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D 

 
Figure 4.9 UPLC-Q-TOF chromatograms obtained after chromatographic separation on the HSS T3 column. A) 
Chromatogram of a sample collected before the CO2 treatment had started (16.11.16). Retention time versus peak 
intensity (%) is shown. The blue area indicate compounds that were not detected in blanks. B) Compounds eluting 
within 9-12 min, highlighted in figure A. C) Example of chromatograms showing a decline in peaks present from 
the start until the end of the study. The chromatogram below show 3 persistent compounds (RT 9.24, 9.40, 11.41). 
D) Extracted-ion-chromatogram (XIC) of the peak occurring late in the experiment, (10.02.17) detected at m/z 
387. 

 

The MS/MS spectrum (figure 4.10) revealed that the peaks at 9.24 and 9.40 could be the same 

compound, as the precursor of m/z 323.15 fragmented into similar product-ions (163, 135, 107, 

91 and 79 m/z). As for the ion 323.15 at 9.54 min, the fragmentation pattern differed from the 

first two. Similarly, the ions detected at m/z 241 and m/z 327.15 shared the same fragmentation 

pattern and were present in their respective MS/MS spectra. Fragmentation pattern of m/z 241 

and 327 are presented in appendix D. 
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Figure 4.10  MS/MS spectrum of ion m/z 323.15 detected at 9.24, 9.40 and 9.54 min. 
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Changes in the profile of organic compounds from different CO2 treatments 

during the course of study. Overall, higher number of peaks were observed in 

the chromatogram of samples collected at the start of experiment (16.11.16) in 

all CO2 treatments (Figure 4.11). In total 11 distinct peaks detected in 5, 12 and 

26 mg/l CO2, whereas 8 peaks were detected in 40 mg/l CO2 at the start of this 

study. However, afterward there was a decrease in the number of peaks 

detected in all CO2 treatments.   

 

 

 

 
Figure 4.11  Number of peaks in chromatograms not observed in blank samples(16.11, 
19.12, 10.02). Each bar represent the mean of 3 replicates within CO2 group. Error bars 
show the standard error of the mean (n=3). CO2 516.11 and CO2 26 at19.12.17 represent the 
mean of 2 replicates (n=2). (see table 4.1 for compound information). 
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Figure 4.12-4.13. show changes in relative abundance of 12 identified 

compounds (table 4.1) in CO2 treatments from start to end of the study. Each 

bar graph show the variations measured within one CO2 treatment (5, 12, 26, 

40 mg/l CO2 respectively). Each compound shows abundance for three 

sampling dates. Compounds 2-12 show a decreasing trend over the 12-week 

time period (16.11.2016 - 10.02.2017). Most noticeable change was observed 

in compound 1, its abundance increased 5 –and 22-fold in 26 and 40 mg/l CO2 

respectively towards the end of the experiment. In holding tank 601 all 

compounds had increasing levels towards the end, while in holding tank 601, 

the trend was similar to fish tanks. Measurements from makeup-water holding 

tank 601 (40 mg/l CO2) and 602 (5 mg/l CO2) are presented in appendix E.  
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Figure 4.12  Mean relative abundance of compound 1-12 (table 4.1) within treatments of 5 
and 12 mg/l CO2, from start to end of the study. Each bar represent mean of 3 replicates   

standard error (n=3). (See table 4.1 for compound information) 
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Figure 4.13  Mean relative abundance of compound 1-12 (table 4.1) within treatments of 26 
and 40 mg/l CO2, from start to end of the study. Each bar represent mean of 3 rep replicates 
  standard standard error (n=3). (See table 4.1 for compound information). 
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Figure 4.14 shows box plots total change in relative abundance over the 12-

week period for compound 1 and compound 10 (see table 4.1 for compound 

information). Box plot of compound 1 is shown, as in contrast to compound 2-

12, this compound had an increasing trend over the 12-week period. Box plot 

of compound 10 is illustrated, as it shows the overall pattern observed for 

compounds 2-12. The negative response value indicates a decreasing trend. 

