation to feeding time and temperatures, which can complement
and aid future studies on related topics.

Table 4
White muscle concentration (μmol/g) of the individual essential free amino acids; Threonine (Thr), Valine (Val), Methionine (Met), Isoleucine (Ile), Leucine (Leu), Phenylalanine (Phe),
Lysine (Lys), Histidine (His) and Arginine (Arg)−4–0 hours (h) pre-prandially and 2–6 h post-prandially in Atlantic salmon reared at 12 °C (mean+ SEM). Tryptophanwas not detected.
Dotted line interpolates between the datasets. Values with different letters at the same temperature, within each pre or post-prandial group, were significantly different (P b 0.05). n = 3
(pooled samples of 3 fish per analysis).

EFAA white muscle 12 °C Preprandial time Postprandial time (hours)

−4 −2 −1 0 2 3 4 6

Thr 0.58 ± 0.09 0.45 ± 0.03 0.55 ± 0.09 0.53 ± 0.06 0.54 ± 0.03 0.46 ± 0.05 0.51 ± 0.06 0.47 ± 0.03
Val 0.26 ± 0.03 0.22 ± 0.02 0.24 ± 0.02 0.21 ± 0.04 0.27 ± 0.02 0.22 ± 0.01 0.20 ± 0.02 0.27 ± 0.05
Met 0.09 ± 0.00 0.10 ± 0.02 0.11 ± 0.01 0.11 ± 0.02 0.11 ± 0.01 0.09 ± 0.01 0.08 ± 0.02 0.10 ± 0.01
Ile 0.12 ± 0.01 0.11 ± 0.01 0.11 ± 0.01 0.09 ± 0.02 0.12 ± 0.01 0.10 ± 0.00 0.08 ± 0.02 0.12 ± 0.02
Leu 0.27 ± 0.01 0.27 ± 0.01 0.26 ± 0.01 0.23 ± 0.03 0.27 ± 0.02a 0.24 ± 0.00a,b 0.19 ± 0.01b 0.25 ± 0.02a,b

Phe 0.08 ± 0.01 0.08 ± 0.01 0.09 ± 0.02 0.07 ± 0.01 0.09 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.07 ± 0.01
Lys 1.49 ± 0.15 1.30 ± 0.26 1.75 ± 0.09 1.28 ± 0.03 0.87 ± 0.18 1.13 ± 0.27 1.42 ± 0.33 0.81 ± 0.18
His 0.31 ± 0.06 0.31 ± 0.05 0.22 ± 0.04 0.32 ± 0.08 0.38 ± 0.04 0.30 ± 0.04 0.38 ± 0.14 0.33 ± 0.10
Trp 0.19 ± 0.04 0.16 ± 0.05 0.19 ± 0.03 0.17 ± 0.01 0.11 ± 0.02 0.13 ± 0.02 0.21 ± 0.07 0.10 ± 0.03
Arg 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Fig. 9. Concentration (ng/ml) of insulin like growth factor-1 (IGF-1) in plasma −4–0 hours
(h) pre-prandially and 2–4 h post-prandially from Atlantic salmon reared at 12 °C
(mean + SEM). No significant differences within pre- or postprandial sampling groups
(P N 0.05). Dotted line interpolates between the datasets. n = 6 except for 0 h (n = 4).

Fig. 10. Growth hormone receptor-1 (ghr1) (a) and insulin like growth factor-1 (igf1)
(b) mRNA levels (mean normalised expression, MNE) in white muscle −4–0 hours
(h) pre-prandially and 2–4 h post-prandially from Atlantic salmon reared at 12 °C
(mean + SEM). No significant differences within pre- or postprandial sampling groups
(P N 0.05). Dotted line interpolates between the datasets. n = 6.
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Abstract

High temperature combined with low dissolved

oxygen (DO) is one of the most challenging envi-

ronmental conditions farmed fish experience; thus,

understanding their impact on growth regulation

is of relevance to cultured and wild populations.

This study examines appetite- and growth-regulat-

ing mechanisms in Atlantic salmon postsmolt

exposed to either high (HO) or low oxygen (LO)

at a suboptimally high temperature (17°C). Addi-
tionally, the effects of high (HE) and low (LE) diet-

ary energy (DE) were examined. After a month of

treatment, analyses of hormones, regulating appe-

tite (ghrelin) and growth (growth hormone recep-

tor ghr1 and insulin-like growth factor IGF-1),

and free amino acids (FAA) were measured pre-

and postprandially at �4, �2, 0, 2, 4 and 6 h.

No preprandial ghrelin peaks were detected

despite a significant reduction in feed intake and

growth under hypoxia compared to normoxia. LO

treatment also had an overall negative effect on

survival compared to HO, while nutrient retention

efficiency, FCR and plasma FAA concentrations

were unaffected (P > 0.05). Feeding HE diet

resulted in increased growth (+17%) and improved

FCR (�14%) and energy retention efficiency

(+26%) independent of DO. Plasma FAA concentra-

tions were unaffected by LO treatment and DE

(P > 0.05). Growth regulatory gene expressions

possibly reflect an overall lower growth at a high

temperature overriding the impacts of DO and DE.

This study also indicates that optimal adaptation

time to environmental conditions and feeding

regime is crucial for establishing a regular

hormonal appetite signalling that reflects real feed-

ing anticipation in salmon.

Keywords: GH-IGF system, ghrelin, dietary

digestible energy, hypoxia, high temperature

Introduction

Water temperature and oxygen are key environ-

mental factors influencing welfare and growth of

farmed fish and impose physiological challenges

under typical summer conditions. The existing

summer thermal stress is expected to exacerbate in

several areas where Atlantic salmon is farmed due

to predicted trends for increased global seawater

temperatures (Solomon, Qin, Manning, Chen, Mar-

quis, Averyt, Tignor & Miller 2007).

