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Abstract 

Atlantic salmon (Salmo salar) parr were exposed to three different regimens of oxygen 

saturation and water CO2 levels in duplicate freshwater RAS systems, with two cycles of 

increase and drop in these parameters. The control group had stable environmental CO2 (<5 

mg/L) and oxygen saturation (90 % O2) throughout the experiment. The CO2 group experienced 

two cycles of: 7 days of steady increase in environmental CO2 (5-30 mg/L), 14 days of 

environmental hypercapnia (30 mg/l), and an immediate drop in CO2 (back to <5 mg/L), 14 

days of steady low CO2 (<5 mg/L), then another identical cycle of CO2 increase, hypercapnia, 

and CO2 drop. The CO2 + O2 group underwent the same CO2 regimen as the CO2 group, but 

with a simultaneous alteration of oxygen saturation: increase (90 % to 120 % O2), hyperoxia 

(120 %), instantaneous drop (120 % to 90 %), repeated twice.  

By the termination of the project, both experimental groups (CO2 group and CO2 + O2 group) 

showed a significantly lower body mass than the control group (p<0.05). This signifies the 

decrease in fish welfare associated with environmental hypercapnia and hyperoxia. Blood and 

urine pH, bicarbonate, and TCO2 were elevated compared to the control group in both 

experimental groups during hypercapnia/hyperoxia and 3 hours after the drop in CO2 and O2. 

This effect can be attributed to respiratory acidosis and subsequent pH buffering by raising 

plasma bicarbonate levels. This increase in pH in the blood and primary urine in the kidney 

tubules creates optimal conditions for the precipitation of minerals (calcium, magnesium, 

inorganic phosphate) in the tubules. After the “drop”, the fish in the experimental groups 

excreted significantly less [Ca2+] than the fish in the control group, even though plasma levels 

were similar between groups. This could be speculated to be caused by kidney precipitation and 

the prevalence of nephrocalcinosis.  

Plasma TCO2 and [HCO3
-] were higher in the CO2 + O2 group than in the CO2 group, supporting 

the hypothesis that environmental hyperoxia in combination with hypercapnia leads to 

decreased gill ventilation and exacerbates the accumulation of CO2 in the plasma. This causes 

a stronger compensatory reaction with more bicarbonate reabsorption in the kidney tubule. 

There is a marked increase in Na+/K+ ATPase activity in the gills and the kidneys in both 

experimental groups compared to the control group, three hours and two weeks after the first 

“drop”, which could signify that these transport proteins are working to stabilize acid-base 

balance.   
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1 | Introduction 

As the world faces problems of a growing population, climate risks, and geopolitical 

instability, food safety is one of the main issues to address. Since 1998, the world 

population has increased from roughly 6 billion to approximately 8.2 billion today (Gu et 

al., 2021; United Nations Population Division, 2024). The United Nations projects that we 

will reach 9 billion by the year 2037 and that the earth's population will be roughly 10 

billion by 2060 (United Nations Population Division, 2024). Additionally, several events 

over recent years have made the geopolitical landscape unstable, disrupting the peaceful 

nature of international relations and bringing uncertainty to the needs for medical 

supplies, energy, and food for millions of people. A pandemic, trade wars, natural 

disasters, and military conflicts have brought concerns over global energy and food 

security, illustrating how vulnerable some countries can be in crises (Talebian et al., 

2024). According to FAO, IFAD, UNICEF, WFP, and WHO’s “The State of Food Security and 

Nutrition in the World 2024”, an estimated 2.33 billion people were moderately or severely 

food insecure in 2023. This means that 28.9 % of the world’s population did not have 

regular access to adequate food (FAO, IFAD, UNICEF, WFP, and WHO, 2024). This is an 

issue that Norway, the second-largest seafood exporter in the world, has a responsibility 

to combat (Fiskeridirektoratet, 2024).  

1.1 | Norwegian aquaculture  

The Norwegian aquaculture industry is the world’s largest exporter of Atlantic Salmon, 

and the world’s second largest seafood exporter, measured in value. In 2022, Norway’s 

income from seafood exports was 151.4 billion NOK, making up 5.6 % of Norway’s total 

export income. This increased to 171.7 billion NOK and 8.8 % in 2023, and 175.4 billion 

and 9.3 % in 2024 (Fiskeridirektoratet, 2023, 2024, 2025). Though the production volumes 

and export value of Atlantic salmon have increased exponentially over the past 30 years, 

the Norwegian aquaculture industry has experienced a plateau in production volumes in 

recent years due to sustainability concerns (Afewerki et al., 2023). Among these 

sustainability issues, the most important one for Norwegian aquaculture has been 

salmon lice (Lepeophtheirus salmonis), as it represents the main threat to the wild 

salmon population. Salmon lice originating from aquaculture sea pens disperse and latch 
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onto wild salmon, causing increased mortality and a reduction in wild salmon population 

numbers. Since 1997, salmon lice infections in farms have been regulated, with 

thresholds for the maximum mean number of adult female lice of 0.5 per fish. A 

mandatory reporting system was implemented, and the “traffic light system” dictates 

whether the farms of an area can expand production or if they must reduce it (Bjørndal & 

Tusvik, 2019). Another sustainability concern that limits the industry’s ability to grow is 

escaped salmon. These fish contribute to the spread of the parasitic salmon lice to the 

wild population, which may also cause mortality and a reduction in populations. Along 

with this, the escaped salmon can outcompete the wild salmon in its habitats, leading to 

further population decline (Bjørndal & Tusvik, 2020). These two biological sustainability 

concerns now act as the leading constraints for further production expansion, as they 

cause regulatory actions that limit the expansion of sea-based salmon aquaculture 

(Bjørndal & Tusvik, 2020). 

The lack of available sea area is another major challenge to the continued growth of the 

industry’s production. Sea-based farming is area-intensive, and new areas, like offshore 

and land, must be utilized if the production growth is to continue (Hersoug et al., 2021). 

The salmon lice problem has been tentatively handled using several different measures. 

Amongst these measures are cleaner fish, medical treatments, water bath treatments, 

and mechanical treatments, all with their drawbacks concerning cost, resources, and fish 

welfare (Bjørndal & Tusvik, 2019). More radically innovative solutions have also been 

implemented in the industry, one of the most prominent being land-based farming. This 

innovation gives the farmers more technological options and allows for more control of 

the farm's internal environment. Land-based farming also has the potential to reduce 

environmental emissions from production and eliminate external factors such as 

escapees, salmon lice, and other diseases (Afewerki et al., 2022).  

Juvenile salmon production in freshwater (FW) has been one of the most central focus 

areas for the use of land-based technology. Investments in Recirculating Aquaculture 

System (RAS) technology in Norwegian aquaculture has increased dramatically since 

2006 (Sandvold & Tveteras, 2014). This technology recirculates over 90 % of the water 

and, during the 2010s, started to phase out the flow-through systems used for juvenile-

fish/smolt production. Other advantages of this technology are the ability to control 
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important growth parameters such as temperature and water quality, and mitigate 

disease and escape (Sandvold & Tveteras, 2014). RAS technology is advantageous and 

preferable for smolt production in Norwegian aquaculture because it gives farmers more 

control over the water quality parameters, such as: oxygen saturation, CO2 levels, 

temperature to feeding and pH. This allows for faster-growing fish and profitability, and 

mitigates the effects of external factors (Balami, 2021). In later years, the production size 

of salmon smolt has seen changes compared to the standards from earlier years of land-

based smolt production. As one of the initiatives to combat the issues of sea lice and 

other diseases, reducing the sea phase of production has become a focus point for the 

industry. On-growing of smolt to sizes of 500-1000 g before the transition to sea cages is 

a strategy that has gained popularity in recent years, as it helps reduce the time of the sea 

phase for the salmon, which in turn helps to reduce the overall production time, optimizes 

the biomass usage at sea, and mitigates risks of sea lice and other diseases (Ytrestøyl et 

al., 2023).  

 

1.2 | Atlantic salmon (Salmo salar) 

Atlantic salmon (Salmo salar) are anadromous with a unique lifecycle consisting of three 

main stages: life in the FW river, life at sea, and spawning back in the FW river (Hoar, 1988). 

The most typical life cycle of Atlantic salmon starts with spawning in a FW river between 

September and November. Females lay eggs in a dugout, where the eggs stay until they 

hatch the following spring. Atlantic salmon are hatched with a yolk sac that they use for 

nutrition during the first 3-8 weeks of their life, as they stay hidden under the pebble rocks 

of the riverbed. After emerging from their hiding spots, having consumed their yolk sac, 

they start hunting for available prey, as fry (Thorstad et al., 2011, p. 4). The timing of the 

emergence from the riverbed is partly determined by abiotic factors such as water 

temperature, water discharge in the river, sediment quality, and moonlight. Salmon will 

typically stay in the FW river for 1-6 years, depending on the combination of food 

availability and water temperature, culminating in growth rate. Less food availability and 

colder water would mean a lower growth rate and more years in the river (Webb et al., 

2007, p. 33).  
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After spending some time feeding in the river, the salmon develop dark vertical streaks 

along the sides of their bodies, characterizing them as parr (Gorbman et al., 1982). After 

varying years in the river, the parr will start to undergo morphological and physiological 

changes prompted by different biotic and abiotic factors. This process, known as 

smoltification, signals the phase transition between the fresh (FW) and saltwater (SW) 

phases and prepares the juvenile fish for life at sea (Hoar, 1988). Smoltification occurs in 

spring when an individual parr has reached a sufficient size (typically ca. 10 cm in length) 

and when environmental cues such as the rise in water temperature and increase in water 

discharge, and most importantly, a prolonged photoperiod, occur (Björnsson et al., 2011; 

Webb et al., 2007, p. 36). During smoltification, the endocrine system in the salmon will 

cause major physiological changes to different organs to prepare them for the 

osmoregulatory challenges of SW. One of the most important changes that the salmon 

undergoes is the development of SW tolerance, functionally linked to changes in the gills, 

Intestine and kidney (Takvam et al., 2021). These physiological changes help the fish 

counteract osmotic water loss in saline water by drinking seawater and then secreting 

monovalent ions from the gills and divalent ions in the kidneys through urine (Björnsson 

et al., 2011; Takvam et al., 2021).  

Salmon fry hatch as FW fish, hyperosmotic to their surroundings. This presents the 

challenge of maintaining ion homeostasis and not losing important ions to the 

surrounding environment. The gills are a key organ in keeping homeostasis, as they 

contain specialized cells, known as ionocytes, that absorb chloride and sodium from the 

surrounding water when the salmon is in the FW phase (Vargas-Chacoff et al., 2018). The 

kidney is another vital organ for maintaining ion homeostasis. When the euryhaline 

Atlantic salmon is in the FW phase, the kidney counters the continuous influx of water by 

filtering large amounts of blood through the glomeruli, and thereby a high urine flow rate, 

meaning that the fish excretes large amounts of urine with a very low osmolarity (20-50 

mOsm/L). The excretion of dilute urine is made possible by the distal tubule of the 

nephron, as its impermeable features aid in the reabsorption of important ions, such as 

Na+ and Cl-, while limiting the reabsorption of water (Takvam et al., 2021). Na+/K+ -ATPase 

(NKA) is one of the most crucial transport proteins for maintaining intracellular 

homeostasis in the gills, intestine, and kidneys, with its crucial role in creating the 
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electrochemical gradients that drive the reabsorption and secretion of ions in these 

tissues’ cells (Takvam et al., 2021).  

