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Salmon farmers are interested in extending the time post-smolts are reared in recirculating aquaculture systems (RAS). However, there is a lack of knowledge regarding optimal water quality for post-smolts in RAS, and regarding potential consequences of long term exposure to different toxic compounds, such as nitrite, in the RAS water. To address this issue, we conducted a case study at a Faroese Atlantic salmon farm, that rears large post-smolts in fresh water RAS for 22 months before sea transfer, with no additional chloride salt, a known treatment for nitrite toxicity. The aim was to document the potential effects of long-term exposure of fluctuating sub-lethal nitrite concentrations in fresh water RAS on blood physiology of large post-smolts. The study was conducted over six weeks, at the end of the RAS production cycle. Our case study shows that after ~22 months in RAS with no additional chloride, the fish had accumulated a plasma nitrite concentration 8 to 16 times higher than the ambient water. Our results indicate that the accumulation may have resulted in extracellular hyperkaliemia, since there was a positive correlation between plasma nitrite and potassium levels (p=0.00095), with potassium levels almost twice as high than previously reported for Atlantic salmon. This could indicate that Atlantic salmon health is challenged due to prolonged sub-lethal nitrite exposure in fresh water RAS. Further research related to long-term nitrite exposure in RAS is needed to asses the potential negative impact, in order to optimize welfare and growth performance during production of Atlantic salmon post-smolts.
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Introduction

Rearing farmed Atlantic salmon (Salmo salar) on-land for an extended time in recirculating aquaculture systems (RAS) is an increasing global trend. This strategy enables intensified fish production by reducing the need for new water, thus allowing for increased production on a given water source. In addition, RAS production increases biosecurity by limiting the exposure time to different pathogens and parasites encountered during the grow-out period at sea (Martins et al., 2010; Dalsgaard et al., 2013).

RAS is therefore viewed as a sustainable solution, and has, over the last 10 years, led to prolonging of the land-based production from 10 to approximately 20 months in the Faroe Islands. The average weight of individuals produced in RAS in the Faroe Islands is currently between 500-1000 g prior to stocking in sea cages for the final grow-out phase (personal communication with Rúni Dam, Avrik A/S).

However, keeping fish in a RAS for an extended period has its own challenges. The most pressing issue is the constant adjustment required to maintain the water quality within existing recommendations in order to provide the fish with an optimal environment.

RAS are better at providing a stable and controlled environment compared to flow through systems (FT) (Summerfelt et al., 2009). RAS is designed to prevent accumulation of potentially toxic waste products. For example, the use of biofilters should prevent acute toxic build-ups of nitrogen waste products, such as nitrite ( ) (Blancheton et al., 2013). However, it is very difficult to maintain stable   levels during commercial production of Atlantic salmon in RAS, instead, the   levels typically fluctuate on a daily basis at sub-lethal levels (personal communication with commercial salmon producers). This is because the microbial community in the biofilter is easily affected by a variety of parameters. For example increase in biomass, changes in feeding regimes, organic content in the water, changes in pH and oxygen levels, and changes in temperature and salinity have all been associated with fluctuation in   (Chen et al., 2006; Fossmark et al., 2021; Dahle et al., 2022).

If the fish are exposed to an unstable and fluctuating environment, they use energy to maintain internal homeostasis and can experience an allostatic overload (Segner et al., 2012). This can compromise fish growth and potentially the robustness needed to withstand the challenges faced after transfer to sea. In addition, if the fish are unable to maintain homeostasis and start to accumulate   in the blood plasma from the RAS water it can alter and disrupt multiple physiological functions. For example,   accumulation may cause Cl- depletion since   and Cl- compete for the same uptake pathway through the gills via the brachial chloride (Cl-) uptake mechanism (Jensen, 2003). Adding Cl- salts to the water is therefore considered the single most important method for protecting fish against   uptake, accumulation and toxicity (Jensen, 2003). Accumulation of   in the blood may also have a critical influence on the potassium (K+) balance in fish (Jensen, 2003). Studies on fish have shown that   exposure causes a general K+ loss from skeletal muscle and red blood cells causing significantly elevated extracellular [K+] concentration, a condition known as hyperkaliemia (Jensen et al, 1987; Jensen, 1990; Knudsen and Jensen, 1997; Vedel et al., 1998; Grosell and Jensen, 1999; Huertas et al., 2002). Furthermore,   entry into red blood cells precipitates hemoglobin oxidation to methemoglobin which is structurally incapable of binding and transporting oxygen. Known as methemoglobinemia or “brown blood disease” (Jensen, 2003), this condition results in compromised blood oxygen transport which can have a myriad of deleterious effects on fish health (Lewis and Morris, 1986; Kroupova et al., 2005).