The total change in relative abundance of compounds 1-12 (table 4.1) over the 

course of the study was not significantly different between CO2 treatments. As 

seen from figure 4.16, the greatest change was observed in 26 mg/l CO2 for 

compound 2-12, over the 12-week time period. In addition, the smallest change 

after 12 weeks is observed for 40 mg/l CO2.  
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Figure 4.14  Box plot showing the change in compound abundance versus concentration 
levels of CO2 (5, 12, 26, 40 mg/l), over a 12-week time period. Illustrated are (a) Compound 
1 (Organophosphorus compound) increasing over time (b) compound 10 (Steroid hormone), 
decreasing over time. 
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The identified compounds are listed below in table 4.1. Identified compounds 

were assigned a chemical class to get an overview of the predominant groups 

of compounds. The identified compounds are listed below in table 4.1. 

According the software used for compounds identification, compounds 

assigned fragmentation match can achieve a total score of maximum 60, while 

compounds given only elemental formula and chemical structure can achieve 

a total score of maximum 40. Compounds where a suitable match was not 

found from the database were classified as unknowns.  

 

 

Table 4.1  Identifications of substances in water samples analysed in (ESI+) mode. 

Nr Compound class 
Elemental 
formula 

RT 
(min) 

m/z Adduct 
Search 

hits 
Isotopic 
sim(%) 

Score 

1 
Organophosphorus 
compound (OP) C15H25O7P 9.15 387.1930 

M+H-H2O, 
M+K 12 97.08 39.3 

2 Unknowna C10H21N8OP 9.24 323.1476 M+Na, M+K 850 99.13 39.2 

3 Unknowna C11H23N4O5P 9.40 323.1467 M+H 913 98.58 38.8 

4 Unknown C14H32N6O4 9.90 371.2400 
M+H-H2O, 
M+Na 3 96.38 38.7 

5 Carbohydrate C18H36O6 1.23 371.2408 
M+H-H2O, 
M+Na 27 95.84 39.1 

6 Unknown C14H30N2O5 10.42 339.2502 
M+CH3OH+
H 364 97.84 38.6 

7 Amino acid C13H25NO4 10.73 277.2111 M+NH4 306 98.16 38.7 

8 Ester C15H30O4 11.18 257.2107 
M+H-H2O, 
M+Na 42 96.32 38.9 

9 Alcohol C14H18O 11.41 241.1227 M+K 512 97.66 58.3 

10 Steroid hormonea C18H24O4 11.41 327.1572 M+Na 2361 96.53 55.9 

11 Ketone C16H18O3 11.58 241.1225 M+H-H2O 1251 95.09 57.7 

12 Steroid hormone C18H24O4 11.59 327.1570 M+Na 2083 95.75 55.8 
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a   Compounds found to be persistent in samples.  

 

 

4.4.3 Relationship of organic compounds detected with CO2 

concentration 

Principle component analysis was performed to visualize potential 

relationships between organic compounds and CO2 concentrations (Figure 

4.16). The biplot (Figure 4.16) displays the scores of each sample, and loadings 

of organic compounds and CO2, on principle component 1 and 2. Principle 

component 1 explain 73% while principal component 2 explains 9.5% 

variation in the data set. CO2 had little impact to the model, however it is the 

most influential variable on principle component 2. Samples were clustered in 

two distinct groups on the PCA plot. The samples collected at the start of 

experiments (16.11.2016) characterised with high concentration of most of 

organic compounds (except OP) clustered on one site of PCA. Whereas the 

samples collected on two other occasions (19.12.2016 and 10.02.2017) had 

high concentrations of OP clustered on other site of PCA plot. The samples 

collected towards the end of seemed to be influenced by CO2 concentrations.  
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Figure 4.15  Biplot with loadings represented by organic compounds and CO2 and scores 
represented by observations (samples). A few compounds are described by their respective 
retention time to distinguish compounds given the same chemical class. These are compound 
2 (U_9.24), 3 (U.9.40), 4 (U_9.90), 6 (U_10.42), 10 (SH_ 11.41) and compound 12 (11.59). 
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Cr, and less with Ni. Noticeably, samples collected at the end of the experiment 