As parr transition into smolt, they undergo physiological and behavioral changes to 

prepare for the increased osmolarity of marine waters. Instead of a hypoosmotic 

environment, the salmon smolt must now face the challenge of retaining water and 

excreting superfluous ions. In the pre-adaptation phase to SW life, the number of 

ionocytes with the SW-type NKA α1b increases in the gill cells, as the FW-type NKA α1a 

draws back under the epithelium. The SW type comes into contact with SW as the smolt 

swims out from the river and starts to pump out Cl-, and a subsequent passive transport 

of Na+ ions (Iversen et al., 2024). Behaviorally, Atlantic salmon combat passive water loss 

by drinking, pumping the ions back out through the gill ionocytes, and retaining the water. 

The kidney also plays a vital role in the excretion of superfluous ions, as it excretes excess 

divalent ions like Mg2+, Ca2+, and SO4
2-. This reduces the urine flow rate significantly 

compared to the FW phase, as the glomeruli function is reduced. In SW, the euryhaline 

Atlantic salmon produces less urine with a significantly higher osmolarity of 300-410 

mOsm/L (Takvam et al., 2021). Smolts are more vulnerable to changes in pH than fry and 

parr. Increases in FW acidity cause higher mortality in smolts due to the sensitivity of the 

gill epithelium during the changes of smoltification. High acidity can cause inhibition of 

gill NKA activity, ionoregulatory failure, and loss of SW tolerance. The same goes for 

salmon returning to freshwater to spawn (Rosseland & Staurnes, 1994). 

1.3 | Acid-base-regulation in Atlantic Salmon 

Acid-base regulation is critical for most living beings as maintaining the extracellular and 

intracellular homeostasis is vital.  Fish live in aquatic environments and have evolved 

unique strategies to regulate the acid-base equivalents (HCO3
-, H+, NH4

+, and OH-), 

ammonia, and phosphate (Zimmer and Perry, 2022). It is generally accepted that the gills 

serve as the primary site of regulation, while the kidneys provide essential 

complementary functions. For acid-base regulation, the excretion of H+ and NH4
+ 

represents acidic equivalent removal, while HCO3- and OH- excretion represents basic 

equivalent removal (Takvam et al., 2023). Hematocrit (hct) and hemoglobin (hb) are also 

important actors in transport of respiratory gases such as O2 and CO2, though CO2 is 

primarily transported as HCO3- (Zimmer and Perry, 2022; Takvam et al., 2023). acid-base 
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regulation in Atlantic salmon. Hct refers to the blood concentration of erythrocytes, with 

a high concentration causing higher blood viscosity, an increase in the amount of oxygen 

transported, and a slower blood flow rate, while a low concentration means increased 

blood flow rate, but less oxygen is transported (Sitina et al., 2024). In instances of 

metabolic alkalosis, such as when fish move from SW to FW, hct has been shown to 

decrease in Atlantic salmon (Maxime et al., 1990). Hemoglobin is an iron-containing 

respiratory pigment that binds and transports oxygen in the bloodstream (Axelsson et al., 

2024). Hemoglobin exhibits increased O2 affinity in cases of metabolic alkalosis, while the 

affinity is negatively affected in a hypercapnic environment (Maxime et al., 1990; Skov, 

2019).  

1.3.1 | Acid-base regulation in the gills   

The gill epithelium has a thin barrier and a large surface area for more efficient oxygen 

transport between the surrounding water and the bloodstream. This adaptation makes 

the gills very efficient for gas exchange. However, it also has drawbacks, as it makes it 

more difficult to control the movement of ions and water over the thin membrane barrier, 

which affects blood acid-base regulation and blood pH. CO2 forms as a metabolic 

byproduct of respiration and must be transported back to the gills for excretion. This is 

one of the objectives of the bloodstream, as CO2 molecules bind to red blood cells. In the 

red blood cells, a reaction, catalyzed by carbonic anhydrase (CA), occurs between the 

CO2 and water that creates carbonic acid (H2CO3), which is quickly dissociated to H+ and 

bicarbonate (HCO3
-). This creates a carbonate buffer that aids in stabilizing pH. Upon 

return to the gills, HCO3
- gets in red blood cells gets converted back CO2 and diffuses 

passively through the gill epithelium. The aforementioned reaction, including CA, will 

produce H+ and HCO3
-. H+ is excreted from the gill cells by H+ ATPase as the cell pumps 

Na+ in, to keep the electrochemical gradient. Similarly, HCO3
- can be exchanged from the 

surrounding water for Cl. Na+- and Cl--ions are then transported into the bloodstream and 

distributed around the body (Iversen et al., 2024).  
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1.3.2 | Acid-base regulation in the kidneys  

Even though the gills are far more important in the net excretion of acidic equivalents than the 

kidneys, the kidneys play a vital support role that is often overlooked. Generally, the kidneys 

of salmonids account for less than 10 % of acidic equivalent excretion (Takvam et al., 2023), 

the exception being in situations with very low environmental pH (<4.5) that cause metabolic 

acidosis, where some studies have found that 100 % of the compensation occurred from renal 

excretion of acidic equivalents (Takvam et al., 2023; Wood et al., 1999). When the water 

quality is as desired by the salmon, and it experiences an acid-base balance, the acidic 

equivalent excretion from both the gills and kidneys is trivial. However, the kidneys have an 

important function that allows the fish to stay in this balanced state, as they actively reabsorb 

most of the HCO3
- that has been filtered through the glomeruli. This is especially important in 

the FW phase as the glomerular filtration rate (GFR: the amount of blood that is filtered 

through the glomerulus, given as ml/kg/h (Takvam et al., 2021; 2023) is very high, meaning 

that increased amounts of blood are being filtered through the glomeruli of the kidneys. In 

extreme instances of respiratory acidosis in salmonids, active HCO3
- retention rates have been 

shown to increase by a factor of up to 2.5. These instances were caused by environmental 

hypercapnia and hyperoxia, and they showed that all the HCO3
- filtered by the glomeruli was 

reabsorbed by the tubules in the kidneys. This mechanism helps buffer the pH during extreme 

cases of respiratory acidosis and prevents excretion of basic equivalents (Takvam et al., 2023; 

Wheatly et al., 1984; Perry et al., 1987).  

1.3.3 | Acid-base regulation in the intestine 

Intestinal epithelium is important for the reuptake of Na+ and Cl- ions from the intestinal 

lumen. NKA is the main facilitator for Na+ absorption, as it pumps Na+ ions into the lateral 

interspace, causing a negative cytosolic membrane potential in the epithelial cells, 

allowing Na+ uptake from the intestinal lumen (Sundell and Sundh,  2012). This Na+ uptake 

is also facilitated by the two co-transport systems Na+/K+/2Cl- (NKCC2) and Na+/Cl- (NC), 

which allow for Cl- uptake from the intestinal lumen against the electrochemical gradient 

by electroneutral coupling with Na+. The epithelial cells of the intestine also conduct 

anion exchange through anion exchange proteins that move Cl- into the cells and pump 

HCO3
- to the intestinal lumen (Grosell et al., 2009).  
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1.3.4 | Factors influencing acid-base regulation in Atlantic salmon 

When Atlantic salmon experience desired environmental factors, acid-base regulation is 

a When Atlantic salmon experience desired environmental factors, acid-base regulation 

is a steady process, and the salmon does not normally face any significant issues with its 

internal environment. The challenges occur when the salmon encounters an unsuitable 

environment, such as environmental hypoxia (low oxygen saturation in the surrounding 

water) or fatiguing exercise. These situations can result in metabolic acidosis as the fish 

generates adenylate breakdown and lactate in the bloodstream, which produces acidic 

equivalents (Takvam et al., 2023). Environmental hypercapnia (excess CO2 in the 

surrounding environment) may cause respiratory acidosis (elevated PaCO2 and pH drop in 

the bloodstream), which is a particularly relevant issue for closed aquaculture systems 

(Takvam et al., 2023). Respiratory acidosis may also be caused by environmental 

hyperoxia (increased oxygen saturation in the surrounding environment). This happens 

because of hyperventilation and CO2 preservation in a hyperoxic environment (Wood, 

1991). During digestion, the stomach of the fish can secrete HCl, causing a matching 

secretion of NaHCO3 into the bloodstream. This is known as the post-feeding “alkaline 

tide”, and it causes metabolic alkalosis (elevated blood pH due to increased plasma 

bicarbonate (HCO3
-) or loss of H+ ions). Low environmental pH may also cause metabolic 

acidosis and is connected to acidic precipitation in salmonids. Other situations that may 

affect the acid-base regulation are the anadromous transitions between FW and SW, 

where the ion composition of the surrounding environment changes drastically. When 

salmon move from FW to SW, they experience a drop in plasma bicarbonate and 

metabolic acidosis because of the increase in surrounding osmolarity (Brauner et al., 

2019). When they move from SW back to FW, the plasma bicarbonate increases, and they 

experience metabolic alkalosis (Takvam et al., 2023; Brauner et al., 2019). Fatiguing 

exercise, feeding, FW-to-SW migration, and exposure to low environmental pH may 

additionally cause increased internal ammonia production and excretion. In contrast, 

exposure to high environmental pH can cause internal ammonia buildup by limiting 

ammonia excretion (Wilkie & Wood, 1996).  
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1.4 | Challenges in Norwegian aquaculture 

The Norwegian aquaculture industry is still relatively young, and the list of problems and 

challenges is almost as long as the list of opportunities. As stated earlier, the most 

significant challenge and strain on production expansion is the effect of sea lice from the 

marine farming on the wild Atlantic salmon population (Olaussen, 2018). Escapees are 

another significant problem, both in relation to the spread of sea lice and concerning the 

outperformance of wild salmon. Other challenges, such as feed residues and diseases, 

have also been described as limiting factors for the continued growth of the Norwegian 

aquaculture industry (Afewerki et al., 2023). The industry has developed several new 

technologies in different directions to tackle these vital challenges. Some want to keep 

production out at sea through offshore farming, semi-closed, and closed marine systems, 

while others have moved parts of, or all their production on land to escape the sea lice, 

avoid escaping salmon, and get better control over water quality (Afewerki et al., 2022). 

Even though land-based RAS was developed partially to control environmental factors 

such as reduction time in sea cages, new problems still arise in the production cycle of 

Atlantic salmon in Norwegian aquaculture. Several water quality parameters have been 

shown to fluctuate and cause diseases in certain situations, including CO2. Large 

increases in water CO2 levels (hypercapnia) and subsequent drops in CO2 levels may 

occur during facility internal transport (Takvam et al., 2025, submitted). Hypercapnia is 

known to cause respiratory acidosis, disturbing the acid-base regulation (Skov, 2019). 