Temperature is the major controlling factor of

fish growth as it directly affects metabolic rate and

oxygen requirement (Brett 1979). Atlantic salmon

freshwater stages tolerate a wide range of tempera-

tures (0–28°C) (Elliott & Elliott 2010), but optimal

temperature for growth is size and life stage depen-

dent. Large salmon (1.6–2.9 kg) in seawater grow

well at 13°C (Hevrøy, Hunsk�ar, Gelder, Shimizu,

Waagbø, Breck, Takle, Susort & Hansen 2013),

while optimal growth of parr (typically 20–100 g)

is within the range of 16–20°C compared to

13–14°C for postsmolt (typically 50–200 g)

(Peterson & Martin-Robichaud 1989; Elliott &

Hurley 1997; Koskela, Pirhonen & Jobling 1997;

Forseth, Hurley, Jensen & Elliott 2001; Handeland,

Imsland & Stefansson 2008). A rise in water tem-

perature increases oxygen consumption (Barnes,

King & Carter 2011) and metabolic rate in fish,
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but also reduces feed intake when temperature

rises above the preferred thermal optimum values

(Brett 1979). Critical water oxygen level needed to

maintain the metabolism increases proportionally

with increasing water temperature (Brett 1979;

Barnes et al. 2011).

Oxygen is considered as a limiting factor for fish

metabolism, as it is crucial for synthesis of ATP

and therefore regulates energy availability for

metabolism. As water temperature increases, limi-

tation on water oxygen solubility and availability

directly restricts aerobic energy production

(Richards 2009). When exposed to hypoxic condi-

tions, fish follow two coping strategies depending

on degree and duration: oxyconforming and

oxyregulation. The former entails reduction in

metabolic rate so that oxygen is used more spar-

ingly (Ultsch, Jackson & Moalli 1981; Perry, Jonz

& Gilmour 2009; Nilsson & Randall 2010), along

with reduction in feed intake and growth. The lat-

ter mechanism is defined by behavioural, physio-

logical and anatomical adaptation without

compromising metabolic rate (Farrell & Richards

2009). Elevation of gill ventilation and increased

blood haemoglobin concentration are examples of

common mechanisms of oxyregulation to improve

oxygen uptake and tolerance to hypoxia (Stevens,

Sutterlin & Cook 1998; Nilsson 2007; Perry et al.

2009; Nilsson & Randall 2010). Atlantic salmon

postsmolt show greater ability to oxyregulate

under hypoxia at 14°C, while use of oxyconform-

ing mechanisms dominates at higher temperatures

(18–22°C) (Barnes et al. 2011).
Dietary fat contributes approximately twice as

much energy compared to the same mass of either

protein or carbohydrate (Schmidt-Nielsen 1997).

Using fat as dietary energy source also requires

less oxygen to utilize for growth than protein or

starch (Saravanan, Geurden, Figueiredo-Silva,

Kaushik, Haidar, Verreth & Schrama 2012; Sara-

vanan, Geurden, Figueiredo-Silva, Kaushik, Ver-

reth & Schrama 2013). This implies that high-

energy diets can benefit fish under hypoxic condi-

tions. Dietary factors such as digestible energy

(DE) level influence feed intake (Bendiksen, Jobling

& Arnesen 2002), and feeding Atlantic salmon

with high-DE diets (21.1 versus 19.3 MJ kg�1)

benefitted metabolism and growth performance

under long-term hypoxia at optimal water temper-

ature of 12°C (Vikes�a, Nankervis & Hevroy 2016).

Raising temperature above optimum under

hypoxia puts an even further demanding challenge

on to the salmon, and it is therefore interesting to

find out how high-fat diets could potentially

impact appetite and growth regulation under such

conditions.

Growth regulation in fish is stimulated through

the GH-IGF system and is altered by nutritional

and environmental factors (Pickering, Pottinger,

Sumpter, Carragher & Le Bail 1991; P�erez-

S�anchez, Mart�ı-Palanca & Kaushik 1995; MacKen-

zie, VanPutte & Leiner 1998; P�erez-S�anchez, Cal-

duch-Giner, Mingarro, Vega-Rub�ın de Celis,

G�omez-Requeni, Saera-Vila, Astola & Valdivia

2002; Deane & Woo 2009; Beckman 2011). GH1

stimulates growth directly by binding to its recep-

tor (GHR) (Reinecke, Bj€ornsson, Dickhoff, McCor-

mick, Navarro, Power & Guti�errez 2005) and

indirectly by promoting synthesis and secretion of

insulin-like growth factor-1 (IGF-1) in several tis-

sues including liver and muscle (P�erez-S�anchez

2000; Reinecke 2010; Beckman 2011). IGF-1 and

growth often respond similarly to external factors

and so IGF-1 is considered an useful growth indi-

cator in fish (P�erez-S�anchez & Le Bail 1999; Beck-

man, Shimizu, Gadberry, Parkins & Cooper 2004;

Dyer, Barlow, Bransden, Carter, Glencross,

Richardson, Thomas, Williams & Carragher 2004;

Wilkinson, Porter, Woolcott, Longland & Car-

ragher 2006; De-Santis & Jerry 2007; Picha, Tur-

ano, Beckman & Borski 2008; Beckman 2011).

IGF-1 also has a negative feedback function to reg-

ulate GH secretion under catabolic conditions

(Duan 1998; Reinecke 2010). Growth studies

would therefore gain from examining both hor-

mones taking part in the GH-IGF system as their

direct and interrelated actions are essential to

describe how growth mechanisms are regulated.

There are several studies on the response of IGF-1

to elevated temperatures (Beckman, Larsen, Mor-

iyama, Lee-Pawlak & Dickhoff 1998; Gabillard,

Weil, Rescan, Navarro, Guti�errez & Le Bail 2003;

Gabillard, Weil, Rescan, Navarro & Gutierrez

2005; Imsland, Björnsson, Gunnarsson, Foss &

Stefansson 2007; Hevrøy et al. 2013; Vikes�a, Nan-

kervis, Remø, Waagbø & Hevrøy 2015), and our

earlier study reports on regulation of IGF-1 in

Atlantic salmon under hypoxia at an optimal tem-

perature for growth (Vikes�a et al. 2016). However,

to our knowledge, there are no reported studies on

the effect of hypoxia combined with high tempera-

tures on regulation of IGF-1.

