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Abstract 
 
The global mean temperature is predicted to increase by up to 5 °C during this century. For fish, being 
ectotherms, temperature is one of the most important environmental factors, influencing them in a 
number of different ways, including effects on physiological traits, timing of life history events and 
behavior. Atlantic salmon has been shown to grow faster after being incubated at warmer temperatures. 
One possible explanation for this could be that the increased incubation temperature causes decreased 
metabolic rates. The aim of this project was to examine whether this is true. Atlantic salmon eggs were 
incubated in three different temperature regimes: natural temperature conditions, heated water and a 
mixed temperature treatment, where eggs were incubated in increased temperature until the beginning of 
January and after that subjected to natural temperature conditions. Ventilation rate, a proxy for 
metabolism, was measured for fish from each treatment group, as well as fish length and weight. The 
results revealed significantly lower ventilation rates of the fish from the heated temperature treatment, 
but not of the fish from the mixed temperature treatment. This suggests that an increased incubation 
temperature causes lowered rates of metabolism in Atlantic salmon, and that the change occurs later than 
early January. Because of differences in size and life stage between fish from the different groups 
however, the results are uncertain and call for further investigations. A lowered metabolic rate will affect 
the fish’s behavior. A further development might therefore be to study fish survival in the wild in 
relation to a fish’s metabolic rate. 
 
 
Sammanfattning 
 
Jordens medeltemperatur beräknas öka med upp till 5 °C det här århundradet. För fiskar, som är 
ektotermer, är temperatur en av de viktigaste abiotiska faktorerna och påverkar dem på en mängd olika 
sätt, bland annat genom förändring av fysiologiska attribut, tidpunkter för steg i livscykeln och beteende. 
Lax har visats växa snabbare efter att ha blivit inkuberade i varmare vattentemperatur. En möjlig 
förklaring till det kan vara att en förhöjd inkuberingstemperatur orsakar en lägre metabolism. Det här 
projektet syftade till att undersöka om så är fallet. Ägg från lax inkuberades i tre olika 
temperaturförhållanden: naturliga temperaturförhållanden, förhöjd temperatur och en blandad 
temperaturbehandling, där ägg inkuberades i förhöjd temperatur till början av januari, varefter de 
utsattes för naturliga temperaturförhållanden. Gälslagsfrekvens, som fungerar som en indikator för 
metabolism, mättes på fisk från varje behandlingsgrupp, samt fiskarnas längd och vikt. Resultaten visade 
signifikant lägre gälslagsfrekvenser hos fiskarna från behandlingen med förhöjd temperatur, men inte 
hos fiskarna från behandlingen med blandad temperatur. Detta indikerar att en förhöjd 
inkuberingstemperatur orsakar en lägre metabolism hos lax, och att förändringen sker senare än tidiga 
januari. På grund av skillnader i storlek och livsstadier hos fiskarna från de olika grupperna är resultaten 
dock osäkra, vilket gör att ytterligare studier behövs. En lägre ämnesomsättning påverkar fiskars 
beteende. En uppföljning kan därför vara att studera fiskars överlevnad i det vilda i relation till deras 
metabolism.  