Another vital risk factor in RAS water quality is the accumulation of hardness ions (Ca2+ 

and Mg2+), which, together with bicarbonate, could cause a reaction between aqueous 

calcium bicarbonate, CO2, and water and lead to precipitation of calcium carbonate and 

kidney dysfunction and harm growth and general health during the land-based phase 

(Skov, 2019; Takvam et al., 2023) 

1.5 | Nephrocalcinosis 

Nephrocalcinosis is a widespread renal disease that has been known to the aquaculture 

industry for 50 years (Smart et al., 1979). It has been discovered in several different fish 

species, including Atlantic salmon, and causes disturbances and malfunction of acid-

base regulation and osmoregulation (Klykken et al., 2023; Takvam et al., 2023). It has been 
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shown to be especially prevalent in land-based production of large smolts and post-

smolts, and as of now, the array of conditions causing it is disputed (Takvam et al., 2023). 

Nephrocalcinosis is granular deposits in the kidney tubules and ducts, mainly composed 

of calcium phosphate, but also other mineral salts. In other words, it is the precipitation 

of different minerals in the kidneys, and is often referred to as “kidney stone” (Fivelstad et 

al., 2003a; Klykken et al., 2022; Takvam et al., 2023) 

Although a reliable and complete list of environmental parameters that cause 

nephrocalcinosis has not yet been discovered, several environmental factors and 

physiological processes have been shown to increase its prevalence. Water quality and 

external factors are suggested to affect this condition, as external factors cause changes 

in the internal physiology of Atlantic salmon (Takvam et al., 2023; Skov et al., 2019). 

Hypercapnia is one of the environmental conditions that are associated with the 

prevalence of nephrocalcinosis. Environmental hypercapnia affects acid-base regulation 

in Atlantic salmon by causing respiratory acidosis and reduced blood pH levels. This is 

compensated by the physiological buffer system of bicarbonate (HCO3
-) that tries to 

balance blood pH. The gills are the main organ facilitating 90-95% of acid-base regulation 

by secreting or taking up acidic and basic equivalents (Zimmer and Perry, 2022). However, 

an underestimated compensation happens in the kidney tubules as they reabsorb 

elevated levels of HCO3
- in the pre-urine, which helps maintain HCO3

- levels in blood 

plasma and stabilizes blood pH (Skov, 2019; Takvam et al., 2023). Some studies have also 

illustrated that the combination of environmental hypercapnia and hyperoxia significantly 

increases PCO2 and HCO3
- concentrations in blood plasma in facilities with high levels of 

nephrocalcinosis (Minarova et al., 2023; Wheatly et al., 1984). Should the environmental 

PCO2 and PO2 rapidly drop, the plasma PCO2 would quickly be reduced. In contrast, 

bicarbonate in the plasma and the primary urine would take longer to decrease to normal 

levels. This induces a rise in blood and urine pH, which creates optimal conditions for the 

precipitation of minerals in the urine in the kidneys as the concentration of important 

buffer components and ions (HCO3
-, Ca2+, Mg2+, and HPO4

2-, NH4
+) is still elevated here 

(Takvam et al., 2023).  

Klykken et al. (2022) suggest that at least five different types of kidney stones have been 

discovered in Atlantic salmon. All of these include different precipitation configurations 
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of carbonate, calcium, magnesium, and phosphate, with the most prevalent being 

amorphous carbonate apatite (Ca10(PO4)6CO3), but struvite (MgNH4PO4 6H2O) is also 

commonly found in salmonids. 

1.6 | Thesis statement 

Increased risk of nephrocalcinosis may be due to suboptimal water quality and increased 

salt load (e.g. Mg2+, Ca2+, and inorganic phosphate). A recent study by Minarova et al. 

(2023) reported 5-fold greater PCO2 and 10-fold greater HCO3
- concentration in the 

plasma of rainbow trout inflicted with a high incidence of nephrocalcinosis in an 

aquaculture facility with water hypercapnia and hyperoxia. Moreover, Atlantic salmon 

exposed to water hypercapnia and hyperoxia showed increased prevalence of 

nephrocalcinosis in 30-50% of the individuals (Hosfeld et al., 2008). However, constant 

high CO2 and O2 do not always increase the prevalence of nephrocalcinosis (Good et al., 

2018; Mota et al., 2019). Sudden changes in PCO2 from high to normal, during fish 

movement to new tanks, coincide with high prevalence of nephrocalcinosis (Takvam et 

al., submitted). Thus, it seems the underlying reasons for initiation and development of 

nephrocalcinosis in the kidneys may be linked, at least to some extent, to fluctuations in 

water quality during operations and movements of fish. Considering current 

understanding of the kidney’s role in acid-base balance regulation (Takvam et al., 2023) 

this thesis investigates the idea that variations in PCO2 and O2 in the production water, 

e.g., from high to low, may result in acid-base perturbation, which in turn leads to the 

formation of kidney stones in nephrocalcinosis. 

 

 

 

2 | Materials and methods 

2.1 | Experimental design 

This experiment started with 840 Atlantic salmon (Salmo salar), randomly distributed into 

six miniRAS systems at Nofima’s locality at Sunndalsøra (Møre og Romsdal). The fish had 

an average initial body mass of 42.2 g ± 0.55 g, resulting in a biomass average of 5910 g 
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per miniRAS and an average biomass density of 11.82 kg/m3, as each miniRAS tank held 

0,5 m3 of water. The miniRAS systems were paired up so that miniRAS R14 and R18 were 

the control systems containing the fish from “group 1”, miniRAS R15 and R16 were the 

“CO2 systems” containing the fish from “group 2”, and miniRAS R13 and R17 were the 

“CO2/O2 systems” containing the fish from “group 3”. All the systems were kept at 24-hour 

light and were continuously fed with a belt feeder throughout the experimental period.  

All the systems were tentatively kept under the following conditions: 3 ppt salinity, 12 °C, 

24L:0D 60 % light during the entire experiment duration. They were fed EWOS-feed 

(pellet sizes 15, 40, and 80, depending on the size of the salmon). At the start of the 

experiment, 09.09.2024, all the systems had a setpoint for oxygen saturation at 90 % 

and no added CO2. The experiment duration was 89 days, with the final experiment day 

being 06.12.2024. The experiment consisted of two cycles of ramp-up, peak, and drop, 

as well as five samplings surrounding important experiment landmarks. MiniRAS R14 

and miniRAS R18 were tentatively kept at 90 % O2 saturation and with no added CO2 

Figure 2.1: The experimental design. This figure shows the timeframe of the CO2 and O2 variations in the different groups. It also shows 

sampling times, which parameters were sampled, and the distribution of the sampled fish between the tanks. 
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throughout the experiment. Groups 2 and 3 were subject to two cycles of ramp-up, peak, 

and drop. 

Table 2.1: Summary of water quality parameters in the different tanks throughout the project. The values are mean ± standard 

error. 

 

 

Figure 2.2: The top figure shows the water CO2 for each tank throughout the experiment duration.  
The bottom figure shows the water oxygen saturation for each tank throughout the experiment duration. 
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Group 3 only had its CO2 concentration altered, while Group 3 had its CO2 concentration 

and oxygen saturation altered. The ramp-up duration was seven days, with a steady 

increase in the respective parameters during these seven days. The “peak” period lasted 

for 14 days with an instant “drop” event on the 14th day. The day before ramp-up all the 

tanks would have the setpoint values of 90 % O2 saturation and no added CO2. Group 2 

would end the ramp-up period with an O2 saturation of 90 % and 30 mg/L CO2, while Group 

3 would end the period with 120 % O2 saturation and 30 mg/L CO2. These values were then 

kept throughout the peak period and then instantly dropped back down to the baseline 

setpoint values of 90 % O2 saturation and no 0 mg/L CO2. This cycle was repeated twice 

with a 14-day buffer period between the first drop and the second ramp-up (see Figure 

2.1).  

Sampling occurred five times during the experiment, with “baseline” sampling taking 

place from 23.09 to 24.09. This sampling was held to establish baseline values for all 

groups and check for inequalities before the first ramp-up. Two samplings were held 

surrounding the first “peak” and “drop” event, with the peak sampling being held 12.10-

13.10, on the very last two days of the peak period. The drop sampling was executed 

precisely 3 hours after the CO2 concentration and O2 saturation drop for the respective 

tanks and was held from 13.10 to 15.10. Two weeks after the first drop, 26.10-27.10, 

another sampling was held to see the effects of the peak and drop after two weeks of 

stable low CO2 and O2 values. This sampling was held the last days before the beginning 

of the second ramp-up. The final samplingwas held from 05.12 to 06.12, 17 days after the 

last drop. 

2.2 | Sampling methods 

2.2.1 | Blood and urine sampling  

Roughly 24 hours before the respective sampling times, six randomly selected fish from 

each tank were put into two buckets floating in the tank water. The buckets had grids cut 

into them so that the water flow between the bucket and the tank was continuous and so 

that the fish in the buckets experienced the same water quality as the rest of the fish 

during those 24 hours. The fish were put into the buckets using a net. During the sampling, 
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the buckets with three fish in them were lifted out of the tanks and transferred to our 

workstation. 60 ml of anesthesia (MS-222, 50mg/L buffered with NaOH) was added 

directly to the 3 liters of water in the bucket, and fish were removed once they started 

losing equilibrium, while maintaining some gill ventilation. The fish were then placed, 

dorsal side down, on a piece of surgical foam with aeration over the gills via a portable 

pump. This water had an anesthesia dose of 100 mg/L buffered MS-222. The foam was 

submerged in an anesthetic water bath from which the aeration pump drew the water. The 

water in this bath was collected from the tank that previously held the respective fish, to 

ensure stable levels of dissolved oxygen and PCO2 throughout the procedure.  

Urine was collected using a 100 µL syringe (Hamilton 1710N NO. 1132491) with a small, 

2 cm catheter tube (Intramedic Polyethylene Tubing PE#50 NO. B01B036M) connected to 

the needle tip, not to stab the fish. Urine was kept in 0.2 mL microcentrifuge tubes, 

preferably filled to the brim but mostly filled with as much urine as could be obtained. 

Urine was collected using “spot sampling” as described by Curtis and Wood (1991). This 

method was preferred to traditional internal bladder catheterization as the study by Curtis 

and Woods found that catheterization shows at least 40 % lower Na+ and Cl- urinary 

excretion due to ionic reabsorption through bladder epithelium being neglected using this 

method. The sampling was conducted by gently stroking along the ventral side towards 

the anus and being careful not to collect any feces. The urine was immediately put on ice 

and brought to the lab for later pH measurement. Blood was then sampled from the 

caudal vein using 1 mL heparinized syringes. From here, one drop of blood was left on a 

piece of parafilm for later HemoCue Hb 801 measurements, while the rest of the blood 

was transferred to a 1.5 mL Eppendorf tube. From the 1.5 mL Eppendorf tube, 100 µL of 

blood was pipetted into a 0.6 mL Eppendorf tube for extracellular pH measurement, 

which was done immediately using a Hamilton BioTrode electrode (Ref. 238140) 

connected to a Mettler Toledo FiveGoTM handheld pH meter (Fisher 15543380). The 0.6 mL 

tube and the electrode were continuously kept in the water bath, which had a stably 

monitored temperature of 12 °C, the same as the water temperature in the experimental 

tanks. This was done to ensure accurate and representative pH readings. The remaining 

blood in the 1.5 mL tube was put on ice for later plasma analysis and mean corpuscular 

hemoglobin concentration (MCHC) calculation. A small amount of blood was collected 
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for hematocrit measurements using Hirschmann disposable micro-hematocrit 

capillaries (NH4-hep). Lastly, a HemoCue Hb 801 microcuvette was used to absorb a 

small amount of blood from the drop left on the parafilm and measure the blood 

tetrameric hemoglobin concentration using the HemoCue Hb 801 Analyzer.  