(10.02.2017) characterised with high concentration of Organophosphorus 

compound (OP) clustered on one side of the PCA plot. This compound 

(Organophosphorus compound) was correlated with CO2 and the group of 

elements Cd, As, Fe, Mn, and Al. The cluster of organic compounds had a high, 

negative contribution to principle component 1, indicated by the vector 

distance from the origin (magnitude of the loading). The cluster of elements 

(Zn, Fe, As, Cd, Al) had a strong positive contribution to principle component 

2. In contrast, CO2 and Mn were the least influential variables on the dataset.  

 

 
 

Figure 4.16  Loadings of organic compounds, trace elements and physico-chemical parameters 
on principle component 1 and 2. A few compounds are described by their respective retentio 
time to distinguish compounds given the same chemical class. These are compound 2 
(U_9.24), 3 (U.9.40), 4 (U_9.90) 6 (U_10.42), 10 (SH_ 11.41) and compound 12 (11.59). 
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5 Discussion 

5.1 Physico-chemical parameters 

 

CO2 was found to cause significant changes in the water’s chemistry. First, 

increasing CO2 concentrations caused reductions in pH levels [19] [21]. 

Lowest pH values were measured in fish tanks treated with 40 mg/l CO2 which 

is explained by the strong, inverse correlation between pH and CO2 (p=2.2e-

16, r=-0.81). Correspondingly, the treatment with the greatest CO2 

concentration, 40 mg/l, yielded a pH around 6.5, while the lowest treatment, 5 

mg/l, remained more alkaline, above pH 7.5. However, pH levels were 

maintained within recommended levels (7.7 - 6.8) for salmonids [64] within 

the study.  

 

In contrast, redox potential increased significantly with increasing CO2 

concentration, which was evident from the positive correlation between CO2 

and redox potential (p = 1.5e-08, r=0.45). Other physicochemical parameters 

studied here (salinity, temperature, conductivity) were almost at constant level 

throughout the study in all CO2 treatments. In the hunt for optimized rearing 

conditions, recent studies on Atlantic salmon post-smolt in RAS have found 

12 ppt to be a advantageous over freshwater as seen from better fish 

performance and survival, and therefore supports the operated salinity level 

used in the system [27]. The operating temperature (12C) agrees with a 

previous study on farming Atlantic salmon post-smolt in RAS [7]. 
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5.2 Method development  

 

Previous studies have focused on analysis of steroids released by fish in RAS 

[8] [9][32], in which Radioimmunoassay (RIA) has been employed for analysis 

steroids in combination with solid phase extraction (SPE) using Ethyl Acetate 

[31][65], Ethanol [8] or Methanol [66] as eluents. In contrast, this study has 

used non-target analysis for the determination of trace organic substances 

present in the culturing water.  

 

The novelty of this study is the implementation of a non-target analysis 

specifically in the field of aquaculture. The main goal of liquid-liquid-

extraction (LLE) method optimization has been to create a broad, generic 

method to maximize the coverage of organic compounds present in the sample 

matrix. The complex nature of the water in RAS has been relatively unknown, 

particularly under given conditions of long-term altered CO2 levels (low pH 

stress).  

However, it is a matrix assumed to have a high fat content, along with various 

other interfering substances which might be co-extracted with compounds of 

interest [67]. For non-target analysis, sample extraction methods that allow for 

minimal analyte selection are preferred to avoid any compound discrimination. 

Compared to LLE used in this study, solid-phase extraction (SPE) have been 

the widely used sample pre-treatment technique for isolation of semi-polar to 

polar organic compounds in effluent and surface water samples [68] as well as 

in non-target screening methods [69][70]. SPE has been favourable due to 

advantages such as reduced organic solvent consumption, improved sample 

clean-up, among other [71]. LLE is a robust method which can be used to 

produce clean sample extracts [71]. Compared to SPE, LLE is a less analyte 

selective extraction method [72] and as such might be more suitable for non-
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target analysis. However, chances of pre-concentrating matrix constituents 

along with analytes are generally higher in LLE. Another challenge with LLE 

is the formation of emulsions [73] which may trap some of the analytes present 

as well as making it difficult to separate the liquid layers. The clean-up process 

involving multiple steps of sample volume reduction and sample transfer may 

increase error [71]. During sample preparation, emulsions occurred frequently 

during extractions with DCM, however this was mostly resolved by letting the 

extract settle for some time. In a few cases when emulsions did not resolve 

after time, 1-2 droplets of Methanol was added.  