Introduction 
 
The earth is currently going through unprecedented changes in climate, with a global mean temperature 
increase of up to 5 °C predicted to occur during this century (IPCC 2013). The temperature will be most 
pronounced at northern latitudes (IPCC 2013), where much of the global fish production comes from 
(Walters & Ahrens 2009). 
 For fish, being ectotherms, water temperature is one of the most important environmental factors, 
influencing them in a number of different ways. This includes direct and indirect effects on 
physiological traits – such as growth performance (Klimogianni et al. 2004; Jonsson et al. 2005; Bal et 
al. 2011; Finstad & Jonsson 2012), survival rate of eggs (Klimogianni et al. 2004; Elliott & Elliott 2010; 
Mueller et al. 2015), muscle composition (Bjørnevik et al. 2003) size of hatchlings and yolk-conversion-
efficiency (Mueller et al. 2015), timing of life history events such as age at maturity (Jonsson et al. 
2005), timing of ovulation (King & Pankhurst 2004) and age at migration (Jonsson et al. 2005; Bal et al. 
2011), and behavior such as foraging success (Watz et al. 2014) and selection of habitat (Elliott & Elliott 
2010; Breau et al. 2011). 
 Salmonid fishes have a life cycle that includes migration back to their spawning river to lay their 
eggs. This happens in the fall and their eggs develop during the winter (Barton & Pennell 1996; Jonsson 
et al. 2005; Finstad & Jonsson 2012). The winter is also the season where the highest temperature 
increase is expected to take place based on global climate models (IPCC 2013). This is important, 
considering that the egg stage is the one most vulnerable to an increase in temperature (Elliott & Elliott 
2010), and that differences in early life stages may have effects on the whole life history and on 
individual fitness (Jonsson et al. 2005; Bal et al. 2011). 
 Effects of temperature during egg incubation includes alteration of incubation time (Jonsson et 
al. 2005), retinol concentration in the eggs, amount of notochord tissue after hatch (Ørnsrud et al. 2004), 
amount of eggs hatching (Elliott & Elliott 2010) and white muscle development (Bjørnevik et al. 2003). 
Several studies have also reported an increased growth of Atlantic salmon (Salmo salar) juveniles after 
being incubated at increased temperature. Jonsson et al. (2005) found that salmon juveniles grew faster 
and migrated earlier after mild and wet winters than after cold and dry ones. Bjørnevik et al. (2003) 
found that juveniles became heavier and longer after first feeding if they had been incubated at higher 
temperatures, and Finstad & Jonsson (2012) reported that juveniles had a higher maximum growth rate 
at optimal temperatures after a similar treatment. 
 Such an increase in growth performance could have several different explanations. 
Rungruangsak-Torrissen et al. (1998) found that an increased incubation temperature affects trypsin 
isozyme patterns. This affects the fish’s food utilization, and could therefore be one explanation. Watz et 
al. (2014) showed that two salmonid species had higher prey capture rates in warmer water. An 
increased incubation temperature could perhaps have a similar effect on later life stages and serve as 
another explanation. A third thought is that an increased incubation temperature causes a decrease of 
metabolic rates. This would lower the fish’s overall energy expenditures and lower their activity level, 
which would allow more energy being used more efficiently for growth and less energy being used for 
activity, thus allowing for an increased growth (Reid et al. 2012; Rossignol et al. 2010). 
 The aim of this project was therefore to examine whether the metabolic rates of Atlantic salmon 
are affected by incubation temperature. Ventilation frequency, being one of two ways fish use to adjust 
the flow of water through their gills (the other being the volume of each pump stroke; Mikheev et al. 
2014), has been shown to correlate strongly with metabolic rates. This thus makes for a convenient way 
to measure metabolism (Millidine et al. 2008). Eggs from 4 different genetic groups of hatchery reared 
Atlantic salmon were incubated in three different temperature treatments: natural unheated water, heated 
water and a mixed temperature treatment. The reason for the latter was to examine the timing of the 
predicted temperature induced alteration of metabolism. The ventilation rates of fish from each treatment 



and genetic group were measured. The expectation was that fish from the increased and mixed 
temperature treatments would display lower rates of ventilation (and thus metabolism) than the fish from 
the natural tempered treatment. 
 
 
Materials and methods 
 
The fish used in the experiment are farmed landlocked Atlantic salmon (Salmo salar), originating from 
the Gullspångsälven River, a tributary of Lake Vänern, Sweden. After raising them at a hatchery, the 
fish have been released as smolts into River Klarälven, where they migrate to lake Vänern, before 
returning to the River Klarälven after 1 – 4 years. 
 The eggs were reared at Gammelkroppa fish hatchery in a special egg chamber. The chamber 
consisted of 3 sections, each containing 10 compartments. Eggs from a total of 12 adult females 
fertilized by 12 adult males filled 6 of the compartments in each section, eggs from 2 females and 2 
males in each compartment. Eggs from 4 of these compartments (the eggs of 8 females and 8 males) 
were used in this experiment and will be called genetic groups in this report. The water used came from 
a nearby lake. The eggs in the different sections, originating from the same adult fish, were incubated 
under 3 different temperature regimes: one control group (C) was incubated using the lake’s natural 
water temperature conditions, one elevated temperature group (E) in which temperature was raised with 
around 4 °C from 1 December 2015 until 19 April 2016, and one treatment group with mixed 
temperature (M), that had an elevated temperature (around 4 °C) from 1 December 2015 until 3 January 
2016 and after that were subjected to natural temperature conditions (Figure 1). 
 On 19 April, when fish from all treatments had hatched, the fish were moved to the aquarium 
facility at Karlstad University and placed in three 200 L aquariums consisting of four separate 
compartments each. The different groups of fish were randomly assigned to the different compartments 
with the criteria that each treatment and each genetic group was represented in each aquarium. The water 
temperature in the aquariums was kept at 7 °C. The fish were fed daily from 22 April. 
 