2.2.2 | Morphology and tissue sampling 

After blood and urine sampling, the fish were euthanized and transferred to a digital scale 

with a length-measuring tray for weight and length measurement. Fish were then 

transferred to the dissecting stations for sampling of intestine, gill, and kidney tissue. 

Using a scalpel, the belly was opened, and approximately 1.2-1.6 µg of mucus from the 

proximal and 1.2-1.6 µg from the distal part of the intestine was sampled and put into two 

0.6 mL Eppendorf tubes prepared with 200 µL of intestinal SEI buffer. Additionally, a 

picture of the gut was taken for nephro scoring. These tubes were then frozen in a 

container with dry ice and kept frozen until analysis. Approximately 2 cm of the posterior 

part of the kidney (avoiding the posterior-most 1 cm) was removed with a scalpel and cut 

into three equally large pieces of which two were fresh-frozen in the same 1.5 mL 

Eppendorf tube and the third was put in a 1.5 mL Eppendorf tube prepared with 500 µL of 

SEI buffer and frozen in the container with dry ice. The rest of the kidney, anterior to the 

sampled part, was then cut out and put into a BiopSafe biopsy container with 4 % neutral 

buffered solution for later histology. Lastly, the second gill arch on each side was cut out. 

One of the gill arches was placed in a 1.5 mL Eppendorf tube prepared with 500 µL SEI 

buffer, while the other had its filaments cut off from the arch. The filaments were fresh-

frozen in a 1.5 mL Eppendorf tube in the dry ice container along with the gill arch in the SEI 

buffer. All the tissue samples were kept frozen until they were analyzed, and mostly kept 

in a -80°C freezer. 

2.3  | Analytical methods 

2.3.1 | Blood and urine 

As stated above, blood tetrameric hemoglobin concentration was measured parallel to 

sampling. This was done using the HemoCue Hb 801 Analyzer. After collecting blood into 

the micro-hematocrit capillaries, the samples were centrifuged (12000 g, 3 minutes), and 

hct was measured as a fractional volume of packed red blood cells (RBCs). The remaining 

blood from the 1.5 mL Eppendorf tube was centrifuged at 10000 g for 5 minutes to 
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separate the RBCs and plasma. A 200 µl subsample of plasma was transferred to a 0.6 

mL Eppendorf tube for later measurements of total plasma CO2 (TCO2) and additional 

calculations of blood PCO2 and plasma [HCO3
-]. The remaining plasma in the 1.5 mL tube 

was removed, and the RBC pellet was frozen for later measurements of RBC intracellular 

pH. 

An additional hemoglobin measurement was made: 15 µL of blood was diluted in 1.5 mL 

of Drabkin’s reagent, making cyanmethemoglobin. Hemoglobin was then measured 

spectrophotometrically at 562 nm. 

The measurement of urine pH was done similarly to extracellular blood pH. The 

Eppendorf tubes were thawed and then kept in a water bath at 12 °C. Using a Thermo 

Scientific Orion 9810BN Micro pH Electrode (Ref: 10655091) connected to the Mettler 

Toledo FiveGoTM handheld pH meter, two measurements from each sample were taken, 

with the average of the two measurements used for data analysis.  

2.3.2 | NKA enzyme activity 

The NKA activity was measured by the micro assay method developed by McCormick 

(1993) and modified for intestine and kidney by Takvam et al. (2024). A Tecan Sunrise 

temperature controlled plate reader (Tecan, Mannedorf, Switzerland) was used. Tissue 

samples were kept in - 80°C freezers until thawed 10-15 minutes before analysis started. 

The amount of tissue used was 0.12-0.16 mg of kidney tissue and 4-6 gill filaments, 

depending on the size of the filaments. The amount was determined during sampling for 

intestinal mucus but tentatively kept within the same weight range as the kidney tissue 

(0.12-0.16 mg).  
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Table 2.2: Overview of the chemicals used throughout the project. 

 

The tissue samples were diluted in 25 µl 0.5 % SEID buffer, homogenized with a motor 

pestle for 10-20 seconds, and centrifuged for 4 minutes at 6500 g (gill and kidney) or 

8000 g (intestine). 10 µl of supernatant was pipetted into each well on two microplates 

(Nunc 96-well microplate for NKA activity and Costar 96-well microplate for protein 

density). The NKA plate was pipetted in quadruplets with four replicates from each 

sample, and the protein plate in triplets. The Costar 96-well microplate had 12 wells 

(4x3) pipetted with four different concentrations of BSA protein standards (0, 5, 10 & 20 

µg/10µl). Subsequently, 200 µl of BCA Protein Assay working Reagent was pipetted into 

each previously filled well. The plate was covered with parafilm, mixed on a plate shaker 

for 1 minute, and incubated at 37 °C for 30 minutes. After cooling for 2-3 minutes, an 
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endpoint measurement of protein density was conducted using a wavelength of 562 nm. 

Before this process, two assay solutions were prepared. Solution A contained three 

parts assay mix without ouabain and one part salt solution. Solution B contained three 

parts assay mix with ouabain and one part of the salt solution. 

200 µl of assay solution B was pipetted into two replicate wells for each sample of the 

NKA plate, and 200 µl of solution A was pipetted into the remaining two wells for each 

sample. Both assay solutions were heated to 25 °C before pipetting. An NKA activity 

measurement was then conducted using a wavelength of 340 nm. 

2.3.3 | Pentra 

The following parameters were analyzed using the Pentra C400 with ISE module clinical 

chemistry analyzer (HORIBA, Kyoto Prefecture, Japan): Plasma [HCO3
-], Plasma TCO2, 

plasma PCO2, urine [HCO3
-], urine TCO2, urine PCO2, plasma [Ca2+], plasma [Mg2+], 

plasma [PO4
3-], plasma [Na+], plasma [K+], plasma [Cl-], plasma glucose, urine [Ca2+], 

urine [Mg2+], urine [PO4
3-], and urine [Na+]. The analyses were conducted according to the 

Pentra manufacturing protocol, see Appendix 1-13. Fish plasma was undiluted, while fish 

urine was diluted by a ratio of 1:3 with water to meet the protocol standards. 

2.4.1 | Statistical analysis 

All statistical analyses were performed using GraphPad Prism version 10.4.2. Treatment 

and time were used as independent variables for analysis. All the data were evaluated for 

normality using the Shapiro-Wilk test. When the data were not normally distributed, they 

were root transformed. Two-way ANOVA tests were used for all analyses, and Tukey’s HSD 

post hoc analysis was used to identify significant differences between sampling times 

and treatments. The confidence interval was set to 95 % (p < 0.05). All data is written as 

mean ± standard error. 
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3 |  Results 

3.1 | Fish welfare 

Body mass data indicates no significant difference between the CO2 or CO2 + O2 group 

and the control group for the first three sampling times (“baseline”, “before drop”, and 

“after drop”), but does show a significantly higher body mass in the control group 

compared to the CO2 and CO2 + O2 group for the final two sampling times (“2 weeks after 

drop” and “final” samplings). The trend is that body mass was negatively affected 

exponentially over time for the CO2 and CO2 + O2 group compared to the control group. 

 
Figure 3.2: Body mass (a), condition factor (b), and specific growth rate (c) in Atlantic salmon exposed to control (< 5 mg/L 

CO2 + 90 % saturated oxygen), CO2 (30 mg/L CO2 + 90 % saturated oxygen), and CO2 + O2 (30 mg/L CO2 + 120 % saturated 

oxygen) in five sampling times: baseline, before drop, 3 hours after drop, 2 weeks after drop, and final sampling. Asterisks 

(*) show a significant difference between the CO2 group or the CO2 + O2 group and the control group at a specific sampling 

time. Letters (a, b, c) show a significant difference between other sampling times and baseline sampling for control, CO2, and 

CO2 + O2, respectively. N = 12 fish per sampling time per group. Data are presented as mean ± standard error.    

The condition factor suggests no significant difference between the CO2 or CO2 + O2 

group and the control group in any of the five samplings. The control group shows a 

significant decrease from the “baseline sampling” to the “2 weeks after drop sampling”, 
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and all three groups express a significant drop in condition factor from the “baseline 

sampling” to the “final sampling”. 

The specific growth rate visually indicates that both the CO2 and CO2 + O2 group, 

exposed to heightened CO2 and/or heightened saturation of oxygen, had a lower specific 

growth rate compared to the control group in all four sampling post-baseline. 

Statistically however, no significant difference is found between the CO2 or CO2 + O2 

group and the control group in any of the sampling times. 

 

3.2 | Acid-base status 

3.2.1 | Blood/plasma 

 
Figure 3.3: Blood pH (a), plasma [HCO3

-] (b), plasma TCO2 (c), and plasma PaCO2 (d) in Atlantic salmon exposed to 

control (< 5 mg/L CO2 + 90 % saturated oxygen), CO2 (30 mg/L CO2 + 90 % saturated oxygen), and CO2 + O2 (30 mg/L CO2 

+ 90 % saturated oxygen) in five sampling times: baseline, before drop, 3 hours after drop, 2 weeks after drop, and final 

sampling. Asterisks (*) show a significant difference between the CO2 group or the CO2 + O2 group and the control group at a 

specific sampling time. Letters (a, b, c) show a significant difference between other sampling times and the baseline sampling 

for control, CO2, and CO2 + O2, respectively. N = 12 fish per sampling time per group. Data are presented as mean ± standard 

error. 
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The control group exhibits a stable blood pH throughout the experiment without a 

significant difference between the “baseline sampling” and any of the other samplings. 

For the “before drop” and “3 hours after drop” samplings, both the CO2 and CO2 + O2 

group indicate a significantly higher blood pH than the control group. We found that the 

CO2 group has a significant increase in blood pH from “baseline” to the following 

sampling times: “before drop”, “3 hours after drop”, and the “final sampling”. The CO2 + 

O2 group also shows a significant increase from the “baseline sampling” to the “before 

drop sampling”, and to the “3 hours after drop sampling”. Figure 3.2 a) suggests that the 

blood pH for the CO2 group is significantly lower than that of the control group at “the 

baseline sampling”. For the “final sampling”, the difference between both the CO2 and 

CO2 + O2 group and the control group has evened out, and here there is no significant 

difference in blood pH between the groups. 