Ghrelin appetite signalling encourages fish to

eat and thus provides nutrients essential for

© 2016 John Wiley & Sons Ltd, Aquaculture Research, 1–162
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growth, but it also stimulates release of GH1

(Kaiya, Kojima, Hosoda, Moriyama, Takahashi,

Kawauchi & Kangawa 2003a; Kaiya, Kojima, Hos-

oda, Riley, Hirano, Gordon Grau & Kangawa

2003b; Inui, Asakawa, Bowers, Mantovani,

Laviano, Meguid & Fujimiya 2004) and holds a

well-known role in energy balance in both fish

and higher vertebrates (Choi, Roh, Hong,

Shrestha, Hishikawa, Chen, Kojima, Kangawa &

Sasaki 2003; Cummings & Shannon 2003; Inui

et al. 2004; Riley, Fox, Kaiya, Hirano & Grau

2005; Ueno, Yamaguchi, Kangawa & Nakazato

2005; Unniappan & Peter 2005; Cummings 2006;

Frøiland, Murashita, Jørgensen & Kurokawa 2010;

Hevrøy, Waagbø, Torstensen, Takle, Stubhaug,

Jørgensen, Torgersen, Tvenning, Susort, Breck &

Hansen 2012; J€onsson 2013). This underlines the

importance of studying both ghrelin and the GH-

IGF system to elucidate appetite and growth regu-

lation in fish under warm hypoxic conditions.

This study aims at investigating feed intake and

growth regulation in Atlantic salmon postsmolt

exposed to normoxic and hypoxic conditions at a

suboptimally high water temperature (17°C). Addi-
tionally, salmon were fed diets of different DE

levels to find out how diet affects appetite and

growth under warm hypoxic conditions.

Materials and methods

This study presents an experiment conducted at

Matre Havbruksstasjon (Institute of Marine

Research) in Matredal, Norway, with seawater-

adapted Atlantic salmon postsmolt (0+) from an

AquaGen strain.

Experimental conditions

Salmon with an initial BW of 264 � 1.1 g (SE)

were reared in 16 experimental tanks (1 m3), each

with 40 fish, and seawater of a salinity of 28–
30 g L�1 and a photoperiod regime of 18L:6D h

(day light period: 0500–2300 hours). Two experi-

mental diets were produced as 4-mm extruded pel-

lets at Skretting Feed Technology Plant

(Stavanger, Norway) differing in digestible energy

(DE): high digestible energy (HE) 20 MJ kg�1 and

low digestible energy (LE) 18 MJ kg�1 (Table 1).

Quadruplicate tanks were randomly allocated to

four experimental treatments which were combi-

nations of the two diets (HE and LE) and two oxy-

gen saturation levels (high oxygen: HO and low

Table 1 Ingredient and nutrient composition (analysed)

of experimental diets

HE LE

Ingredient (name of producer) (g kg�1)

Wheat (Hage, Raiffeisen

Hauptgenossenschaft Nord)

52 167

Wheat gluten (Henan) 200 194

Soy protein concentrate

(Marine Protein Holdings)

211 185

Faba beans whole

(Frontier Agriculture)

80 80

Fish meal (Welcon) 200 200

Rapeseed oil (Rosenkrantz) 113 71

Fish oil (Welcon) 113 71

DL-Methionine (Evonik) 1.1 1.1

Lysine-HCL 78% (Trouw Nutrition) 7.2 7.8

Astaxanthin 10% (DSM) 0.5 0.5

Yttrium premix 10%

(Trouw Nutrition)

1.0 1.0

Vitamin mix* 1.0 1.0

Mineral mix* 20.8 21.1

Composition

Moisture (g kg�1)

58.0 70.0

Protein (g kg�1)

475.0 455.0

Fat (g kg�1)

276.0 198.0

Gross energy (GE, MJ kg�1)

23.7 21.8

Digestible energy (DE, MJ kg�1)

20.0 18.0

Amino acids (mg g�1 protein)

Arginine 55 55

Histidine 23 22

Isoleucine 38 38

Leucine 71 70

Lysine 58 60

Methionine 20 20

Cystine 14 13

Phenylalanine 42 39

Tyrosine 29 31

Threonine 36 34

Valine 43 43

Alanine 42 42

Aspartic acid 79 77

Glutamic acid 219 222

Glycine 44 45

Proline 72 72

Serine 47 47

EFAA 387 383

Total FAA 932 931

HE and LE, high or low digestible energy diet.

EFAA, essential free amino acids; Total FAA, sum of all anal-

ysed FAA.

*Proprietary to skretting.
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oxygen; LO). Fish were adapted to 11.5°C for

8 days before temperature was raised and reached

16.7°C after another 10 days (Fig. 1). Oxygen was

then at 100% saturation in all tanks, but was

reduced towards 72% in the LO treatment groups

over three consecutive days. Oxygenated water

was supplied to maintain saturation close to 100%

in the HO treatment tanks. Temperature was kept

at approximately 17°C in all tanks for the remain-

ing experimental period of 31 days.

Feeding was conducted by use of automatic belt

feeders, and the daily ration consisted of 1% of the

BW and 15% overfeeding. Fish were given two

meals a day with approximately 60% of the ration

in the first meal (0830–1030 hours) and approxi-

mately 40% of the ration in the second meal

(1200–1400 hours). Uneaten feed was collected

up to 15 min after feeding from Monday to Friday

weekly, dried to constant weight, reweighed and

used to correct daily feed intake data for all tanks.

Feed intake for Saturdays and Sundays was esti-

mated using the feed waste values from the day

before or after respectively. A two-phase feeding

regime was introduced for the eleven final days to

prepare for a pre-and postprandial fish sampling

from all tanks. The two daily meals were split in

two, where the 1st meal was fed at 0800–
1000 hours and 0900–1100 hours, with half of

the tanks per treatment and diet group at each

time interval, while the 2nd meal was fed at

1130–1300 hours and 1230–1400 hours the

same way.

Sampling

Pooled samples of whole fish were taken at the

start (n = 6) and end of the experiment (three fish

per tank). Preprandial sampling and postprandial

sampling of fish were performed after 31 days of

diet and oxygen treatment, over a period of

2 days. This enabled a 24-h break in between the

samplings, in which fish were offered feed as

usual. The preprandial sampling was conducted at

�4, �2 and 0 h before the start of the first daily

meal, which was given at 0–2 h, while postpran-

dial sampling was conducted 2, 4 and 6 h after

the first meal was initiated. The second meal was

given at 3.5–5.0 h after the start of the first meal.