 

In the present study using LLE, the best overall results were achieved through 

use of EtAc and DCM as extraction solvents. Fractions analysed in positive 

mode purified with 100% of DCM and 40-100% of EtAc showed a high 

abundance of peaks, ranging from 8 to 14. Noticeably, EtAc extract eluted with 

60:40, Hex:EtAc had a three-fold higher number of peaks compared to DCM 

extract eluted with 60:40 of Hex:DCM. Similarly, EtAc extract eluted with 

100% EtAc had a nearly two-fold higher amount of peaks compared to DCM 

extract eluted with 100% DCM. As such EtAc might have been an overall more 

effective solvent for this particular matrix. However, the number of peaks 

observed in the DCM fraction (a total of 8) eluted with 100% DCM was not 

negligible, and DCM was therefore combined with EtAc for liquid-liquid 

extraction of the set of samples collected over the 12-week period.  

 

The chromatographic conditions utilized in this study agreed well with 

previous studies [74] which have implemented non-target analysis on 

environmental matrices. The UPLC conditions employed in this study agreed 

with a recent collaborative study with 17 projects performing non-target 

screening for multiresidue analyses of organic compounds from aqueous 
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sample medium. In that study, all but one participant used Reversed-phase 

chromatographic separation (C18 column for separation), ESI (+/-) for 

ionization and either water-methanol or water-acetonitrile for gradient elution, 

providing a generic method of detection.  

 

The present work demonstrated the possibilities of discovering unknown 

compounds form water samples collected from a RAS-system using the 

developed extraction method combined with a non-target UPLC-MS/MS 

analysis.   

 

5.3 Impact of CO2 on production and 

accumulation of organic compounds 

 

The results from the initial screening tentatively identified 12 organic 

compounds present in the particular fish tanks farming Atlantic salmon (Salmo 

salar). Further, the majority (11 of 12) of compounds did not show signs of 

accumulation in fish tanks over the 12-week period for any of the CO2 

concentration levels investigated (5, 12 , 26, 40 mg/l CO2). One observation 

was that the level of substances converged towards the same level for all 

compounds at the end of the sampling period in all CO2 treatments. One of the 

12 compounds showed tendencies to accumulation in fish tanks and makeup-

water at the end of the experiment. In contrast, 7 of the 12 compounds had 

increasing levels in one holding tank (makeup-water) at the end of the 

experiment, which suggests that these compounds were produced by the 

system or was a result of inadequate cleaning.  
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Compound levels in holding tank 601 (40 mg/l CO2) and 602 (5 mg/l CO2) 

showed very different results (Appendix E). As samples from makeup-water 

were not collected during the adaption period (16.11.16), levels could not be 

compared with initial levels in fish tanks. While all the 12 compounds were 

completely absent in holding tank 601 (40 mg/l CO2) at the second date 

(19.12.16), 7 of the compounds increased towards the last date (10.02.17) as 

shown in the figure below 5.1 where holding tank 601 (40 mg/l CO2) is 

compared to mean value of fish tank 40 mg/l CO2). Firstly, there are too few 

samples for the observations to be conclusive. One possible explanation may 

be inadequate cleaning of the water, as a result compounds accumulated over 

time. In contrast, fish tanks of CO2 treatments and holding tank 602 (5 mg/l 

CO2) had very similar levels showing a declining trend over the 12-week time 

period.  
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Figure 5.1  Bar plot showing mean values (n=3) of fish tanks treated with 40 mg/l CO2 
(FT40) compared to makeup-water from 1 measurement of holding tank 601 (n=1) (40 mg/l 
CO2) 

 

Accumulation of substances have been a topic of concern in RAS systems due 

to continuous re-use of water. Particularly, accumulation of steroids released 

by fish in RAS have been investigated under different set of conditions [8][32]. 