For plasma [HCO3
-] and plasma TCO2 values, the control group significantly decreased 

from “the baseline sampling” to all later samplings. The CO2 and CO2 + O2 group exhibits 

significantly higher values than the control group at the “before drop” and “3 hours after 

drop” samplings for plasma [HCO3
-] and plasma TCO2, and the CO2 group shows 

significantly lower values than the control group at the “2 weeks after drop sampling” for 

plasma TCO2. We also found significantly lower plasma TCO2 values for the CO2 + O2 

group compared to the control group in “the baseline sampling”. There is a significant 

increase in both plasma TCO2 and plasma [HCO3
-] from “the baseline sampling” to “the 

before drop” sampling for the CO2 + O2 group and the CO2 group. The CO2 group also has 

a significant drop in both plasma [HCO3
-] and plasma TCO2 from the “baseline 

sampling” to the “2 weeks after drop sampling”, and the CO2 + O2 group has a significant 

increase in TCO2 levels from “the baseline sampling” to “the 3 hours after drop 

sampling”. Like blood pH, data for plasma [HCO3
-] and plasma TCO2 even out between 

all groups for the “final sampling”, with no significant difference between the CO2 or CO2 

+ O2 group and the control group. 

The CO2 + O2 group shows no significant difference between the “baseline sampling” 

and any other sampling time for PaCO2. In the “before drop sampling”, both the CO2 and 

CO2 + O2 group show significantly higher PaCO2 levels than the control group. The control 

group has a significant drop from the “baseline sampling” to the “before drop”, “3 hours 
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after drop”, and “final” samplings. The CO2 group illustrates a significant drop in PaCO2 

levels from the “baseline sampling” to the following samplings: “3 hours after drop”, “2 

weeks after drop”, and “the final sampling”. For the final three samplings, the difference 

between the control group and the CO2 and CO2 + O2 group is insignificant and has 

stabilized after significantly higher levels for both groups during the “before drop 

sampling”. 

 

3.2.2 | Urine 

For urine pH, we found a significant increase between “the baseline sampling” and all 

other sampling times for both the CO2 and CO2 + O2 group. Both the CO2 group and the 

CO2 + O2 group also had a significantly higher urine pH than the control group in the 

following samplings: “before drop”, “3 hours after drop”, and “2 weeks after drop”. The 

control group exhibits a significant increase from “the baseline sampling” to “the final 

sampling” for urine pH. 
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For both urine [HCO3

-] and urine TCO2, both the CO2 group and the CO2 + O2 group show 

significantly higher levels than the control group in the “before drop” and “3 hours after 

drop” samplings. The CO2 group also shows a significant increase in these two sampling 

times compared to “the baseline sampling” for both parameters, while the CO2 + O2 

group illustrate a significant increase from “the baseline sampling” to “the before drop 

sampling” for urine TCO2, and from “the baseline sampling” to the “before drop” and “3 

hours after drop” samplings for urine [HCO3
-]. The CO2 + O2 group also has significantly 

higher levels of both parameters than the control group in “the final sampling”. The CO2 

group illustrate a significant increase in the urine [HCO3
-] values from “the baseline 

sampling” to “the final sampling”. 

We found significantly higher PCO2 levels in the CO2 + O2 group than in the control group 

in “the baseline sampling”, and significantly higher levels for the CO2 group compared to 

the control group in “the 2 weeks after drop sampling”. Both the CO2 group and the CO2 

+ O2 group have a significant drop in PCO2 from “the baseline sampling” to the following 

samplings: “3 hours after drop”, “2 weeks after drop”, and “the final sampling”. Lastly, 

the control group shows significantly higher urine PCO2 levels in “the before drop 

sampling” than in “the baseline sampling. 

Figure 4.3: Urine pH (a), urine [HCO3
-] (b), urine TCO2 (c), and urine PCO2 (d) in Atlantic salmon exposed to control (< 5 

mg/L CO2 + 90 % saturated oxygen), CO2 (30 mg/L CO2 + 90 % saturated oxygen), and CO2 + O2 (30 mg/L CO2 + 90 % 

saturated oxygen) in five sampling times: baseline, before drop, 3 hours after drop, 2 weeks after drop, and final sampling. 

Asterisks (*) show a significant difference between the CO2 group or the CO2 + O2 group and the control group at a specific 

sampling time. Letters (a, b, c) show a significant difference between other sampling times and the baseline sampling for 

control, CO2, and CO2 + O2, respectively. N = 12 fish per sampling time per group. Data are presented as mean ± standard 

error. 
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3.3 | Ions 

3.3.1 | Plasma-ions and plasma glucose 

 

 

The plasma [Ca2+] stayed stable for the CO2 + O2 group throughout the experiment, and 

there was no significant difference between “the baseline sampling” and any of the 

other sampling times. The CO2 group had significantly higher plasma [Ca2+] levels than 

the control group at “the before drop sampling” and significantly lower values at “the 2 

weeks after drop sampling”. The CO2 + O2 group exhibits significantly higher plasma 

[Ca2+] levels than the control group at the “3 hours after drop sampling”. For the control 

group, there is a significant increase from the “baseline sampling” to the “2 weeks after 

drop” and “final” samplings, and for the CO2 group, we found a significant increase from 

“the baseline sampling” to the “final sampling”. 

Plasma [Mg2+] stayed very stable for all three groups throughout the experiment, and the 

only significant difference that can be found is from “the baseline sampling” to “the 2 

weeks after drop sampling”, where the CO2 group had a significant drop. 

Figure 3.5: Plasma [Ca2+] (a), plasma [Mg2+] (b), and plasma [PO4
3-] (c) in Atlantic salmon exposed to control (< 5 mg/L 

CO2 + 90 % saturated oxygen), CO2 (30 mg/L CO2 + 90 % saturated oxygen), and CO2 + O2 (30 mg/L CO2 + 90 % saturated 

oxygen) in five sampling times: baseline, before drop, 3 hours after drop, 2 weeks after drop, and final sampling. Asterisks 

(*) show a significant difference between the CO2 group or the CO2 + O2 group and the control group at a specific sampling 

time. Letters (a, b, c) show a significant difference between other sampling times and the baseline sampling for control, CO2, 

and CO2 + O2, respectively. N = 12 fish per sampling time per group. Data are presented as mean ± standard error. 
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There is a significant drop from “the baseline sampling” to all the subsequent sampling 

times for both the CO2 group and the CO2 + O2 group regarding plasma [PO4
3-]. In “the 3 

hours after drop sampling”, both the CO2 and CO2 + O2 group show significantly lower 

plasma [PO4
3-] levels than the control group, and we found significantly higher plasma 

[PO4
3-] levels in the CO2 group compared to the control group at “the baseline sampling”. 

In the “before drop”, “3 hours after drop”, and “final” samplings, the control group had a 

significant drop compared to “the baseline sampling” regarding plasma [PO4
3-]. 

As there were inadequate amounts of plasma from “the baseline sampling” for analysis 

of plasma [Na+], plasma [K+], and plasma [Cl-], no statistical analysis has been run 

comparing the last four sampling times to the baseline sampling on these three 

parameters.  

Plasma [Na+] levels are significantly higher in the CO2 group than in the control group at 

“the before drop sampling”. In “the final sampling”, the plasma [Na+] levels were found 

to be significantly lower in the CO2 + O2 group than in the control group. 

For plasma [K+], the CO2 group illustrates significantly higher levels than the control 

group in the “before drop”, “3 hours after drop”, and “2 weeks after drop” samplings. We 

also found significantly higher plasma [K+] levels in the CO2 + O2 group than in the 

control group at the “3 hours after drop” and “2 weeks after drop” samplings. For “the 

final sampling” the difference between the CO2 and CO2 + O2 group and the control 

group has diminished, and there is no significant difference between the groups. 

In the “before drop” and “3 hours after drop” samplings, both the CO2 and CO2 + O2 

group illustrate significantly lower levels than the control group regarding plasma [Cl-]. 

We also found significantly higher levels of plasma [Cl-] in the CO2 + O2 group than in the 

control group at “the final sampling”. 
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Figure 3.6: Plasma [Na+] (a), plasma [K+] (b), plasma [Cl-] (c), and plasma glucose (d) in Atlantic salmon exposed to control 

(< 5 mg/L CO2 + 90 % saturated oxygen), CO2 (30 mg/L CO2 + 90 % saturated oxygen), and CO2 + O2 (30 mg/L CO2 + 90 % 

saturated oxygen) in five sampling times: baseline, before drop, 3 hours after drop, 2 weeks after drop, and final sampling. 

Asterisks (*) show a significant difference between the CO2 group or the CO2 + O2 group and the control group at a specific 

sampling time. Letters (a, b, c) show a significant difference between other sampling times and the baseline sampling for 

control, CO2, and CO2 + O2, respectively. N/A (Not Applicable) signifies inadequate amounts of plasma for analysis of 

plasma [Na+], plasma [K+], and plasma [Cl-]. N = 12 fish per sampling time per group. Data are presented as mean ± standard 

error. 

The only statistical difference that can be found for plasma glucose is between the 

control group and the CO2 group at “the before drop sampling”, where the CO2 group 

exhibits significantly lower levels than the control group. We could not find that any 

groups had any significant differences between samplings, and there were only small 

differences in the mean between groups in each of the sampling times. The standard 

error, however, was generally high, especially for the control group at the “before drop” 

and “3 hours after drop” samplings, and for the CO2 + O2 group at the “2 weeks after 

drop” and “final” samplings. 
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3.3.2 | Urine-ions 

The control group stayed stable throughout the experiment regarding urine [Ca2+], with 

no significant difference between “the baseline sampling” and any of the other 

samplings. Both the CO2 and CO2 + O2 group have significantly lower urine [Ca2+] values 

than the control group at “the 3 hours after drop sampling”. The CO2 + O2 group also 

shows significantly higher values than the control group at “the 2 weeks after drop 

sampling”. There is a significant drop from “the baseline sampling to “the 3 hours after 

drop sampling” for the CO2 group, and a significant increase for the CO2 + O2 group 

between “the baseline sampling” and the samplings “2 weeks after drop” and “final”. 

Urine [Ca2+] stabilize between the control group and the CO2 and CO2 + O2 group for “the 

final sampling” with no significant difference between either group. 

Figure 3.7: Urine [Ca2+] (a), urine [Mg2+](b), urine [PO4
3-] (c), and urine [Na+] (d) in Atlantic salmon exposed to control (< 

5 mg/L CO2 + 90 % saturated oxygen), CO2 (30 mg/L CO2 + 90 % saturated oxygen), and CO2 + O2 (30 mg/L CO2 + 90 % 

saturated oxygen) in five sampling times: baseline, before drop, 3 hours after drop, 2 weeks after drop, and final sampling. 

Asterisks (*) show a significant difference between the CO2 group or the CO2 + O2 group and the control group at a specific 

sampling time. Letters (a, b, c) show a significant difference between other sampling times and the baseline sampling for 

control, CO2, and CO2 + O2, respectively. N = 12 fish per sampling time per group. Data are presented as mean ± standard 

error. 
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Urine [Mg2+] shows no significant differences between the control group and either of the 

CO2 or CO2 + O2 group at any of the sampling times. The control group also shows 

stability, and we found no significant difference between “the baseline sampling” and 

any subsequent sampling times for this parameter. At “the before drop sampling”, there 

is a significant increase from “the baseline sampling” for the CO2 and CO2 + O2 groups 

both. 