At each sampling point, two fish were sampled

from each tank, totalling 16 fish from each oxygen

treatment per diet. Sampled fish were anaesthetized

by placing them in a solution of 70 mg tri-

caine methanesulfonate L�1 seawater. Registration

of BW was done when fish were sedated and fur-

ther samples were only taken from fish that were

determined to have consumed feed in the previous

meal after examination of gut contents.

Blood samples were taken from the caudal blood

vessels from three fish per tank with syringes and

transferred to 1.8-mL microcentrifuge tubes each

containing 5 lL heparin (5 IU lL�1) and then

centrifuged at 1250 g for 10 min before plasma

was aspirated. Liver samples (approximately

1 cm3) and white muscle tissue (approximately

1 cm3, excised from medial cutlets) were taken

from three fish per tank for RNA extraction and

analysis. Samples were immediately flash-frozen in

liquid nitrogen.

Analytical methods

Protein in feed and fillets was estimated from Kjel-

dahl nitrogen (N 9 6.25, NMKL method no. 6,

4th ed. 2003). Dry matter in feed was determined

5

7

9

11

13

15

17

19

30

40

50

60

70

80

90

100

110

1 8 15 22 29 36 43 50

Te
m

pe
ra

tu
re

 (°
C)

O
xy

ge
n 

sa
tu

ra
�o

n 
( %

)

Days

HO LO HO SD
HO SD LO SD LO SD
Temperature (°C)
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oxygen.
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gravimetrically after drying to constant weight,

while ash in feed was determined gravimetrically

after combustion at 550°C for 16–18 h (NMKL

method no. 23, 3rd ed.1991). Crude fat analysis

of pooled samples of homogenized fish was per-

formed by a modified version of the Soxhlet

method (AOCS Official Method Ba 3-38 re-

approved in 2009) applying dichloromethane and

an automatic extraction system. Fat in feed was

estimated by nuclear magnetic resonance (NMR)

on a QuickFat analyser (Anvendt Teknologi AS)

(NMKL method no. 199, 2014). Gross energy (GE,

MJ kg�1) in feed was determined by bomb

calorimetry (ISO 9831:1998).

The level of amino acids in feed was analysed

photometrically after separation by ionic exchange

chromatography and reaction with ninhydrin

reagent and sodium citrate eluent (EU method,

COMMISSION DIRECTIVE 98/64/EC). Free amino

acids in plasma were also analysed photometri-

cally after separation by ionic exchange chro-

matography and reaction with a ninhydrin

reagent and lithium eluents (Biochrom method

AAAFAQ8). The analysis was performed on pooled

samples from two fish taken from the same tank

at the 0-, 4- and 6-h sampling.

Plasma hormone concentrations of IGF-1 and

ghrelin were measured in single samples using flu-

oroimmunoassay and radioimmunoassay (RIA),

respectively, using the methods as described by

Hevrøy et al. (2012, 2013). For IGF-1 in plasma,

a dissociation-enhanced lanthanide fluorescence

immunoassay (DELFIA) method using europium

(Eu)-labelled IGF-1 tracer (15.9 ng mL�1; 1244-

302; Perkin Elmer, Waltham, MA, USA), rabbit

anti-barramundi IGF-1 polyclonal antiserum (di-

luted 1:2072; GroPep, Adelaide, SA, Australia)

and recombinant salmon IGF-1 (GroPep) was used

(Hevrøy et al. 2013). Ghrelin levels in salmon

plasma were measured with a heterologous assay

using a 125I-radioimmunoassay kit for human

ghrelin specific for biologically active (octanoy-

lated) ghrelin (Linco Research, St. Charles, Mis-

souri, USA) validated for use in Atlantic salmon

(Hevrøy, Azpeleta, Shimizu, Lanz�en, Kaiya, Espe &

Olsvik 2011). IGF-1 and ghrelin analyses were

conducted on two samples from the same tank at

the 0-, 4- and 6-h sampling, while ghrelin was

additionally analysed in samples from the �4, �2,

2 h sampling.

RNA extraction and real-time RT-qPCR (reverse

transcription–quantitative polymerase chain

reaction) were used to measure transcription of

ghr1 and igf1 in white muscle tissue by analysing

two samples from the same tank at the 0-, 4- and

6-h sampling.

Total RNA was extracted using TRIzol reagent

according to the manufacturer’s recommendation

(Invitrogen, USA). To eliminate genomic DNA, the

total RNA sample was subjected to DNase treat-

ment (DNeasy, Ambion), using the manufacturer’s

protocol. Quantity and quality of RNA were

assessed with NanoDrop� ND-1000 UV-Vis Spec-

trophotometer (NanoDrop Technologies, Wilming-

ton, DE, USA) and an Agilent 2100 Bioanalyzer

(Agilent Technologies, Palo Alto, CA, USA), where

a 260/280 nm absorbance ratio of 1.8–2.0 indi-

cates a pure RNA sample. To evaluate the RNA

integrity, the 6000 Nano LabChip� kit (Agilent

Technologies, Palo Alto, CA, USA) was used, with

average RNA integrity numbers (RIN) of 9.3

(SD � 0.3) in muscle tissue.

PCR primers for the target genes igf1 and ghr1

were designed with Primer Express software and

Biosoft software, as previously described (Hevrøy

et al. 2012). Housekeeping genes b-actin (actb),

eukaryotic translation elongation factor 1ab
(ef1ab) and ribosomal protein L13 (rpl13) were

used as reference genes (Hevrøy et al. 2013).

Reverse transcription (RT) was performed using

a modified Multiscribe reverse transcription proto-

col (GeneAmp PCR 9700, Applied Biosystems,

Foster City, CA, USA), as previously described

(Hevrøy, Espe, Waagbø, Sandnes, Ruud & Hemre

2005). White muscle samples were analysed in

duplicate with a total RNA of 500 ng (�5%) on

96-well plates for the RT and real-time PCR. Real-

time PCR amplification and analysis were per-

formed using a LightCycler 480 Real-time PCR

system (Roche Applied Science, Basel, Switzer-

land). The real-time PCR SYBR Green Master Mix

(LightCycler 480 SYBR Green master mix kit,

Roche) contained FastStart DNA polymerase and

gene-specific primers at a final concentration of

500 nM. Two microlitres of diluted cDNA from

each well was transferred to a new plate, and

8 lL real-time master mix was added. PCR was

achieved with a 5-min activation and denaturizing

step at 95°C followed by 45 cycles of a 10-s dena-

turizing step at 95°C, a 20-s annealing step at

60°C and 30-s synthesis step at 72°C. The effi-

ciency of real-time PCR was monitored using two-

fold dilution curves of total RNA using five points

(range: 1000 to 31 ng lL�1). Target gene mean
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normalized expression (MNE) was determined using

a normalization factor calculated with the geNorm

software (Vandesompele, De Preter, Pattyn, Poppe,

Van Roy, De Paepe & Speleman 2002).