A recent study investigated the effect of steroid accumulation at low pH (5.8) 

versus high pH (7.3) over a 70 day period [32]. The study found that steroid 

hormones (in particular testosterone and cortisol) accumulated at higher levels 

in low pH (5.8) RAS possibly as a stress response to reduced pH level. In 

contrast, this study did not detect a similar trend for the detected steroid 

hormones (compound 10 and 12) in fish tanks in RAS at low pH level. The 

likely explanation may be the fact that the lowest measured pH level in the fish 

tanks was 6.5. The presence of compound 10 appears to have been persistent 

in the water throughout the sampling period and stabilizing at lower levels 

towards the end. This may indicate a slow, continuous release from fish over 
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the time period. Higher level at the first sampling (16.11.16) following the 

adaption period from 03.11.2016 to 22.11.2016, can be an indication to the 

post-smolt acclimatizing to the new environment and thus releasing 

metabolites into the water at higher rates in the beginning. The levels of steroid 

hormones increased in holding tank 601 (40 mg/l CO2). This suggests that 

initially compounds were released by fish and naturally degraded, while over 

time compounds were produced by the system. A possible explanation may be 

leaching of endocrine disruptors (ED’s) structurally similar to the steroid 

hormones, i.e. estrogenic xenobiotics[18] . Based on structural similarities 

such compounds have the ability to mimic the behaviour of natural steroids 

and interfere with reproduction of fish[75]. Structural similarity could have 

resulted in poor separation during chromatographic analysis (co-eluting 

substances) and which was unable to separate the natural from the synthetic 

compounds. The finding suggests that the steroid hormones were produced 

partly by fish and partly by the system, which might have been unable to 

remove the compounds during treatment processes.  

 

In addition, the assigned identifications suggest that the two steroids are the 

same compound. The compounds, which were detected as m/z 327.15 

observed at different retention times (RT 11.41 and 11.59 min) were assigned 

nearly exact same identification properties such as formula (C18H24O24), 

structure, fragmentation pattern and match (85%) and total score (55.8, 55.9 

respectively). The ketone and alcohol, detected with a lower mass at m/z 241, 

with similar retention time variations (RT 11.41 and 11.58 min) fragmented at 

similar m/z values as the steroid hormones above, at m/z 157, 143, 128 and 91 

respectively. Therefore, it is likely that the alcohol and ketone are product-ions 

of the steroid hormones.  
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Compound 2 and 3, of classes of unknowns, assigned formula C10H21N8OP and 

C11H23N4O5P respectively, followed the same pattern as the identified steroid 

hormones described above. However, it was not possible to assign these 

compounds to a chemical class as they were only provided with elemental 

formulas and no structural information. There was no indication that these 

compounds are related to hormones. The presence of these compound appeared 

also to be persistent in the water throughout the sampling period and stabilizing 

towards the end. This may indicate an immediate release from fish at the 

beginning and degrading over time. Alternatively, it could have been an 

indication of two compounds present in the water at the outset. As the 

observations follow those of the steroid hormones, it may suggest that these 

compounds were produced by the system over time as well.   

 

An important observation was that compound 1 (Organophosphorus 

compound, OP) appeared in the last set of samples collected for all CO2 

concentrations. Notably, this was observed in both fish tanks and makeup 

water (holding tank 601 and 602). However this compound did not seem to be 

related with CO2, as this compound was present at similar levels in both low 

and high pH conditions. Organophosphorus compounds occur naturally 

[76][77] produced by bacteria. Many Organophosphorus compounds are 

synthetic compounds used as flame retardants or plasticizers to enhance 

properties of plastics among other materials [78]. As previously mentioned, 

these compounds can potentially leach out from the system components used 

in RAS (tanks, pipe systems etc.) and interfere with endocrine system of 

fish[18]. Additionally, Organophosphorus compounds can be attributed to 

pesticides, which are previously detected in commercial fish feeds [67] 

specifically in plant ingredients [79]. However, since this emerged at the end 

of the experiment (10.02.17) it is not likely a result from the diet continuously 
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added to the fish tanks. Further, it is possible that the compound might have 

been released earlier in the experiment in the period between 19.12.16 until 

10.02.17. On the other hand it may be a result of bacterial metabolism under 

low pH stress. Due to equal levels observed in fish tanks and makeup-water 

the identified Organophosphorus compound was likely a substance leaching 

from the components in the system and potentially accumulating.   