 
Figure 1. Water temperature in the different treatment groups. 
 
 The fish in each compartment were filmed on 23 and 24 April 2016. During filming, the room 
was lit with dim light; lux levels at the bottom of the aquariums between 1 and 7, and above the water 
surface between 4 and 27. Mean lux values for group E were 4.5 at the bottom and 15.75 above the 
surface, for group M mean values were 5.25 at the bottom and 18.75 above surface, and for group C 3.75 
at the bottom and 19.75 above surface. The IR mode on the camera was used, and an infrared lamp lit 



the compartment being filmed. The dim light was turned on in the room for at least 4 hours before 
filming began, to acclimatize the fish and minimize stress caused by the change in light conditions. The 
films were watched to measure the ventilation rate of 5 to 9 fish from each compartment and were 
counted as opercular beats per minute. The length of 4 fish from each treatment and genetic group was 
measured. Squares of aluminum foil were cut out and weighed. The measured fish were put on the foil 
pieces, one on each square, and dried at 60 °C for 48 hours. They were then cooled in a desiccator for 30 
minutes, and then weighed. Subtracting the weight of the foil pieces, the weights of the fish were 
calculated. 
 The data were tested statistically using a two-way ANOVA with incubation temperature and 
genetic group as factors and ventilation rate as the dependent variable, and a Tukey posthoc test for the 
treatments. Genetic group was used as a factor to test for a parental effect on metabolism. The software 
used for statistical testing was IBM SPSS Statistics 22. 
 
 
Results 
 
The fish from treatment group E hatched earlier than the fish from the other groups. Their mean length 
was longer and their mean weight was lower than fish from groups M and C (Table 1). 
 
Table 1. Date of hatching, mean length and mean weight of fish from the different treatments. 

Treatment Hatch date Mean length (mm) Mean weight (mg) 

Heated (E) 16 – 20 February 26.8 26 

Mixed (M) 6 – 8 April 24.4 43 

Natural (C) 13 – 16 April 23.3 44 

 
 The ventilation rate varied from 48 to 69 min-1, with the mean value lower in group E than in the 
other two groups (Figure 2). A two-way ANOVA showed a significant effect of incubation temperature 
(F2,55 = 9.162 p < 0.0005), but no effect of genetic group (F3,55 = 1.197 p = 0.319) or the interaction (F6,55 
= 2.209 p = 0.056). Tukey’s test revealed that the ventilation rate of fish from group E was significantly 
different from both M (p < 0.001) and the control group (p < 0.05), but the ventilation rate was not 
significantly different between groups M and C (p = 0.575). 



 
Figure 2. Mean +1 SD ventilation rate of fish from the different treatment groups. 
 
 
Discussion 
 
The hypothesis was that fish with elevated incubation temperature (from groups E and M) would display 
lower ventilation rates than the control group C. The results were in accordance with this when it 
concerns group E, which suggests that the increased incubation temperature caused decreased metabolic 
rates in Atlantic salmon. Individuals with lower metabolic rates tend to be less active, thus spending less 
energy on activities and more energy on growth (Reid et al. 2012; Lans 2012; Rossignol et al. 2010). 
Their maintenance cost is also lower, meaning that they have a lower energy demand during periods of 
inactivity (Álvarez et al. 2006). This could therefore explain, or be part of the explanation, of the growth 
increase exhibited by salmon incubated at increased temperatures (Bjørnevik et al. 2003; Jonsson et al. 
2005; Finstad & Jonsson 2012). 
 Ventilation rate of fish from group M, though expected to be lower, did not differ from those of 
group C. This could possibly be explained by that the effect of temperature on metabolism occurs after 
the temperature decrease in group M, namely after 3 January. Another possible explanation could be the 
difference in life stage of fish from the different treatment groups. Since the eggs of the E treatment 
group hatched almost two months before the other groups, these fish have had a longer time to develop 
and were all free-swimming individuals (fry) that had completely depleted their yolksacs. In contrast, all 
of the fish in the control group were still feeding off their yolksacs and were basically immobile, while 
the M group consisted of both fry and yolk-bearing fish (alevins). Oxygen consumption (another proxy 
for metabolism (Mueller et al. 2015)) in fish increases during the yolk-absorption stage and generally 
peaks near the onset of exogenous feeding (Kamler 1992). The fact that fish from group M did not 
display lowered ventilation rates, but fish from group E did, could therefore be explained by a difference 
in life stages. This could possibly also be the reason for the lower rates of fish from group E, making the 
results of this experiment uncertain. Another measurement at a later time could have helped to determine 