Calculations

The following calculations were applied:

Specific growth rate, SGR;%
: ðln final BW� ln initial BWÞ=days� 100

Feed conversation ratio, FCR
ðon dry matter basis, DMÞ :
Feed eaten; gðDMÞ=weight gain; g

Protein and energy retention efficiency

of diet;% : ðnutrient gain=
consumed nutrientÞ � 100;

where nutrient is protein or energy.

Statistics

All data are presented as mean � standard error

of the mean (SEM) unless otherwise described.

Tanks are used as experimental units. Statistical

analyses were conducted using UNISTAT 6.0 (Uni-

stat, London, UK), and significant differences were

accepted at P values <0.05. All data were sub-

jected to a two-way analysis of variance (ANOVA)

with interactions of two factors (DO and DE).

Results from different time points were also sub-

jected to repeated analyses to look for time effects.

The post hoc test Tukey HSD was applied if any

significant differences were detected by ANOVA.

Results

Growth performance and feed utilization

Low oxygen (DO) and low dietary energy (DE)

treatment both decreased growth (final BW and

SGR) significantly (P < 0.05) (Table 2). The LO

treatment also resulted in a significantly lower feed

intake and higher mortality (P < 0.05). FCR and

energy retention efficiency were unaffected by the

DO level (P > 0.05), but were both negatively

affected by feeding the LE diet, with a significantly

increased FCR and a reduced energy retention effi-

ciency (P < 0.05) (Table 2).

Protein retention efficiency was not significantly

affected by either treatment (P > 0.05), and there

were no significant interactions (P > 0.05)

between DO and DE on any of the investigated

parameters.

Pre- and postprandial analyses: �4, �2, 0, 4 and

6 h

Plasma ghrelin concentration in salmon was unaf-

fected by the DO and DE treatments at all analysed

pre- and postprandial sampling points (P > 0.05)

(Fig. 2). There were no preprandial peaks detected

for plasma ghrelin concentrations (P > 0.05), but

concentrations measured at 6 h postprandially

were significantly higher than 2 and 0 h prepran-

dially (P < 0.05).

Circulating IGF-1 concentrations were signifi-

cantly higher in LO groups 4 h postprandially

than in fish held at HO conditions (P < 0.05)

(Fig. 3). There were no other significant effects

detected from any of the DO and DE treatments or

from time of sampling (P > 0.05).

Gene expression of ghr1 and igf1 mRNA in

white muscle tissue was affected by time, with a

significant decrease (P < 0.05) at 4 and 6 h post-

prandially compared to just before meal time at

0 h (Fig. 4a,b).

No significant effects of DO and DE treatments

were detected for muscle ghr1 and igf1 mRNA

levels (P > 0.05).

Plasma free amino acid (FAA) concentration

was significantly increased 4 and 6 h postprandi-

ally compared to 0 h, that is just before feeding

the first daily meal (P < 0.05) (Table 3a,b). Tryp-

tophan (Trp) was the only exception to this

(P > 0.05). Neither DO or DE treatment had a sig-

nificant impact on plasma FAA levels (P > 0.05)

except for histidine (His) which was significantly

increased in LE diet groups (P < 0.05).

Discussion

This study reports on appetite- and growth-regu-

lating mechanisms in Atlantic salmon exposed to

low oxygen concentrations at a suboptimally high-

temperature condition and given diets differing in

digestible energy level. We have previously demon-

strated that growth is impaired for Atlantic salmon

at low oxygen conditions at 12°C and that this

was not caused by low appetite alone (Vikes�a et al.

2016). Hevrøy et al. (2012) also found that high

temperature reduced appetite-regulating cues in

salmon at 19°C under normoxia. The present
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study brings together both of these concepts to

examine appetite and growth regulation at differ-

ent oxygen levels (approximately 70% versus

100% saturation) combined with high temperature

(about 12 versus 17°C).

Growth and feed utilization

Similar to previous studies on the impact of low

dissolved oxygen on feed intake and growth in fish

(Brett 1979; Pedersen 1987; Thetmeyer, Waller,

Black, Inselmann & Rosenthal 1999; Foss, Even-

sen & Øiestad 2002; Bernier & Craig 2005; Carter,

Katersky, Barnes, Bridle & Hauler 2008; Glencross

2009; Remen, Oppedal, Torgersen, Imsland &

Olsen 2012; Burt, Hamoutene, Perez-Casanova,

Kurt Gamperl & Volkoff 2014; Remen, Aas,

V�agseth, Torgersen, Olsen, Imsland & Oppedal

2014; Hansen, Olsen, Stien, Oppedal, Torgersen,

Breck, Remen, V�agseth & Fjelldal 2015), salmon

in the present study had significantly reduced feed

intake and growth in the LO group compared to

HO group. Limited availability of dissolved oxygen

to salmon leads to compromises in feed intake and

growth and is exacerbated by thermal stress. Per-

formance of salmon under hypoxia differs with dif-

ferent water temperatures (Barnes et al. 2011),

and, by way of a pair-feeding technique, we have

previously shown that a reduction in feed intake

did not solely cause the growth reduction in sal-

mon held under hypoxia at an optimal growth

temperature (12°C) (Vikes�a et al. 2016). The

reduced growth is suggested to be a direct effect of

hypoxia on growth mechanisms which may vary

with fish species and environmental factors such

as temperature, oxygen, CO2 and photoperiod.