We found no significant difference between the control group and either of the CO2 or 

CO2 + O2 group at any of the sampling times regarding urine [PO4
3-]. For the CO2 group, 

there is a significant drop from “the baseline sampling” to the following samplings: “3 

hours after drop”, “2 weeks after drop”, and “final”, for urine [PO4
3-]. For the control group 

the “2 weeks after drop” and “final” samplings significantly differ from the baseline 

sampling for this parameter, with significantly lower levels. The trend is that all groups 

steadily decline throughout the experiment regarding urine [PO4
3-], and that the standard 

error decreases towards the final sampling. 

There is no significant difference between the control group and either of the CO2 or CO2 

+ O2 group in any of the five samplings for urine [Na+]. At both “the before drop sampling” 

and “the 3 hours after drop sampling”, there is a significant increase compared to “the 

baseline sampling” for all three groups. At the final two samplings, the urine [Na+] level 

has decreased back to “baseline levels” for all three groups, and there is no significant 

difference from “the baseline sampling” for either group. 

 

3.4 | Na⁺/K⁺ ATPase activity 

3.4.1 | Intestine Na⁺/K⁺ ATPase activity 

The Na⁺/K⁺ ATPase activity in the proximal intestine is significantly higher in the CO2 

group than in the control group at “the 3 hours after drop sampling”. We also found a 

significant increase from “the baseline sampling” to “the before drop sampling” for all 

three groups, and from “the baseline sampling” to “the 3 hours after drop sampling” for 

both the CO2 and CO2 + O2 group for proximal intestine Na⁺/K⁺ ATPase activity. At “the 

baseline sampling”, we found significantly lower Na⁺/K⁺ ATPase activity in the proximal 
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intestine of the CO2 + O2 group than in the control group. For the final two samplings, 

there is no significant difference between either of the groups. 

The distal intestine Na⁺/K⁺ ATPase activity at “the before drop sampling” indicates 

significantly more activity in the CO2 + O2 group than in the control group. There are no 

other sampling times that show any significant differences between the control group 

and the CO2 or CO2 + O2 group for this parameter. There is a significant increase in 

Na⁺/K⁺ ATPase activity from “the baseline sampling” to “the before drop sampling” for all 

three groups, and from “the baseline sampling” to the “3 hours after drop” and “2 weeks 

after drop” samplings for the CO2 group in the distal intestine. The standard error is large 

for some groups in some of the samplings, especially for the control group at “the before 

drop sampling” and for the CO2 group at the “before drop” and “2 weeks after drop” 

samplings.  

 
Figure 3.8: Proximal intestine Na+/K+ ATPase activity (a) and distal intestine Na+/K+ ATPase activity (b) in Atlantic salmon 

exposed to control (< 5 mg/L CO2 + 90 % saturated oxygen), CO2 (30 mg/L CO2 + 90 % saturated oxygen), and CO2 + O2 

(30 mg/L CO2 + 90 % saturated oxygen) in five sampling times: baseline, before drop, 3 hours after drop, 2 weeks after drop, 

and final sampling. Asterisks (*) show a significant difference between the CO2 group or the CO2 + O2 group and the control 



 34 

group at a specific sampling time. Letters (a, b, c) show a significant difference between other sampling times and the 

baseline sampling for control, CO2, and CO2 + O2, respectively. N = 12 fish per sampling time per group. Data are presented 

as mean ± standard error. 

3.4.2 | Gill and Kidney Na⁺/K⁺ ATPase activity 

The gill Na⁺/K⁺ ATPase activity for the CO2 + O2 group is very high in “the baseline 

sampling”, with a mean of 19.13 µmol ADP/hr/mg protein. This results in a significant 

drop in gill Na⁺/K⁺ ATPase activity from “the baseline sampling” to all subsequent 

samplings. The CO2 group's gill Na⁺/K⁺ ATPase activity is significantly higher than that of 

the control group at “the 3 hours after drop sampling”. We found that at “the 2 weeks 

after drop sampling” both the CO2 and CO2 + O2 group had significantly higher gill Na⁺/K⁺ 

ATPase activity than the control group, and that this had reversed at “the final sampling” 

with the activity of the control group being significantly higher than that of the two other 

groups. At “the before drop sampling” the control and CO2 + O2 group show a significant 

decrease from “the baseline sampling. We found that at the “3 hours after drop” and “2 

weeks after drop” samplings the CO2 group had a significant increase in gill Na⁺/K⁺ 

ATPase activity from “the baseline sampling”. The control group also show a significant 

increase from “the baseline sampling” to “the final sampling” in gill Na⁺/K⁺ ATPase 

activity. 
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Figure 3.9: Gill Na+/K+ ATPase activity (a) and kidney Na+/K+ ATPase activity (b) in Atlantic salmon exposed to control (< 

5 mg/L CO2 + 90 % saturated oxygen), CO2 (30 mg/L CO2 + 90 % saturated oxygen), and CO2 + O2 (30 mg/L CO2 + 90 % 

saturated oxygen) in five sampling times: baseline, before drop, 3 hours after drop, 2 weeks after drop, and final sampling. 

Asterisks (*) show a significant difference between the CO2 group or the CO2 + O2 group and the control group at a specific 

sampling time. Letters (a, b, c) show a significant difference between other sampling times and the baseline sampling for 

control, CO2, and CO2 + O2, respectively. N = 12 fish per sampling time per group. Data are presented as mean ± standard 

error.  

Both the CO2 and CO2 + O2 group illustrate a significantly higher kidney Na⁺/K⁺ ATPase 

activity than the control group at “the 2 weeks after drop sampling”. The CO2 + O2 group 

also shows a significant increase in kidney Na⁺/K⁺ ATPase activity from “the baseline 

sampling” to the following sampling times: “before drop”, “3 hours after drop”, and 

“final”. We found significantly lower Na⁺/K⁺ ATPase activity in the CO2 + O2 group than in 

the control group at “the baseline sampling”, and a significant decrease in kidney Na⁺/K⁺ 

ATPase activity from “the baseline sampling” to “the 2 weeks after drop sampling” for 

the control group. We could not find any significant differences in kidney Na⁺/K⁺ ATPase 

activity between either group in “the final sampling”. 
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3.5 | Blood chemistry 

Hematocrit values for both the CO2 and CO2 + O2 groups are significantly lower than 

those of the control group in both “the 3 hours after drop sampling” and “the 2 weeks 

after drop sampling”. The CO2 group shows a significant decrease in hematocrit values 

from “the baseline sampling” to both “the before drop sampling” and “the 3 hours after 

drop sampling”. The hematocrit values of the CO2 + O2 group show a significant 

decrease from “the baseline sampling” to “the 3 hours after drop sampling”, and a 

significant increase from “the baseline sampling” to the final two sampling times. The 

control group indicates a significant increase from “the baseline sampling” to the final 

two sampling times. After significantly lower hematocrit values in both the CO2 and CO2 

+ O2 group compared to the control group in the “3 hours after drop” and “2 weeks after 

drop” samplings, the difference has diminished for “the final sampling”, and no 

significant difference can be found between the groups.  

For HemoCue hemoglobin, the values of the control group steadily increased 

throughout the experiment, resulting in significantly higher values in the final four 

samplings compared to “the baseline sampling”. We found that at “3 hours after drop 

sampling”, the HemoCue hemoglobin values of both the CO2 and CO2 + O2 group were 

significantly lower than that of the control group, and that at “the final sampling”, the 

HemoCue hemoglobin values of the CO2 group was significantly lower than that of the 

control group. For the CO2 + O2 group, the HemoCue hemoglobin values had 

significantly increased from “the baseline sampling” to the final two samplings. 
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Figure 3.10: Hematocrit (a), HemoCue hemoglobin (b), and HemoCue MCHC (c) in Atlantic salmon exposed to control (< 5 

mg/L CO2 + 90 % saturated oxygen), CO2 (30 mg/L CO2 + 90 % saturated oxygen), and CO2 + O2 (30 mg/L CO2 + 90 % 

saturated oxygen) in five sampling times: baseline, before drop, 3 hours after drop, 2 weeks after drop, and final sampling. 

Asterisks (*) show a significant difference between the CO2 group or the CO2 + O2 group and the control group at a specific 

sampling time. Letters (a, b, c) show a significant difference between other sampling times and the baseline sampling for 

control, CO2, and CO2 + O2, respectively. N = 12 fish per sampling time per group. Data are presented as mean ± standard 

error. 

Both the CO2 and CO2 + O2 group had significantly higher HemoCue mean corpuscular 

hemoglobin concentrations than the control group at “the 3 hours after drop sampling”. 

The CO2 group also had a significantly higher concentration than the control group at 

“the 2 weeks after drop sampling” for this parameter. For the control and CO2 group, 

there is a significant increase in HemoCue mean corpuscular hemoglobin concentration 

from “the baseline sampling” to “the before drop sampling”, and for the CO2 and CO2 + 

O2 group, from “the baseline sampling” to "the 3 hours after drop sampling”. At the final 

sampling, there is no significant difference between the control group and either of the 

CO2 or CO2 + O2 group, as the HemoCue mean corpuscular hemoglobin concentrations 

in the groups have evened out and are similar to baseline values. 
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4 | Discussion 

4.1 | Summary of main findings 

Our hypercapnic and hyperoxic treatments clearly affected overall fish health throughout the 

experiment. As evident in Figure 3.1, the mean body mass of these two groups fell increasingly 

short of the mean body mass of the control group as the experiment progressed. By the final 

two samplings, both experimental groups (CO2 and CO2 + O2 groups) had a significantly lower 

mean body mass than the control group, consistent with growth penalties previously observed 

in Atlantic salmon exposed elevated CO2 levels (Mota et al., 2019; Hosfeldt et al., 2008). Even 

though no significant differences could be found between the CO2 or CO2 + O2 group and the 

control group for specific growth rate, it is clear from Figure 3.1a that both experimental groups 

had a continuously lower weight gain and thus SGR than the control group.  

Both urine and blood pH showed a significant increase in the experimental groups compared to 

the control group in the “before drop” and “3 hours after drop” samplings, signifying the 

delayed response of the blood buffer capacity (HCO3
-) once the respiratory acidosis (e.g. high 

CO2) is relived (Figs. 3.2a and 3.3a). Coupling this with the finding that plasma [HCO3
-] (Fig. 

3.2b) was significantly elevated in the experimental groups compared to the control group at 

these sampling times supports this claim. Mean plasma [Ca2+] was higher for both experimental 

groups than for the control group at the “before drop” and “3 hours after drop” sampling (Fig. 