 

Compounds that were found to be not-persistent showed a very similar trend 

in fish tanks and  makeup-water, namely compound 5-8 (Amino acid, 

carbohydrate, ester, unknown) . Apart from the unknown compounds, the other 

compounds are closely linked to feed ingredients used in aquaculture. On the 

other hand, compounds, in particular amino acid and carbohydrate, could have 

been produced by  micro biota from degradation of particulate matter [80].  

From second (19.12.16) to last date (10.02.17) compound 5-8 were absent in 

all tanks. Due to absent levels over time, these substances, which were 

attributed to classes of amino acid, carbohydrate, ester and unknown, either 

occurred at the beginning as a stress response (by bacteria or fish) or were 

already present in the water at the outset.  

 

5.4 Limitations of non-targeted screening 

 

The applicability of non-target analysis of environmental matrices a challenge 

since proper quantitation cannot be obtained in many cases [81]. As organic 

compounds were tentatively identified, quantification through the use of 

reference standard was not implemented in the study and therefore 

concentration levels of compounds were not obtained. Thus, it can not be 

concluded if the observed levels of organic compounds may be harmful to the 
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post-smolt or not. Secondly, levels of compounds can not be directly compared 

with previous knowledge on e.g. steroid hormone accumulation in RAS 

systems, since measurements used in this study are semi-quantitative as 

compared to quantitative measurements in the literature. On the other hand, the 

consistent trends observed in chromatograms answers the questions related to 

relative levels of compounds in samples as well as signs of accumulation 

within the given time frame, which were also part of the objectives in the study. 
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6 Conclusion 
 

The study aim to identify organic compounds produced in aquaculture in 

response to various concentrations of carbon dioxide (CO2). Initially methods 

were optimized for efficient extraction of organic compounds from water using 

three different solvents with liquid-liquid extraction. Screening of the 

compounds was done with a novel non-target screening analysis. Of the 

solvents tested, Ethyl Acetate (EtAc) stood out as the most suitable solvent for 

liquid-liquid extraction of the culture water in RAS, followed by 

dichloromethane (DCM).  

 

Elevated CO2 concentrations led to significant decrease in pH (p < 0.001) and 

increased Redox potential (p <0.001). Redox potential (p <0.001 r=0.45) and 

pH (p<0.001, r=-0.81) correlated significantly with CO2 (mg/l). Although there 

was a significant decrease in pH levels in high CO2 concentration treatments, 

but the levels were still within safe recommended levels for farming Atlantic 

salmon (salmo salar) RAS. 

 

The results from the non-target analysis tentatively identified 12 organic 

compounds in water samples collected at the RAS farming Atlantic salmon 

(Salmo salar) post-smolt. The compounds were assigned 8 different classes of 

chemical compounds which are Organophosphorus compound (OP), 

Carbohydrate, Amino acid, Ester, Alcohol, Steroid hormone, Ketone and 

unknowns respectively. Compounds assigned classes of Ketone and alcohol 

were found to be related to, and likely product-ions, of steroid hormones due 

to identical fragmentation pattern obtained from mass spectra analysis. 

Comparison between CO2 treatments  (5,12, 26, 40 mg/l) revealed that the 
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relative level of organic compounds did not differ significantly among 

treatments over the course of the study.  The majority of compounds had a 

declining level in fish tanks towards the end of the experiment.   