Although there is extensive evidences of the negative effects that   and other water parameters can have on fish health, there is surprisingly little literature regarding truly optimal water condition for rearing fish in RAS (Brauner and Richards, 2020). In particular, the potential effects of prolonged exposure to sublethal   concentrations in large post-smolts in fresh water RAS is not well documented. In the Faroe Islands, for example, there are no authoritative guidelines regarding water quality in RAS. Instead, the Norwegian guidelines (FDIR, 2004) are often used which state that   levels should not exceed 0.1 mg/L in fresh water. However, no reference regarding addition of Cl- to RAS water in order to prevent   accumulation and toxicity is provided.

Information about addition of Cl- is particularly relevant since the Faroe Islands uses fresh water in the RAS with no additional Cl- in order to prevent hydrogen sulfide (H2S) build-up, which has caused mass fish mortality in RAS (Letelier-Gordo et al., 2020). Increased salinity is also known to have a negative impact on the nitrification efficiency of the biofilter, making it difficult to maintain stable   levels (Fossmark et al., 2021).

We therefore conducted a case study at a Faroese RAS farm over six-weeks at the end of the land-based production. The commercial farm rears large post-smolt Atlantic salmon in freshwater RAS for 22 months without any additional Cl- salt. The aim of our study was to document what effect chronic exposure to fluctuating sublethal   concentrations may have on the blood physiology of these large post-smolts. We chose to focus on the blood ions,  , Cl- and K+ as they are considered potential welfare indicators of   accumulation in farmed fish (Jensen, 2003; Gutiérrez et al., 2019).



Method


Experimental Conditions and Origin of Fish

Atlantic salmon were sourced from a smolt production farm in the Faroe Islands which raises large post-smolts (~400-500 g) in land-based freshwater RAS for 22 months. The study began eight weeks prior to the scheduled transfer of the salmon to sea cages.

All individuals included in the study originated from the Stofnfiskur strain and were reared in the same tank and RAS. The smolt station utilized raw spring make-up water without the addition of supplemental Cl-. No deviations from standard operating procedures or incidence of unexpected stress, disease or mortality occurred during the study period.



Sampling and Analysis

This study was conducted over a six-week period which ended two weeks prior to sea transfer. Once a week 15 large post-smolt Atlantic salmon (90 fish in total) were carefully captured by net and immediately killed by a blow to the head. This was done one fish at a time to prevent struggling since strenuous exercise can cause an outward leak of K+ from cells to plasma (McDonald and Milligan, 1992). All sampling was done at the same time of day.

Blood was drawn from the caudal vein of each salmon using a 21G needle attached to a syringe. Following collection in the syringe, approx. 1.5-2.0 ml of whole blood was immediately transferred to lithium heparin coated vacutainer collection tubes to avoid coagulation of the blood. This two-step collection method was used to avoid hemolysis that can occur due to the vacuum effect of direct vacutainer collection and thus result in an overestimation of the K+ level in the plasma.

Plasma was immediately separated (10 min 6000 rpm, MC 6 Sarstedt centrifuge) and stored at -80°C for later Cl-,   and K+ analysis.

Cl- and K+ ions were analyzed on an Architect C8000 (Abbot) by the clinical chemistry laboratory of the National Hospital of the Faroe Islands. The concentration was measured as mmol/L, but for consistency it was converted to mg/L by multiplying it with its molar mass, which is 35.453 and 39.0983 g/mol for Cl- and K+ respectively.

The NO2- concentration in the plasma was analyzed with a Nitrate/Nitrite Colorimetric Assay kit based on the Griess-reaction, but without the nitrate reduction step (Cayman Chemical, 780001). Prior to analysis, the sample was ultrafiltrated through a 10 kDA molecular weight cut-off filter (Merck, UFC501096) to reduce background absorbance due to the presence of hemoglobin and to improve color formation using the Griess Reagents. The plasma samples were diluted 1:10, and run in duplicate. The absorbance was measured on a plate reader at 550 nm (CLARIOstar Plus). The NO2- concentration was calculated from a standard curve from duplicate assays with eight known concentrations (0, 5, 10, 15, 20, 25, 30 and 35 µM) of NO2- (r2 > 0.985 for all curves), and corrected for dilution. The NO2- concentration was then converted to   by dividing it by 3.3, the ratio of their molecular weights, assuming atomic weights N: 14.007 and O:15.999.