3.4a). Mean urine [Ca2+] had the opposite results, significantly so in “the 3 hours after drop 

sampling” (Fig. 3.6a).  Both the CO2 and CO2 + O2 group exhibited significantly lower levels 

of plasma [PO4
3-] in “the 3 hours after drop sampling”, an effect not found in urine (Figs. 3.4c 

and 3.6c). Plasma [Na+] shows slightly elevated levels for the experimental groups compared 

to the control group in the “before drop” and “3 hours after drop” samplings, and all three 

groups show significantly elevated levels of urine [Na+] in these two samplings compared to 

“the baseline sampling” (Figs. 3.5a and 3.6d). The experimental groups illustrated significantly 

larger levels of plasma [K+] for “the 3 hours after drop sampling” and the opposite for plasma 

[Cl-] in the “before drop” and “3 hours after drop” samplings (Figs. 3.5b and 3.5c). 

We measured gill NKA activity to be similar among all three groups at “the before drop 

sampling.” For the following two samplings, the activity of both experimental groups (except 

the CO2 + O2 group at “the 3 hours after drop sampling”) was significantly higher than that of 

the control group, an effect that was reversed in the final sampling (Fig. 3.8a). We did not find 

many significant differences between the experimental groups and the control group regarding 
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kidney NKA activity. The exception was in “the 2 weeks after drop sampling”, where the control 

group had significantly less activity than both experimental groups. This difference seems to be 

due to very low activity in the control group rather than an elevated activity in the experimental 

groups, as the NKA activity in the control group is significantly lower for this sampling time 

compared to “the baseline sampling” (Fig. 3.8b). 

Both hemoglobin and hematocrit were significantly lower in both experimental groups 

compared to the control group at "the 3 hours after drop sampling" (Figs. 3.9a and 3.9b). The 

mean corpuscular hemoglobin concentration had the opposite effect, being higher in the 

experimental groups than in the control group at this sampling time. It also elicited a 

significantly higher concentration in the CO2 group than the control group at “the 2 weeks 

after drop sampling” (Fig. 3.9c). While hemoglobin levels evened out for “the 2 weeks after 

drop sampling”, hematocrit values stayed similar to” the 3 hours after drop sampling”, 

meaning both experimental groups had significantly lower hematocrit than the control group 

(Fig. 3.9a and 3.9b). 

4.2 | Methodical considerations 

Many factors can affect the validity of the results when conducting a large experiment like this. 

Decisions made regarding the experimental design and human error during sampling and 

laboratory work can affect the study's results. To get valid results, it is paramount that the 

analysis variables are standardized. While the amount of kidney tissue used in the testing of 

NKA activity was mesured at 1.2-1.6 µg, the amount of gill and intestinal tissues was not. 

Nevertheless, the cutting of  2-4 gill filaments and the amount of intestinal tissues were 

determined by the ‘naked eye’. Although this may result in varying amounts of tissue collected 

and assayed, normalization by measuring protein content in each sample ensures sufficient 

quality as long as the enzymatic reaction is not overwhelmed by adding to much tissue (Rakvam 

et al., 2024). 

As we did not find notable prevalence of nephrocalcinosis in either experimental group after 

two cycles of increasing and dropping in CO2/CO2 + O2, the experimental design also needs to 

be called into question. One consideration is that the number of fluctuating CO2 and O2 might 

not have been sufficient to simulate actual conditions from the industry. The duration of 

environmental hypercapnia and hyperoxia should also be considered in future research to 

elevate the likelihood of mineral precipitation in the kidneys, ensuring an experimental model 

that permits provoking increased prevalence of nephrocalcinosis. Other studies have used 
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prolonged exposure to environmental hypercapnia and hyperoxia, which yielded significant 

increases in the prevalence of nephrocalcinosis in experimental groups. Fivelstad et al. (1999) 

reared juvenile salmon for 62 days in hypercapnic conditions in freshwater. They found a 

significant increase in the prevalence of nephrocalcinosis in the group that experienced the 

highest amount of environmental CO2. Hosfeld et al. (2008) kept juvenile fish in hypercapnic 

and/or hyperoxic conditions for 42 days. They found a significant increase in the occurrence of 

nephrocalcinosis in the hypercapnic group compared to the control group.  

Another consideration is the long-term effects of hypercapnia and hyperoxia. Hosfeld et al. 

(2008) and Fivelstad et al. (1999) followed the salmon into the freshwater phase and analyzed 

the long-term effects of the treatments on parameters such as growth, blood chemistry, and acid-

base balance. Our experiment was conducted on juvenile pre-smolts, and the experiment was 

purposely not designed to study long-term effects, rather the trigger hypothesis put forth by 

Takvam et al. (2023). We succeeded in getting our desired conditions of environmental 

hypercapnia and hyperoxia in both cycles of increase and drop in the experimental tanks. Our 

results also indicate that the fish in the CO2 and CO2 + O2 groups experienced respiratory 

acidosis, as the plasma [TCO2] levels are significantly elevated in these groups compared to the 

control group (Fig. 3.2c), and that the bicarbonate pH buffering systems came into effect with 

significantly higher levels of plasma [HCO3
-] for the experimental groups compared to the 

control group (Fig. 3.2b). 

4.3 | Discussing results 

4.3.1 | Fish welfare 

In the final two samplings, the present experiment found that both the group that experienced 

elevated CO2 and the group that experienced elevated CO2 and O2 were negatively affected in 

terms of growth (Fig. 3.1a). Both the CO2 and the CO2 + O2 group show significantly lower 

body mass than the control group at the final two sampling times, which is in line with the 

findings of Hosfeld et al. (2008), who found reduced growth in fish experiencing high levels 

of CO2 and that fish that experienced prolonged periods of hypercapnia and hyperoxia showed 

les growth than fish without these conditions. The specific growth rate, although not 

significant, was considerably lower in the experimental groups than in the control group in 

our study (Fig. 3.1c). The lack of significance can be assumed to be caused by a low sample 

size of data, as the specific growth rate was calculated as an average of each group at each 

sampling time. Nevertheless, the negative effect on the experimental groups is apparent, 
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which is backed up by the findings of Fivelstad et al. (1999), who found a slightly lower 

specific growth rate in fish exposed to 32 mg/L CO2 over 62 days in freshwater.  

In terms of stress, there were no large differences between the groups. Plasma glucose levels 

were relatively stable throughout the experiment, but were generally high for all groups at 

most sampling times, when compared to normal levels as exhibited by Mota et al. (2020), 

which can be attributed to stress (Fig. 3.5d). 

4.3.2 | Acid/base status 

The significant increase in blood pH for the experimental groups compared to the control 

group in the “before drop” and “3 hours after drop” samplings indicates that we achieved 

respiratory acidosis and subsequent bicarbonate compensation in these groups by exposing 

them to environmental hypercapnia and hyperoxia (Fig. 3.2a). The increase in plasma [HCO3
-

] is coupled with plasma [Cl-] levels dropping (Figs. 3.2b and 3.5c) in the “before drop” and 

“3 hours after drop” samplings, indicating compensation for respiratory acidosis, as proposed 

by Wheatly et al. (1984). Takvam et al. (2023) suggested that the combination of hypercapnia 

and hyperoxia would exacerbate the prevalence of nephrocalcinosis due to increased plasma 

PCO2. Plasma PCO2 in our experiment follows this assumption, as the experimental groups 

experienced significantly increased levels in “the before drop sampling”. Interestingly, the 

levels of plasma PCO2 in the CO2 + O2 group were higher than those of the CO2 group, 

further supporting this claim (Fig. 3.2d). The relative increase in plasma PCO2 that the CO2 + 

O2 group experienced compared to the CO2 group can be explained by the gill ventilation 

reduction identified in fish who experience hyperoxia, as proposed by Wood and Jackson 

(1980). Brauner et al. (2000) found that fish exposed to increased levels of CO2, increased 

levels of O2, and fish exposed to a combination of these factors had a significant reduction in 

plasma [Cl-] because of exchange with HCO3
- as a compensation to respiratory acidosis. This 

compensation comes about by a reduction in the surface area of branchial chloride cells 

exposed to water, thereby reducing the number of active Cl-/HCO3
- exchangers that come in 

contact with water, resulting in decreased uptake of Cl- and excretion of HCO3
- (Brauner et 

al., 2000).  

When studying the differences between blood pH and urine pH in the present experiment 

(Figs. 3.2a and 3.3a), the apparent difference is that blood pH in the experimental groups 

stabilizes subsequent to the cycles of hypercapnia/hyperoxia and drops, while urine pH is 

continuously high for these groups compared to the control group. This could be seen in 
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context with the plasma and urine [HCO3
-] levels found, where plasma [HCO3

-] levels drop 

significantly and were measured at levels below that of the control group for both 

experimental groups at “the 2 weeks after drop sampling”. Urine [HCO3
-] levels also decrease 

after CO2 and O2 drop, but are continuously higher than those of the control group (Figs. 3.2b 

and 3.3b). As Takvam et al. (2023) proposed, elevated pH in the primary urine in the tubules 

of the kidneys creates optimal conditions for precipitation of minerals in the tubules. The 

continued high urine pH and urine [HCO3
-] excretion in the experimental groups could 

suggest that the tubules' ability to reabsorb HCO3
- is damaged due to prolonged exposure to 

hypercapnic and/or hyperoxic conditions. Eddy et al. (1979) also found similar increases in 

urine [HCO3
-] for fish exposed to environmental hypercapnia, and illustrated that fish with 

signs of nephrocalcinosis exhibited high urine pH and high urine [HCO3
-] values.  

The clear trend is that plasma PCO2 follows the increase in environmental PCO2, as our results 

indicate significant increases in the PCO2 levels of the experimental groups compared to the 

control group at “the before drop sampling” (Fig. 3.2d). Environmental hyperoxia further 

exacerbates the increase in PCO2, illustrated at “the before drop sampling”, where the CO2 + 

O2 group exhibits higher levels of PCO2 than the CO2 group. Hosfeld et al. (2008) found a 

similar effect, as the fish experiencing a combination of hyperoxia and hypercapnia had the 

lowest mean gill ventilation rate. This leads to CO2 retention in plasma and is conducive with 

a respiratory acidosis.  

4.3.3 | Ion-composition 

Klykken et al. (2022) found a significant increase in plasma [Ca2+] in fish affected by 

moderate and severe forms of nephrocalcinosis, which is not equally apparent in our study. 

We did find significantly elevated levels of plasma [Ca2+] in the CO2 group at “the before 

drop sampling” and in the CO2 + O2 group at “the 3 hours after drop sampling”, but this effect 

evened out for the final two sampling as both experimental groups dropped below the control 

group in plasma [Ca2+] levels at “the 2 weeks after drop sampling” (Fig. 3.4a). Klykken et al. 

(2022) also found significant increases in plasma [Mg2+] in fish that were affected by 

nephrocalcinosis, while our results suggest no significant differences between groups 

regarding plasma [Mg2+] (Fig. 3.4b). An interesting effect that is visualized in our results is 

the relationship between urine and plasma [Ca2+] at “the 3 hours after drop sampling”. 

Takvam et al. (2023) hypothesized that a sudden drop from hypercapnic to normocapnic 

environmental conditions would cause the plasma PCO2 levels to drop quickly, while the pH 
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buffering bicarbonate would stay elevated for a prolonged period, causing blood pH to 

increase. This is an effect that is mirrored in our findings, as plasma PCO2 went from being 

significantly elevated in the experimental groups compared to the control group at “the before 

drop sampling” to being roughly equal at “the 3 hours after drop sampling” (Fig. 3.2d). 