 

Steroid hormones and two unknown compounds were likely metabolites 

released by fish at the start of the experiment perhaps as a possible stress 

response during acclimatization. Similarly, a group of 5 compounds, 

Carbohydrate, Amino acid, Ester, two unknowns, completely disappeared 

towards the end.  

 

Increasing compound levels of steroid hormones in one out of two holding 

tanks suggest that structurally related compounds more likely potential 

endocrine disruptors (ED’s) were produced within the system, as seen from 

high levels in one holding tank (with high concentration of CO2) and were not 

adequately removed within the RAS treatment units. These compounds can be 

harmful to fish due to interaction with fish reproductive system. The OP had 

increasing levels in makeup-water and fish tanks at the end of the experiment, 

which indicates an accumulating substance leaching from the system (i.e. 

flame retardant, plasticiser). Although the non-targeted technique has 

successfully identified a range of compounds in this study, however the future 

work is required for complete structural characterization of these compounds 

such as NMR etc. 
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7 Future work  
 

The non-targeted screening have successfully identified a number of 

compounds in water samples, however these identifications were tentative. 

Thus, it would be advisable to investigate the identified classes of compounds 

in RAS by performing a targeted analysis in order to clarify the findings in this 

study. In that case, a full structural characterization of these compounds is 

required. This would require purification of each compound using a suitable 

technique like preparative HPLC followed by a suitable technique for 

structural characterization. Nuclear Magnetic Resonance (NMR) would be 

very useful to give a complete structural characterization of organic 

compounds.  

 

In addition, since the fraction of organic compounds bound to particulates in 

RAS were not covered in this study, it is recommended to further look into that 

to compare with dissolved organic compounds. Since there are speculations on 

whether a few of the compounds were released by bacteria or fish, it could be 

useful to investigate the bacterial activity under similar low and high pH 

conditions in RAS.  

 

Most importantly, it would be advisable to obtain quantifications of 

compounds in order to determine if the actual levels of organic compounds 

provide healthy and optimal environment for the salmon post-smolt., since 

several of the compounds suggested present in RAS are potentially toxic to 

fish.  
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Appendix A: Sample collection  

 
Table A.1 : Collection of water samples including dates and tank number. X 
= filtered water, U = unfiltered water. 
 
 

  Sampling date              
Tank  16.11.16 30.11.16 19.12.16 06.01.17 18.01.17 21.01.17 02.02.17 10.02.17 
601 X X X X X X X X 

602 X X X X X X X X 

301 X X X X X X X X 

302 X X X X X X X X 

303 X X X X X X X X 

304 X X X X X X X X 

305 X X X X X X X X 

306 X X X X X X X X 

307 X X X X X X X X 

308 X X X X X X X X 

309 X X X X X X X X 

310 X X X X X X X X 

311 X X X X X X X X 

312 X X X X X X X X 

313 X X X X X X X X 

314 X X X X X X X X 

315 X X X X X X X X 

316 X X X X X X X X 

317 X X X X X X X X 

318 X X X X X X X X 
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Appendix B: CO2 RAS details  

 

Table B.1: Details of specie and fish diet  
  
Specie  Atlantic salmon Salmo salar post smolt  

Number of fish/tank  50   
Initial body size 100g    
Commercial diet 3-4 mm pellets  

 Skretting Nutra Olymic, Stavanger 
Norway  

Feed load  Continously 24h, overfed (120%)  
 

Table B.2: CO2 increase design in holding tank 601 

 

 

 

 

 

 

 

 

 

Date CO2 (mg/l) in 601 
22.11.16 2 
23.11.16 10 
24.11.16 15 
25.11.16 20 
26.11.16 25 
27.11.16 30 
28.11.16 35 
29.11.16 40 
30.11.16 40 
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Table: B.3 Inlet water flow for 4.5 kg biomass. Flows were adjusted to  

variations in fish biomass.  

    Water flow (L/min) 

Treatment (CO2 mg/l)  Fish tank 601 602 

5 301, 312,318 0 11 

12 304, 309, 315 3 8 

19 307, 311, 313 5 6 

26 303, 314, 316 7 4 

33 305, 308, 317 9 2 

40 302, 306, 310  11 0 
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Table B.4: Water quality parameters and frequency of measurements at 

Nofima. 