Nutrient retention efficiency and FCR were not

affected by LO in the present study, which is in

Table 2 Growth performance and feed utilization parameters for Atlantic salmon given diets differing in DE level under

different DO conditions at 17°C, n = 4

HE/HO HE/LO LE/HO LE/LO DO DE DO 3 DE

BW final (g) 418.8/7.7a 380.9/8.6bc 394.3/3.5ab 358.3/5.2c * * ns.

Feed intake DM (% BW day�1) 0.88/0.03a 0.65/0.05b 0.85/0.01a 0.64/0.02b * ns. ns.

SGR (% day�1) 0.93/0.03a 0.70/0.06bc 0.78/0.02ab 0.61/0.04c * * ns.

FCR (DM) 0.75/0.03 0.78/0.05 0.88/0.02 0.89/0.05 ns. * ns.

Mortality (%) 9.4/2.6b 16.4/1.7ab 10.0/2.0b 23.7/1.8a * ns. ns.

Protein retention efficiency (%) 53.9/2.4 55.7/4.2 48.6/1.4 50.9/1.9 ns. ns. ns.

Energy retention efficiency (%) 49.3/2.5 50.5/6.6 40.6/2.0 38.5/4.9 ns. * ns.

The letters a, b and c indicate significant different means for all four treatment groups (one-way ANOVA, P < 0.05). The symbol *

indicates significant effects from DE or DO (two-way ANOVA, P < 0.05). Non-significant differences are indicated with ns (P > 0.05).

DE, dietary digestible energy level; DO, dissolved oxygen level; DO 9 DE, interaction between DO and DE; HE and LE, high or low

digestible energy diet; HO and LO, high or low dissolved water oxygen.
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Figure 2 Mean concentration of ghrelin in plasma (pg mL�1) sampled �4, �2 and 0 h pre- and 2 and 6 h post-

prandially from Atlantic salmon given diets differing in DE level under different DO conditions at 17°C (n = 4). The
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repeated analyses, P < 0.05). Meal times are indicated within dotted vertical lines.
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line with several studies on hypoxia (Brett 1979;

Caldwell & Hinshaw 1994; Thetmeyer et al. 1999;

Foss et al. 2002; Carter et al. 2008; Glencross

2009; Remen et al. 2012, 2014; Hansen et al.

2015). In contrast, we have formerly shown that

feeding salmon with HE or LE diets under hypoxia

(LO) at 12°C resulted in an overall higher FCR

and reduced protein and energy retention (Vikes�a

et al. 2016) than under normoxia (HO). Feeding

HE diets under hypoxia improved FCR and energy

retention efficiency at both 12°C and in the pre-

sent study at 17°C. High dietary energy also

increased growth (final BW and SGR) and concurs

with previous results (Vikes�a et al. 2016).

A separation of the effects from temperature and

oxygen can be difficult as the combination of the
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two environmental factors has a confounding

effect on the metabolism, which may explain some

of the response inconsistency in feed conversion

and nutrient retention between the present

hypoxia study at 17°C and former at 12°C (Vikes�a

et al. 2016).

Mortality

Fish mortality (~15%) was generally high in all

treatment groups which probably reflects a more

severe reaction to the rise in temperature from 12

to 17°C during the initial phase of the study. Simi-

larly, a high mortality (~10%) has been reported

for postsmolts under hypoxic (~90% and ~60%

saturated oxygen) and warm conditions (19°C),
and fed diets with DE level equivalent to the pre-

sent HE diet (Carter et al. 2008). The LO treatment

had an overall negative effect on survival, while a

significant effect from DE level was not detected.

However, it is interesting to see that the numerical

difference in mortality under LO conditions was

44% higher in fish groups fed the LE diets com-

pared to HE diet groups.

Plasma ghrelin

The present study did not find any significant dif-

ferences in circulating ghrelin concentrations due

to diet or oxygen treatments. Mean concentration

Table 3 Mean plasma concentration (lmol mL�1) of individual essential free amino acids (EFAA) sampled 0 h pre-

and 4 and 6 h postprandially from Atlantic salmon given diets differing in DE level (a: HE diet groups and b: LE diet

groups) under different DO conditions at 17°C (n = 4)

(a)

HE/HO HE/LO

0 h 4 h 6 h 0 h 4 h 6 h

Thr 0.142/0.009* 0.263/0.034 0.248/0.008 0.176/0.018* 0.277/0.025 0.274/0.039

Val 0.439/0.049* 0.557/0.035 0.567/0.023 0.513/0.049* 0.606/0.025 0.620/0.052

Met 0.069/0.005* 0.122/0.014 0.128/0.010 0.074/0.004* 0.138/0.010 0.115/0.020

Ile 0.176/0.025* 0.245/0.018 0.262/0.015 0.203/0.021* 0.273/0.009 0.272/0.018

Leu 0.322/0.025* 0.435/0.035 0.471/0.035 0.375/0.020* 0.499/0.013 0.468/0.036

Phe 0.117/0.004* 0.178/0.016 0.210/0.013 0.133/0.004* 0.202/0.008 0.165/0.024

Lys 0.220/0.024* 0.446/0.039 0.387/0.033 0.198/0.045* 0.419/0.033 0.403/0.040

His 0.051/0.006* 0.073/0.003 0.088/0.010 0.060/0.005* 0.074/0.001 0.080/0.007

Trp 0.013/0.001 0.016/0.001 0.016/0.000 0.017/0.001 0.021/0.002 0.014/0.001

Arg 0.113/0.010* 0.247/0.033 0.252/0.031 0.104/0.011* 0.253/0.022 0.215/0.036

Tot FAA 5.783/0.384* 7.758/0.316 7.259/0.259 6.318/0.113* 7.631/0.144 7.510/0.928

EFAA 1.664/0.123* 2.581/0.176 2.629/0.069 1.852/0.163* 2.763/0.116 2.626/0.205

(b)