whether the differences in ventilation rate was due to life stage differences or to incubation temperature. 
Because of the limited time frame of this project, this was not possible to perform. 
 Álvarez et al. (2006) found that in brown trout (Salmo trutta), metabolism increased with the 
mass of the fish, with a relationship unique for each population examined. Using the observed 
relationships between mass and metabolic rates, they constructed equations to be able to size-
compensate their experimental findings. By doing so, they found no effect of incubation temperature on 
metabolic rate (Álvarez et al. 2006). In the current experiment, fish from groups M and C weighed 
almost twice as much as fish from group E (Table 1). As the ventilation rates in this project have not 
been calculated for size-compensation, this makes for another possible source of error and indicates that 
the difference in ventilation rate could be the result of size differences between groups rather than 
incubation temperature. The fish were however weighed together with their yolksacs, possibly making 
the weight measurements inaccurate, since only two of the groups (M and C) consisted, entirely or 
partly, of alevins. Weighing the fish without their yolksacs could therefore help to improve the accuracy 
of the weight measurements. 
 Another possible source of error worth mentioning is that the ventilation rates of the fish were 
measured in dim light and not in complete darkness, as is usually done. This may have affected the rates 
measured in that they were not the lowest possible (Watz et al. 2013). The fish were also filmed while in 
the tank together with the other fish in their group, and not alone, which possibly could affect metabolic 
rates. In natural environments, alevins would live in close proximity to each other, and not alone (Barton 
& Pennell 1996). This could therefore have helped to lower the stress experienced by the fish, and thus 
lowered their metabolic rates. 
 Álvarez et al. (2006) did not find any effect of incubation temperature on metabolic rate, but did 
find an effect of temperature during the yolk-absorption stage. In the experiment performed by Finstad 
& Jonsson (2012) however, fish from a mixed temperature treatment, being moved to heated water 
during the yolk-absorption stage after being incubated in natural tempered water, did not display any 
difference in growth performance compared to fish reared only in natural temperature. They did, 
however, find an increase in growth performance of fish that were subjected to heated water during both 
the egg stage and yolk-absorption stage (Finstad & Jonsson 2012). The growth increase reported by 
Bjørnevik et al. (2003) also occurred after fish had been exposed to elevated temperatures during both 
the egg and yolk-feeding stages. In the current experiment, the fish from group E – who displayed lower 
ventilation rates – were also exposed to increased temperatures during both stages. A study with mixed 
temperature treatments in both directions, were eggs are being moved from heated to natural tempered 
water at hatch and vice versa, could help to determine at what stage the change occurs. 
 Because of the ongoing changes in climate, the water temperature is expected to continue to 
increase (IPCC 2013), which will undoubtedly affect salmonid populations. Salmon juveniles grow 
faster in higher water temperatures, although the density of juveniles affects growth rate more than 
temperature (Bal et al. 2011). Increased incubation temperature has also been shown to affect later in life 
growth performance (Bjørnevik et al. 2003; Jonsson et al. 2005; Finstad & Jonsson 2012). This report 
indicates that the reason, or at least one of the reasons, for this is a decreased metabolic rate as a 
response to increased incubation temperature. Due to several possible error sources however, the results 
are uncertain, why further investigation is needed. Since lower rates of metabolism also affect fish 
behavior (Reid et al. 2012; Lans 2012), another further development might be to study survival of fish in 
the wild in relation to a fish’s metabolic rate 
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