    
Unit Parameter Value min max Frequency 

Degasser sump  Salinity ppt 11.5  12.5 daily  

 Temperature °C 12 13 daily  

 pH  6.7 7.5 daily  

 NH4 mg/l - 0.7 1x month  

 NO2 mg/l - 0.1 1x month  

 NO3 mg/l - <100 1x month  

  Water exchange rate  l/min - 25 daily  
Holding tank 601 
(602 except CO2 < 
5 mg/l Oxygen saturation % 100 120 daily  

 Salinity  ppt 11.5 12.5 3x week 

 Temperature  °C 12 13 3x week 

 pH  6.7 7.5 daily  

 CO2 mg/l 48 52 daily  

 Water flow  l/min 105 110 3x week  

 TIC  mg/l - - 2x month  

 Alkalinity  mg/l - - 1x month  

 TSS  - - 1x month  

 NH4 mg/l - - 1x month  

 NO2 mg/l - - 1x month  

  NO3 mg/l - - 1x month  

Fish tank outlet  Oxygen saturation  % 85 100 daily  

 Salinity  ppt 11.5 12.5 6 tanks/day  

 Temperature °C 12 13 6 tanks/day  

 pH  6.7 7.2 6 tanks/day  

 CO2 mg/l variable variable 6 tanks/day  

 Water flow l/min 11 11 6 tanks/day  

 TIC mg/l - - 2 x month 

 Alkalinity (CaCO3) mg/l - - 1 x month (6 tanks)  

 TSS  - - 1 x month (6 tanks)  

 NH4 mg/l - - 1 x month (6 tanks)  

 NO2 mg/l - - 1 x month (6 tanks)  

 NO3 mg/l - - 1 x month (6 tanks)  

  Photoperiod    24L:0D     
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Appendix C: Chromatographic data 

 

 

 

 

 

Figure C.1: Extracted-ion-chromatograms (EIC) of ion detected at m/z 327.16. Sample 1, 11, 
3, 42 Illustrated. 
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Figure C.2: MS/MS spectra of ion detected at m/z 241 (top) and ion detected at m/z 327 
(bottom).  
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Appendix D: UPLC-MS/MS analysis  
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Table D.1: Sample sequence for analysis of samples  

Sampling date Sample nr Tank CO2 concentration 
(mg/l)

Vsample (ml) Vtotal H20/MeOH (ml)

1 301 5 27 0,45
2 302 40 24 0,4
3 303 26 23 0,383
4 304 12 25,5 0,425
5 306 40 23 0,383
6 309 12 17 0,283
7 MB1 15 0,25
8 310 40 16 0,267
9 312 5 16 0,267
10 314 26 16 0,267
11 315 12 18 0,3
12 316 26 9,5 0,158
13 318 5 18 0,3
14 MB2 15 0,25
15 301 5 28,5 0,475
16 302 40 26,5 0,442

303 - - -
17 304 12 27 0,45
18 306 40 27,5 0,458
19 309 12 29 0,483
20 MB1 10 0,167
21 310 40 28 0,467
22 312 5 28,5 0,475
23 314 26 28,5 0,475
24 315 12 26,5 0,442
25 316 26 26,5 0,442
26 318 5 29 0,483
27 601 27 0,45
28 602 28 0,45
29 MB2 15 0,25
30 301 5 23 0,383
31 302 40 24,5 0,408
32 303 26 23,5 0,392
33 304 12 23,5 0,392
34 306 40 23 0,383
35 309 12 22,5 0,375
36 MB1 15 0,25
37 310 40 23,5 0,392
38 312 5 21,5 0,358
39 314 26 23 0,433
40 315 12 22 0,2
41 316 26 22 0,367
42 318 5 22 0,367
43 601 23 0,383
44 602 24,5 0,408
45 MB2 15 0,25

16.11.16

19.12.16

10.02.17
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 Appendix E: Measurements of organic 
compounds  

 

Fish tanks 

These figures are used for comparison. Comp 5  
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