LE/HO LE/LO

DE0 h 4 h 6 h 0 h 4 h 6 h

Thr 0.181/0.034* 0.306/0.016 0.282/0.048 0.180/0.024* 0.246/0.006 0.310/0.019 **

Val 0.548/0.131* 0.559/0.007 0.579/0.054 0.436/0.033* 0.656/0.047 0.654/0.021

Met 0.067/0.006* 0.165/0.008 0.141/0.018 0.073/0.004* 0.119/0.014 0.136/0.008

Ile 0.227/0.062* 0.257/0.004 0.276/0.035 0.165/0.014* 0.297/0.018 0.305/0.014

Leu 0.389/0.094* 0.485/0.010 0.512/0.067 0.314/0.016* 0.505/0.028 0.544/0.019

Phe 0.147/0.023* 0.213/0.013 0.213/0.025 0.129/0.005* 0.181/0.027 0.211/0.008

Lys 0.372/0.168* 0.471/0.024 0.434/0.038 0.215/0.048* 0.516/0.077 0.436/0.013

His 0.070/0.005* 0.092/0.004 0.085/0.002 0.070/0.013* 0.088/0.003 0.084/0.005 **

Trp 0.019/0.005 0.017/0.000 0.018/0.003 0.016/0.001 0.019/0.002 0.020/0.002

Arg 0.134/0.034* 0.304/0.004 0.302/0.036 0.103/0.011* 0.243/0.025 0.272/0.022

Tot FAA 6.103/0.894* 8.049/0.076 8.073/0.411 5.783/0.337* 7.668/0.310 7.896/0.185

EFAA 2.154/0.557* 2.869/0.027 2.841/0.294 1.700/0.137* 2.870/0.146 2.973/0.09

The symbol * indicates significant differences between sampling time points for each treatment group per FAA (two-way ANOVA with

repeated analyses, P < 0.05). A significant effect of DE on histidine is indicated by the symbols ** (two-way ANOVA, P < 0.05).
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was higher at 6 h postprandially compared to �2

and 0 h preprandially, but no preprandial ghrelin

peaks were detected, even though sampling cov-

ered both a pre- and postprandial time range. Sim-

ilar results with respect to time have previously

been reported for postsmolt at 13 and 19°C under

normoxic conditions (Vikes�a et al. 2015); however,

a second experiment in the same publication

showed clear peaks before meal times with large

salmon at 12°C under normoxia (Vikes�a et al.

2015). Elevated plasma ghrelin levels (samples 4 h

postprandially only) are also reported for postsmolt

due to hypoxia at 12°C, in spite of a reduced feed

intake compared to those at normoxic conditions

(Vikes�a et al. 2016). DE level did not result in dif-

ferent plasma ghrelin concentrations, which is in

line with previous studies with salmon (Vikes�a

et al. 2016, Hevrøy et al. 2012). Plasma ghrelin

levels did not differ between groups of postsmolt

held at 13 and 19°C (Vikes�a et al. 2015), while

Hevrøy et al. (2012) reported suppressed plasma

ghrelin in large salmon at 19°C compared to

14°C, all under normoxia.

Seasonal changes in light regime, feeding sched-

ules or ambient water temperature can interfere

with physiological functions and behavioural fea-

tures regulated by the circadian rhythms, also in

fish (Boujard & Leatherland 1992; Rensing &

Ruoff 2002; Kulczykowska & S�anchez V�azquez

2010; Feliciano, Vivas, de Pedro, Delgado, Velarde

& Isorna 2011; Hoskins 2011; Nisembaum,

Velarde, Tinoco, Azpeleta, De Pedro, Alonso-Gmez,

Delgado & Isorna 2012; Vera, Negrini, Zagatti, Fri-

gato, Snchez-Vzquez & Bertolucci 2013), including

Atlantic salmon (Betancor, McStay, Minghetti,

Migaud, Tocher & Davie 2014). It is therefore pos-

sible that differences in time course and feeding

regime between studies can impact on the timing

and extent of ghrelin peaks and feed anticipation

as in (Yannielli, Molyneux, Harrington & Golom-

bek 2007; Nisembaum, de Pedro, Delgado & Iso-

rna 2014; Sanchez-Bretano, Blanco, Unniappan,

Kah, Gueguen, Bertucci, Alonso-Gomez, Valen-

ciano, Isorna & Delgado 2015). Experimental

parameters differ between the present and referred

studies, but two common conditions for studies

with positive ghrelin responses are that they were

both long term (2–4 months) prior to sampling

and included large salmon (Hevrøy et al. 2012;

Vikes�a et al. 2015, 2016). Hevrøy et al. (2012)

even involved a 1.5-month acclimation period

prior to onset of experimental treatments. Salmon

in the present study were exposed to experimental

conditions for 1 month, and a two-phase feeding

regime was applied only the two last weeks before

blood sampling. It is likely that the adaptation per-

iod was insufficient for the fish circadian system to

develop and establish a regular feeding anticipa-

tion regime, resulting in the unexpected prepran-

dial plasma ghrelin concentrations.

Plasma IGF-1 and white muscle ghr1 and igf1

mRNA

Circulating IGF-1 levels were higher at 4 h post-

prandially in salmon treated with LO conditions

compared to HO conditions at a high temperature,

while dietary DE level had no effect on plasma

IGF-1. In contrast, DO did not affect plasma IGF-1

for a similar postprandial sampling point when

large salmon were held at 12°C, even though

other growth regulation parameters were nega-

tively affected by low oxygen in the same study

(Vikes�a et al. 2016). White muscle igf1 and ghr1

mRNA expressions were unaffected by the DO and

DE treatments, but both showed differences in pre-

and postprandial levels with a significant drop at 4

and 6 h postprandially compared to just before

feeding (0 h).

We have previously demonstrated that high

temperature (19°C) downregulates igf1 mRNA

expression irrespective of postprandial time, result-

ing in a more rapidly declining plasma concentra-

tion after the peak at approximately 16 h

postprandially (Vikes�a et al. 2015), reflecting a

lower growth potential at high temperature. This

may have had an overriding influence on the pre-

sent treatments, possibly explaining the different

response to HO by plasma IGF-1 at 17 versus

12°C and the reduced postprandial mRNA levels

of igf1 and ghr1. However, similar postprandial

mRNA levels do not necessarily mean that there

was a post-transcriptional limitation on the GH1

and IGF-1 synthesis in all treatment groups. As

plasma IGF-1 is influenced by oxygen as shown by

lower levels at HO, this might indicate a higher

clearance rate and possibly a higher receptor

activity, reflected by the better growth of HO-trea-

ted fish.