The   concentration in the RAS was provided by the smolt farm operations team. They measure the concentration daily, however, weekend measurements were sometimes not performed. The NO2- concentration was converted to   by dividing it by 3.3, as described above.

Since the smolt farm does not measure the Cl- concentration in the water, a water sample was taken on each sampling day from the tank and the Cl- concentration was determined in duplicate by simple precipitation titration with silver nitrate and potassium chromate as indicator (Mohr´s method).

Statistical analysis (simple Person´s linear regression) of the data and figures were done using the statistical software program R (R Core Team, 2021) using the packages tidyverse and ggpubr.




Results

During the on-land production the fish were exposed to fluctuating   levels ranging from a minimum of 0.003 mg/L to a maximum of 9.3 mg/L (Figure 1).




Figure 1 | The daily fluctuating   concentration (log scale) in the RAS water over the 22-month production period. Brackets and black dots illustrate the six weeks of sampling. The dashed horizontal line shows the FDIR (2004) recommended nitrite limit of 0.1 mg/L  .



On the six sampling days the   concentration in the tank water ranged between a minimum of 0.08 mg/L to a maximum of 0.22 mg/L  . The Cl- concentration in the tank water ranged from a minimum of 10.51 ± 0.71 mg/L to a maximum of 15.01 mg/L, giving a Cl-:  ratio between 61:1 and 163:1 on the actual days of sampling (Table 1).


Table 1 | To the left the   and the mean Cl- (± SD, N = 2) concentration in the RAS water, and the Cl-:  ratio on each sampling day. To the right the mean (± SD, N = 15) blood plasma concentration of  , K+ and Cl-.



The mean plasma   levels ranged between 1.14 ± 0.15 and 1.90 ± 0.14 mg/L (Table 1). The mean plasma K+ levels, ranged between 192.36 ± 17.08 and 252.84 ± 22.19 mg/L (4.92 ± 0.44 and 6.47 ± 0.57 mmol/L) on each sampling day (Table 1), and there was a significant positive relationship (p=0.00095) between the   concentration in plasma and the K+ concentration in plasma (Figure 2). The fish had normal plasma Cl- levels for fresh water, ranging from 4166.91 ± 82.76 mg/L (117.53 ± 2.33 mmol/L) to 4311.08 ± 99.27 mg/L (121.60 ± 2.80 mmol/L) (Table 1).




Figure 2 | A significant positive correlation (simple Person´s linear regression) is between the   and K+ concentration in plasma (N=90 fish).



The fish had a condition factor between 1.14 ± 0.08 and 1.25 ± 0.12 (Table 2).


Table 2 | Mean (± SD, N = 15) length, weight and K factor at sampling day.





Discussion

Documentation of prolonged post-smolt production and the effects of water quality on fish welfare and growth performance in commercial RAS are scarce (Brauner and Richards, 2020).

Our case study showed that after ~20 months of fluctuating (0.003-9.27 mg/L) sublethal   exposure in a RAS that did not add additional Cl-, fish blood plasma   – concentration was 8 to 16 times higher than that of the surrounding RAS water. These results demonstrate that prolonged production of post-smolt Atlantic salmon on-land in freshwater RAS can cause accumulation of potentially toxic   - in blood.

One of the reasons for the observed accumulation of   in post-smolt plasma may be the low Cl- concentration in process water relative to the   concentration. A recent study indicated that maintaining a constant Cl-:  ratio of 104:1 is sufficient to protect parr from nitrite accumulation in the blood (Gutiérrez et al., 2019). During our study, this ratio varied from 61:1 and 163:1 due to oscillating concentrations of   and Cl- in RAS water. Since no Cl- was added to the water, its concentration depended solely on the natural concentration in the raw water used in the RAS. The Cl- concentration in raw water in the Faroe Islands can vary greatly (~10-40 mg/l) depending on the raw water source which can be either spring water or surface water. The spring water used in this smolt station is more stable and often contains a lower concentration of Cl- (~15-10 mg/L) compared to surface water (Larsen, 2000). In addition to oscillations in water Cl- concentrations, daily changes in   are common in commercial RAS. According to the commercial facility, where this case study was conducted, the oscillation of   can be explained by washing of the biofilters (done every two to five weeks), overfeeding, increase in biomass, sorting, treatment for fungi and oscillation in water pH.

Since the smolt station does not measure the Cl- concentration in the water, we do not know what the daily Cl-:  ratio has been during the 22 months of on-land production prior to the sampling period. Therefore, it is difficult to say what the optimal Cl-:  ratio is and what duration is necessary to prevent accumulation of   in the blood of Atlantic salmon post-smolt under commercial conditions. More research is needed to answer to this question.