Plasma [HCO3
-] stays elevated in the experimental groups compared to the control group from 

“the before drop sampling” to “the 3 hours after drop sampling”, and accordingly, the blood 

pH difference between the control group and the experimental groups increases from “the 

before drop sampling” to the “3 hours after drop sampling” (Figs. 3.2a and 3.2b). 

Furthermore, Takvam et al. (2023) hypothesize that this elevation in blood and primary urine 

pH creates optimal conditions for precipitation in the kidneys’ tubules. When looking at the 

relationship between plasma [Ca2+] and the excretion of Ca2+ in the urine, it becomes apparent 

that at “the 3 hours after drop sampling”, the experimental groups show only slight increases 

in concentrations compared to the control group (the CO2 + O2 group having a significant 

increase) in plasma [Ca2+] concentrations, while the urine concentrations of Ca2+ is 

significantly lower for both experimental groups compared to the control group at this 

sampling time. It could then be speculated that because of the optimal precipitation conditions 

after the drop of CO2 and O2, the experimental fish precipitates Ca2+ in the kidneys’ tubules 

rather than excreting it in the urine. The combination of high plasma [Ca2+] and high 

bicarbonate concentrations in the plasma could lead to aqueous calcium bicarbonate reacting 

with CO2 and water and forming calcium carbonate precipitations (Skov, 2019). 

Plasma [K+] was found to be mildly or significantly elevated in both experimental groups at 

the “before drop”, “3 hours after drop”, and “2 weeks after drop” samplings compared to the 

control group. Dimberg and Hoglund (1987) proposed that elevated Plasma [K+] levels could 

result from compensation to the rise of PCO2 in fish experiencing hypercapnic conditions, and 

that the rise in Plasma [K+] levels is caused by an exchange of H+ for intracellular K+ from the 

muscles or blood cells.   

4.3.4 | Na+/K+ ATPase activity  

Intestinal Na+/K+ ATPase (NKA) activity in the current experiment was quite unpredictable, 

making it hard to make any assumptions about the effect of hypercapnia and hyperoxia. It is 

worth noting that both experimental groups exhibited increased levels of proximal intestine 

NKA activity compared to the control group at “the 3 hours after drop sampling” (Fig. 3.7a). 

The unpredictable findings in intestinal NKA activity could be attributed to the lack of a 

standardized analysis volume for intestinal mucus. 
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Both experimental groups had elevated levels of gill NKA activity in the “3 hours after drop” 

and “2 weeks after drop” samplings compared to the control group (Fig. 3.8a). This effect could 

signify high compensatory physiological activity during hypercapnia, as the NKA indirectly 

drives the transmembrane potential that is important for retention of HCO3
- and secretion of H+ 

(See review by Brauner et al., 2019) At “the final sampling”, gill NKA activity in both 

experimental groups is significantly lower than in the control group. This is the opposite effect 

of what was found in “the 2 weeks after drop sampling”, and something to have in mind here 

is that there was a second cycle of hypercapnia/hyperoxia and drop between these two sampling 

times. This effect of reduced gill NKA activity for fish exposed to hypercapnic conditions over 

extended periods is replicated in several other studies. Fivelstad et al. (1999) found similar 

results in their study of the effects of hypercapnia. Hosfeld et al. (2008) also reported a 

significant reduction in gill NKA activity in fish reared in hypercapnic conditions, although this 

study showed no effect on the fish reared in hypercapnic and hyperoxic conditions. Fivelstad et 

al. (2003b) found gill NKA activity suppression in parr who had experienced high 

environmental PCO2 over 25 days. Hosfeld et al. (2008) suggest that this can be attributed to 

gill irritation due to prolonged hypercapnic exposure. 

In the present study, we see slightly elevated levels of kidney NKA activity in the CO2 group 

compared to the control group at the “before drop” and “3 hours after drop” samplings. We also 

found significantly higher kidney NKA activity in both experimental groups at “the 2 weeks 

after drop sampling”, while all groups evened out for “the final sampling” (Fig. 3.8b), 

suggesting increased demands for ion regulation two weeks after being exposed to elevated 

CO2. The effect elicited during the “before drop” and “3 hours after drop” samplings could be 

attributed to the important role of NKA in the reabsorption of [HCO3
-], as the fish experiencing 

hypercapnic environments is trying to compensate for the respiratory acidosis (Takvam et al., 

2023). 

4.3.5 | Hematological variables 

Both experimental groups showed a decrease in hematocrit (Hct) compared to the control 

group at all sampling times after “the baseline sampling, with significant reduction for both 

groups at the “3 hours after drop” and “2 weeks after drop” samplings. This directly contrasts 

with the findings of Fivelstad et al. (2003b), who found an increase in the Hct values of the 

hypercapnia group rather than a reduction. Fivelstad et al. (2003a) and Hosfeld et al. (2008) 

found no significant differences in Hct values between fish exposed to hypercapnia and fish 
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not exposed to hypercapnia. These differences may be due to long-term vs cyclic fluctuations 

in our experiment. 

Our hemoglobin results were similar to Hct, with reduced levels for the experimental groups 

compared to the control group in all samplings after “the baseline sampling”, significantly so 

at “the 3 hours after drop sampling” for both experimental groups. Mean corpuscular 

hemoglobin concentration (MCHC) saw an increase in the experimental groups compared to 

the control group in the “before drop”, “3 hours after drop”, and “2 weeks after drop” 

samplings. Our findings are again contradictory to the findings of Hosfeld et al. (2018), who 

found slightly increased hemoglobin levels in the hypercapnic and hypercapnic/hyperoxic fish 

compared to their control group, although no significant differences were found. Fivelstad et 

al. (2003b) found a significant reduction in MCHC in CO2-exposed fish, which contradicts 

our results. However, this experiment was also run with increased environmental aluminum 

and a decreased environmental pH, which may have further influenced physiological 

conditions. Fivelstad et al. (2003a) found no significant differences between the high CO2 fish 

and the control group. Dimberg and Hoglund (1987) found a significant increase in Hct and 

hemoglobin in fish exposed to environmental hypercapnia over shorter periods, another 

finding that opposes ours. 

4.3.6 | Nephrocalcinosis 

The present study did not find any moderate or severe nephrocalcinosis cases in either of the 

three groups. However, the results indicate an elevation in blood and primary urine pH for the 

experimental groups after the drop in CO2. This signifies that the HCO3
- levels were still high, 

while these fish had excreted plasma CO2. As stated by Takvam et al. (2023), this produces 

optimal conditions for precipitation of calcium, magnesium, and phosphate minerals in the 

kidneys and increases the risk for nephrocalcinosis. We also found a large difference in the 

changes of mineral levels between plasma and urine [Ca2+] in “the 3 hours after drop 

sampling”, with plasma levels being much higher, which could be speculated to be caused by 

precipitation of calcium in the kidney tubules under an environment of pH in the primary 

urine. 

Fivelstad et al. (2003a) found that fish exposed to moderate (16 mg/L CO2) and high (24 

mg/L) levels of environmental CO2 over an extended 60-day period had significantly more 

cases of nephrocalcinosis than the low (6 mg/L) CO2 group. This study hypothesizes that the 

prolonged period of high CO2 is the primary cause for the development of nephrocalcinosis. 
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Hosfeld et al. (2008) saw a 10-fold increase in the development of nephrocalcinosis for fish 

reared in continuously hypercapnic conditions (17-18 mg/L CO2) compared to fish reared in 

normocapnic conditions over 42 days. These findings are in line with Fivelstad et al. (2003a). 

Conversely, Good et al. (2018) observed no cases of nephrocalcinosis in fish reared at high 

environmental CO2 (20 mg/L) over 384 days compared to their low CO2 group (8 mg/L), 

though they did find some renal inflammation. Mota et al. (2019) reared fish in 6 different 

CO2 regimens (5, 12, 19, 26, 33, and 40 mg/L CO2) for 12 weeks with 12 ppt salt. In this 

study, differences in environmental CO2 concentration did not affect the occurrence of 

nephrocalcinosis, as no significant differences were discovered. 

It is hard to predict the cause of the fluctuating results between these studies on the effects of 

prolonged increases in environmental CO2. Factors such as life-stage, salinity, pH, and 

temperature vary among previous literature and between the present study and previous 

literature, which makes it hard to pinpoint a causative effect. One interesting parameter to 

note is that in Fivelstad et al. (2003a) and Hosfeld et al. (2008) (increase in nephrocalcinosis 

for fish exposed to high CO2) the mean water temperature is generally lower at 7-9 °C than in 

the experiments of Good et al. (2018) and Mota et al. (2019) (no nephrocalcinosis), where 

water temperature was between 12 and 14 °C. The present study kept a water temperature of 

12 °C and found no moderate or severe nephrocalcinosis.  

With the difference in the occurrence of nephrocalcinosis in these studies, all of which 

exposed fish to prolonged periods of environmental hypercapnia, it is apparent that prolonged 

elevated environmental CO2 is not the lone culprit in causing nephrocalcinosis, and that other 

parameters influence its occurrence. Takvam et al. (2023) suggested that a rapid drop in water 

PCO2 could exacerbate the precipitation of minerals in the kidney tubules. Klykken et al. 

(2023) found a significant positive correlation between salinity-induced osmoregulatory stress 

and the occurrence of nephrocalcinosis, which may indicate that salinity could contribute to 

the risk of developing nephrocalcinosis. Takvam et al. (2023) propose that increased levels of 

salt in the water, salt in feed, and/or calcium and sodium bicarbonate buffers could increase 

Ca2+, Mg2+, and HCO3
-, which could have a cumulative effect on precipitation in the kidneys 

during CO2 level drops. 

4.5 | Conclusion 

Our study shows that environmental hypercapnia and hyperoxia cause respiratory acidosis in 

the fish in our experimental groups. This effect is also clearly exacerbated by the increased 
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environmental oxygen saturation in the CO2 + O2 group, as pH levels here are higher than those 

of the CO2 group. This respiratory acidosis comes about by increases in environmental CO2 and 

is compensated for by an increase in the reabsorption of bicarbonate in the tubules in the kidney. 

This increases blood and primary urine pH, which forms optimal conditions for the precipitation 

of Ca2+, Mg2+, and PO4
3- in the kidneys’ tubules, and the formation of nephrocalcinosis (kidney 

stones). This effect is apparent in our results, as we see a prolonged increase in urine and blood 

pH and urine and blood bicarbonate after the drop in CO2 and O2 levels caused by the rapid 

excretion of CO2, and the delayed excretion of bicarbonate. As we could not find any moderate 

or severe cases of nephrocalcinosis in either experimental group, we cannot conclude that a 

sudden CO2 and O2 drop from hypercapnic and hyperoxic conditions is the sole causation for 

the occurrence of nephrocalcinosis. Future studies should focus on altering the length and 

intensity of the hypercapnic and hyperoxic periods and researching the effects of other water 

quality parameters in combination with rapid drops in environmental CO2 and O2. 
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