For IGF-1 to mediate its function as a growth

stimulant, it not only depends on circulating GH1

to be synthesized, but also on IGF-1-binding pro-

teins (IGFBPs) which regulate the binding of IGF-1

to receptors in target tissues (Reinecke 2010).
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IGFBPs are stimulated by nutritional cues (Shi-

mizu, Dickey, Fukada & Dickhoff 2005; Shimizu,

Beckman, Hara & Dickhoff 2006), and variations

in IGFBP levels in fish are connected to other hor-

mones, metabolic status (e.g. starvation and

stress), developmental stage and environmental

conditions such as temperature and oxygen avail-

ability (Wood, Duan & Bern 2005). Postprandial

plasma levels of IGFBPs are also reported to react

differently to starvation/fasting (Kelley, Haigwood,

Perez & Galima 2001; Shimizu, Cooper, Dickhoff &

Beckman 2009; Hevrøy et al. 2011), stress (Kelley

et al. 2001; Davis & Peterson 2006) and tempera-

ture (Davis & Peterson 2006; Hevrøy et al. 2013),

which can alter the levels of IGFBPs in circulation.

A complete understanding of IGFBP role in the fish

metabolism remains to be described (Shimizu et al.

2009), but it is possible that adverse environmen-

tal conditions such as elevated temperature com-

bined with hypoxia impose an imbalance in

IGFBPs and the receptor modulation of the IGF1

activity, while synthesis of IGF-1 is being stimu-

lated by the feed intake and GH1. This might

explain the present accumulation of plasma IGF1

in LO-treated fish groups.

Plasma IGF-1 levels respond to food intake, and

refeeding after 3-week fasting of coho salmon

resulted in a rapid increase in plasma IGF-1 after

only 2 h with a decline 14 h postprandially (Shi-

mizu et al. 2009). Even a single day of feed depri-

vation affected the postprandial plasma levels of

GH1, IGF-1 and IGFBPs (Shimizu et al. 2009).

Whether a low feed intake at hypoxia and han-

dling stress from sampling can have a similar

short-term postprandial effect on plasma IGF-1

and IGFBPs as described for fasting (Shimizu et al.

2009), hence the increased plasma IGF-1 at 4 h

postprandially, needs to be further verified.

Ghrelin is a well-known appetite stimulant, but

it is also involved in growth regulation as it was

first discovered as a GH secretagogue (Kojima,

Hosoda, Date, Nakazato, Matsuo & Kangawa

1999). It is therefore possible that the lack of

response in the GH-IGF system to the treatments

could be linked to the present ghrelin results.

The results could also indicate that the combina-

tion of hypoxia at a suboptimally high tempera-

ture represents catabolic rather than anabolic

conditions for growth and appetite regulation in

salmon. Reports on inheritable differences in sal-

mon tolerance to critical temperature and oxygen

levels (Barnes et al. 2011; Anttila, Dhillon,

Boulding, Anthony, Glebe, Elliott, Wolters &

Schulte 2013) bring in an aspect to future

research that can be valuable for breeding sal-

mon to tackle a warmer climate.

Plasma FAA

As expected, postprandial plasma EFAA concen-

trations were significantly higher than just before

feeding time (0 h) for all treatments (P < 0.05),

except for Trp (P > 0.05). However, this should

be interpreted with care as plasma Trp is known

to be bound to protein during analysis. Plasma

FAA concentrations were unaffected by the low

oxygen conditions and dietary energy at both 0 h

preprandially and 4 to 6 h postprandially

(P > 0.05). A lower His level in LE diet groups

was the only exception (P < 0.05). Our previous

study showed that the effect of a high tempera-

ture is not evident until after 12 h postprandially,

where plasma EFAA levels were absorbed/declined

at a faster rate at 19°C than at 13°C (Vikes�a et al.

2015). LO-treated salmon had a reduced mean

feed intake over the experimental period which

indicates a lower supply of FAA for the synthesis

of protein and muscle growth. Although sampling

of fish represents only 1 day of the experiment,

the unaffected plasma EFAA concentrations and

protein retention efficiency suggest an increased

protein turnover at hypoxia compared to normox-

ia. The lack of a postprandial peak in circulating

FAA levels at either 4 and 6 h for any of the

treatment groups (P > 0.05) is in line with previ-

ous findings for 4 and 8 h for postsmolt held at

13 and 19°C (Vikes�a et al. 2015). However, the

plasma FAA level tended to peak at 8 h in the

lowest temperature group (Vikes�a et al. 2015).

This is comparable to findings from postsmolt held

at even colder temperatures (8.6 � 0.6°C and

10.8 � 0.1°C), where plasma EFAA concentra-

tions were highest from 6 to 12 h compared to 0

and 24–72 h postprandially (Espe, Lied & Torris-

sen 1993; Torrisen, Lied & Espe 1995). The com-

parison of the present plasma EFAA results at

17°C to previous postprandial studies (Espe et al.

1993; Torrisen et al. 1995; Vikes�a et al. 2015)

indicates a less pronounced absorption of FAA

into plasma and a faster depletion rate at higher

temperatures than at colder temperatures. This

has implications for muscle growth and may

explain some of the reduced growth seen for fish

at higher temperatures.
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Conclusions

The present study confirms that LO under warm

conditions also reduces feed intake and growth

with no impact on feed utilization, which is well

known for several fish species, including salmon,

under hypoxia at temperatures considered optimal

for growth. Reduced growth under hypoxia can be

explained by an increased breakdown of protein

from internal sources to maintain the FAA supply,

as plasma EFAA concentrations were similar in

the treatment groups, despite the reduced feed

intake under hypoxia. Feeding HE diets under

hypoxia at a warm temperature indicates that it is

possible to improve survival of salmon and should

be further investigated.

Variable differences in pre- and postprandial

plasma IGF-1 levels and white muscle gene expres-

sions of igf1 and ghr1 demonstrated a low

response to the present DO and DE treatments,

which were possibly overruled by the influence of

high temperature representing a generally lower

growth potential.

Pre- and postprandial measurements failed to

demonstrate preprandial ghrelin peaks in relation

to meal times, suggesting that a sufficient adapta-

tion to feeding regime is essential to develop an

endogenous feeding rhythm and to correlate ghre-

lin levels to feed anticipation and appetite regula-

tion. It also demonstrates that disruptions of

feeding regimes can potentially interfere with appe-

tite signalling with consequences for fish growth.
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