The constant physiological compensation needed to maintain homeostasis in an unstable environment comes at a high energy cost and can result in an allostatic overload (Segner et al., 2012). In this case, having to adapt to the fluctuating   levels may have compromised or exhausted the salmon’s ability to regulate  . This disequilibrium may then lead to high accumulation of plasma  , even at sub-lethal water concentrations. Future controlled studies are needed to corroborate this hypothesis.

The high accumulation of plasma   could also be explained by the fact that 28% of all   measurements taken in the water over the 22 month on-land production period were ≥ the FDIR recommended limit of 0.1 mg/L  .

Despite the high   accumulation in plasma, the fish had normal documented plasma Cl- levels for fresh water, if it is assumed that the normal Cl- levels of large post-smolts are the same as for parr in fresh water (Folmar and Dickhoff, 1980; Noble et al., 2018). This result supports the finding of Gutiérrez et al. (2019) and other previous studies (Lewis and Morris, 1986) that demonstrate fish are capable of maintaining a fixed Cl- concentration even when   concentrations are high in the surrounding water. One explanation for this could be that the presence of NO2- in fresh water causes Cl- cell proliferation (Gaino et al., 1984), possibly as a compensatory response that counteracts Cl- depletion. Whatever the reason, this finding could indicate that the plasma Cl- concentration is not a reliable biomarker for estimating   toxicity in fish after long-term exposure to sublethal NO2- conditions.

The results of our study indicate that the salmon post-smolts suffered from extracellular hyperkaliemia, which could be partly attributed to the high accumulation of   in plasma given the significant positive correlation between plasma   and K+ concentration (p = 0.00095).

The mean plasma K+ levels in this study ranged between 4.92 and 6.47 mmol/L. For comparison, all previously published reports of K+ plasma levels for fresh water Atlantic salmons ranged from 0.9 to 4.5 mmol/L, making our case study the highest K+ plasma levels reported to date (Carey and McCormick, 1998; Brauner et al., 2000; Quigley et al., 2006; Fridell et al., 2007; Nomura et al., 2009; Davidson et al., 2014; Davidson et al., 2017; Noble et al., 2018). Extracellular hyperkaliemia is problematic for heart and other excitable tissues because it causes excess depolarization that can potentially lead to heart failure and nerve malfunction (Jensen, 2003). A study with rainbow trout (Oncorhynchus mykiss) showed that plasma K+ levels of 5.0 mmol/L significantly decreased the maximum cardiac performance, and a noticeable arrhythmia developed at 7.5 mmo/l K+ (Hanson et al., 2006). In this study, 77% of the sampled fish had plasma K+ levels of 5.0 mmol/l or higher, with the highest concentration measured at 7.3 mmol/L.

Presence of hyperkaliemia and its potential effect on heart health is particularly relevant for the Faroe Islands where salmon is increasingly being produced at exposed locations during the grow-out sea water phase. At exposed sites the fish must adapt to higher speed currents and waves. This is concerning since sudden strenuous exercise can also cause an additional outward leak of K+ from cells to plasma (McDonald and Milligan, 1992), possibly worsening the hyperkalemic situation, and leading to impaired health and even mortalities. In this case study, no abnormal high mortalities were reported during the entire land-based production nor after sea transfer to a site that can be classified as a non-exposed site. Thus, it seems that Atlantic salmon are capable of withstanding high accumulation of   plasma and extracellular hyperkaliemia, without resulting in high mortalities. Similarly, a recent study that followed long-term post-smolt exposure to CO2 did not cause mortalities, but did impair the growth in RAS. Moreover, the negative growth effect continued in the seawater phase of production (Mota et al., 2019). In this study we did not focus on the post-smolt growth, but the possibility that prolonged   exposure can have a negative effect on growth, potentially during both RAS and at-sea production, should be investigated.

In conclusion, our case study indicates that the blood ions,   and K+, can be considered as potential welfare indicators of   exposure in post-smolt Atlantic salmon. The results of this case study also indicate that Atlantic salmon health and welfare can potentially be challenged during prolonged production on land in freshwater RAS. However, since we concentrated our sampling only during the last few weeks of the land-based production, we only get a snap-shot of the situation prior to sea transfer. The mitigating effects of Cl- on   toxicity in post-smolts in RAS are still unknown and factors such as the optimal Cl-:  ratio has to be further investigated. Further controlled studies are therefore needed to validate our findings and to fully evaluate the effect that fluctuating water NO2-N has on salmon in RAS during prolonged land-based production and potentially after transfer to sea.
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